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1. Introduction

1.1. Embryo cleavage 

Th e fi rst developmental axis formed during the oogenesis is called animal-vegetal and can 
be distinguished in every animal species. Th e animal part of the oocyte contains a germinal 
vesicle (oocyte nucleus), whereas the vegetal region stores yolk. Th e zygote – a fertilized 
biological cell – is formed by the fusion of oocyte and sperm pronuclei, which undergoes a 
series of synchronized mitotic cell divisions in which the massive amount of cytoplasm in an 
egg is divided into many smaller nucleated cells, a process known as cleavage (Gilbert, 2010). 

For vertebrate developmental events such as gastrulation, organogenesis, and overall 
body plan formation, early divisions of embryonic cells are very critical. Th erefore, studying 
vertebrate development requires understanding these early cell divisions and the mechanisms 
that produce them. Th ere are two main types of cleavage patterns, which are determined 
primarily by the concentration of yolk in the egg: 1) holoblastic (complete) cleavage, which 
occurs mostly in amphibians, mammals, and chondrosteans and is thought to be ancestral for 
vertebrates; and 2) meroblastic (incomplete/partial) cleavage, which evolved in birds, reptiles, 
and teleost fi shes (Hasley et al., 2017). 

1.1.1. Holoblastic cleavage 

Th e entire egg is cellularized through holoblastic cleavage, and yolk platelets are either 
absent (as in mammals) or present as cytoplasmic inclusions that partition across cells (as 
in amphibians and chondrosteans). Cleavage covers an area of the embryo, from the animal 
pole (AP) to the vegetal pole (VP) (Hasley et al., 2017). Currently, the embryos of the African 
clawed frog – Xenopus laevis (amphibian) – are regarded as a model to study the holoblastic 
cleavage pattern. Th e embryos of X. laevis have certain specifi c characteristics, including the 
following 1) Th e AP of the egg generally contains determinants for ectoderm formation, while 
mesoderm is developed in the equatorial position and endoderm from the VP (Horb and 
Slack, 2001; Yasuo and Lemaire, 2001). Th e VP stores the majority of fate determinants, such 
as mesendodermal and germplasm, during early embryogenesis, indicating its importance. 2) 
Because of the unequal distribution of yolk, cleavage produces blastomeres with increased 
yolk volume towards the VP. 3) During blastulation, the embryo forms the blastocoels, which 
separate the ectoderm from the endoderm and allow cell migration during gastrulation; 3) 
the formation of morphologically “bottle cells” that initiate cell involution via the blastopore 
dorsal lip; 4) the formation of the archenteron (primary gut) caused by the said cell involution; 
and 5) an increase in the amount of yolk stored in the VP and used intracellularly (Collazo et 
al., 1994; Gilbert, 2010) (Figure 1).

1.1.2. Meroblastic cleavage 

In meroblastic cleavage, cell division does not divide the embryo completely. Instead, 
embryonic cells divide in the AP without the vegetally located yolk, with cells typically 
remaining syncytial to the yolk cell for a period of time that varies by species (Hasley et al., 
2017). For example, in teleost (e.g., in zebrafi sh), eggs have an uncleaved yolk mass. Although 
yolk mass provides the nutrition and some maternally deposited determinants for embryonic 
patterning and primordial germ cells (PGCs), however, it does not form any embryonic layer. 
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During the early cleavage phase, the embryo develops the yolk streams to transport the 
maternal determinants from the yolk to the AP. Th e AP of the embryo is the only one that 
divides and produces a cluster of blastoderm-blastomeres (Mizuno et al., 1996; Maegawa et 
al., 1999). Th e blastoderm consists of a middle layer of deep cells and a multinucleate yolk 
syncytial layer (YSL) between the middle layer and the yolk. An external enveloping layer 
covers the blastoderm. Th e YSL is very important for embryonic patterning, morphogenetic 
movements, and metabolic/nutrient transportation (Chen and Kimelman, 2000; D’Amico 
and Cooper, 2001). Epiboly, or the spread of a cell sheet over the yolk, is the fi rst critical 
morphogenetic process during gastrulation. Deep cells accumulate at the front edge of the 
vegetally expanding blastoderm as gastrulation progresses, causing the germ ring to thicken 
– the germ ring’s deep cells form two layers of involution: epiblast and hypoblast. Th e epiblast 
leads to ectodermal cell lines, while the hypoblast contributes to the further development of 
the embryonic endoderm of the digestive tract (Gilbert, 2010) (Figure 2).

Figure 1. Pictorial diagram of Xenopus laevis (holoblastic) development pattern.
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Figure 2. Pictorial diagram of zebrafi sh (meroblastic) development pattern.

1.2. Evolution of meroblastic cleavage and sturgeon (Acipenser)

Th e evolution of meroblastic cleavage has occurred at least fi ve times within the lineages of 
vertebrates, including hagfi sh, elasmobranchs, coelacanths, amniotes and teleosts. Th e bony 
fi sh (Osteichthyes) are classifi ed into two major classes: Ray-fi nned fi sh (Actinopterygii) and 
lobe-fi nned fi sh (Sarcopterygii). Tetrapods (including amphibians, birds, reptiles and mammals) 
are presumed to have evolved from the Sarcopterygii lineage. Amphibians and mammals (except 
monotremes) have holoblastic cleavage, whereas birds and reptiles embryos have meroblastic 
cleavage (Figure 3) (Collazo et al., 1994; Elinson, 2009). After it diverged, the actinopterygian 
lineage (e.g., teleost taxon 33,000 species) developed meroblastic cleavage. Whole-genome 
duplication occurs in teleosts, and as a result, their genomes have been altered (Chiu et al., 
2004; Ravi and Venkatesh, 2008; Glasauer and Neuhauss, 2014; Pasquier et al., 2016). 

Non-teleost fi shes like bichir (Polypterus), sturgeon (Acipenser), gar (Lepisosteus), and 
bowfi n (Amia) diverged from the teleost lineage before WGD because their embryogenesis 
retained some archaic characteristics. Unlike the teleost, bichir and sturgeon retained the 
holoblastic cleavage pattern as amphibians (X. laevis)  (Bolker, 1993, 1994; Inoue et al., 2003; 
Kikugawa et al., 2004; Hurley et al., 2007;   Takeuchi et al., 2009a, b). On the other hand, 
closely related groups such as bowfi n and gar retained intermediated morphologies between 
holoblastic and meroblastic cleavage patterns {Figure 3; (Ballard, 1986a,b; Long and Ballard, 
2001)}. Once the meroblastic cleavage has evolved, it is very conserved in the group. Th e 
only exception is a reversal within the Amniota, a transition from meroblastic to holoblastic 
cleavage in therian mammals (Collazo et al., 1994). So far, several studies have accumulated 
numerous insights about the stem vertebrates of each lineage that had developed meroblastic 
cleavage. However, the role of non-teleost fi shes (including bichir, sturgeon, gar, and bowfi n) 
in the evolution of meroblastic cleavage in ray-fi nned fi shes is still under investigation.
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Sturgeons, also known as living fossils, are famous for their highly-valued caviar and meat 
(Friedrich, 2018). Th ese archaic giants also received considerable attention in studying the 
origin and evolution of the species (Duong et al., 2013; Narum et al., 2013; Saito et al., 2014). 
For example, sturgeons belong to the chondrostean species of the ray-fi nned-fi sh lineage 
and have existed for ~200 million years (mya) (Bemis et al., 1997). It has been reported 
that sturgeons share many aspects of development with Sarcopterygii lineage, e.g., X. laevis  
(Friedrich, 2018), For example, i) embryonic cleavage pattern (holoblastic) (Bolker, 1993), ii) 
germplasm specifi cation (Saito et al., 2014), iii) morphogenesis during gastrulation (Bolker, 
1993, 1994) and iv) distribution of some maternal mRNAs (Pocherniaieva et al., 2018). 
Importantly, sturgeons are phylogenetically placed between X. laevis and gar – closely related 
species that show transition towards meroblastic cleavage (Figure 3) (Long and Ballard, 2001; 
Takeuchi et al., 2009b). 

Th is thesis chapter reviewed the several anuran and fi sh taxa representing the cleavage 
pattern transition (holoblastic to meroblastic). Here, our special attention has been paid to 
the embryogenesis of X. laevis – holoblastic and zebrafi sh – meroblastic, as well as their 
comparison with sturgeon – holoblastic, to better comprehend the following goals: 1) How 
does an increase in egg size or yolk content (symmetry of yolk deposition in relation to 
oocyte polarity, from AP to VP) infl uence cleavage pattern (Dettlaff  et al., 1993;  Buchholz et 
al., 2007; Takeuchi et al., 2009b)? 2) What the consequences of an increase in egg size and 
yolk volume were during the evolution, such as maternally supplied mRNA localization, 3) how 
PGCs’ localized and migrated during the evolution of the cleavage pattern, and 4) whether 
the vegetal blastomeres of sturgeon (holoblastic) contributed the development as seen in 
X. laevis. 5) Furthermore, whether the sturgeon’s gut development and use of the yolk are 
conserved to any vertebrate.

Figure 3. Evolution of meroblastic cleavage in vertebrate lineages.   
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Figure 3 illustrates the evolution of meroblastic cleavage according to the phylogenic 
relationship of vertebrates. Th e groups without stars retained the ancient mode of cleavage 
pattern (holoblastic). Meroblastic cleavage evolved in vertebrates’ lineages, indicated by the 
green stars. Blue stars show the transition phase between the holoblastic and meroblastic 
cleavage in ray-fi nned fi shes. Th e red stars denote lineages retained holoblastic cleavage; 
however, their vegetal blastomeres are extra-embryonic as yolk sac of meroblastic cleaved 
embryos. Hypothetically, they represent the specifi c transition towards meroblastic cleavage. 
Th e question mark indicates the research gap – the vegetal blastomeres fate mapping in 
sturgeon embryos remains unknown, which may also show the specifi c transition phase as 
seen in Eleutherodactylus coqui, Ensatina eschscholtzii, bichir, and lamprey. 

1.3. Egg size, yolk volume and the transition from holoblastic to meroblastic cleavage 
pattern

 Based on previous studies, the distribution of yolk or egg size and has been identifi ed as a 
crucial element in the transition of the egg cleavage pattern among tetrapods (Dettalff  et al., 
1993; Elinson and Beckham, 2002; Buchholz et al., 2007; Elinson, 2009; Hasley et al., 2017). 
For example, in X. laevis embryos, the fi rst and second cleavage plans are meridional. Th e fi rst 
furrow appears at the AP and reaches VP, divides the egg into two complete portions (2-cell 
stage), followed by a second cleavage (4-cell stage). Subsequently, the third cleavage furrow 
is latitudinal/horizontal above the equator nearer the AP (8-cell stage). Th e latitudinal furrow 
aff ects all blastomeres uniformly. Eight blastomeres are formed as a result of this process. Four 
are in the VP (macromeres), and four are in AP (micromeres). Micromeres are much smaller than 
macromeres. Th e infl uence of yolk concentration in the VP causes for such macromeres (Klein, 
1987; Gilbert, 2010). As cleavage progresses, the animal region becomes densely packed with 
numerous small cells. On the other hand, the vegetal region contains only a small number of 
large, yolk-laden macromeres, namely endodermal cells (yolky endoderm cells) (Gilbert, 2010).

In comparison, eggs of Eleutherodactylus coqui and Ensatina eschscholtzii have a diameter 
of  3.5 mm and 6 ± 0.43 mm, respectively, which are signifi cantly larger than that of X. laevis 
(~1.0–1.3 mm) (Buchholz et al., 2007; Collazo and Keller, 2010). Owing to the yolk-rich vegetal 
region, the fi rst few cleavage furrows in E. coqui and E. eschscholtzii appear to be diff erent from 
X. laevis, such as cleavage initially occurs only in the AP, and limited number of furrows visible 
in the VP – 40-cell and 16-cell stage in E. Coqui and E. eschscholtzii, respectively. However, it is 
a holoblastic cleavage pattern and produces larger vegetal cells, namely nutritional yolk cells; 
YCs, rather than endodermal cells like X. laevis, (see heading 1.5) ( Fang et al., 2000; Elinson 
and Beckham, 2002; Collazo and Keller, 2010). Following that, the fi rst few cleavage furrows 
of Hyperolius puncticulatus’ eggs (1.5–1.8 mm) do not reach the vegetal area, and cleavage 
mostly occurs at AP, resulting in the so-called pseudo meroblastic cleavage pattern. Th us, an 
increase in yolk volume (comprises approximately 75% of the area of a section through the 
embryo’s A–V axis and is composed of signifi cantly larger cells) is an appropriate example for 
such kind of cleavage pattern (Chipman et al., 1999).

Furthermore, the early development of E. coqui and X. laevis diff ers in several ways due 
to the volume of yolk. Th e fertilization in X. laevis is usually monospermic, whereas it can 
be polyspermic in E. coqui. Polyspemy is tolerated in large yolky eggs, such as those of birds 
(Elinson, 1986, 1987). In E. coqui, the blastopore lip arises closer to the AP than in X. laevis 
(Elinson and Fang, 1998; Ninomiya et al., 2001). Th e nutritional YCs derived from the VP of 
E. coqui do not contribute any germ layer formation, implying that the vegetal half is less 
active (see heading 1.5) (Buchholz et al., 2007). 
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Th e last common ancestor of amphibians and amniotes is thought to have had holoblastic 
cleavage (Figure 3). According to Elinson (2009), there could be two possibilities concerning 
the transition of holoblastic (amphibians) to meroblastic (amniotes) cleavage pattern: 1) 
Th ey could have directly evolved meroblastic cleavage; or 2) two transitions were developing 
meroblastic cleavage among amniotes, one leading to the turtle-lizard-bird clade and another 
comprising monotreme (Collazo et al., 1994; Elinson, 2009). It has been suggested that the 
second possibility is improbable. On the other hand, increased egg yolk is usually linked to 
the evolution of the extra-embryonic membranes that defi ne amniotes, and it could be an 
essential factor in their evolution (Collazo et al., 1994; Buchholz et al., 2007; Elinson, 2009 ).

In the case of fi shes, it has been anticipated that an increased egg size and yolk  content in 
the non-teleost fi sh eggs (bichir, sturgeon, gar, and bowfi n) has  altered the cleavage pattern 
and gastrulation (Dettlaff  et al., 1993; Takeuchi 2009b). For example, compared to X. laevis 
(~1.0–1.3 mm), the eggs of bichir and sturgeon (2–3 mm) are signifi cantly larger. Despite 
the varying size, fate mapping in X. laevis, bichir, sturgeon, and zebrafi sh embryos suggested 
those of bichir, sturgeon, and X. laevis share many similarities regard to cleavage pattern, 
blastulation and gastrulation {for details, see heading below 1.5 below; (Bolker, 1993, 1994; 
Pocherniaieva et al., 2018; Takeuchi et al., 2009a,b)}. However, due to the increased yolk mass 
toward the VP, the early cleavage patterns in sturgeon and bichir embryos are diff erent from 
those of X. laevis. 

For example, in bichir and sturgeon, the fi rst cleavage divides the cytoplasm into two halves. 
Th e second cleavage furrow runs perpendicular to the fi rst, across the center of the AP, and 
divides the egg into four roughly equal parts. Two clefts of the third division run parallel to 
the fi rst, and eight blastomeres develop in the AP. Th e clefts have a limited depth. Because 
there is more yolk in the VP than in the AP, the separation depth in this part of the egg 
is lower. Th e fourth division produces an equatorial cleft that is irregular and located near 
the AP. A diff erence is caused by the concentration of the yolk and the delay in divisions 
of the VP (Diedhiou and Bartsch, 2009; Ostaszewska and Dabrowski, 2009). According to 
Dettlaff  et al (1993), the AP of the egg contains a low concentration of small deutoplasmic 
inclusions, whereas the VP is densely packed with large yolk granules and lipid inclusions. 
Division of the vegetal blastomeres is much slower than that of the animal blastomeres, but it 
is completed in this region as well by the end of the cleavage period, owing to the abundance 
of yolk inclusions. As a result, the cleavage in sturgeon can be considered complete unequal 
cleavage (Dettlaff  et al., 1993). Furthermore, similar to E. coqui, sturgeon fertilization can be 
polyspermic (Iegorova et al., 2018; Elinson, 1987). Comparatively, sturgeon and bichir vegetal 
blastomeres’ division produces massive amounts of YCs as in E. coqui (Buchholz et al., 2007; 
Takeuchi et al., 2009b).  It was recently discovered that YCs of bichir are extra-embryonic, 
similar to E. coqui. However, it is unknown whether sturgeon YCs contribute to embryonic 
development or are extra-embryonic like bichir and E. coqui {see heading below 1.5 (Takeuchi 
et al., 2009b)}.

Following that, in closely related fi shes, such as the egg size of gar (~3 mm) and bowfi n 
(2.0 mm) is almost similar to bichir and sturgeon (2–3 mm). Gar and bowfi n, on the hand, 
have a limited number of furrows towards VP – 2-cells and 12-cells in the VP of gar and 
bowfi n, respectively. Bowfi n has a holoblastic egg cleavage pattern, however, due to yolk-rich 
vegetal region, embryo produce about a dozen large yolky blastomeres (giant blastomeres 
that support the blastoderm’s smaller cells), similar to E. coqui. Detailed fate mapping of 
the vegetal region in bowfi n embryos, as well as comparisons with other taxa, have yet 
to be described. Th e cleavage in gars is meroblastic, which means that the furrows divide 
the blastoderm in a pattern similar to that of the teleost (Dean, 1895; Jaroszewska and 
Dabrowski, 2009; Long and Ballard, 2001). Th e majority of the yolk in the teleost egg, on 
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the other hand, remains uncleaved from the start, which is a signifi cant diff erence between 
the early blastula of the gars and the teleosts {see heading 1.5; Figure 3–5 (Collazo et al., 
1994; Kunz, 2004)}. 

It has been reported that a likely derived form of holoblastic cleavage can be seen in the 
eggs of bichir and sturgeon. Select traits, such as varying degrees of reliance on egg nutrient 
stores, may link cleavage type and egg size in such cases (Buchholz et al., 2007; Collazo, 
1996). Nevertheless, despite this enormous size, they still retain a holoblastic cleavage. We, 
therefore, speculate that increased yolk inclusions towards the VP led to the evolution of 
meroblastic cleavage in ray-fi nned fi shes, as seen in the amphibian – H. puncticulatus’  and 
non-teleost fi shes – gar and bowfi n eggs (Chipman et al., 1999). Here, we raise one doubt: Can 
such nutritional YCs in these species (E. eschscholtzii, E. coqui and H. puncticulatus) represent 
a step toward the transition phase (holoblastic to meroblastic) towards the amniotes? If so, 
then theoretically, the transition would be in this way in fi shes e, g., bichir > sturgeon > bowfi n 
> gar > zebrafi sh (Figure 3–5). Th e current study was designed to investigate the fate of 
sturgeon vegetal blastomeres/YCs, which represent the transition of cleavage pattern from 
holoblastic to meroblastic in rays-fi nned fi shes.

1.4. Egg size, yolk volume and RNA localization 

Th e specifi cation of the germ layer is one of the earliest developmental stages in metazoan, 
occurring before the development of the organ and tissue primordia that eventually become 
the complex adult organism. As the embryonic organism develops, the cells in the three 
basic germ layers – the ectoderm, mesoderm, and endoderm – diff erentiate into various 
lineages. Th e epidermis and nervous system are both produced by ectodermal cells. Blood, 
muscle, kidneys, notochord, and connective tissue are all developed by mesodermal cells. Th e 
gastrointestinal and respiratory tracts are formed by endodermal cells (Gilbert, 2010).

Th e development of fi sh and amphibian embryos occurs externally, and their rapid rate of 
early development ensures the rapid formation of independent larvae. Because yolk is a form 
of energy and maternal determinants (i.e., maternal protein) mediate the development of 
these embryos until the mid-blastula stage. Once zygotic transcription has been activated, 
many zygotic genes are incorporated into signal transduction pathways for germ layer 
patterning (Heasman et al., 1984; Kane and Kimmel, 1993; Rodaway et al., 1999). Recent 
comparative studies have documented widespread conservation of developmental genes 
between amphibians and fi sh. However, their expression patterns, functions, and epigenetic 
regulation have evolved despite preserving the genes. Th e same or closely related genes may 
have diff erent functions in diff erent contexts, either within the organism or between the 
species. Th e relative contribution and regulation of the zygotic and maternal genome vary 
between vertebrates, particularly the speed and pattern of early cleavages formation and, 
therefore, the morphology of the blastula (Solnica-Krezel, 2005; Pocherniaieva et al., 2018; 
Naraine et al., 2022). In this part, we have reviewed the function and localization pattern 
of maternally supplied mRNAs (including germplasm, endoderm and mesoderm genes) in 
X. laevis and zebrafi sh, as well as their comparison with sturgeon. 

1.4.1. Localization of germplasm and migration of primordial germ cells 

Th e germplasm contains maternal mRNAs from germline-specifi c genes. Th e asymmetric 
preservation of germplasm in the localized region of oocytes and the migration of PGCs 
diff er between vertebrates (Gross-Th ebing et al., 2017; Starz-Gaiano and Lehmann, 2001). 
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For example, in X. laevis, the yolk is unequally distributed – slightly increased toward the 
VP. Th e maternally supplied germplasm – dnd, vas, grip2, dzl, and nanos1, localized in a VP 
and specifying the fate of the PGCs. Compared with X. laevis-holoblastic, the germplasm 
of teleost-meroblastic, i.e., vas, nanos1, and dnd, is located in the animal hemisphere at 
the distal ends of the blastodisc’s fi rst and second cleavages. Moreover, DZL and grip2 
gradients are localized toward the oocyte vegetal region and migrate toward the AP via yolk 
streams {(Whitington and Dixon, 1975; Houston et al., 1998;  Braat et al., 1999; Knaut et 
al., 2000; Köprunner et al., 2001; Miyake et al., 2006; Herpin et al., 2007; Kirilenko et al., 
2008; Sindelka et al., 2010; Kitauchi et al., 2012; Lai et al., 2012; Pocherniaieva et al., 2018; 
Naraine et al., 2022) see Figure 4}. Th e early localization of DZL is conserved with X. laevis 
and involved in the PGCs’ development. Th e localization of grip2 occurs in the VP of X. laevis 
and sturgeon eggs, and it is considered a potential marker for PGCs development (Naraine 
et al., 2022). On the other hand, the same gene in zebrafi sh is also localized in the VP. It 
plays a crucial role in bundling microtubules at the vegetal cortex of embryos (Kirilenko et 
al., 2008). 

Regarding PGCs’ migration in holoblastic cleavage pattern (e.g., in X. laevis), the specifi ed 
PGCs at the VP region are passively translocated to the endoderm’s center, after which they 
begin active migration dorsally within the gut endoderm’s ventral part, eventually reaching 
the dorsal wall of the body cavity and the gonadal ridge via the dorsal mesentery (Whitington 
and Dixon, 1975). Comparatively, in meroblastic cleavage pattern (e.g., in teleost), PGCs 
migrate  from the marginal region of the blastodisc, the YSL in close proximity, and the 
presumed mesendodermal region at the blastula stage; these cells then migrate dorsally as 
the embryo develops (Köprunner et al., 2001; Saito et al., 2014). Th ese cells migrate along 
the trunk mesoderm’s border toward the region where the genital ridge will form during early 
somitogenesis (Braat et al., 1999; Th eusch et al., 2006). 

In comparison, the embryo of sturgeons is intermediated between zebrafi sh and X. laevis 
due to the increase in egg size and yolk volume (Miyake et al., 2006; Saito et al., 2014). For 
example, the localization of the germplasm in sturgeon embryos (e.g., dnd, vas, grip2, dzl, 
and nanos) occurs in the vegetal region as in X. laevis (amphibian); however, their migration 
pattern is conserved to that of teleost (Saito et al., 2014; Pocherniaieva et al., 2018; Naraine 
et al., 2022). It is thus interspecifi c between teleost and X. laevis embryos in terms of PGCs’ 
localization and migration (Figure 4). 

In sturgeon and E. coqui, it seems that the holoblastic cleavage remains unchanged due 
to germplasm localization in the VP and its inability to migrate to the AP during the cleavage 
phase (Elinson et al., 2011; Saito et al., 2014, 2018) (Figure 4). Comparatively, in gar – a 
closely related species – the VP does not undergo normal cleavage (Long and Ballard, 2001). 
Th us, gar has already overcome this problem, and there can be three possibilities: a) all the 
determinants moved to the AP already during oocyte maturation before embryogenesis; 
b) the determinants are in the vegetal hemisphere, then they have to be transported to 
the animal hemisphere by a mechanism similar to the yolk streams of teleost species; c) 
the PGC determination is controlled epigenetically like in mammals. Th e analysis of PGCs 
determinants in gar is expected to assess this hypothesis’s feasibility further. Moreover, on 
the other hand, it is also possible to develop a potential technique for inhibiting vegetal 
blastomeres in sturgeon (shifting holoblastic to meroblastic cleavage pattern – mimic gar 
cleavage pattern) and investigate the detailed fate mapping of vegetal blastomeres such as 
analyzing the yolk stream and germplasm movement, and PGCs migration after inhibition 
of said blastomeres (Heading 1.6). Th us, we have investigated these goals in our present 
study.
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Figure 4. Th e transition of cleavage pattern and the migration of germplasm between Sarcopterygii 

(Lobe-fi nned fi shes) and Actinopterygii (ray-fi nned fi shes). 

Figure 4 shows the localization and migration of PGCs regarding the evolution of the 
cleavage pattern. Th e orange dots are PGCs and indicate their localization and migration 
information. Star marks denote the research gap.

1.4.2. Germ layer – mesendodermal determinants 

Endoderm and mesoderm determinants are conserved in all vertebrates in terms of 
patterning; however, their RNA localization pattern and time of expression diff er by species 
(Feldman et al., 1998; Kofron et al., 1999; Rodaway et al., 1999; Stainier, 2002; Afouda et al., 
2005; Agius et al., 2008).  For example, in X. laevis (holoblastic), all germ layer precursors 
are arranged in a gradient along the animal-vegetal (top-bottom) axis. In zebrafi sh eggs 
(meroblastic), all germ layer precursors are localized in AP (Gilbert, 2010). Furthermore, 
because gastrulation in zebrafi sh begins less than two hours after full activation of Nodal 
signaling, most genes regulated by Nodal signaling at the start of gastrulation are thought 
to be immediate-early targets (Erter et al., 1998; Feldman et al., 1998; Rebagliati et al., 1998; 
Gritsman et al., 2000). In contrast, Nodal signaling does not begin in X. laevis until the mid-
blastula stage (Fagotto, 2007). Th is section has reviewed the localization and functions of 
selected genes for endoderm and mesoderm development. Particular emphasis is given to 
endoderm determinants since they localized in the VP of holoblastic cleaved embryos (e.g., 
X. laevis), and the AP in meroblastic cleaved embryos (e.g., zebrafi sh). We summarized the 
localization and conservation and their regulatory connections between X. laevis, sturgeon, 
and zebrafi sh. In addition, we also have reviewed how the increasing egg size and yolk 
volume in closely related species interrupts the localization of maternally supplied mRNA for 
endoderm development (Buchholz et al., 2007; Takeuchi et al., 2009b ).
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In X. laevis (e.g., amphibian), the maternally supplied VegT, Vg1, and wnt/ -catenin are 
critical players in the activation of nodal pathways for mesendodermal formation, and they are 
localized in the vegetal cortex of the oocyte (Deshler et al., 1997; Clements et al., 1999; Kofron 
et al., 1999; Stennard et al., 1999; Zhang et al., 2005, 1998; Montague and Schier, 2017). VegT 
is essential for the direct activation of core mesendodermal genes; the transcription factors 
Sox17a, Sox7, and gsc are bona fi de VegT direct targets, and Sox17b, mixer, mix1, hhex, and 
ventx1 are additional putative direct targets; for details, see (Howard et al., 2007; Charney 
et al., 2018). In addition, Eomesodermin’s (eomes) also play a role in the expression of the 
mesendodermal genes mix1, xbra, wnt8, sox17a, foxa4, and gsc (Ryan et al., 1996; Conlon et 
al., 2001). 

Compared with X. laevis embryos, the E. coqui (an amphibian) has enough yolk to develop 
without feeding the tadpole. Interestingly, due to an increase in the yolk volume towards VP, 
the maternal RNA gradient, including EcVegT and EcVg1 move and are localized mainly near the 
oocyte’s AP, which is quite similar to that of sturgeon (Beckham et al., 2003; Pocherniaieva et 
al., 2018). Compared to sturgeon and amphibians, the endodermal marker in bichir is eomes 
but not VegT; orthologs have the same maternal expression in bichir and zebrafi sh embryos, 
suggesting that VegT is only required for amphibians (X. laevis and E. coqui) and sturgeon 
(Zhang et al., 1998; Takeuchi et al., 2009b; Pocherniaieva et al., 2018) endoderm development. 
 In bichir embryos, eomes transcripts were found in animal blastomeres and marginal at the 
zone 4–8 cell and gastrula stage, respectively (Takeuchi et al., 2009b). Although in X. laevis 
embryos, eomes has been implicated in stimulating mesoderm development, in zebrafi sh and 
humans,  eomes play a role similar to X. laevis maternal VegT in activating the endodermal 
gene regulatory program (Ryan et al., 1996; Bjornson et al., 2005). 

Th e Wnt signaling pathway is responsible for axis patterning, cell fate specifi cation, 
proliferation, and migration (Wessely and De Robertis, 2000; Claussen and Pieler, 2004; 
Zearfoss et al., 2004). Most of the studies about the Wnt pathway have been done on X. 
laevis and zebrafi sh models. Recently, study has reported that the key ligands are WNT11 
(including WNT11r and WNT11b paralogs), WNT5A and WNT8B (Naraine et al., 2022). Authors 
have identifi ed WNT11b in the VP of X. laevis, while WNT8B and WNT5A have been found in 
the VP of sturgeon (Naraine et al., 2022). Moreover, many critical genes in wnt pathways for 
sturgeons are still unknown.

Maternal Forkhead box protein H1 (Foxh1) is an essential factor for endoderm development. 
For example, in X. laevis, VegT has a signifi cant role in the regulation of nodal gene expression 
by activating transcription in the blastula through Smad2/3; the Nodal signaling cascade 
promotes cell division in the embryo (along with the maternal partner to all R-Smad signaling, 
Smad4) (Osada and Wright, 1999; Tan et al., 2013).  Th e activated Smad2/3-Smad4 complex 
regulates target genes in collaboration with co-transcription factors, including Foxh1, Eomes, 
Foxh1.2, Gtf2i, Gtf2ird1, Mixer, Tcf3 (also known as E2a), and Tp53. Maternal Foxh1 is involved 
in transcriptional regulation via Smad2/3 interactions (Chen et al., 1996; Kee et al., 2011; 
Yoon et al., 2011). To the best of our knowledge, the function and localization of crucial 
maternal Foxh1 have been extensively investigated in X. laevis (Kofron, 2004; Chiu et al., 
2014) and zebrafi sh (Pogoda et al., 2000; Pei et al., 2007), except sturgeon.  

Sox7   is also involved in endoderm development.  In zebrafi sh, sox7 is localized in the AP. Th e 
divergent F-type Sox casanova acts downstream of the Nodal signaling pathway (Dickmeis et 
al., 2001). In contrast, no casanova orthologs have been identifi ed in tetrapods. Th e F-type Sox 
and Sox7 are supplied maternally in X. laevis and  localized in the vegetal region of the embryo 
(Zhang et al., 2005). Th e T-box transcription factor VegT, which initiates mesendodermal 
diff erentiation, directly regulates Sox7 expression. Sox7 induces the expression of the Nodal-
related genes Xnr1, Xnr2, Xnr4, Xnr5, and Xnr6, the homeodomain transcription factor Mixer, and 
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the endodermal marker Sox17b; both Sox7 and Sox17 induce the expression of endodermin. 
Sox7 induction of Xnr expression in animal caps is independent of Mixer and Nodal signaling. 
In animal caps, VegT’s ability to induce Mixer and Edd depends on Sox7 activity (Zhang et al., 
2005). Th e functional study of the Sox7 gene in sturgeon embryos is yet to be undertaken. 

Maternally supplied determinants control the development of embryos until the blastula 
stage (1 k cell). When animal embryos reach the mid-blastula stage, developmental control is 
transferred from maternally provided to zygotic genome synthesized gene products. In model 
organisms such as echinoderms, nematodes, insects, fi sh, amphibians, and mammals, the 
maternal-to-zygotic transition has been extensively studied {for detail, see (Tadros and Lipshitz, 
2009)}. However, little is known about sturgeons (chondrosteans) (Pocherniaieva et al., 2019). 

In all vertebrates, Sox17 is a highly conserved endodermal transcription factor. Th e Sox17 
plays a crucial role in the endoderm formation in X. laevis and zebrafi sh. Compared to X. laevis, 
Sox17 and Sox7 are localized in the AP of zebrafi sh embryos (Bjornson et al., 2005; Zhang 
et al., 2005; Takenaka et al., 2007; Haworth et al., 2008). In sturgeon, Sox factors (sox7 
and sox17) are localized in the AP of oocytes (unpublished data from our laboratory). Th e 
fate-mapping of pre-oral gut development among non-teleost fi shes, including sturgeon, 
bichir, and gar, showed that Sox17 plays a crucial role in the development of sturgeon’s pre-
oral gut (Minarik et al., 2017). However, the role of Sox17 in the development of actual gut 
(gastrointestinal tract) in sturgeon has not yet been investigated. 

Furthermore, Gata, a transcription factor that regulates endoderm formation in metazoan 
model systems, is a highly conserved regulator.  Th e Gata4/5/6 subfamily of Gata factors is 
involved in the formation of X. laevis (Weber et al., 2000; Afouda et al., 2005) and zebrafi sh 
(Afouda et al., 2005; Lou et al., 2011) endoderm. Besides the functional conservation, their 
location is diff erent in zebrafi sh and X. laevis. Interestingly, the role of GATA factors in sturgeon 
also remains unknown (Weber et al., 2000; Haworth et al., 2008).  

Forkhead (Foxa), zygotic transcription factors are critical for endoderm development 
across diverse organisms (Friedman and Kaestner, 2006; De-Leon, 2014). Of the three Foxa 
transcription factors in mice (Foxa1, Foxa2, and Foxa3), Foxa2 is required for early development 
(Weinstein et al., 1994; Gualdi et al., 1996). So far, the role of Foxa3 is unclear, while Foxa2 
and Foxa1 serve a crucial role in the development of mesendoderm of X. laevis and zebrafi sh, 
respectively. Moreover, the localization of these transcription factors is diff erent between 
X. laevis and zebrafi sh (Bjornson et al., 2005; Chen et al., 2005; Tomomi Haremaki1, 2009; Dal-
pra et al., 2011). Compared to X. laevis and zebrafi sh, the function and localization of Foxa1, 
Foxa2, and Foxa3, have yet to be described. Moreover, many other essential genes (such as 
mixer, mezzo, (znr or xnr), bon, and cas) are also still unknown in the case of sturgeon (Erter 
et al., 1998; Whitman, 2001; Poulain and Lepage, 2002; Rebagliati et al., 2002; Bjornson et al., 
2005; Agius et al., 2008; Haworth et al., 2008). 

We can deduce that the majority of the germ layer determines localization to the AP in 
meroblastic cleaved embryos during oogenesis. On the other hand, some maternal determinants 
are limited to the VP and move toward the AP via yolk streams during the formation of the fi rst 
and second cleavage furrows. In the case of holoblastic cleavage, the germ layer determinant is 
localized from the animal to the vegetal region of the embryo, and all blastomeres contribute 
equally to embryo development. However, the germ layer gradient changes ambiguously 
because of the increased amount of yolk towards the vegetal area (Takeuchi et al., 2009b; 
Buchholz et al., 2007; Pocherniaieva et al., 2018). Th us, it will be interesting to know whether 
inhibition of vegetal blastomeres (shifting holoblastic to meroblastic cleavage pattern) aff ect 
the asymmetry preservation of RNA gradient. Furthermore, many endodermal markers in 
sturgeon are unknown, and future studies on fate mapping of gut-endoderm development can 
be conducted by selecting potential marker genes, as mentioned above.
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1.5. Gut development and the utilization of yolk 

As previously  stated, the evolution of meroblastic cleavage in vertebrates is caused by an 
increase in egg size and yolk volume (heading 1.2 and 1.3). However, compared to other 
vertebrates (including holoblastic and meroblastic representatives), it is also essential to 
know how the yolk distribution (increased towards VP) aff ects the gastrulation in sturgeon 
embryos, and how their gut develops to utilize the yolk. 

In X. laevis (holoblastic), the endoderm originates from the VP of the embryo and yolk is 
stored in cellular form (yolky endoderm cells). During early gastrulation, the “bottle cells” 
formed on the dorsal side, which marks the onset of blastopore formation and involute the 
surface material that makes the mesodermal and endodermal lining of the gastrocoel, leads 
to the development of the archenteron (primary gut) (Figure 1 and 5) (Bolker, 1994). Th e 
ventral part of the archenteron is composed of a yolky cell mass (yolky endodermal cells) 
that is fated to be gut-endoderm (Agius et al., 2008; Gilbert, 2010) (Figure 1 and 5). Th e yolk, 
namely yolk platelets, is utilized intracellularly via endodermal cells.

In zebrafi sh (meroblastic), on the other hand, have no gastrocoel during the gastrulation 
period. Neither blastopores nor archenteron are present. Th e blastoderm’s deep enveloping 
layer cells involute at the blastoderm margin, thus playing a blastopore’s role. Involution 
causes the blastoderm to fold back on itself, forming the germ ring. As a result, the germ ring 
is divided into two layers: Th e upper epiblast feeds cells to the lower hypoblast throughout 
gastrulation (Collazo et al., 1994; Kimmel et al., 1995). Th e entire gut is developed from the 
hypoblast cells and lied on the yolk sac, and the yolk is substantially used up via YSL, and 
feeding commences, allowing for nutritional intake to be processed in the gut (Ober et al., 
2003; Gilbert, 2010) (Figure 2 and 5).

Similarly, reptiles and birds’ embryos have a fl attened blastodisc on yolk mass and a 
gastrulation pattern that diff ers signifi cantly from that of amphibians due to their large 
yolk volume. On the other hand, placental mammals have the same gastrulation pattern as 
reptiles and birds, despite having signifi cantly less/no yolk (Takeuchi et al., 2009b). Amniotes 
include mammals, reptiles, and birds (i.e., they produce eggs that develop extra-embryonic 
membranes). Gastrulation in chicks and mice begins in the epiblast, a type of epithelial layer. 
Th e epiblast’s cells transition from epithelial to mesenchymal, migrate through the primitive 
streak, and integrate into the middle (mesoderm) or outer (endoderm) layer. Th e presumptive 
defi nitive endoderm cells invade and displace an outer layer of extra-embryonic tissue cells 
(hypoblast in chicks and visceral endoderm in mice), which form supporting structures like 
the yolk sac (Zorn and Wells, 2009). Endoderm has revealed how a two-dimensional sheet 
of cells forms the primitive gut tube during the late gastrula stage (E7.5 in mouse, HH4 in 
chicken) (Rosenquist, 1971; Lawson et al., 1986; Lawson and Schoenwolf, 2003; Tremblay and 
Zaret, 2005; Kimura et al., 2007; Tam et al., 2007). Th e vascular yolk sac develops in amniotes 
and serves as an extra-embryonic gut, digesting, absorbing, and delivering nutrients to the 
embryo (Jorgensen, 2008; Sheng and Foley, 2012; Incardona and Scholz, 2016).

Analogously to X. laevis, the embryos of other amphibians – E. coqui and E. eschscholtzii, 
and non-teleost fi shes – bichir and sturgeon retained the blastocoel, bottle cell, blastophore, 
gastrocoel, archenteron and stored their yolk in a cellularized form; YCs (Bolker, 1993, 1994; 
Collazo et al., 1994; Ninomiya et al., 2001; Buchholz et al., 2007; Takeuchi et al., 2009a,b; 
Collazo and Keller, 2010). Interestingly, the ventral part of archenteron in the embryos of 
E. coqui and bichir is extra-embryonic YCs, do not contribute to gut development. Th e presence 
of cellularized yolk; YCs (nutritional endoderm) in E. coqui may correspond to changes in the 
evolution of the amniote egg 360 million years ago. Furthermore, in these species, the entire 
gut is established as a tubular structure covered in mesenchymal cells, and the YCs mass is 
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located on the anterior-ventral side of the embryo; the mass is not covered in mesenchymal 
cells but is directly surrounded by surface ectoderm, indicating that it is extra-embryonic 
{(Buchholz et al., 2007; Takeuchi et al., 2009b), Figure 5}. 

Aside from jawed fi shes, lamprey – an ancient extant lineage of jawless fi sh – belongs to the 
order Petromyzontiformes – is an ancestor of all above holoblastic representative vertebrates. 
Recently, it has been reported that vegetal blastomeres of lamprey embryos produce extra-
embryonic YCs (Takeuchi et al., 2009b). Interestingly, morphoanatomical studies have 
indicated that the archenteron of lamprey embryos extended towards the blastopore position; 
however, due to colossal yolk mass, archenteron showed delayed epithelization and from the 
secondary gut structure. From our point of view, precise fate mapping is required in order to 
understand the gut development and utilization of yolk in lamprey embryos (ShipIe, 1885; 
Kupff er, 1890; Damas, 1943; Piavis, 1971; Li et al., 2019; Richardson et al., 2010).

Numerous previous studies have demonstrated that gut-endoderm of sturgeon develops 
from the YCs/vegetal blastomeres, as seen in X. laevis (Ballard and Ginsburg, 1980; Ginsburg 
and Dettlaff , 1991; Gawlicka et al., 1996). On the other hand, few recent studies have reported 
VP only stored germplasm, and YCs facilitate the PGCs migration from the vegetal region to 
the genital ridge (Linhartová et al., 2015; Saito and Psenicka, 2015; Pocherniaieva et al., 2018; 
Saito et al., 2014, 2018). Until now, observations related to sturgeon YCs have been dispersed 
throughout several articles, with little emphasis on their precise role in development. To the 
best of our knowledge, the fate mapping of vegetal blastomeres/YCs and gut-endoderm 
of sturgeon have not been thoroughly investigated (Figure 5). Th us, the present study was 
conducted to know 1) whether the YCs in sturgeon embryos contribute to the embryonic body 
or serve to provide extra-embryonic nutrition as in E. coqui, E. eschscholtzii, and bichir. 2) Can 
sturgeon embryo develop the YSL/YSL-like-structure. 3) Is the sturgeon’s gut developmental 
pattern conserved to any vertebrate (mentioned above), or is it unique? 4) Can sturgeon utilize 
their yolk in an acellular form instead YCs after inhibition of vegetal blastomeres (Ballard and 
Ginsburg, 1980; Buchholz et al., 2007; Elinson, 2009; Takeuchi et al., 2009b; Saito et al., 2018).
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Figure 5. Transition of the egg cleavage pattern and gut development among vertebrates. 

Th e fi gure shows the evolution of the cleavage pattern, germ layer determinants during blastula, and 

gut structure during hatched larvae in vertebrates. Blue, green, and red color indicates the ectoderm, 

mesoderm, and endoderm, respectively. Th e stars indicate research gaps regarding gut development.

1.6. Inhibition of blastomeres cleavage 

As mentioned in the above heading 1.3 – 1.5, it is essential to have a robust technique 
for inhibiting defi nite blastomeres for further studies (Buchholz et al., 2007). Wilhelm Roux 
came up with the idea of blastomere inhibition in 1888 by poking a heated needle into one 
of two blastomeres of X. laevis embryo to examine early embryonic development by blocking 
blastomere cleavage. However, due to incorrect needle placement in the blastomere, this 
method may either entirely stop the embryo’s development, or a slightly wounded blastomere 
may continue to develop. In 1892, Driesch removed two blastomeres from a sea urchin embryo 
by shaking instead of killing it; nevertheless, this approach had a low success rate because the 
embryos were shaken at an inopportune time (Sander, 1997a,b). 

Following that, the use of cytochalasin (mycotoxin) as a microfi laments inhibitor was 
evaluated in the embryos of the mouse (Karasiewicz and Sottyfi ska, 1986), X. laevis (de Laat et 
al., 1973) and ascidian (Okado and Takahashi, 1988). Th e cytochalasin-B microinjection is not 
ideal for big embryos due to its delayed distribution. Furthermore, owing to cell permeability 
and high toxicity, its activity can be problematic (de Laat et al., 1973). A dditionally, the injection 
with an optimal concentration of cytostatic factor (c-mos), mitogen-activated protein kinase 
(MAPK), and p21-activated protein kinase (PAK1) have been reported to cause blastomere 
cleavage arrest in frog embryos (Sagata et al., 1989; Haccard et al., 1993; Rooney et al., 
1996; Buchholz et al., 2007). Because of the complex mechanisms involved, microinjection of 
cytostatic factor and kinase proteins is not a viable strategy for non-model species (Haccard 
et al., 1993; Rooney et al., 1996; Buchholz et al., 2007). 

Diatoms are the groups of unicellular microalgae that contribute approximately 20% carbon 
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fi xation by photosynthesis annually and contribute as a fundamental food source for small 
crustacean copepods (Mann, 1999). Nonetheless, due to the production of some biotoxins, 
such as oxylipins and polyunsaturated aldehydes (PUAs), 30% of diatoms have been reported 
as antiproliferative representatives  (Cutignano et al., 2006; Fontana et al., 2007; Miralto et 
al., 1999; Pohnert, 2000; Romano et al., 2014). Th ese PUAs, including decadienal (DD–a model 
aldehyde used in many experimental studies), have been reported to decrease fertilization 
processes in a sea urchin by inhibiting sperm motility and pronuclear fusion (Caldwell et al., 
2004, 2002). Moreover, cleavage arrest of cells in the embryos of Paracentrotus lividus and 
Sphaerechinus granularis have already been reported (Poulet et al., 2007; Romano et al., 
2014). DD inhibits tubulin polymerization, DNA synthesis, and cyclin B/Cdk1 kinase activity in 
copepod and sea urchin embryos and induces apoptosis via caspase-3-like protease activity, 
resulting in cell cycle arrest (Castellano et al., 2015; Hansen et al., 2004; Romano, 2003). Most 
previous studies focused on the lethal and sub-lethal eff ect DD had on the development of 
embryos when they were immersed in diff erent concentrations of DD. However, whether this 
biotoxin can aff ect a specifi c portion of embryos in any species remains undetermined. It thus 
interests to explore the eff ects of DD in a localized part of sturgeon embryos and optimize it 
for defi nite blastomeres inhibition.

Th e fi ndings of our study comprise on two published articles and one unpublished 
manuscript (Chapter 2–4). Based on our review of extant literature, we concluded that: 
Evolution of meroblastic cleavage pattern in amniotes and fi shes is related to the distribution 
of yolk i.e., increased in volume towards the VP of egg. Amphibians such as X. laevis > E. Coqui 
> E. eschscholtzii show the transition phase toward amniotes (birds and repletes). Similarly, 
non-teleost fi shes such as bichir > sturgeon > gar > bowfi n illustrate the teleost transition 
phase. Sturgeon PGCs are produced in the VP, and the rest of the cells are thought to be 
extra-embryonic, as in E. Coqui and bichir. Th erefore, in Chapter two, we developed a robust 
technique for inhibiting specifi c blastomere and investigated its eff ect on RNA localization. 
Th en, in Chapter three, we continued our research on the detailed fate mapping of sturgeon 
vegetal blastomeres; YCs and their comparison with other taxa (Chapter 2–3). Moreover, 
we also concluded that maternally supplied mRNA moved to the AP and gut-endoderm 
development evolved drastically as yolk volume increased in the eggs. For example, E. Coqui, 
bichir, and sturgeon embryos cleave holoblastically like X. laevis. However, their endoderm 
precursors localized in the AP, which is not conserved to X. laevis. Furthermore, E. Coqui and 
bichir develop the gut on the dorsal position of the yolk and utilize their yolk in a cellular form. 
Th erefore, in Chapter four, we investigated the fate of gut development in sturgeon and their 
comparison with other taxa (Chapter 3–4).

1.7. Objectives of the thesis

Th e main aim of this study was to use sturgeon as a great model for the description of a) 
evolutionary transition from the holoblastic to meroblastic cleavage pattern and b) unique 
archaic mode of gut development. Th e thesis has been written based on three following 
objectives: 

O1 – Development of a novel technique for inhibition of the specifi c blastomere cleavage 
and its impact on maternal mRNA localization of sturgeon embryos.

O2 – Developmental and functional studies of the sturgeon vegetal blastomeres/yolk cells 
and PGCs; and its comparison with X. laevis and zebrafi sh. 

O3 – Th e gut development of sturgeon and its comparison with other taxa.
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Abstract
The cleavage pattern of a vertebrate’s embryo is either holoblastic (complete) or meroblastic (partial). Sturgeon and other 
basal bony fishes represent a transition of the cleavage pattern. To understand the transition, it is essential to develop an 
effective technique for the inhibition of specific blastomere cleavage. So far, various studies have demonstrated that diatom-
derived polyunsaturated aldehyde (PUA), 2,4-decadienal (DD)—a model aldehyde for experimental studies—adversely 
affects the developing embryos of several aquatic species. In this study, we employed DD for inhibition of cleavage of a 
definite blastomere in sturgeon embryos under various conditions. The effective treatment was found to be a combination of 
DD injection (0.01 v/v) and visible light (44.86–91.15 W m−2). Notably, DD injection or light irradiation alone cannot inhibit 
cleavage. Furthermore, spatial RNA localization analysis using quantitative polymerase chain reaction (qPCR)-tomography 
revealed that the localized pattern of selected maternal messenger ribonucleic acids (mRNAs) remained constant along 
the animal–vegetal (A-V) axis, which suggests that RNA localization is completed by the end of oogenesis and that early 
embryonic cleavage is not required for A-V asymmetry preservation.

Keywords Cleavage pattern inhibition · 2,4-Decadienal · Light irradiation · qPCR /tomography · RNA localization · Sterlet 
Acipenser ruthenus

Introduction

Vertebrate egg cleavage patterns can be divided into two 
broad categories: (1) holoblastic (complete) cleavage and (2) 
meroblastic (partial) cleavage. Bony fishes (Osteichthyes) 

Biology
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include ~ 30,000 species and divaricated into two lineages, 
(1) ray-finned—Actinopterygii and (2) lobe-finned fish—
Sarcopterygii, about 476 million years ago (mya) (Takeuchi 
et al. 2009a). In sarcopterygian lineage, amphibians and 
lungfish underwent holoblastic cleavage, while reptile and 
avian species evolved meroblastic cleavage due to increased 
yolk volume. Ultimately, embryos of mammals lost yolk and 
regained a size of around 100 μm diameter to develop in the 
uterus and undergo holoblastic cleavage. At the crown of 
actinopterygian evolution, approximately 27,000 species of 
the teleost taxon constituted more than half of all extant ver-
tebrates. They develop by meroblastic cleavage; the vegetal 
half of the embryo is the nutritive yolk cell, and only the ani-
mal region of the embryo undergoes cleavage, generating all 
three primary germ layers. The animals of the teleost taxon 
underwent whole-genome duplication (WGD) and subse-
quent changes in their genome (Ravi and Venkatesh 2008; 
Amores et al. 1998; Chiu et al. 2004). Prior to the WGD 
event, four clads of actinopterygian lineage including bichir 
Polypterus (370 mya; polypterids), sturgeon Acipenser and 
paddlefish Polyodon (200 mya; chondrosteans), gar Lepisos-
teus (65–100 mya; lepisosteids), and bowfin Amia (100 mya; 
amiids) also diverged from teleost lineage after divarication 
from Sarcopterygii and retained some archaic characteristics 
in their embryogenesis. As in bichir and sturgeon, holoblas-
tic cleavage is preserved—a situation similar to the hypoth-
esized ancestral state for vertebrates (e.g., Xenopus laevis 
400 mya) rather than that of teleosts (Bartsch et al. 1997; 
Cooper and Virta 2007; Hurley et al. 2007). In addition to 
cleavage, their embryonic development is highly similar to 
that of Xenopus laevis, for instance, (i) formation of blasto-
coel during blastulation, (ii) formation of morphologically 
distinct “bottle cells” initiating cell involution via the dorsal 
lip of the blastopore, and (iii) formation of the archenteron 
(primary gut) (Bolker 1993, 1994; Takeuchi et al. 2009a, 
2009b).

Conversely, closely related species, i.e., gar Lepisosteus 
and bowfin Amia, possess intermediate morphologies that 
lie between the chondrostean and teleost. For example, they 
generate giant yolky blastomeres (2 cells in gar, 12 cells 
in bowfin) in the vegetal pole (VP), and cleavage takes 
place mostly in the animal pole (AP) (Long and Ballard 
2001; Ballard 1986). Embryogenesis of gar Lepisosteus and 
bowfin Amia indicates that meroblastic cleavage supposedly 
evolved by two major changes: (1) loss of bottle cells dur-
ing gastrulation and (2) fusion of vegetal blastomeres into a 
single cell to store their yolk in the form of yolk platelets and 
development of the yolk syncytial layer (YSL) to separate 
the yolk from the blastoderm (Cooper and Virta 2007; Long 
and Ballard 2001; Ballard 1986).

Additionally, the egg cleavage pattern of the Puerto Rican 
tree frog Eleutherodactylus coqui (E. coqui) represents a 
similar kind of transition as bowfin Amia. For example, eggs 

of E. coqui are 20 times as large as those of Xenopus lae-
vis (~ 1.0–1.3 mm), and their VP produce yolk-rich vegetal 
cells which do not eventually become part of the embryo. 
When cleavage of vegetal blastomeres of E. coqui embryos 
at the 60- to 100-cell stage was inhibited, embryogenesis 
continued, indicating that these cells are extraembryonic 
(Buchholz et al. 2007). Similarly, sturgeon eggs (~ 3.5 mm) 
are larger than those of their ancestor (Xenopus laevis), and 
VP produce a massive amount of yolk cells that serve only 
as nutrition. The presence of such nutritional cells may rep-
resent an important step in the evolutionary transition from 
holoblastic to meroblastic cleavage (Buchholz et al. 2007; 
Saito et al. 2018). Consequently, the sterlet Acipenser ruthe-
nus is a great model in which to study the transition between 
cleavage patterns among actinopterygians (1) because of 
their phylogenetic relationship between vertebrates, i.e., 
between amphibian Xenopus laevis and gar Lepisosteus, and 
(2) because the whole embryo divides during early develop-
ment, representing holoblastic cleavage; however, its vegetal 
cells mimic the E. coqui and Amia by dividing more slowly 
than animal cells (Buchholz et al. 2007; Takeuchi et al. 
2009a). Therefore, to understand the evolution (holoblas-
tic–meroblastic) of the cleavage patterns and their mecha-
nisms, the development of effective applications is needed 
for inhibition of blastomere cleavage in sturgeon embryos.

With regard to the study of early embryonic development 
by inhibiting blastomere cleavage, Wilhelm Roux first intro-
duced the blastomere inhibition concept in 1888 by poking a 
hot needle into one of two blastomeres of the Xenopus laevis 
embryo. However, this technique may completely block the 
development of the embryo through improper positioning 
of the needle in the blastomere, or a slightly injured blasto-
mere may continue to develop. Therefore, in 1892, Driesch 
separated two blastomeres from a sea urchin embryo using 
shaking instead of killing; however, owing to the shaking of 
embryos at the wrong moment, this technique has a low suc-
cess rate (for reference see Sander 1997a, b). Subsequently, 
the use of cytochalasin (mycotoxin) as a microfilament 
inhibitor was tested for inhibition of blastomere cleavage in 
the embryo of Halocynthia roretzi (Okado and Takahashi 
1988), Xenopus laevis (Siegfried et al. 1973), and Mus mus-
culus (Karasiewicz and Sottyfiska 1986). However, because 
of its slow spread into cells, cytochalasin-B (CB) microin-
jection is not suitable for large embryos. Furthermore, its 
action can be problematic because of cell permeability and 
high toxicity (Siegfried et al. 1973). Additionally, the micro-
injection of cytostatic factor (c-mos) (Sagata et al. 1989; 
Buchholz et al. 2007), mitogen-activated protein kinase 
(MAPK) (Haccard et al. 1993) and p21-activated protein 
kinase (PAK1) has also been reported to cause the arrest of 
blastomere cleavage in Xenopus laevis embryos (Haccard 
et al. 1993; Rooney et al. 1996; Sagata et al. 1989). However, 
owing to the complicated processes involved, microinjection 
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of the cytostatic factor and kinase proteins is not a practical 
technique for non-model species (Daniel R. Buchholz et al. 
2007; Haccard et al. 1993; Rooney et al. 1996). It is clear 
from the overview that, to date, there has not been an effec-
tive technique for controlled blastomere inhibition applica-
ble during sturgeon development.

Diatoms are a group of unicellular microalgae that are 
responsible for approximately 20% of the world’s carbon 
fixation by photosynthesis and are a fundamental source of 
food for small crustacean copepods (Mann 1999). Neverthe-
less, approximately 30% of diatoms have been reported as 
antiproliferative representatives owing to the production of 
biotoxins including oxylipins and polyunsaturated aldehydes 
(2,4-decadienal) (Cutignano et al. 2006; Fontana et al. 2007; 
Miralto et al. 1999; Pohnert 2000). 2,4-Decadienal (DD) 
has been observed to induce changes in the membrane lipid 
structure of the plasma membrane and decrease permeabil-
ity to various external low molecular weight solutes when 
culture of Phaeodactylum tricornutum was treated with 
sublethal DD concentrations (Sabharwal et al. 2017). The 
cleavage arrest of cells by DD has already been reported 
in the embryos of Paracentrotus lividus and Sphaerechinus 
granularis (Miralto et al. 1999; Poulet et al. 2007). Several 
studies have shown that DD inhibits tubulin polymerization, 
deoxyribonucleic acid (DNA) synthesis and cyclin B/cyclin-
dependent kinase 1 (cdk1) activity; it also induces apoptosis 
via caspase-3-like protease activity that ultimately leads to 
cell cycle arrest in copepod and sea urchin embryos (Hansen 
et al. 2004; Romano 2003; Castellano et al. 2015). The study 
showed that DD induces the reduction of endogenous nitric 
oxide (NO) levels likely owing to glutathione (GSH) deple-
tion. A reduction in NO levels leads to early upregulation 
of mkp1 with consequent extracellular signal-regulated 
kinase (ERK) inactivation and changes in the downstream 
transcription of the metabolic enzyme dehydrogenase dhg 
and the key developmental genes ets and mx, leading to a 
delay in the metamorphosis of Ciona intestinalis (Castellano 
et al. 2015). This stress can generally cause hypersensitivity 
to UV-B light (Li et al. 2017). So far, DD has not yet been 
investigated in definite blastomeres/cells of embryos in any 
species. It is therefore in our interest to investigate the speci-
fication of DD treatment for definite blastomere inhibition 
under different conditions, such as dark/light irradiation.

In our previous studies, we showed robust fate-mapping 
techniques for sturgeon embryos including fate mapping of 
vegetal blastomere including primordial germ cells (PGCs) 
by labeling with fluorescein isothiocyanate (FITC)-dextran 
of 500,000 molecular weight (MW) (Saito and Psenicka 
2015) or delivering the iron oxide nanoparticles into stur-
geon germ cells (Baloch et al. 2019). Minarik et al. have also 
shown labeling of endodermal cells of a sturgeon embryo 
which are involved in facial structure and represent the 
ancestral developmental module among actinopterygians 

(Minarik et al. 2017). Moreover, we demonstrated elimina-
tion of PGCs using UV irradiation at the VP of sturgeon 
embryos (Saito et al. 2018). It is suggested that the vegetal 
blastomere only gives rise to PGCs and generates a massive 
amount of yolk cells that only serve as endogenous nutrients. 
To date, enough information is available on the contribu-
tion of blastomeres or cells to the development of embryos 
(Ballard and Ginsburg 1980; Ginsburg and Dettlaff 1991; 
Minarik et al. 2017; Saito et al. 2014). However, no research 
has been conducted to inhibit the specific blastomere cleav-
age and its effect on the development of sturgeon embryos.

In this work, we show the inhibition of specific blasto-
mere cleavage in sturgeon embryos by utilizing the optimal 
DD concentration and visible light irradiation. The distri-
bution of mRNAs along the A-V axis in sturgeon oocytes 
is critical for successful development (Pocherniaieva et al. 
2018). Thus, we have speculated that RNA localization 
along the A-V axis will directly reflect the inhibition of 
cleavage patterns. We employed quantitative polymerase 
chain reaction (qPCR)-tomography to examine whether the 
blastomere cleavage inhibition influences the localization 
of maternal mRNA. We proposed that the development of 
the present methodology will lay the foundation for further 
research on the transition of cleavage patterns and for the 
purpose of fate mapping in sturgeon and their comparison 
with other taxa, such as amphibia and teleosts.

Materials and methods

Ethics statement

All animal experiments were conducted in accordance with 
the Animal Research Committee of the Faculty of Fisheries 
and Protection of Waters in Vodnany, University of South 
Bohemia in Ceske Budejovice, Czech Republic.

Preparation of embryos, working solutions 

and microinjection

During the spawning season from 2019 to 2020, the adult 
sterlet males and females were kept in recirculating aquacul-
ture systems (RAS) at 15 °C. For spermiation, the male ster-
let was injected with a single intramuscular injection [4 mg/
kg body weight (BW)] of carp pituitary extract (CPE) at 
0.9% NaCl. Milt was collected 48 h after hormonal injection 
and was kept at 4 °C until fertilization. The milt exhibit-
ing > 80% motility was used for fertilization. For ovulation, 
CPE was administered by intramuscular injection in two 
doses spread 12 h apart at 0.5 mg/kg BW and 4.5 mg/kg 
BW, respectively. Ovulated eggs were collected from six 
females 18–20 h after the second injection, and the eggs 
were inseminated with sperm at 15 °C in dechlorinated 
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water. To remove the stickiness, embryos were washed 
three times for 3 min with 0.04% tannic acid dissolved in 
tap water. The chorion membranes were removed using fine 
forceps, and the dechorionated embryos were kept at 15 °C 
(Fig. 1). Embryos with a 95% fertilization rate were used, 
and samples were collected in triplicate for all experiments.

2,4-trans,trans-Decadienal ≥ 89% (DD) is a very hydro-
phobic molecule that is practically insoluble in water 
(Wishart et al. 2007). A stock solution of DD was pre-
pared by dissolving 10 μl of DD into 90 μl of absolute 
methanol with subsequent dilution in 9900 μl of 0.2 M 
KCl. To evaluate the general effect of DD by immersion, 
subsequently, five more working solutions were prepared 
by making 10 × serial dilution into dechlorinated tap water 
to give the required experimental concentrations of DD. 
Consequently, dechorionated embryos at 0 h post-fertili-
zation (hpf) were transferred to six-well plates containing 
0–10−6 % of DD for ~ 2 h at 18 °C. Methanol had no effect 
up to 0.09% v/v on the cleavage pattern. For the microin-
jection of DD, 1% of FITC-biotin-dextran (MW = 500,000, 
Sigma-Aldrich, Germany) dissolved in 0.2 M KCl was 
utilized as a co-injection with the working solution. 
The FITC ensured microinjection control and tracing of 
injected blastomere as described previously (Saito and 
Psenicka 2015). For microinjection of CB, serial 10 × dilu-
tions of the stock solution (10 mg/ml DMSO) were per-
formed in 0.2 KCL to acquire 1 mg > 100 μg > and 10 μg. 
DMSO had no effect (up to 10% v/v)—same percentage 
as 1 mg/ml of CB. All working solutions were centrifuged 
at 10,000 g for 5 min to prevent the blockage of the glass 
capillary. A glass micropipette was drawn from a glass 
needle (Drummond, Tokyo, Japan) using a needle puller 

(PC-10; Narishige, Tokyo, Japan). Microinjection was 
conducted under a Leica M165 FC fluorescence stereomi-
croscope, (Leica, Wetzlar, Germany) using an automatic 
micro-injector (FemtoJet, Eppendorf) with a pressure of 
100 hPa for ~ 1 s.

Optimization of treatment for the inhibition 

of definite blastomere cleavage

The working concentrations of DD (0.0001–0.1%) tested 
under irradiance of a halogen light source (the KL 2500 
LCD emits high-intensity light and is mainly used for 
laboratory applications) and dark/without irradiance 
were experimentally selected through preliminary experi-
ments. Based on the three replicates for DD concentra-
tion under halogen light that were tested, they were then 
considered for optimization of light conditions. To opti-
mize the intensity and wavelength of light, embryos were 
injected with 0.0001–0.01% DD into one blastomere at the 
two-cell stage and were irradiated using a halogen light 
source along with bandpass and longpass color glass filters 
with selective wavelengths (Knight Optical UK Ltd). The 
glass filters separated light into ultraviolet B and A (UV, 
B–A) and visible light (245–390 nm, 335–445 nm, and 
395–700 nm), respectively. The light intensity was meas-
ured by the Blak-Ray® UV intensity meter (Analytik Jena 
US) and LI-250A light meter (LI-COR GmbH, Germany). 
The final optimal concentration of DD and lighting con-
ditions were chosen based on the proportion of cleavage 
inhibition of treated blastomeres until the 1000-cell stage. 
Thereafter, all partially cleaved A-V embryos lost their 
viability, except vegetal blastomere-inhibited embryos.

Fig. 1  Schematic of definite blastomere inhibition by DD injection and light irradiation
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Irradiance-dependent inhibition of specific 

blastomeres

Revealing the inhibition of cleavage patterns in DD-injected 
embryo depends on irradiation. Thus, we used three more 
approaches: Firstly, the embryos were injected with 0.01% 
DD into one blastomere at the two-cell stage and were kept 
in a dark incubator at 16 °C. Subsequently, embryos from 
each consecutive developmental stage 5–11 were irradi-
ated under optimized light for the next two cell cycles [we 
followed the description of the developmental stages as 
described previously by Ginsburg and Dettlaff (1991)]. Sec-
ondly, to inhibit the targeted blastomere only by using the 
point light irrigation, the visible light intensity was adjusted 
at 44.86–91.15 W m−2. Aluminum foil was wrapped around 
the halogen light source, and a paper pin was used to poke a 
hole in the foil. The embryos were injected with 0.01% DD 
at the one-cell stage/0 hpf and were placed on an agar-coated 
(1%) petri dish filled with dechlorinated tap water. To fix the 
movement of the embryo, a hole of about 2 mm2 was made 
on the agar with a forceps, and the embryo was placed on 
it. Thirdly, embryos injected with 0.01% DD into one blas-
tomere and uninjected embryos were placed on a hole in an 
agar-coated (1%) petri dish, so that the injected blastomere 
could face upwards. For light irradiation, all other laboratory 
lights were switched off, and the embryos were exposed to 
44.86–91.15 W m−2. All irradiance-dependent experiments 
were conducted at an adjusted temperature of ~ 16 °C in the 
absence of external light.

Embryo imaging and evaluation

After irradiation and non-irradiation treatment, all injected 
embryos were rechecked based on FITC signal, and inad-
equately injected embryos were discarded. The images were 
captured using a Leica M205 FCA stereomicroscope. For the 

irradiance-dependent experiment, time-lapse imaging was 
captured at 30 s intervals for 10 h at 18 °C.

Total RNA extraction and qPCR tomography

Embryos in triplicate from control and treated groups at 
four-cell (inhibited vegetal blastomere), 256-cell (inhibited 
A-V blastomeres) and 1000-cell stages (inhibited vegetal 
blastomeres) were separately embedded in a drop of Tissue-
Tek® O.C.T.™ compound at an optimal temperature of the 
compound on a precooled dissection block. The blocks were 
kept in a cryostat chamber at a temperature of −18 °C for 
10 min to acclimatize to the temperature. All embryos were 
sectioned into five segments along the A-V axis following 
the protocol previously used by Sindelka et al. (2010). Total 
RNA was extracted by using a TRIzol reagent (Invitrogen) 
according to the manufacturer’s instructions and LiCl pre-
cipitation. The concentration of RNA was determined with 
the  NanoDrop®ND1000 quantification system (Thermo Sci-
entific). Complementary DNA (cDNA) synthesis was per-
formed using the SuperScript™ III Reverse Transcriptase 
kit (Invitrogen) and 50 ng of total RNA. cDNA was diluted 
to a final volume of 100 μl (Pocherniaieva et al. 2018) and 
stored at −20 °C.

The complete nucleotide sequences of animal localized 
(axis inhibition protein 1—axin1; hyaluronidase 4—hyal4) 
and potentially ubiquitous (cyclin-dependent kinase 
1-B—cdk1b, caspase-3—casp3) genes were identified from 
a de novo assembled sterlet oocyte transcriptome (Labora-
tory of Germ Cells, unpublished data). Gene searches were 
carried out with BLAST using the NCBI/GenBank database 
based on the highest pairwise identity, the highest bit score, 
and the lowest e-value. Primer sequences were designed 
using Primer3 (http://bioin fo.ut.ee/prime r3-0.4.0/). Primer 
for vegetal localized (dead end protein 1—dnd1; DEAD-box 
helicase—vasa) genes were obtained from Pocherniaieva 
et al. (2018) (Table 1). qPCR reaction of total volume of 7 μl 

Table 1  Primers sequences for 
RT-qPCR

Gene Sequence 5 -3 PCR prod-
uct (bp)

Accession number/Reference

axin1 AGG CCA AAC AGA GGC ATA GA
CTT CGC GAA CCT CTT CAA AC

228 XM_034926901.1

hyal4 GGA TGA CTG CAT CCG AAA GT
CAC CGA TGG TGT GAA TCA AG

164 XM_034019743.2

casp3 TTT TGT GTG TGC ACT GCT GA
TCT GGG GAG AGC TGT CAC TT

215 XM_034014535.2

cdk1b CAA TGA TGT TTG GCC AGA TG
TGG TTA AGG GAT TGC TTT GC

180 XM_034025100.2

dnd1 GGA CTC AGA AAA TGG GGA TCT CCC TGG 
AAA CCT CAC AGC CAG AGG AAG GGG G

108 Pocherniaieva et al. (2018)

vasa CAA GAA TAT CAG TAA ATC GGGG 
GAT CTG GTT TAT TAG CTC TCT TGT T

244 Pocherniaieva et al. (2018)
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contained 2 μl of cDNA, 0.29 μl of the forward and reverse 
primers (10 μm), 3.5 μl of TATAA SYBR GrandMaster Mix 
(TATAA Biocenter) and deionized water. The cycling condi-
tions of the PCR real-time CFX384 cycler system (Bio-Rad) 
were as follows: 3 min at 95 °C, 45 cycles of 95 °C for 15 s, 
60 °C for 20 s, and 72 °C for 20 s. The melting curve was 
recorded from 65 to 95 °C at 0.5 °C intervals.

Statistical analysis

The percentage of embryos arrested after different treat-
ments; the working concentrations of DD (set as a continu-
ous variable) and the light irradiance (set as a discrete varia-
ble) were analyzed using logistic regression and the post hoc 
Tukey test in R (v. 3.6.2.). Subsequently, the percentage of 
maternal mRNA localization in treated vs. control embryos 
from the A-V axis were calculated as described by Sindelka 
et al. (2010), and then data were transformed using cantered 

log ratio transformation and analyzed by ANOVA and Tukey 
test in R (v. 3.6.2.).

Results

Effect of 2,4-trans,trans-decadienal on sturgeon 

embryo cleavage

The aim of this study was to reveal whether DD adversely 
affects the cleavage of sturgeon embryos. The one-cell 
embryos immersed in 0.001–0.1% DD solution under dark 
conditions (without irradiance) showed adverse effects on 
cleavage, whereas 0.000001–0.0001% DD was unable to 
exert an adverse effect on the cleavage pattern (Fig. 2 and 
Table 2). Conversely, two-cell embryos injected with 0.01% 
DD into one blastomere and incubated in the dark showed 
a normal cleavage pattern as compared to uninjected ones. 

Fig. 2  General (immersion) 
effect of DD on the cleavage 
pattern of sturgeon embryo 
shows the animal view of 
embryos that were immersed in 
DD  10−6 –0.1% (a–f)

Table 2  General/immersion 
effect of DD on cleavage pattern

Table shows that embryos that were immersed in DD up to 0.001% cleaved  abnormally (see Fig.  2), 
whereas embryos immersed in methanol up to 0.09 cleaved normally, as in dechlorinated water

No. of embryos in 
triplicate

Concentration of DD v/v (%) Number (%) of abnormal 
cleaved embryos

Number (%) of nor-
mal cleaved embryos

20 0.000001 0 (0%) 20 (100%)

17 0.00001 0 (0%) 17 (100%)

23 0.0001 0 (0%) 23 (100%)

23 0.001 23 (100%) 0 (0%)

21 0.01 21 (100%) 0 (0%)

21 0.1 21 (100%) 0 (0%)

24 Methanol control (0.09) 0 (0%) 24 (100%)

40 Dechlorinated water 0 (0%) 40 (100%)
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Embryos injected with 0.01% DD and irradiated using a 
halogen lamp (~ 91.15 W m−2) for the next two cell cycles 
showed 100% cleavage inhibition in treated blastomeres 
(Figs. 3, 4).

Optimal DD concentration and light conditions 

for inhibition of definite blastomere cleavage

The embryos injected with 0.01% DD and irradiated under 
UV light with intensity and wavelength of 20 μW/cm2 and 
245–390 nm, and 335–445 nm, respectively, did not show 
any effect on the cleavage (Fig. 4). Comparatively, embryos 
injected with 0.01% DD and irradiated by light with inten-
sity and wavelength 44.86–91.15 W m−2 and 395–700 nm, 
respectively, were found to be significantly more efficient 

as compared to irradiance at 18.65 W m−2 and 395-700 nm 
and injection with 0.0001–0.001% DD and irradiance at 
18.65–91.15 W m−2 and 395-700 nm (Fig. 5). The animal 
pole blastomere remained uncleaved after irradiation for the 
next two cell cycles. However, the vegetal blastomeres were 
larger than the animal blastomeres; therefore, for complete 
inhibition, vegetal blastomeres were irradiated for the next 
four cell cycles. The embryos with inhibited cleavage in 
the animal blastomere died before gastrulation; however, 
embryos with inhibited cleavage in the vegetal blastomere 
developed as usual (Fig. 3).

Fig. 3  Inhibition of cleavage in definite blastomere of sturgeon 
embryos. a–d Animal view of embryos with blastomere cleavage 
inhibition; the blastomere was injected with 0.01% DD into the ani-
mal pole blastomere at the two-cell stage and irradiated by visible 
light (395–700 nm) with intensity of 44.86–91.15 W m−2 for the next 
two cell cycles: bright and fluorescent view at 16-cell stage (a–b), 
bright and fluorescent view at 1000-cell stage (c–d). e–f Shows lat-
eral (A-V) view of embryos with inhibition of cleavage at the VP; the 
embryos were injected with 0.01% DD into the VP at the two-cell 
stage and irradiated by visible light (395–700 nm) with intensity of 
44.86–91.15 W m−2 for the next four cell cycles: bright and fluores-
cent view at 1000-cell stage

Fig. 4  Optimization of light type for irradiation. Represents the work-
ing condition of cleavage inhibition: the Y-axis represents the number 
of embryos with inhibited cleavages, and the X-axis represents dif-
ferent condition for inhibition of blastomere cleavage. a = injected 
with 0.01% DD and irradiated by halogen light (~ 91.15  W  m−2), 
b = injected with 0.01% DD and irradiated by UV-B (20  μW/cm2 
and 245–390  nm), c = injected with 0.01% DD and irradiated by 
UV-A (20 μW/cm2 and 335–445 nm), d = injected with DD (0.01%) 
and unirradiated, and e, f = uninjected control, irradiated (44.86–
91.15 W m−2 and 395–700 nm) and unirradiated, respectively

Fig. 5  Optimization of DD concentration under different visible light 
conditions. Shows resulting light conditions after using different con-
centrations of DD: the Y-axis represents the proportion of stopped 
cleavage, and the X-axis represents concentration of DD. Different 
colors represent different intensities of visible light for irradiation 
observed after using different concentrations of DD. The asterisks 
indicate the statistically significant difference between the treatments
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Irradiance-dependent inhibition of specific 

blastomeres at different developmental stages

All irradiance-dependent experiments revealed that DD 
injection or light irradiation alone cannot stop the blas-
tomere cleavage. For instance, (1) the embryos that were 
injected by 0.01% DD into the animal blastomere at the 
two-cell stage and uninjected embryos irradiated under the 
same visible light condition showed that only injected blas-
tomere remained undivided, whereas irradiation itself could 
not harm embryos (Online Resource time-lapse recording.
mpeg). (2) The embryos injected by 0.01% DD at the 2–4-
cell stage into one blastomere and irradiated consecutively at 
the 5–11-developmental stage showed that only DD-contain-
ing blastomeres were inhibited compared to un-irradiated/
control embryos (Fig. 6 and Online Resource Table S-1). 
(3) The embryo that was injected with 0.01% DD at the one-
cell stage (whole embryo contained DD solution) and irradi-
ated by point visible light (44.86–91.15 W m−2) showed the 
inhibition of cleavage in a portion of the embryo that was 
only irradiated, and the rest of the embryo cleaved normally 
(Fig. 7). It was thus confirmed that DD injection or light 
irradiation alone is unable to inhibit the cleavage.

Effect of cytochalasin-B on blastomere cleavage 

compared to the present technique

Cytochalasin-B (CB) is a potent microfilament inhibitor, and 
its injection up to 1 mg/ml can harm the cleavage pattern. 
Compared to the present technique, the action of CB was not 
defined in either animal blastomere or vegetal blastomere, 
and more importantly, the location of the injection appears 
as a cyst-like structure. Also, injected embryos lost viabil-
ity due to its high toxicity (Fig. 8a–b and e–f). However, 
the present technique using DD shows that only the treated 
blastomeres remained undivided, and the rest of the embryos 
cleaved as usual (Fig. 8c–d and g–h).

Localization of maternal mRNA

During embryo development, the pre-pattern of differen-
tially localized mRNA and protein deposition is the basis 
of the precisely controlled process of cell differentiation 
and germ layer patterning (Pocherniaieva et al. 2018). We 
tested the question whether the inhibition of cleavage pattern 
degrades or affects the localization patterns of maternally 
supplied mRNA. Here, qPCR tomography revealed that 
treatment does not have an effect on the localization pattern 
and/or degradation of maternal mRNA, i.e., the pattern of 
RNA gradient remained equilibrated with the inhibition of 
cleavage from the A-V axis as compared to control groups 
(Fig. 9). 

Fig. 6  Irradiation-dependent blastomere inhibition at different stages 
of development. Shows the effect of DD concentration in the pres-
ence and absence of light exposure. Before irradiation: all embryos 
injected with DD into one blastomere of the animal pole at the two-

cell stage and incubated in a dark incubator show a normal cleavage 
pattern from the four-cell stage to the late blastula stage. After irra-
diation: cleavage arrest at the blastomere from the eight-cell stage to 
the late blastula stage after irradiation of the next two cell cycles



- 41 -

Novel technique for defi nite blastomere inhibition and distribution 
of maternal RNA in sterlet Acipenser ruthenus embryo

79Fisheries Science (2021) 87:71–83 

1 3

Discussion

Several techniques have already been used to study the 
development of Mus musculus and Xenopus laevis embry-
ogenesis by inhibition of blastomere cleavage, including 
strong magnetic fields, injection of mycotoxin (cytocha-
lasin-B), cytostatic factors (c-mos), and kinase proteins 
(MAPK and PAK 1) (Haccard et al. 1993; Karasiewicz and 
Sottyfiska 1986; Masui 2000; Rooney et al. 1996; Siegfried 
et al. 1973; Valles et al. 2002; Yew et al. 1991). The strong 
magnetic field is a mechanical approach to alter the geom-
etry of the first two cleavage furrows; however, it does not 
completely stop the cleavage (Valles et al. 2002). Micro-
injection of CB (10 μg/ml) has been reported to cause 
the regression of early cleavage furrows in Xenopus laevis 

embryos (Siegfried et al. 1973); however, owing to its 
slow distribution, it does not stop the definite blastomere, 
and its high toxicity can damage the embryo. However, 
we also employed CB (1 mg > 100 μg > and 10 μg) into 
sturgeon embryos, and only 1 mg/ml harmed the cleav-
age pattern; nonetheless, the inhibition of the blastomere 
was not specific, and a cyst-like structure was observed 
at the site of injection owing to its high toxicity (Fig. 8). 
Moreover, the optimal amount of c-mos RNA (ng/blasto-
mere) has been reported to cause the arrest of blastomere 
cleavage in different vertebrates (Buchholz et al. 2007; 
Masui 2000; Sagata et al. 1989). Despite the efficiency of 
c-mos microinjection, this technique entails a prolonged 
and complicated process, such as plasmid constructions 
for non-model species and the amount of RNA or num-
ber of injections (Buchholz et al. 2007; Yew et al. 1991). 

Fig. 7  Cleavage inhibition at a 
specific blastomere in sturgeon 
embryos. Shows the schematic 
of specific blastomere inhibition 
by DD injection and point-light 
irradiation. The bright and 
florescent view of specific blas-
tomeres of embryos remained 
uncleaved (marked with red 
dashed line). These embryos 
were injected at the one-cell 
stage (0-hpf) and were kept 
under darkness at controlled 
temperature. Only the specific 
blastomeres were irradiated, and 
they showed cleavage inhibition 
(colour figure online)

Fig. 8  Effect of cytochalasin-B 
on the cleavage pattern and its 
comparison with the current 
technique. Shows the compara-
tive effect of microinjection of 
CB and DD plus visible light 
irradiation on inhibition of 
blastomere cleavage (a–h): 
Embryos injected with CB 
(1 mg/ml); animal view (a–b) 
and vegetal view (e–f). Embryos 
injected with 0.01% DD and 
irradiation by visible light 
(44.86–91.15 W m−2); animal 
view (c–d) and vegetal view 
(g–h)
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Additionally, PAK1 (p58) or the active catalytic domain 
(p37) and MAPK injection have also been reported to 
cause the arrest of cleavage/division of blastomeres in the 
Xenopus laevis embryo (Haccard et al. 1993; Rooney et al. 
1996). In fact, the microinjection of kinase proteins also 
has certain limitations, such as the amount of its injection 
(pg or nl/blastomere), and is also not ideal for non-model 
species (Haccard et al. 1993; Rooney et al. 1996; Yew 
et al. 1991). Compared with earlier methods, we present 
a more convenient, economical and efficient technique to 
inhibit or arrest specific blastomere cleavage by utilizing a 
combination of the optimal amount of DD (0.01%) injec-
tion and light irradiation (44.86–91.15 W m−2) (Figs. 3, 5), 
which could be employed for other non-model fish species.

To the best of our knowledge, DD has previously been 
employed only by the immersion method. Several stud-
ies have reported that the embryos and gametes of several 
aquatic animals including ascidians (Tosti et  al. 2003), 

copepods (Ianora et al. 2003; Romano 2003), sea urchins 
(Hansen et al. 2004; Romano 2003; Romano et al. 2011, 
2010), polychaetes Arenicola marina and Nereis virens, and 
echinoderms Asterias rubens and Psammechinus miliaris 
(Caldwell et al. 2004, 2002) showed delay development and 
malformation when they were immersed in a lethal concen-
tration of DD. In our present study, we have also consist-
ently observed that DD adversely impacts development of 
Acipenser ruthenus embryos incubated in DD even at very 
low concentrations (Fig. 2 and Table 2). Here, we also have 
employed DD treatment in specific blastomeres of sturgeon 
embryos through microinjection. However, DD (0.1%) injec-
tion alone was unable to arrest the blastomere cleavage.

Moreover, a high dosage of UV-B irradiation has been 
reported as dangerous for embryonic development and larval 
fitness of sea urchins (Bonaventura et al. 2006; Zhao et al. 
2018). UV-B irradiation has also been reported to induce the 
activation of mitogen-activated protein kinase phosphatase 

Fig. 9  Effect of cleavage inhibition on maternal RNA localiza-
tion. Shows the localization pattern of maternal RNA: the Y-axis 
represents percentage of RNA in a specific part (complete embryo 
has 100%), and the X-axis represents each part of the embryo from 
animal to vegetal (XA—extreme animal; A—animal; C—center; 
V—vegetal; XV—extreme vegetal). The horizontal column shows 
developmental stages of embryos; 4-cell stage of embryos, 256-

cell stage of embryos and 1000-cell stage of embryos. The vertical 
column shows the number of selected genes in each developmental 
stage. Orange color = controlled (without inhibition of cleavage). 
Green color = treated (with inhibition of cleavage). The percentage 
of mRNA at specific portions of embryos before and after treatment 
were shown in mean and standard error, and the asterisks indicate a 
significant difference (colour figure online)
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1 (MKP1) and its targets MPK6 and MPK3 which interact 
with hydrogen peroxide and NO in UV-B guard cell signal-
ling. In addition, DD induces the reduction of endogenous 
NO levels that leads to the early upregulation of MKP1 
(responsible for the ERK signalling pathway) (Castellano 
et al. 2015; Li et al. 2017). On the one hand, Rutz et al. 
showed that visible light irradiation (abiotic stress) could 
ameliorate the anticancer effect of low-dosed curcumin 
(Curcuma longa) on several tumor types. However, cur-
cumin or light exposure alone could not be found to alter the 
growth, proliferation and apoptosis of renal carcinoma cell 
lines (Rutz et al. 2019). On the other hand, DD has also been 
reported to block cell division and arrest the proliferation 
of human carcinoma cells (Miralto et al. 1999). However, 
the combined effect of DD and light irradiation has not yet 
been investigated in any field of biology. These findings led 
us to investigate the combined effect of DD injection and 
light irradiation in specific blastomeres of sturgeon embryos. 
We had previously reported the elimination of PGCs by UV 
(254 nm) irradiation (Saito et al. 2018). Interestingly, UV 
(245–395 nm) irradiation has not been found to alter the 
cleavage pattern in injected or uninjected embryos; only the 
combination of DD (0.01%) injection and light irradiation 
(44.86–91.15 W m-2 + 395–700 nm) was found to be effec-
tive in inhibiting blastomere cleavage (Figs. 3, 4 and 5), 
which could be used to investigate the blastomere contribu-
tion to embryo development (Buchholz et al. 2007) (Figs. 3, 
4 and 5). Consequently, the findings presented here may also 
help to establish a new therapeutic window for carcinoma 
cell treatment.

During oogenesis, the distribution of maternal mRNAs 
and proteins along the A-V axis in the oocyte is critical for 
successful development (Pocherniaieva et al. 2018). There-
fore, it was also necessary to confirm whether DD treatment 
impacts the re-localization of maternal mRNA in developing 
embryos. The animal blastomere of the sturgeon embryos 
is relatively smaller than that of the vegetal blastomere and 
contains the germ-layer patterning determinants (Ginsburg 
and Dettlaff 1991; Pocherniaieva et al. 2018). Neverthe-
less, we found that treatment for blastomere inhibition does 
not influence the patterns of differentially localized mRNA 
in the AP (Fig. 9). The vegetal blastomeres of sturgeon 
embryos contain PGC determinants (e.g., dnd1 and vasa) 
and the large portion of the yolk cells that serve only for 
nutrition (Saito et al. 2014; Pocherniaieva et al. 2018). qPCR 
tomography showed treatment for vegetal blastomere inhibi-
tion did not cause any alteration in whole mRNA gradient 
at the VP. Only small differences were observed in dnd1 
and vasa gradients at the four-cell stage, especially at the 
extremely vegetal portion of embryos. This small error could 
be assumed to be due to sectioning of embryos (Fig. 9). 
However, we can speculate that DD treatment may affect 
other molecule localizations such as proteins in normal and 

inhibited blastomeres. Further research could be conducted 
on proteomics and transcriptomics to uncover the set of reg-
ulatory and kinases proteins and defensomes, respectively, 
which might be altered by biotic and abiotic stresses.

To understand the development of the sturgeon embryo, 
a comprehensive understanding of the contribution of early 
blastomeres to adult tissues is needed. So far, it is clear that 
sturgeon PGCs are formed in the vegetal pole; therefore, 
further research could also be conducted to determine (1) 
whether PGCs are formed after complete inhibition of VP 
cleavage, or (2) after VP inhibition and embryos switch to 
“meroblastic cleavage,” whether the embryo pattern devel-
ops yolk streams or YSL-like teleosts, which can help to 
understand the transition of the cleavage pattern.
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Table S-1. lrradiation dependent lnhibition of cleavage

No. of embryos 
injected (n=2)

Stages prior to irradiation Stages after irradiation Embryos of cleavage arrest 
after irradiation (%)

6 4-cell 8 cells stage 6 (100%)

6 8 cells stage 16-eell 6 (100%)

6 16-cell 32-eell 6 (100%)

6 32-cell 64-eell 6 (100%)

6 64-cell Early blastula 6 (100%)

6 Early blastula Late blastula 0 (0%)

6 Late blastula Early gastrula 0 (0%)

6* 4-64 cell 0 (0%)

Table S-1. Represents the light-dependent irradiation of injected embryos at diff erent 
developing stages. All embryos were injected by 0.01% DD into one blastomere of AP at 2-cell 
stage and irradiated by (44.86–91.15 Wm2 + 395–700nm). *Un-injected control.
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Abstract
During evolution, every animal has retained specifi c developmental features. So far, the 

developmental pattern of sturgeon’s (Acipenser) gut and its evolutionary conservation is poorly 
understood. Hence, the present study aims to investigate the sturgeon’s gut development 
and compare it to that of other vertebrate taxa, including model and non-model vertebrates. 
First, we employed histological analysis of gut-endoderm development. Second, we confi rmed 
morphologically observed endodermal cells using HCR-IN-SITU hybridization – endodermal RNA 
(sox17) staining during neurulation. Th ird, we utilized in-vivo labelling of endodermal cells using 
microinjection of Carboxy-DCFDA {5-(and-6)-Carboxy-2’,7’-Dichlorofl uorescein Diacetate} during 
early neurulation and traced them until hatching. Finally, for comparison with other vertebrates 
including holoblastic (African clawed frog, bichir, and mice) and meroblastic (chicken, gar, and 
zebrafi sh) representatives, we used only histological observation. To develop the gut, sturgeon’s 
endodermal cells formed the archenteron (primitive gut) like frog and bichir. However, during 
neurulation, the archenteric cavity has infl ated and expanded laterally and roofed semicircle of 
extraembryonic yolk cells. During pharyngula, the cavity encompasses whole amount of yolk cell 
mass “yolk inside the gut.” Based on cross-species comparison in this study, sturgeon retained 
a distinctive mode of gut developmental pattern during its evolution.

Keywords: Sturgeon, endoderm, holoblastic cleavage, meroblastic cleavage, vertebrate evolution 

1. Introduction

Generally, in all vertebrates, three primary germ layers, including 1) endoderm, 2) mesoderm 
and 3) ectoderm produce the organ/tissue. Th e ectoderm gives rise to the nervous system, 
neural crest derivatives and skin. Th e heart, kidney, gonads and gut muscles and blood-forming 
tissues develop from the mesoderm. Th e respiratory and gastrointestinal tract and all of their 
associated organs develop from the endoderm (Gilbert, 2010; Kiecker et al., 2016). Using 
advanced fate mapping techniques, recent studies on vertebrate model organisms; including 
African clawed frog – Xenopus laevis zebrafi sh, chicken and mice; have extensively described 
which cells in the embryo give rise to the endoderm and how those cells form a primitive 
gut tube (Wallace and Pack, 2003; Zorn and Wells, 2009; Gilbert, 2010). To understand the 
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gut-endoderm morphogenesis between vertebrates and its true evolutionary divergences, 
it is crucial to study cross-species comparisons of the origin and fate of gut-endoderm 
development across vertebrates, including model and non-model (Figure 1).

Th e embryo of X. laevis is regarded as a model to study the ancient mode of development pattern 
(e.g., holoblastic). In this pattern, germ layers precursors are arranged in a gradient along with the 
animal-vegetal (top-bottom) axis. Th e ectoderm, mesoderm, and endoderm are developed from 
the animal, equatorial, and vegetal hemispheres, respectively (Gilbert, 2010). During blastulation, 
blastocoel separates ectoderm from endoderm and permits cell migration, and during gastrulation, 
morphologically distinct “bottle cells” initiate cell involution via dorsal lip of blastopore, which leads 
to the formation of the archenteron (primitive gut). Th e cells of the archenteron fl oor end up on 
the same side of the gut tube as those from the dorsal roof. Th e entire gut is developed and 
underlaid with mesenchymal cells, and utilized their yolk intracellularly in the form yolk platelets 
(Keller, 1981; Shih and Keller, 1994; Zorn and Wells, 2009; Kurth et al., 2012) .

In contrast, the modern group of Actinopterygii, e.g., zebrafi sh embryos divide partially due to 
massive amount of yolk mass; only the animal hemisphere forms the blastoderm (blastomeres) 
that sits on top of the yolk cell. It is composed of a middle layer of deep cells (DCs) and a 
multinucleate yolk syncytial layer (YSL) between the middle layer and yolk cell (Strehlow et al., 
1994; Chen and Kimelman, 2000). Th e YSL sperate the yolk from blastomeres and plays a crucial 
role in the transportation of nutrient/metabolic from yolk to the embryonic body. Moreover, 
YSL is also important for embryonic patterning and morphogenetic movements (Carvalho and 
Heisenberg, 2010). Th e germ ring is formed as gastrulation progresses by the thickening of 
DCs at the leading edge of the vegetally expanding blastoderm. Th e germ ring’s DCs involution 
forms two layers: epiblast and hypoblast. Th e epiblast gives rise to ectodermal cell lines, while 
hypoblast contributes to the formation of the embryonic endoderm (Ober et al., 2003). Th e 
entire gut develops and lies on the yolk sac, the yolk is substantially used up, and feeding 
commences, allowing for nutritional intake to be processed in the gut (Kimmel et al., 1995).

Similarly, owing to colossal yolk mass, archosaurs retain a meroblastic cleavage pattern and 
have a fl attened blastodisc on yolk mass and display a pattern of gastrulation very diff erent from 
that of amphibian embryos (Zorn and Wells, 2009). At the same time, placental mammals retain 
same gastrulation pattern as archosaurs, even though they have signifi cantly less yolk (Takeuchi 
et al., 2009b), because, mammals and reptiles, including birds, are all amniotes (i.e., they produce 
eggs that develop extraembryonic membranes). Gastrulation begins in an epithelial layer called 
the epiblast in chickens and mice. Cells in the epiblast transition from epithelial to mesenchymal 
and migrate through the primitive streak (analogous to dorsal blastopore lip in X. laevis) and 
incorporate in the mesoderm (middle) or endoderm (outer) layer (Zorn and Wells, 2009). Th e 
cells of the presumptive defi nitive endoderm invade and displace an outer layer of extraembryonic 
tissue cells, which form supporting structures such as the yolk sac (hypoblast in chicken and the 
visceral endoderm in mouse). Lineage tracing studies during the late gastrula stage have shed 
light on endoderm and how a two-dimensional sheet of cells forms the primitive gut tube (E7.5 
in mouse, HH4 in chicken) (Rosenquist, 1971; Lawson et al., 1986; Lawson and Schoenwolf, 2003; 
Tremblay and Zaret, 2005; Kimura et al., 2007; Tam et al., 2007).

In comparison to the modern model vertebrates (mentioned above), sturgeon – an ancient 
primitive vertebrate – belongs to the ray-fi nned fi sh (actinopterygian). Several comparative 
studies have suggested that early embryonic developmental pattern of sturgeon, bichir, and 
X. laevis is very similar (Bolker, 1993; 1994; Collazo et al., 1994; Takeuchi et al., 2009a,b; 
Saito et al., 2014; Pocherniaieva et al., 2018; Naraine et al., 2022). For example, two 
decades ago, it was reported that vegetal blastomeres/yolk cells; YCs of sturgeon embryos 
contribute to embryonic development (Ballard and Ginsburg, 1980; Ginsburg and Dettlaff , 
1991; Gawlicka et al., 1996). In contrast, recently, we have reported that the YCs of sturgeon 
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embryo do not contribute to the germ layer formation (Shah et al., 2022). Th us, these YCs 
are extraembryonic as in yolk of teleost (zebrafi sh) and YCs of bichir – earliest diverged living 
group of actinopterygian fi shes, agnathan lampreys (Petromy-zontidae) – an extant lineage 
of jawless fi shes and Eleutherodactylus coqui (frog with direct development) – an anuran 
(Buchholz et al., 2007; Takeuchi et al., 2009b). Moreover, in the case of gut development in 
bichir and E. coqui, researchers have also reported that YCs from ventral part of archenteron 
do not contribute to gut development. Th e entire gut is established as a tubular structure 
underlaid with mesenchymal cells, and YCs mass exists on the anterior-ventral side of 
the embryo. Th e YCs are not underlaid with the mesenchymal cells as in X. laevis, but it 
is directly surrounded by surface ectoderm as in the yolk sac in teleosts (zebrafi sh) and is 
therefore extra-embryonic (Wallace and Pack, 2003; Buchholz et al., 2007; Takeuchi et al., 
2009b). Furthermore, morphoanatomical studies have revealed that the lamprey embryo’s 
archenteron is continuous with the blastopore.  Th e entire primitive gut including the pharynx 
initially deveoled from the archenteron. Due to the abundance of yolk, the archenteron shows 
the delayed epithelialization and forms the secondary gut cavity within the yolk (ShipIe, 1885; 
Kupff er, 1890; Damas, 1943; Piavis, 1971; Richardson et al., 2010; Li et al., 2019).

Similarly, for more than two decades, it has been reported that when chondrosteans larvae 
hatch, the alimentary canal is undiff erentiated, fi lled with yolk, and does not communicate 
with the external environment. During neurulation, a darkly pigmented epithelioid sheet 
covers a large mound of YCs on the archenteric fl oor of sturgeon embryos. However, the 
diff erentiations that transform the archenteron cavity and its linings into the defi nitive 
gut have not yet been described (Ballard and Needham, 1964; Ballard and Ginsburg, 1980; 
Buddington and Doroshov, 1986; Shah et al., 2022). Th erefore, in the present study, we have 
investigated the sturgeon’s gut development and its comparison with other vertebrate taxa 
including holoblastic (bichir, X. laevis, and mice) and meroblastic (gar, zebrafi sh, and chicken) 
representative for better understanding evolutionary conservation (Figure 1).

Figure 1. Comparison 

of egg cleavage patterns 

and gut anatomy among 

vertebrates based on their 

phylogeny relationship.

Figure 1 represents the 

evolution of egg cleav-

age pattern and gut de-

velopment among ver-

tebrates. Th e illustration 

has been created based 

on literature review and 

current fi ndings (Rosen-

quist, 1971; Lawson et al., 

1986; Lawson and Schoe-

nwolf, 2003; Ober et al., 

2003; Tremblay and Zaret, 

2005; Kimura et al., 2007; 

Tam et al., 2007; Takeuchi 

et al., 2009b; Zorn and 

Wells, 2009; Kemp, 2011).
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2. Results and discussion

2.1. Gut development of sturgeon

Phylogenetically, sturgeon (Acipenseriformes) is an outgroup to X. laevis (Amphibia; Anura) 
and zebrafi sh (Teleost; Cypriniformes), nevertheless, their egg cleavage pattern is holoblastic 
{see, Figure 1 (Bolker 1993, 1994; Takeuchi et al., 2009a)}. Th erefore, over the last few decades, 
whether embryonic developmental pattern of sturgeon is conserved with zebrafi sh-meroblastic 
or Xenopus-holoblastic, is an interesting topic in the fi eld of developmental biology. In this 
regard, several comparative studies have attempted to specify the compare the developmental 
pattern of sturgeon to other vertebrates. For examples, maternal RNA localization in oocytes 
and embryos (Pocherniaieva et al., 2018; Naraine et al., 2022), cleavage pattern of embryos 
(Bartsch et al., 1997; Cooper and Virta 2007), germ cell specifi cation (Saito et al., 2014), 
gastrulate deviations (Bolker 1993, 1994; Cooper and Virta, 2007), and organs/tissue formation 
(Minarik et al., 2017). Nevertheless, all previous studies compared the sturgeon either with 
amphibians (X. laevis) or bony fi shes (non-teleost and teleost). Previously, we also reported that 
blastomeres/cells derived from vegetal pole are endogenous nutrition, except PGCs (Shah et al., 
2022). To the best of our knowledge, using precise fate mapping techniques, the development 
of gut in sturgeon and its evolutionary conservation has not yet been investigated.

Here, we shed light on the development of sturgeon primitive gut in a comparative evolutionary 
context of vertebrates. Morphological observations of hatched larvae using plastic section 
histology show the obvious structure of gut epithelial tissue that surround all YCs (Figure 2A). 
Further, following our previous study (Shah et al., 2022), immunohistochemistry detection of 
FITC-dextran (vegetal blastomeres labelled at stage 12) after hatching (stage 38) showed that 
almost all FITC-labelled YCs were found to be broken “inside-the-gut” and FITC was enriched on 
the inner surface of the gut (Figure 2). In some embryos, a part of the gut was slightly labelled 
with the FITC, which is secreted from broken YCs. Th e broken state of the cells might be owing 
to the enzymatic digestion of YCs and utilized these YCs for endogenous nutrition {for reference 
(Korzhuev and Sharkova, 1967; Ginsburg and Dettlaff , 1991; Gisbert et al., 1999)} (Figure 2B).

Figure 2. Histological observation of 

gut and immunohistochemistry of FITC-

labelled vegetal blastomeres (yolk cells) 

inside gut.

A) transverse section of hatched larvae 

(stage 36) shows the obvious structure of 

gut epithelial tissue, which encompasses 

the whole yolk (yolk-inside-gut). B) Th e im-

munolabeling of FITC-dextran-labelled part 

of gut {(the vegetal blastomeres produces 

the extraembryonic yolk cells (YCs), for de-

tail see (Shah et al., 2022)}. Immunolabe-

ling of FITC dextran at stage 38 shows YCs 

were FITC-enriched and broken inside the 

gut. Insert rectangular box and dotted lines 

– gut epithelial, nt – neural tube, nc – no-

tochord, G – gut, YCs. a – yolk cells, b – en-

riched-FITC in the inner lining of gut, c – bro-

ken state of YCs. Scale bars indicate 20 m.
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As previously reported by Ballard and Ginsburg (1980), the YCs are wrapped by archenteron’s 
cavity, with protruding fl oor like an inverted cup, anteriorly, posteriorly, and on both sides. 
To reveal whether morphological observed cells were endodermal {(Ballard  and Ginsburg, 
1980), our data Figure 2 and 5), we analyzed expression of endodermal gene Sox17, which 
has confi rmed that these cells have endodermal origin form the archenteron on dorsal side. 
Subsequently, the archenteron’s cavity encompassed the semicircle area of the YCs instead 
form a tubular gut on the top of YCs (Figure 3). In addition, we further confi rmed that stained 
cells (SOX17-HCR-FISH) were endodermal using the microinjection of Carboxy-DCFDA – cell 
labelling dye. Th e dye was injected through the neural plate, next to the midline at early 
neurula stage (Figure 4). Th e positive injected embryos demonstrated that the cell from 
archenteron continues to divide and move lateroventral to encompassed YCs, as anticipated 
by Ballard and Ginsburg, 1980 arround three decades ago and as in our data from histological 
observation (Ballard and Ginsburg, 1980) (Figure 4 and 5).

Figure 3. Expression of Sox17 in the primitive gut of sturgeon.

Staining of endoderm using marker gene – Sox17. Early neurula (stage 20) shows the archenteron that 

encompasses the semicircle area of yolk cells. During mid stage and late neurula (stage 22–24), a tubular 

gut on dorsal position of yolk was not observed. Th e zoom out picture is a magnifi ed view of positive 

labelling of endoderm. Grayscale shows DAPI labelling, red colour, and arrows show the positive signals 

from endodermal cells. yolk; YCs – yolk cells. Arch – archenteron. Scale bars indicate 100 m.
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Figure 4. Labelling of endodermal cells using microinjection carboxy-dcfda.

CDCFDA Fate mapping (stage 20). Th e dye was precisely injected into the endoderm cells of archenteron 

(see fi gure 3) through the opening of the neural tube during early neurula (stage 20). After 30 minutes, 

embryos were fi xed and median sectioned to ensure positive labelling of endodermal cells (green colour 

shows the dye within the endodermal cells (see fi gure 3 stage 20), zoom-out of rectangular box at stage 

20). Th e embryos show positive labelling at 22–26 stage, indicating by dotted lines. Th e specimens at 

stage 38 and section of dorsoventral of same stage (38*) show the positive labelling of endoderm cells 

in green colour. Sectioned specimens were counter stain with DAPI, show the blue colour. Marge image 

distinguishes the endoderm and ectoderm. D – dorsal view, S – side view, EC – ectoderm, ME – mesoderm, 

EN – endoderm, NF – Neural fold. Scale bars indicating the 1 mm in (stage 38), 200 m in (transverses 

section view of stage 38), and 50 m in (magnifi ed view from rectangular box of transverses sections). 

2.2. Comparison of sturgeon with X. laevis, bichir and mice – holoblastic representatives

Th e embryos of bichir, sturgeon and X. laevis shared a lot of developmental similarities; for 
details see (Bolker, 1993; 1994; Collazo et al., 1994; Takeuchi et al., 2009a,b; Pocherniaieva 
et al., 2018; Saito et al., 2014; Naraine et al., 2022). However, in case of gut development, a 
comparative study has not been conducted so far. Th us, here we compare the developmental 
pattern of a sturgeon gut with selected holoblastic representative animals (Figure 5). To 
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elaborate, X. laevis embryos contains all endoderm determinants in vegetal pole, and their 
yolk stored and utilized in the form of endodermal cells (intracellularly) (Chalmers and Slack, 
2000), Figure 1 and 5}. Chalmers and Slack (2000) have briefl y described the fate mapping of 
gut development by labelling the middle endodermal cells between the fl oor of the archenteron 
and the very ventral endoderm. Th e labelled cells were incorporated into the defi nitive gut 
(Chalmers and Slack, 2000). Consistently, the histological identifi cation of X. laevis embryos 
at the neurula stage clearly showed that the endoderm lines the archenteron cavity. Th e 
dorsal endoderm is made up of a single layer of cells, whereas the ventral endoderm is made 
up of several layers of large endodermal cells (with intracellular yolk) (Figure 5, Xenopus). 
From the mid-neurula to the pharyngula stage, the archenteron gradually closes, and the gut 
cavity is a continuation of the archenteron. Th e defi nitive gut cavity is formed, containing the 
cells of the original archenteron as well as the more ventral endoderm (Figure 5, Xenopus).

In comparison, embryo of lamprey, bichir, sturgeon, and E. coqui, contains more yolk volume 
than X. laevis. During neurula, in the embryos of these species, the ventral part of archenteron 
is composed of a massive amount of YCs instead of endodermal cells (Figure 5). Th ese YCs 
do not contribute to the gut and only provide the nutrition as larvae develop (Buchholz et al., 
2007; Takeuchi et al., 2009b; Shah et al., 2022), Figure 5). Moreover, according to Takeuchi 
et al. (2009), bichir embryos with such extracellular vegetal YCs appear to be an evolutionary 
prepattern of the gut being established as a tubular structure, and the yolk cell mass exists 
on the anterior-ventral side of the embryo (Takeuchi et al., 2009b; Wallace and Pack, 2003). 
Consistently, histological analysis of bichir samples at the neurula stage showed that a 
horizontal archenteron bulge was formed on both sides: internally and rostrolaterally. During 
late neurulation, the endodermal cells that give rise to their anlage are now distinguishable. 
Th e newly developed gut is underlaid with mesenchyme, which occurs on the roof of a massive 
amount of YCs (Figure 5, Bichir).

Interestingly, the presence of YCs causes the horizontal type of archenteron in lamprey to 
give rise to the entire primitive gut, including the pharynx. However, due to the presence of 
YCs, lamprey forms the second gut cavity within the yolk sac. However, detailed fate mapping, 
such as using molecular approaches, is required to confi rm it (ShipIe, 1885; Kupff er, 1890; 
Damas, 1943; Piavis, 1971; Richardson et al., 2010; Li et al., 2019).

Besides a volume of yolk associated with the development of gut-endoderm, the mice 
embryo has less/no yolk and retained holoblastic cleavage pattern. In mice form, stage 
8.0 to stage 9.25 is considered neurulation (Jacobson and Tam, 1982). For example, during 
gastrulation in mice, gut endoderm developed on the embryo’s surface, where defi nitive 
endoderm (derived from the epiblast) cells intercalated into the overlying visceral endoderm 
(derived from the primitive endoderm) and formed the extraembryonic tissues (Nowotschin 
et al., 2019a). Along the anterior-posterior axis, the developing gut tube epithelium forms 
defi nitive endoderm (middle, E8.5). Th e anterior, middle and posterior endoderm form the 
foregut, midgut and hindgut, respectively {(Frankenberg, 2012) (Nowotschin et al., 2019b) 
Figure 5, Mice}.

Compared to the above vertebrates, sturgeon develops their gut around the yolk – YCs (as 
described above) – and utilizes it inside the gut (Figure 1–5 and Figure S1). To the best of 
our knowledge, this kind of developmental pattern has only been observed in sturgeon so far. 
Concludingly, the lining of the presumptive sturgeon’s gut and the vitelline syncytium of other 
fi shes have similar mechanisms for utilizing yolk reserves. It seems reasonable for developing 
larvae of sturgeon to contain the yolk materials (YCs) inside the developing gut by encircling it 
with endodermal cells and to use the yolk for nutritional purposes at the lecithotrophic state 
(before fi rst feeding) by using a newly developed digestion system  {for reference (Korzhuev and 
Sharkova, 1967; Ballard and Ginsburg, 1980; Ginsburg and Dettlaff , 1991; Gisbert et al., 1999)}.
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Figure 5. Morphological observation of gut development among sturgeon, X. laevis, bichir and mice.

Sturgeon: Transverse secƟ ons of embryo from early to late neurulaƟ on (stage 20 to 24) and pharyngula (stage 26) shows 
the early development paƩ ern of the gut. During neurulaƟ on, the endodermal cells of archenteron (future gut cavity) 
encompass the semicircle area of yolk mass/cells. During pharyngula, endodermal cells conƟ nue to divide and conƟ nue 
encompass the whole mound of yolk cells. X. laevis: Transverse secƟ ons of embryo from early to late neurulaƟ on (stage 
13 to 20) and pharyngula (stage 28) shows the development of the gut. During the neurulaƟ on, archenteron shows the 
same structure as sturgeon, however, the cells from ventral side of archenteron are endoderm (yolk endoderm cells). 
During pharyngula, gut shows the prominent tubular structure of gut-endoderm, whereas yolk is intracellular (inside 
the endodermal cells). For detail see (Andrew D. Chalmers and Slack, 2000). Bichir: Transverse secƟ ons of embryo from 
early to late neurulaƟ on (stage 19–22) and pharyngula (stage 26) show the developmental paƩ ern of the gut. During 
neurulaƟ on, the archenteron seen on the roof of yolk cells. The cells of archenteron do not move ventral to encompass 
the yolk cells. During pharyngula, endoderm cells show the prominent tubular structure of gut, whereas the yolk is 
stored in a YCs “cellularized form” inside cellular yolk sac. For details, see (Takeuchi et al., 2009b). Mice: Drawing of 
very early neurula (stage 7.5) and transverse secƟ ons of mid-neurula (stage 8.5) and pharyngula (stage 11.5) shows the 
development of the gut. During the neurula stage, visceral endodermal (green colour) developed the extraembryonic 
layers, indicated by green arrows. The gray colour is defi niƟ ve endoderm, which forms the gut tube. For details see 
(Frankenberg, 2012; Nowotschin et al., 2019a,b). Arch – archenteron, nt – neural tube, nt – notochord, G – gut, YCs – 
yolk cells, Doted lines – endodermal cells. Scale bars indicate the 100 μm.
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2.3. Comparison of sturgeon with gar, zebrafi sh, and chicken – meroblastic representatives

Phylogenetically, sturgeon, gar and zebrafi sh belong to ray-fi nned fi shes (Figure 1). Beside 
sharing of lot of much developmental similarities with Xenopus and bichir, still sturgeons are 
interspecifi c between amphibians and teleosts in case of PGCs development and migration (Saito 
et al., 2014). In the case of gut development, here we present the comparison of sturgeon with gar 
(phylogenetically placed after sturgeon), zebrafi sh, and chicken (see, Figure 1). Unexpectedly, the 
gut development of gar and its evolutionary conservation was also unknown. Th us, to study the 
development of the gar gut, the designed fate-mapping approach allowed us to specifi cally mark 
the endodermal cells. Th e morphological observation at pharyngula and larval stage using plastic 
section histology clearly showed that the development of gut-endoderm occurs on the dorsal 
position of yolk mass, which is therefore a tubular structure, as observed in bichir and zebrafi sh 
(Figure 5 and 6) (Wallace and Pack, 2003; Ng et al., 2005; Takeuchi et al., 2009b;   Comabella et al., 
2013). Second, fl uorescence microscopy of the CDCFDA-labelled specimens during neurulation, 
and tracing them until they became gut tissue, has revealed that histologically observed cells were 
endodermal and formed the tubular gut as zebrafi sh (Figure S2).

Compared to sturgeon, gar and zebrafi sh contain uncleaved vegetal pole of egg (see, Figure 1). 
In these species, only animal pole of egg contributes to develop the gut that sits on the top of 
the yolk, i.e., “yolk-outside-gut”. Th e entire yolk is surrounded by the YSL and vitelline envelope in 
zebrafi sh and gar, respectively  (D’Amico and Cooper, 2001; Comabella et al., 2013) (Figure 6). In 
gar and zebrafi sh, it seems reasonable that “yolk is outside the gut” otherwise, the endodermal 
tissue will be slackened and wrinkled after absorption of the yolk, or it needs to be reconstructed 
drastically to fi t the appropriate size as the yolk become smaller, as seen in sturgeon (Figure 7). In 
fact, in many teleosts, the yolk is surrounded by YSL, which is thought to play an important role in 
the yolk absorption, and the YSL disappear as larvae develops, and the gut keeps its size compact 
during the whole process of the embryonic development (Long and Ballard, 2001; Wallace and 
Pack, 2003; Carvalho and Heisenberg, 2010; Comabella et al., 2013).

In addition to teleost and non-teleost, the chicken (e.g., amniotes) also have uncleaved yolk as 
zebrafi sh. Th e entire gut is developed and lied on the top of the yolk sac as seen in zebrafi sh (Figure 
1). However, chicken embryos develop extra-embryonic membranes to utilize the huge amount of 
yolk; for example, the splanchnopleuric mesenchyme, which is composed of mesoderm external 
to the coelom, plus the endoderm (Gilbert, 2010). Th e Splanchnopleure, instead of forming a 
close gut, grows over the yolk, and becomes a yolk sac (Figure 6, chicken). Th is yolk region is in 
contact with the midgut and primitive gut present above the yolk (Figure 6, chicken).

Comparatively, in sturgeon, endodermal cells from archenteron encompass YCs for endogenous 
nutrition, which seems like the Splanchnopleure-like structure of chicken. However, sturgeons 
do not develop the extra embryonic layers and retains the unique mode of gut development 
pattern to utilize the yolk (Figure 5–7 and Figure S1). Th us, it is also indicated that during the 
evolution, the increased yolk led to the development of the extraembryonic layer to utilize the 
yolk in amniotes.

Besides the encompassment of YCs inside the newly developed gut of sturgeon, the torsion of 
the gastrointestinal tract was observed immediately after hatching. Th e body size containing the 
abdominal cavity grows large, loosened/surplus with the absorption of egg yolk (loose), which 
appears to be in the abdominal cavity (Figure 7). Th e pattern of the “yolk-inside-gut” is accompanied 
by a signifi cant growth of endodermal cells in order to encircle a vast area composed of YCs, 
about 3 mm of embryo diameter (sturgeon species). Th e abdominal cavity lies anterodorsally to 
the body, which constitutes a considerable mass, loose/excess with a massive amount of YCs. 
It is likely that the yolk volume might be involved in the evolution of the unique developmental 
pattern of the gut in sturgeon (Figure 1 and 7).
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Fishes are typically classifi ed into three major groups: superclass Agnatha (jawless fi shes), class 
Chondrichthyes (cartilaginous fi shes), and superclass Osteichthyes (bony fi shes). Th e latter two 
groups include all jawed vertebrates. Based on results presented here, we concluded that the 
endogenous nutrition in vertebrates is digested either intra-cellularly in endodermal cells (as in 
Xenopus) or extra-cellularly (as nutritional YCs in bichir) and (as yolk in zebrafi sh and archosaurs). 
In any case, the digestive tract starts its function with digestion of exogenous nutrition after 
lecithotrophic state (after fi rst feeding). In the case of sturgeons, they digest their endogenous 
nutrition (vegetal cells containing yolk platelets; YCs) inside of their newly developed digestive 
system and they start excretion from their gut already before feeding (Figure 7, stage 42). To 
the best of our knowledge, sturgeon endogenous nutrition is neither extra-cellular as in bichir, 
teleosts, and archosaurs, nor intracellular as in frog.

Figure 6. Morphological observation of gut development among sturgeon, gar, zebrafi sh and chicken.

Sturgeon: Transverse secƟ ons of embryo from pharyngula and larvae shows the development of gut (as described 
above). Gar: Transverse secƟ ons of embryo from pharyngula (stage 18–19) and larvae (stage 30 to 32) shows the 
development of gut. Stages 18–19 show the endodermal cells on the dorsal posiƟ on of yolk, which is quite similar to 
the pharyngula of zebrafi sh (stage 32-hpf). Similarly, the larval stage of gar (Stages 30–32) clearly shows that the gut 
is a tubular structure on top of huge yolk mass, as seen in zebrafi sh (stage 72-hpf). There is only a diff erence in yolk 
structure; yolk platelets in gar and platelet-less yolk in zebrafi sh. For details see (Wallace and Pack, 2003; Ng et al., 2005; 
Comabella et al., 2013). Chicken: Transverse secƟ ons of embryos from neurula (stage HH10-HH13) to pharyngula (stage 
HH20) shows the development of the gut. During neurula, a fl aƩ ened endoderm layer is localized above the yolk mass 
and below the mesoderm/nerve cord. Embryos also show the obvious structure of tubular gut and extraembryonic layer 
(Gilbert, 2010; Frankenberg, 2012). DoƩ ed lines – endodermal cells, green arrows – extraembryonic splanchnopleure, 
Arch – archenteron (future gut), nt – neural tube, st – stomach, I – intesƟ ne, RGB – respiratory gas bladder, nc – 
notochord, G – gut, YCs – yolk cells, YP – yolk platelets, Y – yolk. Scale bars indicate the 20 μm.
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Figure 7. Ontogeny of sturgeon gut during lecithotrophic stages. 
The morphological changes in the gut development aŌ er hatching/during lecithotrophic stages. The gut was separated 
from the trunk using dissecƟ on during the Stage 36–43. During all stages, the yolk cells were found inside the gut. 
However, aŌ er stage 36, the yolk cells were found in a broken state inside the gut and Ɵ ll stage 43, the larvae completed 
the endogenous nutriƟ on. Stage 42 (rectangular box) shows the rectum with poop, which indicates that the yolk cells 
are digested intraintesƟ nally. Es – oesophagus, Hr – heart, L & G – liver and gall bladder, IG – intermediate gut, SG – 
segmented gut, St – stomach. Scale bars indicate the 1 mm.
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3. Materials and methods

3.1. Ethics

Th e present study was performed in accordance with the Board of Animal Research at 
Faculty of Fisheries and Protection of Waters, University of South Bohemia, Czech Republic.

3.2. Samples

Th e specimens of African claws frog – X. laevis, mouse, chicken, sterlet, bichir, gar and 
zebrafi sh were prepared as follows: Zebrafi sh and sterlet sturgeon were bred at Genetic 
Fisheries Centre, Faculty of Fisheries and Protection of Waters in Vodnany, Czech Republic, and 
stages were selected according to (Kimmel et al., 1995; Dettlaff  et al., 1993). Gar specimens 
were prepared at the Department of Integrative Biology, College of Natural Science, Michigan 
State University, USA (Jaroszewska and Dabrowski, 2009), and stages were selected according 
to (Long and Ballard, 2001). Bichir specimens were prepared at Department of Zoology, 
Charles University, Czech Republic, and stages were selected according to (Diedhiou and 
Bartsch, 2009). X. laevis specimens were prepared from the Laboratory of Gene Expression, 
Vestec, Czech Republic (Sindelka et al., 2010) and stage were selected according to https://
www.xenbase.org/entry/. Mouse and chicken specimens were at department of animal 
science, Warsaw University of Life Science, Poland. Th e developmental stages were followed 
by (Hamburger and Hamilton, 1951; Kaufman, 1992). Due to limited number of gar samples, 
we compared only pharyngula and larval stages of gar, zebrafi sh, and sturgeon.

3.3. Histology

To study the morphological development of gut formation of sturgeon and other taxa, the 
plastic sections histology was processed. Specimens in triplicates from a  ll animals were fi xed 
in Bouin’s fi xative (usually for large specimans) or 4% PFA for 24 hours and then stored in 
70% EtOH and dehydrated in a series of alcohol (75%, 90% and 100% for 1 hour), embedded 
in JB-4 plastic, sectioned at 5 m, stained with H&E, mounted with DPX, and observed under 
the light microscope. Th e pictures were taken using Olympus microscope. Th e histology 
sections of bichir were obtained from  Department of Zoology, Charles University, Prague, 
Czech Republic (Stundl et al., 2020).

3.4. Immunohistochemistry of FITC labelled embryos of sterlet sturgeon

In our previous study, we injected 10% FITC Dextran–5000.00 MW (FD5) in vegetal pole at 
developing stage 10 and speculated that vegetal blastomeres contain extraembryonic YCs 
which will be encompassed by the gut (Shah et al., 2022). Th us, the FD5 labelled embryos 
in triplicates at stage 38 and were then fi xed and embedded as described earlier (Shah et 
al., 2022). Specimens were sectioned about 8 m and 0.01% poly-L-lysine (glass microscope 
slides) were used to collect the tissue sections. Th e anti-FITC antibody (Invitrogen, #71-1900) 
chromogen method was employed to detect the FD5 dictation and visualization. Th ereafter, 
specimens were counterstained with H & E staining, pictures were taken using Olympus 
microscope.
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3.5. in-situ labelling and confocal microscopy

Multiplexed, quantitative, high-resolution RNA fl uorescence in-situ hybridization (HCR-FISH) 
was used as instructed by Molecular Instrument (MI), imaging and molecules of lifeTM. Th e 
probes, Sox17 (GeneID:117394216) and -actin probe (Gene ID: 117431529) were obtained 
from MI. We used the in-situ staining on paraffi  n embedded section for the fi rst time on 
sturgeon embryos. Th e protocol was followed as instructed by MI for zebrafi sh FFPE-samples. 
Embryos at required developmental stages were fi xed in 4% PFA overnight at 4 °C, dehydrated 
in an ethanol series followed by xylene, embedded in paraffi  n, sectioned at 5 m. Sections 
were baked at 60 °C for one hours, deparaffi  nized in xylene, and 100% ethanol. Specimens 
were then rehydrated with ethanol series, followed by antigen retrieval. After treatment with 
protease-K 1 l.ml-1 for 10 min at 38 °C in a humidifi ed chamber, hybridization with target probes 
and amplifi cation was performed. Th e DAPI (fl uoroshield 4′,6-diamidino-2-phenylindole) was 
used for counter staining. Detection of positive signals and pictures were taken using confocal 
microscope (Olympus FV 3000).

3.6. Labelling and tracing of sturgeon endodermal cells

For the labelling of endodermal cells of sterlet sturgeon embryos, 50 mM of CDCFDA 
[5-(and-6)-carboxy-2′,7′-dichlorofl uorescein diacetate, cat. no.: 22026, AAT Bioquest, Inc.] 
stock was prepared by dissolving in DMSO (dimethylsulfoxide) and stored at -20 °C. A working 
concentration (50 M) was prepared by diluting stock into 10% sucrose solution. Decapsulated 
sterlet sturgeon embryos were placed in agar coated Petri dish with 2mm hole to position 
the embryos. Th e dye was precisely injected into the endodermal cells of archenteron through 
the opened cranial neural tube. Th e dye passed freely into the adjacent endodermal lining, 
forming cell membrane-impermeant products that cannot stain the ectoderm situated across 
the basal lamina. Embryos were analyzed 30 min post injection and 22–24 developmental 
stages under fl orescent microscope to ensure the positive injection (Figure 4). Embryos were 
allowed to develop under dark condition until the gut tube was fully developed. Th e labelled 
specimens at stage 38 were anaesthetized in Tricaine methanesulfonate (MS222), fi xed into 
4% PFA under dark conditions and embedded in Tissue-Tek O.C.T and stored at -80 °C. For 
cryosection, embedded blocks were kept in cryostat chamber (-20  °C) for 20 minutes to 
equilibrate the temperature. Th e thickness of the cut was 8 m at transverse sections. Th e slices 
were collected on Superfrost slides and stained with Fluoroshield™ with DAPI (Sigma) and 
covered with cover slip. For gar endoderm analyses, labelled specimens were obtained from 
 Department of Zoology, Charles University, Prague, Czech Republic, the protocol is described 
by (Minarik et al., 2017). Images were taken using fl uorescence microscope (Olympus SZ-12).
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Supplementary fi gures 

Figure S1. Magnifi ed view of yolk surrounded by gut epithelial tissue in the larvae of sturgeon 

(indicated by yellow doted lines). In comparison, in other fi shes including bichir, gar, and zebrafi sh, the 

yolk is surrounded by ectoderm (indicated by black dotted line). On the other hand, in xenopus, the yolk 

is intracellular (indicated by black arrows). Scale bars are 20 m. 

Figure S2. In vivo labelling of gut-endoderm of gar.
Embryos of gar fi sh injected at neurula stage (as described for sturgeon) and allowed to develop Ɵ ll hatching. The 
picture ware taken using fl uorescence stereomicroscope olympus sz-12. DoƩ ed line indicates the posiƟ ve labelling of 
endoderm cells, whereas some ectodermal cells were also labelled during the injecƟ on that shows staining on tail 
region. For details see (Minarik et al., 2017).
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General discussion

Sturgeons, the basal non-teleost fi sh, are considered living fossils because they evolved around 
200 million years ago. Th ey retain the holoblastic cleavage pattern. During the past decades, 
comparative studies of early embryogenesis in sturgeon and African clawed frog – Xenopus laevis 
illustrated very similar developmental mechanisms, such as germplasm localization, cleavage 
pattern, formation of the blastocoel, bottle cells, blastopore, gastrocoel and archenteron {for 
detail see Chapter 1, and (Ballard and Ginsburg, 1980; Pocherniaieva et al., 2018; Bolker, 1994, 
1993; Naraine et al., 2022)}. In addition, our current research has revealed that sturgeon embryo 
development represents a distinct cleavage pattern transition from holoblastic to meroblastic 
cleavage and a unique mode of gut development among jawed vertebrates (Chapter 2–4). 

Previously, using advanced methods for spatial individual gene expression and transcriptomic 
analyses: qPCR tomography and Tomo-Seq, respectively, it has been reported that the vegetal 
pole (VP) of X. laevis egg contains many known and newly identifi ed determinants of endoderm 
specifi cation and PGC formation. In contrast, the endoderm determinants in sturgeon were 
found in the equatorial region, and the VP is linked only with the formation of PGCs (Sindelka 
et al., 2010; Pocherniaieva et al., 2018; Naraine et al., 2022). Moreover, Saito and Pšenička et 
al. confi rmed that exclusively germplasm (preformed PGC determinants) is stored in the VP of 
sturgeon eggs. Further, sterilization of sturgeon was performed using antisense morpholino 
oligonucleotide against the dnd1 (dead end) gene (crucial for PGC development) into the VP of 
sturgeon embryos, and in parallel, Saito et al. invented a novel method of sturgeon sterilization 
using UV irradiation applied on the VP of the embryo just after fertilization (Saito et al., 2014, 
2018; Linhartová et al., 2015; Saito and Psenicka, 2015). Based on the above studies, we speculate 
that the VP of the sturgeon egg contains only determinants for PGCs, and the rest serves as 
endogenous nutrition. Th erefore, our current research investigated the detailed fate mapping 
of yolk-rich vegetal blastomeres/YCs to reveal the evolutionary transition (from holoblastic to 
meroblastic) of cleavage pattern in ray-fi nned fi shes. In this regard, we proposed to inhibit the 
cleavage of the vegetal hemisphere in order to determine whether the sturgeon embryo: 1) can 
survive, which would mean that no vital cell line is formed in the vegetal hemisphere; 2) can 
partial cleavage pattern inhibition aff ect the asymmetry preservation of maternal localization? 
3) Can sturgeon utilize its endogenous nutrition (yolk platelets) extracellularly, which will mimic 
teleost nutrition usage (absence of YCs). 4) If the VP-inhibited embryos develop, they should 
be sterile and have autonomous YSL induction or YSL-like structures to separate the yolk from 
the animal blastoderm. 5) If the vegetal blastomeres of sturgeon do not contribute to gut 
development as seen in X. laevis, it will be interesting to determine how sturgeon develop their 
gut and whether it is conserved across taxa or unique to sturgeon. 

In Chapter two of thesis, we examined our fi rst goal, which was to develop a novel technique 
for inhibiting specifi c blastomeres and its eff ect on the localization of biomolecules such as 
maternal mRNA. In this regard, various techniques have been developed for serval animal 
species. For example, Valles et al. (2002) have utilized a mechanical approach, i.e., a strong 
magnetic fi eld, to alter the geometry of the fi rst two cleavage furrows in X. laevis embryos; 
however, this technique was inappropriate for stopping the complete cleavage furrows (Valles 
et al., 2002). In X. laevis embryos, the injection of cytochalasin-B’s optimal concentration (10 
g.ml-1) was used to regress the early blastomere cleavage. Th e cytochalasin-B could not stop 
the defi nite blastomere cleavage, and importantly it is a very toxic compound (de Laat et al., 
1973). In contrast, we used diff erent concentrations (1mg > 100 g > and 10 g) of cytochalasin-B 
in the present study. We have found that 1mg.ml-1 can stop the cleavage furrows; however, 
it was much more toxic to embryos, and inhibition of blastomere was not specifi ed (Chapter 
2). Furthermore, several molecular approaches such as c-mos RNA, PAK1 and MAPK proteins 
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injection have been utilized (Sagata et al., 1989; Masui, 2000; Buchholz et al., 2007). Despite 
their eff ectiveness, the microinjection of these chemicals is a complicated and time-consuming 
process for non-model species (Yew et al., 1991; Haccard et al., 1993; Rooney et al., 1996; 
Buchholz et al., 2007).

Based on the literature review, we found that trans,trans-2,4-Decadienal (DD) caused delayed 
development and malformation in the embryo and gametes of several aquatic animals, including, 
sea urchins (Romano, 2003; Hansen et al., 2004; Romano et al., 2010, 2011), copepods (Ianora 
et al., 2003; Romano, 2003), ascidians (Tosti et al., 2003), Lugworm, ragworms, and common 
starfi sh (Caldwell et al., 2004, 2002). Consistently, we also discovered that DD, even at very 
low concentrations, harms the development of Acipenser ruthenus embryos. Nevertheless, all 
previous studies have focused on the general eff ects of DD using the incubation method. We have 
employed DD treatment in localized parts of embryos for the fi rst time. Our results showed that 
the alone lethal concentration of DD  (0.01%) applied by microinjection could not inhibit localized 
/ blastomere cleavage patterns (Chapter 2).

We conducted a further thorough literature review and discovered that DD causes GSH depletion, 
which directly reduces endogenous nitric oxide (NO) levels. Reduced NO levels result in early mkp1 
upregulation, ERK inactivation, and changes in the downstream transcription of the metabolic 
enzyme dehydrogenase dhg and the critical developmental genes ets and mx causing Ciona 
intestinalis metamorphosis to be delayed. (Castellano et al., 2015). In general, hypersensitivity to 
UV-B light can cause this same stress (Li et al., 2017). On the one hand, DD has also been used 
for human carcinoma cells treatment (Miralto et al., 1999). Curcumin (Curcuma longa) has been 
shown to improve the anti-cancer eff ect under visible light irradiation; nevertheless, curcumin and 
visible light alone could not stop cancer cell proliferation (Rutz et al., 2019). Th us, we combined 
light irradiation with DD injection treatments. We found that DD (0.01%) injection and visible 
light irradiation (44.86–91.15 W m-2 + 395–700nm) are optimal for inhibiting the localized/partial 
cleavage pattern. However, DD injection and light irradiation alone was not enough to stop the 
defi nite blastomere inhibition. Compared to previous methods (discussed above), the presented 
technique for inhibiting or arresting specifi c blastomere cleavage in sturgeon embryos is more 
convenient, cost-eff ective, and effi  cient (Chapter 2). Th is technique could be utilized for fate 
mapping (e.g., signal blastomere contribution to development) in sturgeons (see, Chapter 3) and 
other non-model fi shes like bichir, bowfi n, and paddle fi sh.

According to a recent study by Pocherniaieva et al., maternal mRNAs and proteins distributed 
along the oocyte’s A-V axis are essential for embryo development. (Pocherniaieva et al., 2018). 
We hypothesized that after inhibiting vegetal blastomeres, embryos would have developed a yolk 
stream and/or the treatment would infl uence the localization of maternal messenger ribonucleic 
acids (mRNAs). As a result of our review of the literature, we chose the following genes: axin1 
(Axis inhibition protein 1) – critical for the correct patterning of the early embryo (Kofron et al., 
2001), hyal4 (Hyaluronidase 4) – expressed, during embryogenesis (Porter and Jänicke, 1999), 
and cdk1b (Cyclin-dependent kinase 1-B) – regulate the cell cycles (Tanaka et al., 2017), casp3 
(caspase-3) – crucial to the process of apoptosis (Porter and Jänicke, 1999), dnd1 (Dead end 
protein 1) – germ cell-specifi c molecular marker in fi sh (Baloch et al., 2019a), vasa (DEAD-box 
helicase) – associated with migration of PGCs (Saito et al., 2006) for spatial RNA localization 
analysis in sterlet sturgeon embryos (Chapter 1, heading 1.4). It was found by using quantitative 
polymerase chain reaction (qPCR) tomography that treatment did not aff ect the localization of 
selected mRNAs. Th is suggests that RNA localization is complete by the end of oogenesis and 
that early embryonic cleavage is not required for A–V asymmetry preservation. On the other hand, 
we speculated that DD treatment might infl uence the localization of other molecules, such as 
proteins. However, because the proteomic analysis was not a part of this study, we left this as an 
open question for future research.



- 89 -

General discussion

Moreover, animal blastomeres of sturgeon embryos are relatively smaller than vegetal 
blastomeres and contain determinants of germ layer patterning, whereas vegetal blastomeres 
contain germ cell determinates (Saito et al., 2014; Pocherniaieva et al., 2018). Th erefore, during 
the treatment optimization, animal blastomere inhibited embryos failed in the gastrula stage, 
while vegetal blastomere inhibited embryos succeeded the gastrulation. Th us, in Chapter three 
of the thesis, we continued investigating detailed fate mapping of vegetal blastomeres with and 
without inhibition of cleavage pattern (Chapter 3). 

Concludingly, in Chapter two, we present the inhibition of cleavage pattern in defi ned blastomeres 
of sturgeon embryos using a combination of DD injection and visible light irradiation. Furthermore, 
qPCR tomography revealed that blastomere inhibition does not aff ect the localization of maternal 
RNA gradient. Still, to understand the development of a sturgeon’s embryo, ample knowledge 
about the contribution of early blastomeres to adult tissues is needed. Several protocols have 
been established for model species such as X. laevis and Danio rerio. However, in sturgeon 
developmental biology, our research group is always at the forefront of research and innovation 
concerning promising techniques (Saito et al., 2014; Saito and Psenicka, 2015; Minarik et al., 2017; 
Pocherniaieva et al., 2018; Baloch et al., 2019b).

In Chapter three of thesis, we have reported detailed fate mapping of vegetal blastomeres/
YCs of sturgeon embryos to (a) determine whether YCs contribute the embryonic development 
or are simply extra-embryonic, (b) determine whether sturgeon can use its endogenous nutrition 
(yolk platelets) extracellularly, (c) determine whether autonomous induction of YSL or YSL-like 
structures occurs after inhibition of vegetal blastomeres, (d) determine how PGCs developed 
during the evolution of meroblastic cleavage in ray-fi nned fi sh. Th e main problem with studying 
vegetal blastomeres was a technical limitation for observation due to the large size and abundance 
of lipid and yolk granules. Th us, we took advantage of the microinjection labeling technique and 
fl uorescent microscopy to observe the role of vegetal blastomeres in embryonic development, 
and we have found that vegetal blastomeres only provided PGCs (Chapter 3). Moreover, based 
on the literature review (see Chapter 1, heading 1.4), we selected some germ layer markers and 
housekeeping (sox7, vegT, wnt11, gsk3b and gata3) genes in order to study the phenotypic 
characteristic of YCs. We found that expression of genes was signifi cantly lower compared to gut 
tissue. YCs derived from vegetal blastomeres appear to be extra-embryonic. However, it was also 
necessary to know that when YCs stop their proliferating activity. Morphological analyses and 
YCs mitotic assay using plastic section histology and BrdU plus, respectively, revealed that after 
the mid-blastula transition, YCs became transcriptionally inactive and served only as a source of 
nutrition for the developing embryo. 

During the evolution, the increased egg size and yolk is one factor that can have a substantial 
eff ect on early developmental processes, such as cleavage pattern and gastrulation (Elinson and 
Beckham, 2002; Buchholz et al., 2007; Elinson, 2009; Hasley et al., 2017;). For example, Ensatina 
eschscholtzii and Eleutherodactylus (amphibian) eggs cleave holoblastically; however, due 
increase in yolk volume, the fi rst few cleavage planes do not reach to the vegetal end (Buchholz 
et al., 2007; Collazo and Keller, 2010; Hasley et al., 2017). We discovered that sturgeon vegetal 
blastomeres cleaved slower than animal blastomeres and produced a large number of YCs 
that resembled E. eschscholtzii and E. coqui. Th e presence of a large number of YCs indicates 
a particular type of transition from holoblastic to meroblastic cleavage (Buchholz et al., 2007; 
Takeuchi et al., 2009; Collazo and Keller, 2010) (Chapter 3). According to Buchholz et al., the 
embryos of E. coqui with inhibited large vegetal blastomeres (up to 60- to the 100-cell stage) 
developed normally. Th us, increased egg size resulted in YCs (nutritional endoderm), a type of cell 
that provides nutrition but does not develop into the tissues of the digestive tract (Buchholz et 
al., 2007). Similarly, Takeuchi et al. have also shown that vegetal blastomeres of bichir and lamprey 
also serve as extra-embryonic nutrition (Takeuchi et al., 2009). According to our hypothesis, YCs 
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in sturgeon embryos were extra-embryonic, as seen in E. coqui, bichir, and lamprey (Chapter 3). 
Furthermore, inhibiting vegetal blastomere cleavage (shifting from holoblastic to meroblastic) 
in sturgeon embryos mimicked meroblastic cleavage until stage 12 after inhibition. Despite the 
massive numbers of YCs that have been lost, embryos developed as usual. We also discovered 
that after inhibiting vegetal blastomeres, sturgeon embryos utilize their yolk in an acellular rather 
than YCs-dependent manner. Moreover, we did not observe any diff erence between normal and 
partial cleaved embryos regarding their developmental speed (data not shown). Th us, vegetal 
blastomeres constitute the extra-embryonic portion, except PGCs (Chapter 3). 

According to our fi ndings, when compared to animal pole cells, vegetal cells; YCs are signifi cantly 
larger and without apparent nucleoli. We also discovered that the size of YCs nuclei declined during 
development. Moreover, the number of YCs inside the developing gut declined and changed the 
shape as the larvae developed (Chapter 3, supplementary fi le). According to a previous study,  the 
endogenous nutrition phase of the alimentary canal is already present at this stage (Korzhuev, 
and Sharkova, 1967; Ginsburg and Dettlaff , 1991; Gisbert et al., 1999). Th us, this fi nding indicated 
that sturgeon develop their gut around yolk cells in order to use them intra-intestinally (Ballard 
and Needham, 1964; Ballard and Ginsburg, 1980; Buddington and Doroshov, 1986; Shah et al., 
2022). Th us, in Chapter four, we investigated sturgeon gut development and compared it to other 
taxa in order to better understand evolutionary divergence (Chapter 4).

Furthermore, the early embryonic development of gar and bowfi n suggests that the 
meroblastic cleavage in ray-fi nned fi sh evolved via two signifi cant changes. 1) Bowfi n embryos 
lost bottle cells during gastrulation. 2) Gar embryos fused their vegetal blastomeres into a 
single cell and evolved YSL to separate the blastoderm from the yolk (Ballard, 1986; Long and 
Ballard, 2001). In our study, we observed that in normal cleaved sturgeon embryos, each YC had 
a single nucleus at the center of the cell; they were not a syncytium. Our results showed no YSL 
or YSL-like structure in the sturgeon embryo; only YCs divide coincidentally with nuclear division. 
However, when cleavage at the vegetal blastomere was inhibited, most of the YCs remained 
undivided, and yolk-cell nuclei were seen just beneath the blastocoel cavity, mimicking the 
YSL-like structure teleost. Th e size of nuclei derived from the vegetal pole of partial cleaved 
embryos was signifi cantly larger than that of normal cleaved embryos. Th e inhibition of 
vegetal blastomeres might lead the microtubule failure, and the nuclear expansion is caused 
by microtubule accumulation around the nucleus (Hara and Merten, 2015). However, this can 
be confi rmed in future research. Furthermore, partial cleaved sturgeon embryos revealed an 
acellular form yolk that resembled the yolk structure of gar. Our fi ndings presented in Chapter 
three have paved the way toward the transition of cleavage (meroblastic–holoblastic) pattern in 
ray-fi nned fi shes (Ballard, 1986; Long and Ballard, 2001). 

Th e transition from holoblastic to meroblastic cleavage altered PGC formation (Saito et al., 
2014) (Chapter 1, Figure 4). Sturgeon germplasm is localized in the VP of the egg (Pocherniaieva 
et al., 2018). On the other hand, despite these profound changes in the yolk-rich vegetal region, 
the formation of PGCs via germplasm, localized to the vegetal region, has been conserved 
with anurans. However, unlike urodeles, sturgeons have not evolved an alternative pathway 
for producing primordial germ cells (Ikenishi et al., 1974; Pocherniaieva et al., 2018). Moreover, 
according to Saito et al., many of the “mis-migrated” PGCs were observed during the normal 
sturgeon development (Saito et al., 2014). Instead, they have increased the relative amount 
of germplasm coverage in the vegetal region. Potential reasons for this germplasm expansion 
include participation in the formation of the YCs and ensuring that some primordial germ cells, 
among the massive number of YCs, reach the genital ridge, as observed in E. coqui embryos 
(Elinson et al., 2011). In the case of PGCs development, sturgeon are interspecifi c X. laevis and 
teleost (Saito et al., 2014). On the other hand, studies have suggested that the meroblastic 
cleavage in gar evolved through the fusion of vegetal blastomeres. On the other hand, we 
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discovered that sturgeon embryos remain sterile after inhibition of the inhibited vegetal 
blastomere, implying that gar has a diff erent path to generate PGCs. However, localization and 
migration of PGCs in gar and its comparison with taxa have been left as open questions for 
future research.

In Chapter three, we propose a possibility that the sturgeon’s embryos undergo the same 
development as the ancestors of vertebrates and continue to be retained in their stem lineages. 
Th e potential reasons to retain the holoblastic cleavage pattern is the localization of germplasm 
in the vegetal cortex. Since yolk cells (nutritional endoderm) facilitate, primordial germ cells get to 
the genital ridge during embryonic development (Chapter 3).

In Chapter four of thesis, we extended our previous study (Chapter three) to describe our 
concluding objective i.e., how sturgeon develop the gut to utilize its endogenous nutrition; YCs. 
In addition, we also presented a comparison of the sturgeon’s gut with other taxa in order to 
understand its evolutionary divergence. As hypothesized previously that sturgeon digest their YCs 
within the gut (intra-intestinally) (Chapter 3). Our fi nding revealed that the endodermal cells in 
sturgeon embryos form the archenteron like bichir and X. laevis. In contrast to X. laevis, the ventral 
part of the archenteron in a sturgeon embryo is made up of YCs rather than endodermal cells. 
During neurula, the endodermal cells did not form the bulge like bichir but continued to proliferate 
ventrodorsally and encompass the YCs “yolk-inside-gut” (Chapter 4). 

Th e embryo of lamprey, bichir, X. laevis, and E. coqui use the same cleavage (holoblastic) pattern 
as sturgeon. However, due to the size of eggs/yolk volume, the endoderm determinates of lamprey, 
bichir, sturgeon and E. coqui are not preserved to X. laevis (Beckham et al., 2003; Buchholz et al., 
2007; Takeuchi et al., 2009; Pocherniaieva et al., 2018). For example, X. laevis embryos contain 
more yolk platelets towards VP (inside endodermal cells), and these yolky endodermal cells tend 
to develop gut-endoderm and its derived organs (Shih and Keller, 1994; Chalmers and Slack, 2000; 
Zorn and Wells, 2009). Comparatively, due to yolky-rich vegetal region in the embryos of lamprey, 
bichir, sturgeon and E. coqui, the endodermal determinates do not localize at VP (Beckham et 
al., 2003; Takeuchi et al., 2009b; Pocherniaieva et al., 2018). However, in these species, YCs only 
serve as nutrition, do not contribute to the gut tissue (Buchholz et al., 2007; Takeuchi et al., 2009; 
Shah et al., 2022) (Chapter 3). Moreover, during gastrulation, embryos of X. laevis develop the 
archenteron, and the archenteron cavity eventually forms the defi nitive gut tube. In contrast, the 
embryos of bichir and E. coqui developed archenteron during gastrulation, and the archenteron 
continued to form the gut tube, which is underlaid with mesenchyme occurs on the roof of YCs. 
Th us, the massive amount of yolk utilized extraintestinally “outside-the-gut” which surround by 
ectoderm (Takeuchi et al. 2009b) (Chapter 4). 

In addition to amphibian and non-teleost fi sh (holoblastic representative), mice embryo also 
cleaves holoblastically, however yolk is absent. Th e epithelium of the developing gut tube forms 
along the anterior-posterior axis till stage E8.5. Th e foregut tube was formed by the anterior 
endoderm, the hindgut tube by the posterior endoderm, and the midgut by the middle region. Till 
stage E9.5 completes the gut tube formation (Frankenberg, 2012). Th e embryo of mice develops 
the extra-embryonic membranes (amnion, chorion, yolk sac and allantois) essential for nutritional 
supply (Ross and Boroviak, 2020).

Besides holoblastic representative (mentioned above), we also compare the sturgeon’s gut with 
meroblastic representative (gar, zebrafi sh and chicken) animals. To elaborate, gar (phylogenetically 
placed after sturgeon) and zebrafi sh showed a clear diff erence in yolk composition; gar yolk 
contains a high concentration of yolk platelets, whereas zebrafi sh contains platelet-less yolk. Th e 
presence of yolk platelets may be due to the fusion of 2-cell vegetal blastomeres during the 
evolution of meroblastic cleavage, which is consistent with our previous fi nding, namely, that after 
inhibiting YCs division in sturgeon embryos, the yolk structure was similar to gar (Chapter 3). Th e 
gut development of gar is conserved to zebrafi sh, i.e., whole yolk mass occurs “outside the gut,” 
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and the gut lies on the dorsal position of the yolk sac (Long and Ballard, 2001). However, the 
localization of endoderm determinants in gar eggs and its comparison with other taxa has yet to 
be described.

In addition, amniotes (e.g., chick) showed very similar gut development to zebrafi sh, i.e., 
entire gut lay on the dorsal position of the yolk sac. However, chicken embryos develop the 
splanchnopleuric (extra-embryonic membrane) mesenchyme composed of mesoderm external to 
the coelom plus the endoderm. Instead of forming a close gut, the Splanchnopleure will grow over 
the yolk and become a yolk sac (Gilbert, 2010). Th is yolk region is in contact with the midgut, and 
a primitive gut is present above the yolk. Finally, the yolk sac is communicated with the midgut 
through an opening – yolk stalk or umbilical stalk. 

In contrast to the holoblastic and meroblastic representatives of vertebrates (mentioned 
above), sturgeon developed their gut around the yolk (as described above) and used it inside-
gut. Based on cross-species comparison in this study, this developmental pattern has only been 
observed in sturgeon so far. It appears logical for developing sturgeon larvae to keep the yolk 
materials (YCs) inside the developing gut by encircling it with endodermal cells and to use the 
yolk for nutritional purposes during the lecithotrophic state (before fi rst feeding) by using the 
newly developed digestion system {for reference see (Korzhuev and Sharkova, 1967; Ginsburg 
and Dettlaff , 1991; Gisbert et al., 1999)}. Similarly, the lining of the presumptive sturgeon’s gut 
and the vitelline syncytium of other fi shes have similar mechanisms for utilizing yolk reserves. 
Furthermore, in sturgeon, endodermal cells continue to encompass YCs, resembling the chicken’s 
Splanchnopleure structure. Th ey do not, however, develop the extra-embryonic layers. It is also 
revealed that the increased yolk was responsible for the extra-embryonic development. Th e size/
amount of YCs may have played a role in the evolution of the sturgeon’s unique gut developmental 
pattern. It can be concluded that this type of gut formation evolved in sturgeon to aid in the 
digestion of “yolk-inside-gut.”

In this thesis, the following conclusion and suggestions have been drawn.  
1. For the fi rst time, we reported a novel technique for inhibiting specifi c blastomeres in sturgeon 

embryos, which can be applied to other non-teleost species such as bichir, paddle fi sh, and 
bowfi n.

2. Our fi ndings show that RNA localization is complete by the end of oogenesis and that early 
embryonic cleavage is not required for A-V asymmetry preservation. Maternal proteins can be 
studied further.

3. Th e vegetal blastomeres of sturgeon embryos produce primordial germ cells and cellular yolk 
mass (yolk cells; YCs). After mid-blastula transition YCs become and inactive and only serve to 
provide nourishment. 

4. Th e sterility of sturgeon after inhibition of the vegetal blastomere revealed that the vegetal 
pole only stored the PGC precursors. Because the vegetal pole of gar and bowfi n does not 
cleave normally, localization of germplasm in gar and bowfi n, as well as PGC migration, can be 
studied in the future.

5. Inhibiting vegetal blastomeres revealed that sturgeons could utilize their yolk in an acellular 
form rather than YCs. However, it will be interesting to inhibit vegetal blastomeres of bowfi n 
and bichir and compare them with sturgeon.

6. We have reported the gut development of the sturgeon for the fi rst time. Furthermore, cross-
species comparison revealed that sturgeon retained a unique mode of gut developmental 
pattern during the evolution of fi shes. 
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A vertebrate embryo’s cleavage pattern is either holoblastic (complete) or meroblastic 
(partial). Holoblastic cleavage is thought to be ancestral to vertebrates and is most likely to 
occur in amphibians, mammals, and chondrosteans. Meroblastic cleavage has evolved fi ve 
times in vertebrate lineages, including hagfi sh, elasmobranchs, coelacanths, teleosts, and 
amniotes. In holoblastic cleavage (as in Xenopus laevis embryos), all blastomeres contribute 
to one of the germ layers. On the contrary, in meroblastic cleavage pattern (as in teleosts and 
amniotes – including birds and reptiles), only the animal pole contributes the formation of the 
germ layers. Th e transition from holoblastic to meroblastic is usually occurred by an increase 
in egg size in comparison to the lineage’s ancestral state. For example, the embryos of several 
frog and non-teleost fi sh species, cleaved holoblastically, but due to increased egg size and 
yolk volume, vegetal pole is considered to be incompatible with cell division and has altered 
cleavage pattern and formation of germ layers. 

Sturgeons are called living fossils and belong to the actinopterygian lineage, evolved about 
200 million years ago (mya). Th eir eggs are 2 x larger than that of X. laevis. Despite the 
variation in sizes, their embryos retain nearly characteristics the same as that of X. laevis. 
Nevertheless, vegetal blastomeres of sturgeons are bigger and divide slower than that of 
X. laevis. It was speculated that vegetal blastomeres of sturgeon are extraembryonic as in 
yolk of teleost (zebrafi sh) and Yolk cells of (YCs) of bichir – earliest diverged living group of 
actinopterygian fi shes, agnathan lampreys (Petromyzontidae) – an extant lineage of jawless 
fi shes and an anuran – Eleutherodactylus coqui. Furthermore, the gut development pattern of 
sturgeon (Acipenser) and its evolutionary conservation was poorly understood so far. Th us, in 
this study, we have investigated the fate-mapping of sturgeon’s vegetal blastomeres and gut 
development and compare it to that of other taxa.

First, to develop the robust technique for specifi c blastomeres inhibition of sturgeon 
embryos, we have used diatoms-derived polyunsaturated aldehydes, 2, 4-Decadienal (DD; 
a model aldehyde for experimental studies). Th e sturgeon’s embryos were injected with 
optimal DD percentage (0.01 v/v) and subsequently irradiating them by visible light (91.15–
44.86 W m2). Notably, DD plus light, and not DD injection or light irradiation alone can 
inhibit cleavage. Furthermore, qPCR-tomography revealed that localized pattern of maternal 
mRNA remained constant through animal-vegetal axis in partially cleaved embryos when 
compared to normal. 

Second, we continued with fate-mapping of sturgeon vegetal blastomeres. We found that 
these blastomeres gave rise to primordial germ cells (PGCs), and the rest of the descendants 
were vegetal yolk cells. Plastic section histology showed that the nuclei of vegetal yolky cells 
sharply declined as embryos developed. When the cleavage of the vegetal pole was inhibited, 
embryogenesis continued, without producing the vegetal yolk cells. Th e acellular yolk mass 
was similar to the modern teleost (e.g., zebrafi sh). In addition, RT-qPCR and BrdU pulse 
revealed that yolk cells become transcriptionally inactive after mid-blastula transition. Here, 
our results suggested that the meroblastic cleavage in actinopterygian lineage had evolved 
by the fusion of vegetal blastomeres, which is parallel to the closely related group, e.g., gar 
(Lepisosteidae), that evolved at approximately 57 mya. 

Lastly, we continued the observation of sturgeon gut development and its comparison with 
other taxa including holoblastic (X. laevis, bichir, and mice) and meroblastic (chicks, gars, and 
zebrafi sh) representatives. For this purpose, we used histology, in-situ hybridization (HCR), and 
Immunohistochemistry. We found that sturgeon’s endodermal cells formed the Archenteron 
(primitive gut) as frog and bichir. However, these cells continued to proliferate lateroventrally 
to encompass a massive amount of yolk mass to give rise “yolk inside the gut.” Cross-species 
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comparison revealed that sturgeon retained a unique mode of gut developmental pattern 
during vertebrate evolution, which is not conserved with any vertebrates including those that 
retained holoblastic or evolved meroblastic cleavage pattern.

In conclusion, our current fi ndings suggest that sturgeon embryo development represents a 
distinct transition from holoblastic to meroblastic cleavage, as well as a distinct archaic mode 
of gut-endoderm development.
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Rýhování embrya obratlovců je buď holoblastické (úplné) nebo meroblastické (částečné). 
Holoblastické rýhování je považováno za původní u obratlovců a vyskytuje se u obojživelníků, 
savců a chrupavčitých ryb. Meroblastické rýhování se v linii obratlovců vyvinulo pětkrát, včetně 
sliznatek, příčnoústých, latimérií, kostnatých ryb a amniot. Při holoblastickém rýhování (jako 
u embryí Xenopus laevis) přispívá každá blastomera k jedné ze zárodečných linií. Naopak při 
meroblastickém způsobu rýhování (jako u kostnatých a amniot – včetně ptáků a plazů) se 
na tvorbě zárodečných vrstev podílí pouze animální pól. K přechodu z holoblastického na 
meroblastický typ dochází obvykle zvětšením velikosti vajíčka ve srovnání se stavem ancestrální 
linie. Například embrya několika druhů žab a nekostnatých ryb se rýhovala holoblasticky, ale 
vzhledem ke zvětšené velikosti vajíčka a objemu žloutku je vegetativní pól považován za 
neslučitelný s buněčným dělením a má pozměněný způsob rýhování a tvorby zárodečných 
vrstev.

Jeseteři (Acipenser) jsou označováni za živoucí fosilie a patří do linie paprskoploutví, kteří 
se vyvinuli asi před 200 miliony let. Jejich jikry jsou 2× větší než jikry X. laevis. Navzdory 
rozdílné velikosti si jejich embrya zachovávají téměř stejné vlastnosti jako embrya X. laevis. 
Nicméně vegetativní blastomery jeseterů jsou větší a dělí se pomaleji než u X. laevis. Byla 
vyslovena domněnka, že vegetativní blastomery jeseterů jsou extraembryonální jako žloutek 
kostnatých ryb (dánio pruhované) a žloutkové buňky bichirů – nejstarší divergentní žijící 
skupiny paprskoploutvích ryb, mihulí (Petromyzontidae) – zachovalé linie bezčelistnatých ryb 
a žáby – Eleutherodactylus coqui. Kromě toho byl dosud nedostatečně prozkoumán způsob 
vývoje střeva jeseterů a jeho evoluční konzervace. V této studii jsme proto mapovali vývoj 
vegetativních blastomer a střev jeseterů a porovnávali je s jinými taxony.

Nejprve jsme pro vývoj robustní techniky specifi cké inhibice blastomer embryí jeseterů 
použili polynenasycené aldehydy odvozené od rozsivek, 2, 4-dekadienal (DD; modelový 
aldehyd pro experimentální studie). Embryím jeseterů jsme aplikovali optimalizované 
množství DD (0,01 v/v) a následně je ozařovali viditelným světlem (91,15–44,86 W m2). 
Pozoruhodné je, že DD plus světlo, a nikoliv samotná injekce DD nebo ozáření světlem, 
mohou inhibovat rýhování. Kromě toho qPCR-tomografi e odhalila, že lokalizace maternální 
mRNA zůstává u částečně se rýhujících embryích ve srovnání s normálními v ose animálního-
vegetativního pólu konstantní.

Ve druhé studii jsme pokračovali v mapování vývoje vegetativních blastomer jeseterů. 
Zjistili jsme, že z těchto blastomer vznikají primordiální zárodečné buňky (PGC) a zbytek 
blastomer tvořily vegetativní žloutkové buňky. Histologie plastických řezů odhalila, že jádra 
vegetativních žloutkových buněk se během vývoje embryí výrazně zmenšovala. Když bylo 
rýhování vegetativního pólu inhibováno, embryogeneze pokračovala, aniž by se vytvořily 
vegetativní žloutkové buňky. Acelulární žloutková hmota byla podobná jako u moderních 
kostnatých ryb (např. dánií). RT-qPCR a pulz BrdU navíc odhalily, že žloutkové buňky se po 
MBT stávají transkripčně neaktivními. Naše výsledky zde naznačují, že meroblastické rýhování 
paprskoploutvích se vyvinulo fúzí vegetativních blastomer, což je paralelní s blízce příbuznou 
skupinou, např. kostlínů (Lepisosteidae), která se vyvinula přibližně před 57 miliony let.

Nakonec jsme pokračovali ve sledování vývoje střeva jeseterů a jeho srovnání s dalšími 
taxony včetně holoblastických (X. laevis, bichir a myš) a meroblastických (kuře, kostlín a dánio) 
zástupců. K tomuto účelu jsme použili histologii, in-situ hybridizaci (HCR) a imunohistochemii. 
Zjistili jsme, že endodermální buňky jeseterů tvoří archenteron (primitivní střevo) jako u žab 
a bichirů. Tyto buňky však pokračovaly v lateroventrální proliferaci, aby obklopily obrovské 
množství žloutkové hmoty a daly vzniknout “žloutku uvnitř střeva”. Mezidruhové srovnání 
ukázalo, že jeseteři si během evoluce obratlovců zachovali jedinečný způsob vývoje střeva, 
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který se nezachoval u žádného obratlovce včetně těch, kteří si zachovali holoblastické nebo 
se u nich vyvinulo meroblastické rýhování.

Závěrem lze říci, že naše současná zjištění naznačují, že vývoj embrya jeseterů představuje 
odlišný přechod od holoblastického k meroblastickému šrýhovaní a také odlišný archaický 
způsob vývoje střevního endodermu.
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