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SUMMARY

Recent rapid advances in experimental biology have
expanded the opportunity for interdisciplinary inves-
tigations of the evolution of form and function in
non-traditional model species. However, historical
divisions of philosophy and methodology between
evolutionary/organismal biologists and develop-
mental geneticists often preclude an effective merg-
ing of disciplines. In an effort to overcome these
divisions, we take advantage of the extraordinary
morphological diversity of the rodent superfamily
Dipodoidea, including the bipedal jerboas, to exper-
imentally study the developmental mechanisms and
biomechanical performance of a remarkably diver-
gent limb structure. Here, we place multiple limb
character states in a locomotor and phylogenetic
context. Whereas obligate bipedalism arose just
once in the ancestor of extant jerboas, we find that
digit loss, metatarsal fusion, between-limb propor-
tions, and within-hindlimb proportions all evolved
independently of one another. Digit loss occurred
three times through at least two distinct develop-
mental mechanisms, and elongation of the hindlimb
relative to the forelimb is not simply due to growth
mechanisms that change proportions within the
hindlimb. Furthermore, we find strong evidence for
punctuated evolution of allometric scaling of hin-
dlimb elements during the radiation of Dipodoidea.
Our work demonstrates the value of leveraging the
evolutionary history of a clade to establish criteria
for identifying the developmental genetic mecha-
nisms of morphological diversification.

INTRODUCTION

The vertebrate limb has long been of interest to evolutionary

biologists due to the extraordinary diversity of forms, to bio-

mechanists for the corresponding variety of locomotor functions,

and to developmental biologists as a model of patterning and
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morphogenesis. We stand to gain a more complete understand-

ing of the mechanisms that shape the development and evolu-

tion of form and function by integrating these traditionally distinct

disciplines. We focus on the rodent superfamily, Dipodoidea,

comprised of 51 extant species including the quadrupedal birch

mice, facultative bipedal jumping mice, and 33 species of obli-

gate bipedal jerboas [1]. Together, these species exhibit diverse

limb morphologies with varying degrees of specialization. The

most basal species exhibit an ancestral generalized quadru-

pedal rodent morphology and the most derived bipedal species

have lost the pre- and postaxial hindlimb digits, greatly elon-

gated the hindlimbs, and disproportionately elongated and fused

the three central metatarsals.

Studies of jerboa anatomy have been largely limited to dissec-

tions of a few species and casual observations of captive individ-

uals prior to the 1940s [2–5]. Even at that time, themorphological

characters associated with bipedal saltation in the jerboas were

noted as similar to those associated with cursorial locomotion in

more familiar and better-studied quadrupedal ungulates. Elon-

gated limbs increase range of motion while reduced distal ele-

ments decrease the energy required to swing the limb during

sustained running [3, 6]. However, the inaccurate and often con-

torted posture of jerboas in museum exhibits and texts dating to

the late 19th and early 20th centuries [7] highlights a general un-

familiarity in the West with the way these animals actually move.

The diverse morphologies of extant dipodoid rodents have

long been a challenge to pre-molecular taxonomists. These trees

are well-reviewed elsewhere [1]. Recently, DNA sequence phylo-

genetics has resolved the relationships of taxa within Dipodoi-

dea, the monophyletic origin of bipedalism, and the subsequent

radiation of species [1, 8–10]. Given that the genes included in

these analyses are not under selection for bipedal locomotion,

these broadly consistent molecular phylogenies likely repre-

sent the true taxonomic relationships. Therefore, many of the

morphological characters previously used to assign relation-

ships are convergent. The consensus molecular tree thus pro-

vides an opportunity to understand evolutionary patterns of

these complex morphologies.

Here, we first generate posturally accurate skeletal recon-

structions to understand the locomotor advantage of derived

skeletal characters of the obligate bipedal jerboa compared to

a close quadrupedal relative. We next identify eight distinct hin-

dlimb morphotypes represented within Dipodoidea based on
94, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2785
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Figure 1. Comparison of the Bipedal Lesser

Egyptian Jerboa and the Semi-arboreal

Quadrupedal Northern Birch Mouse in the

Context of Posture in Movement

Shown are lesser Egyptian jerboa (Jaculus jaculus)

(A) and northern birch mouse (Sicista betulina)

in (B).
digit number, the extent of metatarsal fusion, and limb element

allometry. We then trace the evolutionary history of each char-

acter in the context of a multi-locus, time-calibrated molecular

phylogeny. We show that the adaptation of limb structure for a

specialized locomotor strategy occurred through a combination

of temporally and therefore genetically distinct changes during

the radiation of Dipodoidea. Our work demonstrates the value

of phylogenetic analyses in evolution and development, particu-

larly in species too distantly related for genetic hybridization, in

which multiple intersecting lines of evidence are critical to

strengthen hypotheses regarding developmental mechanism

that are often initially correlative in nature.

RESULTS

The acquisition of bipedality in jerboas coincides with multiple

skeletal transformations [4, 5] that are most informative in the

context of a living animal in movement. Therefore, we generated

to-scale postural reconstructions of the complete skeletons of

the three-toed lesser Egyptian jerboa (Jaculus jaculus) and one

of the most closely related extant quadrupeds, the northern

birch mouse (Sicista betulina) [1]. The illustration of J. jaculus is

informed by X-ray fluoroscopy of a live jerboa (Movie S1A) and

is represented in an aerial phase just prior to landing. Since a

living birch mouse was not available for imaging, we recon-

structed the skeleton of S. betulina based on postural data of a

morphologically similar semi-arboreal species [11]—the forest

deer mouse, Peromyscusmaniculatus (Movie S1B).While largely

qualitative in nature due to specimen limitations, our observa-

tions provide context for themajor postural and skeletal changes

in the evolution of jerboa bipedalism.

Axial Skeleton
The foreshortened skull and thorax of J. jaculus are suspended

from the pelvis by a vertebral column that is highly modified

when compared to quadrupedal rodents [5] (Figure 1A). The
2786 Current Biology 25, 2785–2794, November 2, 2015 ª2015 Elsevier Ltd All rights reserve
jerboa vertebral column appears to

have a more extreme sigmoidal curva-

ture: the lumbar column of J. jaculus

aligns almost horizontally with respect

to gravity, while the thoracic column

dives vertically and curves again with

the pronounced dorsiflexion of a short-

ened neck.

Whereas the first cervical vertebra (C1,

or atlas) is freely mobile in the jerboa, the

central cervicals (C2–C6), including the

axis, are fused ventrally into a single plate

and dorsally into a single large spinous

process with lateral openings for the
egression of the cervical spinal nerves. The posterior cervical

vertebra, C7, is unfused. This is concordant with Howell [4] for

the genus Jaculus, whereas Beddard [12] and Lull [3] reported

the posterior six to be fused inDipus. Flower and Lydekker [2] re-

ported all the cervical vertebrae in Dipus, Alactaga (now spelled

Allactaga), and Platycercomys (now Pygeretmus) to be ‘‘more or

less ankylosed.’’ Indeed, our investigation of several available

related taxa (Table S1) indicates varying degrees of fusion with

a subset of vertebrae fully fused, as in J. jaculus, or tightly artic-

ulated with thin fissures between vertebrae, as in Salpingotus

thomasi and Allactaga tetradactyla. In Sicista there are seven un-

fused cervical vertebrae, and only C2, the axis, has a prominent

neural spine.

As with most rodents [13], S. betulina has 13 thoracic verte-

brae, and T10 is the anticlinal vertebra. In contrast, there are

12 thoracic vertebrae in J. jaculus, and T12 is the anticlinal

vertebra. The presence of seven lumbar vertebrae in J. jaculus

compared to six in S. betulina suggests a transformation of

T13 into a lumbar vertebra with an additional posterior shift in

the position of the anticlinal vertebra. Howell [4] suggested that

by transforming the last thoracic vertebra into an additional lum-

bar vertebra, the jerboa shortens the thorax without decreasing

the size of each individual thoracic vertebral element, which we

confirmed (Table S2).

Of the four sacral vertebrae in J. jaculus, only the first is fused

to the ilium; in contrast, the first two are fused in S. betulina.

Decreased fusion might increase iliosacral mobility during jump-

ing in J. jaculus as in frogs that have limited iliosacral contact

[14]. The sacrum of J. jaculus is widened in comparison to

S. betulina, and the spinous processes of the lumbar vertebrae

are enlarged, which may support greater back musculature

and also increase jumping ability [5]. Additionally, the spinous

process of the fourth sacral vertebra is enlarged, indicating

robust tail suspensory musculature. J. jaculus has 24 elongate

caudal vertebrae, and the tail is approximately 1.47 times the

naso-anal distance (n = 3, SD = 0.12). S. betulina has 34 caudal
d



A  B  C     D      E       F         G          H Figure 2. Frontal Illustrations of the Hin-

dlimbs of a Representative of EachMorpho-

type Scaled to the Same Length

Shown are the following species: (A) Sicista

betulina, (B) Napaeozapus insignis insignis, (C)

Salpingotus thomasi, (D) Cardiocranius para-

doxus, (E) Euchoreutes naso, (F) Allactaga tetra-

dactyla, (G) Allactaga sibirica [mongolica], and

(H) Jaculus orientalis. Dashed outlines indicate

missing elements.
vertebrae, and the tail is 1.25–1.5 times the naso-anal distance,

varying by population [15, 16].

Appendicular Skeleton
The composite hindlimb length from the greater trochanter of the

femur to the distal tip of the central metatarsal is approximately

3.2 times the length of the analogous forelimb elements for

the jerboa, compared to 1.4 times for the birch mouse (Table

S1). Within-hindlimb proportions also differ between species.

Whereas the femur of S. betulina comprises 34.6% and the third

metatarsal is 20.5% of total limb length, the femur of J. jaculus is

28.6% and the third metatarsal is 30.6% of hindlimb length. The

proportion of the tibia is more similar at 44.9% for S. betulina and

43.0% for J. jaculus. The small vestiges of the first and fifthmeta-

tarsals of the jerboa are tucked along the ventral-lateral edges of

the fused central canon bone, which is comprised of metatarsals

II–IV. The distal-most aspect of the canon bone remains unfused

and articulates with each of the three toes. Lastly, the quadru-

pedal rodents are plantigrade (fore) and digitigrade (hind) (Movie

S1B) whereas the bipedal J. jaculus is sub-unguligrade (Movie

S1A). The nails and distal toe pads contact the ground while

the digits are elevated atop a tuft of coarse bristles on the plantar

surface of the toes.

Center of Mass
The reduction of the thorax and expansion of the lumbar region

together with the position of the body with respect to the limbs

in our X-ray videos led us to hypothesize that the center

of mass might be shifted in the bipedal jerboa relative to

quadrupedal rodents. We found that the center of mass of
Current Biology 25, 2785–2794, November 2, 2015 ª
P. maniculatus is located approximately

54.5% (n = 3; SD = 0.073%) of the

naso-anal distance, consistent with the

quadrupedal Siberian chipmunk (Tamias

sibiricus) [17]. The center of mass of

J. jaculus measures only slightly more

posterior at 57.5% (n = 4; SD = 0.025%)

of the naso-anal distance. More striking,

we found in our X-ray videos that the hin-

dlimb base of support of P. maniculatus

at mid-stance is positioned approxi-

mately 74% of the distance from head

to tail base while the jerboa hindlimb

base of support is approximately

47% of body length. This places the cen-

ter of mass approximately 19% ahead

of the hindlimb base of support of
P. maniculatus and 11% behind the hindlimb base of support

of J. jaculus.

Identification of Limb Morphotypes
We classified eight distinct hindlimb morphotypes among the 51

extant species of Dipodoidea based primarily on degree ofmeta-

tarsal fusion and number of digits [1, 18] (Table S3) and broadly

considering allometric scaling of the hindlimb and principal com-

ponents clustering discussed in further detail below. These

include the quadrupedal birch mouse (Sicistinae), the facultative

bipedal jumping mice (Zapodinae), and six morphotypes within

the obligate bipedal jerboas (Figure 2).

One distinctive feature of the S. betulina hindlimb relative to

other dipodoid rodents is the lateral curvature of the tibia (Fig-

ure 2A). Curvature of long bones is indicative of predictable

off-axis bending forces [19]. In the case of S. betulina, tibial

long-axis curvature may reflect laterally directed loading forces

during climbing as evidenced by the mediolateral orientation of

the femur and undulation of the pelvis during locomotion in

P. maniculatus (Movie S2B) [20]. In contrast, J. jaculus hindlimbs

fall directly below the body during locomotion (Movie S2A) and

the tibia is straighter in each of the obligate bipedal species (Fig-

ures 2C–2H). The shape of the femoral head also transforms

from a rounded knob in S. betulina (Figure 2A) to a saddle shape

with a femoral neck oriented nearly perpendicular with respect to

the bone shaft in themost derived of the jerboas (Figures 2F–2H).

Compared to quadrupedal S. betulina, the facultative bipedal

jumpingmice, includingNapaeozapus insignis, have slightly elon-

gated metatarsals comprising a larger proportion of the hindlimb

length discussed in detail below (Figures 2B and 5B). Significant
2015 Elsevier Ltd All rights reserved 2787



Sicista betulina
Napaeozapus insignis

Zapus hudsonius
Cardiocranius paradoxus

Salpingotus thomasi
Euchoreutes naso

Dipus sagitta
Stylodipus telum

Stylodipus andrewsi
Jaculus blanfordi
Jaculus orientalis
Jaculus jaculus

Allactaga tetradactyla
Allactaga elater
Allactaga major

Allactaga sibirica
Pygeretmus pumilio
Allactaga balikunica

Allactaga bullata

A  Digit Loss B  Metatarsal Fusion Figure 3. Discrete Characters of Digit Loss

and Metatarsal Fusion Mapped on a Molec-

ular Phylogeny of Dipodoidea

The ancestral state is blue, the intermediate

derived state is yellow (four toes or partially fused),

and the ultimate derived state is red. The proba-

bility of the ancestor at each node taking a specific

state is denoted by a pie graph at that node.

Digit loss shown in (A) and metatarsal fusion

shown in (B).
morphological diversity arises in the obligate bipedal jerboas. The

three- and five-toedpygmy jerboas (Cardiocraniinae,Salpingotus

thomasi [Figure 2C] and Cardiocranius paradoxus [Figure 2D],

respectively) have individual metatarsals that do not fuse. The

long-eared jerboa (Euchoreutesnaso) hasfive toeswithelongated

and partially fusedmetatarsals II–IV (Figure 2E, partial fusion indi-

catedbydashed lines). TheAllactaginaeare representedbyAllac-

taga sibirica (Figure 2G) with a fully fused canon bone comprised

of metatarsals II–IV and five toes where the central three are

much larger and longer than digits I and V. A single species,

A. tetradactyla (Figure 2F) has lost the anterior-most digit and re-

tains digits II–V. The Dipodinae, including Jaculus orientalis (Fig-

ure 2H), are characterizedby the sameelongate and fused central

canon bonebut have entirely lost the pre- andpostaxial digits and

have only digits II–IV remaining. Using the molecular reconstruc-

tion of Wu and colleagues [9], with the addition of Allactaga tetra-

dactyla, we mapped each of these osteological character states.

Digit Loss
Early taxonomies placed the four-toed jerboa, Allactaga tetra-

dactyla, within the five-toed jerboas of Allactaginae, indicating

an independent loss of the first digit within this clade [21]. An

alternative hypothesis is that the four-toed jerboa represents

an ancestral state to the three-toed morphology and that cranial

and dental morphologies are convergent. To test these hypoth-

eses, we examined the position of A. tetradactyla and found that

the species indeed groups within Allactaginae and most closely

with A. hotsoni, suggesting a relatively recent and independent

loss of the first digit (Figures 3A and S1). Additionally, the

three-toed pygmy jerboa, Salpingotus thomasi, groups with the

five-toed pygmy jerboa, Cardiocranius paradoxus, and is basal

to the divergence of Euchoreutinae, Allactaginae, and Dipodi-

nae. This suggests that the independent loss of digits occurred

at least three times: in Salpingotus and in Dipodinae with loss

of the pre- and postaxial digits and in A. tetradactyla with loss

of the pre-axial digit. However, while pre- and postaxial digits

are present in many jerboa species, they are effectively non-

functional for locomotion in Euchoreutinae and Allactaginae,

because they flank the central canon bone and do not contact

the substrate (unpublished observation).

Skeletal Fusion
The single species within Euchoreutinae, Euchoreutes naso,

also represents the emergence of partial fusion of the
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three central metatarsals, and all spe-

cies of Allactaginae and Dipodinae

have completely fused central metatar-
sals (Figure 3B). Thus, metatarsal fusion is monophyletic within

the jerboas.

Hindlimb-Forelimb Allometry
Allometric scaling refers to a change in the size of an element

relative to another or as a proportion of the whole body. Differ-

ences in cranial length and body proportions complicate the

use of axial length for body size normalization. Additionally,

because the taxa are not independent from one another, the vari-

ation in morphological measurements in closely related groups

would be less than expected under a Brownian motion model.

Therefore, we performed a phylogenetically weighted principal

components analysis (pPCA) to remove the effect of relatedness

and body size on our morphological measurements [22]. To bet-

ter understand the scaling relationships and the dynamics of

allometric scaling over evolutionary time, we expanded our anal-

ysis to a broad selection of rodents representing diverse forms of

locomotion.

We used measurements of the femur, tibia, third metatarsus,

and humerus in our analysis. Distal forelimb elements were often

not available for measurement in many specimens, but the hu-

merus and metacarpals do scale approximately isometrically

for available specimens within Myomorpha (Figure S2A). The

first phylogenetically weighted principal component (pPC1) ac-

counts for 90.9% of the variation in the data, loads approxi-

mately equally with all of our morphological measurements

(Table S4), and therefore associates with changes due to body

size. The remaining principal components (pPCs 2, 3, 4) all

describe variation in limb proportions independent of body

size. pPC2 loads strongly positively with the metatarsus and

negatively with the humerus and accounts for 86.1% of the re-

maining morphometric variation in limb proportions. This rela-

tionship is illustrated by the repeated appearance of rodents

with elongate metatarsals, shortened humerus, and large values

of pPC2 and rodents with shorter metatarsals, elongate humer-

us, and small values of pPC2 (Figure 4A; Table S4).

The hypothesis that limb skeletal structures in the body are

predominantly shaped according to their functions predicts

that grouping animals with similar limb proportions should also

categorize species according to similar locomotor ecomorphs.

Since pPCs 2, 3, and 4 each represent changes in limb element

proportions independent of body size, we performed a clustering

analysis on these principal components (Figures 4B and S2B).

We identified up to five distinct clusters that are separated
d
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Figure 4. Phylogenetically Corrected Principal Components Anal-

ysis Illustrates Major Proportional Differences across Rodent Limbs
(A) pPC2 is mapped as a continuous trait on the phylogeny of rodents with

ancestral states reconstructed (graded color).

(B) Clusters of similar ecomorphs plotted with respect to pPC1 (representing

variation due to body size; 90.9% of the total variance) and pPC2 (representing

degree and direction of limb specialization; 86.1% of remaining variance with

pPC1 removed). Shaded ellipses demark the 95% confidence interval of each

cluster.
predominantly by values in pPC2 and correspond well to known

locomotor ecomorphs from diggers and gliders (longer forelimb)

to the most derived of obligate bipedal species (longer hindlimb)

[18, 23, 24].

Starting from the lowest values of pPC2, the first group

includes the fossorial mole-rat (Spalax) and bamboo rat (Rhiz-
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omys), the semi-fossorial hamsters (Mesocricetus) [25], and the

gliding spiny-tailed squirrel (Anomalurus). The second group

contains fossorial gophers (Thomomys and Geomys), the gener-

alist voles (Microtus), spiny mouse (Acomys), and rats (Rattus).

Rattus exulans falls within the 95% confidence intervals of both

this group and the third group, which contains the semi-aquatic

beavers (Castor), the generalist house mouse (Mus), the semi-

arboreal/generalist deer mice (Peromyscus) [26], and the semi-

arboreal birch mouse (Sicista). The fourth group has no overlap

with the previous and includes the facultatively bipedal jumping

mice (Napaeozapus and Zapus) and kangaroo rat (Dipodomys)

and the large obligate bipedal springhare (Pedetes). The fifth

group exhibits the greatest separation from the previous groups

and includes all of the obligate bipedal jerboas.

To quantify the allometric scaling relationships within Dipodoi-

dea, we generated log-transformed plots of the combined length

of the hindlimb elements (femur, tibia, and third metatarsal)

versus the forelimb elements (humerus, ulna, and third meta-

carpal) (Figures 5A and 5C). Log transformation of limb lengths

allows us to compare the scaling relationships between groups

of animals using a linear regression [27]. For comparison to

bipedal species, we chose the ‘‘mouse-like’’ generalist/semi-

arboreal quadrupedal rodents in the second and third ecomorph

groups described above. These all fall along a line (Figure 5A,

blue) with a slope of 0.991, indicating that the smallest birch

mouse (S. betulina) has the same hindlimb-to-forelimb propor-

tions as the largest rat (R. exulans). All of the highly derived

bipedal Allactaginae and Dipodinae together form a line (Fig-

ure 5A, red) with very similar slope of 0.979 but with a positively

shifted y-intercept from 0.160 to 0.521 indicating an increased

length of the hindlimb relative to forelimb. A phylogenetically

controlled ANCOVA test strongly supports two regression lines

for different limb ratios between the quadrupedal and most-

derived bipedal species (Table S5; p = 4 3 10�8). The jumping

mice (e.g., Z. hudsonius), three- and five-toed pygmy jerboas

(S. thomasi and C. paradoxus), and the long-eared E. naso lay

between and outside the 95% confidence intervals (Figure 5A,

gray shading) of the regression lines for quadrupedal and

derived bipedal species and are designated as ‘‘basal bipeds’’

(Figure 5A, orange).

Within-Hindlimb Allometry
We next sought to test the hypothesis that the allometric scaling

between limbs is mechanistically attributed to the change in pro-

portion of elements within the hindlimb. In a log-log plot of meta-

tarsus versus femur, the ecomorphs of groups 2 and 3, including

S. betulina, fit a regression line (Figure 5B, blue) with a slope of

0.729. Again, the most derived bipedal jerboas (Allactaginae

and Dipodinae) form a line (Figure 5B, red) with a y-intercept

shifted upward to 0.151 from �0.002 in quadrupedal species

and slope of 0.893 indicating a relative increase of metatarsus:

femur ratio. Phylogenetically controlled ANCOVA strongly

supports two regression lines (Table S5; p = 3 3 10�3)

compared with a single regression model. The jumping mice

(e.g., Z. hudsonius) and pygmy jerboas, S. thomasi and

C. paradoxus, fall between these lines. However, while the

pygmy jerboas are between the confidence intervals for be-

tween-limb proportions (Figure 5A), they lie within the 95% con-

fidence interval (Figure 5B, gray shading) of derived bipeds for
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Figure 5. Allometric Scaling between Limbs and within the Hindlimb Illustrates the Complex Evolution of Proportion

(A and B) Log-log plots illustrating scaling of (A) hindlimb versus forelimb and (B) metatarsus versus femur. Derived bipeds (Allagtaginae and Dipodinae) are

designated red. Basal and intermediate bipeds (Zapodinae, Cardiocraniinae, and Euchoreutinae) are designated orange. Quadrupeds that cluster together in the

second and third ecomorph groups are designated blue. Grey shading indicates 95% confidence intervals, and vertical and horizontal lines represent variation 1

SD away from the mean.

(C and D) Phylogenies of Dipodidae, with (C) log10(hindlimb):log10(forelimb) or (D) log10(metatarsal):log10(femur) mapped as continuous traits with ancestral states

reconstructed by maximum likelihood (graded color).
within-hindlimb allometry. This might be in part due to the major-

ity of more-derived bipedal jerboas with larger values of meta-

tarsal and femur lengths, resulting in a spread of the confidence

interval at smaller values. This hypothesis is further supported by

the observation that S. thomasi and C. paradoxus have smaller

metatarsal:femur ratios than one would expect given their phylo-

genetic position among obligate bipeds (Figure 5D). A Bayesian

phylogenetic outlier test [28] demonstrates that 94% of the pre-
2790 Current Biology 25, 2785–2794, November 2, 2015 ª2015 Elsev
dictive distribution for the metatarsal:femur ratio of obligate bi-

peds lies above the measured ratios of these two species.

In stark contrast to its low hindlimb:forelimb ratio compared to

the most derived bipedal jerboa taxa (Figure 5A), the long-eared

jerboa, Euchoreutes naso, falls within the 95% confidence inter-

val of the regression for metatarsus:femur (Figure 5B). Indeed,

while both ratios follow a trend toward increasing values in

more derived species, they do not share the same distribution
ier Ltd All rights reserved



(Figures 5C and 5D; Wilcoxon signed-rank test: n = 19, sum of

ranks [V] = 190, p = 3.82 3 10�6). Together these trees suggest

that themechanisms that establish the proportion of hind relative

to forelimb length are genetically separable from the mecha-

nisms that determine proportions within the hindlimb.

Lastly, we analyzed rates of evolutionary allometric growth

versus rates of net speciation (nodes along phylogenetic path

lengths) as a test for punctuated evolution where the coefficient

of determination (R2) denotes the percent of character variation

explained by punctuated evolution and the slope of the regres-

sion (b) represents the magnitude of the effect of punctuation

[29]. A correlation between trait values and net speciation sug-

gests that the trait in question underwent punctuated, rather

than gradual, evolution—though not necessarily punctuated

equilibrium as originally defined by Eldredge and Gould [30]

because of the inability to detect periods of stasis. Although

the exact process producing such a pattern is difficult to deter-

mine [31], such a test does imply that bursts of morphological

change were coupled with speciation [29, 32–35].

We find that the lengths (log) of hindlimb elements are all

strongly correlated with net speciation along phylogenetic path

lengths (Table S6; metatarsal R2 = 0.293, b = 0.0519, p =

0.006; tibia R2 = 0.762, b = 0.0669, p = 8.45 3 10�9; femur

R2 = 0.657, b = 0.0575, p = 6.63 3 10�7) while the lengths (log)

of forelimb elements are at most marginally significant (Table

S6; metacarpal R2 = 0.052, b = 0.0191, p = 0.12; ulna R2 =

0.164, b = 0.0307, p = 0.05; humerus R2 = 0.153, b = 0.0333,

p = 0.04). This suggests that hindlimb length underwent

more evolutionary change during speciation rather than gradual

Darwinian change over time in all branches.

DISCUSSION

The evolution of bipedal locomotion is associated with dramatic

changes in structure and posture. Indeed, Hatt [5] accurately de-

picts the bipedal rodents, jerboas included, as ‘‘so compacted

as to be popularly described as looking like potatoes on tooth-

picks.’’ J. jaculus has transformed to an elevated horizontal

body posture, suspended from the pelvis, and has shifted the

single position of support to lie ahead of the center of mass.

Thismay increase stability and require less energy to prevent for-

ward pitching during bipedal locomotion. Cervical fusion and

neck shortening in saltatorial rodents may further stabilize the

head during the quick maneuvers and high-acceleration jumps

typical of jerboa escape behaviors [5]. With the neck stabilized,

the elongate tail may serve as a more effective counterbalance

with the potential to control body orientation during the aerial

phase of locomotion as has been proposed for kangaroo rats

[36] and lizards [37].

The appendicular skeletal changes are evenmore pronounced

than those of the axial skeleton. The straightness of the tibia and

the saddle-shaped femoral head suggest reduced variability in

the direction of skeletal loading stresses [19], perhaps due to

the restricted range of motion primarily limited to a sagittal

plane in the strictly cursorial J. jaculus. Also associated with

the acquisition of bipedal locomotion, the hindlimbs of jerboas

are elongate while the forelimbs, released from the constraints

of quadrupedal locomotion, are slightly reduced in size. The

strong correlation between degree of hindlimb allometric
Current Biology 25, 2785–27
specialization and speciation events at nodes suggests that

one may have driven the other. Therefore, punctuated evolution

likely represents the mode of radiation of Dipodoidea coincident

with the climactic changes in the region at the time of the Hima-

layan uprising that led to ecological diversification [10].

Hindlimb elongation also coincides with fusion of the three

central metatarsals into a single bone in all Allactaginae and

Dipodinae, which according to beam theory [38] would increase

metatarsal resistance to bending loads by increasing the second

moment of area, thus providing more effective weight support.

This may be an important structural adaptation since bipedal

saltation increases hindlimb loading in two ways. First, the

body weight is entirely supported by both or a single hindlimb,

depending on gait. Second, saltatory locomotion necessitates

an aerial phase, which increases forces associated with take

off and landing [39].

While metatarsal fusion occurred once, digit loss has occurred

repeatedly in the evolution of Dipodoidea. Hindlimb elongation

increases stride length and is compensated for by digit reduction

to decrease the limb moment of inertia [3, 6]. Whereas the Allac-

taginae retain five hindlimb digits, the axial and postaxial digits

are smaller and do not make contact with the ground. It is

possible therefore that both digit size reduction and loss provide

an energetic advantage by decreasing the distal mass and en-

ergy required to propel and redirect the motion of the limb.

Our analysis of characteristics associated with bipedalism

also provides an opportunity to approximate genetic complexity

and to identify species, structures, and genetic pathways for

further analysis. For example, Klippel-Feil syndrome [40] and

Apert syndrome [41] are human conditions that include cervical

vertebral fusion suggesting pathways (GDF6 and FGFR2,

respectively) that may underlie the evolution of vertebral fusion.

J. jaculus has also transformed a thoracic vertebra into a lumbar

vertebra, a classic sign of a shift in the spatial domain of expres-

sion of Hox genes that establish segmental identity [13]. How-

ever, the additional shift in the position of the anticlinal vertebra

from T10 to T12 in J. jaculus suggests that the mechanism

may be more complex than, for example, a simple anterior shift

in register of one of the Hox group 10 paralogs [42, 43].

Continuing down the axial column and into the tail, the reduced

number of caudal vertebrae in J. jaculus suggests an earlier

termination of the somite segmentation clock, the develop-

mental process that iteratively pinches off blocks of tissue that

will later form the vertebrae [44]. At the same time, the total

length of the J. jaculus tail is approximately the same proportion

of body length as S. betulina, indicating that at least a subset

of the vertebrae elongate more rapidly or for a longer period of

time in skeletal development or initiate as larger somites in the

embryo.

Within the limb, the evolutionary history of jerboa phenotypes

provides insight into mechanisms of digit formation and skeletal

growth. We previously showed that axial and postaxial expan-

sion of cell death carves away the tissue that would give rise to

the first and fifth digits in Dipus sagitta [45]. It is possible that

the convergent loss of the first and fifth digits in the pygmy

jerboa, Salpingotus, occurs by a similar mechanism of expanded

cell death, perhaps even by convergence on the samemolecular

mechanisms.While the independent loss of the first digit inAllac-

taga tetradactyla suggests that there are at least two distinct
94, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2791



mechanisms, our character analysis of extant species does not

rule out a stepwise loss of digit I followed by V in either of the

three-toed clades. Loss of the first digit occurs in a variety

of human birth defects [46, 47], mouse mutants [48, 49], and

throughout evolutionary history, often as a prelude to the subse-

quent loss of additional digits [50, 51].

In contrast to the discrete nature of digit loss and metatarsal

fusion, skeletal allometry manifests as a continuum of values.

Close examination of these allometries in the context of phyloge-

netic relationships demonstrates that the genetic mechanisms

determining inter- and intra-limb proportions are uncoupled in

Dipodoidea. Most notably, the obligate bipedal Euchoreutes

naso exhibits a smaller hindlimb:forelimb length ratio than any

other jerboa, yet also has one of the largest metatarsus:femur

length ratios. Human congenital skeletal dwarfisms and loss-of-

functionmutations inmice have identified genes that are required

for all long bone growth [52–54], but themechanisms that deploy

these genes at the precise time and levels to generate correct in-

dividual bone sizes andproportions largely remain amystery. The

genetic uncoupling we observe here indicates that thesemecha-

nisms are complex and may act at the level of global control of

size in the anterior versus posterior regions of the body as well

as at the level of individual limb skeletal elements.

Not only dowe highlight the genetic and regional complexity of

skeletal growth control, but our finding that hindlimb elements

have undergone punctuated evolution also provides an opportu-

nity to apply the same punctuation tests to gene sequences of

candidates for growth regulation. Since the genes underlying

differences in growth have undergone the same selection as

the adult morphologies that result from these developmental

differences, we expect the degree of sequence divergence of

causative loci to similarly associate with the number of nodes

along a path. This finding provides strong justification for the

generation of draft genome sequences of species at the tips of

a variety of path lengths. Together, this work illustrates the

extraordinary value of leveraging a priori analyses of evolutionary

history to inform subsequent analyses of developmental and

genetic mechanisms of evolution.

EXPERIMENTAL PROCEDURES

All work with live Jaculus jaculus and Peromyscus maniculatus were in accor-

dance with Harvard FAS IACUC protocols. All museum specimens that were

included in our character analysis are listed in Table S1.

X-ray fluoroscopy recordings were taken at 1,000 frames per second using

high-speed cameras (Photron 1024) mounted into Siemens Tridoros 150 G-3

C-arms and sampled every other frame. Radiation was set at 5mA and 60KVp.

Jerboas were restricted to a linear path using a cardboard track. The postural

reconstruction of J. jaculus is represented in an aerial phase just prior to land-

ing (Movie S1A, frame 2788). The size and shape of each bone was based on

the skeleton of a female J. jaculus in the private collection of K.L.C. (JJ 0001).

The postural reconstruction of Sicista betulina was derived from a live semi-

arboreal forest deer mouse, P. maniculatus, walking along a thin wooden

rod and is represented in mid-stance (Movie S1B, frame 202). The movie

also shows loose PVC tubing that was used to induce locomotor instability

for a separate project. The skeletal size and shape reconstruction of

S. betulina is derived from mCT images of a female S. betulina alcohol spec-

imen (MVZ 176617) and a male skeleton (AMNH 206585). Hindlimb morpho-

type reconstructions are based on specimens listed in Table S1.

Center of mass was measured by placing the euthanized animal on a rigid

ruler supported by a scale at each end [17]. The animal was arranged into a

physiologically relevant position on the ruler and moved anteriorly or posteri-
2792 Current Biology 25, 2785–2794, November 2, 2015 ª2015 Elsev
orly until the mass recorded on each scale was equal. The anatomical location

of the center point between the two scales corresponded to the location of the

center of mass as a percentage of naso-anal distance.

We produced a time-calibrated tree with MrBayes (Figure S1). Sequences

of 28 species (23 Dipodoidea, 5 outgroups) were used including the Dipodoid

species from the work of Wu and colleagues [9] plus the following sequences

obtained from GenBank: Jaculus orientalis (GenBank: JN214562.1), Pygeret-

mus pumilio (GenBank: JF938718.1, JQ347916.1, JQ347936.1, JQ347894.1,

JF938696.1, JF938896.1), and Stylodipus telum (GenBank: JF938723.1,

JF938802.1, JQ347920.1, JQ347940.1, JQ347898.1, JF938701.1, JF938901.1).

DNA sequences for A. tetradactyla were obtained by PCR from leg muscle

genomic DNA using previously published [9] primers for A2AB, CNR1, GHR,

IRBP, LCAT, BRCA1, vWF, ATP7a, CREM, RAG2, and DMP1 (data deposited

in GenBank). We calibrated nodes using divergence times from Date-a-Clade

and Wu et al. [55]: the root, Dipodidae, mouse/rat split, Cardiocraniinae, and

the Dipodinae/Allactaginae split (Supplemental Information). TheMCMCproce-

dure ran for 10,000,000 iterations in four chains over two runs andsampled every

1,000th iteration. The genus Jaculus was poorly resolved (J. blanfordi and

J. orientalis were grouped with a posterior probability of 59%) but was used for

the comparative analysis because this level of phylogenetic uncertainty has little

impact onour results.After the treewas inferred,Allactagabalikunicawasplaced

manually [56] because no sequences were available.

The resulting tree was embedded into a Rodentia phylogeny [57]. We then

trimmed away all taxa except for those associated with morphological data.

This tree was used for pPCA and contains 42 taxa: 19 Dipodoidea, 14 Muroi-

dea, and 9 other rodents. Genetic information was available for Salpingotus

koslovi, but specimens were available only for S. thomasi. S. thomasi is there-

fore listed on the figures at the phylogenetic position of S. koslovi since this

clade is well-resolved at the genus level. Similarly, Sicista betulinamorpholog-

ical data are presented in place of S. tianshanica on the phylogeny.

Categorical data representing the number of toes on the hindfeet and the de-

gree of metatarsal fusion (none, partial, full) were collected for each taxon. The

length of each long bone segment of the forelimb (humerus, ulna, third meta-

carpal) and hindlimb (femur, tibia, third metatarsal) was measured by digital

microcaliper. Humerus, femur, tibia, and third metatarsal data were included

in a phylogenetically weighted principal components analysis using the

phyl.pca function in the Phytools package for R. Clustering analysis was per-

formed on these latter components using the kmeans function in the Stats

package for R and is represented as thewithin-groups sumof squares by num-

ber of clusters extracted (Figure S2B) [58].

We reconstructed ancestral states for digit loss using the function

make.simmap in the Phytools package for R and set five digits as the prior

state. The directional pattern of metatarsal fusion without reversion in Dipodoi-

dea suggests that fusion evolves as an ordered state. We therefore used the

function ancThresh in the Phytools package for R, which assumes that the

discrete character is determined by underlying, ordered, and unobservable

continuous traits. We constructed the ancestral states of continuous variables

(Forelimb:Hindlimb, Femur:Metatarsus, pPC2) using the function contMap in

the Phytools package for R. For each characteristic, we ran the function on

all taxa in the rodent clade for which we had data but focus our analyses of

discrete characters within Dipodoidea because these have not occurred

more broadly within rodents.

For the ANCOVA tests, we used dummy variables (and their interactions

with the independent variable) to separate different groups from one another.

Likelihood ratio tests for the ANCOVA models compare the dummy-variable

(two line) model against a simpler single line model (LRT is 2 3 the log-likeli-

hood ratio assuming a chi-squared distribution and degrees of freedom equal

to the difference in parameters of the models). We assessed significance for

the regression lines (including the punctuated evolution regression models)

with t scores (t = b1/SE) where b1 is the slope of the regression line and

SE is the standard error of the slope with the degrees of freedom equal to

n � 2. To account for multiple hypothesis testing, we adjusted p values using

the Bonferroni-Holm step-down procedure [59].

We used the maximum likelihood method in BayesTraits v2 (http://www.

evolution.rdg.ac.uk) to test for punctuated evolution and perform the ANCOVA

tests using the chronogram above. Phylogenetic signal (l) was estimated dur-

ing these analyses. To test for punctuated evolution, root-to-tip path lengths

are regressed onto the number of nodes (net speciation events) along that
ier Ltd All rights reserved
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path [29]. Here we use log-transformed measurements of limb elements

instead of path lengths. A positive relationship between path length and the

number of nodes suggests punctuated evolution.
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