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Abstract

Background: Bats comprise the second largest order of mammals. However, there are far fewer morphological
studies of post-implantation embryonic development than early embryonic development in bats.

Results: We studied three species of bats (Miniopterus schreibersii fuliginosus, Hipposideros armiger and H. pratti),
representing the two suborders Yangochiroptera and Yinpterochiroptera. Using an established embryonic staging
system, we identified the embryonic stages for M. schreibersii fuliginosus, H. armiger and H. pratti and described the
morphological changes in each species, including the development of the complex and distinctive nose-leaves in
H. armiger and H. pratti. Finally, we compared embryonic and fetal morphology of the three species in the present

superfamily Rhinolophoidea.

study with five other species for which information is available.

Conclusion: As a whole, the organogenetic sequence of bat embryos is uniform and the embryos appear
homoplastic before Stage 16. Morphological differentiation between species occurs mainly after embryonic Stage
16. Our study provides three new bat species for interspecific comparison of post-implantation embryonic
development within the order Chiroptera and detailed data on the development of nose-leaves for bats in the

Background

The Chiroptera is the second largest order of mammals
with over 1100 species [1]. It consists of two suborders
and five superfamilies [2]. Although early development
has been described for many bat species [3], post-
implantation staging systems have been described for
only five species from three superfamilies (Fig. 1) [4-8].
However, an important superfamily of bats, the Rhinolo-
phoidea, in the suborder Yinpterochiroptera, has not
been studied. Bats in this superfamily are characterised
by the complex structure of their nose-leaves which are
associated with echolocation [9,10]. In this paper, we
applied the staging system developed by Cretekos et al
[5] to three bat species, M. schreibersii fuliginosus, H.
armiger and H pratti, which belong to the superfamilies
Vespertilionoidea and Rhinolophoidea respectively [2],
to investigate whether there are any species specific dif-
ferences in embryonic development.
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M. schreibersii fuliginosus, Schreibers’s long-fingered
bat, is widespread from the temperate zone to the tro-
pics in the Old World [11,12]. In the north temperate
zone (32.5°N and 33.5°N), copulation and fertilization
occur in autumn, and implantation and embryonic
development are delayed for the duration of hibernation
[13,14]. Normal embryonic development proceeds after
arousal from hibernation in spring and parturition
occurs in summer [15].

H. armiger, the great leaf-nosed bat, is widely distribu-
ted in subtropical and tropical zones of Asia [12]. At
lower latitudes, this species hibernates from December
to February [16,17] and embryonic development is
delayed [18].

H. pratti, Pratt’s leaf-nosed bat, has been found in a
few Asian countries and is distributed across the same
latitudes as H. armiger [12]. Although this species was
described in 1891 [19], it has been the subject of few
studies and none on reproduction or development.

Here we compare morphological changes during
embryonic and fetal development for the three bat species,
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describing the differentiation and development of the face
and limbs, and comparing them with information already
available for five other bat species. By adding the two hip-
posiderid species studied in this paper, representatives of
another superfamily have been considered (Fig. 1).

Results

Specimen summary

Female M. schreibersii fuliginosus, H. armiger and H.
pratti possess bicornuate uteri and are monotocous. H.
armiger were in torpor on 19 Feb 2009 and 4 March
2008. On other capture dates, the three species of bats
had already aroused. We obtained embryos from 24 M.
schreibersii fuliginosus in nine stages of development
(Stages 13-18, 20, 23 and the fetal stage), 26 H. armiger
in 11 stages (Stages 10, 11, 14, 17-23 and fetal stage)
and 12 H. pratti in nine stages (Stages 11, 14-16, 19, 20,
22, 23 and the fetal stage) and three neonates of M.
schreibersii fuliginosus. Because they were resected for
mRNA extraction, the limbs of a few specimens are
missing (Stages 20, 21 of H. armiger and Stages 19, 20,
23 of H. pratti) and some limb information is lacking.
Table 1 shows the capture dates of the female bats and
the date on which each stage was dissected for each spe-
cies. All the prenatal stages in this study occurred
between April and June. In all gravid M. schreibersii fuli-
ginosus examined, a fetus was present in the right horn
of uterus, whereas in all gravid H. armiger and H. pratti
it was in the left horn of uterus. The crown rump length
(CRL) and uterus diameter (UD) progressively increased
during embryonic development (Table 2).

Embryonic and fetal development of M. schreibersii
fuliginosus

Stage 13 (Fig. 2A; Fig. 3A1): 31 pairs of somites were
evident early in this stage. The body was curved
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significantly so that the head touched the tail bud. The
cervical flexure was obvious at the junction of the head
and trunk. A cleft (oral groove) divided the first pharyn-
geal arch into the maxilla and the mandible. The second
(hyoid) arch was as large as the mandible, whereas the
third (glossopharyngeal) arch almost disappeared behind
the hyoid. The optic cups, lens placodes, and otic vesicle
were clearly visible at the lateral side of the head. The
dilated forelimb bud presented an apical ectodermal
ridge (AER) at its distal edge. A pair of hindlimb buds
began to appear near the tail bud.

Stage 14 (Fig. 2B; Fig. 3A2): specimens at Stages 14-15
had a maximum of 42 pairs of somites, so that somito-
genesis was completed with 42 pairs before Stage 15.
The cervical flexure inscribed a right angle. Pigmenta-
tion in the retina began and the genital tubercle
appeared below the umbilicus. A pair of nasal pits was
evident, as a long groove. The primordium of the propa-
tagium and plagiopatagium, which will form part of the
wing membrane, appeared at the two sides of the fore-
limb bud. The shape of the hindlimb bud was very simi-
lar to that of the forelimb bud in Stage 13 and its AER
emerged.

Stage 15 (Fig. 2C; Fig. 3A3): ribs were visualised by
Alcian blue and ten pairs of ribs were evident (Fig. 4A).
The body became straighter. The eyes were black and
lens vesicles were evident. The external auditory meatus
and auditory hillocks replaced a small part of the first
pharyngeal arch and the second pharyngeal arch. The
lower jaw was clearly visible at the lateral side. Discoid
hand plates and foot plates were formed. Digit conden-
sations, which will become the skeleton of the digits,
began in the hand plate (Fig. 4A). The primordium of
the propatagium and plagiopatagium continued to
extend.

— Rousettus amplexicaudatus | Pteropodidae

_[ Hipposideros armiger
Hipposideros pratti

Molossus rufus

Species not yet studied
Carollia perspicillata

Pipistrellus abramus
Miniopterus fuliginosus

Yinpterochiroptera.

Miniopterus natalensis

Figure 1 Phylogeny of the eight species of bats studied for embryogenesis. Species studied in this paper are underlined. Yinptero-,
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Table 1 Capture and dissection dates of the M. schreibersii fuliginosus, H.armiger and H. pretti.

M. schreibersii fuliginosus H. armiger H. pratti
Stage 04/24/09 04/28/08 02/19/09 03/04/08 04/24/09 04/28/08 05/22/08 04/24/09 05/22/08 06/04/09
10 04/25/09 (2)
1 04/25/09 (2) 04/25/09 (1)
05/05/09 (1)
12
13 04/30/08 (1)
05/02/08 (1)
14 05/02/08 (1) 04/25/09 (1) 05/02/09 (1)
05/04/08 (1)
05/06/08 (1)
15 05/04/08 (2) 05/11/09 (1)
05/05/08 (1)
16 05/03/08 (1) 05/05/09 (1)
05/06/08 (2)
05/07/08 (1)
17 05/03/08 (1) 05/05/09 (1)
05/07/08 (2)
18 05/06/08 (1) 04/02/09 (2) 04/14/08 (1)
05/14/08 (1)
19 04/18/08 (1) 05/22/08 (1) 05/22/08 (2)
20 05/18/08 (1) 04/21/08 (1) 05/22/08 (2)
05/20/08 (1) 04/22/08 (1)
21 05/14/08 (2)
22 04/22/08 (1) 05/14/08 (1) 05/22/09 (1)
04/26/08 (1)
23 05/21/08 (1) 04/26/08 (1)  05/14/08 (1) 05/22/08 (1)
04/29/08 (1)
Fetal  05/28/09 (1)  05/22/08 (1) 04/25/09 (1) 05/13/08 (1) 05/11/09 (1) 05/22/08 (1) 06/04/09 (1)
06/23/09 (2) 05/14/08 (1)

Dates are given as month/day/year. Dates in the second line of the table are the capture dates, and other dates are the dissection dates. The number of embryos

or fetuses is shown in the brackets.

Stage 16 (Fig. 2D; Fig. 3A4): eyelid primordia and a
pair of nares were formed. A muzzle consisting of the
nares, upper jaw and the lower jaw was easily recog-
nized. There was an evident cleft in the center of the
lower jaw. The auditory hillocks became pinnae and
tragi, the former curling inward at the distal tips. Elbows
could be recognized as flexures on the forelimbs. The
interdigital notches were distinctly present in the hand
plate. The primordium of the uropatagium emerged
between the legs and the tail.

Stage 17 (Fig. 2E; Fig. 3A5): vibrissal follicles appeared
at the two sides of the nose and chin warts were seen
on the lower jaw. The eyelids began to cover the eyes.
The muzzle extended. The curled pinnae spread out
and the tragi enlarged. Knees could be recognized as a
flexure on the hindlimb. Tissues between all the digits
of the hindlimb and between the first and second digits
of the forelimb began to regress, whereas those between
other digits of the forelimb remained to form the
chiropatagium.

Stage 18 (Fig. 5A; Fig. 3A6): the whole body appeared
rounder, because the cervical flexure disappeared and
the back of the head became round. Pigmentation

appeared on the face and the eyelids almost covered the
eyes with only a small opening. A pair of tooth primor-
dia was evident on the lower jaw. The first digit of the
forelimb (hallux) was almost free and other digits of the
forelimb began to elongate within the chiropatagium.
Flexure at the wrist was easily recognized. Tissues
between the digits of the foot disappeared and the calcar
appeared at the ankle.

Stage 20 (Fig. 5B; Fig. 3A7): the eyes were completely
closed at the beginning of this stage. The main features
of the craniofacial morphology had achieved an adult
appearance (Fig. 3A10). Claw primordia were not seen
at Stage 18, but were enlarged at Stage 20, suggesting
their presence at Stage 19. The pinna grew large and
straight. The hands with chiropatagia were enlarged,
nearly covering the entire face and overlapping at the
anterior edges. The feet overlapped each other. The uro-
patagium enclosed the whole tail and extended to the
ankle.

Stage 23 (Fig. 5C; 3A8): 2 hair follicles were visible on
each upper eyelid. The genital tubercle had become a
vagina or a penis so gender could be distinguished. The
chiropatagium, plagiopatagium and uropatagium became



Page 4 of 17

Wang et al. BMC Developmental Biology 2010, 10:10
http://www.biomedcentral.com/1471-213X/10/10

snieaw Aloypne SY20[|IY
a1e|d puey |euIaXe ‘saye|d Aioypne
(1) 082 (nortt ‘siied aywos Of 60 F S¥L 0C'L + 598 1004 pue pueH  'S9PISIA SUST Gl
d3v qulpuly
‘eipjownd
wniberedoibeld
pue
wnibejedoid SpIsgny
‘sud |eyuab
sud |eseu punol sud |eseu punol |eseu |jews ‘sijed uawbid
(1) ¢5's (1) 988 ‘siied a)wos Of (1) vL's (1) 856 ‘sifed SUWOS 9€  $T0 F GEG 770 + 569 SUWOS Oy-9¢ [eunsy vl
d3v
qui|2104 ‘pnq
quiipuly
‘apode|d su|
siied ‘dn> opdo
2UWOS Ge-0¢  2rn001b [eIO €1
sayole
|eabukieyd
€ 59502
2Jodoinau
[epNeD ‘swioy
2INX3Y} pnqg |iey
|e2IAIDD Sijed ‘wloy spnq
o F e ¥90 F GL'S SUWOS 6¢-1¢ quiipio4 - ¢l
3JDISaA D10
‘uoleuibeA
opdo ‘sayoie
|eabukieyd
7 ‘[unxa)}
|elueld
‘2Insop
2INX3)4 [BDINIDD 2INX34 [EDINIDD sied alodoinau
@ s€0F69C (0 C00F Lz ‘snedaywos gz (7) €00 F ¢b¢ (Q) ¥1'0 F ¢y ‘sied awwios g¢ QUWOS Oc-¢l [B1150Y Ll
UOIeULIO)
SUWOS pue
(@ 0Ll F00/ Sied aywos 71-5 siled 9WOS 7| 29N} |eINaN ol
sainjeay sainjeay sainjeay sainjeay sainjeay
T4 oyads gLih) an oyads 4D an syads 14 an >yads udwwo)  abeis
,Smppnpdixajdwp Yy GHpid H eI Dipjidsiad D

‘Juswdojanap [e1ay pue diuokiquid burnp sanads 1eq 1yb1d jJo suosiiedwod ainjesq g djqel



Page 5 of 17

Wang et al. BMC Developmental Biology 2010, 10:10
http://www.biomedcentral.com/1471-213X/10/10

(©
98¢
~CLL

(©)
£0¢
-€9l

el

UoNeNRUIDYIP
oiydiowp
uibaq sjeyuan

PasoP splRA3

ejpjownd

MEJD 5301

221} ‘quiny) 93l
‘2e|ded |ei0

Buipadai
anssiy ubIpIUI
qull|pulH

Buipadai
anssn 1bIpIaIUI
quitipury
'SUOIIeSUIPUOD

‘wnipiowld
Jedjed
‘snbeiue

(1) 98¢

() ¥¥ie

(¢) L00 F S6'8L

(@) 89l F6/91

(1) ¢ts6

(1) vo€e

(1) o6l

P00y
‘pa1uswbid
smepD

sdueJesdde
1npe aAs1yde
S9ARI[-950U
‘pasop spljRA3

|Ie1 3|OYm
3yl 350DU
wnibeledoin
's9pI|0}
[BSSLIQIA 13}483)
Aieyuswiaiddns

sk

o1e|d

1004 ‘snbespue
‘euurd ‘snmeaw
Kioypne [eua1xa
‘wnipiownd
JEETRENOIN]

(€
€10 F 8S€C

(©
LE0 F ¥0TC

@
GT0 F 6£61

@
€0 ¥ 0981

@
180 F 9961

(©
w0 F LLEL

(1) 8el

(©
LSO F LLST

(€

89l F8/€C
@

€0 F ¢S

@
L0 F€l0C

@
0L ¥ 8681

(€
V0 F S0Z/L

(1) 00'SL

p=axooy
‘paruswbid
SMe|D

S921104

[BSSLGIA 13)483)
Kreyuswiaiddns
pig

pasop splRA3
|IBY 9]OYM

91 950U
wnibeiedoin
‘e|piowilid

MEB[D 4SLIM

18 2INX3)4 19)4e3|
Areyuswiaiddns
puc

Jed|ed 's30)

224} ‘quinyy 3344
‘wnipiownd des
[BIUOYY 13)4B3)|
Aieyuawiaiddns
15| ‘9sop

01 uIbaq saka
‘squ Jo siied 7|

wnipiowd
wnipberedoin
‘buipadai
anssi ubipia1ul
qulpulH

9C0 ¥ ¢00C

90'L F S€91

ol'L ¥ €T

YL FGL6

SOl +998

897 F €0¢€C

7S¢ F 00¢

860 F ¢l

YL F SPEl

Sl +90¢ClL

p=00y
‘pajuswbid
smepd ‘bujuadoal
SPI[9AS Jea}-3SON

PasoP SpIRA3

ejpiowud me

1B 3|oym
EINENIPIE]
winibeedoin
ISUM 18 2INX3)Y
‘1ed|ed 303

324} ‘quinyl 2314

Buipadal

anssi ubIpIaIul
quulipuly
‘duing ulodiun
“Uem ulyd ano
anbuoy ‘950
01 UIbaq s943

wnipiowd
winibeiedoin
'SUOIIBSUSPUOD
|eubip

quII|2404 ‘S3)D1j0y
[essLQIA ‘snbely
‘wnipJjownd
JEETRENo]Y
‘wnipiowld
pIRAS

paiebniiod
SauURIqUISW
Bum

Eull]
19A0 depsno
SQUIIR10)
[elsid

Jopunol
'19Yjo0us
Apoq
pue pesH

€C

44

0¢

9l

(panunuo)) “yuswdojaAap [e1s) pue duokiquid Burinp sapads jeq 1ybia jo suosiiedwod ainead :Z s|qel



Page 6 of 17

d3v quiljpuly
d3v quiljpuly d3v quiljpuly ‘eipJownd
‘eipiowlid ‘elpiowilid wnibejedoibeld
wnibejedoid wnibejedoibe|d pue dpIagny
(€) ‘sud pue wniberedoid |enusb
o/ |eseu buoj ‘sijed winiberedoud ‘sud |eseu buoj quawbid
-8'S (€) §6-08 QUWOS Ot-£€ LGy o1eid pueH (81) 080 ¥ 6 (8L) LO'L F 06  ‘sud |eseu buoT (€) 670 F $8S  (€) 870 F 6€8  ‘suled 2)WOS ¢y feunsy i

ENY
quiif2104 :pnq
sud quiipuly
|eseu buo| Y3y ‘Spodeld sug)
(1) siied quipuly ‘sired ‘dn> ondo
0s (1) oS SHWOS 9¢-¢¢ L'7-9C 9WOS 8z-G7 (L1) 90 F TS (L) 60T F 08 @ LLoF ey (@80 F LE9 siied anwios g BA00Ib BIO €L
saydie
|esbuieyd
¢ 350
alodoinau
[epned ‘swio)
png el
sied ‘wloy spnq
cele QUWOS 81-91 () ¥6'0 F € (£) TL'0 F 8§ siied aywos /¢ quliplo4 ¢l
3|DISIA d1O
‘uoneuibeas
ondo ‘saydie
|eabuhieyd
IS EN
|eluesn
2INX3) 2Insop
[eDIAD ‘Suted alodoinau
9C-¢¢ QHWOs Z1-01 [e11sOY Ll
UOIeULIO)
1WOoS pue
€7 sijed 21Wos / agny eINSN 0l

+

Sainjes)

T4 an sainyeay dyads ai'D) sainyeay dydads D an saInyeay a1'e) an saineay oypads  uswwod)  abeig

syni W Jsnwpigp “d pSISUBIDIDU W snsoutbiny 11s13q1a4yds "W

q

uoneNUIYIP
oydiowp Sued
ulbaqg sienusb |esiop uo
(9) UOReIUIDYIP ‘o>ueieadde peadsapim
iadd aul| |eigadied Jiydiowip (S) (S) 1npe aAsiyde uado ey uoys
-€'/¢  ur uoneswbld (1) Leee (1) eTve ubaq seuusn  9€'S F 8'9E 89 F 858¢ SONBSI-9SON 900 + €l'L¢ 790 F €S°€C Aj2191dwod sah3 9BSSUGIA - [e194

Wang et al. BMC Developmental Biology 2010, 10:10
http://www.biomedcentral.com/1471-213X/10/10

(panunuo)) -3uswdojaAap [e1s) pue duokiquid Burinp sapads jeq 1ybia jo suosiiedwod ainead :Z s|qel



"[8] '/p 12 SYON wioiy eleq , ‘[9] ewqoL woiy eleq , y] b 12 UBWYOOH WOl eleq , {[£] /b 12 uluUeID woy eled , ‘ApNis Jusund woly ejeq  :[S] 0 32 SO33131) woly eleq .
‘sisayualed ayy ul
UaAIb I susWIdAdS JO JaquINU Y] ‘SIUBWAINSEAW JO dBuel 3] JO UONEBIASP plepuels YUM USAIG aie YD pue dn abesane ay] "9bpu [ewapordd [edide Y3y ‘(ww) Yyibua| dwini umotd iy ‘(ww) Ja1welp sniain :an

Page 7 of 17

Wang et al. BMC Developmental Biology 2010, 10:10
http://www.biomedcentral.com/1471-213X/10/10

sued
|BSIOP UO
pealdsapim
(%) Jley 1oys
YL L6G F60€C (V) LY F667C ‘9BSSUGIA - [e124
uonenuaIayIp
Jjydiowip
(1) 0gLL (1) 0681 uibag sjenusn €C
pawIoy paiebniiod
(1) Y1993 ‘buluadoal sauelquIaW
08¢ (1) o6l SpileA3 Bum 2z
p=300Yy
(1) ‘paruswibid
06l (1) o6l (1) £st (1) €51 SME|D Lc
[IB 3|oym
EIENpIE]
I_1 3|OYMm |Ie1 3joym wnibeledoin ERLI!
(@) ETNENeIRIE] 9y} 3sopua ‘wnipjowd  19A0 depisno
g8l winibeledoin winibeledoin (4] 4100} SQUUI[404
L9 (0 SPISEL pasop spijaA3 Lel ‘payooy sme)  (¢) ¢80 F ¥yl (Q) SEOF €41 ‘PAsOP SpIRAT 28O F vk YL (@ TUL F9¥LL  PasOp spiiAg esia  oc
Jeojed
() 690 F 8CL (#) 8L F '€l ‘eiprownd me) eipjownd meH 6l
ejpjownd Ispunol
() MEJD ‘quiny} 1ed|ed asum "Iayr00Ws
GEl 93J} 13502 elpiowd mep 1) o1) (4] 1€ 2INX3Y} 5901 Apoq
-0¢lL () 0€L-0CL 01 uibaq sakg CL1-901 ‘pasop spiehA3 080 F 0L €eLF0¢lL quinuieald  95°L F8¥0L (7)) G6'L F 88EL 4 ‘quunyl =314 pue pesH gl
Buipadal
Buipadal anssi ubIpIaul
anssiy UbIpIAIUl winiberedoud quiijpuly ‘em
quiipuly 'S90) uIyd ‘sapijoy
(1) pue -2104 Udsge 9314 ‘quiny) 934 (1g) (1g) [BSSHQIA 250]2
vLl () otLl 2INXa|} [EJIAISD L'6 ‘S9P21|0) [esSUQIA - €90 F SOL L F el S9DI|0) [BSSUGIA  (€) ¥SO F 656 (€) 840 F 96CL 01 uibag safg Ll
wnipiowd
SUOI1eSUSPUOD winipbeiedoin
[enbip quijpuly ‘Buipadal
pue -3104 anssi ubIpILIUI wnipiownd
‘wnipiowld quiiipuly wnibeledoin
) wniberedoin Buipadal !SUOIIESUSPUOD ‘snbeiy
00l 'S9)D1|0} [eSSHgIA anssi HBIpIRIUL 00 [eubip ‘wnipiouwid
-['6 (@) 0Cl-001L ‘snbennuy CL98 quipuly 'snbedl (92) 890 F 1'6 €80 F L1 quipuly 'snbeil  (¥) 80 ¥ 87’8 (1) ¢SO F LTLL pIoA3  euuid 'sueN 9l
o1e|d 100}
'SUOIIBSUSPUOD
[enbip
QuUI[2104 ‘Snyeaw
(@) sa1e|d 1004 pue o1ed a1e|d 100} Aioypne [eulaixe SY00||1Y
06 puey ‘eipjownd 100y ‘winjplowiid (12 'SUOIIESUSPUOD ‘squ jo sited 0| Aioypne
L @ so1-0L wnibeedoibeld 66 wnibeiedoibeld (17) L0 F €4 180 F #0L [eUbIp quieIod () LZ0F 6L/ (€) /¥l F266  ‘siled 90WOS 7y 'S9PISIA susT Gl

(panunuo)) -yuswdojaAap [e1s) pue duokiquid Buninp sapads jeq 1ybia jo suosiiedwod ainead :Z s|qel



Wang et al. BMC Developmental Biology 2010, 10:10 Page 8 of 17
http://www.biomedcentral.com/1471-213X/10/10

-

KTT"

m
o

aer e

-

143

o

8- o

Figure 2 M. schreibersii fuliginosus at embryonic Stages 13-17. (A1-6) Stage 13. (B1-6) Stage 14. (C1-6) Stage 15. (D1-6) Stage 16. (E1-6) Stage
17. (A1, B1, C1, D1, E1) Lateral view with dorsal to the right; (A2, B2, C2, D2, E2) Ventral view; (A3, B3, C3, D3, E3) Dorsal view of the head and
trunk; (A4, B4, C4, D4, E4) Dorsal view of the trunk and tail; (A5, B5, C5, D5, E5) Close-up for the left forelimb; (A6, B6, C6, D6, E6) Close-up for the
left hindlimb. aer, apical ectodermal ridge; ah, auditory hillocks; cvf, cervical flexure; chp, chiropatagium; eam, external auditory meatus; eb,
elbow; flb, forelimb bud; hlb, hindlimb bud; kn, knee; Iv, lens vesicle; np, nasal pit; og, oral groove; plp, plagiopatagium; pi, pinna; pr, pigmented

retina; prp, propatagium; tb, tail bud; tg, tragus; urp, uropatagium. Bar = 1 mm in A4, B4, C4, D4 and E4 (applies to A1-4, B1-4, C1-4, D1-4, E1-4);
bar = 200 um in A5-6, B5-6, C5-6, D5-6 and E5-6.

\
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Figure 3 Craniofacial development of M. schreibersii fuliginosus, H. armiger and H. pratti. (A1-10) M. schreibersii fuliginosus: (A1) Lateral
view of left side of Stage 13 head; (A2-10) Face-on views of Stage 14 (A2), Stage 15 (A3), Stage 16 (A4), Stage 17 (A5), Stage 18 (A6), Stage 20
(A7), Stage 23 (A8), fetal stage (A9), and adult (A10) heads. (B1-10) H. armiger: (B1) Lateral view of left side of Stage 11 head; (A2-9) Face-on views
of Stage 14 (B2), Stage 17 (B3), Stage 18 (B4), Stage 19 (B5), Stage 20 (B6), Stage 22 (B7), fetal stage (B8), and adult (B9) heads; (B10) A diagram of
an adult H. armiger’s face illustrating nose-leaves. (C1-10) H. pratti: (C1) Lateral view of left side of Stage 11 head; (C2-9) Face-on views of Stage
14 (C2), Stage 15 (C3), Stage 16 (C4), Stage 19 (C5), Stage 20 (C6), Stage 22 (C7), fetal stage (C8), and adult (C9) heads; (C10) A diagram of an
adult H. pratti's face illustrating nose-leaves. ah, auditory hillocks; at, antitragus; cc, chin cleft; el, eyelid; ep, eyelid primordium; fd, fold; ff, the 4th
fold; fs, frontal sac; fsp, frontal sac primordium; ga, glossopharyngeal arch; ha, hyoid arch; hr, hair; Ip, lens placode; Iv, lens vesicle; md, mandible;
mx, maxilla; ma, mandibular arch; mnl, main nose-leaf; nl, nose-leaf; nlp, nose-leaf primordium; np, nasal pit; nr, naris; og, oral groove; ope, optic
evagination; opc, optic cup; otv, otic vesicle; pi, pinna; pig, pigment; pr, pigmented retina; pt, protuberance; sf, the second fold; sh, shield; tg,
tragus; to, tongue; tp, tooth primordium; vf, vibrissal follicles. Bar = 200 um in A1-5, B1-2 and C1-3; bar = 1 mm in A6-9, B3-8 and (4-8; bar = 2
mm in A10, B9 and CO.
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Figure 4 Alcian blue staining. (A) M. schreibersii fuliginosus at Stage 15. (B) H. armiger at Stage 18 (limbs removed). Red arrows indicate the ribs
and the triangle indicates the left hand plate with digit condensation. Bar = 1 mm.

slack and thin as they increased in area. In the forelimb,
the autopod was a little longer than the stylopod and
zeugopod (a = 8.95 mm; z = 8.21 mm; s = 8.03 mm).

Fetal stage (Fig. 5D; Fig. 3A9): pigmentation around
the nares and on the claw became fuscous and the pig-
mentation of the entire body surface increased as fetal
development progressed.

Neonates (Fig. 5E): 3 M. schreibersii fuliginosus were
born in the captive colony on July 5, 7 and 17, with eye-
lids closed. Their mean body weight was 3.22 + 0.12 g
and their mean forearm length was 16.26 + 0.05 mm.
The skin was faintly red in colour. Short and dense
whiskers and vibrissae were present around the mouth
and on the cheeks. Two long hairs projected from each
upper eyelid. Exiguous hairs were also found on the
legs, elbows, digits of the hindlimbs and the first digit of
the forelimb. Very small teeth were present and the ton-
gue was obvious. Claws on the digits of the hindlimbs
and the first digit of the forelimb had been keratinized
and were sufficiently aculeate to allow the neonate to
attach to the mother.

Embryonic and fetal development of H. armiger

Stage 10 (Fig. 6A, B): Two specimens with five and 12
somites were obtained at this stage. The neural fold was
open at the anterior region in the five-somite embryo. It
then fused to form the neural tube. At the end of this
stage, the neural tube was clearly seen from the dorsal
view of the twelve-somite embryo.

Stage 11 (Fig. 6C; Fig. 3B1): had 22 pairs of somites.
The embryo curved strongly to make a round body

shape. The caudal region with a spherical allantois
flexed to the right side of the head. The rostral neuro-
pore was closed and the cranial and cervical flexures
became apparent. Optic invaginations which would
become optic cups were at the lateral side of the fore-
brain. The first two pharyngeal arches (mandibular and
hyoid) and otic vesicles were formed at the lateral sides
of the hindbrain.

Stage 14 (Fig. 6D; Fig. 3B2): had 36 pairs of somites.
The cervical flexure inscribed a right angle. Pigmenta-
tion in the retina began and the genital tubercle below
the umbilicus appeared. A pair of nasal pits was evi-
dent and appeared as a round depression. The length
was equal to the width in the forelimb bud but shorter
than the width in the hindlimb bud. The primordium
of the propatagium and plagiopatagium appeared at
the two sides of the forelimb bud. The hindlimb AER
emerged.

Stage 17 (Fig. 6E; Fig. 3B3): a small part of the lower
jaw could be seen from the front view of the face
although much of it was hidden by the upper jaw. A
pair of protuberances was present close to the eyes. In
the middle of the face, the leaf-like folds of skin (nose-
leaves) were shaped around the nares, although they
were still rudimentary. Tissues between all the digits of
the hindlimb and between the first and second digits of
the forelimb regressed halfway, whereas those between
other digits of the forelimb remained to form the chiro-
patagium. The primordium of the uropatagium emerged
between the legs and the tail.
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Figure 5 M. schreibersii fuliginosus at embryonic Stages 18-23, the fetal stage and a newborn M. schreibersii fuliginosus. (A1-A6) Stage
18. (B1-B6) Stage 20. (C1-C6) Stage 23. (D1-D6) fetal stage. (E1-E6) newborn. (A1, B1, C1, D1, E1) Lateral view with dorsal to the right; (A2, B2, C2,
D2, E2) Ventral view; (A3, B3, C3, D3, E3) Dorsal view of the head and trunk; (A4, B4, C4, D4, E4) Dorsal view of the trunk and tail: (A5, B5, C5, D5,
E5) Close-up for the left forelimb; (A6, B6, C6, D6, E6) Close-up for the left hindlimb. a, autopod; cc, calcar; cl, claw; cp, claw primordium; s,
stylopod; tm, thumby; tt, tooth; urp, uropatagium; z, zeugopod. Bar = 1 mm in A4, B4, C4, D4, E4 (applies to A1-4, B1-4, C1-4, D1-4, E1-4), A5-6,
B5-6, C5-6, D5-6 and E5-6.
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Stage 18 (Fig. 6F; Fig. 3B4): the eyelids had begun to
cover the eyes. The nose-leaves became evident. There
was a transverse fold and the main trough-like nose-leaf
had nostrils in the middle. One fold (or supplementary
leaflet) was seen on each side of the cheek. The primor-
dium of the frontal sac was present in the middle of the
forehead. The thumb was totally free and other digits
on the hand had elongated. Free toes and the calcar
were present. Alcian blue staining revealed 12 pairs of
ribs at this stage (Fig. 4B).

Stage 19 (Fig. 7A; Fig. 3B5): more than half the face
was obscured by the hand plate. The eyelids half cov-
ered the eyes at the beginning of this stage and covered
most of the eyes at the end. A second fold was seen on

Page 12 of 17

each side of the cheek. Flexure at the wrist was appar-
ent. Knob-like claw primordia were evident at the tip of
each toe and the thumb. The legs overlapped each
other. The uropatagium enclosed the whole tail by the
end of this stage.

Stage 20 (Fig. 3B6): eyelids covered the eyes comple-
tely. Pigmentation was evident around the nostrils. The
third fold was seen on each side of the cheek. Vibrissal
follicles emerged between the main nose-leaf and the
mouth.

Stage 21: the overall appearance of the embryo was
similar to the former stages. The nose-leaves, protuber-
ances and the frontal sac were larger and more evident
than before.

D5-6.

Figure 6 H. armiger at embryonic Stages 10-18. (A) Dorsal view of a five-somite embryo at Stage 10. (B) Dorsal view of a twelve-somite
embryo at Stage 10. (C1-4) Stage 11. (D1-6) Stage 14. (E1-6) Stage 17. (F1-6) Stage 18. (C1, D1, E1, F1) Lateral view with dorsal to the right; (C2,
D2, E2, F2) Ventral view; (C3, D3, E3, F3) Dorsal view of the head and trunk; (C4, D4, E4, F4) Dorsal view of the trunk and tail; (D5, E5, F5) Close-
up for the left forelimb; (D6, E6, F6) Close-up for the left hindlimb. al, allantois; cc, calcar; chp, chiropatagium; crf, cranial flexure; cvf, cervical
flexure; h, heart; hp, head process; nf, neural fold; np, nasal pit; nt, neural tube; plp, plagiopatagium; pr, pigmented retina; prp, propatagium; so,
somite; tm, thumb; urp, uropatagium. Bar = 1 mm in B, C4, D4, E4, F4 (applies to C1-4, D1-4, E1-4, F1-4), E5-6 and F5-6; bar = 500 um in A and

Lo
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Stage 22 (Fig. 7B; Fig. 3B7): the chiropatagium, plagio-
patagium and uropatagium became slack and thin as
they grew. In the forelimb, the autopod was shorter
than the stylopod and zeugopod (a = 9.88 mm; z =
10.25 mm; s = 10.15 mm).

Stage 23 (Fig. 7C): the overall appearance of the
embryo was similar to the previous stages. In the fore-
limb, the autopod was a little longer than the stylopod
and zeugopod (a = 13.35 mm; z = 12.34 mm; s = 12.30
mm). The entire forehead and half the face was covered
by one hand with large chiropatagia between the digits.
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Fetal stage (Fig. 7D; Fig. 3B8): the genital tubercle had
become a vagina or a penis so gender could be distin-
guished. In early fetal development, fuscous pigments
appeared around the nostrils. The fourth fold on each
side of the cheek could be clearly seen so that the nose-
leaves had achieved an adult appearance (Fig. 3B9-10).
A hollow occurred in the middle of the frontal sac and
it appeared earlier in the male fetuses than in the
females. Pigmentation of the entire body surface
increased as fetal development progressed. During late
fetal development, short hairs emerged from the hollow

Figure 7 H. armiger at embryonic Stages 19-23 and the fetal stage. (A1-A6) Stage 19. (B1-B6) Stage 22. (C1-C6) Stage 23. (D1-D6) fetal stage.
(A1, B1, C1, D1) Lateral view with dorsal to the right; (A2, B2, C2, D2) Ventral view; (A3, B3, C3, D3) Dorsal view of the head and trunk; (A4, B4, C4,
D4) Dorsal view of the trunk and tail; (A5, B, C5, D5) Close-up for the left forelimb; (A6, B6, C6, D6) Close-up for the left hindlimb. a, autopod; cl,
claw; cp, claw primordium; s, stylopod; z, zeugopod. Bar = 1 mm in A4, B4, C4, D4 (applies to A1-4, B1-4, C1-4, D1-4), A5-6, B5-6, C5-6 and D5-6.
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Figure 8 H. pratti at embryonic Stages 11-22. (A1-4) Stage 11. (B1-6) Stage 14 6) Stage 15. (D1-6) Stage 16, 6) Stage 22. (A1, B1, C1,

|
S
D1, E1) Lateral view with dorsal to the right; (A2, B2, C2, D2, E2) Ventral view; (A3, BS, C3, D3, E3) Dorsal view of the head and trunk; (A4, B4, C4,

m
D4, E4) Dorsal view of the trunk and tail; (B5, C5, D5, E5) Close-up for the left forelimb; (B6, C6, D6, E6) Close-up for the left hindlimb. ah,
auditory hillocks; al, allantois; crf, cranial flexure; cvf, cervical flexure; eam, external auditory meatus; h, heart; lv, lens vesicle; np, nasal pit; plp,
plagiopatagium; pr, pigmented retina; prp, propatagium. Bar = 1 mm in A4, B4, C4, D4, E4 (applies to A1-4, B1-4, C1-4, D1-4, E1-4), D5-6 and E5-
6; bar = 500 pm in B5-6 and C5-6.
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of the frontal sac; short whiskers and vibrissae were pre-
sent around the mouth and on the nose-leaves; exiguous
hairs were found on the legs, arms, the dorsal surface of
the tail, uropatagium, toes and thumb. Claws were sharp
and keratinized.

Embryonic and fetal development of H. pratti

Stage 11 (Fig. 8A; Fig. 3C1): the characters of the
embryo were very similar to H. armiger at Stage 11 (see
above results).

Stage 14 (Fig. 8B; Fig. 3C2): specimens at Stages 14-15
had a maximum of 40 pairs of somites, so that somito-
genesis was completed with 40 pairs before Stage 15.
The length was longer than the width in the forelimb
bud but shorter than the width in the hindlimb bud.
Other characters were the same with H. armiger at
Stage 14 (see above results).

Stage 15 (Fig. 8C; Fig. 3C3): the body became straigh-
ter. Pigmentation in the retina became darker and lens
vesicles were evident. A wide depression, which became
the external auditory meatus, was apparent between the
first pharyngeal arch and the second, and above which
the auditory hillocks were formed. Discoid hand plates
were clearly seen, but foot plates were not evident. The
primordium of the propatagium and plagiopatagium
continued to extend.

Stage 16 (Fig. 8D; Fig. 3C4): a pair of nares was dis-
tinct. Nose-leaf primordia emerged beside the nares
and above the eyes. The upper jaw and the lower jaw
were formed, but the lower jaw was so short that it
was hidden beneath the upper jaw. The external audi-
tory meatus appeared and the auditory hillocks
became pinnae and antitragus. The interdigital
notches were distinctly evident in the hand plate. Foot
plates were also evident and similar to the hand plates
at Stage 15.

Stage 19 (Fig. 3C5): the eyelids half covered the eyes.
A transverse bilobed shield between the eyes was
enlarged. The nose-leaves were evident. As with H.
armiger, H. pratti had a transverse fold and a main
nose-leaf in the middle of the face. Beside the main
nose-leaf, one fold was seen on each side of the cheek.
The primordium of the frontal sac was present in the
middle of the forehead. Vibrissal follicles emerged
between the main nose-leaf and the mouth. The uro-
patagium enclosed the whole tail by the end of this
stage.

Stage 20 (Fig. 3C6): eyelids covered the eyes comple-
tely. The second fold and a fold under the eyes had
formed on each side of the cheek so that the nose-leaves
had achieved an adult appearance (Fig. 3C9-10).

Stage 22 (Fig. 8E; Fig. 3C7): in the forelimb, the
autopod was shorter than the stylopod and zeugopod
(a =10.08 mm; z = 11.80 mm; s = 11.17 mm).
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Stage 23: the overall appearance of the embryo was
similar to the former stages. The shield between the
eyes was larger but the genital tubercle was maintained.

Fetal stage (Fig. 3C8): the genital tubercle had become
a vagina or a penis so gender could be distinguished. A
hollow occurred in the middle of the frontal sac. Clear
differences were evident in noseleaf morphology
between H. pratti and H. armiger at this stage (Fig.
3B8). Pigmentation of the entire body surface increased
as fetal development progressed. Claws were sharp and
keratinized.

Discussion

For the three species in this study, late embryonic stages
and fetal stages were obtained mainly from April to
June (Table 1). Embryonic stages of H. armiger captured
on 19 Feb 2009 and 4 March 2008 were more advanced
than those captured on 24 April 2009, 28 April 2008
and 22 May 2008. That is, nearly all the embryos from
the bats captured during torpor (or hibernation) devel-
oped faster than those captured after arousal. We cap-
tured dozens of H. armiger from the same cave and
maintained them for another study. When kept cool
during January and February, they became torpid even if
food was provided. This suggests that these bats hiber-
nated as did populations of the same species at lower
latitudes (23°N) [16,17]. Although accelerated develop-
ment could be the result of individual variation in the
population, it is most likely due to the fact that the bats
captured on 19 Feb 2009 and 4 March 2008 were artifi-
cially aroused from hibernation, kept in an elevated
ambient temperature and supplied with food. Similar
phenomena also occurred in other bat species, including
M. schreibersii fuliginosus [20,21].

As a whole, the organogenetic sequence of bat
embryos is uniform and the embryos appear homoplas-
tic before Stage 16 when the nose-leaf begins to form in
some species. There are many common features at the
same stage for all the bat species studied, summarized
in table 2. The column “common features” contains the
key features that can be used to identify the different
stages of bat development. When these common fea-
tures occur, the corresponding stage starts or is in pro-
gress. For example, neural tube and somite formation
represent the beginning of Stage 10. It is difficult to find
common features for all eight bat species at Stages 17,
19 and 23, because some studies did not identify stages
strictly according to the staging system developed by
Cretekos et al [5] and some features occurred earlier or
later in C. perspicillata than in other species. In some
instances, for example Stage 15, the common features
are listed as lens vesicles and auditory hillocks. Although
these terms were not present in the descriptions of all
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the bat species considered, we listed them for most spe-
cies in which these features are described.

However, there are also many specific features for
each species. Besides the CRL, UD and somite count,
the most profound developmental differences are
expected to be in craniofacial development, which is
more complex in species possessed of nose-leaves (H.
armiger, H. pratti and C. perspicillata). The earliest dif-
ferences are evident early in embryonic Stage 14 when
nasal pits are identified. In H. armiger and H. pratti
these appear as round depressions, whereas in C. perspi-
cillata they are relatively small and in other species are
long grooves. More evident differences of the face start
from Stage 16 when the nose-leaf primordia are formed
in H. armiger, H. pratti and C. perspicillata. Although
H. armiger and H. pratti are phylogenetically close, their
nose-leaves develop distinct morphologies. There are
four main differences of nose-leaves between these two
species. First of all, H. armiger develops four folds on
each side of the cheek, whereas H. pratti develops two.
Secondly, H. pratti develops an evident fold under each
eye, whereas H. armiger does not. Thirdly, the trans-
verse bilobed shield between the eyes is much larger in
H. pratti than in H. armiger. Finally, the part of the
main fold above nostrils is bigger in H. armiger than in
H. pratti. In contrast, M. schreibersii fuliginosus and M.
natalensis are also phylogenetically close and their
embryonic development and adult morphology are
similar.

The eyelids of all eight bat species close before Stage
20, but two of them (C. perspicillata and M. rufus)
reopen at embryonic Stage 22 and the others never
open during prenatal development. The uropatagium
does not enclose the whole tail in M. rufus and R.
amplexicaudatus, but does so in other species. Many
other differences occur mainly in the timing of organo-
genesis. For example, the foot plate formed one stage
later in H. pratti than in other species. The uropatagium
encloses the whole tail later in M. schreibersii fuligino-
sus, M. natalensis and P. abramus than in C. perspicil-
lata because of the longer tails in the former three
species.

Conclusion

Morphological differentiation of bat species is completed
prenatally and occurs mainly after embryonic Stage 16
when a muzzle consisting of the nares, nose-leaves (if
present), upper jaw and the lower jaw is formed. Our
study provides three new bat species for interspecific
comparison of post-implantation embryonic develop-
ment within the order Chiroptera and detailed data on
the development of nose-leaves for bats in the super-
family Rhinolophoidea.
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Methods

Phylogeny construction

An illustration of phylogenic relationships of the eight bat
species, which were studied for embryonic staging systems,
was represented based on previous publications [2,22].
Animal collection and breeding

All procedures involving animals were carried out in
accordance with the Policy on the Care and Use of Ani-
mals, approved by the Ethical Committee, State Key
Laboratory of Reproductive Biology, Institute of Zool-
ogy, Chinese Academy of Sciences. Several ten thou-
sands of M. schreibersii fuliginosus, H. armiger and H.
pratti roost in a large cave at Anhui province of China
(30°20.263'N, 117°50.180’E). During an investigation of
infectious diseases of bats, a total of 75 female M.
schreibersii fuliginosus, H. armiger and H.pratti were
captured using hand or mist nets on 4 March 2008, 28
April 2008, 22 May 2008, 19 Feb 2009, 24 April 2009
and 4 June 2009.

After capture, these bats were kept in a flight room (4
x 4 x 2.5 m) which was covered with wire netting on
the wall and roof to allow the bats to hang. The room
was kept dark all day and the temperature was main-
tained between 18 and 24°C. Plastic bowls (12 x 7 x 5
cm) for water and food hung on the wall and were 12
cm from the roof. Water was freely available. A diet of
mealworms mixed with powdered multivitamin and cal-
cium tablets was provided in the bowls from 2000 h to
0800 h. In the beginning, some of the bats needed to be
fed by hand but after several days, they could find food
by themselves, like the others.

Specimen processing

Bats in the captive colony were euthanized by decapita-
tion. The reproductive tract was then dissected, mea-
sured, and further dissected to expose the conceptus.
After dissection, specimens were fixed overnight in
Bouin’s fluid then washed with several changes of 70%
ethyl alcohol and stored at room temperature until use.
Before being photographed, specimens were cleared in
0.1% ammonium hydroxide in 70% ethyl alcohol. The
whole bodies of the specimens were photographed from
the lateral view, ventral view and dorsal view. Close-up
of the forelimb, hindlimb and face were also
photographed.

Staging bat embryos

Because the bats were already pregnant when they were
caught, it was difficult to determine the exact duration
of pregnancy. Thus, bat embryos were staged using the
system developed by Cretekos et al [5] according to
morphological characteristics. In addition, the uterus
diameter (UD, the maximal diameter of each gravid
uterine horn) was measured during dissection. Crown
rump lengths (CRL) and stylopod, zeugopod and
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autopod lengths were measured after fixation and ribs
were counted after skeletal analysis.

Skeletal analysis

Embryos of M. schreibersii fuliginosus at Stage 15 and H.
armiger at Stage 18 were fixed overnight in Bouin’s
solution and cartilage stained with Alcian blue. The
detailed staining method for the bat embryo is the same
as for the mouse embryo [23].

Comparison of features of eight bat species

We summarized features in each stage for the three bat
species from this study and used the data of other five
species from previous publications [4-8]. If all or most
of the species possess the same feature and this feature
is not described in other stages, it was classified as
“common features”, and others were classified as “speci-
fic features”.
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