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SUMMARY

Changes in bone size and shape are defining features of many vertebrates. Here we use genetic 

crosses and comparative genomics to identify specific regulatory DNA alterations controlling 

skeletal evolution. Armor bone size differences in sticklebacks maps to a major effect locus 

overlapping BMP family member GDF6. Freshwater fish express more GDF6 due in part to a 

transposon insertion, and transgenic overexpression of GDF6 phenocopies evolutionary changes 

in armor plate size. The human GDF6 locus also has undergone distinctive regulatory evolution, 

including complete loss of an enhancer that is otherwise highly conserved between chimps and 

other mammals. Functional tests show that the ancestral enhancer drives expression in hindlimbs 

but not forelimbs, in locations that have been specifically modified during the human transition to 

bipedalism. Both gain and loss of regulatory elements can localize BMP changes to specific 

anatomical locations, providing a flexible regulatory basis for evolving species-specific changes in 

skeletal form.
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INTRODUCTION

Striking changes in vertebrate skeletal structures underlie interesting differences in 

locomotion, foraging, prey capture, competition, and body defense (Flower, 1870). BMPs 

are key signaling molecules that are known to be necessary, sufficient, and expressed at the 

right time and place to control local formation of bones and joints during normal 

development (Kingsley, 1994). Gain and loss of specific enhancers in BMP genes have long 

been proposed as plausible mechanisms for evolving new skeletal structures while 

preserving other essential functions (Kingsley, 1994; Abzhanov et al., 2004; Albertson et al., 

2005; Guenther et al., 2008). However, the molecular changes that underlie different BMP 

expression are still unknown, and could map either to the BMP genes themselves, or to other 

trans-acting factors that alter BMP expression indirectly.

Genetic mapping of skeletal traits provides a powerful method for identifying the number 

and location of loci controlling interesting skeletal differences. Stickleback fish are 

particularly well suited for such studies, because many newly established freshwater 

populations have repeatedly evolved dramatic differences in skeletal structures following 

widespread melting of glaciers 10,000-20,000 years ago (Bell and Foster, 1994). Naturally 

occurring species with major changes in armor and trophic structures can still be crossed 

using artificial fertilization in the laboratory. Linkage analysis has mapped major 

quantitative trait loci (QTL) controlling a variety of skeletal traits (Kingsley and Peichel, 

2007; Miller et al., 2014). Two of these QTL, which control two thirds or more of the 

variance in armor plate number and pelvic hindfin size, have now been traced to changes in 

the Ectodysplasin (EDA) and Pituitary homeodomain protein 1 (PITX1) genes (Colosimo et 

al., 2005; Chan et al., 2010).

Comparative sequencing and genome scanning provide another useful method for 

identifying genomic intervals with striking differences between species. For example, 

genome-wide sequence analysis has identified loci that show evidence of positive selection 

among modern humans that differentiate us from Neandertals, or that show unique sequence 

changes in humans compared to chimpanzees or more distantly related mammals (reviewed 

by Fu and Akey, 2013). Complete genome sequence analysis of replicate marine-freshwater 

pairs has identified a large number of loci with consistent changes seen during recent 

stickleback evolution. The overall set of repeatedly selected regions suggests that non-

coding regulatory changes play a predominant role in stickleback evolution (Jones et al., 

2012).

Despite the power of comparative sequence analysis to implicate particular genomic regions 

in evolutionary change, the particular traits controlled by most regions found by genome 

scanning are still unknown (Fu and Akey, 2013). Here we combine phenotypic information 

from QTL mapping and genome scan information from comparative sequencing to identify 

evolutionary mechanisms controlling armor plate size in sticklebacks. Our studies show that 

repeated evolution of armor plate size in freshwater sticklebacks has occurred in part by a 

cis-acting increase in expression of a particular BMP family member, Growth/differentiation 

factor 6 (GDF6) (Storm et al., 1994). We also show that the primate GDF6 locus had 

undergone cis-acting regulatory changes in humans, including the deletion of an enhancer 
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sequence that normally controls expression in hindlimb structures that have undergone 

significant changes in the human transition to bipedalism. Regulatory changes in GDF6 

expression may thus be a recurrent mechanism for evolving species-specific changes in 

skeletal structures, through both gain and loss of regulatory enhancers that control 

expression in particular anatomical domains of the body.

RESULTS

Fine Mapping of Stickleback Armor Plate Size

Marine sticklebacks are covered by large armor plates made of dermal bone. Freshwater fish 

have typically evolved both fewer and smaller plates, which may contribute to neutral 

buoyant density in freshwater, reduced metabolic demand for calcium and phosphate, or 

increased body flexibility and higher burst swimming speed (Giles, 1983; Bergstrom, 2002; 

Myhre and Klepaker, 2009). Previous mapping studies show that distinct loci control the 

number and the size of armor plates in a cross between heavily armored marine and armor-

reduced freshwater sticklebacks (Colosimo et al., 2004). To further study the QTL with the 

largest effect on plate size, we separately measured both armor plate height and width in 

additional F2 progeny from the same marine x benthic cross, and typed fish with a dense set 

of microsatellite markers (Table S1) designed in the region surrounding previous peak 

marker on chromosome XX. Interestingly, armor plate height and width map to two distinct, 

but closely linked loci (Figure 1A), with 95% confidence intervals based on a 2- likelihood-

of-odds (LOD) score criterion spanning approximately 460 kb and 320 kb (chrXX:

3,280,000-3,740,000 and chrXX:3,700,000-4,020,000; respectively).

To compare these high-resolution mapping results with patterns of genomic sequence 

changes in natural populations, we also analyzed patterns of DNA sequence divergence 

between 11 different pairs of marine and freshwater fish (Table S2) for which whole 

genome sequence is available (Jones et al., 2012). For each pair, we counted the number of 

single nucleotide polymorphisms (SNPs) between the marine and the freshwater 

sticklebacks in a sliding window with size 2500 bp and step 500 bp, and expressed the 

results as fraction of divergent nucleotides per window (Figure 1B). This analysis reveals 

two major signals of repeated sequence divergence between freshwater and marine 

sticklebacks, one in the plate height QTL, and the other in the plate width QTL (Figure 1B).

Interestingly, the prominent sequence divergence peak in the plate height region is observed 

in many Atlantic and Pacific population pairs, while the sequence divergence peak in the 

plate width region is only seen in sticklebacks from the Pacific Ocean basin (Figure 1B). To 

test for possible geographic differences in armor plate morphology, we also measured the 

average height and width of plates in multiple populations from both ocean basins. 

Sticklebacks from the Pacific have significant reductions in both plate height and width, 

while sticklebacks from the Atlantic have a significant reduction only in plate height 

(Figures 1C and 1D), a pattern that matches the pattern of sequence differentiation seen in 

genomic comparisons. Thus, high resolution genetic mapping, patterns of DNA sequence 

divergence, and patterns of armor plate morphological change all suggest that the height and 

width of armor plates can be controlled independently.
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Coding and Regulatory Changes in Candidate Armor Plate Genes

Separate but closely linked morphological effects could be due either to distinct genes in the 

plate size region, or to distinct regulatory elements controlling a single key gene. Using the 

stickleback reference genome (Jones et al., 2012), and gene predictions based on 

ENSEMBL, GENSCAN, blastx, and stickleback expressed sequence tags (ESTs), we 

identify 17 genes in the plate height interval, and 11 genes in the plate width interval (Figure 

S1 and Table S3). A single gene encoding a bone morphogenetic protein, GDF6, is found in 

the small overlap between the two intervals (Figures 1B and S1, and Table S3). As expected, 

the QTL regions also include a large number of conserved non-coding elements (CNEs) 

(Figure S1A and Table S3), which often act as enhancers.

To look for possible coding region differences in these genes, we completely sequenced 

marine bacterial artificial chromosome clones (BACs) covering the plate size candidate 

regions, and compared the marine sequence to the reference freshwater genome and SNP 

information from previously sequenced populations (Jones et al., 2012). This analysis 

identified 82 SNPs in protein coding sequences that are found in many different stickleback 

populations (Table S4), most of which were synonymous mutations or missense mutations 

predicted to have little functional effects on proteins (Table S5).

The GDF6 gene showed no consistent marine freshwater amino acid changes. However it is 

a particularly interesting candidate gene for armor plate phenotypes since it is the only gene 

located in the overlap between the two armor plate size QTL intervals, and is known to be 

required for normal skeletal development in mice, humans, and fish (Settle et al., 2003; 

Tassabehji et al., 2007; Asai-Coakwell et al., 2009). To test for possible cis-acting 

regulatory changes in GDF6, we generated F1 hybrid fish from a cross between a large-

plated marine fish and small-plated freshwater fish, extracted RNA from the developing 

armor plate regions, and compared the relative expression levels of freshwater and marine 

GDF6 alleles. The freshwater GDF6 allele was expressed at significantly higher levels than 

the marine allele in heterozygous sticklebacks (Figure 2A). In contrast, freshwater and 

marine alleles of the nearby Branched Chain Alpha-Keto Acid Dehydrogenase (BCKDHB) 

gene showed balanced expression in developing armor plates (Figure 2A). Since all assays 

were done in the same trans-acting environment of F1 hybrid individuals, these results show 

that significant cis-regulatory changes have evolved in the stickleback GDF6 gene.

Identification of an Armor Plate Enhancer

The recurrent sequence divergence peak that we observe in the plate height QTL region 

(Figure 1B) is located over non-coding sequences. To test whether this region may 

correspond to a regulatory enhancer, we separately cloned the region from both marine and 

freshwater fish and assayed for the ability to drive consistent GFP reporter patterns in 

transgenic sticklebacks. The cloned region is 4.2 kb in the freshwater reference genome 

(chrXX:3,610,110-3,614,309). The corresponding marine region is shorter, primarily due to 

the absence of a 1.3 kb transposable element belonging to the L2 LINE family and part of an 

adjacent high-complexity repeat, which together account for 89.9% of the differences 

between the marine and freshwater sequences (Table S6). The flanking regions share 94.1% 

sequence identity, differing by 18 small indels and 89 SNPs (Table S6), 58 of which show a 
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greater than twofold difference in ecotypic allele frequency across many populations (Figure 

S2).

Constructs containing the marine or freshwater region were separately injected into fertilized 

one-cell stage marine embryos, and GFP expression was analyzed in developing fish. Many 

transgenic embryos injected with the freshwater allele expressed GFP along the developing 

flanks (6 out of 31 transgenic embryos) (Figure 2B). In contrast, flank expression was absent 

or weak when we injected the marine construct, with only 1 of 46 transgenic embryos 

showing a weak GFP signal anywhere along the flank (Fisher's Exact Test, p = 0.015). The 

plate size interval thus contains a regulatory enhancer for flank expression, and the multiple 

sequence changes seen between marine and freshwater fish lead to stronger expression from 

the freshwater enhancer.

To test the potential contribution of the transposon to increased expression from the 

freshwater enhancer, we modified the above transgenic constructs to either remove the 

transposable element (TE) from the freshwater enhancer or insert it into the corresponding 

location in the marine enhancer, and then compared the expression patterns of both modified 

and unmodified constructs in additional transgenic fish (Figure 2C). Flank GFP expression 

was again observed robustly in transgenic embryos injected with the pure freshwater 

construct (16/71), but not in embryos injected with either the pure marine construct (0/137), 

the “marine + TE” construct (0/372), or the “freshwater – TE” construct (0/291). Thus, the 

freshwater insertion is required, but not sufficient, to produce increased flank expression. 

These data suggest that the increased activity of the freshwater enhancer depends upon both 

the transposon as well as additional sequence differences flanking the insertion, consistent 

with the multi-step mutational changes also thought to contribute to other examples of 

evolved regulatory differences in both natural and laboratory populations (Rebeiz et al., 

2009; Frankel et al., 2011; Blount et al., 2012).

Recapitulation of Armor Plate Phenotypes in GDF6 Transgenic Fish

To directly test the functional effects of GDF6 expression on stickleback armor plate 

development, we cloned a stickleback GDF6 cDNA either under the control of the flank 

enhancer described above, or under the control of constitutive promoters from the pTK and 

pCMV genes. Constructs were injected into fertilized eggs from marine fish, and mosaic 

founder animals were aged to 6 months and scored for armor plate morphology. Multiple 

GDF6 transgenic sticklebacks showed either missing or smaller, shorter, plates (Figures 3 

and S3), mimicking the reduction of armor plate seen in freshwater fish. In contrast, similar 

armor plate changes were never observed in control siblings from the same crosses (7/163 

transgenic fish with plate phenotypes, versus 0/203 controls; Fisher's Exact Test p=0.003).

A Human-Specific Deletion of a Hindlimb Enhancer in the GDF6 Locus

Our combined mapping, expression, and transgenic experiments together provide strong 

evidence that cis-regulatory evolution of the GDF6 gene contributes to a classic skeletal 

difference in sticklebacks. Previous studies have shown that the same loci that underlie 

repeated evolution of stickleback traits may also be reused when related traits evolve in 

other species, including humans (Shapiro et al., 2006; Miller et al., 2007; Guenther et al., 
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2014). Because GDF6 shares the structural and developmental properties of other loci that 

appear to be favorable substrates for repeated evolution (Knecht et al., 2007; Stern and 

Orgogozo, 2009), we examined whether lineage-specific regulatory changes may have also 

occurred in GDF6 during evolution of novel skeletal structures in primates.

Previous genomic surveys have identified over 500 locations where humans have lost non-

coding DNA sequences that are otherwise highly conserved between chimpanzees and other 

mammals (McLean et al., 2011). Two of the 510 confirmed human conserved sequence 

deletions (hCONDELs) are located in the noncoding regions adjacent to the GDF6 gene 

(Figure 4A and Table S7). To test the possible regulatory activity of the ancestral noncoding 

sequences normally found at these locations, we separately cloned the chimpanzee 

sequences surrounding hCONDEL.305 and hCONDEL.306 into expression vectors 

containing a minimal promoter and lacZ reporter gene. Transgenic mouse embryos carrying 

chimp sequences surrounding hCONDEL.305 did not drive any consistent patterns of lacZ 

expression at the embryonic day 14.5 and 16.5 stages tested. In contrast, transgenic mouse 

embryos carrying the chimp sequences found at the location of hCONDEL.306 (Figure 4A) 

showed consistent expression that was strikingly localized in the posterior region of 

embryos, including strong expression in hindlimbs but not in forelimbs (Figure 4B).

For further studies of this expression pattern, we cloned the same chimp sequences upstream 

of a minimal-promoter tamoxifen-inducible Cre recombinase (CreER-T2) and generated 

stable transgenic mouse lines. The hCONDEL.306-hsp-CreER-T2 transgenic mice were then 

bred to floxed-ROSA26 reporter mice, and injected with tamoxifen at different 

developmental time points, in order to permanently mark by Cre-mediated recombination 

those cells expressing the GDF6 transgene at a particular developmental stage, as well as all 

of their descendants. Tamoxifen injections at E9.5, followed by lacZ staining at E12.5, 

revealed patterns very similar to those previously seen with the direct hCONDEL.306-hsp-

lacZ transgene (compare Figures 4B and 4C; see also Figure S4). Tamoxifen injections at 

both earlier and later stages continued to give patterns of expression in caudal and hindlimb 

structures, without labeling of either cranial or forelimb structures (Figure S5). Within 

hindlimbs, stronger expression was always seen in posterior hindlimb digits compared to the 

first digit (Figures 5 and S5). Sectioning showed that lacZ expression domains included the 

cartilaginous rudiments of developing digits (Figure 5B), surrounding soft tissue, and a 

specific anterior stripe of expression that corresponds to the abductor hallicus muscle of the 

first toe (Figure S6).

Skull and Digit Phenotypes in Gdf6 Knockout Mice

The mouse Gdf6 gene is known to be required for normal formation of particular joints in 

the wrist, ankles, middle ear, and vertebral column; and for formation of the coronal suture 

between the frontal and parietal bones in the skull (Settle et al., 2003). To test whether Gdf6 

also controls the size of bones, we measured skull and digit dimensions in wild type and 

Gdf6 knockout mice. The length, but not width, of dermal flat bones in the skull were 

significantly shorter in Gdf6 null mutant than wild type mice (Figure 6A). In addition, digits 

of Gdf6 null mutant mice were significantly shorter than those of control littermates (Figure 

6B), confirming that Gdf6 plays an important role in normal growth control of both skull 
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and digit bones. Interestingly, the enhancer that has been deleted in the human lineage 

normally drives a posterior-specific expression that excludes both cranial regions and 

forelimbs. Loss of this enhancer would thus preserve normal GDF6 functions in the skull 

and forelimbs, while confining any digit changes to the posterior digits of the hindlimb 

(Figure 5). The spatial specificity of the enhancer shows a striking correlation with known 

changes in hindlimb digit length and musculature that have evolved during the transition to 

bipedal locomotion in the human lineage (Figure 7A).

DISCUSSION

Previous studies have shown that major morphological differences in sticklebacks can be 

mapped to QTL controlling anywhere from 2.5 to 100% of the variance in the corresponding 

trait (Kingsley and Peichel, 2007; Miller et al., 2014). To date, only a few of the QTL with 

largest effects have been traced to particular genes. The major QTL controlling armor plates, 

pelvis, pigment, and teeth all correspond to key developmental control genes (PITX1, EDA, 

KITLG, BMP6), each of which plays multiple roles during normal development (Shapiro et 

al., 2004; Colosimo et al., 2005; Miller et al., 2007; Cleves et al., 2014). In each of these 

examples, freshwater stickleback populations have made cis-acting regulatory alterations in 

the corresponding gene that reduce expression at some but not all body sites (Miller et al., 

2007; Chan et al., 2010; Cleves et al., 2014; O'Brown et al., 2015). Our current studies show 

that armor plate size in sticklebacks is also controlled by regulatory changes in a major 

developmental signaling gene. However, in this case freshwater fish show increased rather 

than decreased expression, and transgenic experiments confirm that increased expression of 

GDF6 leads to reduction in armor plate size. These results show that QTL of intermediate 

effect size in sticklebacks are also associated with changes in essential developmental 

signaling molecules, and that either gain or loss of expression can contribute to evolutionary 

change in freshwater populations.

Adaptive Significance of Armor Plate Size

Armor plate reduction has evolved in parallel in many freshwater populations, strongly 

suggesting that smaller and fewer plates are adaptive in non-marine environments. Large 

protruding plates may facilitate stickleback capture by grappling insect predators 

(Reimchen, 1980). Fewer and smaller plates may facilitate faster burst swimming speed in 

freshwater sticklebacks (Bergstrom, 2002). Quantitative estimates suggest that the observed 

reduction in weight of mineralized bony armor structures in freshwater fish may help 

maintain neutral buoyancy after transition from marine to freshwater environments (Myhre 

and Klepaker, 2009). Smaller plates may also reduce metabolic demand for calcium and 

phosphate in ion-poor freshwater environments (Giles, 1983), an effect previously linked to 

higher growth rates for low-plated sticklebacks in freshwater (Barrett et al., 2008). Finally, it 

is possible that reductions in plate size are correlated with other traits that are actually under 

selection. For example, neuromast sensory structures form in close association with armor 

plates, and fish with reduced plates may show correlated changes in sensory structures or 

behavior (Wark et al., 2012; Greenwood et al., 2013).
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Transition to Bidepalism in Humans

In contrast to the uncertain ecological factors that have led to selection of reduced plate size 

in sticklebacks, it is relatively easy to envision factors that have selected for regional control 

of digit length in the human lineage. The human lineage is characterized by a transition from 

partially arboreal to full bipedal locomotion. This transition involved multiple skeletal 

changes that differ between forelimbs and hindlimbs, including: reduction of posterior toe 

lengths in feet but not hands, maintenance or strengthening of the size of the first digit to 

generate the characteristic big toe, and loss of first digit lateral mobility in the lower limb as 

the hallux became permanently aligned with other toes to provide balance, weight-bearing, 

and propulsion during upright walking (Harcourt-Smith and Aiello, 2004; Lovejoy et al., 

2009).

The regulatory change we have observed in the human GDF6 gene completely removes an 

interesting regional enhancer from a gene that is clearly required for normal skeletal 

development. The differences in anterior-posterior expression of the ancestral GDF6 

enhancer would limit any limb effect of the regulatory deletion to hindlimbs but not 

forelimbs, and to particular digits and muscles within the limb. Previous studies have shown 

that the GDF6 gene plays essential roles in skull suture formation, eye development, and 

formation of joints (Settle et al., 2003; Tassabehji et al., 2008; Asai-Coakwell et al., 2009). 

Our studies show that Gdf6 is also required for normal digit growth, with loss of Gdf6 

activity leading to shorter toes (Figure 6B). Deletion of a region-specific enhancer of the 

type identified here could limit the phenotypic consequences of a GDF6 regulatory mutation 

to posterior structures, avoiding negative pleiotropic consequences in the skull or forelimb, 

while modifying some of the same hindlimb bones and muscles that have undergone specific 

morphological changes during the evolution of bipedalism in the human lineage (Figure 

7A).

Regulatory Control of Morphological Evolution

Powerful developmental control genes surrounded by large sets of modular regulatory 

regions have now been found underlying multiple examples of morphological evolution in 

natural populations. For example, evolution of specific pigmentation patterns in the wings of 

Drosophila and the coats of mice have been traced to regulatory changes surrounding the 

yellow and agouti genes (Gompel et al., 2005; Linnen et al., 2013). Similarly, the detailed 

patterns of trichomes in Drosophila are influenced by genetic changes in multiple enhancers 

of the ovo-shaven baby gene, each controlling trichome development in specific anatomical 

regions (McGregor et al., 2007). Mimicry patterns in butterflies have long been known to 

map to a few chromosome regions with large effects. Recent studies suggest that different 

evolved patterns of wing shape and color are due to multiple regulatory changes surrounding 

key developmental control genes in the mimicry regions (Reed et al., 2011; Martin et al., 

2012).

Our results in both sticklebacks and mammals illustrate how detailed sizes and shapes of 

different bones in the vertebrate skeleton can also be controlled by specific regulatory 

changes in a BMP gene. Fine mapping of armor plate sizes reveals two distinct but closely 

linked genomic regions controlling different dimensions of plate size. These two regions 
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map on either side of the GDF6 gene, and may correspond to distinct regulatory control 

regions affecting gene expression in different skeletal domains. The mammalian GDF6 gene 

is also surrounded by a large array of distinct regulatory sequences, many of which show 

striking specificity for particular tissues or regions of the body (Figure 7B). The regulatory 

region missing in humans would only alter GDF6 function in specific domains of the body, 

providing a simple genomic mechanism that would limit any effects on digit size for 

example, to posterior toes of the hindlimb.

Interestingly, both increases and decreases of GDF expression can lead to reductions in bone 

size in particular regions. Previous studies show that GDF6 can promote chondrogenesis 

(Erlacher et al., 1998; Gooch et al., 2002; Nochi et al., 2004), but can also act as inhibitor of 

osteogenesis (Shen et al., 2009; Clendenning et al., 2012). Digit bones form from 

cartilaginous precursors, and smaller toes in Gdf6 mutants likely reflects reduced 

chondrogenic activity in developing footplates, similar to the shortening of endochondral 

bones seen with mutations in other closely related GDF signaling molecules (Storm et al., 

1994). In contrast, armor plates in sticklebacks, and skull bones in mammals, form directly 

as intramembranous bone without a cartilage template. Increased GDF6 expression in 

freshwater or transgenic fish may reduce the size of armor through its inhibitory effects on 

osteogenesis (Shen et al., 2009) rather than its stimulatory effects on chondrogenesis. 

Consistent with this model, loss of GDF6 activity in mutant mice actually expands 

ossification domains in the developing skull, leading to a failure to maintain undifferentiated 

suture mesenchyme between adjacent bones, as expected for decreased expression of an 

osteogenesis inhibitor (Clendenning et al., 2012). Expanded osteogensis then leads to early 

fusion of normally adjacent skull bones, with reduced postnatal skull expansion likely 

arising as a secondary consequence of premature bone fusion.

Over twenty years ago, the cloning and genetic studies of BMPs led to suggestions that gain 

and loss of specific regulatory elements within these genes may underlie the evolution of 

interesting skeletal features seen in different vertebrate species (Kingsley, 1994). While long 

distance regulatory elements were for many years difficult to identify in vertebrate genomes, 

subsequent studies have confirmed that many BMP genes, including GDF6, are surrounded 

by huge regulatory regions containing large numbers of modular enhancers (Mortlock et al., 

2003; Pregizer and Mortlock, 2009). Some of these enhancers appear to function as 

“anatomy elements” that drive expression not in all bones or all cartilage structures, but 

rather in particular regions or the body, particular subsets of bones, or particular growth 

domains surrounding individual bones (Guenther et al., 2008).

Recent studies have also identified changes in BMP expression that are directly or indirectly 

linked to classic examples of skeletal evolution in vertebrates, including changes in the size 

and depth of beaks in Darwin's finches (Abzhanov et al., 2004), and altered mandibles and 

tooth patterns in cichlid and stickleback fish (Albertson et al., 2005; Cleves et al., 2014). 

However the actual molecular changes that lead to these changes in expression have 

remained unknown. The current studies identify particular enhancer sequences in BMP 

genes whose changes can be linked to corresponding alterations in the skeletal structures of 

natural species. Additional studies are still required to identify the complete set of base pair 

alterations within the fish enhancer that are responsible for the GDF6 expression changes 
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and armor plate size alterations seen in sticklebacks. Future recreation of the human-specific 

deletion in mice will also make it possible to study the detailed phenotypes associated with 

complete loss of this interesting posterior-specific enhancer of the mammalian GDF6 gene. 

The combined examples from fish and humans suggest that both gain and loss of regional 

GDF6 expression can play an important role in modifying species-specific skeletal 

structures during vertebrate evolution.

EXPERIMENTAL PROCEDURES

QTL Mapping

Armor plate height and width were measured from Alizarin red stained F2 progeny from a 

marine by Paxton benthic cross (Colosimo et al., 2004). Residuals were calculated following 

correction for fish standard depth and length, respectively, and for sex using Minitab 

Release 13.31. Thirty new microsatellites (Table S1) were added to the LG20 meiotic map 

(Colosimo et al., 2004) using JoinMap 3.0. QTL mapping was performed using the Interval 

Mapping method in MapQTL 4.0. See Extended Experimental Procedures for further 

details.

Global Patterns in Sequence Divergence and Armor Plate Morphology

SNPs previously identified in 21 sequenced global stickleback populations (Table S2; (Jones 

et al., 2012)) were used to calculate the fraction of nucleotides that are divergent in pairs of 

freshwater and marine fish in a sliding window with size 2500 bp and step 500 bp. Armor 

plate height and width were measured for adult fish from the same 21 populations and were 

corrected for fish standard depth and length, respectively. See Extended Experimental 

Procedures for further details.

Gene Predictions and Coding Changes

The total number of genes in the plate size interval was predicted using ENSEMBL, 

GENSCAN, and blastx tools, and mapped ESTs. To identify coding changes in the plate size 

interval, BACs with genomic inserts from a marine fish population were completely 

sequenced and aligned to the coding regions of the reference freshwater stickleback genome. 

The observed SNPs were then intersected with the SNPs identified in the 21 stickleback 

genomes, and the effect of the non-synonymous sequence changes was evaluated using 

PolyPhen-2. See Extended Experimental Procedures for further details.

Allele-Specific Expression Studies

A Little Campbell River marine and a Matadero Creek freshwater fish were crossed using in 

vitro fertilization. Juvenile F1 hybrid fish were sacrificed, and developing armor plates and 

their surrounding skin tissues were collected. RNA was isolated using Tri reagent 

(Invitrogen) and was reverse transcribed using SuperScript III kit (Invitrogen) following 

manufacturer's recommendations. SNPs in the coding regions of GDF6 and BCKDHB were 

identified in the parental populations and were used for allele-specific assay design and 

pyrosequencing (EpigenDx). See Extended Experimental Procedures for further details.
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Fish Transgenics

The region with highest level of sequence divergence in the plate size QTL (chrXX:

3,610,110-3,614,309) was PCR amplified from a Little Campbell River marine and a Paxton 

Lake benthic fish. The alleles were then cloned into the pT2HE vector with minimal hsp70 

promoter driving either EGFP alone or fused with GDF6 cDNA and flanked by Tol2 

transposase recognition sites. The constructs were also modified to contain either the 

freshwater enhancer with the L2 LINE transposon removed, or the marine enhancer with the 

same transposon sequence inserted in the appropriate location. The constructs were then co-

injected with mRNA encoding the Tol2 transposase into fertilized one-cell stage embryos. 

The embryos were allowed to develop and were monitored daily for GFP expression 

patterns. Adult transgenic fish injected with GDF6 cDNA were sacrificed, tested for the 

presence of the GDF6 transgene using PCR, and stained with Alizarin red to examine 

skeletal structures. Skeletal phenotypes were further evaluated by micro-computed 

tomography (μCT) using a Scanco μCT40 operated at 70kVp, 114 μA, at medium resolution 

and with 2x-averaging. See Extended Experimental Procedures for further details.

Enhancer Assays

The chimpanzee versions of sequences missing in the human GDF6 locus were PCR 

amplified and cloned into hsp-lacZ and hsp-CreER-T2 minimal promoter expression vectors 

and injected into the pronuclei of fertilized FVB embryos (Xenogen and Stanford 

Transgenic Facility). The hCONDEL.306-hsp-CreER-T2 transgenic mice were then bred to 

floxed-ROSA26 reporter mice, and injected with tamoxifen at different developmental time 

points. For both types of constructs, functional enhancer assays were then carried out by 

staining for lacZ expression activity at multiple developmental stages. For more detailed 

analysis, lacZ stained hindlimbs were embedded in gelatin, sectioned in transverse 

orientation using a Leica CM3050 S, and counterstained with Nuclear Fast Red (Vector 

Laboratories, CA). See Extended Experimental Procedures for further details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genetic, Sequence, and Morphological Evidence for Dual Loci Controlling Armor 
Plate Dimensions in Sticklebacks
(A) Two distinct, but closely-linked loci regulate armor plate height and width. Plate height 

(green) and width (red) were mapped in a large marine x benthic F2 cross using MapQTL. 

Likelihood-of-odds (LOD) scores and the percent variance explained (PVE) for peak 

markers for each trait are shown. The 2-LOD intervals for each QTL are shaded (green and 

red, overlap in yellow), and high significance cut offs (1000 permutations with MapQTL; 

p<0.001) are shown with dotted lines. Representative fish from the grandparental marine 

and benthic populations stained with Alizarin red are shown.
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(B) There are two major peaks of repeated sequence divergence between freshwater and 

marine fish in the plate size interval. Sequence divergence between pairs (n=11) of 

geographically proximal marine and freshwater sticklebacks are plotted (colored lines). 

Populations are listed in Table S2. The 2-LOD score intervals for plate height and width 

(black rectangles), the GDF6 locus, and the region cloned for testing for enhancer activity in 

Figure 2 are shown.

(C and D) Geographic patterns in armor plate morphology match patterns of sequence 

divergence. Armor plate height (C) and width (D) were measured from adults (Table S2) 

from each of the twenty-one sequenced populations and were normalized for standard fish 

depth and length, respectively. Pacific basin freshwater (FW) populations are shown in 

black, Atlantic basin freshwater populations in gray, and Pacific and Atlantic basin marine 

populations in white. Two-sample Wilcoxon tests were used to examine the significances of 

plate size averages distribution differences between groups of fish populations (bracketed), 

and p-values are shown. Error bars represent SEM.

See also Figure S1 and Tables S1, S2 and S3.
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Figure 2. Identification of cis-Regulatory Changes in the Plate Size Interval
(A) The freshwater allele of GDF6 is expressed at higher level than the marine allele in F1 

hybrids. RNA was extracted from the indicated region of F1 hybrid fish from a cross 

between a small-plated freshwater (FW) and large-plated marine fish, and the relative 

abundance of the freshwater and marine alleles was quantified by pyrosequencing. 

Significance of observed deviation from the fraction of freshwater allele of 0.5 (dashed line) 

was tested using one sample t-test, and “*” represents p<0.05. Error bars represent SEM.

Indjeian et al. Page 17

Cell. Author manuscript; available in PMC 2017 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(B) Freshwater but not marine enhancer drives expression along the flanks of developing 

stickleback embryos. Marine and freshwater (FW) sequences were cloned from the 

regulatory region shown in Figure 1B into a GFP reporter vector with a minimal hsp70 

promoter, and were then injected in fertilized one-cell stage embryos from marine fish. 

Pictures of the flanks of developing fry (dashed white lines) were taken at 4 dpf.

(C) Map of the enhancer region and sequences tested in transgenic fish. Repeating vertical 

lines represent regions of alignment between marine (red) and freshwater (blue) sequence, 

with gaps shown in the region of a complex repeat and a L2 LINE transposable element 

(TE) present in the freshwater but not marine sequence. Tall vertical lines denote the edges 

of the region added or removed from the modified constructs also tested for enhancer 

activity.

See also Figure S2 and Table S6.
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Figure 3. GDF6 Transgenic Fish have Armor Plate Phenotypes
(A) Schematic of the construct used for generating GDF6 transgenic fish. The flank 

enhancer in the height QTL (Figures 1B and 2B) was cloned upstream of a minimal hsp70 

promoter and GDF6 cDNA flanked by Tol2 transposase recognition sites. The construct was 

then co-injected with mRNA encoding Tol2 transposase into one-cell marine stickleback 

embryos.
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(B) μCT-derived volumetric reconstructions of representative control (left) and GDF6 

transgenic (right) fish at 219 dpf. The armored plates are colored in red. Note the absence of 

caudal plates from the left flank of the GDF6 transgenic fish.

(C and D) Close up views of control (C) and GDF6 (D) transgenic fish pictured in (B). The 

last three plates remaining in the GDF6 transgenic fish are noticeably smaller than the 

corresponding plates in the control fish. Scale bars in (B) and (D), 1 mm.

See also Figure S3.
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Figure 4. A Chimpanzee GDF6 Enhancer Missing in Humans Drives Expression in the Posterior 
of Mouse Embryos
(A) There are two human-specific deletions of highly conserved chimpanzee sequences in 

the GDF6 locus. A 1.2 Mb region of the chimpanzee chromosome 8 is shown. Red bars 

show the positions of a 492 bp and a 5775 bp deletions in humans, hCONDEL.305 and 

hCONDEL.306, respectively (McLean et al, 2011). Below: multiple species comparison of 

the hCONDEL.306 region (red), showing sequences aligned between chimpanzee and other 

mammals. Blue bar represents the chimpanzee sequence tested for enhancer activity in 

transgenic mice.
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(B) hCONDEL.306 chimpanzee sequence drives consistent expression of lacZ reporter in 

the posterior of E12.5 mouse embryos.

(C) Mice with the hCONDEL.306-hsp-CreER-T2 construct were bred to floxed-ROSA26 

reporter mice. Tamoxifen was administered at E9.5 and embryos were lacZ stained at E12.5, 

showing consistent expression patterns in the posterior of the embryo.

See also Figure S4 and Table S7.
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Figure 5. The Chimpanzee GDF6 Enhancer Drives Expression in Posterior Digits of the 
Hindlimb
(A) hCONDEL.306-hsp-CreER-T2 transgenic mice treated with tamoxifen at E8.5 show 

consistent lacZ localization in the hindlimbs but not forelimbs of E16.5 embryos, with 

stronger labeling in the posterior foot digits compared to the digit 1. Foot is shown in plantar 

view, with first digit on the left.

(B) The lacZ pattern in the developing foot is seen in transverse sections of the phalanges 

(outlined with white dashed line). Approximate section plane is indicated on the left (white 

line).

See also Figure S5.
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Figure 6. Gdf6 Mutant Mice Have Altered Flat Bones and Shorter Toes
(A) Average width and length of skull bones in wild type (n=12) and Gdf6−/− (n=16) 

mutant mice. Dimensions were measured for parietal bone width (PW), the combined length 

of the frontal and parietal bones (PL), nasal bone length (NL), nasal bone width (NW), and 

the relative length and width of the skulls.

(B) Gdf6 mutant mice have shorter hindlimb digits. The lengths of the sums of the phalanges 

of digit I, digit III, and digit V from wild type (n=8) and Gdf6−/− (n=9) mice were 

normalized to femur length and averaged for the two hindlimbs. We used two sample t-tests 
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to examine the significance of skull plate (A) and digits size (B) differences between the 

wild type and Gdf6−/− mice, and p-values are shown. Error bars represent SEM.
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Figure 7. Region-Specific GDF6 Enhancer Compared to Limb-Specific Anatomical 
Modifications in Human Hindfeet and Forefeet
(A) Human hindlimbs show multiple changes related to evolution of bipedalism, including 

shortening of posterior digits of the foot (red), presence of a large toe aligned with other 

digits, and reduction of the abductor hallicus muscle (orange), which is prominent in other 

primates with grasping feet and an opposable first toe. In contrast, the homologous digits of 

the human hand are still long and mobile (dark grey), illustrating the region-specific 

anatomical changes that have evolved in human hands and feet (modified from Swindler and 

Wood (1973) and skeletal reproductions of chimpanzee and human feet (BoneClones)). 
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Enhancer sequences in the GDF6 gene also show striking regional specificity during 

development. The enhancer deleted in the human lineage shows prominent hindlimb but not 

forelimb expression, and stronger expression in posterior digits within the hindlimb. Loss of 

this enhancer would not disrupt GDF6 functions in cranial or forelimb regions, but could 

reduce GDF6 activity in many of the same hindlimb structures altered during the human 

transition to bipedalism.

(B) Our results add a distal regulatory region to a collection of tissue and region-specific 

enhancers surrounding Gdf6 (Mortlock et al., 2003). Gain and loss of modular enhancers in 

BMP genes provides a flexible genomic mechanism for altering skeletal morphology in 

particular regions of the body.

See also Figure S6.
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