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Abstract

The naked mole-rat (Heterocephalus glaber) is the only rodent species that naturally lacks fur. Genome sequencing of this atypical

rodent species recently shed light on a number of its morphological and physiological adaptations. More specifically, its hairless

phenotype has been traced back to a single amino acid change (C397W) in the hair growth associated (HR) protein (or Hairless). By

considering the available species diversity,we show that this specificposition is in fact variable across mammals, including in the horse

that was misleadingly reported to have the ancestral Cysteine. Moreover, by sequencing the corresponding HR exon in additional

rodent species, we demonstrate that the C397W substitution is actually not a peculiarity of the naked mole-rat. Instead, this specific

amino acid substitution is present in all hystricognath rodents investigated, which are all fully furred, including the naked mole-rat

closest relative, the Damaraland mole-rat (Fukomys damarensis). Overall, we found no statistical correlation between amino acid

changes at position 397 of the HR protein and reduced pilosity across the mammalian phylogeny. This demonstrates that this single

amino acid change does not explain the naked mole-rat hairless phenotype. Our case study calls for caution before making strong

claims regarding the molecular basis of phenotypic adaptation based on the screening of specific amino acid substitutions using only

fewmodel species ingenomesequencecomparisons. It alsoexposes themoregeneralproblemof thedilutionofessential information

in the supplementary material of genome papers thereby increasing the probability that misleading results will escape the scrutiny of

editors, reviewers, and ultimately readers.

Key words: molecular evolution, adaptation, phylogenetics, mammals, rodents, hairless, naked mole-rat.

Introduction

Whole-genome sequencing offers unprecedented opportu-

nity to reveal the genetic determinants of phenotypical char-

acteristics of species. The availability of an increasing

number of genome sequences allows conducting genome-

wide scans of selection aimed at detecting the molecular

footprints of adaptation (Heliconius Genome Consortium

2012; Qiu et al. 2012; Castoe et al. 2013; Schartl et al.

2013; Zhang et al. 2013; Fang, Nevo, et al. 2014; Fang,

Seim, et al. 2014; Yim et al. 2014). In practice, this is often

achieved by searching for lineage-specific amino acid

changes that might cause functional changes in proteins

encoded by candidate genes for a particular trait (e.g.,

Zhao et al. 2013). However, such a strategy can easily be

misleading when only a limited number of sequences are

used in the comparisons (Liu 2014). The publication of the

naked mole-rat genome (Kim et al. 2011) provides a good

illustration of both the utility and the potential drawbacks of

this approach.

The rationale behind sequencing the genome of the

naked mole-rat (Heterocephalus glaber) was the uniqueness

of this eusocial rodent species with exceptional longevity,

which serves as a model for aging, cancer, and pain resis-

tance (Gorbunova et al. 2014; Keane et al. 2014). Mole-rats

have actually evolved convergently in two distinct rodent

clades with African mole-rats (Bathyergidae) belonging to

Ctenohystrica and spalacids (Spalacidae) that are part

of the mouse-related clade (Blanga-Kanfi et al. 2009).

The genomes of the Damaraland mole-rat (Fukomys damar-

ensis; Bathyergidae) and the blind mole-rat (Nannospalax

galili; Spalacidae) have recently been sequenced to study
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convergent genomic evolution in these ecologically and phe-

notypically similar species (Fang, Nevo, et al. 2014; Fang,

Seim, et al. 2014). The naked mole-rat, which was long

considered to be part of Bathyergidae, has recently been

reclassified in its own family (Heterocephalidae) to better

reflect its ancient divergence from other African mole-rats

(more than 30 Ma) and its distinctive morphology (Patterson

and Upham 2014).

The analysis of the naked mole-rat genome sequence has

undoubtedly shed light on a number of genetic characteristics

that might relate to its numerous peculiar physiological adap-

tations (Kim et al. 2011). Among the major insights was the

finding that a single amino acid substitution was responsible

for its unique hairless phenotype. Indeed, as its name implies,

the naked mole-rat is the only wild rodent species that natu-

rally lacks fur. The authors have linked this hairlessness to the

presence of a single amino acid substitution in the nuclear

receptor corepressor hair growth associated (HR) protein,

also called Hairless. The HR gene is present as a single-copy

ortholog in most currently available mammalian genomes

with potential paralogs being only found in the gibbon

genome (Ensembl Release 78). Kim et al. (2011) reported

that the naked mole-rat HR sequence is substantially divergent

from the other mammals investigated, and that it possesses a

Tryptophan (Trp/W) at position 397 of the HR protein,

whereas the other mammalian sequences compared exhibit

a Cysteine (Cys/C). Because mutations at this particular codon

of the HR gene are known to cause hair loss in mice, rat, and

men (Panteleyev et al. 1998; Thompson 2009), they con-

cluded that this specific amino acid substitution was likely re-

sponsible for the naked mole-rat hairless phenotype. The

molecular evidence for such a conclusion takes the form of

a multiple amino acid sequence alignment corresponding to

exon 2 of the HR gene in rodents (exon 3 in human) presented

as supplementary figure S24C of Kim et al. (2011). However,

as we will show, these data are misleading in many aspects.

Results and Discussion

First, the authors chose to include only ten additional mam-

malian species in their HR comparative alignment even tough

32 orthologs of HR where available at the time in databases

such as OrthoMaM v6 (Ranwez et al. 2007). Mining the

different sequence and genome databases, we were able to

retrieved 92 mammalian orthologous sequences for this exon

(fig. 1). If the Cysteine observed at position 397 of the HR

protein is likely to be ancestral in mammals because it is also

found in monotremes and marsupials, this amino acid is in fact

not conserved across placentals. Indeed, both the three camel

species (genus Camelus) and the horse (Equus caballus) exhibit

a Phenylalanine (Phe/F) at this position, resulting from two

convergent nonsynonymous G->T substitutions at the

second position of the corresponding codon. Contrary to

what is shown in the alignment of supplementary figure

S24C of Kim et al. (2011), the horse HR protein sequence

they used (NCBI accession number: XP_001490941) actually

has an F instead of a C at position 397 (supplementary fig. S1,

Supplementary Material online). In fact, we verified that all

available HR horse sequences have an F at this position

(fig. 2) including an extinct 700,000 year-old individual

(Orlando et al. 2013). The donkey (Equus asinus) also shows

an F at this position whereas the rhino, which is the only other

available perissodactyl representative, has the ancestral

Cysteine. We thus come to the conclusion that this position

has been mistakenly edited in the alignment of Kim

et al. (2011).

Second, the guinea pig (Cavia porcellus), the closest relative

of the naked mole-rat for which annotated genomic data

were available at the time of the naked mole-rat genome

publication, was not included in the HR protein sequence

comparison reported by Kim et al. (2011). The absence of

the guinea pig HR sequence in their alignment is surprising

given that sequences of this species have been included in

analyses of other 42,399 candidate genes in the same study

(e.g., TERF1 in their supplementary fig. S10). However, as in

the naked mole-rat, the guinea pig HR sequence also has a W

at position 397 (fig. 1). This suggests that this particular amino

acid substitution is a shared characteristic of Cavia and

Heterocephalus that both belong to Ctenohystrica, which

includes Ctenodactylids (gundis) and Hystricognaths (e.g.,

Cavia) (Blanga-Kanfi et al. 2009).

By sequencing exons 1 and 2 of the HR gene (correspond-

ing to exons 2 an 3 in human) in additional ctenohystrican

representatives, we demonstrate that the presence of a W at

position 397 is in fact a synapomorphy for hystricognaths

(fig. 1). Indeed, the C397W substitution, which results from

a nonsynonymous C->G nucleotide substitution at the third

codon position (fig. 3), most likely occurred in the ancestral

lineage of hystricognaths because the W is shared by all rep-

resentative species investigated, whereas their closest gundi

relative (Ctenodactylus vali) possesses the ancestral Cysteine.

The closely related Damaraland mole-rat (F. damarensis;

Bathyergidae), which is fully furred, also arbors the W found

in the naked mole-rat. Conversely, all available nonhystricog-

nath rodents, including the convergently evolved blind mole-

rat (N. galili; Spalacidae), have the ancestral Cysteine. Because

all these rodent species have fur, we conclude that this par-

ticular substitution in HR does not explain the hairless pheno-

type of the naked mole-rat. Among the 99 sequences

investigated, the ancestral Cysteine residue is indeed fixed in

the vast majority, including mammalian species with reduced

pilosity such as aquatic cetaceans (Chen et al. 2013), the man-

atee (Trichechus manatus), and the walrus (Odobenus ros-

marus), but also terrestrial species such as the nine-banded

armadillo (Dasypus novemcinctus), the white rhino

(Ceratotherium simum), and the African elephant

(Loxodonta africana). Overall, we found no statistical correla-

tion between amino acid changes at position 397 of HR and
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FIG. 1.—Maximum likelihood tree obtained from the concatenation of HR exons 1 and 2 for 99 mammals and partial amino acid alignment of exon 2

including position 397 (boxed). The three amino acid substitutions inferred at site 397 are mapped on the corresponding branches of the phylogenetic tree.

Bullets indicate nodes with bootstrap percentage >90 and Bayesian posterior probability >0.95. Species are colored according to the placental clades to

which they belong: Xenarthra (red), Afrotheria (green), Laurasiatheria (orange), Primates (blue), Scandentia (brown), Glires (purple), and Ctenohystrica (pink).

Non-furred species are indicated by a star (*). Note that the ancestral therian and placental branches have been reduced by a factor ten to improve visibility of

placental relationships. Sequence logos and the 50% majority-rule consensus are indicated as displayed in Geneious.
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reduced pilosity across the mammalian phylogeny

(D = 0.0167, P = 0.68; M = 0.0028, P = 0.79).

We also investigated whether the naked mole-rat HR gene

sequence is really divergent from other mammals as sug-

gested by Kim et al. (2011). Based on branch lengths of the

maximum likelihood tree obtained from the concatenation of

the two exons at the nucleotide level (fig. 1), the naked

mole-rat does not appear to be especially fast evolving

compare to other rodents. The HR gene evolves at sensibly

the same pace in the two African mole-rats (Heterocephalus

and Fukomys) and the convergently evolved spalacid

(Nannospalax). The apparent sequence divergence of the

naked mole-rat HR sequence observed by Kim et al. (2011)

was thus likely an effect of their poor species sampling.

Moreover, under the hypothesis that the HR gene is really

involved in the naked mole-rat hairless phenotype, it should

be possible to detect changes in selective constraints in this

particular species. However, the HR gene was not identified as

positively selected in recent genome-wide analyses of selec-

tion comparing Heterocephalus and Fukomys (Fang, Seim,

et al. 2014).

Conclusions

This case study illustrates the pitfalls of the systematic quest for

molecular adaptation by simply looking at point amino acid

changes in candidate proteins coupled with the use of only

few genome sequences. We suspect that numerous similar

cases of false positive results will be revealed once a greater

taxonomic diversity of genomes becomes available, as already

shown by Liu (2014) for the p53 gene. In mammals, for which

a large number of genome sequences are already available,

there is no reason not to use this phylogenetic diversity for

empowering comparative evolutionary analyses aimed at

detecting molecular adaptation. Our results also expose the

more general problem of the dilution of essential information

and figures in the ever-growing supplementary material of

genome papers, which are often published in high profile

journals where space is reduced. As shown here, such a prac-

tice significantly increases the probability that misleading

results will escape the scrutiny of editors, reviewers, and

ultimately readers.

Materials and Methods

Rodent tissue samples came from the Mammalian Tissue

Collection of the Institut des Sciences de l’Evolution de

Montpellier (Catzeflis 1991). We selected the following

Ctenohystrica representatives: Abrocoma cinerea (T-0476), C.

porcellus (T-6107), C. vali (T-0374), Ctenomys haigi (T-3537),

Cuniculus taczanowskii (T-3400), Dasyprocta leporina (T-

5754), and Myoprocta pratti (T-3541). DNA extractions were

performed from tissues preserved in 95% ethanol using the

DNeasy Blood & Tissue kit (QIAGEN) following manufacturer’s

instructions.Wethenpolymerasechain reaction (PCR) targeted

a 562 bp fragment of rodent HR exon 1 using the primer

pair HR_ex2HysF (50-GCCCAGCTTCCTGAAGGACAC-30)/

HR_ex2HysR (50-CTTGCTGCCTAGGCYGAAGGC-30) and a

584 bp fragment of exon 2 with primer pair HR_ex3HysF (50-C

TCAGGCTGGCAAAGGAGCC-30)/HR_ex3HysR (50-CTGCCTGC

FIG. 2.—Partial multiple sequence alignment of HR exon 2 codons and corresponding amino acid translation for 11 perissodactyls including a diversity of

extant and extinct equids. The codon corresponding to amino acid position 397 is boxed. The 50% majority-rule consensus is indicated as displayed in

Geneious.
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YCTCTTCAGGG-30). The following PCR conditions were used

for the two exons: 95 �C for 4 min (initial denaturation), fol-

lowed by 30 cycles at 95 �C for 20 s (denaturation), 58 �C

(exon 1) and 60 �C (exon 2) for 30 s (hybridization), 72 �C for

30 s (extension), and a final extension step at 72 �C for 10 min.

PCR products were then purified with magnetic beads

(Agencourt AMpure XP). Purified amplicons were Sanger se-

quenced on both strands using the PCR primers with the Big

Dye Terminator V3.1 Kit (Applied Biosystem) on an Applied ABI

Prism 3130XL automated sequencer. The newly obtained se-

quences have been deposited in the European Nucleotide

Archive under accession numbers LN680723–LN680736.

Complete mammalian HR CDSs and HR exons 1 and 2

were extracted from the OrthoMaM v8 database (Douzery

et al. 2014). These alignments were subsequently enriched

by annotated sequences harvested from ongoing mammalian

genome projects available as Whole Genome Shotgun assem-

blies in GenBank. A complete CDS data set was first assem-

bled for 17 species of Glires. Newly obtained sequences for HR

exons 1 and 2 were added to available orthologous sequences

leading to a total of 99 sequences. Concatenations of HR

exons 1 and 2 were built for 99 mammals and 25 species of

Glires, respectively. All data sets have been aligned using the

program MACSE (Ranwez et al. 2011) with default parame-

ters, which allows conserving the coding frame. Ambiguously

aligned codons were then excluded using the Gblocks server

(Castresana 2000) with default relaxed parameters. All data

sets are available upon request.

Maximum likelihood phylogenetic trees were inferred from

nucleotide sequences for the exon data sets using the PhyML

FIG. 3.—Partial multiple sequence alignment of HR exon 2 codon and corresponding amino acid translation for 25 Glires including seven new

caviomorph sequences (*). The codon corresponding to amino acid position 397 is boxed. The 50% majority-rule consensus is indicated as displayed in

Geneious.
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3.0 (Guindon et al. 2009) plugin of Geneious R7 (Kearse et al.

2012) under the GTR+G8 model using SPR branch swapping

on a BioNJ starting tree and 100 booststrap replications.

Bayesian phylogenetic inference under a mixed model was

conducted using the MPI version of MrBayes 3.2.3 (Ronquist

et al. 2012). Separate GTR+G8 models were used for each

codon position with parameters unlinked across partitions.

Two independent runs of four incrementally heated

MCMCMC starting from a random tree were performed.

MCMCMC were run for 1,000,000 generations with trees

and associated model parameters being sampled every

1,000 generations. The initial 250 trees in each run were

discarded as burn-in samples after convergence checking.

The 50% majority-rule Bayesian consensus tree and the asso-

ciated posterior probabilities were computed from the 1,500

combined trees sampled in the two independent runs.

The correlation between amino acid changes at position

397 of HR and reduced pilosity was tested by calculating

the D and M association statistics (Huelsenbeck et al. 2003)

as implemented in SIMMAP 1.5 (Bollback 2006). To account

for phylogenetic uncertainty, we used 15 trees subsampled

from the previous posterior sample of 1,500 trees obtained

with MrBayes. Amino acid changes were recoded as a mul-

tistate character (C = 0; W = 1; F = 2) and pilosity was coded

as a binary character (0 = fully furred; 1 = reduced pilosity;

see fig. 1).

Supplementary Material

Supplementary figure S1 is available at Genome Biology and

Evolution online (http://www.gbe.oxfordjournals.org/).
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