
For Review Only

1

1

2 Mesothelial fusion mediates chorioallantoic membrane formation

3 Hiroki Nagai1, Yuki Tanoue1, Tomonori Nakamura2,3,4, Christopher J. J. Chan1,5, Shigehito Yamada6, Mitinori 

4 Saitou2,3,7, Takaichi Fukuda8 and Guojun Sheng1,*

5 1: International Research Center for Medical Sciences (IRCMS), Kumamoto University, Kumamoto, Japan

6 2: Institute for the Advanced Study of Human biology (WPI-ASHBI), Kyoto University, Japan

7 3: Department of Anatomy and Cell Biology, Graduate School of Medicine, Kyoto University, Kyoto, Japan

8 4: The Hakubi Center for Advanced Research, Kyoto University, Kyoto, Japan

9 5: Current affiliation: Francis Crick Institute, London, UK

10 6: Congenital Anomaly Research Center, Kyoto University Graduate School of Medicine, Kyoto, Japan

11 7: Center for iPS Cell Research and Application (CiRA), Kyoto University, Kyoto, Japan.

12 8: Department of Anatomy and Neurobiology, Graduate School of Medical Sciences, Kumamoto University, 

13 Kumamoto, Japan

14 * Corresponding author: sheng@kumamoto-u.ac.jp

15

16

Page 3 of 34

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:sheng@kumamoto-u.ac.jp


For Review Only

2

17 Abstract 

18 In amniotic vertebrates (birds, reptiles and mammals), an extraembryonic structure called chorioallantoic 

19 membrane (CAM) functions as respiratory organ for embryonic development. The CAM is derived from 

20 fusion between two pre-existing membranes, the allantois, a hindgut diverticulum and a reservoir for 

21 metabolic waste, and the chorion which marks the embryo’s external boundary. Modified CAM in 

22 eutherian mammals, including the human, gives rise to chorioallantoic placenta. Despite its importance, 

23 little is known about cellular and molecular mechanisms mediating CAM formation and maturation. In 

24 this work, using the avian model, we focused on the early phase of CAM morphogenesis when the allantois 

25 and chorion meet and initiate fusion. We report here that chicken chorioallantoic fusion takes place when 

26 the allantois reaches the size of 2.5-3.0mm in diameter and in about six hours between E3.75 and E4. 

27 Electron microscopy and immunofluorescence analyses suggested that before fusion, in both the allantois 

28 and chorion, an epithelial-shaped mesothelial layer is present, which dissolves after fusion, presumably 

29 by undergoing epithelial-mesenchymal transition. The fusion process per se, however, is independent of 

30 allantoic growth, circulation, or its connection to the developing mesonephros. Mesoderm cells derived 

31 from the allantois and chorion can intermingle post-fusion, and chorionic ectoderm cells exhibit a 

32 specialized sub-apical intercellular interface, possibly to facilitate infiltration of allantois-derived vascular 

33 progenitors into the chorionic ectoderm territory for optimal oxygen transport. Finally, we investigated 

34 chorioallantoic fusion-like process in primates, with limited numbers of archived human and fresh 

35 macaque samples. We summarize the similarities and differences of CAM formation among different 

36 amniote groups, and propose that mesothelial epithelial-mesenchymal transition mediates 

37 chorioallantoic fusion in most amniotic vertebrates. Further study is needed to clarify tissue 

38 morphogenesis leading to chorioallantoic fusion in primates. Elucidating molecular mechanisms 

39 regulating mesothelial integrity and epithelial-mesenchymal transition will also help understand 

40 mesothelial diseases in the adult, including mesothelioma, ovarian cancer and fibrosis.
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41 Introduction

42 Placentation in eutherian mammals is mediated through a specialized fetomaternal interface that 

43 facilitates exchanges of oxygen, nutrients and metabolic byproducts between two circulatory systems that 

44 do not physically meet (Carter, 2012; Mossman, 1987). The anatomical basis of chorioallantoic placenta, 

45 the main type of eutherian placentas, is chorioallantoic membrane (CAM), which functions as a respiratory 

46 organ in birds, reptiles, and primitive mammals (Mossman, 1987). The CAM is derived from fusion 

47 between the chorion and allantois, two extraembryonic tissues present in all amniotic vertebrates (Sheng 

48 and Foley, 2012), including in some marsupial clades which primarily utilize choriovitelline placentas 

49 (another major mode of placentation) for fetomaternal exchanges (Carter, 2021; Mossman, 1987). The 

50 chorion is composed of an ectoderm layer and an extraembryonic somatic mesoderm layer (Fig.1A). The 

51 allantois has an endoderm layer originated as a hindgut diverticulum and is covered by a complex layer of 

52 vascularized extraembryonic splanchnic mesoderm (Fig.1A). Extraembryonic coelomic cavity, the space 

53 between the allantois and chorion, is gradually displaced by the expanding allantois and after 

54 chorioallantoic fusion, by the expanding chorioallantoic membrane (CAM). In birds, the CAM eventually 

55 grows to cover the entire undersurface of egg shell. Several studies have investigated the process of 

56 mammalian allantoic bud outgrowth (Downs and Rodriguez, 2020; Hassan and Viebahn, 2017). However, 

57 little is known about morphogenetic or molecular features during CAM fusion or its subsequent 

58 maturation into a functional placenta. In a systematic genetic study in mice (Perez-Garcia et al., 2018), 

59 placental abnormalities were reported to account for two thirds of embryonic lethal mutations, a finding 

60 that highlights the need to gain a better understanding of how the CAM/placenta forms and matures to 

61 be the largest and most important organ during amniote development (Rossant and Cross, 2001). 

62 In this work, we used the avian model and studied early CAM morphogenesis, focusing on a 12-hour 

63 window (E3.75 to E4.25) from before the chorioallantoic fusion to soon after the initiation of CAM 

64 formation. We show that chorioallantoic fusion takes place within six hours after the chorion and allantois 
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65 come into contact at E3.75 and when the allantois reaches a size of approximately 2.5mm in diameter. 

66 Chorioallantoic fusion, however, is independent of allantoic size increase or allantoic circulation. We also 

67 show that both chorionic and allantoic mesothelial cells are of epithelial organization and that 

68 chorioallantoic fusion is associated with a partial epithelial-mesenchymal transition behavior. Electron 

69 microscopy analysis reveals an unexpected complexity of intercellular junctional interactions between 

70 chorionic ectoderm cells, likely in preparation for intra-ectodermal invasion of vascular progenitors soon 

71 after CAM establishment, an evolutionarily conserved feature to minimize physical distance between 

72 embryonic red blood cells and the external environment for efficient transport of oxygen and other small 

73 molecules (Coleman and Terepka, 1972; Hoshi and Mori, 1971). Finally, we present CAM-related data in 

74 primate embryos, obtained from historically archived early human embryo sections and freshly collected 

75 macaque embryo samples. 

76

77 Results and Discussion

78 Chorioallantoic fusion takes place between E3.75-E4.25

79 Chicken allantois starts to emerge from the hindgut and extends into the extraembryonic coelomic cavity 

80 at the end of the third day of incubation, when the developing embryo is completely enclosed by amniotic 

81 membrane, and reaches the chorion by the fifth day of incubation (Hirota, 1894; Romanoff, 1960; 

82 Steinmetz, 1930). To better understand the timing of CAM fusion, we used a custom-built whole-egg 

83 incubation device for time-lapse imaging (Fig.1B,C), and captured tissue morphogenesis of the chicken 

84 embryo from E2 to E5 (Sup-Mov.1; this movie was generated by the corresponding author and is also 

85 available in a public depository with the following link: https://www.sdbcore.org/object?ObjectID=354). 

86 Still images from the movie (Fig.1E) revealed rapid increase of allantoic size during this period of 

87 development. The endoderm-enclosed allantoic cavity could be visualized by fast green dye injection 
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88 (Fig.1D) and the injected dye did not leak into the extraembryonic coelomic cavity, suggesting that 

89 allantoic endoderm as an epithelial barrier was functional before chorioallantoic fusion. Backflow of the 

90 dye into the embryo proper was not prominent either, suggesting that expansion of the allantoic cavity 

91 during its rapid growth phase was not due to functional maturation of embryonic mesonephros. 

92 We assessed chorioallantoic fusion status by both the relative sliding motion of vascularized allantois 

93 against the overlying chorion in live-imaging (Sup-Mov.2; Sup-Mov.3) and by physical separation of the 

94 allantois and chorion after dissection. At the beginning of fifth day of chick development (~HH24; E4.0), 

95 chorioallantoic fusion was readily observed (Fig.2A). Statistical analysis showed a clear correlation 

96 between the embryo’s developmental stage, allantoic size and chorioallantoic fusion status (Fig.2B). 

97 Based on these observations, we divided early chorioallantoic fusion process into two phases: a primary 

98 phase of chorioallantoic contact, transiting from no physical contact to physical contact, accompanied 

99 with sliding motion between interacting chorion and allantois (Sup-Mov.2) (E3.75-E4); and a secondary 

100 phase of physical fusion, transiting from physical contact to tissue fusion with reduced or no sliding motion 

101 between the chorion and allantois in the fused areas (Sup-Mov.3) (E4-E4.25). Taken together, our data 

102 showed that chicken CAM formation was achieved in a 12-hr window between E3.75 and E4.25, and that 

103 a brief contact of less than 6-hrs was sufficient to allow fusion to be established irreversibly. These 

104 observations suggested that chorioallantoic fusion is mediated by contact-based molecular signaling and 

105 subsequent cell morphological changes. 

106

107 Electron microscopy analysis reveals chorionic and allantoic tissue organization at the primary phase of 

108 chorioallantoic fusion 

109 Our time-lapse imaging (Sup-Mov.1) showed that initiation of chorioallantoic fusion coincided with the 

110 breakdown of vitelline membrane, an acellular protective layer covering the oocyte both before (as the 
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111 inner vitelline membrane) and after (as the outer vitelline membrane) fertilization. Avian inner vitelline 

112 membrane is similar in its function and composition to mammalian zona pellucida (Mann, 2008). Its 

113 breakdown, like mammalian blastocyst hatching, indicates maturation of the chorionic ectoderm as a 

114 protective epithelium. Our dye injection data suggested that the allantoic endoderm has also reached a 

115 mature epithelial status before fusion. These two protective layers likely maintain their fully-epithelial 

116 status during and after CAM formation. To investigate which chorioallantoic cellular lineage(s) are the 

117 main mediators of fusion, we first performed electron microscopy analysis of stage HH23/24 embryos (the 

118 primary phase of CAM fusion as defined in the previous paragraph) when the chorion and allantois had 

119 come into contact, but before fusion was established. The overall tissue organization of the chorion and 

120 allantois at this stage is shown in Fig.3A (semi-thin section; toluidine blue-stained) and Fig.3B (electron 

121 microscopy image). The allantois had a more complex tissue organization. Its endoderm layer had a 

122 smooth apical surface and a jagged basal one (Fig.3A,B). Its mesoderm components could be grouped into 

123 four cellular lineages based on their morphology: the blood cells, vascular endothelial cells, mesenchymal 

124 cells and a layer of mesoderm cells that cover the entire allantois (referred to as allantoic mesothelial 

125 cells) (Fig.3A,B).

126 Electron microscopy data showed that chorionic ectoderm cells had apical tight junctions (Fig.4A,B; black 

127 arrows), adherens junctions (Fig.4B white arrow) and basement membrane (Fig.4A,C,E,F; arrowheads), 

128 indicative of a mature epithelial organization. Chorionic ectoderm cells had a pseudostratified 

129 arrangement (Fig.4A-F, summary in Fig.4G). However, each ectoderm cells had apical and basal surfaces 

130 and its apicobasal axis spanned the entire thickness of the ectoderm, indicating that these cells had a 

131 special, interdigitating intercellular organization (Fig.4G). Below apical junctions between two chorionic 

132 ectoderm cells, neighboring cell membranes were arranged in a zigzagged pattern (Fig.4B,C) with 

133 additional adherens junction-like structures (Fig.4B,C,D white arrows) anchoring juxtaposed membranes. 

134 Chorionic mesothelial cells also formed intercellular junctions (Fig.4F arrow). These cells had protrusions 

Page 8 of 34

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

7

135 both apically (coelomic space side) and basally (chorionic ectoderm side), and did not have their own 

136 basement membrane (Fig.3A,B; Fig.4A,E,F). On the allantoic side, its mesothelial cells showed relatively 

137 smooth apical surface (Fig.3; Fig.5A), except in cells (Fig.5I arrows) which had been in contact with the 

138 chorionic side.  Allantoic mesothelial cells had apical tight junctions (Fig.5A,B,C arrows), adherens 

139 junctions (Fig.5B,C arrowheads) and basement membrane (Fig.5D arrows). Allantoic endoderm cells 

140 exhibited stereotypic epithelial organization, with tight junctions (Fig.5E black arrow), adherens junctions 

141 (Fig.5E white arrow) and basement membrane (Fig.5E,F arrowheads). Between allantoic mesothelial cells 

142 and allantoic endoderm cells, as seen in semi-thin and electron microscopy images (Fig.3), additional 

143 mesoderm cell populations included blood cells (Fig.3), endothelial cells (Fig.3; Fig.5G,H) and allantoic 

144 mesenchymal cells (Fig.3), the last of which may be composed of heterogenous sub-populations. 

145 Taken together (Fig.5J), our electron microscopy data suggested that at peri-fusion stage, the chorionic 

146 membrane is composed on a one-cell-thick chorionic ectoderm layer with a complex, previously 

147 undescribed epithelial organization, and a one-cell-thick mesothelial cell layer of partially polarized, 

148 epithelial-like organization. The allantoic membrane is composed of an inner endoderm layer of mature, 

149 cuboidal epithelial organization, a covering layer of epithelialized mesothelial cells, and between these 

150 two layers of epithelia, circulating blood cells, mature endothelial cells and mesenchymal cells of 

151 potentially heterogenous lineages.  

152

153 Immunofluorescence analysis reveals characteristic cellular markers for epithelial structures during 

154 chorioallantoic fusion

155 To validate electron microscopy-based findings, we performed immunofluorescence analysis of chorionic 

156 and allantoic tissues from HH23 embryos (at the beginning of chorioallantoic contact). Laminin, the 

157 basement membrane marker (Nakaya et al., 2008), was strongly positive at the basal side of the chorionic 
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158 ectoderm cells (Fig.6B,D; Fig.6E arrow) and allantoic endoderm cells (Fig.6B,D; Fig.6F arrow), and 

159 moderately positive underneath allantoic mesothelial cells (Fig. 6B,D; Fig.6F white arrowhead). Vimentin 

160 (a mesenchymal marker) (Yang et al., 2020), however, was positive not only in allantoic mesenchymal cells 

161 (Fig.6C; Fig.6F black arrowheads), as expected, but also in chorionic mesothelial cells (Fig.6C; Fig.6E white 

162 arrowhead indicating mesothelial cells, black arrowhead indicating Vimentin positivity), and weakly 

163 positive in allantoic mesothelial cells (Fig.6F white arrowhead). E-cadherin, a canonical adherens junction 

164 marker (Nakaya et al., 2013; Nakaya et al., 2008), was highly expressed in chorionic ectoderm cells (Fig.6I,J) 

165 and allantoic endoderm cells (Fig.6L,N), but not in either chorionic or allantoic mesothelial cells 

166 (Fig.6I,J,L,N). ZO-1, a tight junction marker (Hamidi et al., 2020; Nakaya et al., 2008), was detected in both 

167 the chorionic ectoderm and chorionic mesothelial cells (Fig.6H,J), and in the allantoic endoderm cells, 

168 allantoic mesothelial cells and allantoic vascular endothelial cells (Fig.6M,N). Taken together (Fig.6O), our 

169 immunofluorescence data suggest that the chorionic ectoderm and allantoic endoderm cells are of 

170 stereotypic epithelial organization, and that the allantoic mesothelial cells are of full epithelial 

171 organization, but without expressing the canonical E-cadherin. The chorionic mesothelial cells are of a 

172 mixed epithelial (ZO-1 positive, stable cell-cell junctions under electron microscopy) and mesenchymal 

173 (Vimentin positive and Laminin negative) characteristics. 

174

175 Chorioallantoic fusion does not require allantoic circulation or allantoic size increase

176 Close apposition of two mesothelial cell layers is common in development and adult homeostasis. In most 

177 such cases, however, fusion does not take place automatically after contact. For example, yolk sac 

178 splanchnic mesoderm is covered with a mesothelial layer as in the allantois, and is in contact with 

179 chorionic mesothelium for several days, without resulting in fusion, before this contact is displaced by the 

180 growing allantois and expanding chorioallantoic membrane. In the adult, mesothelial contact, involving 
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181 mesothelial layers lining body cavities, is essential for visceral organs’ function, yet fusion is actively 

182 prevented, failure of which, e.g., as a consequence of surgery or dialysis, leads to human diseases 

183 (Mutsaers et al., 2015). We therefore investigated, at the tissue level, the essential parameters for 

184 chorioallantoic fusion. 

185 Because in normal development, chorioallantoic fusion coincides with the phase of rapid size increase of 

186 the allantois, we asked whether fusion could still occur if allantois growth was prevented. We first 

187 performed chick/chick allantois graft, in which we used pre-fusion donor allantoides and equivalent stage 

188 host embryos. Graft allantois was collected by gentle excision with a pair of spring scissors at the 

189 connection between the donor allantois and the donor embryo. The collected, spherical, donor allantois 

190 was transplanted into the host extraembryonic coelomic cavity through a small slit cut in the host chorion, 

191 away from the final graft site. After overnight culture, the host allantois grew and established 

192 chorioallantoic fusion (Fig.7A), whereas the grafted allantois did not grow in size (Fig.7A,B) or re-establish 

193 circulation (Fig.7B). Yet, the fusion between the grafted allantois and the host chorion proceeded (9/15) 

194 (Fig.7B). Those grafted allantois that failed to fuse with the host chorion were invariably sunk in the 

195 extraembryonic coelomic cavity, possibly due to minor damage to the allantois during graft.  When grafted 

196 allantois was in contact with the host allantois, blood flow could be re-established through vascular fusion 

197 of the two allantoides (Fig.8; Sup-Mov.4). In such cases, a rapid expansion of the graft allantois could be 

198 observed after vascular fusion (Fig.8; Sup-Mov.4). however, chorioallantoic fusion could take place 

199 regardless of whether allantoic circulation was re-established or not. This observation was confirmed by 

200 performing allantois graft experiments using quail donor allantois (20/26) (Fig.7H-K), or by in vitro 

201 assembly of isolated allantois and chorion tissues (13/16) (Fig.7C-G). TUNEL staining suggested that 

202 apoptosis was not involved in CAM fusion (CAM: Fig.7Q; limb-bud positive control: Fig.7R). These data 

203 suggested that the avian chorion and allantois have an intrinsic ability to initiate fusion (Fig.7S), likely 

204 through reciprocal signaling between two mesothelial layers, independent of allantoic circulation or 
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205 allantoic size increase. The allantoic size increase however, appeared to be the direct consequence of 

206 allantoic circulation, suggesting that content within the allantoic vesicle, at least during pre-fusion stages, 

207 is processed from the embryonic blood, rather than the embryonic mesonephros. In fused CAM, allantoic 

208 vascular elements (capillary vessels and vascular progenitor cells) will populate the chorionic mesoderm 

209 territory, and eventually also the chorionic ectoderm territory for efficient oxygen exchange. Supporting 

210 this, we detected mixed chorionic and allantoic mesoderm cells in chick/quail chimeric CAM (Fig.7L-P) 

211 soon after the fusion. Further studies will be needed to understand molecular regulation of the transition 

212 from an epithelial allantoic mesothelium and a partially epithelial chorionic mesothelium, before 

213 chorioallantoic fusion, to mesenchymal-shaped CAM mesoderm cells. 

214

215 Conservation of chorioallantoic fusion in other amniotes, with a special discussion on origin of primate 

216 placentas

217 Phylogenetically speaking, all amniotes have conserved embryonic and extraembryonic tissue 

218 organization (Mossman, 1987; Sheng and Foley, 2012). The chorion is formed as the developing embryo 

219 is enclosed by the amniotic membrane (Fig.10 bottom), a structure that defines this group of vertebrate 

220 animals and ensures an aqueous environment for land-developing vertebrate embryos. As the external 

221 boundary of an amniote embryo, the chorion is the interface for fetal-environmental or fetal-maternal 

222 interactions, including the supply of oxygen and nutrients and the disposal of metabolic waste. The 

223 allantois is the main organ for metabolic waste storage in birds and reptiles, and through its fusion with 

224 the chorion, for oxygen supply in most amniote embryos and nutrient supply in viviparous squamates 

225 (snakes and lizards) and all mammals except for the marsupials. The marsupials use primarily chorio-

226 vitelline placentas for feto-maternal interactions, although all marsupial embryos have an allantois and 

227 some also have a fused chorioallantoic membrane (Carter, 2021; Freyer et al., 2003). Among the eutherian 
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228 mammals, phylogenetic analysis has identified four major groups (Springer et al., 2004): the Afrotheria 

229 (e.g., elephants), Xenarthra (e.g., armadillos), Laurasiatheria (e.g., bats and pigs) and Euarchontoglires 

230 (e.g., primates, rodents and rabbits). The first three groups have their placentas derived from the CAM, 

231 involving a chorioallantoic fusion process similar to what we have described in this work (Mossman, 1987). 

232 Among the Euarchontoglires, Lagomorpha (rabbits, hares and pikas) (Hassan and Viebahn, 2017; 

233 Mossman, 1987) also undergoes chorioallantoic fusion as reported here, as is the case with basal primates 

234 (including flying lemur, lemur, loris, galago) (Hill, 1932; Mossman, 1987). Rodents also involve mesothelial 

235 cells during chorioallantoic fusion (Downs, 2002; Downs and Gardner, 1995), although in this group 

236 contribution of endoderm to pre- and peri-fusion allantois is highly variable, from having no endoderm 

237 cavity (but with endoderm-derived allantoic rod cells) in allantoic outgrowth in mice (Fig.10) (Downs and 

238 Rodriguez, 2020), to having a well-formed, endoderm-enclosed allantoic cavity in squirrels (Luckett, 1971; 

239 Mossman, 1987). 

240 Morphogenetic process leading to chorioallantoic fusion in haplorhini (a clade of primates to which our 

241 own species belong) is less clear. This is mainly due to scarcity of early-stage embryo samples in human 

242 and other anthropoid species, but is also complicated by two special features in early human/anthropoid 

243 development: the body stalk and presence of a large number of extraembryonic mesoderm/mesenchymal 

244 cells before primitive streak formation. The body stalk connects the embryo proper with the chorionic 

245 ectoderm (trophoblasts) (Mossman, 1987; Vögler, 1987) and is composed of mesoderm-like cells formed 

246 when epiblast cells transition from a partially epithelial and partially mesenchymal status to a fully 

247 epithelial one  (Sheng, 2015, 2021; Yang et al., 2020). From histological sections, a significant number of 

248 such mesoderm-like cells, populating the body stalk and covering the amniotic and chorionic ectoderm, 

249 are already present before initiation of primitive streak-associated gastrulation and epithelial to 

250 mesenchymal transition. Although these cells resemble the hypoblast in cellular architecture and gene 
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251 expression patterns (Luckett, 1978; Nakamura et al., 2016; Sasaki et al., 2016), their origin, e.g., from 

252 either the epiblast, hypoblast, or both, remains to be clarified through direct lineage tracing analysis.

253 Allantoic formation in anthropoids is presumably initiated by endoderm outgrowth into this pre-existing 

254 body stalk territory (Vögler, 1987). For ethical and technical reasons as mentioned above, systematic 

255 analysis of allantoic and chorioallantoic membrane formation in anthropoids is lacking. We analyzed early 

256 stage (Carnegie Stage 8) (O'Rahilly and Muller, 2010) human embryo sample (Fig.9A-C) and somewhat 

257 more advanced stage (E22) (Nakamura et al., 2016) macaque embryo sample (Fig.9D-H). Endoderm-

258 enclosed allantoic cavity/diverticulum was observed in allantoic stalk in both species (Fig.9A-C,D,E). 

259 Interestingly, in the human sample, which is at an earlier developmental stage when allantoic endoderm 

260 diverticulum just started to invade into the body stalk, a mesothelium-like layer covered a portion of the 

261 stalk, suggesting that morphological heterogeneity exists in human body stalk mesoderm cells and that 

262 human allantoic growth is associated with, but distinguishable from the pre-existing body stalk. The body 

263 stalk becomes allantoic stalk when allantois-associated endoderm expands into much of the body stalk 

264 territory (Fig.9D,E; arrows), bringing with it vascular mesoderm cells which eventually connect embryonic 

265 and placental circulatory networks. Cells of vascular endothelial morphology were observed more 

266 abundantly in allantoic stalk and in chorionic mesoderm territory adjacent to allantoic stalk (Fig.9E), 

267 suggesting that allantois-associated mesoderm makes a major contribution to placental vasculature. 

268 Supporting this, mesenchymal cells located in chorionic villi, prior to vascular infiltration, did not exhibit 

269 prominent vascular morphology (Fig.9H). However, in the macaque embryo, chorionic mesoderm cells 

270 lining the extraembryonic coelomic cavity appeared to be capable of differentiating into vascular 

271 endothelial cells (Fig.9G; red arrowhead). This is different from what we observed in avian embryos, where 

272 chorionic mesothelial cells did not make any obvious contribution to the vascular cell lineage prior to CAM 

273 fusion.

274
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275 Conclusions

276 Chorioallantoic fusion generates the embryonic respiratory organ in birds and reptiles and the placenta in 

277 mammals. In this work, we carried out detailed morphological, cellular and comparative analyses of 

278 chorioallantoic fusion. Our data suggested that in amniotic vertebrates, including in most of mammalian 

279 groups, chorioallantoic fusion involves cross-talk between two mesothelial layers, one covering the 

280 allantoic vascular mesoderm and the other the chorionic ectoderm. The fusion process is rapid, does not 

281 require allantoic circulation or size increase, and involves partial epithelial-mesenchymal transition of two 

282 mesothelia. Identifying molecular regulators of chorioallantoic fusion and mesothelial epithelial-

283 mesenchymal transition in future studies will help us understand underlying mechanisms of human 

284 placenta defects and mesothelial-related human diseases. 

285
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297 Materials and Methods

298 Embryology and Imaging

299 Fertilized chicken and quail eggs were purchased from Shimojima Farm (Kanagawa, Japan) and Motegi 

300 Farm (Saitama, Japan), respectively. Eggs were incubated at 38.5 °C to desired stages. For time-lapse 

301 imaging of in ovo development, we used heated incubator chamber (Fig.1B) (manufactured by Matsunami 

302 Glass IND LTD., Japan) and Olympus SZX16 microscope fitted with Olympus DP72 camera. For allantois 

303 graft experiment, the donor allantois (from HH23/24) was excised at the proximal side (where the allantois 

304 connects to the embryo) and was allowed to heal. A small slit, the length of which was smaller than the 

305 diameter of graft allantois, was made on host chorionic membrane. Graft allantois was then carefully 

306 inserted through the slit and should be floating in extraembryonic coelomic cavity space if its integrity was 

307 intact. The graft allantois was moved gently away from the open slit (which would heal after overnight 

308 incubation) to allow close physical contact between the graft allantois and host chorion. The status of 

309 fusion was analyzed after overnight incubation (12-24 hours). For in vitro chorioallantoic fusion 

310 experiment, pre-fusion allantois and chorion were isolated separately, and were assembled and stabilized 

311 using fine insect pins (Fig.7C) on semi-solid agarose (0.8-0.9%) in Tyrode’s saline. Mesothelial side of the 

312 chorion was placed facing the mesothelial side of the allantois, and assembled chorion and allantois were 

313 incubated at 38.5 °C in humidified container. 

314

315 Immunostaining

316 For immunofluorescence or immunohistochemistry analysis, the following primary antibodies were used: 

317 E-cadherin (BD Transduction Lab; #610181), ZO-1 (Invitrogen; #40-2200), Laminin (Sigma; #L9393), 

318 Vimentin (DSHB; H5) and quail specific marker (DSHB; QCPN). Alexa Fluor secondary antibodies (Alexa 

319 flour 488 and 568; Invitrogen) were used for multicolour detection. Immunofluorescence images were 

Page 16 of 34

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

15

320 captured using Keyence Fluorescence Microscope BZ-X800 and processed using Fiji image processing 

321 package (Schindelin et al., 2012). Immunohistochemistry images were acquired using Olympus BX52 with 

322 Olympus DP70 camera.

323

324 Electron Microscopy 

325 For electron microscopy analysis, samples of chicken chorion and allantois were prepared according to 

326 standard protocol. Briefly, isolated tissue samples were fixed overnight at 4 °C with 2.5% glutaraldehyde 

327 and 2% paraformaldehyde in 0.1 M phosphate buffer, postfixed in 1% OsO4 on ice, and stained en bloc 

328 with 1.5% uranyl acetate. After embedding in epoxy resin, ultrathin sections were cut and stained with 

329 uranyl acetate and lead citrate. Specimens were examined with a transmission electron microscope (H-

330 7700, Hitachi).

331

332 Human Embryo Section

333 Human embryo section slide was from the Kyoto Collection of Human Embryos, a projected initiated in 

334 1961 by Dr. Hideo Nishimura in Kyoto University and currently comprises over 44,000 human embryo 

335 samples (Yamaguchi and Yamada, 2018). The specimen number for images shown in Figure 9 is #27423 

336 and developmental stage of this specimen is CS8. 

337

338 Cynomolgus macaque sample collection and histology

339 Experimental procedures using cynomolgus macaques were approved by the Animal Care and Use 

340 Committee of Shiga University of Medical Science. Post-implantation Cynomolgus macaque embryo at 
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341 E22 were generated by oocyte collection, intracytoplasmic sperm injection, culture of pre-implantation 

342 embryo, embryo transfer into female recipients and recover of embryo by cesarean section under full 

343 anesthesia, as described previously (Nakamura et al., 2016; Sasaki et al., 2016; Suemori et al., 2001; 

344 Yamasaki et al., 2011). The embryos were fixed in 4% PFA/PBS at 4℃overnight and embedded in paraffin. 

345 The sample was serially sectioned at a thickness of 3 micro-meter on a microtome and stained with 

346 hematoxylin and eosin (ScyTek, HAE-1). The images were acquired by Nanozoomer virtual slide scanner 

347 (Hamamatsu Photonics).

348

349 TUNEL assay

350 Whole mount detection of apoptotic cells was perfomed using in situ apoptosis detection kit (Takara; 

351 #MK500) in combination with anti-Fluorescein-AP, Fab fragments (Roche;  #11426338910).

352
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353 Figure Legends

354 Figure 1: Gross morphology and timing of chorioallantoic fusion in chick development

355 A: Schematic view of an amniote embryo, including its germ layer organization and relationship between 

356 its intra-embryonic and extra-embryonic structures. Red: mesoderm derivatives. Gray: ectoderm and 

357 endoderm derivatives. B,C: Custom-built incubator for time-lapse imaging. Eggshell is opened from one 

358 side, exposing the developing embryo. The incubator is humidified by a small reservoir of water at its base 

359 and heated from the top. The glass is heated to prevent water condensation (C). The incubator is placed 

360 under a stereomicroscope (e.g., Olympus SZX16) for long-term time-lapse imaging. The water reservoir is 

361 refilled daily to maintain humidity. D: A HH21 embryo, showing its growing allantois (artificially injected 

362 with fast green dye). E: Still images captured from time-lapse movie (Sup-Movie 1), showing rapid increase 

363 in allantoic size from HH18 to HH26. 

364

365 Figure 2: Correlation of chorioallantoic fusion and allantois size in chick development

366 A: Fusing chorion (ch) and allantois (al), showing both the ongoing fusion (CAM) and unfused territories. 

367 B: Average size and fusion status of the chorion and allantois, with respect to embryo’s developmental 

368 stage. 

369

370 Figure 3: Histological and electron microscopy analyses of chorionic and allantoic tissues at the onset of 

371 fusion.

372 A: Toluidine blue-stained semi-thin (0.5 m) section of chorionic and allantoic tissues. Germ layer 

373 composition as indicated. Chorion contains ectoderm and mesoderm (mesothelium) layers. Allantois 

374 contains endoderm and mesoderm layers. The allantoic mesoderm is heterogenous, containing 
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375 mesothelial, endothelial, blood and mesenchymal cells. B: Transmission electron microscopy showing 

376 overall organization of the chorionic and allantoic tissues. Scale bar: 25 m in A and 8 m in B. Cell lineages 

377 are indicated by white (in A) and black (in B) arrowheads.

378

379 Figure 4: Electron microscopy analysis of the chorion.

380 A: The chorion contains the ectoderm and mesoderm layers (both indicated by brackets). Arrowhead: 

381 ectodermal basement membrane. Arrow: ectodermal apical junctions. B:  Magnified view of apical 

382 junction region shown in A. TJ: tight junction; AJ: adherens junction. Below apical junctions, chorionic 

383 ectoderm cell membranes are arranged in an interdigitating pattern, anchored by additional adherens 

384 junction-like structures (white arrow labelled as AJ-like in B,C,D). E: Chorionic ectoderm cells also exhibit 

385 a complex pattern in their basal side. F: Under chorionic ectoderm, a basement membrane (arrowheads) 

386 is clearly visible. Chorionic mesothelial cells do not have detectable basement membrane of their own, 

387 but intercellular junctions are present. G: Schematic view of cellular organization of the chorionic 

388 ectoderm. Top: Schematic representation of ectoderm cells shown in panel A. Bottom: Chorionic 

389 ectoderm cells are unilaminar, with complex intercellular organization possibly to fulfill physiological roles 

390 of the chorionic ectoderm (e.g., by providing a strong physical barrier, preventing water and heat loss, 

391 and facilitating oxygen uptake).  

392

393 Figure 5: Electron microscopy analysis of the allantois.

394 A-D: Allantoic mesothelial cells have clear cell-cell junctions (arrows in A), including tight junctions (arrows 

395 in B,C) and adherens junctions (arrowheads in B,C), and basement membrane (arrowheads in D). E: 

396 Allantoic endoderm cells are stereotypic epithelial organization, with tight junction (black arrow), 
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397 adherens junction (white arrow) and basement membrane (black arrowhead). F: Magnified view of 

398 endodermal basement membrane region indicated by arrowhead in E. G,H: Vascular endothelial cells in 

399 allantoic mesoderm compartment are also connected by tight junctions (black arrows). I: in some allantoic 

400 mesothelial cells, different from those shown in panel A, numerous apical filopodia-like structure are seen. 

401 These filopodia likely reflect changes in allantoic mesothelial cells induced by contact with the chorionic 

402 tissue, in preparation for fusion. J: Summary of cellular organization, including their heterogeneity and 

403 polarity), in chorionic and allantoic tissues. 

404

405 Figure 6: Immunofluorescence analysis of chorionic and allantoic tissues at the onset of fusion.

406 A-F: Chorionic and allantoic tissues from HH23 embryo stained for DAPI (A), Laminin (B) and Vimentin (C), 

407 superimposed in (D). Magnified views for chorion (E) and allantois (F). G-J: Chorionic tissue from HH23 

408 embryo stained for DAPI (G), ZO-1 (H) and E-cadherin (E-cad) (I), superimposed in J. K-N: allantoic tissue 

409 from HH23 embryo stained for DAPI (K), E-cad (L) and ZO-1 (M), superimposed in N. O: Summary of 

410 immunofluorescence analysis. Scale bar: 50 m in panels A-D, G-N; 25 m in panels E and F. 

411

412 Figure 7: Allantoic graft in vivo and chorioallantoic fusion in vitro 

413 A,B: Graft chick allantois fuses with host chorion. B is magnified view of A.  Donor allantois was inserted 

414 into host extraembryonic coelomic cavity through a small slit in host chorion. After overnight growth, the 

415 host allantois grew in size, whereas the graft allantois (arrows) did not. But chorioallantoic fusion (host 

416 chorion and donor allantois) still took place. C-G: Chorioallantoic fusion in vitro. C,D: schematic diagram 

417 (C) and example (D) of isolated chorionic and allantoic tissues put together in vitro. E: After 12 hours, 

418 fusion was observed. At this point, however, the fusion was still weak and these two tissues could still be 
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419 separated by peeling. F,G: After 24-hours, fusion was firmly established. H-K: Quail/chick (graft/host) 

420 allantoic graft. H: two graft allantois (quail, arrows) in chick host. The host allantois is labelled as such. I-

421 K: after QCPN staining, two quail allantois could be clearly distinguished (I; and magnified view in J and K). 

422 L-P: Section view of quail allantois after QCPN staining. The fused chorioallantoic membrane (L,M,O) 

423 contains both quail (stained) and chick cells (unstained). The unfused allantois contains all quail cells (L,M). 

424 At the edge of fusion, a complex pattern of cell mixing (L,N,P) could be observed. Q: TUNEL staining of 

425 HH23+ CAM, showing no or very few apoptotic cells. R: TUNEL staining of the forelimb bud of the same 

426 embryo, showing prominent apoptosis in apical ectoderm ridge, as previously reported (Fernandez-Teran 

427 et al., 2006). S: Schematic diagram of how chorioallantoic fusion is regulated. Allantoic circulation is critical 

428 for allantoic size expansion, but does not function as the primary driver for fusion. Chorionic mesoderm 

429 does not contain vascular endothelial cells by itself, and vascular progenitors originated from allantoic 

430 mesoderm invades into chorionic mesoderm territory, and eventually to intra-chorionic ectoderm 

431 territory for efficient oxygen uptake. Reciprocal signaling between allantoic and chorionic mesothelial 

432 cells are considered to be the main driver for chorioallantoic fusion. 

433  

434 Figure 8: Allantoic circulation leads to allantoic size increase.

435 A: Graft allantois was labeled with injected fast green dye and subject to time lapse imaging. Without 

436 circulation, the graft allantois did not expand in size. In some cases, the mesoderm components of the 

437 graft allantois and host allantois fused (e.g., at 6h in A), resulting in rapid expansion of the graft allantois. 

438 B: This is more clearly shown when two graft allantoides, one having vascular fusion with the host allantois 

439 (starting at 6.5h) and the other not. C,D: magnified views of 4.5h (C) and 8.5h (D) of the time-lapse 

440 sequence shown in B.

441
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442 Figure 9: Chorioallantoic membrane fusion in human and macaque samples. 

443 A-C: Carnegie Stage 8 human embryo (from Kyoto Human Embryo collection). A and B are two sections of 

444 the same embryo. C is magnified view of B. Allantoic endoderm diverticulum (shown in A-C) extends into 

445 the body stalk mesoderm. The body stalk exists before gastrulation is initiated. Mesenchymal cells in the 

446 body stalk represent those mesoderm cells that contribute to the majority of chorionic and amniotic 

447 mesoderm. The extension of allantoic endoderm diverticulum into the body stalk brings additional 

448 mesoderm cells generated through gastrulation to the body stalk, transforming body stalk into allantoic 

449 stalk. D-H: E22 macaque embryo. D: section view of embryo, with major extraembryonic tissues labeled. 

450 E: Magnified view of the allantoic stalk, showing central, endoderm-lined allantoic cavity space (arrows). 

451 F: Magnified view of the yolk sac. Arrows: yolk sac endoderm cells. Arrowheads: developing blood islands. 

452 G: Magnified view of amnion and chorion, in regions away from the allantoic stalk. Both amniotic 

453 ectoderm and amniotic mesoderm are one-cell-layer thick; whereas chorionic ectoderm contains both 

454 syncytial and cyto- trophoblasts and chorionic mesoderm is multi-cell-layered. Occasional cells with 

455 vascular endothelial-like morphology can be detected in chorionic mesoderm (red arrowhead). These 

456 endothelial-like cells appear to have formed in situ (i.e., are not derived from allantoic mesoderm). H: 

457 Chorionic villi have mesoderm core (non-vascular cells) surrounded by trophoblasts (cyto- and syncytial). 

458

459 Figure 10: Comparative view of chorioallantoic membrane fusion in amniotic vertebrates. 

460 Schematic diagram summarizing phylogenetic view of anatomical and functional 

461 conservation/diversification of chorioallantoic membrane. Red: mesoderm derivatives. Gray: ectoderm 

462 and endoderm derivatives.

463

464

Page 23 of 34

http://mc.manuscriptcentral.com/issue-ptrsb

Submitted to Phil. Trans. R. Soc. B - Issue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

22

465 Supplementary Movie Legends

466 Supplementary Movie 1:

467 Time-lapse movie of chick development from HH15 to HH27, taken at 5 minutes/frame for three days.

468 Supplementary Movie 2:

469 Real time movie of chicken allantois, after its contact with the chorion but before fusion is established.

470 Supplementary Movie 3:

471 Real time movie of chicken allantois, after fusion is established.

472 Supplementary Movie 4:

473 Time lapse movie of two graft chicken allantoides, one with vascular fusion with host allantois and the 

474 other not. 

475

476
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