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SUMMARY

Lifespan is a remarkably diverse trait ranging from a
few days to several hundred years in nature, but the
mechanisms underlying the evolution of lifespan dif-
ferences remain elusive. Here we de novo assemble
a reference genome for the naturally short-lived Afri-
can turquoise killifish, providing a unique resource
for comparative and experimental genomics. The
identification of genes under positive selection in
this fish reveals potential candidates to explain its
compressed lifespan. Several aging genes are under
positive selection in this short-lived fish and long-
lived species, raising the intriguing possibility that
the same gene could underlie evolution of both com-
pressed and extended lifespans. Comparative geno-
mics and linkage analysis identify candidate genes
associated with lifespan differences between various
turquoise killifish strains. Remarkably, these genes
are clustered on the sex chromosome, suggesting
that short lifespan might have co-evolved with sex
determination. Our study provides insights into the
evolutionary forces that shape lifespan in nature.

INTRODUCTION

Nature offers an amazing diversity in the lifespan of species with

a 150,000-fold difference between the shortest-lived and

longest-lived species (Austad, 2010). Short-lived species have

long been recognized as essential for experimental studies,

and central pathways that regulate aging—notably the insulin-

FOXO and mTOR pathways—have been discovered in short-

lived models such as yeast, worms, and flies (Kaeberlein and

Kennedy, 2011; Kapahi et al., 2010; Kenyon, 2010). These path-
ways have turned out to modulate aging all the way to humans

(Flachsbart et al., 2009; Johnson et al., 2013). Many short-lived

species tend to occupy unique ecological niches where the

environment is harsh. Thus, these species can be used experi-

mentally for the identification of conserved genes important for

lifespan and can also provide insight into the evolutionary forces

that shape lifespan strategies in nature.

At the other end of the lifespan spectrum, exceptionally long-

lived species, such as the naked mole rat (�30 years), the

Brandt’s bat (�40 years), and the bowhead whale (�200 years)

have recently been used in comparative genomic studies to

identify genes and residues that are uniquely changed or under

positive selection in these organisms (Keane et al., 2015; Kim

et al., 2011; Seim et al., 2013). Interestingly, several genes

involved in aging and metabolic pathways are uniquely changed

in the Brandt’s bat (e.g., insulin-like growth factor 1 receptor

[IGF1R] and growth hormone receptor) (Seim et al., 2013) and

in the naked mole rat (e.g., the uncoupling protein UCP1) (Kim

et al., 2011). Despite these advances, much remains to be

learned about the genes that drive natural differences in lifespan

and their evolutionary selection in the wild.

Here, we examine the evolution and genetic architecture of

lifespan in a naturally short-lived vertebrate, the African tur-

quoise killifish (Nothobranchius furzeri), which has been pro-

posed as a vertebrate model for aging (Valdesalici and Celler-

ino, 2003). We report the de novo assembly and annotation

of a reference genome for the turquoise killifish. Evolutionary

genomics reveals genes that are positively selected in this

short-lived fish and may underlie unique traits in this species,

including its short life cycle. By performing a linkage analysis

between two strains with experimental lifespan differences,

we also identify candidate genes that are likely associated

with lifespan differences between strains. Our study provides

a resource for experimental and comparative genomics and

gives insights into the evolution of naturally short lifespans in

nature.
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Figure 1. The African Turquoise Killifish Is a Naturally Short-Lived Vertebrate with Multiple Strains

(A) Geographical distribution of turquoise killifish in the wild (orange dots). The climate of the area measured by the Koeppen-Geiger index (concentric contours).

(B) Examples of different morphological types in turquoise killifish males: yellow-tailed and red-tailed.

(C) Life cycle of the turquoise killifish. The turquoise killifish achieves sexual maturation and reproduces during the wet season. Diapausing embryos can survive

through the dry season, when the ponds are desiccated. Diapause can be skipped in the laboratory, resulting in a short generation time.

(D) Nothobranchius species are among the shortest-lived vertebrates. Lifespan data for turquoise killifish strains are from our experimental data (age of the 10th

percentile survivors) and are depicted by triangles. Lifespan of the strains can vary depending on housing conditions. Maximum lifespan data for the other

organisms are from the AnAge database.
RESULTS

The African Turquoise Killifish: a Vertebrate with a
Naturally Compressed Lifespan
The African turquoise killifish provides a unique system to test

the evolution and genetics of longevity (Cellerino et al., 2015).

This fish species comprises distinct populations that populate

ephemeral ponds in arid regions of Zimbabwe and Mozambique

(Figures 1A and 1B). The ponds are only present for 4–6 months

during the wet season, and the turquoise killifish has evolved a
1540 Cell 163, 1539–1554, December 3, 2015 ª2015 Elsevier Inc.
state of embryonic diapause—‘‘suspended animation’’—to sur-

vive through the dry season (Figure 1C). In the laboratory,

diapause can be skipped, and this fish has a captive lifespan

of 4–6 months (Figure 1C). Thus far, the turquoise killifish is the

shortest-lived vertebrate that can be bred in captivity (Figure 1D).

Interestingly, strains derived from the various populations of

turquoise killifish from different regions of Zimbabwe and

Mozambique can exhibit different experimental lifespans under

similar conditions (Terzibasi et al., 2008) (Figure 1D). The extreme

diversity in lifespan between the turquoise killifish (4–6 months)



and other species, as well as the presence of strains with

different captive lifespans, offers an unprecedented paradigm

to explore the evolution of lifespan.

De Novo Assembly and Annotation of the Turquoise
Killifish Genome
To gain insight into the evolution and genetic architecture of

lifespan in the turquoise killifish, we de novo sequenced and

assembled its genome. The GRZ strain, which originates from

Zimbabwe, was selected to build the reference genome because

it is inbred and has a low percentage of heterozygosity (Kirschner

et al., 2012; Valenzano et al., 2009). By sequencing 10 paired-

end or mate-pair Illumina libraries with a range of insert sizes,

we obtained a 1.02 Gb genome assembly with a contig N50 of

9.3 kb and a scaffold N50 of 118 kb (Figure 2A). Using paired-

end RNA-seq libraries and our high-density linkage map (see

Figure 6C), we improved the contiguity of the genome resulting

in a scaffold N50 of 247 kb (Figure 2A). The computational

genome size estimate ranges from 1.3 Gb to 2.2 Gb (Figure 2A).

The assembly statistics for our turquoise killifish genome are in

the range of Illumina-based genome assemblies, although the

assembly is still fragmented likely due to the high number of re-

peats (over 45% (Reichwald et al., 2009)) (Figure S1A). We next

assessed the completeness and quality of the turquoise killifish

genome assembly. Computational assessment indicates that

the assembly contains 96.8% of core eukaryotic genes (Fig-

ure 2A). Importantly, assembled transcripts, paired-end RNA-

seq reads, and contigs obtained by Sanger shotgun sequencing

(Reichwald et al., 2009) properly mapped to the genome (Figures

2A, S1B, S1C and S1D). Thus, the reference turquoise killifish

genome, while fragmented, contains most genes and is well

assembled.

We next annotated the reference turquoise killifish genome.

Using de novo gene prediction and sequence homology to 19

animal species, we identified 28,494 protein-coding gene

models (Figure 2B and S1G). There was maximal enrichment

of RNA-seq reads over protein-coding gene bodies (Figure S1E)

and maximal enrichment of trimethylated lysine 4 on histone H3

(H3K4me3), a chromatin mark associated with promoters, at

predicted transcription start sites (Figure S1F). The majority of

the predicted protein-coding genes in the turquoise killifish

have an ortholog in other vertebrate genomes (Table S2A). There

was a good paralog correspondence and large blocks of syn-

tenic genes between turquoise killifish and medaka, a fish with

a high-quality Sanger-sequenced genome (Figures S2A–S2D).

Together, these results indicate that protein-coding genes,

including paralogs, are well annotated in the turquoise killifish

assembly, although some split genes may be misannotated as

paralogs.

We also identified 5,859 high-confidence long non-coding

(lnc) RNA genes and predicted other classes of non-coding

RNA genes, including miRNAs (Figures 2B, S2E and S2F,

and Table S1A). Finally, we identified several families of trans-

posable elements (Figure 2C and Table S1C), at least some

of which were actively transcribed (Tables S1D and S1E). To

facilitate the use of the genome by the community, we have

deployed a fully functional genome browser website (http://

africanturquoisekillifishbrowser.org) (Figure 2D).
Evolutionary Analysis of the African Turquoise Killifish
Genome
To gain insight into unique features of the African turquoise killi-

fish, we analyzed its genome from an evolutionary perspective.

The reconstituted phylogeny based on high-confidence one-

to-one orthologs in 20 species (Tables S2B and S2C, Figure 3A)

is consistent with fossil records and previous estimates (Reich-

wald et al., 2009), confirming the quality of the turquoise killifish

genome assembly and annotation. To understand the evolution

of features unique to this short-lived fish, we identified sites un-

der positive selection in protein-coding genes in the turquoise

killifish compared to seven longer-lived fish species (Figure 3A).

We used a maximum likelihood approach to determine positive

selection at the codon level (Yang, 2007) (Figures 3B and S3A).

After multiple hypothesis correction, we identified 497 genes

with at least one site under positive selection in the turquoise kil-

lifish genome (Table S3A). Of these, 249 genes had one or more

sites with very high probability of being under positive selection,

and represent the highest-confidence list of genes under posi-

tive selection (Table S3B). In the remainder of the manuscript,

we used this highest-confidence list, unless otherwise indicated.

A gene ontology enrichment analysis revealed that the genes

under positive selection in the turquoise killifish are enriched

for components of signal transduction pathways, metabolism,

development, proteostasis, and immunity (Figure 3C and Table

S3C). Interestingly, several of these processes are relevant to

the modulation of aging (Kennedy et al., 2014; López-Otı́n

et al., 2013), although these categories are broad and could

underlie other biological processes. Positively selected genes

include the helicase RTEL1, which is involved in telomere elon-

gation and has been associated with dyskeratosis congenita,

a human syndrome with premature aging characteristics (Ballew

et al., 2013). Another intriguing positively selected gene is

PSMD11, which is involved in proteostasis and whose ortholog

is important for lifespan in C. elegans (Vilchez et al., 2012). Using

in silico prediction tools originally designed for human disease

variants, we found that 340 of the 2,009 positively selected res-

idues (corresponding to 121 proteins) had predicted functional

effects on the protein by two independent methods (Figures

3D and S3B, and Table S3D). The genes under positive selection

in the turquoise killifish tend to display gene expression changes

throughout life (p = 0.045 in Fisher’s exact test at FDR 5%;

Figures S3D and S3E and Table S3E). Thus, a subset of the

positively selected genes in the turquoise killifish could be impor-

tant for the evolution of a naturally short life trajectory. However,

these genes could also underlie the evolution of other traits in this

fish (e.g., diapause, resistance to high temperature, morphology,

or sensitivity to microbial communities or pathogens).

Aging and Longevity Genes Are under Positive Selection
in the Turquoise Killifish
To focus on genes with potential roles in the turquoise killifish

compressed lifespan trajectory, we intersected the set of 497

genes under positive selection in the turquoise killifish with

known aging-related genes from GenAge (mouse and human

combined) and LongevityMap (Table S4A) (Budovsky et al.,

2013; de Magalhães et al., 2009). While the overlap was

not statistically significant, 22 previously known aging-related
Cell 163, 1539–1554, December 3, 2015 ª2015 Elsevier Inc. 1541
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genes were under positive selection in the turquoise killifish

(Tables S4B and S4C). These genes include the insulin recep-

tor A (INSRA, Figure 4A) and IGF1 receptor (IGF1R(1of2), also

known as IGF1RA, Figure 4B). Reduced function in the insu-

lin/IGF1 receptors extends lifespan from worms to mice (Blüher

et al., 2003; Holzenberger et al., 2003; Kenyon et al., 1993),

and variants in IGF1 receptor are associated with exceptional

longevity in humans (Suh et al., 2008) (Figure 4C). Aging genes

under positive selection also include LMNA3 (LMNA(3of3),

Figure 4E), which encodes a nuclear Lamin-A/C. Mutations in

human LMNA can give rise to Hutchinson-Gilford Progeria

syndrome (Eriksson et al., 2003), although other variants are

associated with exceptional longevity in humans (Conneely

et al., 2012) (Figure 4C). Finally, another gene under positive

selection is the DNA repair gene XRCC5 (also known as

KU80, Figure S4A). XRCC5 deficiency in mice leads to prema-

ture aging (Vogel et al., 1999), though specific variants are also

associated with human longevity (Figure 4C) (Soerensen et al.,

2012).

We next mapped the variants under positive selection on the

protein structures or domains of several aging-related proteins,

highlighting variants with predicted functional effects (Tables

S4E–S4G). The majority of residues with functional effect under

positive selection in the insulin/IGF1 receptors (INSRA and

IGF1R1A) are located in the extracellular domains implicated

in ligand binding (Figures 4A, 4B, and 4D). In LMNA3, the func-

tional residues under positive selection are located in the fila-

mentous domain involved in the interaction with chromatin

(Figure 4E). Finally, in XRCC5, they are located in the DNA bind-

ing domain (Figure S4A). Thus, positively selected residues with

predicted functional effects are located in important domains in

aging-related proteins (see also Figures S4B–S4D) and might

have consequences on the role of these proteins in lifespan

regulation.

The ability to undergo diapause—a developmental stage

associated to drought-resistance—is likely under intense selec-

tive pressure given the transient nature of the ponds in which

these fish live. We asked if the 497 genes under positive selec-

tion in the turquoise killifish overlapped with genes involved in

diapause in other species, such as the insulin/IGF1-FOXO and

the TGFb pathways (Gottlieb and Ruvkun, 1994; Patterson

et al., 1997). Only the genes in the insulin/IGF1-FOXO pathway

(INSRA, IGF1RA, FOXO1B(2of2)), which are also involved in life-

span, were positively selected in the turquoise killifish (Fig-

ure S4E and Table S4D). Thus, positively selected genes in the

insulin/IGF1 pathway might play a role both in diapause and

compressed life cycle in the turquoise killifish, perhaps depend-

ing on external conditions.
Figure 2. De Novo Sequencing and Assembly of the Reference Genom

(A) Assembly statistics for draft genome (NotFur1) for the reference turquoise ki

unplaced. CEGs: core eukaryotic genes. See also Figures 6C, S1B, S1C.

(B) Number of annotated coding and non-coding genes in the reference turquoi

mologs in at least 10 species. lncRNA: long non-coding RNA; ncRNA: non-codin

S1B.

(C) Repetitive element composition in the reference turquoise killifish genome. LIN

LTR: long terminal repeat. Type I transposons are RNA-mediated. Type II transp

(D) Example of a genomic region containing insulin-like growth factor 1 receptor
Comparison of Aging Genes in the Turquoise Killifish
andOther Species or Groupswith Exceptional Longevity
Intriguingly, the genes under positive selection in the short-lived

turquoise killifish are also under positive selection or uniquely

changed in species with exceptional longevity (naked mole

rat, Brandt’s bat and bowhead whale). Indeed, IGF1R(1of2)

was found to be uniquely changed in the long-lived Brandt’s

bat (Seim et al., 2013) (Figures 4C and 4D) and under positive

selection in the short-lived marmoset (The Marmoset Genome

Sequencing and Analysis Consortium, 2014). More generally,

11 other genes are under positive selection or uniquely

changed in both turquoise killifish and ‘‘extreme longevity’’ spe-

cies or groups of individuals (Figure 4C). These genes include a

carboxyl ester lipase CEL(7of7), which is involved in cholesterol

metabolism and diabetes in humans (Raeder et al., 2006),

and the complement system component C3(3of3), which is

implicated in age-related degenerative pathologies and Alz-

heimer’s disease (Proitsi et al., 2012). These observations raise

the intriguing possibility that the same genes can be under pos-

itive selection in both extremely short-lived and long-lived

species.

Are the residues in proteins that are positively selected in

short-lived and long-lived species similar or different? We

mapped residues from the short-lived turquoise killifish,

long-lived Brandt’s bat, and humans onto the well-studied

IGF1 receptor (Figure 4D) and LMNA (Figure 4E). Many of

the residues under positive selection in the turquoise killifish

and the Brandt’s bat are in proximity on the IGF1 receptor

sequence, but differ (Figure 4D). Furthermore, the residues

under positive selection in the turquoise killifish and those

associated with longevity in human are both located in the

predicted IGF1R ligand-binding domains but are different (Fig-

ure 4D). These residues also differ from C. elegans longevity

mutations in the insulin/IGF1 receptor (DAF-2, Figure S4E).

Similarly, the LMNA3 residues under positive selection in the

turquoise killifish also differ from variants in human centenar-

ians or Hutchinson Gilford Progeria syndrome (Figure 4E).

More generally, for the same protein, the residues under se-

lection in the turquoise killifish differ from those uniquely

changed in the long-lived bowhead whale (Table S4G, and

mapping for CEL(7of7) in Figure S4F). Thus, proteins that

act as central nodes could have been selected to underlie

both compressed and extended life trajectories, depending

on the residues. Alternatively, the same proteins could have

been selected because both the turquoise killifish and long-

lived species exhibit resistance to stress—during diapause

for the turquoise killifish and throughout life for long-lived

species.
e of the African Turquoise Killifish

llifish strain (GRZ). Scaffolds that are not captured by the linkage map remain

se killifish genome. High-confidence protein coding genes are genes with ho-

g RNA; miRNA: microRNA. See also Figures S2E and S2F and Tables S1A and

E: long interspersed nuclear element; SINE: short interspersed nuclear element;

osons are DNA-mediated. See also Tables S1C–S1E.

(IGF1RA).
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(A) Phylogenetic tree of 20 animal species, including the turquoise killifish, based on 619 one-to-one orthologs (Table S2C). Number on nodes: level of confidence

(% bootstrap support). Scale bar: evolutionary distance (substitution per site). Maximum lifespan data are from our experimental data (turquoise killifish) or from

the AnAge database (other fish species), and represented as a heat map.

(B) Proportion and analysis of the genes under positive selection in the turquoise killifish compared to 7 other fish species after multiple hypothesis correction

(FDR < 5%). See also Figure S3A.

(C) Selected GO term enrichment for the genes under positive selection in the turquoise killifish. The number of genes associated with each category is indicated

in brackets after the term description, and enrichment values are indicated in colored scale. See also Table S3C.

(D) Predicted functional effect on the protein of residues under positive selection in the turquoise killifish have based on SIFT (top row) and PROVEAN (bottom

row). Residues are ordered from left to right based on the rank-product of the SIFT and PROVEAN scores. Only sites scored by both methods are displayed. See

also Figure S3B and Tables S3D, and S4G.
Sequencing Individuals from Additional Turquoise
Killifish Strains Reveals Variants in Aging-Related
Genes
Within the turquoise killifish species, there exist several strains

with reported differences in lifespan in specific laboratory envi-

ronments (Kirschner et al., 2012; Terzibasi et al., 2008) (Fig-

ures 5A, S5A, and 6B), and these differences could be leveraged
1544 Cell 163, 1539–1554, December 3, 2015 ª2015 Elsevier Inc.
to understand the genetic architecture of lifespan. To assess

the genetic differences among turquoise killifish strains, we

sequenced at lower coverage individuals from two additional

strains that were captured in Mozambique in 2004 and 2007

(MZM-0403 and MZM-0703, respectively) and from a control

GRZ individual (Figure 5A). This analysis uncovered over three

million single nucleotide polymorphisms (SNPs) between
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Figure 4. Aging and Longevity Genes under Positive Selection in the Turquoise Killifish andwith Variants in Long-Lived Species or in Humans
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(legend continued on next page)
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MZM-0403 or MZM-0703 and the reference GRZ genome (Fig-

ures 5A, 5B, and S5B). As expected, there were fewer SNPs

between theGRZ individual and the referenceGRZ genome (Fig-

ures 5A and S5B).

To identify potential genetic differences associated with

phenotypic diversity (e.g., lifespan, color, etc.) among strains,

we focused on SNPs that are shared between the longer-lived

red-tailed MZM strains, but not by the shorter-lived yellow-tailed

GRZ reference strain (Figure 5C). We identified 22,389 non-syn-

onymous SNPs in 10,638 genes, and 139 of these genes over-

lapped with known aging-related genes that encompassed all

9 ‘‘hallmarks of aging’’ (López-Otı́n et al., 2013) (Figure 5D and

Table S5A). A number of these SNPs are predicted to have

functional impact on the protein (Figure 5D and Table S5B).

Genes with functional variants between turquoise killifish strains

include insulin/IGF signaling pathway genes (GHR(1of4) and

FOXO4 transcription factor) and inter-cellular communication

genes, such as progranulin (GRN, also known as PGRN) (Fig-

ure 5D). While this analysis does not identify the specific variants

that explain lifespan differences between strains, it provides a

resource for the study of genetic variation in this species.

Identification of a Genomic Region Significantly
Associated with Differences in Lifespan between
Turquoise Killifish Strains
To identify genomic regions that are important for lifespan dif-

ferences between turquoise killifish strains, we performed a ge-

netic linkage analysis in a cross between the shorter-lived and

longer-lived strains (Figure 6A). We used the shorter-lived refer-

ence strain captured in Zimbabwe in 1968 (GRZ) and longer-

lived strains derived from expeditions in Mozambique in 2007

and 2006 (MZM-0703 and Soveia) (Figure S5A). These strains

exhibit differences in lifespan in the laboratory conditions used

in this study (Figure 6B and Table S6A), although the number

of animals was low for the Soveia strain and differences between

strains could have been accentuated by the laboratory condi-

tions used. We crossed a female from the GRZ strain to a male

from the MZM-0703 strain (‘‘cross GxM,’’ Figure 6A), as well as

a female from the Soveia strain with a male from the GRZ strain

(‘‘cross SxG,’’ Table S6A). F1 fish were interbred and the lifespan

of as many F2 fish as possible (430 for cross GxM, and 130 for

cross SxG) was scored. F1 and F2 fish live longer than the

short-lived GRZ parental strain in both crosses (Figure 6B, and

Table S6A), suggesting that the long lifespan trait is dominant

over the short lifespan trait. Similar lifespan results were ob-

tained with cross GxM (in which the female is from the shorter-
(C) Aging and longevity candidates under positive selection in the short-lived turqu

aging-related genes from the GenAge database (human and mouse combined, T

LongevityMap database (Table S4A). Right: other genes that are also under po

phenotypes (naked mole rat, Brandt’s bat, bowhead whale).

(D) Location and variants of residues under positive selection in the turquoise killi

human centenarians. Top: turquoise killifish variants, with the changed amino a

variants associated with centenarians in humans or residues with unique amin

sequence. The variants correspond to the amino acids on the right.

(E) Location and variants of residues under positive selection in the turquoise k

centenarians. Top left: turquoise killifish variants, with the changed amino acid on

onto the turquoise killifish sequence. Bottom: Variants in Hutchinson-Gilford Proge

the amino acids on the right. For the turquoise killifish, color represents the stren
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lived strain) and cross SxG (in which the male is from the

shorter-lived strains), suggesting that there is no major maternal

contribution to lifespan. Surprisingly, while males and females

had a similar lifespan in the parental strains, males were signifi-

cantly longer-lived than females in the F1 and F2 generation of

cross GxM (Figures S6A–S6D), implying a possible interplay be-

tween lifespan and sex.

To identify the genomic regions significantly associated with

lifespan differences, we conducted a genome-wide linkage anal-

ysis using cross GxM because of the higher number of F2

individuals in this cross. Using restriction-site associated DNA

sequencing (RAD-seq) to genotype P0 grandparents (2), F1

fish (16), and a large subset of F2 fish (207), we identified 8,399

high-confidence genomicmarkers that displayed SNPs between

the grandparents. These markers allowed us to build a high-res-

olution linkage map with 19 linkage groups (LGs), providing an

anchor to our reference genome (Figure 6C). Importantly, the

number of LGs is the same as the haploid number of chromo-

somes in this species (19) (Reichwald et al., 2009).

We then mapped individual lifespan as a phenotype using a

method based on Random Forest. The most significant genetic

region associated with lifespan is on linkage group 3 (LG-3) (Fig-

ure 6C). This region was found to be associated with lifespan

differencesby two independent statisticalmethods,RandomFor-

est and log-rank test, and it reached genome-wide significance in

theRandomForestQTLanalysis (FDR<5%). Importantly, the life-

span QTL on LG-3 was ‘‘non-transgressive,’’ i.e., the individuals

with the longer-lived grandparents genotype at this locus (Fig-

ure 6D, red) were the longest-lived. The fact that individuals with

a heterozygous genotype at this locus do not live longer than in-

dividuals with either grandparent genotype (Figure 6D) argues

against hybrid vigor, consistentwith the absenceof global enrich-

ment in heterozygous fish in longest-lived F2 individuals (Fig-

ure S6E). Individuals with one or both alleles from the longer-lived

grandparent at the QTL peak marker exhibited a �30% increase

in lifespan (p = 1.63 10�3 and p = 1.83 10�3, respectively, in log-

rank tests) compared to individuals with both alleles from the

shorter-livedgrandparent (Figures 6EandS6F). Thus, this genetic

region on LG-3 has a significant contribution to the lifespan differ-

ence in the F2 generation of this cross.

The Genomic Region Associated with Lifespan
Differences between TurquoiseKillifish Strains Is on the
Sex Chromosome
Interestingly, the genetic region associated with differences

in lifespan among turquoise killifish strains is close to the
oise killifish and their variation in long-lived animal species and in humans. Left:

able S4A). Middle: genes identified in association studies in humans from the

sitive selection or uniquely changed in other species with extreme longevity

fish for IGF1R(1of2), and their location and variants in long-lived species and in

cid on the right. Color represents the strength of functional impact. Bottom:

o acid changes in long-lived Brandt’s bat mapped on the turquoise killifish

illifish for LMNA(3of3), and their location and variants in progeria and human

the right. Top right: variants associated with centenarians in humans mapped

ria Syndromemapped onto the turquoise killifish sequence. These variants are

gth of functional impact.
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sex-determination region (Figure 7A). A previous study identified

a lifespan QTL in the linkage group linked to sex but at the time

this QTL could not be resolved from the sex-determination re-

gion (Kirschner et al., 2012). Using our high-density linkage

map, we found that the lifespan QTL and the sex-determining

region are on the same linkage group, but 36–38 cM apart (Fig-

ure 7B, top), although distance estimates in a sex-linked region

cannot be fully accurate due to suppressed recombination near

the sex-determining region. Individuals with both alleles from

the long-lived grandparent at the lifespan QTL peak marker ex-

hibited significant increase in lifespan (Figure 7B, bottom). The

lifespan QTL also remained significant even after regressing

for sex (Figures 6D and 7C). Importantly, the marker with the

highest significance for lifespan was associated with longevity

in both males and females (Figure S6F), ruling out the possibil-

ity that significance is due to a potential bias coming from

the males. Together, these results strongly support that the

lifespan QTL and the sex-determining region are linked, but

distinct.

Genes in the Region Associated with Lifespan
Differences
We next used the turquoise killifish genome to identify the

specific genes in the region associated with lifespan differences

between strains. The lifespan QTL region captures genomic

scaffolds encompassing 31 protein-coding genes, 6 long non-

coding RNA genes, and 2 small nucleolar RNA genes (snoRNA)

(Figure 7C and Tables S7A–S7E). Among the 31 protein-coding

genes, 7 had already been linked to the regulation of aging or life-

span in humans or model organisms (Figure 7C and Table S7A).

These include the gene encoding progranulin (GRN), which has

been implicated in neurodegenerative diseases (Wang et al.,

2010) and lifespan regulation in mice (Ahmed et al., 2010)

(Figure 7C). Another interesting candidate is NUDT1, which is

involved in the hydrolysis of 8-oxo-dGTP, a deleterious nucleo-

side that increases with aging in mitochondrial DNA (Souza-

Pinto et al., 1999) (Figure 7C). NUDT1 overexpression extends

lifespan in mice (De Luca et al., 2013). Yet another intriguing

candidate is GSTT1A, which encodes a gluthathione S-trans-

ferase, a class of redox homeostasis enzymes that regulate life-

span in worms and mice (Ayyadevara et al., 2007; Pesch et al.,

2004) (Figure 7C). Finally, this region comprises genes encoding

two transcription factors (STAT3, STAT5.1(2of6)) that have been

implicated in regulating ‘‘inflammaging’’ (De-Fraja et al., 2000)

(Figure 7C).

Of the 31 genes underlying the lifespan QTL, 15 harbored

non-synonymous coding differences between the P0 individ-
Figure 5. Genetic Variation in Individuals from Different Strains of the

(A) Resequencing of individuals from different turquoise killifish strains (GRZ, M

environments. SNPs: Single Nucleotide Polymorphisms.

(B) Circos plot of the 100 longest scaffolds showing SNP density in resequenced in

versus the reference GRZ assembly.

(C) Unique and shared SNPs between resequenced individuals from reported sho

reference GRZ assembly. Values in the Venn diagram should be multiplied by 10

(D) Non-synonymous SNPs specific to individuals from the longer-lived strains

Aging-related genes were obtained from the GenAge database (human and mou

variant with predicted functional effect by both SIFT and PROVEAN (bolded gen
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uals (Figures 7C and S7A, and Table S7A). For 6 of these

15 genes (ATXN7L1, GRN, HIPK2(11of26), IFI35, TTYH3A and

ZNF800A), the coding differences occur in otherwise well-

conserved residues, are also observed in the resequenced

MZM-0403 individual, and the variant in the longer-lived P0 cor-

responds to the consensus from other species (Figures S7B–

S7D; Table S7A). The presence of several of these variants in

cross GxM P0 founders was confirmed by Sanger sequencing

(Table S7E). Interestingly, one of the variants in the turquoise kil-

lifish GRN (W449 in the shorter-lived strain and C449 in the

longer-lived strain) is within amotif that plays a key role in protein

folding and that is mutated in frontotemporal dementia (FTD)

(Wang et al., 2010) (Figure 7D). Consistently, this turquoise killi-

fish variant is predicted to have functional consequences (Fig-

ure 7D and Tables S7G and S7H). This variant is also found in

wild fish captured during our expedition to Mozambique and

Zimbabwe in 2010 (Figure S7E and Table S7F), indicating that

it is not a spurious mutation that arose in the laboratory or from

the bottleneck of a rare allele. Thus, coding variations in GRN

or other candidates may underlie differences in lifespan between

strains of this species, although we cannot exclude that non-

coding variants are responsible for these phenotypic difference

(Figure S7A).

We wondered if the number of aging genes within the lifespan

QTL was higher than expected by chance. Statistical analysis

showed that the lifespan QTL region is significantly enriched

for known aging-related genes (GenAge, mouse and human

combined, Table S4A) compared to the rest of LG-3 (p =

6.4 3 10�4, Fisher’s exact test) or to all linkage groups (p =

2.1 3 10�4, Fisher’s exact test) (Figure 7E). This significant

enrichment for known aging and longevity genes in the region

underlying the lifespan QTL suggests that a haplotype block

containing a cluster of genes, rather than a single gene, might

be involved in the observed lifespan difference. Sex-deter-

mining regions are usually regions of suppressed recombina-

tion, and indeed the recombination frequencies are the lowest

in the region associated with sex determination (Figures S7F

and S7G). Intriguingly, the recombination frequencies are lower

than expected throughout the entire LG-3, including the life-

span QTL region (Figures 7E, S7F, and S7G), compared to

the rest of the genome. This haplotype block might have

formed because of the suppressed recombination in this re-

gion, due to its proximity with the sex-determining region

(Figure 7E). While this may be fortuitous, the presence of the

lifespan-determining region on the sex chromosome might

have evolved to couple strategies of fast reproduction with

genes involved in overall fitness.
Turquoise Killifish

ZM-0703, MZM-0403) with different reported lifespans in specific laboratory

dividuals from different turquoise killifish strains (GRZ,MZM-0703,MZM-0403)

rter-lived (GRZ) or longer-lived strains (MZM-0703 and MZM-0403) versus the

00 and are rounded for concision.

(MZM-0403 and MZM-0703) in genes encompassing the hallmarks of aging.

se combined, Table S4A). All presented aging-related genes had at least one

es) or by SIFT or PROVEAN (non bolded genes) (see also Table S5B).
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DISCUSSION

The Genome of One of the Shortest-Lived Vertebrate
Species: A Resource for Comparative, Experimental,
and Evolutionary Genomics
The African turquoise killifish reference genome and transcrip-

tome, high-density genetic linkage map, and a comprehensive

genome browser represent great resources for the explora-

tion of the genetic principles and the evolution underlying

several unique traits in this species, such as a compressed

life cycle and embryonic diapause. These resources, com-

bined with the rapid experimental capacity of this fish, provide

an unprecedented setting for evolution and genetic studies in

vertebrates.

Evolution of the Lifespan Differences between Species
The forces that shape differences in lifespan in nature are

still largely unknown. Extrinsic mortality imposes a strong

constraint for rapid reproduction, which may ultimately result

in the evolution of shorter adult lifespan (Chen and Maklakov,

2012). The complete desiccation of the turquoise killifish ponds

during the dry season represents a potent extrinsic mortality

constraint that may have resulted in the evolution of acceler-

ated sexual maturation. Short lifespan might have evolved as

the pleiotropic byproduct of rapid sexual maturation or could

have resulted from relaxed negative selection on several genes.

The abundance of transposable elements in the turquoise killi-

fish genome might have played a role in the evolution of its

compressed lifespan.

Intriguingly, genes implicated in insulin/IGF signaling and

genome maintenance are under positive selection or uniquely

changed in exceptionally long-lived mammals such as the naked

mole rat (Kim et al., 2011), Brandt’s bat (Seim et al., 2013), and

bowhead whale (Keane et al., 2015). IGF1R has also been shown

to be under positive selection in the genome of a short-lived pri-

mate, the marmoset (The Marmoset Genome Sequencing and

Analysis Consortium, 2014), raising the exciting possibility that

the same gene may be modified to evolve compressed or

extended life trajectories under different environmental con-

straints. IGF1R, which controls organismal growth, sexual matu-

rity, fertility, and fitness, may be particularly ‘‘tunable’’ for the

evolution of different life strategies.
Figure 6. Genetic Architecture of Lifespan Using a Cross between Sho

(A) Scheme of crossGxM. A female from the shorter-lived GRZ strain was crossed

F1 individuals were mated to generate F2 progeny.

(B) Lifespan of the parental strains, F1, and F2 progeny of cross GxM in the ca

differential survival compared to GRZ individuals in log-rank tests are indicated.

(C) Circos plot representing the linkage map of cross GxM and association of ma

composed of 19 linkage groups (LG). The association of eachRAD-seqmarker wit

q-value (red dots). The 5% FDR significance threshold is denoted by a black lin

scaffold length is scaled to genetic distance (cM) and not physical distance (bp).

(D) The lifespan QTL is non-transgressive. Upper: Raw �log10 (Random Forest

�log10 of the Random Forest Analysis q-values for association of markers to lif

founding variable. Bottom: Survival stratified by genotype associated with eachma

grandparent (red) exhibit highest survival at the�35 cM position on LG-3, whereas

exhibit lowest survival. Light red rectangle: lifespan QTL region.

(E) Lifespan of fish with different genotypes at themarker that ismost significantly

survival compared to individuals with the GRZ/GRZ genotype in log-rank tests a
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Genetic Architecture of Lifespan between Turquoise
Killifish Strains
A region associated to lifespan differences between turquoise

killifish strains contains a cluster of known aging and longevity

genes. The gene encoding progranulin (GRN) is particularly inter-

esting as it influences lifespan in mice (Ahmed et al., 2010) and

contributes to age-related diseases in humans, in particular

frontotemporal dementia (Baker et al., 2006). It will be important

to determine the functional consequences of the turquoise killi-

fish GRN variants, for example in stress response (Judy et al.,

2013). Variants in non-coding genes or regulatory regions,

such as enhancers, may also mediate the observed lifespan dif-

ferences between fish strains. Finally, the differences in lifespan

between turquoise killifish strains may be accentuated in the

specific laboratory setting used in this study, and the genetic re-

gion identified may represent the interaction between genetic

determinants in this particular environment.

A Cluster of Aging and Longevity Genes Linked to the
Sex-Determining Region
The most important region associated to differences in lifespan

between turquoise killifish strains is on the sex chromosome,

consistent with a previous finding (Kirschner et al., 2012). Our

high-resolution genetic linkage map enabled us to show that

the lifespan QTL is linked to, but distinct from the sex-deter-

mining region, within a region of suppressed recombination.

The association between the sex-determining region and the life-

span QTL raises the intriguing possibility that these regions

might have co-evolved. Alternatively, conditions of partially sup-

pressed recombination might have allowed this trait to hitchhike

on the sex-determining region without any direct fitness benefit.

In conclusion, our analyses reveal a possible association be-

tween lifespan and sex determination in the turquoise killifish

and identify several potential candidates that may underlie life-

span differences across taxa. The African turquoise killifish

genomic and genetic resources should help further explore the

genetic basis of longevity and the evolutionary forces that shape

vertebrate life history traits in nature.

EXPERIMENTAL PROCEDURES

Additional details are provided in the Supplemental Experimental Procedures.
rter-Lived and Longer-Lived Strains of the Turquoise Killifish

with amale from the longer-livedMZM-0703 strain (P0) to generate F1 progeny.

ptive conditions used in this study (pooled males and females). p values for

See Table S6A for complete statistics.

rkers with lifespan by quantitative trait locus (QTL) analysis. The linkage map is

h differences in lifespan is represented as –log10 of the RandomForest Analysis

e. There is one marker above this threshold in LG-3 (lifespan QTL). Genomic

Analysis q-value) for association of markers to individual fish lifespan. Middle:

espan after sex regression to account for the possible effect of sex as a con-

rker on LG-3. Homozygoteswith alleles coming from the long-livedMZM-0703

homozygotes with alleles coming from the short-lived GRZ grandparent (blue)

associated to the lifespan QTL (RAD-seqmarker 46347). p values for differential

re indicated. See also Table S6B for complete statistics.
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Figure 7. The Lifespan QTL Is Linked to the Sex-Determining Region and Contains a Cluster of Aging Genes
(A) Circos plot representing the association of markers with sex by QTL analysis in cross GxM. The association of each RAD-seq marker with sex is represented

as �log10 of the Random Forest Analysis q-value (turquoise dots). The 5% FDR significance threshold is denoted by a black line. There is a cluster of markers

above this threshold in LG-3 (sex-determining region).

(legend continued on next page)
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Assembly of the Turquoise Killifish Genome and Identification of

Genetic Variants between Different Strains

Genomic DNA was isolated from African turquoise killifish individuals from the

inbred strain GRZ, and 10 libraries with varying insert sizes were constructed

for Illumina sequencing on HiSeq2000 instruments. Assembly was performed

usingSGA(SimpsonandDurbin, 2012) andSOAPdenovo (Luoetal., 2012), scaf-

folding usingSSPACEBasic (Boetzer et al., 2011) andGap-filling usingGapFiller

(Nadalin et al., 2012). The SGA and SOAP genome assemblies were reconciled

using GARM (Soto-Jimenez et al., 2014). Higher-order scaffolding was per-

formed using raw reads from Illumina paired-end RNA-seq libraries and the

linkage map from cross GxM (see below). To identify genetic variants among

different strains of the turquoise killifish, we resequenced the founders of cross

GxM(GRZ female andMZM-0703male) andamale individual fromanotherwild-

derived strain (MZM-0403). We used the GATK genotyping pipeline (McKenna

et al., 2010) to call variants between turquoise killifish strains. The turquoise

killifish genome browser is at http://africanturquoisekillifishbrowser.org.

De Novo Prediction and Annotation of Protein Coding Gene Models

The MAKER2 pipeline was used to generate putative protein coding gene pre-

dictions (Holt and Yandell, 2011) supported by two ab initio gene prediction

approaches. To annotate protein-coding genes from predictions, a homol-

ogy-based approach using 19 other genomes (Table S2B) was implemented,

leading to a final set of 28,494 turquoise killifish putative protein coding genes.

Identification of Turquoise Killifish Genes under Positive Selection

and Prediction of Their Functional Impact

The genes under positive selection were identified using a branch-site model

implemented in PAML (Yang, 2007). Single ortholog protein families were iden-

tified using the eight teleost fish genomes in our analysis. Proteins from each

family were aligned using PRANK (Löytynoja and Goldman, 2005) and the re-

sulting alignments were filtered in GUIDANCE (Penn et al., 2010). CODEML

was then used to predict the genes and individual sites under positive selec-

tion in the turquoise killifish lineage after stringent filtering andmultiple hypoth-

esis correction. Functional impact for the residues under positive selection or

the non-synonymous variants between killifish strains was assessed using two

prediction algorithms: PROVEAN (Choi et al., 2012) and SIFT (Kumar et al.,

2009).

Linkage Map and QTL Mapping

One female from the GRZ strain was crossed with one male from the MZM-

0703 strain (cross GxM), and one female from the Soveia strain was crossed

with a male from the GRZ strain (cross SxG). F1 fish were interbred in families

to generate F2 fish and lifespan was scored as the age at death for all individ-

uals (raised in cohorts of mixed sexes). RAD-seq libraries for 225 samples from

the cross GxM and for 86 from the SxG cross were prepared as described (Et-

ter et al., 2011). This resulted in 8,399 polymorphic markers for cross GxM.We

built a linkage map for cross GxM with R/qtl using RAD-seq markers that had
(B) The lifespan QTL is distinct from the sex-determining region. Top: Random For

log-rank survival analysis in the F2 generation of crossGxMbetween homozygote

at each marker. Light red rectangle: Lifespan QTL region.

(C) Identification of the genes underlying the lifespan QTL on LG-3. Left: Sex-regre

lifespan. Dashed lines delimit the lifespan QTL. Right: lifespan QTL region on LG3

blue colors. Markers are linked to the mid-points of the scaffolds. Genes in red ha

combined, Table S4A) or manually curated from the literature (asterisks, Table S7A

residues. See also Figures S7B–S7G.

(D) Location of residues with putative functional consequences and associated

represents the strength of functional impact. Top: NMR structure of human ortho

insert: alignment of the residue with strong functional effect W449 in the turquoise

region surrounding a mutation found in human frontotemporal dementia (FTD) pa

the residues mapped on the turquoise killifish protein sequence (gray).

(E) Cluster of known aging genes in the lifespan QTL region, in a region of suppres

genes (from GeneAge, human and mouse combined) in the lifespan QTL region (p

10�4 in Fisher’s exact test, compared to the rest of LG-3). Bottom: measure of su

progeny at each marker on LG-3. See also Figures S7H and S7I. Dash line indica

QTL region. Turquoise rectangle: sex-determining region.
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homozygous haplotypes in the grandparents. After stringent filtering of

markers and individuals, the final linkage map comprised 193 F2 individuals

and 5,757 RAD-seq markers. QTL detection was conducted using a Random

Forest-based method (Clément-Ziza et al., 2014), which uses genetic markers

as predictors to model the traits and where population structure is modeled as

covariates.

ACCESSION NUMBERS

The accession number for all new GRZ genome and transcriptome libraries

and RAD-seq libraries reported in this paper is SRA: SRP041421. The acces-

sion number for the H3K4me3ChIP-seq data in the brain reported in this paper

is SRA: SRP045718. The accession number for the draft genome reported in

this paper is GenBank: JNBZ00000000.
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seven figures, and seven tables and can be found with this article online at
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sky, E., Groth, M., Shagin, D., Petzold, A., et al. (2012). Mapping of quantitative

trait loci controlling lifespan in the short-lived fish Nothobranchius furzeri–a

new vertebrate model for age research. Aging Cell 11, 252–261.

Kumar, P., Henikoff, S., and Ng, P.C. (2009). Predicting the effects of coding

non-synonymous variants on protein function using the SIFT algorithm. Nat.

Protoc. 4, 1073–1081.
Cell 163, 1539–1554, December 3, 2015 ª2015 Elsevier Inc. 1553

http://refhub.elsevier.com/S0092-8674(15)01488-9/sref1
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref1
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref1
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref1
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref2
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref2
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref2
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref3
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref3
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref3
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref3
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref4
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref4
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref4
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref4
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref5
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref5
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref5
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref6
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref6
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref7
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref7
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref7
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref8
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref8
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref8
http://dx.doi.org/10.1111/brv.12183
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref10
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref10
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref11
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref11
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref11
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref12
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref12
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref12
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref12
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref13
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref13
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref13
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref13
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref14
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref14
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref15
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref15
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref15
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref15
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref16
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref16
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref16
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref17
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref17
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref17
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref17
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref18
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref18
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref18
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref19
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref19
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref19
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref19
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref20
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref20
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref20
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref21
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref21
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref21
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref22
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref22
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref22
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref23
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref23
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref24
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref24
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref24
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref24
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref25
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref25
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref26
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref26
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref26
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref27
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref27
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref27
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref27
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref28
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref28
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref28
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref29
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref30
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref30
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref31
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref31
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref31
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref31
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref32
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref32
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref32
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref32
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref33
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref33
http://refhub.elsevier.com/S0092-8674(15)01488-9/sref33
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