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Graphical Abstract
Highlights
d Hearing apparatus development of 34 bat species and

various mammals were compared

d Non-bat mammals and non-laryngeal echolocating bats

show identical development

d Two distantly related laryngeal echolocating bats show

divergent development

d The findings suggest that the laryngeal echolocation evolved

convergently among bats
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Camilo López-Aguirre, ..., Hideki Endo,

Satoshi Kamihori, Daisuke Koyabu

Correspondence
dsk8evoluxion@gmail.com

In brief

Whether laryngeal echolocation evolved

only once in bats or evolved multiple

times independently is one of the major

unanswered questions in vertebrate

evolution. Extensively comparing the

prenatal development of bats and various

mammals by high-resolution microCT,

Nojiri et al. show that embryological

evidence supports independent origins.
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SUMMARY
Bats are the second-most speciose group of mammals, comprising 20% of species diversity today. Their
global explosion, representing one of the greatest adaptive radiations in mammalian history, is largely
attributed to their ability of laryngeal echolocation and powered flight, which enabled them to conquer
the night sky, a vast and hitherto unoccupied ecological niche. While there is consensus that powered
flight evolved only once in the lineage, whether laryngeal echolocation has a single origin in bats or
evolved multiple times independently remains disputed. Here, we present developmental evidence in
support of laryngeal echolocation having multiple origins in bats. This is consistent with a non-echolocat-
ing bat ancestor and independent gain of echolocation in Yinpterochiroptera and Yangochiroptera, as
well as the gain of primitive echolocation in the bat ancestor, followed by convergent evolution of laryn-
geal echolocation in Yinpterochiroptera and Yangochiroptera, with loss of primitive echolocation in pter-
opodids. Our comparative embryological investigations found that there is no developmental difference
in the hearing apparatus between non-laryngeal echolocating bats (pteropodids) and terrestrial non-bat
mammals. In contrast, the echolocation system is developed heterotopically and heterochronically in the
two phylogenetically distant laryngeal echolocating bats (rhinolophoids and yangochiropterans),
providing the first embryological evidence that the echolocation system evolved independently in these
bats.
Current Biology 31, 1353–1365, April 12, 2021 ª 2020 The Author(s). Published by Elsevier Inc. 1353
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Phylogeny and cranial diversity of

bats

(A) Phylogenetic tree of all bat species and out-

group mammals used in this study, based on Up-

ham et al.15. Laryngeal echolocation is debated to

have evolved once in the ancestor of bats (red

node; single-origin hypothesis, H1), evolved inde-

pendently in Rhinolophoidea and Yangochiroptera

(orange nodes; independent-origin hypothesis,

H2A), or evolved in a primitive form in the ancestor

of bats followed by subsequent divergent evolution

in Rhinolophoidea and Yangochiroptera (ancestral

origin, divergent evolution hypothesis, H2B).

(B–G) Three-dimensional volume rendering of adult

skulls and segmentation of the petrosal (green),

ectotympanic (yellow), and stylohyal (purple) in

selected representative species. The cochlea is

housed in the petrosal shown in green color. Skulls

are not to scale. Himalayan whiskered bat Myotis

siligorensis (B), house bat Pipistrellus abramus (C),

ashy round-leaf bat Hipposideros cineraceus (D),

Thomas’s horseshoe bat Rhinolophus thomasi (E),

short-nosed fruit bat Cynopterus sphinx (F), and

Asian house shrew Suncus murinus (G) are shown.

See also Data S1.
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INTRODUCTION

Echolocation is a biological sonar system accomplished by the

production and reception of high-frequency sound, allowing an-

imals to perceive the surrounding environment. In vertebrate his-

tory, echolocation has homoplastically evolved multiple times in

bats, whales, rodents, shrews, tenrecs, and birds.1–3 The major-

ity of bats are capable of a broad range of echolocating

strategies, possessing one of the broadest frequency ranges of

vocalizations and hearing sensitivities among mammals.4 Hav-

ing evolved the ability to echolocate and true self-powered flight,

bats underwent one of the greatest adaptive radiations in

mammalian history,5 which enabled them to exploit an enormous

untapped foraging niche: insects in the night sky.6 However, how

echolocation and flight originated in bats remains unanswered

and has been highly debated.3,7–10

Echolocation in bats is achieved by generating high-frequency

pulses in the larynx (hereafter referred as laryngeal echolocation).

Extant bats (Figure 1) are phylogenetically classified into two

groups, Yinpterochiroptera (Pteropodidae + Rhinolophoidea)

and Yangochiroptera (Emballonuroidea + Noctilionoidea + Ves-

pertilionoidea). Among these, laryngeal echolocation is found in

Rhinolophoidea (rhinolophoids) and Yangochiroptera (yango-

chiropterans) (Figure 1A). The remaining Pteropodidae
1354 Current Biology 31, 1353–1365, April 12, 2021
(pteropodids) is the only group among

bats that lacks the ability of laryngeal

echolocation, with some members of the

genus Rousettus possessing primitive

echolocating systems based on tongue

clicks. Before the advancement of molec-

ular phylogeny and based on morpholog-

ical traits, laryngeal echolocators were

once considered to form a monophyletic

group. However, the revision of the phylo-
genetic relationships within bats, led by molecular studies,11,12

rekindled debate on the evolutionary scenario under which laryn-

geal echolocation arose. Given the molecular phylogenetic rela-

tionships among bats, two scenarios are plausible: laryngeal

echolocation had a single origin in bats and was lost in pteropo-

dids (H1, single-origin hypothesis), or laryngeal echolocation

evolved independently multiple times in echolocating lineages

(H2). Twoadditional scenarios are plausible underH2, depending

on the assumption of the bat ancestral state (Figure 1A): the bat

common ancestor was not an echolocator, laryngeal echoloca-

tion evolving independently in both echolocating lineages and

pteropodids retaining the ancestral state (H2A, independent-

origin hypothesis), or some primitive echolocating capabilities

arose in the ancestor of all bats; this was lost in pteropodids

and laryngeal echolocation subsequently evolved divergently in

yangochiropterans and yinpterochiropterans (H2B, primitive

origin, divergent evolution hypothesis).6,8,10,13,14

Currently, no consensus has been reached on the origin of

laryngeal echolocation,3,7,9,11,16 reflecting contrasting lines of ev-

idence brought to bear on the debate by different data sources

(molecular, morphological, paleontological). Morphological

studies based on adult anatomy and the fossil record have pre-

dominantly supported the single-origin hypothesis (H1),3,16–21

although a few authors have raised independent origins (H2) as



ll
OPEN ACCESSArticle
more probable based on a unique postcranial feature in rhinolo-

phoidmicrobats22anddivergent featuresof inner-earmorphology

expressed in yangochiropterans and yinpterochiropterans.8 Evi-

dence that pteropodids may have inherited and subsequently

lost laryngeal echolocation capabilities (consistent with H1, H2B)

mostly rests on the interpretation of moderately large cochlear

size in pteropodids as a residual feature, retained from an echolo-

cating ancestor, as well as the capacity of pteropodids to emit

multiharmonic or broadband calls in social encounters, which

may linkback toaprimitive echolocatingancestor (H2B).14Molec-

ular studies have contributed significantly to the debate because

genome data may uncover (1) loss-of-function mutations,

providing evidence for loss of echolocation capabilities in ptero-

podids (H1, H2B), (2) genes associatedwith hearing and/or vocal-

ization that are present only in laryngeal echolocators, supporting

multiple independent acquisitions (H2A), and (3) evidence of pos-

itive selection on those genes along a lineage, allowing hypothe-

ses ondivergent evolution (H2A) to be teased apart fromancestral

origins (H1, H2B). Comparative genomic studies have identified

signatures of convergent positive selection of hearing- and vocal-

ization-related genes such as Prestin, FoxP2, KCNQ4, and

TECPR2, supporting the independent acquisition of echolocation

in yangochiropterans and rhinolophoids (H2).23–29 Considerable

expansion of bat reference genome data13 has recently reported

several mutations in hearing genes, particularly TJP2, that are

specific to laryngeal echolocators and are absent in pteropodids,

consistent with H1 and H2B. Moreover, thesemutations were not

found to be under positive selection in non-bat ancestors, which

favors a scenario of primitive echolocation having evolved once

in the bat ancestor (H2B). These hearing-related genes may pro-

vide targets for future functional assays that are needed to estab-

lish themolecular basis for echolocation, a requisite for definitively

linking expression of specific genes with capability to echolocate.

At present, some level of support has been uncovered for each

hypothesis, underscoring the complexity of echolocation, re-

flecting the multi-system requirements involved in being able

to (1) emit and direct an echolocation call, (2) hear the echoes

that are returned from the call, and (3) interpret the call character-

istics.6 The collective demands placed on the auditory, vocal,

and neurological systems in echolocation necessitate an inte-

grative approach to tracing its evolutionary history.

Until recently, the potential of developmental studies to

contribute to this debate has been neglected, despite their capac-

ity to reveal how features associated with echolocation capabil-

ities arise and differ between members of echolocating and non-

echolocating lineages, as well as signatures of lost traits (vestigial

features). In other vertebrates, numerous cases of convergent or-

igins and unexpected evolutionary history of the hearing appa-

ratus have been discovered using approaches from evolutionary

embryology.30–33 Aspects of embryonic development are often

considered to be highly conservative,34 and completely erasing

thesignaturesofancestral development indescendants isunlikely

to happen even if the morphology expressed by adults is highly

modified.35–39 For example, the anatomical and developmental

features of early hind-limb development are still visible in fetal dol-

phins40 and snake embryos,39 corresponding tooth buds are

vestigially formed during early development for teeth absent in

adult rodents36 and sloths,41 features of tooth buds are recogniz-

able in fetal baleen whales,42 vestigial eye morphogenesis is
present in cavefish,43 and aspects of early middle ear develop-

ment are retained in multiple earless frog lineages.44 Thus,

comparative embryological approaches can provide insights

that enable us to infer lost states of ancestral species. A recent

study by Wang et al.9 has applied an embryological approach to

test the origin of laryngeal echolocation in bats. Comparing the

growth of the bony labyrinth that houses the cochlea in 25 fetal

specimens of seven bat species, it was claimed that prenatal

size of the bony labyrinth is similar among pteropodids, rhinolo-

phoids, and yangochiropterans and that such similarity is the

vestigial signal of laryngeal echolocation capability in the common

ancestor of bats, thus supporting the single-origin hypothesis

(H1). However, later work45 has questioned the validity of solely

observing the bony labyrinth and the limitedontogenetic sampling

involved in that study. Thus, variation in prenatal ontogeny of the

hearing apparatus among bats is largely unraveled, and compre-

hensive sampling of early development is warranted to inform the

debate on echolocation origins.

Here, to specifically assess developmental evidence for the

competing evolutionary scenarios for laryngeal echolocation, we

conducted extensive embryological comparisons of 34 bat spe-

cies, encompassing eight families andfive speciesof non-bat out-

group mammals (Figure 1). In total, 517 specimens of highly

resolved ontogenetic series from early embryonic to adult stage

were gathered, and not only hard tissue but also soft tissue of

the ear apparatus was qualitatively and quantitatively described

for the first time. To clarify the spatial and temporal developmental

patterns of the ear apparatus, allometric growth trajectories of the

key components of the hearing apparatus, relative ossification

timing of the petrosal bone encapsulating the cochlea, osteogen-

esis of the petrosal, and topological formations of the stylohyal

and ectotympanic were studied. Under the single-origin hypothe-

sis (H1), we expect that laryngeal echolocators will share similar

development and growth trajectories for the ear apparatus with

minimal differences between rhinolophoids and yangochiropter-

ans, while we expect that pteropodids share some features of

prenatal development with laryngeal echolocators, potentially re-

flecting vestigial features linked to loss of echolocation capability.

In contrast, under H2 we expect pteropodids to be indistinguish-

able fromnon-batmammals butmarkedly different from laryngeal

echolocators in their development of the hearing apparatus, and

we expect to detect divergent ontogenetic processes between

laryngeal echolocators. To further inform our results, we used

our developmental data to create ancestral state reconstructions

to infer the probability of ancestors being capable or not of laryn-

geal echolocation, allowing us to consider evidence for indepen-

dent origin (H2A) versus primitive origin (H2B). Under H1, we

expect the chiropteran, rhinolophoid, and yangochiropteran an-

cestors will show strong evidence for laryngeal echolocating ca-

pabilities (high probability value), whereas the pteropodid

ancestor will show weak evidence (low probability value). Under

H2A, we expect the ancestors of rhinolophoid and yangochirop-

teran bats to have high probability of laryngeal echolocating

capabilities and the chiropteran and pteropodid ancestors low

probability of having laryngeal echolocating capabilities. In

contrast, under H2B we expect the ancestor of all bats to show

weak evidence for laryngeal echolocating capabilities (low proba-

bility value), compared to the rhinolophoid and yangochiropteran

ancestors (high probability value).
Current Biology 31, 1353–1365, April 12, 2021 1355



Figure 2. Ontogenetic allometric growth trajectories of the hearing apparatus

(A) Comparison of cochlear canal width/basicranial width (CW/BW ratio) across all species in the sample.

(B) Group ontogenetic allometric trajectories showing the first principal component (PC1) of the predicted values for regression of cochlear volume (CVM) against

geometric mean (GM).

(C)Phylomorphospaceof theallometriccoefficientsextracted fromspecies-level regressionsof hard-tissuedata (PV,PA,CW,BW,CW/BW,SH,andSL)againstGM.

(D) Ancestral state reconstruction for allometric coefficients extracted from species-level regressions of CVM against GM and LDA posterior probabilities of

laryngeal echolocator/non laryngeal echolocator for relevant nodes in our phylogeny. Colors of the branches correspond to themagnitude of slope elevation, with

lower values (red/yellow) indicating smaller increases in CVM against size (GM) and higher values (green/blue) indicating greater increases in CVM against size.

See also Figures S1 and S2, Tables S1–S5, and Data S2.

ll
OPEN ACCESS Article
Contrary to previousmorphological studies that have predom-

inantly supported the single-origin hypothesis (H1), our study

reveals divergent ontogenetic processes of the laryngeal echolo-

cation system between rhinolophoids and yangochiropterans,

providing the first embryological support for the independent-

origin hypothesis (H2).

RESULTS AND DISCUSSION

To clarify the ontogenetic differences of the hearing apparatus

amongbats,we quantified the relative size of the cochlea (Figures

1B–1G), estimated as the relative size of the cochlear canal width

of the bony labyrinth (CW) computed against basicranial width

(BW). CW/BW ratio, routinely employed in previous studies,9,21,46
1356 Current Biology 31, 1353–1365, April 12, 2021
is regarded to estimate relative cochlear size and correlate posi-

tively with capability to hear high-frequency pulses in adult

bats.46 Laryngeal echolocators are known to show significantly

higher ratios than pteropodids.46 A recent study, which examined

two pteropodids and five laryngeal echolocators, reported that

CW/BW ratio is similar during the prenatal period between ptero-

podids and laryngeal echolocators and interpreted this pattern as

a vestigial imprint of lost laryngeal echolocation ability in pteropo-

dids.9 Contrary to this, our results, which included more resolved

within-species sampling and more extensive between-species

sampling, reveal that the prenatal CW/BW ratio of pteropodids is

considerably different from rhinolophoids and yangochiropterans

but not different fromnon-batmammals, following the predictions

ofH2 (Figures2AandS1A).UnderH1andH2B,CW/BWvaluesare



Table 1. Summary results of reduced major axis regressions for hard- and soft-tissue measurement data

n r2 p value Slope Slope lower CI Slope upper CI Interval Interval lower CI Interval upper CI

Cochlear volume (CVM) - geometric mean (GM)

Non-bat mammals 11 0.89 0.00001 0.80 0.62 1.02 �0.68 �1.07 �0.29

Pteropodidae 40 0.82 0.00000 0.76 0.66 0.88 �0.49 �0.67 �0.30

Rhinolophoidea 52 0.86 0.00000 1.59 1.43 1.77 �1.25 �1.51 �0.99

Yangochiroptera 70 0.78 0.00000 1.17 1.05 1.31 �0.91 �1.12 �0.71

Cochlear area (CA) - geometric mean (GM)

Non-bat mammals 11 0.71 0.00104 2.86 1.93 4.23 �2.42 �4.68 �0.17

Pteropodidae 40 0.80 0.00000 2.71 2.34 3.13 �1.73 �2.42 �1.05

Rhinolophoidea 52 0.79 0.00000 6.16 5.41 7.02 �4.70 �5.95 �3.44

Yangochiroptera 70 0.70 0.00000 4.30 3.77 4.90 �3.26 �4.14 �2.38

Petrosal volume (PV) - geometric mean (GM)

Non-bat mammals 45 0.80 0.00000 3.61 3.15 4.14 �6.86 �8.24 �5.47

Pteropodidae 21 0.70 0.00000 3.13 2.41 4.07 �5.94 �8.08 �3.80

Rhinolophoidea 102 0.76 0.00000 3.77 3.42 4.15 �5.89 �6.63 �5.15

Yangochiroptera 60 0.75 0.00000 2.28 2.00 2.60 �2.96 �3.52 �2.40

Cochlear width (CW) - basicranial width (BW)

Non-bat mammals 30 0.88 0.00000 0.80 0.70 0.92 �0.99 �1.29 �0.68

Pteropodidae 18 0.61 0.00013 0.60 0.43 0.83 �0.50 �1.00 0.00

Rhinolophoidea 85 0.43 0.00000 1.40 1.19 1.65 �1.68 �2.14 �1.22

Yangochiroptera 59 0.73 0.00000 1.06 0.92 1.21 �1.23 �1.50 �0.96

Cochlear width (CW) - geometric mean (GM)

Non-bat mammals 30 0.92 0.00000 0.80 0.71 0.89 �1.00 �1.25 �0.75

Pteropodidae 18 0.50 0.00104 0.67 0.46 0.97 �0.76 �1.41 �0.10

Rhinolophoidea 85 0.49 0.00000 1.22 1.04 1.42 �1.40 �1.79 �1.01

Yangochiroptera 50 0.65 0.00000 0.97 0.82 1.15 �1.14 �1.46 �0.82

n, number of samples studied; r2, squared correlation coefficient values; CI, confidence interval bounds.
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expected tobesimilar onlyduringearlier stagesbetweenpteropo-

dids and laryngeal echolocators (signaling a vestigial trait40), with

later ontogenetic divergence between the laryngeal echolocators.

Maintenance of vestigial features in early development in this way

assumes that evolution along the pteropodid branch was not

capable of erasing signatures of echolocation from the ancestor,

although the capacity to echolocate itself was lost. A scenario of

complete erasureof echolocation features is not impossible; how-

ever, we consider it less likely given the length of the branch to

pteropodids (�30 million years) and embryological evidence of

vestigial features remaining in other mammals over longer pe-

riods, such as human limb muscles that were lost more than 250

MYA, snake limbs that were lost �100 MYA, dolphin hindlimbs

that were lost �34 MYA, mouse premolars that were lost

�50 MYA, and mysticete dentition that was lost �35

MYA.35,36,39,40,47,48 While CW can provide good estimates for

cochlear size in adults, prenatal cochlear growth of a given spe-

cies cannot be fully captured since the formation of the soft-tissue

cochlea considerably precedes bony labyrinth ossification.45

Given that the soft-tissue cochlea is not visible in conventional

X-ray images, CW is inevitably measurable only in late-stage em-

bryos where the petrosal is already ossified, which leads to a

considerable underestimationof ontogenetic change of the actual

cochlear size.45Given the limitations in comparisons ofCW/BW in

fetuses, we applied diffusible iodine-based contrast-enhanced
scanning49 to fully visualize the membranous cochlea and allow

direct quantification of the three-dimensional cochlea throughout

ontogeny (Figures 2A, S1B, S1C, and S2A). Relative size of the

membranous cochlea (cochlear volume [CVM] and cochlear

area [CA]) was confirmed to be significantly larger throughout

ontogeny in laryngeal echolocators relative to pteropodids and

non-bat mammals (Figure 2A; Tables 1 and 2). In contrast, slope

parameters for CVM overlapped for pteropodids and non-bat

mammals.Cleardifferencesbetweengroups, especially for rhino-

lophoids and yangochiropterans on the one hand and non-bat

mammals and pteropodids on the other hand, were evident from

comparisons of ontogenetic allometric trajectories (Figures 2B–

2D; Tables 1, 2, and S1–S5). Statistical pairwise comparisons

showed that pteropodids were not significantly different in their

growth patterns to non-bats mammals across all regressions,

supporting predictions under H2 (Table 2). Rhinolophoids had

significantly greater growth rates than all other groups for soft-tis-

sue measurements (Tables S1 and S2; Figures S1D–S1G),

whereas hard-tissue growth rates overlapped across groups (Ta-

blesS1andS2; FigureS1H).Convergence analysesprovided sta-

tistical support for convergent evolution in soft-tissue measure-

ments between rhinolophoids and yangochiropterans,

evidenced by large values for C2, reflecting smaller phenotypic

distancesbetween themembers in these twogroups (inter-tipdis-

tances) and a significant amount of evolution attributed to
Current Biology 31, 1353–1365, April 12, 2021 1357
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convergence (TableS3; FiguresS1I–S1L), supportingpredictions

underH2. Incontrast, statistical evidence for convergence insoft-

tissue measurements between pteropodids and non-bat mam-

mals is absent. For hard-tissue measurements, convergence is

identified between both rhinolophoids and yangochiropterans

on the one hand and pteropodids and non-bat mammals on the

other hand (Figure 2C; Table S4), also consistent with H2. As

such, laryngeal echolocating groups share more similar values

for hard-tissue traits to one another but not to a greater extent

than the similarities detected between pteropodids and non-bat

mammals. Using these pooled allometric coefficient data, we

also performed ancestral reconstructions and assigned linear

discriminant analysis (LDA) posterior probabilities of laryngeal

echolocator/non-laryngeal echolocator for each node in our phy-

logeny (Figure 2D; Table S5). Accuracy of the LDA to classify

modern species as either laryngeal echolocator or non-laryngeal

echolocatorwas 100%.Our results indicated that the ancestor of

bats was likely capable of primitive echolocation (0.66 posterior

probability laryngeal echolocator) consistent with H2B. The

ancestor of yinpterochiropterans was also likely able to echolo-

cate (0.66 probability laryngeal echolocator), and the ancestor

of yangochiropterans was highly likely a laryngeal echolocator

(0.86), both consistentwithH2B. In contrast, the ancestor of pter-

opodids was not a laryngeal echolocator, with a posterior proba-

bility of 0.24, close to the range of non-bat mammal stem nodes

(0.30–0.37) and consistent with H2A. The ancestor of bats shows

a higher probability of echolocation capabilities (0.66) compared

to pteropodids (0.24), which could be consistent with loss of

capability in pteropodids (H1, H2B), although this interpretation

would assume a lack of vestigial features. Taken together, these

reconstructionsmostly favor H2B. As such, if pteropodids lost all

echolocation features (presumed by H2B), our reconstructions

would pinpoint this loss to have happened between pteropodid

divergence from the superfamily Rhinolophoidea (�58 MYA)

and origination of the crown group Pteropodidae (�30 MYA).

Our reconstructions inherently assume that the shifts in growth

patterns seen among laryngeal echolocations (Figure 2D) are

likely to be present in an ancestor with a primitive form of echolo-

cation, which is challenging to confirm or refute. Support for H2B

provided by the ancestral reconstructions contrasts with our

direct comparisons that indicate pteropodids and non-bat mam-

mals do not differ in their growth for any of the statistical param-

eters examined herein, as would be predicted under H2A, as

well as our phylomorphospace results, which reconstruct the

ancestral bat node as located outside the distribution of values

for echolocators (Figure 2C). As such, based on our allometric

data the possibility that the ancestor of bats had some form of

primitive echolocation cannot be excluded, consistent with inter-

pretations from the most recent genomic evidence.13

Accelerated onset of ossification is commonly found in evolu-

tionary enlarged, specialized bones.45,50,51 The petrosal bone in

laryngeal echolocators is greatly expanded reflecting the

enlargement of the cochlea, which is the key trait to sense

high-frequency sound.46 We, therefore, expected to detect

accelerated ossification of the petrosal in laryngeal echoloca-

tors. The ossification sequence of bone elements comprising

the skull52 was described for each species and then compared

between species. Among the 21 cranial elements (Figure S1K),

we found that the petrosal is always the last bone to ossify in



Figure 3. Variation of relative ossification

timing of the petrosal bone

The ossification timing of the petrosal was scaled

against that of 21 cranial bone elements. Smaller

values indicate earlier and greater values indicate

later ossification timing. Comparisons are limited

to species with highly resolved ontogenetic sam-

pling. See also Tables S6 and S7.
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pteropodids and non-bat mammals (Figure 3). This result is

corroborated by our previous study that demonstrated that the

petrosal is fundamentally the last cranial bone to ossify in mam-

mals.52 By contrast, ossification of the petrosal bone is signifi-

cantly accelerated in all laryngeal echolocators (Mann-Whitney

U test, rhinolophoids versus non-bat mammals p = 0.0033; rhi-

nolophoids versus pteropodids p = 0.0068; yangochiropterans

versus non-bat mammals p = 0.0093; yangochiropterans versus

pteropodids p = 0.0177) (Table S6; Figure 3). No significant dif-

ference was found between pteropodids versus non-bat mam-

mals p = 1.000). It was also confirmed that the onset of petrosal

ossification occurs significantly earlier in rhinolophoids

compared to yangochiropterans (Mann-Whitney U test, p =

0.0077). Moreover, ancestral reconstructions based on ossifica-

tion sequences recovered an accelerated ossification of the

petrosal for the ancestor of rhinolophoids (Table S7; Figures 3

and S1L) but not for the ancestor of bats, yinpterochiropterans,

or yangochiropterans. Taken together, the direct observations

and ancestral reconstructions of petrosal ossification are consis-

tent with H2. Accelerated petrosal ossification in rhinolophoid

ancestor could indicate either (1) derived specializations to laryn-

geal echolocation from a non-echolocating ancestor, supporting

H2A, or (2) differential selective pressures associated with high-

duty cycle (decoupling of pulse and echo in frequency to avoid

self-deafening, HDC53) echolocation in rhinolophoids, support-

ing H2B. However, the lack of developmental similarities be-

tween rhinolophoids and the non-rhinolophoid bats with HDC

in our sample (i.e., Pteronotus parnellii and P. quadridens) could
Current B
indicate HDCdid not represent a selective

pressure that reshaped rhinolophoid

development.

The petrosal bone of laryngeal echolo-

cating bats is highly modified in shape

and size, exhibiting more cochlear turns

compared to non-laryngeal echolocating

mammals (Figures 1B–1G and 4A), all of

which are thought as adaptations for

detecting high-frequency sound.8,45,46,54

Such expansion and shape modification

of the petrosal in laryngeal echolocators

is expected to be caused by evolutionary

changes in bone development.45 To test

the developmental differences between

groups, we comparatively investigated

the prenatal osteogenesis of this bone

(Figures 4A and S2B). Given the conser-

vative nature of embryonic develop-

ment,39,40,42 we consider shared patterns

of osteogenesis to be indicative of shared
origin of the underlying developmental process, whereas diver-

gent patterns of osteogenesis are likely to reflect an indepen-

dently acquired developmental process. We found that

osteogenesis of the petrosal is considerably divergent among

pteropodids, rhinolophoids, and yangochiropterans and that

the osteogenic process of the petrosal housing the cochlea is

similar between non-bat mammals and pteropodids (Figure 4;

see also Figure S2C for a detailed description). The onset of ossi-

fication starts from non-homologous parts between rhinolo-

phoids and yangochiropterans, and the ossification timing of

the secondary bony lamina is also different. The divergent oste-

ogenic patterns between rhinolophoids and yangochiropterans

(Figures 4B and S2C) and the required number of steps give sup-

port to H2. To distinguish between H2A (pteropodids never

echolocated) and H2B (pteropodids lost primitive echolocation

capability), we evaluate the observation that pteropodids today

retained the process of development shared commonly among

non-bat mammals, whereby petrosal ossification occurs by

wrapping the outer rim of the rostrally growing primary bony lam-

ina, as evidence in support of H2A. The most parsimonious

evolutionary scenario is that the osteogenic patterns of the

petrosal bone of the common bat ancestor were homogeneous

to that of non-bat mammals. Meanwhile, we postulate that the

heterotopic osteogenic process between rhinolophoids and

yangochiropterans occurred independently along with the paral-

lel acquisition of laryngeal echolocation.

Last, we comparatively investigated the osteogenesis of the

stylohyal bone. The stylohyal is part of a series of bones
iology 31, 1353–1365, April 12, 2021 1359



Figure 4. Osteogenic process of the petrosal housing the membranous cochlea

(A) Developmental series of the petrosal for mouse (Mus musculus), fruit bat (Cynopterus sphinx), horseshoe bat (Rhinolophus thomasi), and house bat (Pipis-

trellus abramus). Dorsal and rostral views of the three-dimensional segmented petrosal are given. In the horseshoe bat, the earlier ossified region of the ros-

trocaudal surface of the primary bony lamina is indicated by red arrows, and the unossified region is shown by light-blue arrows. The secondary bony lamina is

indicated by purple arrows. In the house bat, the earlier ossified region of the rostrocaudal surface of the primary bony lamina is indicated by yellow arrows, and

the unossified region is shown by blue arrows. The secondary bony lamina is indicated by an orange arrow. Note that the secondary bony lamina of rhinolophoid

horseshoe bat (purple arrows) is visible in the dorsal viewwhile that of yangochiropteran house bat is covered by the primary bony lamina (yellow arrows) and thus

invisible in the dorsal view. This is due to the delayed growth of the secondary bony lamina in yangochiropterans. Staging of bats are based on Cretekos’ staging

(St.). See Figure S2B for other species. Abbreviations: aa, anterior ampulla; asc, anterior semicircular canal; cc, common crus; fc, fenestra cochleae; pl, primary

bony lamina; pp, posterior process; pr, promontorium; sl, secondary bony lamina. Models are not to scale.

(B) Schematic illustration of petrosal development (rostral view). Outgroup mammals and pteropodids show similar development. The ossification of the ros-

trocaudal surface of the primary bony lamina starts heterotopically between rhinolophoids and yangochiropterans. The ossification timing of the secondary bony

lamina is also different between the two.
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Figure 5. Stylohyal development in bats and non-bat mammals

(A) The stylohyal, ectotympanic, and petrosal in early (St. 19), middle (St. 21), late (St. 23), and full adult stage of bats are depicted. Stylohyal is given in purple,

ectotympanic in yellow, and petrosal in green. The single-origin hypothesis suggests the acquisition of laryngeal echolocation at the node indicated in red, and the

independent-origin hypothesis suggests the acquisition at the nodes indicated in orange.

(legend continued on next page)
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constituting the hyoid apparatus in mammals that is employed in

breathing, swallowing, and phonation. While it is positioned

medially to the auditory bulla and lacks a bony attachment to

the ectotympanic in pteropodids and non-bat mammals, it

unambiguously articulates to the ventrocaudal region of the ec-

totympanic in laryngeal echolocators.3 The stylohyal attachment

to the ectotympanic is postulated to enhance the sensitivity of

echolocation by transmitting the outgoing signal to facilitate its

accurate registration by the brain, and by carrying the outgoing

signal to both ears to provide local oscillator function in elec-

tronic signal processing.3,55 The osteogenesis of the stylohyal

was compared to examine differences in its development among

groups. The described development of the petrosal, ectotym-

panic, and stylohyal of each species is summarized in Figure 5A

(see also Figures S3 and S4). In pteropodids and non-bat mam-

mals, the ossification center of the stylohyal first appears in the

ventrocaudal region of the ectotympanic and then grows bilater-

ally without contacting the ectotympanic (Figures 5B and S3). In

yangochiropterans, the stylohyal emerges on the medial region

of the ectotympanic, crossing perpendicular to the ectotympanic

(blue arrows in Figures 5B, S3, and S5A). Then, it extends in the

rostral direction during growth and attaches to the lateral margin

of the ectotympanic in adults. In rhinolophoids, the ossification

center of the stylohyal emerges on the tip of the outer rim of

the ectotympanic, forming a line tangent to the ectotympanic

crescent (red arrows in Figures 5B, S4, and S5A). Next, the sty-

lohyal extends in a rostral direction, but, in contrast to yangochir-

opterans, it never undergoes a perpendicular topology against

the ectotympanic in any developmental stage and maintains a

tangent topology throughout ontogeny (red and blue arrows in

Figures 5B, S3, S4, and S5A). In the adult stage, its stylohyal at-

taches to the ventromedial region of the ectotympanic with a

paddle-like flat surface (Figures 5B and S5B). Although previous

studies have paid most interest to the presence of the stylohyal-

ectotympanic articulation as an indicator of laryngeal echoloca-

tion,54,56 our results point to the fact that the stylohyal ossifica-

tion center emerges heterotopically between rhinolophoids and

yangochiropterans and that the final stylohyal-ectotympanic

articulation is attained by heterotopic osteogenic processes be-

tween the two, lending support to H2.

Due to the high anatomical affinity between yangochiropter-

ans and rhinolophoids at adult stage, the scenario that laryngeal

echolocation evolved once in the common ancestor and was

then lost in the pteropodid lineage is often favored by morpho-

logical and paleontological studies.3,9,16 It was previously

claimed that rapid petrosal development during prenatal devel-

opment unites all bats they studied, whereas the bony petrosal

of other mammals developed much later, leading to the sugges-

tion that the ancestors of pteropodids once possessed the ability

for laryngeal echolocation.9 However, our extensive embryolog-

ical investigations of soft and hard tissues found no affinity be-

tween pteropodids and laryngeal echolocators in any aspect of

development. Instead, allometric, spatial, and temporal patterns

of hearing-apparatus development of pteropodids are like those
(B) Heterotopic formations of the stylohyal and ectotympanic in shrew (Sun

pusillus), and house bat (Pipistrellus abramus). The contact of the styloh

by blue arrows for yangochiropterans. See also Figures S3–S5 for other sp

stage.

1362 Current Biology 31, 1353–1365, April 12, 2021
of non-bat mammals, which is consistent with H2A, under the

assumption that the bat common ancestor was not a laryngeal

echolocator and pteropodids should not show vestigial features

of echolocation. Petrosal ossification is accelerated in rhinolo-

phoids and yangochiropterans compared to pteropodids and

non-bat mammals, but it is further accelerated in rhinolophoids

than yangochiropterans. The divergent osteogenetic process

of the petrosal and heterotopic development of the stylohyal

was ascertained between yangochiropterans and rhinolophoids.

If the common ancestor of extant bats was a primitive echoloca-

tor, the differences found during fetal development between

yangochiropterans and rhinolophoids should be interpreted as

having evolved secondarily, potentially representing significant

advancements of function compared to a primitive echolocating

ancestor (as posited by H2B). Consistent with this, the develop-

mental features of pteropodids, which are here shown to be

indistinguishable from non-bat mammals, would have to be in-

terpreted as a derived state, having evolved in conjunction with

the loss of echolocation and representing a complete loss of a

primitive echolocating state. Testing this interpretation conclu-

sively will require comparative gene-expression analyses of

hearing apparatus development, molecular evidence for loss of

function in pteropodids, or fossil evidence from a primitive pter-

opodid to assess character acquisition sequence.

Our results are concordant with the conclusions of Davies

et al.,8 who analyzed features of cochlear morphology in adult

stage across 56 species and found significant changes in inner-

ear morphology occurred in rhinolophoids and yangochiropterns

subsequent to their divergence, consistent with the multiple-ori-

gins hypothesis. Altogether, our comparative embryological

investigations demonstrate that there is no developmental differ-

ence between pteropodids and non-bat mammals and that

yangochiropterans and rhinolophoids exhibit contrasting devel-

opmental patterns, providing embryological evidence for the

convergent evolution of echolocation in bats. In various verte-

brate taxa, recent studies are providing accumulating evidence

that the components of the vertebrate ear have possibly evolved

multiple times through convergent evolution, shedding new light

on its complex evolutionary history.30–33,57,58 Our results

contribute to this line of evidence, adding the extraordinary feat

of laryngeal echolocation to the numerous cases of homoplasy

that have occurred in the evolution of the vertebrate hearing

apparatus.

In this study, rhinolophoids that employ narrowband, multihar-

monic calls (Rhinopomatidae and Craseonycteridae), and short,

broadband, multiharmonic calls (Megadermatidae)59 were not

included. Future developmental studies on these families and

assessment of the extent to which development is homoge-

neous amongmembers of Rhinolophoidea will provide further in-

sights on the evolution and diversification of laryngeal echoloca-

tion. Our embryological results provide novel support to the

multiple-origin hypothesis of laryngeal echolocation, but our

study does not reject the possibility that primitive echolocation

evolved in the common ancestor and laryngeal echolocation
cus murinus), fruit bat (Eonycteris spelaea), horseshoe bat (Rhinolophus

yal and ectotympanic is indicated by red arrow for rhinolophoids and

ecies. Abbreviations: GD, gestation day; P, postnatal day; St., Cretekos
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divergently evolved subsequently in the yinpterochiropteran and

yangochiropteran bats. One potential approach to further

advance the debate may be developmental genetics60 of the

hearing and vocal apparatus, especially to address the possibil-

ity that pteropodids may have lost all vestigial signatures of

echolocation. The possible scenario that pteropodids second-

arily lost the ability of primitive echolocation and that within 30

million years they have completely erased ancestral ear develop-

ment requires further investigation. Our understanding of these

complex traits will similarly be enriched by future discovery of

Palaeocene and Eocene fossils that may shed light upon the

temporal sequence of the topological changes uncovered in

the hearing apparatus herein and functional assays to exact

the molecular basis of echolocation that may guide interpreta-

tions of echolocator capabilities along stem lineages.
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Monophyllus redmani (n = 2), Pteronotus parnellii (n = 3), and Pteronotus quadridens (n = 5) were collected from the field, according to

approved institutional animal care and use committee protocols 14199 at University of Illinois at Urbana-Champaign and 2017-093 at

University of California, Los Angeles. MicroCT data of adult Macaca fascicularis (MCZ23813) and adult Monophyllus redmani

(UMMZ123278) were obtained from MorphoSource repository.

METHOD DETAILS

Data acquisition and measurements
A total of 34 bat species, encompassing eight families, and five species of non-bat mammals were studied (Data S1). Foetal bat spec-

imens were staged following Cretekos et al.67. Erinaceus europaeus and Suncus murinus were staged following Inouye et al.68.Mus

musculuswas staged following Theiler69. Age ofMacaca fascicularis andMacaca fuscatawere estimated following Tarantal andHen-

drickx70 by crown-rump lengths. Our sampling included 517 specimens, which covered highly resolved ontogenetic series from

pharyngula stage to adult stage of various species. All specimens used in this study are summarized in Data S2. Ethanol-preserved

fluid specimens were scanned by microCTs at the City University of Hong Kong (inspeXio SMX-90CT Plus, Shimadzu Corporation,

Tokyo) andUniversity Museumof University of Tokyo (TXS225-ACTIS, TESCO, Tokyo) with a 70kV source voltage and 100mA source

current. Voxel size of the images ranged from 7 to 13 mm. In addition to ordinary skeletal scanning, we conducted diffusible iodine-

based contrast-enhanced scanning49 to fully visualize cartilaginous tissues of the cochlea and stylohyal. Specimens were stained

with 1% iodine in ethanol for 48 hours. Those corresponding to Cretekos Stage 13 (St. 13) or older showed chondrification of the

cochlea and were able to be segmented in themicroCT images. Three-dimensional reconstructions and all measurements were con-

ducted in Amira 5.2 (Visage Imaging GmbH, Berlin, Germany).

All measurements were taken from the left-side petrosal or cochlea on generated surfaces in Amira. The skull length (SL) was taken

as the distance from the rostral tip of the premaxilla to the ventral end of the interparietal in the sagittal plane. The skull height (SH) was

measured as the distance from the midpoint of the cranial tip of the parietal to the rostral tip of the basioccipital. The cochlear canal

width / basicranial width ratio (CW/BW)wasmeasured following previous studies9,46. The cochlear canal width (CW)was taken as the

distance from the end of the first half turn of the cochlear canal to the end of the second half turn at the clear outline of the cochlear

canal. The basicranial width (BW) was taken as the distance between the lateral tip of the left cochlea and the lateral tip of the right

cochlea. Geometric mean (GM) of SL, SH, and BW, i.e., calculated as GM=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SL � SH � BW3
p

, was treated as the proxy of overall cra-

nial size. Petrosal bone volume (PV), petrosal bone surface area (PA), membranous cochlear volume (CVM), and membranous

cochlear surface area (CA) were measured from the segmented surfaces. Measurements for the petrosal was based on Nojiri

et al.45 and those for the cochlea were based on Wannaprasert71. All acquired values are summarized in Data S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ontogenetic trajectory analysis
Upham et al.’s species-level mammal phylogeny was pruned in R to match our sampled species15 using phytools version 0.6-9961. A

pruned phylogeny was generated for each dataset to match differences in sampled species across datasets. For species that did not

match a specific branch tip in the phylogeny, the closest relative was assigned (Aselliscus dongbacana was matched to

A. stoliczkanus, and Rhinolophus microglobosuswasmatched to R. megaphyllus in the phylogeny). The generated nex files contain-

ing the phylogenetic tree with branch length is available from https://dx.doi.org/10.6084/m9.figshare.13297787. For comparison with

previously published approaches, growth rates were calculated separately for PV, CW, CVM against BW and GM, both of which as a

proxy for skull size. For each species, the difference between themeasurement value of the youngest and adult specimen was calcu-

lated for CW, CVM, PV, BW, GM (i.e., range = adult – youngest). Growth rate was calculated, using these ranges, as CW/BW and

CVM/BW or as CW/GM and CVM/GM, and species’ values were pooled into groups for pteropodids, rhinolophoids, yangochirop-

terans, and non-bat outgroup mammals. Growth rate calculations were performed using the R package dplyr v.0.8.562. Values

were visualized using violin plots constructed with PAST 4.0. Inter-group differences were assessed with ANOVA using R base func-

tions aov and significance was assessed using Tukey multiple pairwise comparison function TukeyHSD, yielding a P value adjusted

for multiple comparisons. Ontogenetic allometric trajectories were constructed for hard and soft tissue measurements to assess dif-

ferences in growth between members of pteropodids, rhinolophoids, yangochiropterans, and non-bat outgroup mammals. All re-

gressions were performed using GM. Reduced Major Axis regressions of CA �log(GM), CVM �log(GM), PV �log(GM) and log(CW)

�log(GM) were conducted using the R package smatr63 v. 3.4-8 and the function sma. Volumes (PV, CVM) were transformed using

the cube root and area (CA) was transformed using square root. Pairwise comparisons of slope for pteropodids, rhinolophoids, yan-

gochiropterans, and outgroup mammals were performed using the functionmultcomp and P values were adjusted for multiple com-

parisons. Ontogenetic allometric trajectories were visualized using a plot of the first principal component (PC) of the predicted values

extracted from the regressions, following Adams and Nistri72. To visualize species-level differences in allometric trajectories across

the phylogeny, allometric coefficients were extracted from species-level regressions (same formulae as above) and these were map-

ped onto the phylogenetic framework usingmaximum likelihood ancestral state reconstruction, performedwith the contMap function

in the R package phytools v. 0.6-9961. To assess the extent to which hard and soft tissue measurements show evidence of indepen-

dent acquisition between representatives of rhinolophoids and those of yangochiropterans, two sets of convergence tests were con-

ducted separately for hard and soft tissue datasets using the R package convevol v. 1.3 and the function convratsig64. Additionally, to
Current Biology 31, 1353–1365.e1–e3, April 12, 2021 e2
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test the single origin hypothesis, we also assessed the level of convergence in soft and hard tissue development between pteropo-

dids and non-batmammals. The hard tissue dataset comprised species-level allometric coefficients of PV, CW, andCW/BW, and the

soft tissue dataset comprised species-level allometric coefficients of CA and CVM. This approach uses a series of distanced-based

C indices (C1-C4) to quantify the magnitude of convergence between lineages, using comparisons within (C1, C2) and between (C3,

C4) datasets64. C index values reflecting increasing convergence, with 0 reflecting an absence of convergence and larger values indi-

cating greater convergence. C1, ranging between 0 and 1, measures the phenotypic distance between convergent tips relative to the

maximum evolutionary distance between two lineages, reflecting how much subsequent evolution has reduced inter-lineage dis-

tance. C2 assesses the magnitude of evolution that has occurred as a result of convergence, with larger values indicating greater

amounts of convergence. Similar to C1, C3 and C4 reflect proportions such that C3 indicates how much convergence has occurred

as a proportion of the total amount of evolution along lineages leading from their common ancestor and C4 indicates how much

convergence has occurred relative to the entire clade, defined by the common ancestor of convergent taxa64. C index values are

calculated between pairs of tips across a phylogeny, so for comparisons that represent multiple tips (such as in our study), pairwise

test values are averaged. Significance tests were conducted for C1-C4 using 1000 simulations across the phylogeny for taxa in the

hard tissue (n = 26) and soft tissue (n = 21) datasets.

Ossification timing analysis
Relative ossification sequence of 21 cranial elements was documented for each species52. The presence or absence of bones for

each individual is summarized in Data S2. All acquired ossification sequences are summarized in Data S1. To examine the relative

timing of ossification of the petrosal, we scaled the rank of petrosal ossification as:

ðr � 1Þ
ðrmax � 1Þ

in which r is the absolute rank of the petrosal ossification, and rmax is the total number of ranks for each species52. This approach

eliminates the interspecific differences of maximum rank resulting from interspecific differences of sampling resolution. The scaled

relative ranks of the petrosal ossification of each species are distributed between 0 and 1. The range in rank variation across taxa was

assessed to examine the variability of petrosal developmental timing. As the resolution of the sequence can bias the results in this

approach, only species with more than three ranks were included following Koyabu et al.52.

Ancestral state reconstructions
To reconstruct the ancestral echolocating capabilities at each node of our trimmed phylogeny, using our multivariate dataset (instead

of traditional univariate discrete character evolution) we first reconstructed the ancestral allometric coefficients of PV, PA, CW, BW,

CW/BW, SH and SL individually for all nodes (each node representing an ancestor) fitting a Brownian motion evolutionary model by

maximum-likelihood, using the function ace in the R package ape v. 5.4-165. Next, we conducted a Linear Discriminant Analysis (LDA)

to infer whether each ancestor in the phylogeny was a laryngeal echolocator or non-laryngeal echolocator, based on the dataset of

reconstructed ancestral allometric coefficients, using the lda function in the R packageMASS. Posterior probabilities of the LDAwere

used to interpret ancestral states. The accuracy of the LDA was tested using our dataset for modern species, classifying every spe-

cies as either laryngeal echolocator or non-laryngeal echolocator. Lastly, we reconstructed the ancestral ossification sequences at

each node in our phylogeny using the parsimov-based genetic inference approach implemented in the pgi function of the R package

pgi v. 2.0-166. Ancestral ossification sequences allowed us to reconstruct significant evolutionary shifts (i.e., acceleration or decel-

eration of ossification onset) in ossification sequences at each branch of our phylogeny, using the pgi.supercon function of the R

package pgi v. 2.0-1.
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