
In the format provided by the authors and unedited.

NATURE ECOLOGY & EVOLUTION 1, 0021 (2016) | DOI: 10.1038/s41559-016-0021 | www.nature.com/natecolevol 1

ARTICLES
PUBLISHED: XX XX 0000 | VOLUME: 1 | ARTICLE NUMBER: 0021

Prenatal development supports a single origin of 
laryngeal echolocation in bats
Zhe Wang1*, Tengteng Zhu2, Huiling Xue1, Na Fang2, Junpeng Zhang2, Libiao Zhang3, Jian Pang4, 
Emma C. Teeling5* † and Shuyi Zhang1, 2* †

Bat laryngeal echolocation is considered as one of the most complex and diverse modes of auditory sensory perception in ani-
mals and its evolutionary history has been the cause of many scientific controversies in the past two decades. To date, the major-
ity of scientific evidence supports that bats (Chiroptera) are divided into two subordinal groups: Yinpterochiroptera, containing 
the laryngeal echolocating superfamily Rhinolophidae as sister taxa to the non-laryngeal echolocating family Pteropodidae; 
and Yangochiroptera, containing all other laryngeal echolocating lineages. This topology has led to an unanswered question in 
mammalian biology: was laryngeal echolocation lost in the ancestral pteropodids or gained convergently in the echolocating 
bat lineages? To date, there is insufficient and conflicting evidence from fossil, genomic, morphological and phylogenomic data 
to resolve this question. We detail an ontogenetic study of fetal cochlear development from seven species of bats and five out-
group mammals and show that in early fetal development, all bats including the non-laryngeal echolocating pteropodids have 
a similarly large cochlea typically associated with laryngeal echolocation abilities. The subsequent cochlear growth rate in the 
pteropodids is the slowest of all mammals and leads to the pteropodids and the non-echolocating lineages eventually sharing a 
similar cochlear morphospace as adults. The results suggest that pteropodids maintain a vestigial developmental stage indica-
tive of past echolocation capabilities and thus support a single origin of laryngeal echolocation in bats.

Ontogenetic studies can help resolve long-standing disputes in 
evolution where molecular phylogenetic studies favour one 
topology and morphological phylogenetic studies of adults 

favour another1. By studying embryonic development in an evolu-
tionary framework, it may be possible to identify homologous char-
acters indicative of shared ancestry that are lost in the adult forms1. 
There is a dispute between studies of the evolution of laryngeal 
echolocation in mammals2. Since it was discovered in 1798 that bats 
use sound to orient in complete darkness, the evolutionary history, 
mechanisms and processes of bat echolocation have been studied 
in great detail3,4. However, despite these varied and comprehensive 
studies, the evolutionary history of laryngeal echolocation in bats 
is still unresolved and has been the basis of many heated debates5.

Currently, there are over 1,260 species of bats placed into 21 
families6. Bats in the family Pteropodidae (186 species) cannot 
use laryngeal echolocation, whereas bats in all other families are 
capable of utilizing laryngeal echolocation. Laryngeal echolocat-
ing bats emit high frequency calls (8–210 kHz), generated in their 
larynx, through their mouth or nose and listen for the return-
ing echoes, which enables them to develop an acoustic image of 
their environment in complete darkness4,7,8. Traditionally, on the 
basis of morphological studies, the order Chiroptera was divided 
into two subordinal groups: Megachiroptera, which contained all  
non-laryngeal echolocating pteropodids, and Microchiroptera, 
which contained all laryngeal echolocating lineages. Megachiroptera 
was considered basal to Microchiroptera and laryngeal echoloca-
tion was considered to have a single origin in the lineage leading 
to the monophyletic Microchiroptera8,9. However, the majority of 

molecular studies, including DNA–DNA hybridization studies10,  
mitochondrial DNA analyses11, large nuclear concatenations12–14 
and whole genome phylogenomic studies15, refute this topology  
and rather support an alternative subordinal grouping: Yinptero-
chiroptera (Pteropodidae +  superfamily Rhinolophidae) and Yango  -
chiroptera (all other echolocating lineages; Fig. 1a). This molecular 
phylogeny suggested that laryngeal echolocation was either gained 
in the ancestor of bats and subsequently lost in the pteropodids 
(Hypothesis I) or convergently gained multiple times in the echolo-
cating lineages (Hypothesis II)12,13.

Despite the molecular congruence of the alpha taxonomy within 
the Chiroptera order, there is no consensus amongst molecular 
studies regarding the two hypotheses. Using comparative genomic–
phylogenetic selection tests16,17, researchers have identified conver-
gent positive selection on genes involved in hearing (for example, 
Prestin and Foxp2), suggesting the convergent gain of echolocation. 
However, these genomic studies are typically based on limited taxo-
nomic representation. Currently, there is no evidence of positive 
selection on the ancestral bat branch that would suggest a single 
origin and no pseudogenized echolocation genes have been found 
in the pteropodid lineages, indicative of lost echolocation capabili-
ties. However, most ‘echolocation’ genes are hearing genes required 
for functional mammalian hearing, so pseudogenization is highly 
unlikely in these necessary proteins18. Thus, the question of gain or 
loss of laryngeal echolocation in pteropodids has not been answered 
with molecular data alone.

In the fossil record of bats, there are exceptional Lagerstätten 
whole skeleton fossils from the Eocene (~52 million years ago), 
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Species name Sample code Developmental stage BW (mm) CW (mm) BW/CW
M. ricketti MR1 Early fetal 7.91 2.04 3.88

MR2 Late fetal 9.12 2.23 4.09
MR3-5 Adult (n = 3) 10.34 2.33 4.44

M. schreibersii MS1 Early fetal 7.30 1.99 3.67
MS2 Middle fetal 7.82 2.05 3.81
MS3 Late fetal 8.02 2.05 3.91
MS4 Late fetal 8.09 2.09 3.88
MS5-9 Adult (n = 5) 8.63 2.14 4.03

H. armiger HA1 Early fetal 11.22 3.08 3.65
HA2 Early fetal 11.41 3.11 3.67
HA3 Middle fetal 12.03 3.23 3.72
HA4 Late fetal 12.38 3.24 3.81
HA5 Late fetal 12.57 3.27 3.84
HA6-9 Adult (n = 4) 13.85 3.37 4.11

R. pusillus RP1 Early fetal 7.12 2.50 2.85
RP2 Middle fetal 7.20 2.56 2.81
RP3-6 Adult (n = 4) 7.43 2.62 2.83

R. sinicus RS1 Early fetal 8.37 2.75 3.05
RS2 Middle fetal 8.50 2.81 3.02
RS3 Late fetal 8.75 2.87 3.04
RS4-6 Adult (n = 3) 8.93 2.96 3.02

C. sphinx CS1 Early fetal 9.18 2.28 4.03
CS2 Middle fetal 9.53 2.31 4.12
CS3 Middle fetal 9.81 2.28 4.30
CS4 Postnatal day 1 (P1) 10.71 2.31 4.64
CS5-8 Adult (n = 4) 12.56 2.36 5.32

R. leschenaulti RL1 Early fetal 9.36 2.24 4.18
RL2 Middle fetal 10.26 2.31 4.44
RL3 Middle fetal 11.09 2.37 4.68
RL4 Middle fetal 11.28 2.34 4.82
RL5 Late fetal 11.93 2.40 4.97
RL6 Late fetal 12.25 2.40 5.10
RL7-11 Adult (n = 5) 14.00 2.41 5.81

F. catus FC1 P2 21.54 3.85 5.60
FC2 P3 21.80 3.85 5.67
FC3 P17 24.11 3.98 6.06
FC4 Adult (n = 1) 37.65 6.06 6.21

E. amurensis EA1 P10 13.81 2.31 5.97
EA2 P150 18.69 2.53 7.40
EA3 Adult (n = 1) 19.57 2.59 7.56

O. cuniculus OC1 P7 18.27 3.12 5.86
OC2 P10 18.94 3.22 5.88
OC3 P14 21.12 3.41 6.19
OC4 P18 21.68 3.46 6.27
OC5 P22 21.78 3.50 6.22
OC6 P26 22.35 3.55 6.29
OC7 P34 22.60 3.56 6.35
OC8-10 Adult (n = 3) 28.28 3.67 7.70

Supplementary Data Table 1 | Developmental stages and original data of cochlear and
basicranial widths for all the specimens used in this study
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R. norvegicus RN1 P9 12.37 2.03 6.09
RN2 P15 12.68 2.06 6.16
RN3 P23 13.37 2.09 6.40
RN4 P30 14.30 2.08 6.88
RN5 P43 14.68 2.08 7.06
RN6 P59 15.34 2.13 7.20
RN7 P85 16.00 2.18 7.34
RN8-12 Adult (n = 5) 17.04 2.33 7.32

M. musculus MM1 P7 8.12 1.41 5.76
MM2 P10 8.56 1.44 5.94
MM3 P16 8.73 1.42 6.15
MM4 P20 8.87 1.45 6.12
MM5 P32 9.19 1.48 6.21
MM6-10 Adult (n = 5) 9.63 1.52 6.34

Adult data is the mean value of the specimens. P: postnatal day.
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