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Abstract

We review morphological features of the amniote egg and embryos in a comparative
phylogenetic framework, including all major clades of extant vertebrates. We discuss
40 characters that are relevant for an analysis of the evolutionary history of the ver-
tebrate egg. Special attention is given to the morphology of the cellular yolk sac, the
eggshell, and extraembryonic membranes. Many features that are typically assigned
to amniotes, such as a large yolk sac, delayed egg deposition, and terrestrial repro-
duction have evolved independently and convergently in numerous clades of verte-
brates. We use phylogenetic character mapping and ancestral character state
reconstruction as tools to recognize sequence, order, and patterns of morphological
evolution and deduce a hypothesis of the evolutionary history of the amniote egg.
Besides amnion and chorioallantois, amniotes ancestrally possess copulatory organs
(secondarily reduced in most birds), internal fertilization, and delayed deposition of
eggs that contain an embryo in the primitive streak or early somite stage. Except for
the amnion, chorioallantois, and amniote type of eggshell, these features evolved
convergently in almost all major clades of aquatic vertebrates possibly in response to
selective factors such as egg predation, hostile environmental conditions for egg
development, or to adjust hatching of young to favorable season. A functionally
important feature of the amnion membrane is its myogenic contractility that moves
the (early) embryo and prevents adhering of the growing embryo to extraembryonic
materials. This function of the amnion membrane and the liquid-filled amnion cavity
may have evolved under the requirements of delayed deposition of eggs that contain
developing embryos. The chorioallantois is a temporary embryonic exchange organ
that supports embryonic development. A possible evolutionary scenario is that the
amniote egg presents an exaptation that paved the evolutionary pathway for repro-
duction on land. As shown by numerous examples from anamniotes, reproduction on
land has occurred multiple times among vertebrates—the amniote egg presenting one

“solution” that enabled the conquest of land for reproduction.

KEYWORDS
allantois, amnion, chorion, evolution, extraembryonic membranes, morphology, yolk sac

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Journal of Morphology published by Wiley Periodicals LLC.

1080 wileyonlinelibrary.com/journal/jmor

Journal of Morphology. 2021;282:1080-1122.


https://orcid.org/0000-0001-7882-9482
https://orcid.org/0000-0001-9032-1163
https://orcid.org/0000-0002-0446-6102
mailto:starck@lmu.de
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jmor
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmor.21380&domain=pdf&date_stamp=2021-05-26

STARCK ET AL.

1 | INTRODUCTION

The structure of the egg and the extraembryonic membranes charac-
terize the taxon Amniota. Amniota were recognized early
(e.g., Haeckel, 1866; Gegenbaur, 1870; review of history in: Black-
burn & Stewart, 2021), long before a strict phylogenetic toolkit
(e.g., Hennig, 1966) was available. Today, the conjoint occurrence of
amnion, chorion, allantois, and cellular yolk sac is considered a com-
plex and highly integrated autapomorphic character (Ax, 2003;
Mickoleit, 2004). Of course, the taxon Amniota is well corroborated
by osteological (e.g., Gauthier et al, 1988) and molecular
(e.g., Hasegawa, 2017) characters. The structure of the egg and the
extraembryonic membranes of Amniota are often considered the key
to their evolutionary success. Specifically, the conquest of terrestrial
habitats for reproduction has been related to the occurrence of an
amniotic egg (e.g., Romer, 1957; Carroll, 1970, 1991; Luckett, 1977,
Packard & Seymour, 1997; but see discussion(s) in: Kohring, 1995;
Laurin & Reisz, 1997; Wilkinson & Nussbaum, 1998; Laurin &
Girondot, 1999; Laurin, 2005, 2010; Laurin et al., 2000; Skulan, 2000;
Martin & Carter, 2013).

The avian egg stands almost paradigmatic as the standard exam-
ple of an amniote egg. However, considerable morphological, physio-
logical, and ecological diversity exists among amniote eggs
(e.g., Packard and Packard (1980); Packard and Seymour (1997);
Blackburn (1982, 1985, 2000, 2005); Deeming (2004); Blackburn and
Flemming (2009), and Stewart (2013) for functional and physiological
perspectives on the diversity of amniote eggs especially among squa-
mates). Many features typically assigned to the amniote egg are in fact
autapomorphic for modern birds (Neornithes), but do not characterize
the amniote egg. Even a superficial overview of egg structures in
other clades of (extant) sauropsids uncovers a considerable morpho-
logical diversity of eggshells, shell membranes, structure and composi-
tion of yolk and albumen, and the extraembryonic membranes. This
morphological diversity of eggs accompanies a remarkable diversity of
reproductive modes.

An increase in data related to egg structure and extraembryonic
membranes of various groups of sauropsids in recent vyears
(e.g., reviews in Blackburn, 2020; Stewart, 2020) coupled with contin-
ued exploration of phylogenetic relationships (see below) suggests
that a summary of the current state of knowledge presented in a phy-
logenetic framework would be informative. Therefore, we analyze in
detail the morphological diversity of amniote and vertebrate eggs,
map the observed features on an existing phylogeny, reconstruct the
ground pattern (= ancestral state reconstruction) of the eggs for
the major clades of vertebrates, and trace the evolutionary history of
the amniote egg.

The phylogenetic relationships among amniote taxa are currently
controversial, with three major hypotheses; especially the position of
Chelonia is uncertain (e.g., Hedges, 2012; Laurin & Reisz, 1997).
Gauthier et al. (1988) considered turtles the sister taxon to a clade
containing Lepidosauria and Archosauria. This topology has gained

wide acceptance among morphologists and paleontologists (Laurin &
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Reisz, 1995; Lee, 1997) and was relatively recently supported by
developmental data (Werneburg & Sanchez-Villagra, 2009). An
alternative hypothesis with turtles as diapsids and sister to
lepidosaurs (Hill, 2005; Rieppel, 2000; Rieppel & DeBraga, 1996)
has also gained wide acceptance. Recent molecular phylogenies
support a phylogenetic position of turtles among diapsids and rec-
ognize lepidosaurs as a basal branch of sauropsids, while turtles are
sister to archosaurs (Archelosauria; e.g., Zardoya & Meyer, 1998;
lwabe et al., 2005; Chiari et al., 2012; Field et al., 2014; Crawford
et al,, 2015).

The fact that the stem group of Tetrapoda branches into
Amphibia and Amniota, and both groups differ substantially in egg
morphology complicates ancestral state reconstruction for Amniota.
Therefore, our comparison includes Dipnoi as the extant outgroup to
Tetrapoda (Tetrapoda + Dipnoi = Choanata; Ax, 2003) to evaluate
the ancestral character state in these basal branches. However,
because characters such as megalecithal eggs, meroblastic cleavage,
and a cellular yolk sac also occur in Myxinidae, Chondrichthyes, some
Actinopterygii, and Coelacanthiformes (Latimeria) the ancestral char-
acter state reconstruction of these characters ultimately has to con-
sider the phylogenetic root of vertebrates.

No doubt, as long as the phylogenetic relationships among
Amniota (especially among Sauropsida) are not resolved, and as long
as our knowledge of egg morphology and early development of some
taxa remains incomplete, insights and explanations gained from this
analysis remain temporary. However, by recognizing gaps in our
knowledge, this review provides focus for future research.

A note on methods: this article reviews published data on
reproductive morphology as completely as possible and maps the
recognized characters on an existing phylogeny of the vertebrates.
As is the nature of scientific data and inherent to a review of publi-
shed material, information about species is scattered, heteroge-
neous in detail, and imbalanced on a taxonomic level, because
original research was not based on a common theme and focus.
Some major clades are represented only by few species and varia-
tion is often not grasped; small taxa might appear overrepresented
because of their key-position in the current phylogenetic system.
While this requires generalizations and represents a certain limita-
tion for interpretations, it also highlights the need for more homog-
enous and complete data sampling.

The phylogram we use is derived from the morphological phylo-
genetic analysis by Ax (1984) and Mickoleit (2004) and is compatible
with other recent (partial) phylogenies (e.g., Laurin & Reisz, 1997). The
phylogenetic hypotheses presented by Ax (1984) and Mickoleit (2004)
have the same topology of the cladogram (but differ slightly in the
teminology). We deviate from those authors by considering cyclo-
stomes (i.e., Myxinoidea, Petromyzonoidea) to be monophyletic
(Kuraku et al., 1999; Kuratani & Ota, 2008a, 2008b). We use a con-
ventional position of Chelonia as basal branch of Sauropsida (Gauthier
et al., 1988; Laurin & Reisz, 1995; Lee, 1997; Werneburg & Sanchez-
Villagra, 2009). Characters are discussed and morphologically vali-

dated (for possible convergence and parallel evolution) in the text;
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they are summarized in Table 1 and, using parsimony principles, plot-
ted on the phylogram. Of course, we are aware of conflicts and dis-
cussions that come with other hypotheses. However, since we had to
decide for one phylogram as the basis for our review, we choose a
conventional phylogeny. Results of our character mapping may differ
when using another phylogenetic topology. This is an inherent prob-
lem when working with phylogenetic hypotheses. We make data, the
phylogeny used, and the interpretations explicit, so that it may be
adjusted to other phylogenetic hypotheses that might become avail-

able in future.

2 | LITERATURE REVIEW AND
COMPARISONS
21 | Basal vertebrates

A large yolk, overgrown by a cellular yolk sac and meroblastic cleavage are
often considered exclusive features of the amniote egg. However, a cellular
yolk sac occurs in Cyclostomata, Chondrichthyes, numerous Actinopterygii,
and a frog (Eleuterodactylus coqui; Elinson & Beckham, 2002). It is always
associated with poly- or megalecithal eggs and, in clades that evolved
(some form of) viviparity, may establish feto-maternal exchange structures.
A correct ancestral character state reconstruction therefore has to consider
those basal branches of the vertebrate phylogeny.

Cyclostomata: Cyclostomes is a monophyletic group that contains
lampreys and hagfishes (e.g, Miyashita et al, 2019). Lampreys
(Petromyzonoidea; Figure 1) have small, oligolecithal eggs, external fertili-
zation, holoblastic cleavage, and incorporate yolk during blastula forma-
tion (Lampetra fluviatilis: plate 11 in Glaesner, 1910 [Figure 1]; Lampetra
sp.: figures 65 and 69 in Pasteels, 1958; Petromyzon planeri (Figure 2):
plate 28 in Kupffer, 1890 [Figures 1, 2]; P. marinus: Piavis, 1961, 1971;
Richardson et al., 2010; Figure 4 in Richardson & Wright, 2003), such as
basal Actinopterygii, Dipnoi and Amphibia. Species of Myxinoidea have
megalecithal eggs (Eptatretus stoutii (Figure 3): Dean, 1898; E. hexatrema:
Gilchrist, 1919; Myxine sp.: figures 22 and 23 in Walvig, 1963), with yolk
being deposited in layers of yellow and white yolk (Riddle, 1911); mero-
blastic cleavage (Dean, 1899; Doflein, 1899; Gorbmann, 1997), and grow
a cellular yolk sac (e.g., E. stoutii: plates 18 and 19 in Dean, 1899 [Figure 3];
E. burgeri: figure 11 in Ota & Kuratani, 2008). According to Miyashita and
Coates (2015), the inner layer of the yolk sac is syncytial, and the outer
layer carries large blood vessels. The topography of the blood vessels of
the yolk sac, that is, two large anterior, one large posterior vitelline vessel
and multiple, serial lateral blood vessels (cf. plates 18 and 19 in
Dean, 1899; figure 11 in Ota & Kuratani, 2008 [Figure 3]) differs substan-
tially from the topography of the yolk sac vessels described for any other
vertebrate. Although the topography of the blood vessels has not been
discussed in detail, its difference to the branching pattern of vitelline
blood vessels found in other vertebrates is so striking that it might be
considered evidence for an independent evolutionary origin of the cellular
yolk sac and its vascularization in Myxinoidea. Despite megalecithal eggs
and an amorphous (“horny”) eggshell (with a micropyle; Walvig, 1963;
Morisawa, 1999), hagfish eggs are most probably fertilized externally

(Gorbman, 1997; Miyashita & Coates, 2015; Powell et al., 2005). Because
Petromyzonoidea and Myxinoidea differ in their egg morphology and
cleavage pattern, a strict phylogenetic interpretation about the ancestral
character state of Cyclostomata is possible only based on an outgroup
comparison. Although it is beyond the scope of this review, a glimpse
at eggs and early development of Branchiostoma (e.g., Freeman &
Bracegirdle, 1982; B. japonicum: Hirakow & Kajita, 1990, 1991)
or Tunicata (e.g., Ascidiella aspersa: Niermann-Kerkenberg &
Hofmann, 1989; Oikopleura dioica: Stach et al., 2008; review in Stolfi &
Brown, 2015) shows small eggs and holoblastic cleavage without
formation of a yolk sac (= pattern observed in Petromyzon). This sug-
gests external fertilization of small, oligolecithal eggs, with holoblastic
cleavage and cellularization of the (few) yolk deposits as the ancestral
character state for vertebrates (see also figure 1 in Elinson, 2009).
Chondrichthyes (Figure 4): All oviparous and many viviparous spe-
cies of Chondrichthyes (Holocephali and Elasmobranchii) have large,
hard-shelled eggs, where large yolk deposits provide nutrients for the
developing embryo (reviews: Wourms, 1977; Carrier et al., 2004,
Holocephali: review by Didier, 2004; Hydrolagus colliei: Dean, 1903,
1906 [plate 8 in Dean, 1906; Figure 4]; Callorhinchus callorhynchus:
plate 12 in Schauinsland, 1903 [Figure 4]; C. milii: Didier et al., 1998).
Egg cases are built by a regular three-dimensional network of collagen
fibrils that is produced by the nidamental gland of the oviduct (Knupp
et al,, 1998; Luong et al., 1998). The egg case performs supportive,
protective, and filtering functions for the embryo. Fertilization is inter-
nal with copulatory organs and cleavage patterns are meroblastic (Dip-
turus batis (Figure 5): see plates 14 and 15 in Balfour, 1876; C.
callorhynchus: see plate Xll, figures 89-97 in Schauinsland, 1903;
H. collie see plates IV and V in Dean, 1906 [Figure 4]; Squalus
acanthias: plate 1 in Scammon, 1911; Scyliorhinus canicula: Figures 2
and 3 in Ballard et al., 1993). Most probably, lecithotrophic oviparity is
ancestral in Chondrichthyes, and various forms of viviparity including
matrotrophic viviparity involving a yolk sac placenta evolved indepen-
dently in several lines of Chondrichthyes (e.g., Lund, 1980; Hamlett
et al., 2005; cf. Musick & Ellis, 2005). The histological organization of
the lecithotrophic yolk sac has only rarely been described, but among
those species that have been studied a high similarity has been
reported (reviewed in Hamlett, 2005; four species of carcharhinid
shark: Hamlett & Wourms, 1984; Rhizoprionodon terraenovae: Hamlett
et al., 1987; S. acanthias: Jollie & Jollie, 1967; Galeus melastomus: Kon-
dakova et al., 2016). A yolk syncytial layer borders internally the yolk
sac endoderm. Immediately external to the endodermal epithelium
occur granular cells that are either glandular, or hematopoietic in func-
tion, and relate directly to the vitelline blood vessels. The pattern of
yolk sac blood vessels has not been studied but it differs substantially
from that observed in Myxinoidea (compare Figures 3 and 5). The
outer layers of the cellular yolk sac contain mesoderm derived smooth
muscle cells, granular cells, and a fine layer of connective tissue. The
yolk sac is externally (ectodermal) covered by a stratified epithelium
(TeWinkel, 1943; figure 2 in Hamlett, 2005). Despite the scarce and
scattered information, the histological organization of the yolk sac
suggests an evolutionary origin in the stem group of Chondrichthyes

independent from that of other vertebrates.
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Actinopterygii: Egg morphology and early development in
Actinopterygii (i.e, Cladistia, Chondrostei and Neopterygii [Lepiso-
steiformes, Amiiformes, Teleostei]) is important for a phylogenetic inter-
pretation of egg morphology, cleavage pattern, and yolk sac structures in
basal vertebrates. Cladistia: Bartsch et al. (1997) described the embryonic
and larval development of Polypterus senegalus. Eggs are small and cov-
ered by an adhesive vitelline membrane (chorion of fish eggs). Fertiliza-
tion is external. Cleavage is holoblastic and results in complete
cellularization of yolk (similar to basal Amphibia; Kerr, 1907). Chondrostei
also show holoblastic cleavage and patterns of gastrulation that resemble
basal amphibian development (Acipenser transmontanus: Bolker, 19933,
1993b; A. baerii (Figure 6): Park et al., 2013). Eggs are covered by a four-
layered egg capsule, one layer being structurally identical to the jelly coat
described for Amphibia (A. transmontanus; Cherr & Clark Jr., 1982).

Neopterygii (Figure 7): Lepisosteiformes: Lepisosteus sp. has rela-
tively large eggs (~3 mm in Lepisosteus osseus; Long & Ballard, 2001)
surrounded by a jelly coat are externally fertilized (Agassiz, 1879;
Balfour & Parker, 1882). Long and Ballard (2001) reported that cleavage
and incorporation of yolk during early development of L. osseus differ
from that of other members of Neopterygii and Chondrostei. Lep-
isosteus osseus has relatively large eggs, with a well-defined egg mem-
brane and jelly layer, incomplete (pseudo-meroblastic) cleavage (plate
21 in Balfour & Parker, 1882 [Figure 7]; figure 3A-D in Long & Bal-
lard, 2001), and a well-defined yolk syncytial layer. Lepisosteus osseus
embryos develop a vascularized yolk sac, but details of its histology and
microscopic anatomy have not been documented. Egg morphology and
early development are similar to those in teleosts (see also discussion in
Elinson, 2009). Amiiformes: Amia calva (Figure 8) has relatively large (2.2
X 2.8 mm), oblong eggs covered by egg membranes as in Lepisosteus
(Dean, 1896). Cleavage is unequal but holoblastic, and includes yolk
into gigantic blastomeres (figures 13-19 and plate 19 in Whitman &
Eycleshymer, 1897; Figure 8; Ballard, 1986). These yolky blastomeres
are incorporated by epiboly. An overall similarity to amphibian develop-
ment has been highlighted (Brachet, 1912 cit. in Ballard, 1986).

Teleostei: A vast diversity of developmental strategies and develop-
mental modes characterizes teleost fishes. A phylogenetic analysis of
reproductive morphology is not available but the features reported here
characterize Teleostei as apomorphic features. By doing so, we do not try
to fully characterize the teleost diversity in reproductive morphology. The
relevant point here is that reproductive morphology of teleosts as a taxon
is derived. Numerous teleost fishes have polylecithal eggs and develop an
external cellular yolk sac. Teleost cleavage is meroblastic (review in
Collazo et al., 1994; Desnitskiy, 2015). The yolk sac of teleost fishes is
originally formed by the yolk syncytial layer, has no endodermal epithe-
lium, and the yolk complex is not a component of the digestive system
(e.g., Kondakova et al., 2017; Kondakova et al., 2019; Kondakova &
Efremov, 2014). The yolk sac is later overgrown by epiboly from lateral
folds of the early embryo (e.g., Carvalho & Heisenberg, 2010). The endo-
dermal organizer, which is active during gastrulation, differs from that of
the more basal Actinopterygii (Cooper & Virta, 2007). This, together with
the divergent cytoarchitecture of the yolk sac of teleosts, suggests an
independent evolutionary origin of meroblastic cleavage and the structure
of the yolk sac in teleost fishes (Collazo et al., 1994; Desnitskiy, 2015, but
see discussion in Elinson, 2009).

Coelacanthiformes: Latimeria chalumnae (Figure 9) has large eggs
(8.5-9.0 cm diameter), cleavage is (not described) most certainly mer-
oblastic, and it develops a cellular, vascularized yolk sac (Figure 9). The
exterior surface of the yolk sac is lined by a single-layered, squamous
epithelium that surrounds a bed of cortical sinuses. The inner surface
is bounded by a layer of yolk-digesting cells. The interior surface of
the sac is vascularized; no connection seems to exist between the
interior of the yolk sac and the gut (Wourms et al., 1991). Latimeria is
viviparous and embryos have been suggested to use both
lecithotrophy and matrotrophy (Balon, 1991; Wourms et al., 1991).
However, claims for matrotrophy have been rebutted by other
researchers (Fricke & Frahm, 1992; Heemstra & Greenwood, 1992).
Copulatory organs and even a cloaca are missing (Dingerkus

et al., 1978). The derived features of the egg, the pattern of early

FIGURE 1

Petromyzonoidea, eggs and cleavage. (a) Lampetra fluviatilis, early development, holoblastic cleavage. Plate 11, figures 1-30 from

Glaesner (1910). (1) fertilized egg with external protective layers. (2-5) consecutive images of formation during first cleavage; external layers not
shown; (5) about 20 h post fertilization. (6) Beginning of second cleavage. (7) Same egg from top view. (8) slightly advanced stage of second
cleavage. (9) Same egg from top view. (10, 11) Incomplete stage of second cleavage; 22-23 h post fertilization. (12) 4 cell stage, 24 h post
fertilization. (13) Beginning of third, equatorial cleavage; 25 h post fertilization. (14, 15) two successive stages during 3rd cleavage. (16) 8-cell stage
with unusual radial arrangement of the micromeres. (17-19) More frequently encountered arrangement of the 8-cell stage; 27-30 h post
fertilization. (20) 12-cell stage; 31 h post fertilization. (21-23) Displacement of micromeres, in 22, 23 macromeres already in division; 32 h post
fertilization. (24) Figure 22 from vegetal pole. (25) Somewhat later. (26) Division of macromeres mal and ma2, mal being somewhat advanced. (27-
29) Three stages of blastula from lateral view. (30) Vertical section through an egg just before first cleavage. Caption translated from original
(shortened and edited) [chiefly #1 above] by JMS. Glaesner, L. (1910). Studien zur Entwicklungsgeschichte von Petromyzon fluviatilis. Zool. Jahrb.
(Anat.) 29, 139-190. Downloaded 25.08.2020 from biodiversity heritage library: https://www.biodiversitylibrary.org/page/11609919 (copyright in
public domain). (b) Petromyzon planeri, early cleavage stages, gastrulation and early embryogenesis. Plate 27 from Kupffer (1890). (1-6) Cleavage
stages of P. planeri drawn in translucent light; mag. 35:1. (7) Schematic drawing of the orientation of cleavages. (8) Cross-section through an egg at
12 h post fertilization. (9) Cross-section through an egg at 24 h post fertilization; mag. 35:1. (10) Beginning formation of the blastoderm on the
dorsal side; mag. 60:1. (11, 12) Gastrulation; mag. 60:1. (13) Dorsal furrow (r), does not extend to the blastopore (bl); mag. 35:1. (14) Dorsal furrow
on the bulging rudiment of the embryo. (15) Shape of the egg on the 4th day (Neapel); mag. 35:1. (16) Shape of egg and embryo at beginning of the
sixth day (Neapel); mag. 35:1. (17) Embryo from the second half of the sixth day; mag. 35:1. (18) Embryo from the second half of the seventh day.
Caption translated from original by JMS. Kupffer, C. (1890). Entwicklung von Petromyzon planeri. Arch. Mik. Anat 35, 469-558. Downloaded
12.2.2021 from biodiversity heritage library: https://www.biodiversitylibrary.org/page/14005544 (copyright in public domain)
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FIGURE 2  Petromyzon planeri, early development, holoblastic cleavage and yolk endoderm (Plate 28, from Kupffer, 1890). (20) Cross-section
through the dorsal region of a gastrula. (21) Cross-section through the dorsal region at beginning upfolding of ectoderm. (22) Cross-section
through the dorsal region of an egg during advanced formation of the primitive streak. (23, 24) Consecutive stage during formation of the
primitive streak in the anterior region of the embryo. (25, 26) Cross-section through the anterior region of the embryo after differentiation into
neural chord with paired ganglia and notochord. (27) Median sagittal section through an embryo at the end of fourth day. (28) Median sagittal
section through an embryo at between 5th and 6th day. (29) Median sagittal section through an embryo at beginning of the third period (6th day).
(30, 31, 32, 33, 34) Consecutive cross-sections through the head of an embryo in the 2nd period; 5th day. (35) Cross-section through the head
and tail of an embryo in the 2nd period; 5th day. (36, 37) Cross-sections through the transition between head to trunk. Cells in the dorsal region
of the neural chord are irregular. (38) A single cell of the notochord. the cytoplasm containing yolk cytoplasm is external, the yolk free cytoplasm
with two nuclei is central. Abbreviations: bl, blastopore; ch, notochord; d, embryonic gut; dr, dorsal side; ep, epidermis; g, ganglion; hch,
hypochord; ms, mesoderm; msf, mesoderm folds; msm, mesomeres; n, neural chord; nm, r, primitive groove; t, teloblast; ven, anterior endoderm
pocket. Caption translated from original by JMS. Kupffer, C. (1890). Entwicklung von Petromyzon planeri. Arch. Mik. Anat 35, 469-558. .
Downloaded 12.2.2021 from biodiversity heritage library: https://www.biodiversitylibrary.org/page/14005544 (copyright in public domain)

development of Latimeria, and the unknown features of the many
extinct basal sarcopterygian taxa, make ancestral character recon-
struction for Sarcopterygii a difficult task.

Dipnoi (Figure 10): Eggs of Dipnoi have been described as “heavily
yolked, hemispherical in shape, and enclosed in a single vitelline and
triple jelly envelope. The egg itself is about 3 mm across, with the jelly,
1 cm across” (Neoceratodus forsteri: Kemp, 1982, 1987, 1997, 2011).
Protopterus dolloi also has a thick jelly coat, while the jelly coat in
Lepidosiren paradoxa is reduced or vestigial (Kerr, 1900). The jelly coat
is secreted by the oviduct and functions as a protective layer; there is

no collagenous eggshell membrane. Fertilization is external. Cleavage

of the egg is holoblastic in all species (e.g., N. forsteri: figure 1 in
Kemp, 1982; Figure 10; L. paradoxa: plate 8 and 9 in Kerr, 1900; Fig-
ure 10) but is irregular in N. forsteri (figures 1-3 in Kemp, 1982).

2.2 | Amphibia

In extant amphibians, the yolk is surrounded by a vitelline membrane
and externally covered by a jelly coat (= egg capsule). Egg size (diame-
ter) averages at ~2.5 mm (Desnitskiy, 2014), with a range between

0.5 and 10 mm (Gastrotheca ceratophrys; G. weinlandii; Hemiphractus
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FIGURE 3 Eptatretus stoutii, early development and yolk sac development (plates XVIIl and XIX from Dean, 1899 [figure and caption reprinted
from Ota & Kuratani, 2008]). The figures in Plate XVIII are from preserved specimens, with the exception of those of the last two eggs. Figures 34
and 35 are drawn from the same embryo. Figures 48, 49, and 50 are from the same embryo. All the embryos in Plate XIX were drawn from live
specimens. Figures 52, 53, and 54 are derived from the same embryo. The embryo in figure 70 is a late embryo, corresponding to that shown in
Plate XIX, figure 66, drawn after this embryo was fixed. The head and tail of this embryo are shown lifted from the yolk sac. The late embryos in
figures 61 and 65 correspond to the embryos in figures 126 and 127, respectively. The young specimen in figure 128 corresponds to that in figure
72. The late embryo (larva) at about the time of hatching was also drawn in figure 72, and this embryo corresponds to figure 128, Plate XXV. Dean,
B. (1899). On the embryology of Bdellostoma stouti. A general account of myxinoid development from the egg and segmentation to hatching. In
“Festschrift zum 70ten Geburststag Carl von Kupffer” Gustav Fischer Verlag, Jena, pp 220-276. (copyright in public domain)

scutatus; del Pino & Escobar, 1981). The cleavage is holoblastic and
unequal, resulting in yolk-rich vegetal cells. The yolk is completely
cellularized during cleavage, and incorporated into the endoderm dur-
ing gastrulation. No cellular yolk sac is formed. It is generally accepted
that these features represent the group pattern of Amphibia
(e.g., Duellman & Trueb, 1986) though each group contains species
that deviate from this pattern. The structure of the amphibian egg and
the early embryological development have been described for numer-
ous species (e.g., Lissotriton vulgaris (Figure 11), Glaesner, 1925;
Andrias japonicas (Figure 12), Kudo, 1938; Ambystoma mexicanum:
Bordzilovskaya et al., 1989; Rana pipiens: Rugh, 1951; Microhyla
ornata: Shimizu & Ota, 2003; Microhyla fissipes: Wang et al., 2017; gen-
eralized staging tables in Gosner, 1960; review in Desnitskiy, 2014;
Desnitskiy & Litvinchuk, 2015). However, variation of egg size, cleavage
pattern (Desnitskiy, 2014; Desnitskiy & Litvinchuk, 2015), and

morphology of the jelly coat in Anura and Caudata (Altig &
McDiarmid, 2007; Salthe, 1963) suggest multiple independent evolu-
tionary lines of diversification within these taxa. An enormous diversity
of reproductive modes evolved in amphibian clades, including multiple
evolutionary origins of internal fertilization (Sever et al., 2003), post-
fertilization egg retention, direct development, origins of viviparity
(e.g., Gower et al., 2008; Kupfer et al., 2016; Wake, 1972, 1977a,
1977b, 1992, 1986, 2015; Wilkinson & Nussbaum, 1998) and fully ter-
restrial reproduction (Goin & Goin, 1962; Wake, 1978). The cleavage
pattern of species with comparatively large eggs (e.g., Ensantina
eschscholtzii: egg diameter 6.1 mm; Collazo & Keller, 2010) is meroblas-
tic until approximately the 16-cell stage. Eggs of Gastrotheca rhi-
obambae are 2.1-3.6 mm in diameter. First cleavage is total but later
cleavages become irregular resulting in an embryonic disk (del Pino &
Elinson, 1983; del Pino & Escobar, 1981, Elinson & del Pino, 1985).
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Eggs of Eleutherodactylus coqui have a diameter of ~3.5 mm and
meroblastic cleavage resulting in the formation of an embryonic
disk, and the origin of a nutritional endoderm, that is, a tissue that
provides nutrition, but does not differentiate into digestive tract
tissue. This is a remarkable, independent origin of a “yolk sac-ana-
logue” in amphibians (e.g., Buchholz et al., 2007; Elinson, 2009;
Elinson & Beckham, 2002; Elinson & del Pino, 2012).

Caecilians show a considerable diversity of their reproductive strate-
gies ranging from oviparity, through egg retention, direct development
and viviparity including altricial and precocial young (Diinker et al., 2000;
Kupfer et al., 2006; Kupfer et al., 2016). Internal fertilization has been
reported for many species and is presumed for all species (e.g., Goin &
Goin, 1962; Wake, 1977a, 1993, 2015) and even pseudo-
meroblastic cleavage has been reported (Ichthyophis glutinosus
(Figure 13): Sarasin & Sarasin, 1887; Svensson, 1938; Hypogeophis
rostratus: Brauer, 1897; Duinker et al., 2000). Riddle (1911) reports
that the polylecital eggs of Ichtyophis are structured into layer(s) of
yellow and white yolk and have a central latebra. However,
according to Kupfer et al. (2016) oviparity, holoblastic cleavage of

yolk rich eggs, and lecithotrophic development of the embryo
resulting in aquatic larvae, represent the developmental ground
pattern of caecilians. Thus, it is highly probable that this also repre-
sents not only the ancestral character state of Amphibia, but, con-
sidering outgroup Dipnoi, also Tetrapoda. One may add that
internal fertilization by means of intromittent organs (modifications
of the male cloacal and body wall musculature; Wake, 1977b) are

an autapomorphic feature of caecilians.

23 | Amniota

231 | Mammalia

The basal branch of Mammalia is Monotremata (Figure 14), the only
group of mammals that lays eggs. The ovulated eggs of Ornithorhynchus
are about 3.5-4 mm in diameter, are rich in yolk, and undergo mero-
blastic cleavage. Caldwell (1887) described the incomplete meroblastic
cleavage, a feature found only in Monotremata among mammals, but

FIGURE 4 Chondrichthyes, Holocephali, drawings of cleavage and early developmental stages. (a) Callorhinchus callorhynchus (plate 12 from
Schauinsland, 1903). (89, 90) Blastoderm (different proportions length/width are probably caused by dissection). (91-95) cross-sections through the
posterior part of embryo shown in figure 90. Figure 91 is through the most posterior part of the embryo which is already elevated above the yolk.
(96, 97) longitudinal sections through an embryo, which was considerably younger than the embryo shown in figure 89. Only the posterior part of
the sections is drawn. Caption translated from original (shortened and edited) by JMS. Schauinsland, H. (1903). Beitrage zur Entwicklungsgeschichte
und Anatomie der Wirbeltiere |. Sphenodon, Callorhynchus, Chamaeleo. Zoologica 39, 1-98. (Verlag Erwin Nagele, Stuttgart). Downloaded
20.10.2020 from Biodiversity Heritage Library https://doi.org/10.5962/bhl.title.11952 (copyright in public domain). (b) Hydrolagus collie (plates 4 and
5 from Dean, 1906). Plate 4: Stages of fertilization, segmentation and blastula (18) (preparations magnified about 15 diameters. All drawings from
fresh material. Figures 22 to 28 from camera drawings of embryos which had been removed from the egg and viewed as transparent objects.)
Figure 18. Late stage of fertilization. The oblong shape of the germinal area is due to artifact. The preparation illustrates the number and size of the
entrance pits of spermatozoa and the extent of the marginal groove. Figure 19. Later stage of fertilization. This indicates the extent of the marginal
groove and the difference in size of the entrance pits of the spermatozoa. Figure 20. Stage showing in surface view a single furrow. As already
noted, however, this stage is not one of first segmentation, since it contains several segmentation nuclei. Surrounding the germinal area is a narrow
groove margined outwardly by eminences containing sperm nuclei. Figure 21. Stage similar to foregoing, but showing at the surface four
blastomeres. Figure 22. Stage of early segmentation. Here the marginal areas containing sperm nuclei are far less conspicuous. Figure 23. Stage
similar to the preceding. Figure 24. Stage of segmentation. Figure 25. Stage of late segmentation. Blastomeres in resting stage. Figure 26. Stage of
late segmentation. Figure 27. Stage of late segmentation. The darker color of the central blastomeres indicates a greater depth in this region of the
germ. Figure 28. Blastula. In this stage inter-blastomeral lines were traced over the light-colored circumgerminal ring. Figure 29. Blastula. Viewed as
an opaque object, and showing a sharply marked boundary between the blastoderm and the circumgerminal ring. Plate 5: Blastula, gastrula and early
embryos. (preparations magnified about 15 diameters. In figures 30-34 the circumgerminal zone has been inaccurately lithographed; it should
appear less conspicuous, its outer margin merging insensibly into the surrounding yolk.) figure 30. Late blastula, showing especially the extent of the
circumgerminal ring and its irregular margin. Figure 31. Early gastrula. The transverse shadow at the lower end of the germinal area represents the
beginnings of the archenteric cavity. Figure 32. Early gastrula, showing the extent of the archenteric space. Figure 33. Gastrula, showing the
appearance of the head region of the embryo. In this preparation merocytes could be distinguished in the outer part of the circumgerminal ring.
Figure 34. Gastrula, showing the early embryo and the extent of the segmentation cavity. Figure 35. Gastrula, slightly older, showing the early
vascularization of the blastoderm. figure 36. Gastrula, showing early embryo at a stage corresponding with Balfour's stage C in the shark. Figure 37.
Blastoderm, showing embryo at a stage corresponding with Balfour's stage F in the shark. Figure 38. Blastoderm and embryo at a stage
corresponding with Balfour's stage G in the shark. Original caption from: Dean, B. (1906). Chimaeroid fishes and their development (no. 32). Carnegie
Institution of Washington. pp. 1-194. Downloaded 20.10.2020 from Biodiversity Heritage Library https://doi.org/10.5962/bhl title.29471
(copyright in public domain). (c) Hydrolagus collie (plate 8 from Dean, 1906). Figure 47. Embryo and blastoderm shown attached to irregular mass of
yolk. The embryo is of the stage shown in plate vn, figure 44. It will be seen that a deep crease marks the line of separation of blastoderm and yolk,
y. figure 49. Late embryo. Age unknown (probably five or 6 months), corresponding approximately to Balfour's stage N in shark. Although this
specimen was examined living, and was apparently uninjured, its body cavity was filled with blood cells. Observe also the enlarged blood-knots in
the external gills and the position of the spiracle denoted in this figure by the small red spot immediately above the rim of the upper jaw. (Embryo's
length 35 mm.). Figure 49 a. dorsal aspect of preceding specimen. This pictures more clearly the blood-knots of the external gills. Original caption
from: Dean, B. (1906). Chimaeroid fishes and their development (no. 32). Carnegie Institution of Washington. Pp. 1-194. Downloaded 20.10.2020
from biodiversity heritage library https://doi.org/10.5962/bhl.title.29471 (copyright in public domain)
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FIGURE 5 Dipturus batis, cleavage and early embryogenesis (plates 15 and 26 from Balfour, 1876). (a) (1) section through the germinal disc of
a ripe ovarian ovum of the skate. (2) surface-view of a germinal disc with two furrows. (3, 4, 5) surface-views of three germinal discs in different
stages of segmentation. (6) section through the germinal disc represented in (3). The engraver has in this figure not accurately copied my original
drawings in respect to the structure of the segmentation-furrows. x. Edge of germinal disc. (6 a, b) two furrows of the same germinal disc more
highly magnified. (6c) a nucleus from the same germinal disc highly magnified. (b) Plate 26, (1) yolk of a Pristiurus egg with blastoderm and embryo.
About two-thirds of the yolk has been enveloped by the blastoderm. the embryo is still situated at the edge of the blastoderm, but at the end of a
bay in the outline of this. The thickened edge of the blastoderm is indicated by a darker shading. Two arteries have appeared. (b) yolk of an older
Pristiurus egg. The yolk has become all but enveloped by the blastoderm, and the embryo ceases to lie at the edge of the blastoderm, owing to the
coalescence of the two sides of the bay which existed in the earlier stage. The circulation is now largely developed. it consists of an external
arterial ring, and an internal venous ring, the latter having been developed in the thickened edge of the blastoderm. outside the arterial ring no
vessels are developed. (c) the yolk has now become completely enveloped by the blastoderm. The arterial ring has increased in size. The venous
ring has vanished, owing to the complete enclosure of the yolk by the blastoderm. the point where it existed is still indicated (y) by the brush-like
termination of the main venous trunk in a number of small branches. (d) Diagrammatic projection of the vascular system of the yolk sac of a
somewhat older embryo. The arterial ring has grown much larger and the portion of the yolk where no vessels exist is very small (x). The brush-
like termination of the venous trunk is still to be noticed. the two main trunks (arterial and venous) in reality are in close contact as in Figure 5,
and enter the somatic stalk close together. The letter a which points to the venous (blue) trunk should be v and not a. (e) circulation of the yolk
sac of a still older embryo, in which the arterial circle has ceased to exist, owing to the space outside it having become smaller and smaller and
finally vanished. Abbreviations: a, arteries of yolk sac (red); bi, blastoderm; gv, germinal vesicle; n; nucleus; v, veins of yolk sac (blue); x, portion of
blastoderm outside the arterial circle in which no blood vessels are present; yk, yolk. Original, reformatted caption from Balfour, F. M. (1876). On
the development of elasmobranch fishes: The general features of the elasmobranch embryo at successive stages. J. Anat. Physiol. 10:2-411.
Downloaded 12.02.2021 from journal of anatomy, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1319107/pdf/janatphys00196-0163.pdf and
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1319085/pdf/janatphys00197-0060.pdf (copyright in public domain)
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FIGURE 6 Acipenser baerii, early
cleavages; figure 1 from Park

et al. (2013). (a-c) First cleavage to
form two cells. (d, e) Second cleavage
in animal hemisphere (four cells). (f)
Lateral view of four-celled embryo
showing the partial infiltration of
cleavage furrow into the vegetal
hemisphere. (g, h) Eight cells in animal
hemisphere. (i) Vegetal view of the
embryos showing eight cells in the
animal hemisphere. (j-1) embryos
showing 16 cells in animal hemisphere.
(m-o) irregular blastomeres formed
after fifth cleavage in the animal
hemisphere (animal view, lateral view
and vegetal view, respectively). (p-r)
continued cleavages in animal (p, q)
and vegetal (r) hemispheres.
Developmental time for each stage
can be referred to table 1. Scale bar:
A =1mm (a-r). Park, C, Lee, S. Y.,
Kim, D. S., & Nam, Y. K. (2013).
Embryonic development of Siberian
sturgeon Acipenser baerii under
hatchery conditions: An image guide
with embryological descriptions.
Fisheries and Aquatic Sciences, 16(1),
15-23 (copy right: CC-BC, NC 3.0)
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FIGURE 7 Lepisosteus osseus, cleavage and early embryogenesis. (1-4) Different stages in the segmentation of the ovum. (1) Ovum with a
single vertical furrow, from above. (2) Ovum with two vertical furrows, from above. (3) Side view of an ovum with a completely formed
blastodermic disc. (4) The same ovum as Figure 3, from below, showing four vertical furrows nearly meeting at the vegetative pole. (5-10)
external views of embryos up to -time of hatching. Figure 5. Embryo, 3*5 mm long, third day after impregnation. (6) Embryo on the fifth day after
impregnation. (7) Posterior part of same embryo as Figure 6, showing tail swelling. (8) Embryo on the sixth day after impregnation. (9) Embryo on
the seventh day after impregnation. (10) Embryo on the eleventh day after impregnation (shortly before hatching). (11) Head of embryo about the
same age as Figure 10, ventral aspect. (12) Side view of a larva about 11 mm in length, shortly after hatching. (13) Head of a larva about the same
age as Figure 12, ventral aspect. (14) Side view of a larva about 15 mm long, 5 days after hatching. (15) Head of a larva 23 mm in length. (16) Tail
of alarva 11 cm in length. (17) Transverse section through the egg-membranes of a just-laid ovum. (we are indebted to professor W. K. Parker for
Figures 12, 14, and 15). Original, reformatted caption from Balfour, F. M. & Parker W. N. (1882). VII. On the structure and development of
Lepisosteus. Philos. Trans. Roy. Soc. 173, 359-442. Downloaded 17.02.2021 from philosophical transactions of the Royal Society https://
royalsocietypublishing.org/doi/pdf/10.1098/rstl.1882.0008 (copyright in public domain)
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FIGURE 8 Amia calva, cleavage and early embryogenesis. (a) Figures 13-19 from Whitman and Eycleshymer (1897). (13) Oblique section of
an egg in the stage of the fourth cleavage, just before the fifth cleavage. The plane of the section is represented by the dotted line 13-13 in (7).
The section shows on one side that the fourth cleavage has not yet cut off the central cells. (14) Oblique section of the same stage, passing along
the line 14-14 of (6). The section shows the plane of elongation of the nuclei in the marginal segments, which are soon to be divided by a set of
verticals, forming a part of the fifth cleavage. (15) Oblique section along the line 15-15- in (7). The section shows that the circular groove

(IV) becomes continuous below with the vacuolar spaces. (16 and 18). Vertical sections of the calotte from different eggs in the stage of fourth
cleavage. The sections show the vertical elongation of the nuclei of the central cells preparatory to the horizontal cleavage which is to divide
them. (17) Oblique section of an egg in a stage a little earlier than that shown in (19). The section passes in the plane indicated by the line 17-17
in (15). The section shows an exceptionally large cleavage cavity. It also shows numerous yolk nuclei lying at the inner ends of the large yolk
segments. (19) Vertical section of a typical blastula. The cleavage cavity in this egg is also exceptionally large. Some of the large yolk segments
may be seen, dividing at their inner ends, the cells thus derived being continually added to the calotte. (b) Plate 19 from Whitman and
Eycleshymer (1897)). All the figures were drawn from material fixed in chrom-osmic and preserved in 80% alcohol. (21a). View of the upper pole
of the egg, showing the position of the first groove and micropylar orifice. (21b). Profile view of the same egg. (22a) View of the upper pole of the
egg at the beginning of the second. (22b) Profile view of the same. (23a) View of the upper pole, showing symmetrical third verticals. (23b) Profile
view of the same. (24a) View of the upper pole in same stage as (23), showing an asymmetrical position of one of the third verticals. (24b) Profile
view of the same egg. (25a) The formation of the first set of circular grooves. (25b) Profile view of the same. (26a) The first set of circular grooves
completed, and the fourth set of (26b) Profile view of the same. (27a) Fourth set of verticals well advanced. (27b) Profile view of the same. (28a)
shows the addition of two new sets of circular grooves, one within, the other without, the first circular groove. (28b) Profile view of the same.
(29a) A little later stage, showing another set of circular grooves outside of those seen in (28). (29b) Profile view of the same. (30a) About the
same stage. (30b) Profile view of the same. (31a) The lower pole at about the same stage as figures 29 and 30. (31b) Profile view of the same.
(32a) A later stage. (32b) Profile view of the same. Original, reformatted caption from Whitman, C. O., & Eycleshymer, A. C. (1897). The egg of
Amia and its cleavage. Journal of Morphology, 12, 309-354. (reprinted under license number 5012441183133; 19.2.2021)
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FIGURE 9

shared with sauropsids. Gatenby (1922) reported details about the ripe
egg of Ornithorhynchus paradoxus, including a description of the struc-
turing of the yolk in an inner and an outer zone, and a latebra with a
central core, a neck and enlarged upper area under the germinal disc
(O. paradoxus: plate 12, figures 1, 3 in Gatenby, 1922; Echidna aculeata:
plate 1, figures 1-9 in Semon, 1894; Figure 14). These observations
have been confirmed (e.g., Gatenby & Hill, 1924; Flynn & Hill, 1939;
Hughes, 1993; Menkhorst et al., 2009; Carter, 2021 in this issue of the
Journal of Morphology) and compared with the occurrence of a latebra
in the yolk in sauropsids (Caldwell, 1887) and presence of white yolk
and a latebra in Echidna (Semon, 1894). The distinction between white
and yellow yolk goes back to Schwann (1847). Both types of yolk pri-
marily differ in the size of the yolk gobules and their subdroplets (small
in white yolk, large in yellow yolk; Riddle, 1911; Bellairs, 1961; Chang
et al,, 1977; Perry & Gilbert, 1985). White yolk is found in the latebra, a
thin superficial layer around the yolk ball, and in species with
megalecital eggs is deposited in thin layers of yellow and white yolk.
Layering follows a circadian pattern of yolk formation with the white
yolk being deposited at night and vyellow yolk during daytime
(Bellairs, 1961, Conrad & Warren, 1939, Riddle, 1911, Romanoff &
Romanoff, 1949). The occurrence of different layers of yolk is probably
related to the size of the yolk ball and the duration of yolk deposition, it
always occurs with megalecital eggs (Myxinoidea, Chondrichthyes,
some Amphibia, Amniota).

A considerable part of the embryonic development is intrauterine,

and egg laying is delayed (egg retention). During the extended uterine

Latimeria chalumnae, late embryo. (a) CT-image, coronal slice (#853 of a complete series of 3649 images) throughthe yolk sac
region. This specimen, a preserved embryo (AMNH 32949), is 308 mm long. It was found off Mutsamudu in Mozambique Channel (county-
Anjouan Island; drainage-western central Indian coast; collected by native fisherman/G. Garrouste; field number Anthony-62-#26, 7/1/1962).
(b) Photograph of the same individual showing the anterior part of the body and the yolk sac attached. Larger superficial blood vessels can be
recognized macroscopically. Abbreviations: gc, gill chamber; nt, notochord; ph, pharyngeal region; ys, yolk sac. Arrows in (b) indicate major yolk
sac blood vessels. Reference: Dr. Julian Humpbhries, 2002, “Latimeria chalumnae” (on-line), digital morphology. Accessed 12.2.2021 at http://
digimorph.org/specimens/Latimeria_chalumnae/whole/. Reprinted with permission (19.03.2021 granted by J. Maisano)

passage of the monotreme egg, a partially vascularized, cellular yolk
sac grows over the yolk ball (e.g., figure 61 in Semon, 1894). The
yolk is enclosed by a cellular yolk sac that grows primarily as a
bilaminar omphalopleure, but subsequently becomes trilaminar by
immigration of extraembryonic mesoderm. The nonvascularized area
of the cellular yolk sac absorbs maternal secretions (Hughes, 1993;
Hughes et al., 1977; Hughes & Hall, 1998) resulting in continued
growth of the egg by absorption of uterine secretions. Upon laying,
the egg has about 16-18 mm diameter. A thin three-layered eggshell
is deposited around the egg toward the end of the uterine period
(Hill, 1933; Hughes, 1984). When the egg is laid, it contains a ~19
somite embryo. Cells of the extraembryonic endoderm phagocytose
yolk spheres, blood vessels form in the extraembryonic mesoderm,
and the extraembryonic ectoderm remains flattened to cuboidal cells.
The yolk sac is not only the site of nutrient uptake of yolk, but also
the site of primary erythropoiesis. After egg laying, the extraembry-
onic ectoderm of the yolk sac supposedly becomes functional for gas
exchange.

We do not discuss specific adaptations of the therian eggs
because egg retention, intrauterine development, and the evolution of
feto-maternal exchange organs in Metatheria and Eutheria resulted in
modified morphologies of the egg as well as the extraembryonic mem-
branes, that is, amnion, serosa, allantois, and cellular yolk sac. Despite
their fascinating evolution and morphological diversity, feto-maternal
exchange organs among metatherian and eutherian mammals are
clearly clade specific apomorphic features and contribute little to the
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FIGURE 10 Legend on next page.
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reconstruction of the ground pattern of the amniote egg. Menkhorst
et al. (2009); Figure 5) recently summarized patterns of evolution of
the mammalian egg. They highlighted that in comparison to the
sauropsid/monotreme egg, which contained substantial quantities of
yellow and white yolk (latebra), marsupials had lost most or all of the
yellow yolk, lipid droplets, and yolk platelets, whereas the white yolk
vesicles were retained to provide extracellular matrix. Finally, in
eutherian mammals the white and yellow yolk were lost, except for
some few lipid droplets in some species. Metatheria maintain an egg-
shell (Mossmann, 1987; Tyndale-Biscoe & Renfree, 1987), but it is lost
in eutherian mammals (e.g., Ferner & Mess, 2011; Mossmann, 1987).
Carter (2020) in this issue of the Journal of Morphology reviews the
evolution of extraembryonic membranes in the major clades of

mammals.

2.3.2 | Sauropsida

Eggs of oviparous sauropsids are commonly large relative to those of
typical amphibians and actinopterygians. A thin vitelline membrane
and a variable amount of albumen surround a large yolk ball. A leath-
ery (i.e., collagenous) eggshell with calcium carbonate incrustations
covers the egg externally; however, the eggshell structure is variable
among sauropsids and hard shelled eggs have evolved in several line-
ages (Chelonia; Figure 15, Gekkota, Archosauria) in relation to nesting
ecology (Kohring, 1995; review in D'Alba et al., ; this issue of the Jour-

nal of Morphology). Cleavage is meroblastic resulting in a blastodisc,

e Wiy

residing on the yolk ball. Laid eggs always contain an embryo, but the
developmental stage depends on the duration of egg retention.
Among squamates, viviparity evolved in numerous clades (at least
115 convergent origins; Blackburn, 2005, 2015a, 2015b). Studies on
the structure and function of the laid egg are surprisingly rare and

information about many details is missing.

2.3.3 | Chelonia

Upon egg laying, the yolk is structured into a central, liquid yolk and a
peripheral yolk. To our knowledge and described only in Trachemys
scripta, the yolk mass is structured in 14-15 alternating layers of
white and yellow yolk spherically surrounding a center of white yolk
that extends with a neck right under the germinal disk. The center is
not well defined, but the stalk of white yolk extending under the ger-
minal disk, that is, the latebra, is (Callebaut et al., 1997). Turtles pos-
sess a biomineralized eggshell with a radial aragonitic crystal
structure; pore canals consist of widely separated simple tubes
(i.e.,’testudioid type”; Mikhailov, 1991, 1992;
et al., 2004; Gibbons et al., 2020). Turtles may have soft, flexible egg-
shells that are able to absorb water (Packard, 1980; Packard
et al., 1979), or rigid eggshells (e.g., Kinosternidae [Packard, Hirsch &
Iverson, 1984], Apalone spinifera [Packard & Packard, 1979],
Geochelone elephantopus [Hirsch, 1983]). Kusuda et al. (2013) recog-

Grellet-Tinner

nized six different types of eggshells with increasing complexity with
up to 4 layers. Type VI of Kusuda et al. (2013) has three calcified

FIGURE 10 Dipnoi, cleavage and early embryogenesis in Lepidosiren paradoxus and Neoceratodus forsteri. (A) Lepidosiren paradoxus, plates

8 and 9 from Kerr (1900). Plate 8. All the figures on this plate were drawn under a magnification of eight diameters, and were reduced by the
lithographer to 2/3the size of the original drawing. The actual magnification in the figures is therefore slightly over five diameters (5 1/3). Where
more than one figure of the same egg is given, a affixed to the number indicates view from above (i.e., from the animal pole aspect), s view from
side and b view from below. (1) Unfertilized egg from coelomic cavity. (2) Egg showing first segmentation furrow. (3) Egg with two primary
furrows, seen from above. (4) Egg after the appearance of the furrows of the third phase. (5) An egg of similar stage showing irregularity induced
by one of the furrows of the third phase being latitudinal. (6-9) lllustrating the further progress of segmentation. In Figure 9a the segmentation
cavity is indicated by a dark shadow. (10) Egg showing the commencement of invagination. (11) Slightly later stage seen from behind. In the side
view the diminishing segmentation cavity is indicated by a shadow. (12-14) These figures illustrate the shortening up of the line of invagination,
and the covering in of the yolk by the small superficial cells. Plate 9. Magnification as in Plate 8. The letters affixed to the numbers of the figures
on this Plate signify: h, view from behind; m, view looking down on middle of trunk region of the embryo from the dorsal side; I, view from the
side. (15) Egg slightly more advanced than that of (14). (16) Egg in which the medullary folds have appeared. (17) Egg in which the medullary folds
have become closely apposed in the mid-trunk region, and showing the continuity of the medullary folds behind the blastopore. (18) Egg showing
commencing fusion of the medullary folds. (19) Egg with the medullary folds nearly completely fused, and with first trace of the branchial
eminence on each side. (20) Egg in which the fusion of the medullary folds is completed. (21) A somewhat later stage in which the optic
outgrowths have appeared. (22) An egg in which the head fold of the embryo is beginning to develop. (23) Showing the segmentation of the
branchial eminence, and the commencing development of the tail fold. Abbreviations: bp, blastopore, br, branchial eminence; br I, Il branchial
arches; cap, egg capsule; emb, depression over medullary plate; epc growing edge of epiblast; ger, germinal cap; invag, line of invagination; mf,
medullary folds; oc, optic outgrowth from brain; pn, pronephros; pnd, pronephric duct; seg cav, segmentation cavity; yk, yolk cells. Original,
reformatted caption from Kerr, J. G. (1900). The external features in the development of Lepidosiren paradoxa, Fitz. Phil. Trans., B, 192, 299-330.
Downloaded 24.07.2020 from philosophical transactions of the Royal Society B (https://doi.org/10.1098/rstb.1900.0005). (copyright in public
domain). (b) Neoceratodus forsteri, normal series of divisions in early cleavage, stages 1-5. Camera lucida drawings from fixed specimens removed
from the vitelline and albumen membranes. Figure 1 in Kemp (1982). (A) Stage 1, uncleaved egg. (B) Stage 2, first meridional cleavage. (C) Stage
3, second meridional cleavage at right angles to the first. (D) Stage 4, the third meridional cleavage, slightly irregular, with furrows on the convex
surface lagging but usually dividing the cells from apex to base. (E) Stage 5, showing the first latitudinal cleavage, loss of the hemispherical shape
as the segmentation cavity develops and delayed furrows in the convex surface. Scale line 1 cm. Original caption from Kemp, A. (1982). The
embryological development of the Queensland lungfish, Neoceratodus forsteri (Krefft 1870). Mm. Qd. Mus. 20, 553-597. Downloaded 24.07.2020
from the Biodiversity Heritage Library https://www.biodiversitylibrary.org/page/52619118#page/185 (copyright CC-BY-NC-SA 4.0)
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layers, and an external organic cortex that makes it similar to eggshells
of birds. The similarity of the Apalone eggshell with avian
eggshells was highlighted by Packard et al. (1979)—except for the ara-
gonite crystallization of calcium carbonate in the turtle eggshell
(e.g., Kusuda et al., 2013).

Yolk sac morphology and yolk uptake in Chelonia have received
little attention historically. Agassiz (1857) described “a mesh of blood
vessels covered by a sheath of yolk” (Figure 15) see: Elinson
et al., 2014; Blackburn, 2020), but failed to recognize details of
cellularization. Recent studies on Chelydra serpentina and Trachemys
scripta (Blackburn, Lestz, Barnes, Appiah, & Bonneau, 2019; Black-
burn, Lestz, Barnes, & Powers, 2019) have revealed a morphological
pattern of cellularization of yolk and later association of cells with
invading blood vessels that now appears to be typical for sauropsids,
except birds (Blackburn, 2020). In these species, formation of the cel-
lular yolk sac involves proliferation of endodermal cells that invade
the yolk to phagocytose yolk material. Blood vessels only secondarily
grow into the mass of endodermal cells that arrange around them (for-
ming elongated “spaghetti-like” strands, as the authors call them, that
fill the yolk sac cavity). These processes cellularize the yolk material
and ultimately establish structures that supposedly function in uptake
and transport of nutrients through the vitelline vessels to the develop-
ing embryo.

Little information is available on amnion and chorioallantois for-
mation in turtles (Agassiz, 1857; Mitsukuri, 1891; Stewart, 1997).
Rhythmic, myogenic amnion contractions have been described for
various species of turtles (summarized in Turpaev & Nechaeva, 2000;
Nechaeva, 2009). The chorioallantois functions as embryonic respira-
tory organ (Birchard & Reiber, 1993, 1995) and storage for excreta.
The uptake of calcium from the eggshell through the chorioallantoic
ectodermal cells has been shown for Chelydra serpentina and Apalone
spinifera (Packard & Packard, 1991; Packard, Short, et al., 1984, Law-
niczak & Teece, 2005).

R Wiy

234 | Sphenodon
Sphenodon punctatus is sister group to squamates and thus takes a
crucial position in the phylogeny of sauropsids. However, because of
its endangered status, descriptions of the egg and early embryo-
genesis are rare, most detailed (invasive) investigations date back
to 19th and early 20th century. The tuatara has a semi-rigid egg-
shell with individual large mineralized units embedded in the exter-
nal layer of the collagenous eggshell matrix. Structure and
formation of the biomineralized eggshell are unique as compared
with other sauropsids (Cree et al.,, 1996; Packard et al., 1988;
Packard, Hirsch, & Meyer-Rochow, 1982). In the tuatara, the egg-
shell membrane is thick and externally covered by calcareous caps.
Columns of calcitic calcium carbonate penetrate deeply into the
shell membrane from the outer surface, and the surrounding fibers
are embedded in these columns. In comparison, the calcareous
layer of all other sauropsids is largely external to the shell mem-
brane. The unique type of eggshell of the tuatara, suggests that it is
a clade specific feature that differs from the more flexible eggshell
as found in Chelonia and many squamates (Choi et al, 2018;
Fernandez et al., 2015). However, tuatara females carry the eggs
for 7-8 months in utero (Cree et al., 1992), and the eggshell is
deposited slowly during that period. Thus, it is possible that the
unusual structure of the eggshell is related to the reproductive
physiology and adaptation to cold. It might also be a byproduct of
the slow secretion of the eggshell. The eggshell of tuatara is a clade
specific character. Because of the singularity of this character, we
cannot give explanatory priority to phylogenetic, functional, or
exaptive interpretations.

Dendy (1899) described the yolk and yolk sac of embryonic tua-
tara. He referred to the yolk as “usual yellow yolk” occupying almost
the entire egg with little albumen surrounding it. However, his

description of invasion of the yolk by blood vessels is of interest:

FIGURE 11

Lissotriton vulgaris, cleavage and early embryogenesis; plate 1 from Glaesner (1925). (1) Lateral view of a freshly laid egg with egg

membranes. (2) Stage 1, lateral view, a very minor size difference is observed between the two blastomeres. (3) Stage 3 lateral view, four
blastomeres of same size. (3) Stage 3, lateral view, four micromeres sit on top of the macromeres, cleavage furrows complete. (5) Stage 4, lateral
view, 12 micromeres are distinctly separated from macromeres. Bilateral symmetry recognizable, longitudinal axis of the embryo in the
orientation of the drawing. (6) Stage 5, lateral view, morula stage, upper hemisphere unequal, lower hemisphere smooth. (7) Stage 6, lateral view,
blastula, upper hemisphere smoother than lower. (8) Stage 7, lateral view, individual blastomeres cannot be recognized anymore, embryo slightly
elongate. (9) Stage 8, view onto blastopore. Blastopore is a somewhat irregular slit. (10) Stage 9, view onto blastopore. Blastopore is a distinct and
clear slit. (11) Stage 10 view onto blastopore. Blastopore is oval, faint indication of the lower blastopore lip. (12) Same embryo as in 11, lateral
view. (13) Stage 11, rear view, blastopore oval with a large yolk plug. (14) Same embryo as in 13, lateral view. (15) Stage 12, rear view, blastopore
smaller than before, surrounded by inconspicuous swelling. (16) Stage 13, dorsal view, posterior end of embryo is to bottom of plate. Medullary
plate with primitive groove. (17) Same embryo as in 16, blastopore is a narrow cleft, yolk plug almost disappeared. (18) Stage 14, dorsal view
orientation like in 16. The medullary plate shows distinct medullary folds (Medullarwiilste). (19) Same embryo as in 18, rear view, blastopore is a
fine cleft between the ends of the medullary folds. (20) Stage 15, dorsal view, medullary folds are enlarged and approaching in the midline.

(21) Same embryo as in 20, lateral view, embryo somewhat elongated in longitudinal axis. (22) Stage 16, dorsal view, medullary folds have
approached in the midline, pear shaped body form. (23) Same embryo as in 22, lateral view, slight dorso-ventral flattening. (24) Stage 17, dorsal
view; medullary folds meet in the dorsal midline. (25) Same embryo as in 24, anterior view, the rudiment of the head and pharyngeal region is
clearly recognizable. (26) Stage 18 dorsal view, medullary folds have almost completely merged, posterior part of the brain recognizable, body
shape elliptical. (27) Same embryo as in 26, lateral view, first somite(s) recognizable. (28) Stage 19, ventral view, rudiments of eyes and gills
recognizable, anus is a small opening. (29) Same embryo as in 28, lateral view. Caption translated and edited by JMS from Glaesner, L. (1925).
Normentafel zur Entwicklungsgeschichte des gemeinen Wassermolchs (Molge vulgaris). In Normentafeln zur Entwicklungsgeschichte der
Wirbeltiere, Vol 14. (Keibel, F., ed.) Gustav Fischer Verlag, Jena. pp. 1-49. (copyright in public domain)
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“As development proceeds the absorbent blood-vessels dip into the yolk
from the yolk-sac, and the large transparent spheres, each surrounded by
a layer of crystalloids, become attached to these vessels like onions on a
string. This ropy or radially columnar character of the yolk in the later
stages of development is very striking even to the naked eye [...]”
(Dendy, 1899, p.13; figures 106, 107). Dendy's (1898) previous
account revealed that he considered the large transparent spheres to
be globules of yolk, whereas we now can infer that they probably are
yolk-filled endodermal cells that adhere to invasive blood vessels
(Blackburn, 2020), as described above in chelonians. Coupled with the
accounts by Schauinsland (1899, 1903, for conflicts about priority and
appropriate referencing, see Benham 1899), we can infer that free
endodermal cells immigrate into the yolk, phagocytose yolk vesicles,
and arrange in strands around blood vessels. Despite missing details
of cellularization and vascularization of the yolk, these early accounts
are remarkable because their descriptions recognized basic elements
of the structural and developmental features which have now been
summarized for other sauropsid clades in much greater detail (except
birds) by Blackburn (2020, this issue of the Journal of Morphology.).

2.3.5 | Squamata

An outstanding diversity of reproductive modes exists among squa-
mates (e.g., Blackburn, 2015a, 2020; Stewart & Thompson, 2017).
This diversity of reproductive modes evolved from an oviparous
ancestor through multiple evolutionary origins of various forms of egg
retention and viviparity (e.g., Blackburn, 1982, 1985; Blackburn
et al., 2003; Blackburn & Flemming, 2009; Hughes & Blackburn, 2020;
Stewart, 2013; Stewart, 2020). Morphological variation concerns
almost all aspects of the squamate egg, that is, eggshell, shell mem-
branes, yolk and extraembryonic membranes. Complete reduction of
the eggshell in species with viviparity (e.g., Blackburn, 1982, 1985,
2005), or the independent evolution of hard shelled eggs (in Gekkota;
analogous to turtles and archosaurs; Bustard, 1968; Kratochvil &
Frynta, 2006; Choi et al., 2018; Pike et al., 2012) represent contrasting
conditions of that morphological diversity. Not surprisingly, Hallmann
and Griebeler (2015) found strong phylogenetic signal in the egg shell

structure of squamates at low taxonomic levels and an association
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with different life history traits (Hallmann & Griebeler, 2015), that is,
the egg shell in squamates was frequently modified in association with
life history and reproduction (review: D'Alba et al., 2021). Here, we
focus on the supposedly ancestral egg of squamates, but do not dis-
cuss evolutionary modification among clades of squamates.

Most probably, the ground pattern of eggshell structure was a flexi-
ble collagenous eggshell that contained calcitic cores of biomineralization.
According to Packard and DeMarco (1991), the mineralized layer of most
squamate eggshells is not embedded in the fibrous membrane but sits on
top of the membrane. Eggs of oviparous Lepidosauria have only a single
shell membrane (in contrast to Chelonia, Crocodylia and Aves), upon
which relatively small amounts of calcium carbonate are deposited. Mam-
millary cores as centers of crystallization are absent (Kusuda et al., 2013).
A remarkable variation in eggshell structure has been reported recently in
the teiid lizard, Salvator merianae, which requires mention because it
departs dramatically from all other sauropsids (Campos-Casal et al., 2020).
In contrast to other sauropsids, the biomineral component of the shell is
hydroxyapatite and, unlike other squamates, calcium is embedded deep
in the fibrous matrix of the eggshell. The significance of this derived
morphology is as yet unknown. The soft and flexible egg of
squamates shares with Sphenodon eggs and turtle eggs the ability of
turgescent swelling to absorb water from the environment (Lillywhite
& Ackermann, 1984; Packard & Packard, 1980; Seymour &
Ackerman, 1980; Thompson, 1987). The organization of the eggshell
into a series of troughs and crests might serve to increase the surface
area available for contact with the substrate and to increase the
capacity of the eggshell to stretch as the egg absorbs water (Packard,
Burns, et al., 1982). Of course, the (flexible) calcareous layer of squa-
mate eggs may also provide a protective function, mechanical as well
as a barrier to microorganisms.

Contrary to occasional claims (Packard et al., 1977), albumen
reportedly is absent from squamate eggs (Blackburn, 1998;
Giersberg, 1922; Girling, 2002; Siegel et al., 2011; Siegel et al., 2015).
The yolk is deposited as yellow and white yolk. A latebra has been
described for Lacerta agilis (Sarasin, 1883) and later confirmed by
Boyd (1940) for Hoplodactylus maculatus and Lacerta agilis. No other
reports were found in the literature; thus, it remains unclear if a
latebra is absent or has just not been mentioned. The cellular yolk sac,

and the morphological structures involved in uptake of yolk resemble

FIGURE 12 Andrias japonicas, cleavage and early embryogenesis (plate 1 from Kudo, 1938). (1) Stage 1, lateral view, diameter 5.6 mm, first
cleavage reaches to the equator, both blastomeres of about same size. Stage 2, dorsal view, second cleavage, egg diameter 5.3 mm. (3) Stage

3, dorso-lateral view, 6 unequal blastomeres. (4) Stage 4, dorsal view, 8 unequal blastomeres. (5a) Stage 5, dorsal view, 7 micromeres for a cap on
the 7 macromeres. (5b) Same egg as (5a) lateral view. (6) Stage 6, lateral view 36 micromeres and 16 macromeres. (7) Stage 7, dorsal view,
blastula, ~275 micromeres and 25 macromeres. (8) Stage 8, view onto the blastopore, embryo slightly elongated, the blastopore is a slightly
convex line. (9) Stage 9, view onto the blastopore; the blastopore forms a ring that embraces the yolk plug. (10) Stage 10, dorso-caudal view
blastopore lowered in position, still very large, primitive groove and neural folds are recognizable. (11) Stage 11, dorsal view, blastopore reduced
in size, the primitive groove is crossed by the sulcus myelo-encephalicus. (12) Stage 12, dorsal view, blastopore has the shape of a triangle,
medullary folds distinct. (13) Stage 13, dorsal view, blastopore reduced, the sulcus myelo-encephalicus distinct. (14) Stage 14, dorsal view,
medullary folds approach the midline. (15) Stage 15, dorsal view, the embryo is elongated, the blastopore is recognizable as a narrow cleft.

Numerous neuromeres are present. Caption translated from original German (shortened and edited) by JMS from Kudo, T. (1938). Normentafeln
zur Entwicklungsgeschichte des Japanischen Riesensalamanders (Megalobatrachus japonicus Temmink). Normentafeln zur Entwicklungsgeschichte
der Wirbeltiere, Vol 16 (Keibel, F. Ed.). Verlag Gustav Fischer, Jena. pp. 1-49
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FIGURE 13 Ichthyophis
glutinosus: Egg and early
embryogenesis; plate 1 (Figures 3,
5, 6) and plate 3 from Sarasin and
Sarasin (1887). (3) Cross

section through a ripe ovarial egg.
(5) Egg membranes with chalazae.
(6) Detail of one egg pole with a
chalaza. (19) schematic longitudinal
section through an embryo (from
Figure 17) and yolk. (20) Part of the
yolk from same series. (21) Slightly
later stage of embryo. (22) Head of
the embryo in lateral view.

(23) Prosencephalon with olfactory
pits in ventral view. (24) Same head
with otic vesicles, seen from above.
(25-28) Heads of various embryos.
(29) Section through a blastodisc at
the end of cleavage process.
Caption translated from original
German text by JMS from Sarasin,
P., & Sarasin, F. (1887). Zur
Entwicklungsgeschichte und
Anatomie der Ceylonesischen
Blindwiihle Ichthyophis glutinosus.
CW Kreidel. Downloaded
13.02.2021 from https://www.
zobodat.at/pdf/MON-V-HERP_
0023_0001-0263.pdf (copyright
expired, now public domain)
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FIGURE 14 Monotremata, egg and various embryonic stages. (a) Ornithorynchus paradoxus, fully-formed egg of Ornithorhynchus paradoxus, in
vertical section. Shows latebra, yolk, albumen, and shell-membrane (plate 12, figure 1 in Gatenby (1922). Downloaded 29.07.2020 from Journal of
Cell Science. Gatenby, J. B. (1922). Memoirs: Some notes on the gametogenesis of Ornithorhynchus paradoxus. Journal of Cell Science, 2(263),
475-496. (copyright for reuse of figure grated by the Company of Biologists, # 1099126; 22.02.2021) (b) Echidna aculeata, egg and various
embryonic stage with yolk sac circulation (plate 1, figures 1-9 in Semon, 1894). (1) Egg from uterus, removed from egg shell. (2) Egg from
marsupium (3) Same egg after opening of egg shell, seen from allantoic side. (4) Same sample after complete removal of the egg shell. (5) same
embryo after removal of membranes and repositioning of the yolk sac. (6) Allantoins of same embryo seen from stalk. (7) Vascularization network
of the allantois on the side of the stalk, where it is not merged with serous membranes. (8) Yolk sac of same embryo seen from stalk.

(9) Epithelium of the yolk sac seen from the lumen with capillaries reaching around the epithelial cells. (c) Plate 7, figure 61 from Semon (1894).
Schematic drawing of the yolk sac circulation of Echidna. Downloaded 27.08.2020 https://www.zobodat.at/pdf/Denkschr-Med-Natwiss-Ges-
Jena_5_1_0017-0058.pdf. Semon, R. (1894). Die Embryonalhiillen der Monotremen und Marsupialier. Denkschriften der Medicinisch-
Naturwissenschaftlichen Gesellschaft zu Jena, 5, 19-58. (copyright in public domain)

that found in turtles and the tuatara (see description above), that is,
cells of the extraembryonic endoderm immigrate into the yolk and
cellularize it. They later associate with blood vessels that grow into
the yolk and, together, provide a nutritive structure. This pattern of
yolk absorption has now been described in all sauropsid clades except
birds, in which it is lacking (e.g., Elinson & Stewart, 2014; Powers &
Blackburn, 2017; Blackburn et al., 2018; Blackburn et al., 2019, b;
Blackburn et al., 2020; review in Blackburn, 2020, this issue of the
Journal of Morphology), and thus is considered a symplesiomorphy
that squamates share with all other sauropsids.

During embryonic development, the cellular yolk sac grows around
the yolk mass. However, as a unique character of squamates, the extraem-
bryonic mesoderm grows into the yolk forming the yolk cleft (part of the
extraembryonic coelom). This process isolates a thin segment of yolk
(i.e., the “isolated yolk mass™) from the main body of the yolk (e.g., figure
1 in Stewart, 2020; this issue of the Journal of Morphology). The yolk cleft
and the isolated yolk mass have been described in more than 65 squamate
species in 12 families (e.g., Blackburn & Stewart, 2011; Stewart, 1985,
1990, 1993; Stewart et al., 2012; Stewart & Blackburn, 2019; Stewart &
Florian Jr., 2000; Stewart & Thompson, 2017). The functional implications
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FIGURE 15

Chelonia, yolk sac and chorioallantois of late embryos. (a) Plate 18 from Agassiz (1857). Chrysemys picta. (1) The allantois and
amnion removed. Nat size. Laid June 21, opened Oct. 23, 1855. (2) From above, the shell cut away, nat. Size. (2a) the same as (2), from below, about
2 diam., the shell being removed to show the superficial extent of the vascular area; r!, vena afferens. (2b) the same as (2), and (2a), the allantois and
amnion cut away, and the embryo turned back and exposed from below; r?, the point where the vena afferens enters the yolk mass. Laid June

21, opened Sept. 1, 1855. (3) From above, 5 diam.; r*, vena afferens. Laid June 16, opened Aug. 1, 1855. (4) seen obliquely from above and to the
right, about 2 diam. Period of laying unknown, opened Sept. 17, 1852. (5) From above, a little more than 3 diam. The allantois is drawn back. Date of
laying unknown, opened Aug. 2, 1855. (6) Nanemys guttata, from above and to the right. (6a) The same from the left, without the vascular area;
about 4 diam. Laid June 20, opened July 17, 1855. (B) Plate 18 from Agassiz (1857). (1) Omphalo-meseraic vein with a very thick wall, 500 diam.; the
same as PI. 1 7, Figures 3, and 7. Ch. serpentina. (2) Omphalo-meseraic artery, 500 diam. Embryo just hatched. (3) Piece of the allantois with a
bloodvessel, 500 diam. Period of laying unknown, opened Aug. 27, 1852. (4) Mesh of bloodvessels covered by yolk. 20 diam. (4a) A single vessel in
its sheath of yolk, 500 diam. Ch. serpentina. Just hatched. (5) Posterior end of the dorsal artery and the neighboring omphalo-meseraic arteries.
Magnified from (7) Nanemys guttata. Laid July 11, opened July 22, 1852. (6) The fork of the vena terminalis, 12 diam.; the same as (7). (7) From
below, 5 diam.; the same as (5) and (6). (8) From above, 3.5 diam. Nanemys guttata. Period of laying unknown, opened Aug. 21, 1852. (9) From above,
2 diam. Ozotheca odorata. Period of laying unknown, opened Aug. 23, 1852; (9a) The same as (9). The embryo and allantois drawn to one side.

(10) From the right side; (10a), from above. (10b) From below; (10c) from the left side, the allantois partly opened; (10d), the same, the allantois being
cut away. (10e) The same, from behind; (10f) the same as (10d, 10e), from above. Cistudo virginea, nat. size. Just ready to hatch. Period of laying
unknown. (10, 10b, 10c), opened Aug. 31, 1855; (10a, 10d, 10e,10f, opened Sept. 5, 1855.(11, 11a, 11b) a, b Crystals of nitrate of lime. See p. 508,
on the structure of the egg-shell. original caption from Agassiz, L. (1857). Contributions to the Natural History of the United States of America, First
Monograph, Volume Il, Part lll—Embryology of the turtle. Little, Brown and Co., Boston. (copyright in public domain)

of this structure are unknown. However, it gives rise to the formation of a
yolk sac placenta in some viviparous species.

The chorioallantois of oviparous squamates is an intensively vascu-
larized transitory embryonic exchange organ (e.g., Birchard &
Reiber, 1993, 1995). During development, the chorionic epithelium flat-
tens, thus reducing the diffusion barrier through the eggshell, chorionic

epithelium and capillary wall (Kim & Blackburn, 2015, 2016). However,
the capillaries remain sandwiched between the epithelia of chorion and
allantois and do not integrate into the chorion or the shell membrane as
they do in birds (see below). Morphological and physiological studies
reveal that the chorioallantois provides nutritional support for the

embryo by mobilizing calcium from the eggshell (Blackburn et al., 2003;
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Ecay et al., 2004; Jee et al., 2016; Packard & Packard, 1984; Packard,
Short, et al., 1984; Stewart et al., 2004). This function has been
documented in all oviparous sauropsids that have been studied
(Packard, 1994) and may be an ancestral function of the chorioal-

lantois (irrespective of the phylogenetic position of turtles).

2.3.6 | Crocodylia

The eggshell is rigid and three- (Ferguson, 1982) or two-layered (cro-
codyloid type: Ferguson, 1982; Mikhailov, 1992, 1997; Marzola
et al., 2015). Pore canals reach from the surface to the mammillary
layer (Ferguson, 1982; Wink et al., 1990). Internally, two eggshell
membranes (Packard et al., 1977; Rathke, 1866) cover it. Whether or
not an air cell forms during incubation between the two membranes
remains unclear. The eggshell is the primary source of calcium for the
(Packard & Packard, 1989; Packard &
Seymour, 1997). The eggs do exchange water with the environment

developing embryo

(uptake and loss) although this may be a response to extreme incuba-
tion conditions (Packard & Packard, 1988).

Surprisingly little published information was found on the albu-
men and yolk structure, as well as extraembryonic membranes of
crocodiles. As in all other vertebrates (Nelsen, 1953), an acellular vitel-
line membrane surrounds the freshly deposited yolk (Reese, 1908).
Voeltzkow (1901) provided an interesting and important account on
the cellular yolk sac of Crocodylus niloticus: “[...] Es verzweigen sich
nicht nur die Gefdfse auf der Oberfliche des Dotters, sondern sie
entsenden auch feine Fortsdtze in den Dotter selbst hinein. Die ersten
Anfdnge davon sind in figure 36 auf Taf. XXXV dargestellt. Diese
Fortsdtze dringen central gerichtet von allen Seiten mehr und mebhr, tiefer
und tiefer in den Dotter ein, dabei an der Basis an Stdrke zunehmend und
sich vielfach verdstelnd und verzweigend und sich schliefslich in ein Sys-
tem so feiner Kapillaren auflésend, dafs der ganze Dotter von ihnen
durchsponnen ist und eine Villig verfilzte Masse darstellt.” [..]*
(Voeltzkow, 1901, p. 362). This and the recent study by Blackburn
et al. (2020) on Alligator mississippiensis, are the only accounts on the cel-
lular yolk sac structure. Despite being almost 120 years apart and on
two different species, these two studies explicitly document the ances-
tral pattern of yolk sac structure as described above for other sauropsids.

Besides general knowledge of the large volume of the albumen,
we know little to nothing about its structure. This is particularly
important because Crocodylia and birds are extant sister taxa of
archosaurs, and because birds (see below) show structural features
of the albumen not known from other sauropsids, that is, the chalazae.
However, we found explicit statements by Rathke (1866, p. 7 §3),
Reese (1908), p. 5) and Ferguson (1982) that chalazae are not present
in Crocodylia, as in all other non-avian sauropsids.

The chorioallantois of crocodiles has not been studied in (histo-
logical/functional) detail (Stewart, 1997). However, numerous reports
exist (e.g., Augustine & Watkins, 2015; Ferguson, 1982; lungman
et al.,, 2008; Webb et al., 1987) that the developing chorioallantois
forms a ring band internal to the eggshell. To the end of incubation,

the chorioallantois covers the entire inner surface of the egg. The

I Wiy L

formation of the opaque band of the chorioallantois characterizes
crocodiles; a functional or developmental explanation is missing. We
have not found published information about the amnion of crocodiles,
except a general reference to myogenic contractions of the amnion
(Nechaeva, 2009).

237 | Aves

Despite its paradigmatic bearing and standard example as “the
amniote egg,” the avian (Neornithes) egg has many unique features
not shared with any of the other amniote clades. Many of those
relate to elevated metabolic rates, thermally regulated incubation,
parental attendance, and comparatively fast embryonic growth
(Ricklefs & Starck, 1998; Starck, 1989, 1993, 1999, 2018; Starck &
Ricklefs, 1998).

Egg shape (Deeming & Ruta, 2014) of birds (Aves; Figure 16) dif-
fers from that of their theropod ancestors and other sauropsids in the
degree of asymmetry, that is, a feature not present in their sauropsid
relatives. Because of the continuous distribution of this quantitative
character in morphospace (Stoddard et al., 2017, 2019), and because
of the observed variation of this trait among sauropsids, egg asymme-
try is difficult to grasp as a distinct phylogenetic character. Thus, we
have only tentatively included it into our character matrix.

Eggshell: Birds possess a rigid multilayered, biomineralized egg-
shell. It is three-layered with (a) an outer cuticle (domestic chicken,
~10 um, organic layer, proteoglycans), (b) a biomineralized layer
(domestic chicken, ~300 um) and (c) the outer (domestic chicken,
~50 pm) and inner (domestic chicken, ~20 pm) shell membranes (colla-
gen fibers). Avian egg shell thickness varies depending of egg mass
and phylogenetic relationship (e.g., Rahn & Paganelli, 1989) as well as
other life history parameters such as incubator mass and clutch size
(Birchard & Deeming, 2009). The outer cuticle is a thin organic layer
that may also carry pigments of egg coloration and has antimicrobial
properties (e.g., Hincke et al., 2008, 2012). The biomineralized layer is
highly structured. Its basic unit is the eisospherite, an inorganic crystal-
lization center that inserts in the outer shell membrane. Calciferous,
calcitic cones grow radially away from the eisospherite. Outside to
the cone layer (syn. mammillary layer, calcium reserve assembly), the
calcium crystals form a columnar layer (palisade layer) which consti-
tutes the thickest layer of the biomineralized eggshell. The calciferous
cones emerging from one eisospherite, the mammillary layer, and the
associated column layer form a basic unit of the eggshell. Outside to
the column layer is an external zone of irregular arrangement with no
crystallized structure (vertical matrix layer). Pore canals penetrate the
biomineralized eggshell between the palisades. The pore canals are an
important functional feature of the egg, because they provide the
structures of gas exchange for the developing embryo. A remarkable
diversity of eggshell pore shapes and numbers exists within and
among species. Simple pores may be straight tubes or funnel shaped
with the large opening to the outside, but more complex branching
patterns have been described too (Maina, 2017; Riley et al., 2014;
Willoughby et al., 2016). This eggshell morphology builds upon the
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FIGURE 16 Avian egg and embryos.
(a) Schematic drawing of a longitudinal
section through an avian egg showing
relevant morphological features. Redrawn
from Romanoff, A. L., & Romanoff, A. J.
(1949). The avian egg. John Wiley and
Sons, Inc., New York, NY (no living
Membranes person/institution known to claim
inner copyright; extensive search
2i?errnembrane documentation). (b) Avian embryos,
egg membrane Gallus gallus f. dom. At consecutive stages
of development documenting the
development of the yolk sac and the
chorioallantois. (1), after 4 days of
incubation, the yolk sac membrane has
grown half way over the yolk and

. develops a dense vascular network; the
Ligamentum

Chalaza ——/ bariini chorioallantois is just a very small
alobuminis rudiment. (2) After 6 days of incubation,
{ the chorioallantois has increased in size
t~—————Chalaza . . .
Yolk layers S and major chorioallantoic vessels are
Yellow york — N recognizable. (3) After 10 days of
White yolk -— Eggshell incubation, the chorioallantois has

pattern observed in other sauropsids. However, the degree of differ-
entiation is so advanced that we consider it apomorphic, because it is
not found in any of the other sauropsids. The eggshell is not only
mechanical protection, but also has important biocidal functions and
the mammillary layer of the biomineralized component serves as cal-
cium depot for the developing embryo (Coleman & Terepka, 1972;
Gabrielli, 2004; Osterstrém & Lilja, 2012).

Inner and outer shell membrane separate during the development

and form an air cell. The air cell primarily compensates for volume

reached maximum size extending over
the entire inner surface of the eggshell.
The chorioallantois functions now as the
respiratory exchange organ of the
embryo. The yolk sac membrane fully
encloses the yolk sac (4) After 18 days of
incubation; no further morphological
changes of the chorioallantois. The
embryo is a few days before hatching.
Abbreviations: 1, embryo; 2, amnion;

3, allantois; 4, yolk sac membrane;

5, extraembryonic endoderm; 6, albumen;
7, eggshell membrane; 8, air space,

9, biomineralized eggshell;

10, chorioallantois membrane; 11, blood
vessel in the chorioallantois membrane;
12, blood vessel in the yolk sac
membrane. Scale bar, 10 mm; redrawn
from Raginosa, M. N. (1961). Embryonic
development of domestic chick and its
relationship to yolk and extraembryonic
membranes. Moscow, Russia: Academy
of Sciences. 131 pp. (in Russian).

(No living person/institution known to
claim copyright; extensive search
documentation)
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changes of the egg content due to water loss. At the end of the incu-
bation period, when the term embryo starts aerating the lungs, it
serves as a respiratory chamber. The air space of avian eggs is unique
and therefore considered apomorphic. Based on the topology of the
sauropsid phylogeny, a similar air space in turtles (Packard &
Packard, 1979) is probably a convergent evolutionary development. It
is unclear if the air space simply develops as a by-product (“spandrel”;
Gould & Lewontin, 1979) of volume changes in the egg, or if it is
genetically programmed.
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FIGURE 17 Phylogeny of

3,12, 14, 15,17

T Wiy

vertebrates (Ax, 1984;
Mickoleit, 2004; Kuratani &

Cyclostomata

Myxinoidea

Ota, 2008a, 2008b) with characters

3,5-7,11, 12, 14, 15, 17

Petromyzonoidea

discussed in the text. Details and
alternative phylogenetic hypotheses

Chondrichthyes

are discussed in the text. Characters
in brackets refer to in-group
diversification, that is, are not
autapomorphic for the entire clade

Gnathostomata

Osteognathostomata =

Cladistia (e.g., Polypterus)

Chondrostei (e.g., Acipenser)

3,4,14

Lepisosteiformes (e.g., Lepisosteus)

Amiiformes (e.g., Amia)

1(3,5,6,11, 17, 40)

Teleostei
311,17 Coelacanthiformes (e.g., Latimeria)
Sarcopterygii 4 Dipnoi
Choanata 4 \1;3, 5:6,11, 17, 40) Amphibia
Tetrapoda 12-17 Mammalia
Amniota 5-16, 40 22, 23 (29) Chelonia

Sauropsida 17-25

Albumen: Archosaur eggs contain a large volume of albumen as com-
pared with other sauropsids (except turtles). Compared with the crocodil-
ian albumen, the avian albumen is special as it contains the chalazae
(suppl. online mat. figure S16), that is, a pair of spirally coiled bands that
project from the equatorial region of the vitelline membrane into the
albumen. They maintain the yolk in a steady position in the laid egg when
the egg is turned. The chalazae contain fibers that appear to be identical
with the fibers in the outer layer of the vitelline membrane.

Yolk: The avian yolk is structured in multiple concentric layers of
white and yellow yolk laid down around a central core of white yolk, that
is, the latebra. The Nucleus of Pander (Pander, 1817a, 1817b; Roma-
noff & Romanoff, 1949; Starck, 2020) is located below the blastodisc
and continues into the neck of the latebra (Figrue 16). While white yolk
and latebra have been described for other sauropsids, the degree of
structural organization (in particular the layers of yolk) and the Nucleus
of Pander distinguish the avian egg from other sauropsids.

Cellular yolk sac: the cellular yolk sac of birds shows a mix of
plesiomorphic and autapomorphic features. Development as bi- and tri-
laminar omphalopleure is certainly plesiomorphic and results in the cel-
lular yolk sac overgrowing the entire yolk ball, as in other sauropsids
(in contrast to squamates that develop an isolated yolk mass). The
extraembryonic endoderm of the cellular yolk sac phagocytoses yolk
(e.g., Allan-Wojtas, 1994; Lambson, 1970; Mobbs & McMillan, 1979,
1981; Starck, 2018, 2020; Yoshizaki et al., 2004). However, different to

all other sauropsids, the endoderm cells always remain superficial to

Archosauria 23

Rhynchocephalia

Squamata

Crocodylia

28-39

Aves

the yolk ball, and do not cellularize the yolk as described above. Instead,
the yolk sac endoderm forms folds that reach into the superficial layers
of the yolk mass. These folds carry blood vessels (see detailed descrip-
tion in Starck, 2020, this issue of the Journal of Morphology). The early
development of hematopoietic tissue in the yolk sac mesoderm and
scattered along the blood vessels (for squamates e.g., Stewart & Florian
Jr., 2000; Stewart et al., 2004; Stewart & Thompson, 2017) is certainly
a plesiomorphic feature (Claver & Quaglia, 2009), but we miss detailed
descriptions for other sauropsids. However, the intensive organization
of the hematopoietic tissue in layers around the yolk sac blood vessels
is unique for birds and has not been described for any of the other
sauropsids. It is therefore considered an autapomorphic character state.

Chorioallantois: The chorioallantois of bird embryos is a typical
sauropsid embryonic respiratory organ. However, the diffusion barrier
from chorioallantois through shell membranes and biomineralized egg-
shell is considerably reduced by chorioallantois-capillaries being embed-
ded into the chorionic epithelium. During later development, the
capillaries of the chorioallantois deeply protrude into the collagenous
fiber network of the inner eggshell membrane further reducing the dif-
fusion barrier (Fancsi & Fehér, 1979; Fitze-Gschwind, 1973; Lusimbo
et al., 2000; Maina, 2017; Sethi & Brookes, 1971; Shumko et al., 1988).
Such intimate integration of the chorioallantois-capillaries into the cho-
rionic epithelium and even eggshell membranes has not been described
for any of the oviparous sauropsids (e.g., Kim & Blackburn, 2015, 2016)
and thus is considered a derived character state.
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%,« Crocodylia
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FIGURE 18

Choanata
Tetrapoda

Sarcopterygii

Pictorial representation of major transitions of eggs, cleavage pattern and embryos among vertebrates. The star symbol at the

base of a clade indicates major morphological changes of egg, cleavage pattern and embryogenesis. Details of the evolutionary changes are given
in Figure 17 and Table 1 and discussed in the text. The key message of this figure is that morphological changes, like large yolk, meroblastic
cleavage, internal fertilization and egg retention occurred multiple time in phylogenetically independent clades of vertebrates. In some Teleostei
and Amphibia plus Amniota they resulted in fully terrestrial reproduction. The amniote egg possibly evolved as an adaptation for egg retention in
an aquatic environment that might have been hostile for early egg deposition (intensive egg predation, unfavorable chemical conditions, season of
year). The amniote egg may be an exaptation that paved the evolution of terrestrial reproduction. Among amniotes, mammals, squamates and
birds are characterized by further clade specific features; therian mammals with respect to viviparity, squamates by the reduction of a solid
calcareous egg shell, reduction of albumen and water uptake from the environment, birds by the development of a truly cleidoic egg, being
completely independent of the environment (except gas exchange)—at the cost of increased parental care. See text, Figure 17 and Table 1 for a
detailed discussion of clade specific features and reconstructions of the ground pattern

3 | PHYLOGENETIC MAPPING AND
ANCESTRAL CHARACTER STATE
RECONSTRUCTION

3.1 | Vertebrates, ancestral character state
reconstruction

The cellular yolk sac (Table 1; character 14) requires a special discus-
sion. Various morphological types of megalecithal eggs and cellular
yolk sacs occur in the basal clades of vertebrates (e.g., Myxinoidea:
Dean, 1898, 1899; Ota & Kuratani, 2008; Miyashita & Coates, 2015;
Elasmobranchii: Musick & Ellis, 2005; Hamlett et al., 2005; teleost
fishes: e.g., Kondakova & Efremov, 2014; Kondakova et al., 2017,
2019). Therefore, comparisons for an ancestral character state recon-
struction of the egg, cleavage pattern (3), and cellular yolk sac
(14) have to reach to the root of the vertebrate phylogeny.

Despite deriving from the same morphological material

(i.e., extraembryonic ectoderm, mesoderm and endoderm), the

divergent cytoarchitecture of the cellular yolk sacs in these groups,
the scattered phylogenetic distribution, and the topology of the verte-
brate phylogeny (Figures 17, 18) indicate that these are clade specific
independent evolutionary acquisitions of basal vertebrates associated
with megalecithal eggs and meroblastic cleavage. Skulan (2000)
argued that presence vs. absence of large yolks and of yolk sacs are
equivocally parsimonious when plotted on a phylogeny of vertebrates.
However, “yolk sac” is a functional term, and as such refers to struc-
tures that differ substantially in their cellular and microscopic anatom-
ical organization due to convergent evolution. The ancestral character
state of vertebrates (inherited from their non-vertebrate chordate
ancestors) is small eggs, holoblastic cleavage, and cellularization of the
yolk during gastrulation. This assumption and multiple evolutionary
origins of megalecithal eggs with a cellular yolk sac require fewer tran-
sitions (five transitions) on a consensus phylogeny than the alternative
assumption that a large yolk enclosed by a cellular yolk sac and mero-
blastic cleavage were basal and reduced in several lineages (six

transitions).
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3.2 | Gnathostomata, ancestral character state
reconstruction

The ancestral character state reconstruction of the egg of
Gnathostomata is not without ambiguity, because the ancestral
condition for Cyclostomata is only weakly supported, and because
Chondrichthyes have megalecithal eggs with a cellular yolk sac.
However, supposing that our ancestral character state hypothesis
for vertebrates is correct, then small eggs, external fertilization,
holoblastic cleavage, and cellularization of the yolk represent an
ancestral condition that Cyclostomata (e.g., Petromyzontidae) share
as a symplesiomorphy with the stem group of gnathostomes.
Among gnathostomes, Polypteriformes, Chondrostei, Amiiformes,
Dipnoi and Amphibia maintain this symplesiomorphic condition.
Chondrichthyes with their megalecithal eggs and highly derived
reproductive mode show a derived condition, including internal fer-
tilization (5) and intromittent organs (6). The unique form of the
yolk syncytial layer, epiboly and the organizer center during gastru-
lation that occur in Lepisosteus and Teleostei suggest convergent
evolution. Their eggs and yolk sacs differ substantially from the
large eggs and yolk sacs found in Myxinoidea and Chondrichthyes,
and, of course, amniotes. Admittedly, the interpretation is not with-
out ambiguity and depends on the correct recognition of the ances-
tral character state for vertebrates. However, we consider the
diverging microscopic anatomy of the cellular yolk sac in those
basal groups of vertebrates as strong evidence for independent and
convergent evolutionary origin.

Other characters listed in the matrix, for example, size of yolk
(17), developmental stage at egg deposition (1), cleavage pattern
(3), jelly coat (4), and loss of larva (11) appear to be phylogenetically
variable and non-informative characters. Copulatory organs (6) and
internal fertilization (5) were recently recognized as ancestral
gnathostome conditions that occurred already in their extinct stem
group. This implies that external fertilization and spawning, which
characterize many extant aquatic gnathostomes, derive from inter-
nal fertilization (Long et al., 2015). The condition of these character
states obviously changed multiple times during vertebrate evolu-
tion, often in association with each other, and resulting in superfi-
cially convergent morphologies. It is obvious that copulatory organs
of Chondrichthyes (claspers), Teleostei (gonopodium), Amphibia
(modified cloacal wall) and Amniota (paired genital buds) are inde-
pendent evolutionary acquisitions. Again, ‘“copulatory organs”
refers to a functional term and refers to structures that differ in
their cellular and microscopic anatomical organization due to con-
vergent evolution. We have therefore marked four different char-
acter states in Table 1. Unfortunately, published data are not
detailed enough, or report details of different aspects in different
taxa thus impairing comparisons. It would require an independent
morphological, microscopic anatomical analysis, and histological
analysis of these characters for their fine structural differences to
recognize clade specific features and characterize them as indepen-
dent evolutionary innovation (which is beyond the scope of this

review).

e Wiy

3.3 | Osteognathostomata, ancestral character
state reconstruction

The ancestral character state reconstruction is again not without
ambiguity. Basal Actinopterygii (Cladistia, Chondrostei) have external
fertilization, small eggs, and holoblastic cleavage. On the other branch,
that is, Sarcopterygii, it is less clear because Coelacanthiformes have
derived reproductive features (Table 1, Figure 17); only Dipnoi and
Amphibia show the plesiomorphic condition. Again, we find an early
diversification of reproductive features, that makes ancestral charac-

ter state reconstruction weakly supported.

3.4 | Actinopterygii, ancestral character state
reconstruction

The ancestral character state of Actinopterygii is probably represented
by the small eggs, such as those of Cladistia (Polypterus) and Chondrostei
(Acipenser), holoblastic cleavage and the cellularization of yolk. Meroblas-
tic cleavage and an external, vascularized yolk sac in Lepisosteiformes
and teleost fishes may have evolved convergently. The formation of a
yolk syncytial layer, lack of endodermal contribution to the yolk sac, and
later epiboly by lateral folds of the embryo provide evidence of an inde-
pendent evolutionary origin. However, Elinson (2009) suggested that
change in cleavage occurred already in the stem group of neopterygians
(gar, bowfin, and teleosts). In this scenario, meroblastic cleavage evolved
in the stem group and so that in Amia it was difficult to return to an
embryo that divided completely into small cells. From a formal perspec-

tive, both hypotheses are equally parsimonious.

3.5 | Sarcopterygii, ancestral character state
reconstruction

Latimeria is the only extant representative of the most basal clade of
Sarcopterygii. It is viviparous showing numerous viviparity associated
morphological modifications of the egg and embryo. Based on our
ancestral character state reconstruction of gnathostomes, we are con-
fident that this is a derived condition when compared with Choanata,
which represent the plesiomorphic gnathostome condition. Internal
fertilization, egg retention, a large yolk sac, and viviparity in Latimeria
has presumably evolved independently (but see discussion in: Laurin &
Reisz, 1997; Laurin & Girondot, 1999; Laurin et al., 2000;
Laurin, 2005). Again, a certain degree of ambiguity remains because
our ancestral character state reconstruction depends on the correct

recognition of the character state in the stem group of Sarcopterygii.

3.6 | Choanata, ancestral character state
reconstruction

The two basal branches of Choanata (Dipnoi and Tetrapoda) have small

eggs covered with a jelly coat, holoblastic cleavage, and cellularization of
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the yolk, which is incorporated into endoderm during gastrulation. After
a relatively short embryonic period, a larva hatches and commences
feeding. We consider this pattern the ancestral condition they share with

basal Actinopterygii, basal gnathostomes and basal vertebrates.

3.7 | Tetrapoda, ancestral character state
reconstruction

Fertilization may be external or internal in Amphibia and the laid eggs are
relatively small (~1-2.5 mm). A vitelline membrane and an external jelly
coat (sometimes called capsule) cover the yolk; cleavage is holoblastic and
a larva hatches from the egg. The sister group, Amniota, has a substan-
tially different reproductive pattern, thus reconstruction of the ancestral
character state depends on ingroup pattern and, of course, outgroup
comparison (Dipnoi). An enormous diversity of reproductive modes exists
among Amphibia (Goin & Goin, 1962; Laurin, 2005, 2010; Laurin
et al, 2000; Laurin & Girondot, 1999; Laurin & Reisz, 1997; Martin &
Carter, 2013; Sever et al., 2003; Skulan, 2000; Wake, 2015; Wells, 2010;
Wilkinson & Nussbaum, 1998). However, careful analyses including basal
caecilians show that the ancestral reproductive mode of Amphibia was
probably external fertilization (internal in caecilians, but the assumption of
external fertilization at the basal node of Amphibia is most parsimonious)
of small eggs, holoblastic cleavage, and hatching of a larva. The pattern
observed equals that found in Polypteriformes, Chondrostei, Amiiformes
and many Teleostei. Thus, we assume that these characters represent the
ancestral condition for Tetrapoda. Numerous diverging modes of devel-
opment, including viviparity and terrestrial reproduction evolved within
Amphibia and, of course, within the Amniota.

What results from this comparison is that basal branches of verte-
brates, gnathostomes, and tetrapods show a remarkable evolutionary
diversification of reproductive modes, egg morphologies, and early
embryonic development. Small eggs with holoblastic cleavage from
which an early larva hatches represent the vertebrate ground pattern
that occurs as plesiomorphic condition in almost all groups. However,
in virtually every major clade of vertebrates internal fertilization
evolved in certain taxa, that produce large megalecithal eggs with cel-
lular yolk sacs, that delayed egg laying, became independent from
water (terrestrial reproduction), or evolved various forms of viviparity.
Much of the ancestral character state reconstruction depends not
only on the cladogram used, but also on cytological details, and one
needs to be aware that functional descriptors (e.g., intromittent organ,
large yolk, cellular yolk sac, and eggshell) are often insufficient to
grasp the true evolutionary diversity. It requires fine morphological
analyses to detect possible independent parallel evolution resulting in

highly convergent character complexes.

3.8 | Amniota, ancestral character state
reconstruction

Amniota is characterized by a set of well corroborated (some since

150 years ago) reproductive characters, that is, internal fertilization

(5), copulatory organs (6), loss of a larval stage (11), delayed oviposi-
tion (1), amnion capable of myogenic contractions (16), chorion (9),
allantois (10), egg shell (15; reduced in Marsupialia and Eutheria and in
viviparous Squamata), uric acid as excretory product (Packard, 1966;
Campbell et al, 1987; 7), white yolk (12), meroblastic cleavage
(3, reduced in Theria), the latebra (13) and a cellular yolk sac as
described above (14; Table 1; Figure 17).

Recent investigations in vertebrate phallus evolution (Sanger
et al., 2015: Brennan, 2016) showed that the amniote phallus had
a single evolutionary origin, i.e., intromittent organs are develop-
mentally derived from the same morphological substratum. How-
ever, lineage-specific modifications of these homologous
structures occurred during evolution of amniote clades, resulting
in the morphological diversity of copulatory organs observed in
extant amniotes (independent parallel evolution of homologous
structures = homoiology; Plate, 1922).

Usually, the chorion and allantois are considered as two separate
extraembryonic membranes. This is certainly correct from a morpho-
logical point of view. However, neither the ectoderm/ mesoderm-
derived chorion nor the endoderm/mesoderm derived allantois are
functional as individual membranes. Soon after their appearance, and
common to all Amniota, they merge to form a transitory extraembry-
onic exchange organ (and excreta storing organ). In clades of Amniota
that evolved various forms of viviparity, the extraembryonic mem-
branes, yolk sac or chorioallantois, are modified into feto-maternal
exchange organs, often in association with the maternal uterus wall.

Because the basal dichotomy of Amniota leads to Mammalia on
the one branch, and Sauropsida on the other branch, it is formally dif-
ficult, if not impossible, to decide for some characters if they are
autapomorphic for Sauropsida, or reduced in Mammalia. The same
holds for “myogenic contractions of the amnion,” which has not been
explicitly described for Monotremata, so that an ultimate evaluation
of this character is impossible. From a functional point of view, how-
ever, we would expect that it is present in monotremes, because mov-
ing of the early embryo is important for development and occurs in all

other oviparous amniotes.

3.9 | Sauropsida, ancestral character state
reconstruction

The amniote ground pattern as described above can be considered a
plesiomorphic condition for the stem group of sauropsids, i.e., internal
fertilization, megalecithal eggs, meroblastic cleavage, eggshell, and
delayed egg deposition as key reproductive features. The amnion pro-
vided a protective and, importantly, myogenically contractile compart-
ment for the developing embryo. The chorioallantois functioned as
transitory respiratory organ, site of calcium uptake from the eggshell
and, its lumen, as a site for uric acid deposition. However, Sauropsida
are also characterized by autapomorphic egg characters (Table 1).
Most of these characters are related to the formation of a bio-
mineralized eggshell (24, 25, 29), and the absorption of water from
the environment/substratum (20). Also, the structure of the cellular
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yolk sac (14) and the pattern of yolk absorption (28) by endodermal
cells immigrating into the yolk and only later associating with meso-
derm derived blood vessels (forming “spaghetti strands”) appears to
be an ancestral sauropsid feature. In all sauropsids, the eggshell serves
as a depot for calcium (19).

Assuming a phylogeny with turtles as the basal branch of
sauropsids, a flexible, two-layered collagenous eggshell membrane
containing cores of biomineralization in the outer layer represents the
most probable ancestral structure. This eggshell is designed to absorb
water from the substratum. The rigid eggshell of some turtles and all
archosaurs then evolved convergently in both lines. The reduction of
one layer of the eggshell membrane, the reduction of the calcitic
layers of the eggshell, and the reduction of the albumen would be
considered derived features of squamates.

However, if lepidosaurs are sister to a clade Archelosauria (turtles
and archosaurs; Crawford et al., 2015), a single-layered collagenous
eggshell membrane containing cores of biomineralization in the outer
layer would represent the ancestral sauropsid condition. A two
layered-eggshell membrane and rigid eggshell would then have
evolved only once in the stem group of Archelosauria (with some
reversals among turtles).

Independent of the phylogeny used, the sauropsid ground pattern
was modified in all extant clades. The calcium carbonate of Chelonia
eggs crystallizes as aragonite (22). The tuatara has a unique structure
of the biomineralized eggshell, with large calcitic cones embedded in
the eggshell membrane. The reproductive pattern in tuatara probably
evolved as adaptation to cold and extreme egg retention. Squamates
evolved soft-shelled eggs designed for water uptake from the envi-
ronment, egg retention, and feto-maternal exchange structures, or, in
two lineages of geckos, rigid eggshells (Choi et al., 2018; Fernandez
et al., 2015). Squamates are also characterized by the lack of albumen
(23), the yolk cleft and the isolated yolk mass (26), a feature of the egg
that has escaped a functional explanation. Depending on the phyloge-
netic position of Chelonia, the lack of albumen would be considered
plesiomorphic for sauropsids or secondarily lost in squamates or
lepidosaurs.

Archosaurs are difficult to characterize by autapomorphic fea-
tures. A rigid eggshell is problematic because the layered structure
of the crocodilian egg (just one layer of large cones) does not com-
pare directly to the more complex structure of the avian egg (with
cone layer, palisades layer and external crystalline layer and cuticle).
Archosaur eggs obviously lost the ability for active water uptake
from the substratum; instead, they contain all water required for
embryonic development in a large volume of albumen that surrounds
the central yolk ball. Depending on the phylogeny used, these char-
acters might also be considered a symplesiomorphy that archosaurs
share with (some) turtles (it would require that the rigid egg shell,
complex structure of the eggshell, and the large volume of albumen
are lost / reverted in some taxa of turtles). It is possible that the
avian type eggshell derives from the crocodyloid type, by adding
additional layers and more sophisticated pore canals. Crocodiles are
characterized by the unique growth pattern of the chorioallantois

(opaque band; 25).
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Bird eggs are characterized by a suite of features (28-39) that
can be interpreted in the context of egg turning (39; egg asymmetry,
33; Nucleus of Pander 31; chalazae 35), elevated embryonic metabo-
lism, and fast embryonic growth (hematopoietic tissue around blood
vessels, 30; capillaries of CAM deep into shell membrane, 34; air cell,
32), and (additional) protective function of the egg shell (organic cuti-
cle layer external to calcite layer, 37). It remains to be noted that
among oviparous sauropsids only extant Chelonia and Archosauria
have developed cleidoic eggs that are truly independent of environ-
mental water uptake because they contain the water necessary for
embryonic development. In contrast, eggs of Lepidosauria (indepen-
dent of their phylogenetic relationship to other Sauropsida) with their
soft shell and lack of albumen, are functionally designed for water-
uptake from the environment. Archosaurs, however, represent a clade
in which eggs are fully equipped with water and nutrients enclosed by
an eggshell permeable only for respiratory gases and water vapor.
Among archosaurs, the avian egg is designed to allow high metabolic
rate of the embryos, fast embryonic growth and development, and
nesting sites largely independent from the environment—but at the

costs of intensive parental care.

4 | EVOLUTIONARY HISTORY OF THE
AMNIOTE EGG

Phylogenetic analysis, character mapping, and ancestral character
state reconstruction are tools that allow us to recognize the evolution
of morphological pattern by bringing them into sequence. Sequences
of evolutionary events determined by phylogenetic analysis require
functional and ecological explanations. Focusing on the evolution of
the amniote egg, this last section presents a hypothesis about the
evolutionary history of the amniote egg deduced from phylogenetic
analysis and based on functional and comparative explanations.

As a note of caution we would like to reiterate that we see certain
advantages and limitations in a review like this, examining evolution-
ary patterns and processes using analytical techniques currently avail-
able. (a) The phylogenetic hypothesis used as the basis for character
mapping is, of course, crucial for an interpretation of the data col-
lected. Since phylograms are always working hypotheses of the true
relationship among taxa (Hennig, 1966) phylograms may change with
changing knowledge, and new interpretations may become prevalent.
(b) The nature of data are scattered and heterogeneous in detail. It is
evident, that in many cases microscopic anatomical details are missing.
Details that would be necessary to understand patterns of convergent
evolution (e.g., cellular yolk sac in various clades of vertebrates; struc-
ture of the albumen, copulatory organs).—Equally, data of many clades
are simply missing. (c) Functional information is often missing and
many reports are obscured by topographic anatomical relationship, for
example, chorion and allantois are always reported as distinct struc-
tures, but they are not. They derive from different morphological sub-
stratum, but form one functional organ, that is, the chorioallantois.
(d) In our review, detailed ecological information (and examples) has

not been included. We provide a narrative that, however, may
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stimulate interest and research in the evolutionary morphology of ver-
tebrate reproduction. (e) On the positive side, we think that an over-
view paper like this helps to recognize patterns of evolution and areas
of research that need to be addressed in future. (f) By using an explicit
phylogenetic hypothesis and taxon sampling, interpretations and con-
clusions are more robust than macroevolutionary narratives; in partic-
ular, they are reproducible and may be adjusted to improved
phylogenetic hypotheses and better taxon sampling.

The established paradigm considers the amniote egg as an evolu-
tionary adaptation to terrestrial reproduction, in which the amnion
represents a protective aquarium providing a watery environment for
the developing embryo, the yolk sac provides nutrients, the chorioal-
lantois is an exchange organ with the environment (and nitrogen
waste storage organ), and the eggshell provides a protective layer that
prevents mechanical damage and limits material exchange with the
environment (Carroll, 1970, 1991; Luckett, 1977; Packard &
Seymour, 1997; Romer, 1957; Szarski, 1968). This scenario is a typical
evolutionary narrative from the adaptationist program (Gould &
Lewontin, 1979) in which each of the morphological features makes
perfect sense as an adaptation to terrestrial reproduction. Without
doubt, these ideas are valuable, but the paradigm that has developed
from these ideas might be tested by looking at the evolution of the
amniote egg in a phylogenetic and comparative framework.

Common features of the reproductive biology of all amniotes are
copulatory organs (reduced in tuatara and most birds), internal fertili-
zation, and deposition of eggs containing an embryo that has reached
at least the primitive streak or early somite stage. Since intra-oviductal
development is not possible without internal fertilization, we consider
these features to be functionally connected. A comparative view
shows that these features have evolved convergently in various clades
of aquatic vertebrates (e.g., Chondrichthyes, Latimeria, Teleostei), possi-
bly in response to selective factors such as egg predation or environ-
mental conditions detrimental to the development of (laid) eggs. A
copulatory organ and internal fertilization have been described from
the stem group of gnathostomes, and thus possibly represents an
ancestral gnathostome character (Long et al, 2015). However, the
Chondrichthyes,

Actinopterygii, Gymnophiona, and amniotes are not homologous as

intromittent organs of ancestral vertebrates,
evidenced by their highly divergent morphologies. These diverse repro-
ductive structures document that internal fertilization evolved repeat-
edly and independently in different clades of gnathostomes (Trinajstic
et al., 2019). Equally, a large yolk as an energy depot for development,
and a cellular yolk sac as an extraembryonic nutrient absorptive organ
evolved repeatedly among vertebrates, always in association with del-
ayed egg deposition, intrauterine development, or egg guarding, and
often viviparity. All these characters occur in various lines of aquatic
anamniotes and none relates primarily to terrestrial reproduction.

The amnion and chorioallantois are exclusive for Amniota. Cer-
tainly, the amnion fluid provides a watery environment for the
embryo. However, an additional functionally important feature of
the amnion membrane is its myogenic contractility that moves the
(early) embryo, provides physical separation from the large mass of

yolk, and prevents adhering of the growing embryo to extraembryonic

materials. If the amnion evolved as a structure that separates early
embryos from the yolk and prevents them from adhering to the egg-
shell membranes, many of the structures that characterize Amniota
(delayed deposition of eggs, large yolk mass, cellular yolk sac, and the
amnion) may have evolved in an aquatic environment in association
with delayed egg laying. Thus, it is possible, that the amniote egg pri-
marily evolved as a feature facilitating egg retention (probably in
response to egg predation, conditions unfavorable for developing
eggs, or to ensure that hatching occurs during the favorable season).

The combination of features may have paved the evolutionary
pathway for terrestrial reproduction, but rather as an exaptation than
an adaptation (Gould & Vrba, 1982). Considering the many indepen-
dent evolutionary origins of terrestrial reproduction among verte-
brates (e.g., discussions in: Laurin & Reisz, 1997; Laurin &
Girondot, 1999; Laurin, 2005, 2010; Laurin et al., 2000; Skulan, 2000;
Wilkinson & Nussbaum, 1998 Martin & Carter, 2013; Vallin &
Laurin, 2004), evolution of the amniote egg presents just one “solu-
tion” that enabled the conquest of land for reproduction. Copulatory
organs, internal fertilization, delayed egg deposition, and reduction of
the number of eggs might have been reproductive features that
allowed reproduction on land but they may have evolved under a
completely different selective regime, as outlined above.

Amnion and chorioallantois are two exclusive amniote charac-
ters that occur together with reproduction on land. The sequence
of character states as it results from phylogenetic character map-
ping presented here, does not provide the necessary resolution to
reconstruct the evolutionary history of the amniote egg right at
that point of interest. However, we would expect behavioral and
structural changes of the egg preceding an evolutionary transition
from reproduction in water to reproduction on land. In that sense,
evolution of the amniotic egg under aquatic conditions for egg
retention, may have paved the evolutionary conquest of land for
reproduction. This explanation of the phylogenetic pattern is
certainly not in conflict with the classical view that the amniotic
egg is a perfect adaptation for reproduction on land as suggested
by Romer (1957)—it just shifts the occurrence of many characteris-
tics, including the amnion, to an earlier moment into the (dark)
history of the stem group of Amniota and acknowledges that differ-
ent clades of amniotes have experienced various structural and

functional modifications of morphology of the egg.

5 | CONCLUSIONS

We revisited amniote egg morphology in a broad phylogenetic frame-
work. The amniote mode of reproduction and morphology of the egg
are characterized by a suite of plesiomorphic and autapomorphic fea-
tures. Many of these features have convergent evolutionary origins
among vertebrates. Fully terrestrial reproduction has evolved inde-
pendently and convergently in numerous clades of anamniotes. Based
on our review, the amniote egg possibly represents an evolutionary
adaptation for egg retention in an aquatic environment that might

have been hostile for early egg deposition (because of either intensive
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egg predation, unfavorable chemical conditions, or to adjust hatching
to an optimal season). This view is supported by the largely neglected
fact that the amnion shows myogenic contractibility and moves the
early embryo, thus preventing adhesion to egg structures rather than
providing a container that merely carries the aqueous environment to
land. Thus, the amniote egg may be an exaptation that paved the evo-
lution of terrestrial reproduction. The avian egg, despite being para-
digmatic referenced as the typical amniote egg, is highly derived, and

designed for high metabolic rates and fast growth of embryos.
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ENDNOTE

1 [...]1 The blood vessels on the surface of the yolk do not only branch, but
also send fine extensions deep into the yolk. The beginning of this (pro-
cess) is shown in figure 36 and Plate XXXV. These extensions enter (the
yolk) from all sides, reaching increasingly deeper into the yolk. During
this process they gain in size and branch intensively, so that ultimately a
system of fine capillaries penetrates the entire yolk, resulting in a felted
mass (of yolk and capillaries). [...] translated by JMS.
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