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Skeletal determinants of tail length
are different between macaque
species groups
Hikaru Wakamori & Yuzuru Hamada
Macaques (genus Macaca) are known to have wide variation in tail length. Within each species group
tail length varies, which could be associated with a phylogenetic trend seen in caudal vertebral
morphology. We compared numbers and lengths of caudal vertebrae in species of the fascicularis group,
M. assamensis (sinica group), M. nemestrina (silenus group), and those obtained from reports for an
additional 11 species. Our results suggest different trends in number and lengths. The caudal vertebral
length profiles revealed upward convex patterns for macaques with relative tail lengths of ≥15%, and
flat to decreasing for those with relative tail lengths of ≤12%. They varied between species groups in
terms of the lengths of proximal vertebrae, position and length of the longest vertebra, numbers and
lengths of distal vertebrae, and total number of vertebrae. In silenus and sinica group, the vertebral
length is the major skeletal determinant of tail length. On the other hand, the vertebral number is the
skeletal determinant of tail length in the fascicularis group. Tail length variation among species groups
are caused by different mechanisms which reflect the evolutionary history of macaques.
The macaques (genus Macaca) are known for its great variation of tail length1–7. Tail length is commonly evaluated by a relative measure (relative tail length: RTL in %) which is tail length standardized by the head-body
length (HBL) to cancel the effect of body size7–9. The macaques comprise of four species groups: fascicularis,
sinica, silenus, and sylvanus groups10, and there are as many as 23 species (including Macaca leucogenys)11. RTL
ranges from 2% to 124% among all macaque species with overlap within the four species groups1–7. From an
evolutionary perspective, these tail length variations have been considered as adaptations due to thermoregulation and/or with necessity as a balancing mechanism during locomotor activity among others12,13. Macaques are
widely distributed in Asia, except for M. sylvanus that is distributed in north-west Africa14, and show latitudinal
cline in tail length1,15 that is species living in the south tend to have longer tails compared to species living in the
north. As a locomotor balancer, arboreal pronograde quadrupeds tend to have longer tails than terrestrial counterparts13,16. Macaques are semi-terrestrial in general17 with various inclinations to either arboreality or terrestriality. However, what kinds of mechanisms work to change the tail length?
The tail is composed of caudal vertebrae that are linearly arranged, and the number and length of caudal vertebrae are the skeletal determinants of tail length. Primates’ caudal vertebrae are categorized into three types based
on their morphology: proximal, transition, and distal8,18–20. Among these three morphology types the muscular
and tendon attachments are different21,22. The proximal vertebrae are the main vertebrae that enables large joint
motion at the base of tail and contribute on tail swinging, thus the region have been studied for the estimation
of tail length16,20. Tojima20 suggested that the number of proximal vertebrae represents tail length; and Russo16
showed that the length of proximal vertebrae, especially the transition vertebra, is a good estimator of the tail
length. However, there is no evidence that tail length is determined only by proximal vertebrae, and Hamada
et al.19 reported that total caudal vertebrae number more correlates with the number of caudal vertebrae in distal
region than proximal region. Though distal vertebrae do not swing wide between adjacent vertebrae, their length
decreases distally from the longest vertebra and they could function as elements of cantilever, which is important in balancing. The number of vertebrae and vertebral lengths independently change in some mammals; for
example, Rutledge et al.23 reported on two replicate lines of mice with increased tail length, one of which had
an increased number of vertebrae and the other had an increased vertebral length. Another study reported by
Kingsley et al.24 on the North American deer mouse, which exhibits wide tail length variations, found two tail
Primate Research Institute, Department of Biology, Faculty of Science, Kyoto University, Inuyama, Aichi, 484-8506,
Japan. Correspondence and requests for materials should be addressed to H.W. (email: wakamori.hikaru.26a@
kyoto-u.jp)

Scientific Reports |

(2019) 9:1289 | https://doi.org/10.1038/s41598-018-37963-z

1

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

www.nature.com/scientificreports/

Specimen sample number
Species group

Macaca spp.
M. fuscata#1

silenus

9

7

Total
16

4

3

7

7

(West)

5

5

10

10

M. cyclopis

9

10

19

19

M. fascicularis

8

8

16

16

M. arctoides

4

6

10*1

10

M. thibetana

1

2

3*2

3

2

2*2

11

M. radiata

1

1*2

1

M. sinica

2

2*2

2

M. assamensis#2

4

5

9

M. nigra

3

2

5*3

5

M. maura

3

4

7*3

7

1

1*3

1

3

5*4

5

8

8*4

24

3

1

4*4

4

16

32

48

141

M. ochreata#3
M. leonina
M. nemestrina

2
10

6

16

M. silenus
Total

Total

16

M. mulatta (East)
fascicularis

sinica

Reference sample number

Total

15 species

49

44

93

Table 1. The samples used in this study. The subspecies are as follows; #1M. f. fuscata; #2M. a. assamensis; #3M.
ochreata brunnescens. The references were cited from the literature as follows. *1Fooden, 1990; *2Fooden, 1988;
*3Fooden, 1969; *4Fooden 1975.

elongation mechanisms; increase of the number or elongation of vertebrae, which were controlled by separate
genetic loci24. Thus both skeletal determinants, number and length of caudal vertebrae, need to be investigated
at the same time.
Though the sample sizes were limited, caudal vertebrae measurements were done by Fooden in each species
group, separately1–6,25. In Fooden’s last study, he suggested that homologous genetic factors may control the tail
length reduction in fascicularis, sinica and silenus groups1. However, there have been no reports comparing across
the species groups. Since macaques in Asia diverged into species groups approximately 3.8 million years ago26–28,
the intra-species group tail length variation should have occurred after the species group divergence. From the
recent study of Sehner et al., they have reported that primates’ relative tail length have been changed both in
increase and decrease29. Most of the changes occurred in Old World primates and the genus Macaca was the
notably high in changes, those were four increases and three decreases29. They mentioned that the tail increase
were seen in three clades separately; (a) M. nemestrina, M. silenus, M. pagensis, and M. leonine; (b) M. sinica,
M. radiata, and M. munzala; (c) M. cyclopis, M. mulatta, and M. fascicularis29, which exactly follows the species
group; (a) silenus group, (b) sinica group, and (c) fascicularis group. From these studies we hypothesize there
could be species groups’ trend in number and length of caudal vertebrae. Since the function differs in caudal vertebrae, such as proximal vertebrae are acting as the foundation for movement and distal vertebrae are responsible
for balancing mechanism by its weight, the comparison of number and length in different vertebrae (proximal,
transition, and distal) are essential information to consider macaques’ tail evolution and adaptation. The caudal
vertebral number and length could have phylogenetic trends and/or characteristics dependent on tail length.
In this study we compared the number and length of caudal vertebrae of 16 taxa of macaques. We focused on
whether species group trends are apparent or not, especially by comparing similar tail length species in different
species groups. Tail length variation occurred more by vertebral length changes in silenus and sinica groups,
whereas the fascicularis group showed a greater change in vertebral number. We discuss the relation of caudal
vertebrae and tail function for balancing mechanism, the similarity in the long-tailed species, and how tail length
variation occurred in each species group by taking molecular phylogeny into consideration.

Materials and Methods

We obtained measurements of the caudal vertebrae from skeletal specimens stored at the Kyoto University
Primate Research Institute (KUPRI) and the Japan Monkey Centre (JMC), selecting only adults based on their
complete epiphyseal fusion. We measured the vertebral lengths in six species of macaques: Japanese macaque
(M. fuscata), rhesus macaque (M. mulatta), Taiwanese macaque (M. cyclopis), and cynomolgus monkeys (M.
fascicularis) of the fascicularis group; Assamese macaque (M. assamensis assamensis) of the sinica group; and
southern pig-tail macaque (M. nemestrina) of the silenus group (Table 1). The M. fuscata samples included only
the nominotypical subspecies M. f. fuscata. We treated the eastern (China and its vicinity) and western (India and
its vicinity) groups of M. mulatta separately because of the differences in tail length2,30.
For each taxon (or group for the rhesus), we counted the number of vertebrae in each region and calculated
the median (Table 2). We measured the cranio-caudal length of vertebral body to the nearest 0.1 mm using a digital sliding caliper (Mitutoyo Corporation). Each vertebra was measured three times for accuracy, and the median
value was taken for analysis. We included only individuals with three sacral vertebrae, as three is the common
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Regions

proximalproximal transitional transitional*7

distal

Mean single
Total number
caudal vertebral LV length/
of caudal
vertebrae
RTL (%) length (%)*9
HBL (%)

M. fuscata#1

4 (3–4)

1.5 (1–3)

5 (5–6)

6 (5–7)

11 (10–12)

15*5

1.82

2.71

0.247

M. mulatta (East)

4 (4–5)

2 (1–2)

6 (5–6)

10 (8–12)

16 (14–17)

35*6

2.56

4.45

0.278

(West) 4 (4–5)

2 (1–2)

6 (5–7)

10 (10–12)

17 (15–18)

45*6

2.71

4.54

0.267

M. cyclopis

5 (4–5)

2 (1–3)

7 (6–8)

14 (13–16)

21 (20–23)

84*5

3.74

6.31

0.301

M. fascicularis

5 (4–6)

2 (1–3)

7.5 (7–8)

18 (16–20)

26 (24–27)

117*5

4.30

7.22

0.278

M. arctoides

3 (1–5)*1

6.5 (3–10)*1

9 (6–11)*1

8*1

1.36

1.86

0.206

M. thibetana

5 (1–6)*2

8 (4–11)*2

12 (10–13)*2

12*2

1.47

1.98

0.165

*2

Species group Macaca spp.

fascicularis

sinica

silenus

M. assamensis

2 (1–3)

7 (6–8)

♀8.5 (6–10)*2,8
♂11 (11–13)*2,8

2.50

4.11

0.228

108

4.28

7.50

0.288

25*2

124*2

4.58

7.66

0.306

M. nigra

6 (5–8)*3

4*3

0.97

1.40

0.233

M. maura

8 (8–11)*3

7*3

1.06

1.55

0.194

M. ochreata#3

9*3

9*3

1.18

1.85

0.205

*2

M. radiata

7

M. sinica

8*2

M. leonina
M. nemestrina
M. silenus

5 (4–5)

2 (2–3)

19

*2

17*2

18 (13–19)

*2,8

*2

#2

5 (4–5)

*2

26

*2

38

Aspect ratio (LV
length/Total number
of caudal vertebrae)

7 (7–8)*4

10 (10–12)*4

17 (17–20)*4

37*4

2.25

3.77

0.222

7 (6–9)*4

11 (8–15)*4

18 (14–22)*4

37*4

1.84

3.05

0.170

7.5 (7–8)*4

13.5 (13–14)*4

21*4

66*4

2.78

4.56

0.217

Table 2. Median number of caudal vertebrae, with the range in parentheses, for each region and the total
number; mean relative tail length (RTL); mean single caudal vertebral length, average longest caudal vertebral
length standardized by head and body length (LV length/HBL), and aspect ratio. The subspecies are as follows;
#1
M. f. fuscata; #2M. a. assamensis; #3M. ochreata brunnescens. The references and mean RTL were cited and
calculated from the literature as follows. *1Fooden, 1990; *2Fooden, 1988; *3Fooden, 1969; *4Fooden 1975;
*5Fooden, 2006, *6Fooden, 2000. *7The number of proximal-transitional regions equal to the number of
proximal plus transitional regions, and equal to the ordinal number of the longest vertebra. *8There were
statistical differences between the sexes. The result of Welch Two Sample t-test by species sex. M. a. assamensis:
distal (number of caudal vertebrae in distal region) t = −3.553, df = 4.306, P-value = 0.021; Total Number
of caudal vertebrae t = −3.164, df = 4.148, P-value = 0.03237. *9Mean single caudal vertebral length were
calculated as each specie’s mean total length/HBL/total number of caudal vertebrae, which is the value in
Supplementary Table S3.

Figure 1. Articulated sacrum and caudal vertebrae. TV: transition vertebra; LV: longest vertebra. The caudal
vertebrae can be divided into three regions (proximal, transitional and distal). The proximal-transitional region
is the region from the first caudal vertebrae up to the LV.

count of the sacral vertebrae in macaques31–33. Lumbar sacralization was not observed in specimens used. To
expand taxonomic breadth, we utilized vertebral measurements from Fooden3–6 (Table 1).
Primates’ vertebrae are categorized into three types: proximal, transition, and distal8,18–20 (Fig. 1). The proximal vertebrae possess well-developed transverse processes, cranial and caudal zygapophyses and a neural arch.
The transition vertebra also possesses transverse processes but has zygapophyses only cranially. The distal vertebrae have no zygapophyses, and lack neural arches. The three-division system recognizes the proximal region
which covers the proximal vertebrae to transition vertebra (TV), the transitional region which includes the
post-transition vertebra(e) caudally to the longest vertebra (hereafter, LV) and the distal region16,18,19 (Fig. 1).
The vertebral length data that we collated from publications did not include information on the position of the
transition vertebra. Therefore, we used a two-division system; which are the proximal-transitional (from the first
caudal vertebra to the LV) and distal regions (Fig. 1).
The terminal vertebra was easily identifiable as it has an either rounded or pointed end on one side unlike
non-terminal vertebrae, which have flat articular surfaces on both sides. Some small distal vertebrae could be
lost during skeletal preparation. When we noticed missing vertebra(e), we estimated the number of missing
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vertebra(e) and their corresponding lengths using a linear regression model between the ordinal number and
the vertebral length in the distal region (Supplementary Fig. S1). Vertebral lengths in the distal region decreased
linearly and the length of the terminal vertebra was 1–2 mm1,3,19. Thus, we calculated a linear regression formula
to every individual based on the distal caudal vertebrae. The numbers and lengths of the missing caudal vertebrae
were estimated in 98 of the 141 individuals sampled. Accordingly, our samples were limited to those having two
or more distal caudal vertebrae, and we did not use specimens that lacked an intermediate caudal vertebra(e).
Estimated vertebral lengths of <1 mm were not included either to the length or to the numbers.
Ideally, each vertebral length should be standardized by HBL of the individual which it belongs to. However,
only a small fraction of the specimens were associated with their own HBL records. Thus, we employed published
HBL data for each taxon and sex1–6. We are reporting caudal vertebral lengths in percentages (see Table 2).
The sequential changes in caudal vertebral length can be described by a caudal vertebral length profile (CVL
profile), whereby vertebral lengths (y-axis) are plotted against the ordinal number of caudal vertebrae (x-axis)
(Supplementary Fig. S1a). CVL profile generally exhibits a lengthening from the first vertebra to the transitional
region, where the LV appears as the vertex, and then a gradual shortening toward the distal end1,3,4,18,34, that is,
representing an upward convex pattern. The CVL profiles are useful for comprehending lengths and ordinal
numbers of caudal vertebrae simultaneously. Hereafter, an individual caudal vertebra will be referred to as Can,
whereby n represents the ordinal number of the vertebra.
We checked the normality of distribution and the sex difference for the number of vertebrae in each region,
total number of vertebrae, and lengths of the vertebrae in each taxon using the Shapiro-Wilk test, F-test, and
two-sample t-test. Only M. assamensis showed statistically significant differences (number of caudal vertebrae
in distal region: t = −3.553, df = 4.306, P-value = 0.021; total number of caudal vertebrae t = −3.164, df = 4.148,
P-value = 0.03237) between the sexes for the number of caudal vertebrae in the distal region. Since previous
studies have shown that RTL does not significantly differ between the sexes1–6, we pooled both sexes. Then we
calculated mean length of each vertebra for each taxon (Supplementary Tables S1, S2). These values were used
to draw vertebral profiles. The aspect ratio of CVL profile was calculated by LV length/median total number of
caudal vertebrae using the value shown on Table 2. The higher aspect ratio means that the specie has higher CVL
profile, which will lead to larger distal regional length. Lower aspect ratio species will have shorter distal regional
length. The mean total lengths were calculated and then standardized by HBL (TotalL) shown in Supplementary
Table S3. Then the mean single vertebral lengths were calculated by dividing the TotalL with the mean total number (TotalN) in Supplementary Table S3, and shown in Table 2.
Standard partial regression coefficients of multiple regression analysis were performed in order to investigate
predictors of total tail length by comparing caudal vertebrae number and mean single vertebral length. Multiple
regression analysis was done among all taxa, and each species group. Mean data of total caudal vertebral length/
HBL (TotalL), single caudal vertebral length/HBL (SingleCVL), total number of caudal vertebrae (TotalN) of
each taxon were used, and normalized into standard scores: zTotalL, zSingleCVL, zTotalN, which means are 0
and variance are 1 (Supplementary Table S3). Linear models were composed with zTotalL as a response variable
and combinations of, zSingleCVL, and zTotalN as explanatory variables. For the analysis of each species group,
the linear model formula was zTotalL = zSingleCVL + zTotalN,and the standard partial regression coefficients
were compared.
Multiple comparisons of means by Tukey-Kramer contrasts were done to compare the LV length differences.
This was the only analysis done on the raw measurement data, and the result is shown in Supplementary Fig. S3.
We divided the examined taxa into three classes based on their RTLs, using a modified version of Russo and
Shapiro’s classification9 to introduce a “medium” category; long-tailed, RTL > 100%; medium-tailed, 30–85%; and
short-tailed, <20%, which Russo and Shapiro9 defined long-tailed for RTL > 100%; short-tailed, RTL = 37–100%;
and very short-tailed, RTL < 0–15%.
The statistical analyses were conducted by using R studio and R Commander, and RExcel with significance of
P < 0.05.

Results

We compared the vertebral length and number by length profile (CVL profile) for each species group as shown
in Fig. 2a–c. For the macaque species that have RTL of 15% or longer the vertebral length gradually increased
from Ca1 to the LV, and then decreased gradually. The profiles exhibited an upward convex pattern (Fig. 2a–c).
Shorter tail species (RTL ≤ 12%) have the profile of flat and decreased patterns, and LV was not always found in
the intermediate position of the tail.
Within fascicularis group, all species had CVL profile of an upward convex pattern (Fig. 2a). The total number of vertebrae correlated with RTL, ranging from eleven (M. fuscata, RTL = 15%) to twenty-six (M. fascicularis,
RTL = 117%) (Table 2, Fig. 3a). The eastern and western groups of M. mulatta showed quite resembling profiles
in the proximal-transitional region, however, the western group showed a higher (up-shifted) profile in the distal
region (Fig. 2a). The number of vertebrae in the proximal region was either four in shorter tail species (M. fuscata
and M. mulatta) or five in longer-tail species (M. fascicularis and M. cyclopis) with inter-individual variation,
three or six vertebrae respectively (Table 2). The number of vertebrae in the transitional region was commonly
two (Table 2). Thus, the number of vertebrae in the proximal-transitional region (the position of LV) was greater
with RTL increase, that is, five in M. fuscata, six in M. mulatta, seven in M. cyclopis, and seven or eight in M. fascicularis (Table 2, Fig. 3b). The number of distal vertebrae displayed much greater variation, ranging from six to
eighteen, and correlated with RTL (Table 2, Fig. 3c).
The length of LV correlated well with RTL, that is 2.71% (M. fuscata) to 7.22% (M. fascicularis (Table 2,
Fig. 4a). Lengths of other vertebrae were proportionally similar. However, as a minor variation, Ca2 was slightly
shorter than or equal to Ca1 in M. fuscata and M. mulatta, while in other species it increases from Ca1 (Fig. 2a).
Mean single caudal vertebral length correlated well with RTL (Fig. 4b). Ordinary least squares regression lines
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Figure 2. Mean caudal vertebral length profile in each Macaca species group. (a) fascicularis group; Mfa:
Macaca fascicularis; Mc: M. cyclopis; Mm-W: western M. mulatta; Mm-E: eastern M. mulatta; and Mff: M. f.
fuscata. (b) sinica group; Msin: M. sinica; Mra: M. radiata; Mas: M. a. assamensis; Mth: M. thibetana; and Mar:
M. arctoides; (c) silenus group; Msil: M. silenus; Ml: M. leonina; Mn: M. nemestrina; Mo: M. ochreata; Mma: M.
maura; and Mng: M. nigra. The relative tail lengths (RTLs) are shown in parentheses.

were calculated in each species group, which all species groups had good fitness (adjusted coefficient of determination, R2 ≥ 0.964) (Fig. 4b). The proportion of the proximal-transitional region length ranged from 54.7%
(M. fuscata) to 28.9% (M. fascicularis) of the total vertebral length, correlating well with RTL and represented
by a regression line (y = −4.078 + 230.0, R2 = 0.950) (Fig. 4c). Western M. mulatta appeared to have a shorter
proximal-transitional region than the estimation.
The aspect ratio of the CVL profile (LV length/total number of caudal vertebrae) also correlated with RTL for
fascicularis and sinica groups (Table 2, Fig. 4d). However, M. cyclopis showed a higher ratio (0.301) than M. fascicularis (0.278), and its actual LV length had no significant difference with other long-tailed species (Supplementary
Fig. S3). It is noteworthy that the fascicularis group tended to have high ratio, even M. f. fuscata had the ratio as
high as 0.247 (Table 2).
Within sinica group, the long-tailed species (M. radiata and M. sinica) have similar characteristics to that of
M. fascicularis in many parameters such as CVL profile (Fig. 2b, Table 2). The proximal vertebrae of M. radiata
and M. sinica were relatively longer and their distal vertebrae were shorter than those of respective regions in M.
fascicularis (Supplementary Fig. S2a). Thus, lengths of proximal-transitional regions were close to the regression
of fascicularis group in M. radiata (Fig. 4c). The M. sinica deviated greatly from the regression probably because
of individual variation as n = 1.
The LV of medium-tailed M. assamensis was at seventh like M. radiata despite its apparently shorter tail
(Table 2). The length of LV (4.11%) was intermediate between those of M. leonina, M. nemestrina and M. mulatta
of comparable RTLs (Supplementary Fig. S2c). The aspect ratio of CVL profile (Table 2, Fig. 4d) and proportion
of proximal-transitional region length to RTL (Fig. 4c) were also intermediate between them.
The short-tailed M. thibetana (RTL = 12%) and M. arctoides (RTL = 8%) had CVL profiles of flat and
decreased patterns, though there were inflection points in the profile, which appeared to demarcate the
proximal-transitional from distal regions (Fig. 2b, Supplementary Fig. S2d). This may correspond to the caudal
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Figure 3. (a) Total number of caudal vertebra (x-axis) vs. relative tail length (RTL, y-axis) based on Table 2.
Ordinary least squares regression lines were calculated in each species group and shown, which all species
groups had good fitness (R2 ≥ 0.924). The formula and adjusted R2 are as follows; fascicularis group (dotted
line): y = 7.027x − 65.88, R² = 0.994; sinica group (dashed line): y = 6.904x − 66.28, R² = 0.924; silenus group
(line): y = 3.774x − 23.03, R² = 0.933. The silenus group has the smallest coefficient among the three species
groups, and fascicularis and sinica groups were similar to each other. (b) Number of caudal vertebrae in
proximal-transitional region (x-axis) vs. relative tail length (RTL, y-axis) based on Table 2. The lines are liner
regression line for fascicularis group and sinica group. The formula and adjusted R2 are as follows; fascicularis
group (dotted line): y = 34.596x − 151.84, R² = 0.9294; sinica group (dashed line): y = 22.375x − 76.25,
R² = 0.6747. We did not calculate for silenus group because there are only two plots. (c) Number of caudal
vertebrae in distal region (x-axis) vs. relative tail length (RTL, y-axis) based on Table 2. The lines are liner
regression line for each species group and all species groups had good fitness (R2 ≥ 0.872). The formula and
adjusted R2 are as follows; fascicularis group (dotted line): y = 8.875x − 43.75, R² = 0.9786; sinica group (dashed
line): y = 9.4928x − 56.862, R² = 0.9427; silenus group: y = 6.8528x − 34.438, R² = 0.872. The silenus group has
the smallest coefficient among the three species groups. Legends and abbreviations; ◇ (diamond): fascicularis
group; ○ (circle): sinica group; △ (triangle): silenus group; Mff: Macaca f. fuscata; Mm-E: eastern M. mulatta;
Mm-W: western M. mulatta; Mc: M. cyclopis; Mfa: M. fascicularis; Mar: M. arctoides; Mth: M. thibetana; Mas:
M. a. assamensis; Mra: M. radiata; Msin: M. sinica; Mng: M. nigra; Mma: M. maura; Mo: M. ochreata; Ml: M.
leonina; Mn: M. nemestrina; and Msil: M. silenus.
vertebral morphology; however it needs to be checked by specimens which are currently not available. The CVL
profile pattern differed from those of Sulawesi macaques that do not show inflection points (Supplementary
Fig. S2d).
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Figure 4. (a) LV length/ HBL (x-axis) vs. relative tail length (RTL, y-axis) based on Table 2. The lines are liner
regression line for each species group and all species groups had good fitness (R2 ≥ 0.9548). The formula and
adjusted R2 are as follows; fascicularis group (dotted line): y = 22.761x − 55.649, R² = 0.9575; sinica group
(dashed line): y = 18.956x − 29.595, R² = 0.9814; silenus group (line): y = 18.321x − 22.745, R² = 0.9548. (b)
Mean single caudal vertebra (x-axis) vs. relative tail length (RTL, y-axis) based on Table 2. Mean single vertebral
length is the mean total length standardized by HBL, and divided by the median total number of caudal
vertebrae. The lines are liner regression line for each species group. The formula and adjusted R2 are as follows;
fascicularis group (dotted line): y = 41.07x −65.12, R2 = 0.984; sinica group (dashed line): y = 35.69x −43.33,
R2 = 0.992; silenus group (line): y = 32.69x −28.24, R² = 0.964. (c) Proportion of the proximal-transitional
region length (%, x-axis) vs. relative tail length (RTL, y-axis). The dotted line is liner regression formula of
fascicularis group: y = −4.0782x + 230.02, R² = 0.9502. (d) Aspect ratio (x-axis) vs. relative tail length (RTL,
y-axis). The lines are liner regression line and sinica group had higher R2 than fascicularis group. The formula
and adjusted R2 are as follows; fascicularis group (dotted line): y = 1353.9x −311.71, R² = 0.4201; sinica group
(dashed line): y = 890.38x −154.66, R² = 0.9143. The correlation was much less in silenus group (R² = 0.0029).
Legends and abbreviations; ◇ (diamond): fascicularis group; ○ (circle): sinica group; △ (triangle): silenus
group; Mff: Macaca f. fuscata; Mm-E: eastern M. mulatta; Mm-W: western M. mulatta; Mc: M. cyclopis; Mfa: M.
fascicularis; Mar: M. arctoides; Mth: M. thibetana; Mas: M. a. assamensis; Mra: M. radiata; Msin: M. sinica; Mng:
M. nigra; Mma: M. maura; Mo: M. ochreata; Ml: M. leonina; Mn: M. nemestrina; and Msil: M. silenus.
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Remarks of t value and Pr of the coefficients
Model

Standard partial regression coefficient

zSingleCVL

zTotalN

Intercept

Adjusted R2 AIC

1

zTotalL = 0.8429*zSingleCVL + 0.1525
*zTotalN + 1.75e-16

t > |2|, p***

t = 1.167,
p = 0.264

t = 0, p = 1

0.9737

−8.141

2

zTotalL = 0.9873*zSingleCVL + 2.21e-16

t > |2|, p***

NA

t = 0, p = 1

0.973

−8.547

3

zTotalL = 0.951*zTotalN − 7.238e-17

NA

t > |2|, p***

t = 0, p = 1

0.8975

12.82

Table 3. Standard partial regression coefficient of multiple regression analysis. Key to significance level: t for
t-value, *P < 0.05; **P < 0.01; ***P < 0.001.
Remarks of t value and Pr of the coefficients

Species
Group

Standard partial regression coefficient

zSingleCVL

zTotalN

Intercept

Adjusted
R2

SilG

zTotalL = 0.8432*zSingleCVL + 0.1602*zTotalN + 3.06e-16

t > |2|, p**

t = 1.186,
p = 0.32094

t = 0, p = 1

0.9926

SinG

zTotalL = 0.9574*zSingleCVL + 0.03957*zTotalN + 2.24e-17

t > |2|, p = 0.125

t = 0.106,
p = 0.925

t = 0, p = 1

0.9861

FasG

zTotalL = 0.2769*zSingleCVL + 0.7172*zTotalN + 2.37e-16

t = 0.301,
p = 0.792

t = 0.779,
p = 0.518

t = 0, p = 1

0.9733

Table 4. Each species group’s standard partial regression coefficient of multiple regression analysis. Key to
significance level: t for t-value, *P < 0.05; **P < 0.01; ***P < 0.001.

In silenus group (Fig. 2c), the CVL profiles of medium-tailed species (M. leonina, M. nemestrina, and M.
silenus) exhibit an upward convex pattern. The height of the profiles were lower than those of fascicularis group,
especially in M. nemestrina as shown by the aspect ratio of 0.170 (Fig. 4a, Table 2, and Supplementary Fig. S2b,c).
Although M. leonina have the same RTL with M. nemestrina, its profile was higher (aspect ratio = 0.222) than
M. nemestrina (Table 2). The LV was positioned nearly constant around seventh in all medium-tailed species (Table 2), which was comparable to that of longer tail species of fascicularis group (M. fascicularis and M.
cyclopis). Another characteristic of the silenus group was the short vertebrae in Ca2 and Ca3, even in M. silenus
(RTL = 66%) had Ca2 and Ca3 shorter than its Ca1 (Fig. 2c).
Among the comparable total number of vertebrae species, the silenus group shows shorter RTL than those of
fascicularis group, e.g., M. silenus vs M. cyclopis, M. nemestrina and M. leonina vs M. mulatta (Fig. 3a). This means
that silenus group have a greater number of caudal vertebrae compared to fascicularis group to attain a given
RTL. The ratios of proximal-transitional region length in these species were shorter than regression of fascicularis
group, especially M. nemestrina (Fig. 4c).
The Sulawesi macaques (M. nigra, M. maura, M. ochreata) had characteristically short tails (RTL < 10%). The
Ca1 was the longest and the CVL profiles of these macaques were flat and with decreased patterns. The LV which
should be positioned distal to the proximal vertebrae at the transitional region had reduced its length.
Standardized partial multiple regression analysis was applied to see whether the length or the number
of caudal vertebrae predict the total tail length. The linear models are listed in Tables 3 and 4. First, Models “1,
2 and 3” were done using all 16 taxa (Table 3) and had high adjusted R2 (≥0.8975). The standardized partial
regression of single caudal vertebral length (zSingleCVL) was statistically significant, and total number of caudal
vertebrae (zTotalN) was statistically significant when it was used alone (Model 3). Between the two parameters,
the SingleCVL had the greater influence on the total tail length than TotalN (Table 3, Model 1 to 3). The Akaike’s
Information Criterion (AIC) was smallest when zSingleCVL was used alone (Table 3, Model 2).
Next, each species group’s standard partial regression coefficient of multiple regression analysis was tested
(Table 4) and had very high adjusted R2 (≥0.9733). In the case of the silenus group, the coefficient of zSingleCVL
was 5.26 times greater than that of zTotalN, and the coefficient of zSingleCVL was statistically significant (Table 4,
SilG). Similarly, the coefficient of zSingleCVL in the sinica group was 24.2 times greater than that of zTotalN, and
the t value of zSingleCVL was statistically significant (Table 4, SinG). Conversely, in the fascicularis group, the
coefficient of zTotalN was 2.59 times greater than zSingleCVL, though the t value and P-value were not statistically significant in either of the explanatory variables (Table 4, FasG). These results support that there are species
group trends.
To summarize the results, in the silenus and sinica groups the length of caudal vertebrae was the major skeletal
determinant, and tail length variation occurred by the changes in length more greatly than that in the numbers
of vertebrae. Conversely, in the fascicularis group, the number of caudal vertebrae were the skeletal determinant,
however, the two parameters are not mutually exclusive and both are working. The fascicularis group tends to
have a high aspect ratio of CVL profile and longer mean single caudal vertebral length. On the other hand, the
silenus group tended to have a low aspect ratio of CVL profile and shorter proximal caudal vertebrae. The sinica
group showed the intermediate between the fascicularis and silenus groups.
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Discussion

The tail is constructed by the caudal vertebrae linearly arranged, and articulated by zygapophyseal and vertebral body joints. The tail extends and flexes by the accumulation of rotations and due to the range of rotation is
limited in one joint. Proximal vertebrae have transverse processes and a spinous process, on which tail muscles
insert, and consist of the main part of tail movement (swing). For these reasons previous studies focused on the
number or length of the proximal caudal vertebrae and/or the morphology of the sacrum to find parameters that
help estimate (reconstruct) the tail length16,20,33. However, our results showed the number and length of caudal
vertebrae in the distal region varied more than the proximal region, and correlate more strongly with RTL. The
proximal caudal vertebrae are limited in number, 4 or 5, and they are relatively short. Since the vertebral number
relates with joints that makes the tail movement, there is less variation in numbers along with tail length. On the
other hand, the distal region is long to obtain the magnitude of the moment of inertia. Vertebrae of transitional
and distal regions are potentially necessary elements of cantilever where the proximal vertebra proportionally
supports the mass of the consecutive adjacent distal vertebra. Due to this reason the longest (which is the largest)
caudal vertebra (LV) is located at proximal 1/4 to 1/2 of tail, and the rest of vertebral length linearly decreases distally. The CVL profile can also describe the characteristics of the species’ tail function. The proximal-transitional
region reflects the tail movement and flexibility8,18,34, and the distal region could reflects the balancing function.
In species of RTL ≥ 15%, the CVL profile takes an upward convex pattern, which is a triangle-like shape, and
the height (LV length) and length of the base (number of vertebrae) of the profile is larger in longer tail species.
In short-tailed species with RTL ≤ 12%, the profile takes a flat and decrease pattern, which shows a tendency in
smaller distal vertebrae. Meaning short-tailed species’ tails are able to flex-extend, but it hardly functions as a
balancer.
We propose the aspect ratio of CVL profiles and tail length may provide a possible functional explanation of
tail length adaptation in our target species. Among shorter medium-tailed species, the tails of M. mulatta, M. a.
assamensis, and M. leonina are possible to function as mechanical assistance for arboreal positional behaviour,
although the performance is not as great as that of long-tailed species. On the other hand, M. nemestrina have
comparable RTL to that of M. leonina but its CVL profile is lower and its aspect ratio of the CVL profile is very
low (Table 2, Supplementary Fig. S2c). We infer its tail does not function with balancing mechanism and this kind
of aspect ratio could be one of the characteristics of terrestrial species. The aspect ratio of the CVL profile in M.
fuscata is higher than that of M. leonina, however, the tail is too short to function as mechanical assistance for
arboreality.
The trends of caudal vertebral number and length varied between species groups. Based on molecular phylogenetic studies, in the early stage of the Asian macaques’ evolution, the silenus group initially diverged from
the fascicularis/sinica cluster, and then, the fascicularis and sinica groups diverged10,26–28,35–38. From this point,
phylogeny diverged within the species group.
In silenus group, Ziegler et al.39 hypothesized that the ancestral population that was distributed in Sundaland
became extinct, and then, some populations recolonized Sundaland from refugia of the Siberut Island. The
proto-nemestrina diverged in Sundaland including Borneo, and then dispersed out of Sundaland into Indochina,
and then into the Indian Peninsula to speciate M. leonina and M. silenus39. From the divergence of the silenus
group, M. nemestrina could represent the state of common ancestor of the species group. The trend of silenus
group is that the tail length is determined by the caudal vertebral length, low aspect ratio of CVL profile, and the
Ca2 and Ca3 are shorter than Ca1. The numbers of caudal vertebrae are larger in the silenus group than that of
species with comparable RTL of the fascicularis group. The flat and decrease pattern of CVL profile in Sulawesi
macaques is the result of advancement of this trend, and these macaques are highly terrestrial11. On the other
hand, arboreal species have increased the vertebral length during their evolution. M. leonina has the same RTL
with M. nemestrina but inclines to arboreal14,40 and the CVL profile (Fig. 2c) is higher with one vertebra less.
Arboreal adaptation is more advanced in M. silenus, and it has a longer tail with a higher profile than M. leonina.
Tails were commonly reported to reduce in evolution10,41, however, Sehner et al. reported both increase and
decrease occurred in macaques29. It is noteworthy that although the silenus group is distributed in a tropical
area there are no extant long-tailed species, probably because they diverged from a medium tail length ancestral
species. In addition, the short proximal caudal vertebrae (Ca2 and Ca3) could be effective to gain flexibility in the
proximal region, which are the characteristics of this species group.
The long-tailed species (RTL > 100%): M. fascicularis, M. radiata, and M. sinica showed similar characteristics
in our results, such as CVL profiles (Supplementary Fig. S2a). These three species diverged earlier than other species within each species group, they are currently distributed in lower latitudinal areas, and are inclined towards
arboreality. Thus one possibility is that the common ancestor of these macaques could be long-tailed with similar
CVL profiles to their current selves. Other species of these species groups have more or less reduced tails along
with distribution to higher latitudinal areas and/or with inclination to terrestriality. Another possibility is that
the common ancestor of these macaques was medium-tailed, and during the increase of relative tail length the
caudal vertebral morphology converged. In this case, convergent evolution occurred probably related with the tail
function for balancing mechanism.
In the fascicularis group, the M. fascicularis and mulatta subgroup diverged first26–28,35,36,38,42. The M. mulatta
was classified into eastern and western groups by their tail length. The M. cyclopis and M. fuscata are closely
related to eastern M. mulatta. From the view point of geographical distribution, proto-eastern M. mulatta distributed in the mainland of East Asia should be the common ancestor of this cluster. Thus, the proto-eastern M.
mulatta and western M. mulatta first diverged within mulatta subgroup. Fooden and Albrecht7 suggested that
the proto-eastern M. mulatta were widely distributed in the main land of East Asia, and had a cline in tail length;
the southern population with long tails dispersed into Taiwan, and the northern ones with shorter tails dispersed
into the Japanese Archipelago; and later, cline variation of tail length diminished in eastern M. mulatta by the
retreat of northern populations back to the south during the glacial phase. The result of standardized partial
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regression analysis revealed that in the fascicularis group the number of the caudal vertebrae was mainly involved
in the tail length variation. As the divergence occurs, the reduction in vertebral number occurred. This is why
even short-tailed M. fuscata still shows the upward convex pattern in CVL profile, which is different from other
short-tailed species. The aspect ratio of M. cyclopis is peculiar, which is higher than that of M. fascicularis which
may suggest that vertebrae length extension occurred more than the increase of vertebral number in M. cyclopis
during the evolution from proto-eastern M. mulatta, which is also similar to the evolution of M. leonina from
proto-nemestrina.
The sinica group consists of long-tailed species ranging in South Asia, and medium- and short-tailed species
in East Asia, Southeast Asia, and foothills of the Himalayan Range. M. a. assamensis and M. thibetana recently
diverged through geographical isolation. The M. arctoides speciate from hybridization between the mulatta subgroup and the common ancestor of assamensis/thibetana26. The tail length reduction was more prone in vertebral
length than in number in this species group.
Fooden suggested that the tail length may be controlled by homologous genetic factors among macaques1.
However, our study showed that skeletal determinants of tail length were different among species groups. Sehner
et al. reported the three separate clades of increase in relative tail length; (a) M. nemestrina, M. silenus, M. pagensis, and M. leonine; (b) M. sinica, M. radiata, and M. munzala; (c) M. cyclopis, M. mulatta, and M. fascicularis29,
which exactly follows the species group; (a) silenus group, (b) sinica group, and (c) fascicularis group, and it supports our results. The number and length of vertebrae are determined in different developmental stages. In case
of reducing the number of caudal vertebrae, it requires a mutation preventing the development of the somite, the
base of the vertebrae, either during embryo development or at the stage of gene expression. In recent studies of
developmental biology, it is reported that Hox genes relate to the regulation of the anterior-posterior axis of trunk
morphogenesis43. Young et al.44 found that Hox and Cdx proteins control tail length extension and termination,
and the number of somites relate to the number of caudal vertebrae. Conversely, changing caudal vertebral length
occurs during the process of endochondral ossification that creates the vertebral skeleton and chondral bone45,46.
First, during embryo development caudal vertebral length elongation occurs at the primary ossification center
and at the growth plate. Second, after birth, each caudal vertebra forms a secondary ossification center, the diaphysis grows through epiphyseal cartilage proliferation, and growth stops through the loss of the epiphyseal growth
plate and epiphysiodesis. The chondrocytes of epiphyseal cartilage are composed of reserve chondrocytes, proliferating chondrocytes, prehypertrophic chondrocytes, hypertrophic chondrocytes and endochondral bone; they
divide, enlarge, die and are replaced by osteocytes46. The factors that together determine bone length, in this case
the caudal vertebral length, are: the speed of division and length of time taken for division, the density of the cell
and matrix, and the number of stem cells of chondrocytes and osteocytes. The caudal vertebral length differences
among species and species groups could be elucidated by dissecting developmental stages of bone morphogenesis.
Given that studies in mice have shown differentiation and growth to be controlled by: Indian hedgehog (Ihh),
parathyroid hormone-related peptide (RTHrP), fibroblast growth factor (FGF), Sry-related HMG box 9 (Sox9),
and runt-related gene2 (Runx2)46–49, we might expect these also to be the underling regulators in nonhuman
primates.
In this way, the number of caudal vertebrae and the length of each caudal vertebrae are regulated by the
actions of particular genes and developmental processes, therefore tail length evolution may be attributed to any
changes in gene expression and function which lead to an alteration in development and growth. In the study of
deer mouse, the genetic loci that control the number and length of caudal vertebrae were different to each other24.
Thus, it is not entirely unexpected that there are different mechanisms for tail length evolution among species
groups of macaques. Our study suggests that species group trends in the number and lengths of caudal vertebrae
are retained in each species group. Future research is needed to reveal what exactly determines species group
uniqueness, focusing on molecular and developmental mechanisms.

References

1. Fooden, J. Comparative Review of Fascicularis- Group Species of Macaques (primates: Macaca). Fieldiana. Zoology 107, 1–43
(2006).
2. Fooden, J. Systematic Review of the Rhesus Macaque, Macaca mulatta (Zimmermann, 1780). Fieldiana. Zoology 96, 1–180 (2000).
3. Fooden, J. Taxonomy and Evolution of the Sinica Group of Macaques: 6. Interspecific Comparisons and Synthesis. Fieldiana. Zoology
45, 1–44 (1988).
4. Fooden, J. Taxonomy and evolution of liontail & pigtail macaques (Primates: Cercopithecidae). Fieldiana Zoology 67, 1–169 (1975).
5. Fooden, J. The bear macaque, Macaca arctoides: systematic review. J Hum Evol 19, 607–686 (1990).
6. Fooden, J. Taxonomy and Evolution of the Monkeys of Celebes: (Primates: Cercopithecidae) 1–148 (S. Kanger, Basel, Switzerland,
1969).
7. Fooden, J. & Albrecht, G. H. Tail-Length Evolution in Fascicularis-Group Macaques (Cercopithecidae: Macaca). International
Journal of Primatology 20, 431–440 (1999).
8. Ankel, F. Vertebral Morphology of Fossil and Extant Primates in The functional and evolutionary biology of primates. (ed. Russell
Tuttle) 223–240 (Chicago: Aldine-Atherton, 1972).
9. Russo, G. A. & Shapiro, L. J. Morphological correlates of tail length in the catarrhine sacrum. J Hum Evol 61, 223–232 (2011).
10. Delson, E. Fossil Macaque, Phyletic Relationships and a Scenario of Deployment in The Macaques: Studies in Ecology, Behavior and
Evolution. (ed. Donald G. Lindburg) 10–29 (Van Nostrand Reinhold, New York, 1980).
11. Mittermeier, R. A., Rylands, A. B. & Wilson, D. E. In Handbook of Mammals of the World. Primates,3 (Lynx Edicions, Barcelona,
2013).
12. Larson, S. G. & Stern, J. T. Jr. Maintenance of above-branch balance during primate arboreal quadrupedalism: coordinated use of
forearm rotators and tail motion. Am J Phys Anthropol 129, 71–81, https://doi.org/10.1002/ajpa.20236 (2006).
13. Fleagle, J. G. Primates Adaptation and Evolution. Third edition, 1–441 (Academic Press, Amsterdam, 2013).
14. Fooden, J. Ecological segragation of macaque species. Primates 23, 574–579 (1982).
15. Fooden, J. Tail Length Variation in Macaca fascicularis and M.mulatta. Primates 38, 221–231 (1997).
16. Russo, G. A. Postsacral vertebral morphology in relation to tail length among primates and other mammals. Anat Rec (Hoboken)
298, 354–375, https://doi.org/10.1002/ar.23004 (2015).

Scientific Reports |

(2019) 9:1289 | https://doi.org/10.1038/s41598-018-37963-z

10

www.nature.com/scientificreports/

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

17. Thierry, B. The macaques: A double-layered social organization in Primates In Perstpective (eds C. J. Campbell et al.) 229–241
(Oxford University Press, 2011).
18. Organ, J. M. Structure and function of platyrrhine caudal vertebrae. Anat Rec (Hoboken) 293, 730–745, https://doi.org/10.1002/
ar.21129 (2010).
19. Hamada, Y. et al. Variability of tail length in hybrids of the Japanese macaque (Macaca fuscata) and the Taiwanese macaque (Macaca
cyclopis). Primates 53, 397–411, https://doi.org/10.1007/s10329-012-0317-3 (2012).
20. Tojima, S. Variation of the number of proximal caudal vertebrae with tail reduction in Old World monkeys. Primates 55, 509–514,
https://doi.org/10.1007/s10329-014-0429-z (2014).
21. Organ, J. M., Teaford, M. F. & Taylor, A. B. Functional correlates of fiber architecture of the lateral caudal musculature in prehensile
and nonprehensile tails of the platyrrhini (primates) and procyonidae (carnivora). Anat Rec (Hoboken) 292, 827–841, https://doi.
org/10.1002/ar.20886 (2009).
22. Tojima, S. Diversity of sacrocaudal musculoskeltal morphology in catarrihines. (LAP LAMBERT Academic Publishing, Beau Bassin,
2018).
23. Rutledge, J. J., Eisen, E. J. & Legates, J. E. Correlated Response in Skeletal Traits and Replicate Variation in Selected Lines of Mice.
Theoretical and Applied Genetics 45, 26–31 (1974).
24. Kingsley, E. P., Kozak, K. M., Pfeifer, S. P., Yang, D. S. & Hoekstra, H. E. The ultimate and proximate mechanisms driving the
evolution of long tails in forest deer mice. Evolution 71, 261–273, https://doi.org/10.1111/evo.13150 (2017).
25. Fooden, J. Systematic Review of the Barbary Macaque, Macaca sylvanus (Linnaeus, 1758). Fieldiana Zoology Fieldiana. Zoology 113,
1–58 (2007).
26. Tosi, A. J., Morales, J. C. & Melnick, D. J. Paternal, Maternal, and Biparental Molecular Markers Provide Unique Windows onto the
Evolutionary History of Macaque Monkeys. Evolution 57, 1419, https://doi.org/10.1554/01-477 (2003).
27. Springer, M. S. et al. Macroevolutionary dynamics and historical biogeography of primate diversification inferred from a species
supermatrix. PLoS One 7, e49521, https://doi.org/10.1371/journal.pone.0049521 (2012).
28. Liedigk, R., Roos, C., Brameier, M. & Zinner, D. Mitogenomics of the old world monkey tribe Papionini. BMC Evolutionary Biology
14, http://www.biomedcentral.com/1471-2148/14/176 (2014).
29. Sehner, S., Fichtel, C. & Kappeler, P. M. Primate tails: Ancestral state reconstruction and determinants of interspecific variation in
primate tail length. Am J Phys Anthropol, 1–10, https://doi.org/10.1002/ajpa.23703 (2018).
30. Hamada, Y., Watanabe, T., Chatani, K., Hayakawa, S. & Iwamoto, M. Morphometrical comparison between Indian- and Chinesederived rhesus macaques (Macaca mulatta). Anthropological Science 113, 183–188, https://doi.org/10.1537/ase.03104 (2005).
31. Aimi, M. Numerical variation of vertebrae in Japanese macaques. Macaca fuscata. Anthropological Science 102, 1–10 (1994).
32. Williams, S. A. & Russo, G. A. Evolution of the hominoid vertebral column: The long and the short of it. Evol Anthropol 24, 15–32,
https://doi.org/10.1002/evan.21437 (2015).
33. Russo, G. A. Comparative sacral morphology and the reconstructed tail lengths of five extinct primates: Proconsul heseloni,
Epipliopithecus vindobonensis, Archaeolemur edwardsi, Megaladapis grandidieri, and Palaeopropithecus kelyus. J Hum Evol 90,
135–162, https://doi.org/10.1016/j.jhevol.2015.10.007 (2016).
34. German, R. Z. The Functional Morphology of Caudal Vertebrae in New World Monkeys. Am J Phys Anthropol 58, 453–459 (1982).
35. Tosi, A. J., Morales, J. C. & Melnick, D. J. Comparison of Y chromosome and mtDNA phylogenies leads to unique inferences of
macaque evolutionary history. Mol Phylogenet Evol 17, 133–144, https://doi.org/10.1006/mpev.2000.0834 (2000).
36. Tosi, A. J., Morales, J. C. & Melnick, D. J. Y-Chromosome and Mitochondrial Markers in Macaca fascicularis Indicate Introgression
With Indochinese M. mulatta and a Biogeographic Barrier in the Isthmus of Kra. International Journal of Primatology 23, 161–178
(2002).
37. Fooden, J. Provisional classification and key to living species of macaques (Primates. Macaca). Folia Primatologica 25, 225–236
(1976).
38. Li, J. et al. Phylogeny of the macaques (Cercopithecidae: Macaca) based on Alu elements. Gene 448, 242–249, https://doi.
org/10.1016/j.gene.2009.05.013 (2009).
39. Ziegler, T. et al. Molecular phylogeny and evolutionary history of Southeast Asian macaques forming the M. silenus group. Mol
Phylogenet Evol 42, 807–816, https://doi.org/10.1016/j.ympev.2006.11.015 (2007).
40. Feeroz, M. M. Niche Separation between Sympatric Pig-Tailed Macaque (Macaca Leonina) and Rhesus Macaque (M. Mulatta) in
Bangladesh. Journal of Primatology 01, https://doi.org/10.4172/2167-6801.1000106 (2012).
41. Fooden, J. Comparative sacral morphology and the reconstructed tail lengths of five extinct primates: Proconsul heseloni,
Epipliopithecus vindobonensis, Archaeolemur edwardsi, Megaladapis grandidieri, and Palaeopropithecus kelyus. J Hum Evol 90,
135–162, https://doi.org/10.1016/j.jhevol.2015.10.007 (2016).
42. Chu, J. H., Lin, Y. S. & Wu, H. Y. Evolution and dispersal of three closely related macaque species, Macaca mulatta, M. cyclopis, and
M. fuscata, in the eastern Asia. Mol Phylogenet Evol 43, 418–429, https://doi.org/10.1016/j.ympev.2006.11.022 (2007).
43. Mallo, M., Wellik, D. M. & Deschamps, J. Hox genes and regional patterning of the vertebrate body plan. Dev Biol 344, 7–15, https://
doi.org/10.1016/j.ydbio.2010.04.024 (2010).
44. Young, T. et al. Cdx and Hox genes differentially regulate posterior axial growth in mammalian embryos. Dev Cell 17, 516–526,
https://doi.org/10.1016/j.devcel.2009.08.010 (2009).
45. Carter, D. R. & Beaupre, G. S. Skeletal Function and Form. Merchanobiology of Skeletal Development, Aging and Regeneration.
1–318 (Cambridge University Press, 2001).
46. Gilbert, S. F. Developmental Biology. Nineth Edition. (Sinauer Associates Inc., U.S, 2010).
47. St-Jacques, B., Hammerschmidt, M. & McMahon, A. P. Indian hedgehog signaling regulates proliferation and differentiation of
chondrocytes and is essential for bone formation. Gene & Development 13, 2072–2086 (1999).
48. Chung, U., Schipani, E., McMahon, A. & Kronenberg, H. Indian hedgehog couples chondrogenesis to osteogenesis in endochondral
bone development. Journal of Clinical Investigation 107, 295–304 (2001).
49. Kronenberg, H. M. Developmental regulation of the growth plate. Nature 423, 332–336 (2003).

Acknowledgements

We are most grateful to all the senior staffs, who collected, sorted and maintained the specimens held at KUPRI
and JMC. We sincerely thank Dr. Daisuke Shimizu of Chubu Gakuin University and Dr. Yuta Shintaku (JMC)
for their support in using specimens at JMC. To Dr. Sayaka Tojima of Osaka City University for generous advice.
Dr. Toshio Mouri, Dr. Eishi Hirasaki, and Dr. Tsuyoshi Ito (KUPRI) deserve thanks for their comments on this
study; Dr. Masanori Imamura (KUPRI) for his supportive guidance on developmental biology. Mr. Nelson Broche
and Dr. Claire Watson (KUPRI) for their careful work as English reviewers. The authors would like to thank
Enago (www.enago.jp) for the English language review. This study was supported by JSPS Grant in Aid number
15H05243 to Y.H. Grant in Aid from JSPS, 15H05243.

Scientific Reports |

(2019) 9:1289 | https://doi.org/10.1038/s41598-018-37963-z

11

www.nature.com/scientificreports/

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Author Contributions

H.W., the major contributor, preformed all measurements, collated published data, analysed all data, preformed
statistical analysis, and wrote the manuscript. Y.H. designed the study, assisted in discussion and writing of the
manuscript. Both authors have read and approved the manuscript for publication.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37963-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:1289 | https://doi.org/10.1038/s41598-018-37963-z

12

