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Abstract

Lizards and snakes exhibit colour variation of adaptive value for thermoregulation,

camouflage, predator avoidance, sexual selection and speciation. Furcifer pardalis, the
panther chameleon, is one of the most spectacular reptilian endemic species in Mada-

gascar, with pronounced sexual dimorphism and exceptionally large intraspecific varia-

tion in male coloration. We perform here an integrative analysis of molecular

phylogeography and colour variation after collecting high-resolution colour photo-

graphs and blood samples from 324 F. pardalis individuals in locations spanning the

whole species distribution. First, mitochondrial and nuclear DNA sequence analyses

uncover strong genetic structure among geographically restricted haplogroups, reveal-

ing limited gene flow among populations. Bayesian coalescent modelling suggests that

most of the mitochondrial haplogroups could be considered as separate species. Sec-

ond, using a supervised multiclass support vector machine approach on five anatomical

components, we identify patterns in 3D colour space that efficiently predict assignment

of male individuals to mitochondrial haplogroups. We converted the results of this

analysis into a simple visual classification key that can assist trade managers to avoid

local population overharvesting.
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Introduction

Squamates (lizards and snakes) exhibit spectacular

inter- and intraspecific colour variation generated by

pigments (dark brown melanins, yellow/red pteridines

and carotenoids) and structural elements (guanine

nanocrystals causing interference of light waves) incor-

porated into various types of chromatophores (Kuriy-

ama et al. 2006; Steffen & McGraw 2009; Cote et al.

2010; Weiss et al. 2012; Saenko et al. 2013; Teyssier et al.

2015). The adaptive value of colour variation in animals

is associated with thermoregulation, camouflage, preda-

tor avoidance, sexual selection and speciation (Cooper

& Greenberg 1992; Hoekstra 2006; Gray & McKinnon

2007; Magalhaes et al. 2010; Rosenblum et al. 2010;

Brakefield & de Jong 2011; Olsson et al. 2013). In addi-

tion, intraspecific polymorphism in colour traits can

also involve pleiotropy, epistatic interactions and sto-

chastic processes (Steiner et al. 2007; Ducrest et al. 2008;

McKinnon & Pierotti 2010; Sanchez-Guillen et al. 2011).

Chameleons exhibit excellent cryptic coloration for

predator-specific camouflage (Stuart-Fox et al. 2008),

and several species have the striking ability to change

colours (hue) for social signalling (Stuart-Fox & Mouss-

alli 2008; Ligon & McGraw 2013). We have recently

shown that these colour changes are not due to disper-

sion/aggregation of intracellular pigment-containing

organelles, but are caused by the physical process of

photonic interference involving the active and rapid

tuning of a lattice of guanine nanocrystals within
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dermal iridophores (Teyssier et al. 2015). Some species

exhibit significant sexual dimorphism in skin coloration,

with males showing conspicuous red, blue, orange and

yellow colours (Henkel & Schmidt 2000).

Chameleons form a highly derived clade of iguanian

lizards that originated most likely in post-Gondwanan

Africa around 90 million years ago (Townsend et al.

2011; Tolley et al. 2013) and then dispersed to Madagas-

car, Europe and Asia. Madagascar shows exceptionally

high levels of biodiversity and endemism (Myers et al.

2000; Ganzhorn et al. 2001) caused, among other phe-

nomena, by vicariance events and the presence of

locally steep environmental gradients (Bossuyt & Milin-

kovitch 2000; Bossuyt et al. 2006; Vences et al. 2009).

This trend is particularly relevant for chameleons as the

vast majority of the circa 160 extant species are found in

Africa and Madagascar, with 62 species being endemic

to the latter. A few additional recent lineages are dis-

tributed in the southern fringes of Europe and Asia as

well as islands in the Indian Ocean.

Furcifer pardalis, the panther chameleon, is one of the

most spectacular reptilian endemic species in Madagas-

car and is found in a wide range of humid, semi-humid

and transitional habitats from sea level to about 950 m

of altitude along the northern and eastern coasts of the

island (Fig. 1), as well as in Reunion and Mauritius

islands where it has been recently introduced by

humans (Ferguson et al. 2004). This diurnal species lives

on trees and bushes both in relatively intact forests and

in forest edges and degraded habitat and is frequently

found around human dwellings and plantations.

Among the most striking features of the panther chame-

leon are its sexual dimorphism and exceptionally large

intraspecific variation in male coloration: females and

juveniles are tan-brown with hints of pink or orange,

whereas adult males are much larger and have various

combinations of bright red, green, blue and yellow. This

extensive colour variation among individuals, which is

independent from behavioural colour change abilities,

made F. pardalis a popular species on the US, European

and Asian pet markets where colour ‘morphs’ or

‘locales’ are often named after Malagasy villages and

islands. Male coloration also varies with season and

age, and local variation seems to exist within morphs

(Ferguson et al. 2004).

We perform here molecular phylogeography and spe-

cies delimitation analyses in F. pardalis and integrate

these results with supervised learning classification of

male colours for investigating the potential correlation

between genetic and colour variations. First, we sam-

pled 324 individuals in Madagascar across the species

entire distribution and used mitochondrial DNA

(mtDNA) and nuclear DNA (nuDNA) data to infer the

genealogical relationships among populations and/or

potential species. We also examine the genetic related-

ness of individuals obtained on the pet market with

those from the field. Second, using support vector

machine (SVM; a family of supervised learning models)

classification approaches, we test whether male colour

pattern variation is correlated with molecular genetic

population structure and could be used as a proxy for

the management of local populations or potential

species.

Fig. 1 Sampling panther chameleons in Madagascar. Sampling

locations are indicated with colours corresponding to mito-

chondrial haplogroups shown in Fig. 2. The location of a single

individual from haplogroup 10 (light green) found on the east

coast probably represents the southern limits of this haplo-

group distribution. The most western locations of Nosy Rad-

ama and Ankaramibe were not sampled; instead, analysis was

performed on captive individuals (haplotype L1 in Fig. 2). The

shaded area represents the species entire distribution range.
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Materials and methods

Sampling and molecular data production

Sampling and photographs on animals were approved

by the Malagasy ethical regulation authority and per-

formed according to Malagasy law. We collected blood

samples from 324 F. pardalis individuals in Madagascar

(see Fig. 1 and Table S1, Supporting Information) in

November 2011 and November 2012, that is at the begin-

ning of the breeding season. We travelled by car along

paved and dirt roads and stopped each time an animal

was spotted. On regular occasions (when proper habitat

was identified), 3–5 people dispersed on foot and actively

searched for animals during short periods of 15–45 min.

In most cases, chameleons were spotted on the branches

of trees and bushes along roads and rivers as well as

around villages. The capture location was recorded using

a global positioning system unit. Each individual was

photographed, immediately after capture, alongside with

a white balance card (X-Rite ColorChecker) using a Ni-

kon D700 (in 2011) or Nikon D800 (in 2012) digital single-

lens reflex camera before 0.2–1.0 mL of blood was col-

lected from the caudal vein. Animals were then released

at the point of capture. Blood samples were also taken

from two individuals from Reunion Island and from 26

captive Malagasy individuals, all obtained from private

breeders in 2010–2012. Blood was stored in lysis buffer

(100 mm Tris, 100 mm EDTA and 2% SDS) at room tem-

perature until DNA extraction.

Genomic DNA was extracted using the Promega Wiz-

ard SV Genomic DNA purification system for 96-well

plates, following the manufacturer’s protocol. DNA was

resuspended in water, treated with RNase and checked

for quality and quantity on 2% agarose gels. Six DNA

samples that appeared to be degraded were excluded

from further analysis (see Table S1, Supporting Infor-

mation). Primers 50-GACCCAAAACATCACCCACT

and 50-GGCGGAATTTTATTGTTCGT were used to

amplify and sequence a 1373-bp mtDNA fragment con-

sisting of 434 bp of the NADH dehydrogenase subunit 6

(ND6) gene, 870 bp of the cytochrome b gene (cytb) and

69 bp of intergenic sequence. Primers 50-GAG

AACCAGCAGCCTCTCTG and 50-AACCTGGCAGAAG

GGACTTT were used to amplify and sequence 1220 bp

of the nuclear recombinase activating gene 1 (RAG1). PCRs

were carried out in 25 lL volume reactions and con-

sisted of initial denaturation for 5 min at 95 °C, fol-

lowed by 40 cycles of 25s at 94 °C, 25 s at 57° C, 75 s at

72 °C and a final extension of 10 min at 72 °C. PCR

products were purified and sequenced using capillary

electrophoresis sequencing. DNA sequences were edited

and aligned manually using BioEdit version 7.1.3.0

(Hall 1999) and deposited in GenBank under Accession

nos. BankIt1741024: KM094213–KM094558 (mtDNA

data) and BankIt1741148: KM094559–KM094904 (nuD-

NA data). All protein-coding sequences were translated

to confirm the absence of stop codons.

PHASE version 2.1 (Stephens et al. 2001) implemented

in DnaSP v5.10.01 (Librado & Rozas 2009) was used to

resolve RAG1 allele phase from individuals heterozygous

for more than one nucleotide position. PHASE was run

with default parameters (100 iterations, a thinning inter-

val of one and a burn-in of 100). To test PHASE results,

RAG1 amplicons of six individuals, each having at least

four polymorphic sites, were cloned into a pGEM-Teasy

vector (Promega). For each amplicon, five clones were

sequenced in both directions with M13 primers and com-

pared to the sequences of the two RAG1 alleles obtained

from PHASE analysis. In each case, all five clones segre-

gated into two and only two alleles whose sequences cor-

responded to those resolved by PHASE analysis. Hence,

for all other sequenced individuals, the alleles resolved

by PHASE were used for further analyses.

Network inference and diversity statistics

Genealogical relationships were investigated, separately

for mtDNA (Fig. 2) and nuDNA haplotypes, using the

union of maximum parsimonious trees (UMP) method

(Cassens et al. 2005), implemented in CombineTrees v1.0

(available at http://applications.lanevol.org/combine

Trees/), as it tends to perform better than algorithmic

methods (Cassens et al. 2005; Woolley et al. 2008), and

with the median-joining network approach (Figs S1 and

S2, Supporting Information) (Bandelt et al. 1999), as

implemented in Network v4.611 (http://www.fluxus-

engineering.com/sharenet.htm). Other statistical analy-

ses were performed using Arlequin v3.5.1.3 (Excoffier &

Lischer 2010). Genetic diversity was estimated by com-

puting the number of haplotypes (k), haplotype/allele

diversity (h), the number of polymorphic sites (PS) and

nucleotide diversity (p) for mtDNA/nuDNA fragments.

Diversity indices were estimated for the full sample (all

Malagasy individuals) and for each mtDNA haplo-

group. Differentiation among groups was investigated

by computing (Table S2, Supporting Information) pair-

wise ΦST (for mtDNA) and FST (for nuDNA) values

(Weir & Cockerham 1984) and performing analysis of

molecular variance (AMOVA) with 1000 permutations

(Excoffier et al. 1992).

Colour variation and support vector machine analyses

To analyse colour variation in vivo, images of 234 adult

males photographed in the field were transformed from

NEF to 16-bit TIFF format using View NX 2 (http://

nikonimglib.com/nvnx/). We then used Gimp 2.6.12
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(http://www.gimp.org/) to adjust white balance and to

transform the images to 8-bit TIFF format. Five anato-

mical components (eyelid, lip, face, vertical bars and

body background; see Fig. 3a) were manually cropped

from the pictures of each individual using our home-

made tool CropIT v1.0 (script available on request). We

then developed a program (ColourAnalysis v1.0, written

in Python 2.7) that (i) converts cropped images into the

HSV (hue/saturation/value) colour space and generates

a corresponding colour histogram for each anatomical

part of each individual and (ii) performs clustering and

classification of individuals on the basis of these histo-

grams. Briefly, Colour Analysis assigns each pixel of an

image to a bin of a 3D histogram on the basis of its hue

(represented in a circular space from 0°, i.e. red, to

180°, i.e. turquoise, to 359°, i.e. purple red), saturation

(from 0 to 255) and value (from 0, i.e. black, to 255, i.e.

white). The hue component is discretized into 16 bins,

whereas the value and saturation components are dis-

cretized into 4 bins each, yielding a 3D histogram with

256 bins (Fig. 3b). We then computed, separately for

each anatomical component, the relative distance L1

between each pair of individuals, using the equation:

L1 ¼
X256

i¼1

jH1½i� �H2½i�j
ð1þH1½i� þH2½i�Þ; eqn 1

where H1[i] and H2[i] are the values of the ith element

of the histograms of the two individuals (Huang et al.

1997). We first used these L1 distances to hierarchically

cluster the 234 individual panther chameleons using

UPGMA (Sokal & Michener 1958). For each anatomical

component, clustering trees identified six to seven

groups separated by distance values >1.2 (Fig. S3, Sup-

porting Information).

Second, we performed supervised machine learning

analysis and classification on the basis of colour histo-

grams and haplogroups: each data point consists of a

pair (x,y), where x represents the 3D colour histogram

of each anatomical part and y is a haplogroup. Individ-

uals of each group were randomly placed into either

the training set (containing 2/3 of individuals) or the

evaluation set (1/3 of individuals). The former was

used to train a multiclass SVM [support vector machine

classifier (Cortes & Vapnik 1995)] with the chi-squared

nonlinear kernel (Chapelle et al. 1999) to find patterns

in 3D colour space that predict assignment of individu-

als to groups predefined on the basis of the genealogical

network shown in Fig. 2. To evaluate the quality of

classification, we used the trained classifier to classify

individuals of the evaluation set and calculated the pre-

cision value p (i.e. the ratio between number of individ-

uals correctly assigned to a group and the number of

all individuals assigned to that group), the recall value

r (i.e. the number of individuals correctly assigned to a

group divided by the number of all individuals that

actually belong to that group), the F1 score (i.e. the har-

monic mean of p and r) for each group and the total F1

Fig. 2 Panther chameleon mtDNA genea-

logical UMP (Cassens et al. 2005) net-

work. Haplotypes are represented with

coloured circles, the sizes of which are

proportional to the number of individu-

als (smallest = 1, largest = 72). Inferred

missing haplotypes are shown as small

black dots, and each line indicates a

mutational change (numbers of muta-

tions >1 are shown inside larger black

dots). Haplotypes are grouped into col-

our-coded haplogroups; sub-haplogroups

1a and 1b correspond to samples from

the northwest coast and the island Nosy

Komba, respectively. Haplotypes in

white with grey border circles corre-

spond to animals from Reunion (R) and

the pet market (L1–L3).
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score (i.e. arithmetic average of group F1 scores

weighted by the number of individuals in each group).

We performed classification for different haplogroup

sets (Fig. 2): (i) all haplogroups separately, (ii) group A

(haplogroups 1–3, haplotype 4 not included as it is a

juvenile), haplogroups 6–7 combined, group C2 (haplo-

groups 10 and 11) and haplogroups 5, 8 and 9 in isola-

tion and (iii) groups A, B, C1 and C2. We chose to split

group C into monophyletic C1 and paraphyletic C2

because these correspond to two different geographical

locations, namely east coast and northeastern coast.

Note that haplogroup 11 (Fig. 2) was included in group

C2 on the basis of its geographical proximity to haplo-

group 10 (Fig. 1). As the first two sets produced sub-

stantially lower total F1 scores (0.50–0.66) than the third

one (0.68–0.75), we performed subsequent analyses on

the latter. We repeated the analyses 30 times with dif-

ferent training and evaluation sets and computed aver-

age p, r and F1 scores for each anatomical component

(see Table S3, Supporting Information). We considered

a group F1 score ≥0.8 to indicate good classification. As

a control, the same analysis (repeated 30 times as well)

was performed on four groups of the same size as the

real ones, but with individuals randomly assigned to

groups. Finally, we devised a classification key (Fig. 4)

on the basis of the results from the SVM classifier.

Species delimitation analyses

Species delimitation analyses were performed with a

Bayesian approach on the combined RAG1 and mtDNA

data set (318 individuals) using the reversible-jump

Markov chain Monte Carlo (rjMCMC) algorithm (Yang

& Rannala 2010) implemented in the BPP software ver-

sion 3.1. The network among the 11 haplogroups

(Fig. 2) was used as the reference fixed phylogeny

(‘guide tree’). The priors were set to s0 ~ G(26, 1000)

with mean of 0.026 and h ~ G(2, 699) with mean of

0.0029, and we tested each of the two proposal algo-

rithms available in the software. We also performed

unsupervised analyses, that is without providing a fixed

phylogeny. Other settings were as follows: burn-in,

3000 generations; sample frequency, 50 generations; and

total number of samples, 1000.

Results and Discussion

Molecular phylogeography of Malagasy panther
chameleons

We examined the phylogeography of the panther chame-

leon by sequencing and analysing mitochondrial

(mtDNA) and nuclear (nuDNA) gene fragments (1373 bp

from the ND6 and cytb genes and 1220 bp from the RAG1

gene) in 318 individuals (234 males, 55 females and 29

juveniles) sampled across nearly the entire species’ range

(Fig. 1), including the islands of Nosy Be and Nosy Ko-

mba in the northwest, and Nosy Boraha in the east. We

observed substantial variation in these molecular mark-

ers (Table 1): 178 (13.0%) polymorphic and 158 (11.5%)

parsimony-informative sites in the mtDNA and 75 (6.1%)

polymorphic and 46 (3.8%) parsimony-informative sites

in the nuDNA fragments. Among 318 individuals, we

resolved 69 mtDNA haplotypes (43 shared, 26 singletons)

and 91 RAG1 alleles (41 shared, 50 singletons).

The mtDNA haplotype network generated by the

UMP approach [CombineTrees v1.0 (Cassens et al. 2005)]

consists of eleven well-differentiated haplogroups (col-

our-coded in Fig. 2), separated from each other by at

least six mutations. Note that haplogroups 4 and 11

consist of only one and two individuals, respectively,

and probably represent undersampled populations. This

network was chosen over the slightly different one (Fig.

S1, Supporting Information) generated by median-join-

(a) (b)

Fig. 3 Colour variation in male panther chameleons. (a) Male panther chameleon (top left image) photographed with a white balance

card; arrows indicate body parts used in colour analyses. (b) Examples of a cropped section [here background colour from the individual

shown in (a)] and the corresponding 3D HSV histogram; the size of bubbles is shown on a logarithmic scale for ease of reading.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.

COLOUR VARIATION IN PANTHER CHAMELEONS 3459



ing network (Bandelt et al. 1999) as the UMP approach

generally outperforms algorithmic methods (Cassens

et al. 2005; Woolley et al. 2008). This genealogy indicates

that panther chameleon populations are strongly struc-

tured, with haplogroups restricted to geographical

regions and overlapping merely in some locations

(Fig. 1). The eleven haplogroups can be grouped into

three major network partitions A, B and C (Fig. 2).

Hierarchical AMOVA for the mtDNA fragment shows that

38.5% of genetic variation is due to differentiation

among these A, B and C partitions (ΦCT = 0.385,

d.f. = 2, P < 0.001), 55.5% is explained by variance

among haplogroups within the three partitions

(ΦSC = 0.940, d.f. = 8, P < 0.001), and 6% is due to vari-

ation within haplogroups (ΦST = 0.939, d.f. = 307,

P < 0.001). ΦST values are high (0.521–0.998) and signifi-

cant (P < 0.05) for all pairwise haplogroup comparisons

(Table S2, Supporting Information).

A similar, although less conspicuous, pattern was

found for the nuDNA fragment (Fig. S2, Supporting

Information), for which 45.2% of the genetic variance

in a hierarchical AMOVA test is associated with variance

Fig. 4 Classification key. Three questions

pertaining to colour characters identified

by supervised machine learning allow to

partially identify which haplogroup

individual male panther chameleons

belong to.

Table 1 Population genetic statistics for mtDNA and nuclear RAG1 fragments. N – sample size, PS – number of polymorphic sites, k

– number of haplotypes (for mtDNA)/alleles (for RAG1), h – haplotype diversity, p – nucleotide diversity, SD – standard deviation.

Haplogroups 4 and 11 were not used for statistics as they include only one and two individuals, respectively

Haplogroup N

1373-bp mtDNA fragment 1220-bp nuclear RAG1 fragment

PS k h (SD) p (SD) PS k h (SD) p (SD)

1 39 11 12 0.812 (0.044) 0.00127 (0.00013) 23 17 0.801 (0.039) 0.00374 (0.00028)

2 16 5 5 0.817 (0.051) 0.00124 (0.00018) 19 10 0.778 (0.064) 0.00372 (0.00034)

3 8 3 3 0.679 (0.122) 0.00096 (0.00020) 13 8 0.842 (0.075) 0.00297 (0.00055)

5 31 23 7 0.536 (0.103) 0.00258 (0.00105) 27 19 0.815 (0.041) 0.00323 (0.00031)

6 48 16 7 0.632 (0.063) 0.00170 (0.00049) 29 32 0.910 (0.019) 0.00347 (0.00021)

7 17 23 8 0.897 (0.042) 0.00607 (0.00057) 24 18 0.808 (0.070) 0.00319 (0.00047)

8 21 6 6 0.795 (0.059) 0.00112 (0.00016) 25 16 0.898 (0.030) 0.00549 (0.00029)

9 72 1 2 0.028 (0.027) 0.00002 (0.00002) 6 4 0.107 (0.035) 0.00032 (0.00011)

10 63 23 17 0.918 (0.016) 0.00288 (0.00014) 24 15 0.766 (0.027) 0.00324 (0.00031)

Total 318 178 69 0.929 (0.009) 0.02223 (0.00025) 75 91 0.898 (0.007) 0.00520 (0.00007)

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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among the A, B and C mitochondrial groups

(FCT = 0.452, d.f. = 2, P < 0.001), 9.8% with variance

among haplogroups within groups (FSC = 0.179,

d.f. = 8, P < 0.001) and 45.0% with variance within

haplogroups (FST = 0.551, d.f. = 625, P < 0.001).

Nuclear genetic differentiation among mitochondrial

partitions A, B and C is confirmed by significant

(d.f. = 2, P < 0.001) FST values: 0.209 (A vs. B), 0.575 (B

vs. C) and 0.526 (A vs. C). FST values for pairwise

comparisons among haplogroups (Table S2, Supporting

Information) generally increase with geographical dis-

tance, with highest levels of genetic differentiation

between haplogroup 9 and all the others (FST > 0.679,

P < 0.05), whereas several FST values are low and not

significant among haplogroups within group B. Fur-

thermore, a low but significant FST value is observed

between Nosy Komba (haplogroup 1b; Fig. 2) and the

northwest coast (FST = 0.091, P < 0.05), whereas the

value for the comparison between Nosy Komba and

Nosy Be (haplogroup 2; Fig. 2) is low and not signifi-

cant (FST = 0.049, P = 0.063). Lower FST values for

RAG1 than ΦST values for the mtDNA are consistent

with differences in nuclear vs. mitochondrial mutation

rates, effective population sizes and, possibly, a higher

dispersal rate of males than females. Moreover, slower

fixation rates in nuclear vs. the mitochondrial genome

make retention of nuclear ancestral polymorphisms

more likely (Hare 2001), providing a possible explana-

tion for the fact that 25 of the RAG1 alleles are shared

among populations: for example, two alleles are pres-

ent in 85 (groups A and B) and 88 (groups B and C)

individuals, respectively (Table S1, Supporting Infor-

mation). This also explains that, contrary to haplotypic

networks reconstructed with mtDNA data, networks

reconstructed with nuclear haplotypes include less

well-differentiated haplogroups (Fig. S2, Supporting

Information).

Our phylogeography analyses indicate that Malagasy

populations of the panther chameleon are character-

ized by strong genetic structure as assessed by

mtDNA analyses and partially supported by the

nuclear data. Indeed, mtDNA haplogroups are sepa-

rated by a large number of mutations and the major

lineages of F. pardalis are geographically restricted:

only in a few geographical locations do mtDNA

haplotypes from different haplogroups co-occur

(Fig. 1). Such a conspicuous genetic structure reveals

restricted gene flow among populations that might be

caused by low dispersal rates of individuals, pre- or

postzygotic reproductive isolation (e.g. female prefer-

ence for a particular male colour morph and/or

reduced fitness of hybrids), geophysical features (e.g.

river barriers, habitat fragmentation) or a combination

of these factors.

Panther chameleons from the Reunion Island and
European pet market

We additionally sequenced the same mtDNA and

nuclear gene fragments in two individuals from

Reunion Island and in 26 captive individuals obtained

on the European pet market. First, we found that

Reunion Island individuals share RAG1 alleles with

animals from clade A and have a mtDNA haplotype

(labelled R in Fig. 2) closely related to haplogroup 2,

suggesting that the introduced Reunion island popula-

tion originated from Nosy Be in the northwest of

Madagascar. Second, our analyses indicate that the

geographical origin claimed by sellers of panther cha-

meleons on the pet market is often unreliable. Indeed,

only three among these 26 individuals show haplo-

type/alleles matching those of the presumed locality.

In addition, 14 of 26 animals exhibit haplotype/alleles

characteristic of haplogroup 9 (i.e. C1, east coast),

even though their ‘morph’ was indicated as ‘Ambi-

lobe’ or ‘Ankify’, that is northwestern locations that

should correspond to group A or B. Such discrepancy

can be explained by unsubstantiated commercial

claims but also by undesired hybridization among

captive bred individuals due to difficulties in identify-

ing the geographical origin of females (because of

their almost invariably dull coloration). For example,

a female from the east coast (the location that is

easiest to reach by car from the capital Antananar-

ivo) could be sold as from a different locality and

will produce offspring with the ‘eastern’ mtDNA

haplotype.

Colour variation in Malagasy chameleons and support
vector machine classification

To test for a possible predictive value of male colour

characters for the assignment of individuals to genea-

logical groups (identified above through phylogeo-

graphic analyses), we analysed colour patterns in the

234 adult males among the 318 sampled individuals.

We obtained colour composition information from high-

resolution photographs for five anatomical components

(eyelid, lip, face, vertical bars and body background;

Fig. 3A) that show the highest variation among individ-

uals. We then performed, separately for each anatomi-

cal component, hierarchical clustering of individuals on

the basis of pairwise distances (Equation 1 in Materials

and methods) among 3D colour histograms (Fig. 3B). In

general, clusters do not strictly correspond to haplo-

groups, and each haplogroup is represented in more

than one cluster (Fig. S3, Supporting Information).

However, these results suggest that some features could

be used to distinguish individuals from specific haplo-
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groups. For example, the ‘eyelid’ and ‘lip’ components

seem to differentiate most group A individuals from

individuals in other haplogroups.

Given the limitations of clustering approaches, we

performed supervised machine learning analysis and

classification (using a support vector machine classifier,

SVM, see Materials and methods) on the basis of the

colour histograms. Supervised learning tends to pro-

duce much better classifications than clustering meth-

ods when patterns in multidimensional space are not

obvious. Individuals from groups A, B, C1 and C2

(Fig. 2) were randomly separated into a training and

an evaluation set. The former was used to train a mul-

ticlass SVM (Cortes & Vapnik 1995) that was then used

to classify individuals of the evaluation set. The classi-

fier generated high-quality classifications (F1 scores of

0.84–0.92) for the ‘lip’ and ‘eyelid’ components in

group A, and for all anatomical parts but ‘lip’ in group

C1 (Table S3, Supporting Information). Control analy-

ses, that is classification of four randomized groups,

resulted in substantially lower scores (total F1 = 0.24–
0.28) than those of the classified A, B, C1 and C2

groups (total F1 = 0.68–0.75). These results indicate that,

contrary to clustering approaches, the trained classifier

allows for prediction of the position of many individu-

als in the mitochondrial genealogy (i.e. in either group

A, B, C1 or C2) on the basis of their colour photo-

graphs. This result underlined specific characters that

we used to devise a simple classification key (Fig. 4).

First, males from group C1 (east coast and Nosy Bo-

raha) can be distinguished by a very light (white or

grey or light red-brown, sometimes with red spots)

background and red/brown (sometimes with white

spots) bars. Note that they often additionally exhibit

blue or white-brown face and eyelids, and white or

light yellow (occasionally light brown) lips. Second,

males from group A (northwestern coast and islands)

are characterized by conspicuous bright yellow poster-

ior lips and the presence of green or red-green eyelids.

Additionally, they typically exhibit a blue-green (some-

times with red speckles) or yellow-green background,

green or blue-red bars, and bright green face. Nosy Ko-

mba individuals can be further identified (within group

A) by the absence of red pigment in their eyelids.

Third, males from the north and northeastern coast

(groups B and C2) show a lot of variation in coloration,

ranging from cryptic (brown-yellow background and

face, light brown or red-brown bars, red-brown or pink

eyes) to much more vivid colours (bright green-yellow

background and face, blue or red bars, white-blue-

brown or orange-brown eyes). Their lips are brown-yel-

low or bright white with various amounts of red and

blue, but never as bright yellow as in males from the

northwestern populations. Notably, males in northern

haplogroups 5–7 are more often cryptic (~82.5%) than

are those in northeastern coast haplogroups 8, 10 and

11 (~36.7%). The potential ecological adaptive value of

these characters (see Supporting Information, Table S4

and Fig. S4 for climate and environmental variables

across population range) warrants further investigation

beyond the scope of the present work.

Species delimitation in panther chameleons

To investigate whether the restricted gene flow among

populations, uncovered through haplotypic network

analysis and trained classifier, would potentially imply

species status for some of these populations, we per-

formed species delimitation analyses using a Bayesian

approach (Yang & Rannala 2010) on the combined RAG1

and mtDNA data set. Each of the mtDNA haplogroups

(1–11, 1a and 1b being merged; Fig. 2) was considered as

a separate population and the reversible-jump Markov

chain Monte Carlo (rjMCMC) algorithm generated maxi-

mum posterior probabilities (all values = 1.0) for all ha-

plogroups, suggesting that they form eleven distinct

species. The posterior means of the hs range from 0.0001

to 0.0209, whereas the posterior mean of the root s is

0.0007. Algorithms 0 and 1 (for new state proposals in the

MCMC implemented in the BPP software) do not gener-

ate significantly different results. Unsupervised BPP

analyses (i.e. without a fixed guide tree) also suggested

that the 11 haplogroups form 11 distinct species, albeit

with lower probabilities ranging from 0.77 to 0.93,

depending on the proposal algorithm. In essence, these

results suggest species status of the various haplogroups

because reproductive barriers generated through time

increase genealogical depth and agreement among

unlinked loci (Avise & Wollenberg 1997).

Discussion

The large number of animals sampled across the Mala-

gasy panther chameleon range allowed us to reveal and

characterize a greater degree of intrapopulation variabil-

ity than previously reported (Ferguson et al. 2004). Our

phylogeography and trained multiclass SVM classifica-

tion of colour variation revealed strong genetic structure,

with distant geographically restricted lineages character-

ized by clade-specific male colour features (e.g. bright

yellow lips in northwestern haplogroups). Some of these

lineages might warrant species status as suggested by

our analyses based on a Bayesian approach to species

delimitation. However, these results should be inter-

preted with caution, not only because of potential limita-

tions of the approach (Olave et al. 2014; Zhang et al.

2014), but also because it is here dominated by the mito-

chondrial data, for which distinctness of populations

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.

3462 D. GRBIC ET AL.



tend to evolve rapidly (given that mtDNA markers are

sensitive to genetic drift). Safe differentiation between

two species (under the phylogenetic criterion) might

require reciprocal monophyly of the two species (or para-

phyly of one species with respect to a monophyletic other

species), provided that this result is either observed in

each of several genetically unlinked loci or involves the

agreement between one or several gene tree(s) and a

morphological/physiological designation, that is a dis-

junct state distribution in the corresponding nonmolecu-

lar character [e.g. (Milinkovitch et al. 2001)]. The first

criterion is not fulfilled as none of the 11 haplogroups

defined in the mtDNA haplotypic network (Fig. 2) form

a clade in the nuDNA network (Fig. S2, Supporting Infor-

mation). The second criterion is not fulfilled either as no

mtDNA haplogroup exhibits a fixed colour character

state. Still, the combination of our phylogeographic and

supervised machine learning analyses suggests, but does

not unambiguously indicate, that panther chameleons

require being separated into multiple species, with a

minimum of four corresponding to the bifurcation graph

defined by the classification key shown in Fig. 4: the

monophyletic haplogroup A1b, the paraphyletic group

(A1a + A2 + A3 + A4), the monophyletic haplogroup C1

and the paraphyletic group (B + C2). In case our results

are confirmed, taxonomic revision would be warranted.

Additional analyses are also warranted to determine

whether the differences of colour characters among

populations/haplogroups are associated with adapta-

tion to local habitat and/or sexual selection. Note that,

although panther chameleons from all geographical ori-

gin seem to successfully interbreed in captivity, anec-

dotal evidence (Ferguson et al. 2004) suggests that some

of these hybrids present low reproductive perfor-

mances, hinting at potential postzygotic isolation and,

hence, at the existence of multiple species of panther

chameleons as we suggested above.

High F1 scores generated by the multiclass SVM

indicate substantial predictive efficiency of the super-

vised machine learning classification approach. We

suggest that these methods should be more widely

used in phylogeography and classification studies

because they can produce useful predictions when

clustering approaches fail. Note that the key we

devised (Fig. 4) is a vast simplification of the multidi-

mensional decision function generated by the SVM

and is therefore likely to be less performant than a full

SVM analysis. However, being much more practical

than SVM analyses, the key could assist the Malagasy

CITES Authority for managing the trade of wild-

caught panther chameleons and avoid local population

overharvesting. Unreliable morph assignments on the

pet market are not surprising as, even for males, gen-

eral colour patterns are rarely exclusive to specific

locations (Fig. S3, Supporting Information). Our classi-

fication key (Fig. 4) could provide an efficient means

for inferring the origin of captive males, although

hybridization in captive populations of animals

from different haplogroups would have disrupted

population structure. Note, however, that four animals

sampled on the pet market exhibited a highly diver-

gent haplotype (labelled L1 in Fig. 2) that we did not

sample on the field. This suggests that the claimed

geographical origin of these animals (‘Nosy Radama’

and ‘Ankaramibe’ in the northwest) might be correct

as we did not sample these locations (Fig. 1).

One limitation of our SVM analyses is that males

might fully develop their coloration at a specific period

of the year (cf. our observations of captive males; Fig.

S5, Supporting Information), suggesting that the SVM

results, and the corresponding classification key, might

be best valid during the breeding season and/or in nat-

ural conditions.

We do not expect the ability of panther chameleons

to change colour [through tuning of a 3D lattice of

intracellular guanine nanocrystals (Teyssier et al. 2015)]

to have affected our analysis as (i) panther chameleons

actively change skin hue only during social interactions

(such as when encountering a male competitor or a

potentially receptive female), (ii) other colour changes,

which can be induced by stress during capture, mostly

affect skin brightness (i.e. diffuse and/or specular

reflectivity) through dispersion/aggregation of melano-

somes within dermal melanophores (Taylor & Hadley

1970; Nilsson Skold et al. 2013) and are therefore unli-

kely to affect our analyses and (iii) colour photographs

were taken on site immediately after capture, that is

before potential reaction of the animal in terms of col-

our change. One potential improvement of our

approach would be to incorporate skin reflectivity in

the UV, highly relevant for colour perception in reptiles

(Thorpe & Richard 2001; Fleishman et al. 2011) but not

recorded by colour photographs. Measurements of skin

reflectivity (including in the UV range) with portable

spectrometers are unfortunately unreliable, mainly

because chameleon skin darkens rapidly when it comes

in contact with the optical probe.

Multiple pigments and structural elements are

involved in colours and colour patterns in reptiles. Both

carotenoid and pteridine pigments are common in rep-

tiles’ skin in addition to melanin (Steffen & McGraw

2009; Cote et al. 2010; Weiss et al. 2012; Saenko et al.

2013) and can be identified by treating skin with sol-

vents (Junqueira et al. 1978; Wijnen et al. 2007). Figure S6

shows that pigments in yellow and green skin of male

panther chameleons are yellow carotenoids (dissolved

in acetone) and those in red skin are red pteridines (dis-

solved in NH4OH). Hence, as in some other lizards [e.g.
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(Saenko et al. 2013; Teyssier et al. 2015)], green colour is

caused by a yellow pigment layer on top of a blue/

green structural background, and all skin samples con-

tain various amounts of dark brown melanin. These

findings indicate that colour variation in panther cha-

meleons involves different genetic and physiological

pathways. For example, while melanins, pteridines and

structural colours are produced in the skin itself, carote-

noids are obtained from the animal’s diet (Fox 1976).

Therefore, reduced yellow pigmentation can be attrib-

uted to scarcity of carotenoid-rich food, but also to

intrinsic physiological limitations in the animal’s ability

to absorb, metabolize and transport carotenoids to the

skin (Parker 1996). Future work, investigating the physi-

ology and genetic pathways involved in production of

pigments and structural colours (Ziegler 2003; Higdon

et al. 2013) is warranted in panther chameleons for a

better understanding of the correlation between colour

variation and the genealogical lineages (possibly spe-

cies) we uncover here. In addition, the possibility to

perform controlled captive breeding among individuals

from different colour morphs, corresponding to differ-

ent evolutionary lineages, opens the prospect of using

gene mapping deep-sequencing approaches (Lamichha-

ney et al. 2012) to identify the genetic basis of adaptive

colour variation in this spectacular lineage.
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