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“Can we clone a mammoth?”
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No cells, no clones.
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TGCCGTATCTCACCTGAGACCAACCCCCAACTACAAAACTCAACCTGGAATTTTCCCAGGACCAAACCCATCTATATTCTGTAACCCGAAACCTCAAAGCCTAACCCTAACCCTAACCCCTACAGTTGAGGTCCCCCCGCCCCTGTGGT
TCCAGCTCAAGACAACCTGCCCCTCCGTGGGTTTGCAGGCCCTCTGGTGGGGGTGGGAGCTGGGGGCCACATACAGCTCTCTGAGCTTAAGCCATTTTCTTCCTTCATTCCTTCCTTCCTCCCTCCCTTCCCTTCCTTCCTCCCTCCC
TCCCTCCTTCCCTCCCTCCCTTTTTTTTTTCAGGGTCTTGCTCTGTCACCCAGGCTGGAGTGCAGTGGCATGATCACAGCTGACTGCAGCCTCGGACTCCCAGGCTCAAGTTATCTTCCCTCCTCAGCCTCCAGAGTAGGTGGGACTA
CAGGAGTGTGCCATCGCACCCAGCGAATTTCTTAATTTTTATTTTGTAGAGATGAGGCCTCTCGATATTGTCCAGGCTTGGAAGTAGTTCTTGAAATTCAAGAGGATCTTGAAGTTCTGACCTCCTGTCAATATCCCTTCCCCTCACCTTGA
CCCTCCCATTCTGCCCCACCTGTCAGGATCACAAGGACCCCCAGATCAGCAGATGGGAACCGGACCAAAAAGAGAAATAGTGCTGTCCCGCCCATAAGTACCACCCCCAGACTCCCTGCTCCACCCTCTGGACCACAGGGAGGCC
CCATGCTCCATCCCTGAAAACCACCCCCAGACCCCCTGCTCCTCCCCACGGGACCGCCCCCAGATCCACTGTTCCTGTCCTCCGGACCACACCGGACAGCTCCTTCCCTCGGCGCCATCCCCAGACCCCAGCTCCTCCCCTCAG
GATCATCCCCAGACCCCCGCTCCTCCCATCAGGACCGCCCCCAGAACCCCCTGCTCCTCCCCACAGGACCACCCCCAGACCCCCGCTCCTCCCCTAAGGACCACCCACAGACCCCCACGCTTCCCCTCGGGACCACCCCCAGA
CCCCCGCTCCTCCCCTCAGGACCACCCCCAGATCCACTGTTCCTGTCCTCCGGACCACACCAGACAGCTCCTTCCCTCGGCGCCATCCCCAGACCCCCACGCTTCCCCTCGGGACCACCCCCAGACCCCCGCTCCTGCCCTCG
GGACCACGCCCAGACCCCCTGCTCCTCCCCACGAAACCACGCCCAGTAACCCCCCTCTTCTCCCCTCAGGACCACCCCCAGACCCCCGCTCCTCCCCTGGGAACCACCCCCAGACCCCCTGCTCCTCCCCACGAAACCACCCC
CAGACTCCCTGCTCCTGTCCTCCGGACCACGCGACTGCTCCTTCCCTCAGCGCCACCCCCAGACTGCCGCTCCTCCTGTCGGGACCCCCTGAGGCTTTCTCCACCCGGAGTGCGGGGTAGGGAGCAGACGGAGAGTGACGGAG
GGTGACGGAGAGTGACGAAAGTAGACGATGTCTGACGGAGAAGAGCCGAGCGGAGCTGAAGGGCGGCGGAGAGTGACGGAAAGTGGCGAGAATTGACGGAAAGTGACGGGGACTGACGGACAGTGACGAAGAGTCACGAAATTT
ATCAGAGGGCGACAAAGAGGAAAGCGAAATGGTGAGATGCAGCCGGCCGAGCCTAATCGGAGATGACGGAAAGTGACGGAGAGGAACGAGGAGTAAAGAGGGGTGACGAAAAGAGCCGAAGCTGGTGGAGGCGAAGAACTGAGT
GAGGGAAGATAGCCGAGATTAGCGGGTGGGCTGCAGCCGGGGCAGTCGCCCGAATGGGCGGGACCCCACGGAGTTAGCGAGAGGATGCGAACAGCGGCCAGCCGGGCAGCACGCGAGCGAGGGAGGGCGTGGAGGGCCGTG
GGTCCGCCTGCACTGAGGCAGGCATGCGTGGCACCGAGGTGACCCGGGTGGGAGGTGCACCGCCGCCCCCTGGCAGTCTCTCCGCGGAGCCCAAGCCCGTCTTCTCCGCCCCTTTGCAGACCTCGGCGCCCAGCCTGGCCCC
TGACGCCCACCCGCGGCCCCACCCAGCGCCCGGGCCCACGAGGCCGAGGAGCGGCGGAGACTAACGGCCCCTGGACCCCAGGCAGCACATGGCCCAGAGCATCCCAGCCCAGTGGAGGGCGGCACATGGCGGGAGGGCGG
GAGTCCGTGTCCACTCATGGCCGGGGAGGGGAGGGCAAGTTCTGGTGGCTGGGGAGGCCTAGAGCATCACAGCCCAGTGGAGGGCTGCACATGGCAGGGGAGGGGAGAGCAAGAGTGTGCGGGCGAGGGAGGAGAGGGCAA

GACTGCGTGTCCGCTCCAGTCTCTCTTCCTCATCTTATAAAGCCACGAGTCCCATGACTGGGGACCCAACCTAATAACATTATCTAATCCTAATTGCCTCCCAAAGGCCATATCTCCAATCAGGACATGAATTCGGGGATTAAATTGCCAAC
ACATGGCTGGGCGCGATGGCTTGTGCTTTTTTTTTTTTTTTTTTTGAGACGGAGTCTCGCTCTGTCGCCCAGGCTGGAGTGCAGTGGCGCTATCTCGGCTCACTGCAAGCTCTGCCTCCCGGGTTCACGCCATTCTCCTGCCTCAGCC
TCCTGAGTAGCTGGGACTACAGGCGCCCGCCACCACGCCCAGGTAATTTTTTTTTTTTTTTTTTTGTATTTCTTTGTAGAGACGGGGTTTCACCATGTTAGCCAGGATGGTCTCGATCTCCTGACCTCGTGATCCACCCATCTCGGTCTCC
CAAAGTGCTAGGATTGCAGGCCTGAGCCACCGCACCCAGCTGCCTTGTGCTTTTAATCCCAGCACTTTCAGAGGCCAAGGCAGGCGATCACCTGAGGTCAGGAGTTCAAGACCAGCCTGGCCAACATGGTGAAACCCCATCTCTAAT
ACAAATACAAAAAAAAAACAAAAAACGTTAGCCAGGAATGAGGCCCGGTGCTTGTAATCCTAAGGAAGGAGACCACCACTCCTCCTGCTGCCCTTCCCTTCCCCACACCGCTTCCTTAGTTTATAAAACAGGGAAAAAGGGAGAAAGCA
AAAAGCTTAAAAAAAAAAAAAAAAAAACAGAAGTAAGATAAATAGCTAGATGATCTTGGCAGCACCACCCGACCCTGGTGGTTAAAATAATAATAATAATAATATTAACCCCTGACCTAAACTACTTGTGTTATCTGTAAATTCCAGACACTGTA
TGAGGAAGCCCTGCAAAACTTTCTGTTCTGTTATCTGATGCGTGTAGCCCCCAGTCACGTTCCCCATGCTTCCTCGATCTATCACAACCCTTTCACGTAAACCCCTTAGAGTTGTAAACCCTTAAAAGGGCCAGGAATTTCGTTTTCGGG
GAGCTTGGCTCTTCAGGCGCAAGTGTGCCGATGCTCCTGGCAGAGTAAAGCCCTTCCTTCTTTAACCCAGTGTCTGAGGAATTTTGTCTGCGGCTTGTCCTGCCACAATGCCAGCTACCAGGAGGCTGAGGTGTGAGAATCGCTCGA
ACCTGGGAGGCAGAGGTTGCAGCGAGCCGAGATCCCACGATTGCACTCCAGCCTGGGTGATAGATGACAGAGCAAGACACCATGTCAAAAAGAAAAGAAAAAAAATTGCCAACACATGAAATCTGGAGAACACATTCAAGCAATAGCA
CCATATAAATCTGTACATACCTTGCAAACACTGTAAACCTGCCGCATCTCACCTGAGACCAACCCCCAACCGCAAAACCCAGACCTGGAATTTTCCCAGGACCAAACCCATCTATATTCTGTAACCCGAAATCTCAAAGCCTAACCCTAAC
CCTAACCCCGACAGTTCAGGTCCCCCCGTCCCCGTAGCTCCAGCTCAAGACAACCTGCCCCTCCGTGGGTTTGCAGGCCCTTTGGTGGGGGTGGGAGCTGGGGGCCACACACAGCTCTCTGAGCTTAAGCCATTTCCTTCCTTCCT
TCATTCCTTCCTTCCTCCCTCCCTCCCTCCTTCCCTCCCTCCCTTTTTTTTTTCAGGGTCTTGCTCTGTCACCCAGGCTGGAGTGCAGTGGCATGATCACAGCTGACTGCAGCCTCGGACTCCCAAGCTCAAGCGATCTTCCCGCCTC
AGCCTCCAGAGTAGGTGGGACTACAGGAGTGTGCCATCGCACGTGGCGAATTTCTTAATTTTTATTTTGTAGAGATGAGGCCTCCCGATATTGTCCAGGCTTGGAAGTAGTTCTTGAAATTCAAGAGGATCTGGAAGTTCTGGTCTCCTGT
CAATATCCCTTTCTAAGATGAAATGTAGAATCCTCTAATCACCCCAGGATACCTTTTCCAGCTATATTACCCTTTCCTTTCAGCCGACTAGAGTGGAAGCTCAGCAAAGAACGGATCTATGCCTGCACACAGGCAGCTTTGAACTCACTGAG
ATCTATAGAAGAATTTTTTAAAATTTGCCAGAATGAAAAAGAAGTATCCTCCAGTGAGCCTCAAGGACAGCCAGGGAAGGCAGCTACTGGGACCTGCCACTGGCCAGGATTGAGAGAGTCTGAGGTGTCCATTCTCCTATGGATGGGTC
ACACATCAGAACTGAACCACAAACCCTTTCCTGCTCCCTTGGGACCAGGCTGCCACTCCTTCCTTCCCCTCACCTTGACCCTCCCATTCGGCCCCACCTGTCAGGATCACAAGGACCCCCAGATCAGCAGATGGGAACCGGACCAA
AAAGAGAAATAGCGCTGTCCCGCCCAAAAGTACCAACCCCAGACCCCCTGCTCCACCCTCCGAACCACAGGGAGACCCCATGCTCCACCCCTGAAAACCACATGCAGACCCCCGCTCCTCCTCTTAGGGCCATCCCCAGACCCCC
CCTCCTACCCACGGGACCACACCCAGAACCCCCAGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGG
GACCACCCCAGACCCCCTGCTCCTCCTCTTAGGACCATCCCCAGACCCCCCCTCCTACCCACGGGACCACACCCAGAACCCCCAGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACC
CCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCCAGACCCCCTGCTCCTCCTCTTAGGACCATCCCCAGACCCCCCCTCCTACCCACGGGACCACACCCAGAACCCCCAGCTCCTCCCC
TCGGGACCACCCCCAGACCCCCTGCTCCTCCTCTTAGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCCGA
CCCCCTGCTCCTCCTCTTAGGACCATCCCCAGACCCCCCCTCCTACCCACGGGACCACACCCAGAACCCCCAGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCC
CTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCCAGACCCCCTGCTCCTCCTCTTAGGACCATCCCCAGACCCCCCCTCCTACCCACGGGACCACACCCAGAACCCCCAGCTCCTCCCCTCGGGACCACCC
CAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCCAGAACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTC
CCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCCAGACCCCCTGCTCCTCCTCTTAGGACCATCCCCAGACCCCCCCTCCTACCCACGGGACCACCCCCAGACCCCCCGCTCCTCCCCTCGGGACCACC
TCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCGCTCCTCCCCTCGGGACCACCCCAGACCCCCTGCTCCCATTTTCCAGACCACACCAGACGGCTTCTTCCCTCGGCACCACCCCCAGACTGCCGCTCCTCCTAT
CGGGACCTCCTCGGGGCCATCTCCAGACCCTCCCCCCGCTCCACCCCTCGGGTCCCTCTCGGGACCACCCTCAGACCCCCGCTCCTTCCCTCGGGATCACCTCGAGACCTCCCGCTCACCACCATCATTCAGGCCGGGTAGTGG
GGAGAGGCCTCTCAGGAGGGACCAGGCCACCCTCCCAGGAGTGAAGGGAGGAGGACAGAGTCACGAGCAGACCAGAAATAACCAGGGACTGACAGACAGCAGGATCGGAGAGGGACGGAAAAGGGCTAAGGGCAGGAAAAGTC
CCTGAGGCTTTCTCCACCCGGAGTGCGGGGTAGGGAGCAGACGGAGAGTGACGAAGGGTGACGGAGAGTGACGAAAGTAGACGATGTCTGACGGAGAAGAGCCGAGCGGAGCTGAAGGGCGGCGGAGAGCGACGGAAAGTGG
CGAGAATTGACGGAAAGTGACGGGGACTGACGGACAGTGACGAAGAGTCACGAAATTTATCAGAGGGCGACAAAGAGGAAAGCGAAATGGTGAGATGCAGCCGGCCGAGCCTATTCGGAGATGACGGAAAGTGACGGAGAGGAAC
GGGGAGTAAAGAGGGGTGACGAAAAGAGCCGAAGCTGGTGGAGGCGAAGAACTGAGTGAGGGAAGATAGCCGAGATTAGCGGGTGGGCTGCAGCCGGGGCAGTCGCCCGAATGGGCGGGACCCCACGGAGTTAGCGAGAGGAT
GCGAACAGCGGCCAGCCGGGCAGCACGCGAGCGAGGGAGGGCGTGGAGGGCCGTGGGTCCGCCTGCACTGAGGCAGGCATGGGTGGCACCGAGGTGACCCGGGTGGGAGGTGCACCGCCGCCCACTCGCAGGTTCTGCGC
GGAGCCCAAGCCCGTCTTCTCCGCCCCTTTGCAGACCTCGGCGCCCAGCCTGGCCCCTGACGCCCACCCGCGGCCCCACCCAGCGCCCGGGCCCACGAGGCCGAGGAGCGGCGGAGGCTCGCGGCCCCTGGACCGCAGAC
CGCGTTCCCGGAGCCCGGCCGAGCCCCGAGTGGGGCCCTCGCGCGGACTGAGAGGGCGGCGGAGGGGCCACGGGGTCCTGCCCAGCCCGCATCGCGCATGCTGCTCGGGACCGGCGGCTGCCTTGGGCCAACCCTGTTCC
CGCAGCGGCCCAGCCCCGGGCGGGAGCCGACCTGGGGGACGCGGGACCCCGCGCGAGCTGCTCGGCCTGTAGGGGGCTGCGCGGCGGGGCGGGGCGGGGCCGGCCGCGGCGCCCTCGCTCCTCGCCCTCCCTCTCTCC
CTCCCTCTCTCCCTAAGACACTTTTTCTTCTTTGTGGCACAATATACAAAACACGGAGTTTGCCATACTGGCCGTTTTCAGGGCGCAGGTCGGTGGGACTGAGCACATCGCGTGGTGCGCTCGGCGCCACCGTCTGTCTGCAGAACGT
TTGCACCTTTCCAAGCTGAACAGCTCTCCTTTCCGCCTCCCCCAGCCCGTGACAACCTCCCCTCTACGTTTCGTCTCTCAGTTTGACCTACTAGGTACTGAGGTCCCCTGGGTACTGAGATCTCCTCGGTACTGAAGTCTCCTCGGTG
CTGAGGTCGCCTCGGTGCTGAGACCTCCTAGGTATTGAGGTCGCCTCGGTACTGAGGTTGCCTCGGTGCTGAGGTCGCCACGGTGCTGAGACCTCCTAGATACTGAGGTCTCCTAGGCACGGAGATCTCCTATGTACAGAGACCTCG
TCGGTACTGAGGTCGCCTAGGTACTGAGACCTTCTAGGTCCTGAGGTCTAGGTACTGAGGCCTTCTCCTGTCGGAGGTGGGAAACTACTCAGTGGTAAAGCAGAACCAAGACCTTCCTCTGAGGGTGGTGGGCTGAGCTGTCTCTTC
CTTTCTAGGGGCCTTGTATTCACGCCATGAGAGACCCCCCTACTCTTCTGACACGTTCCCATTTTGCTGAAGACACTTGGAGCCAGTGTCATCTTTGTGACTGTACCGTTGCGTGTTCGGGGTGCACTCTGCCGTATTCTCTTTGCAGAG
CACCTAAGGAAGCAGGCGTCGTGCCTAATGAAATGCTACAGTGAAACAAAAATAGTGTTAACAAGGATGTGTGGAAATTGGAGCCCTCGTGGATTGCCTGTAGGACTAGAAAATGGTGTGGCCACCGTGGAAAACACTATGGAGCCTCC
TCAAAAAAGCACTAAATATCAGGCTGGGCACAGTGGCTCACACCTGTCATCCCAGCACTTTGGGAGCCCGAGGCAGGTGGATCACAAAGTCAGGAGTTCGAGACCAGCCTGGCCAACATGGTGAAACTCCGTCTCTACTAAAAATAAA
AAATTAGCCGGGCGTGGTTGTGGGTGCCAGGAATCCCAGCTACCCGGGAGGCTGAGGCAGGAGAATTGCTTGAACCCCGGAGGCAGAGGTTGCATTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGTGACAAAGGAAGACT
CCATCTCGGGGGGGCGGGGTGGGGGGAAGCAAACACAAAATAATTAGCTAAGTGTGGTGACAGATGCCTATAGTCCCAGCTACTCGGGAGGCTAAGGCAGGAGAAGCGCCTGAACCAGGAGGTGGAGGCTGCAGTGAGCCGATTAT
GCCACCGCACTCCACCCTGGGCGGCACAGTGAAACTCCATCTCCGCAAAAACAAAACCAGAAAAATAACAACTAAAAATCACTTGGGTGTGGTGATGTGCAGCTGCACTACCGGCTACTTGGGAGGCTGAGGGAAGGGGATCACTGA
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2. The sequences are very short 
and damaged





How can we tell what’s what?
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What do we change?
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Meet Bhadra (Elevisions), !
from the Chitwan National Forest, Nepal.
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Hb



Melbourne Herald-Sun News:

A young elephant plays in the snow at the zoo in Berlin. Circus trainers in 
Siberia have found that vodka wards off frostbite in elephants. Source: AFP.



George!
Church

Justin!
Quinn

Luhan!
Yang

Margo!
Monroe

Bobby!
Dadwhar



Mammoth Restoration Project

Phase 1:  
Reconstitute mammoth 

phenotypes 
Edit elephant genomes to confer 

mammoth-like phenotypes: 
(1) Hb: improved oxygen binding   
(2) Hair: long red hair 



Campbell et al. 2010
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between the HBD and HBB genes (both of which are now silent) 
before the diversification of elephants, sea cows and hyraxes13.

Using DNA extracted from a ~43,000 year-old Siberian mammoth speci-
men9, we followed stringent ancient DNA methods to amplify the coding 
regions of the woolly mammoth HBA-T2 (534 bp) and HBB/HBD (780 bp)  
genes (Supplementary Figs. 1–3 and Supplementary Tables 1 and 2).  
The mammoth polypeptides differ from the orthologous - and / -
globin chains of the Asian elephant at 1 and 3 positions, respectively, and 
at 2 and 4 positions, repectively, compared to African elephants (Fig. 1).  
Although sequences of the mammoth HBA-T2 gene have not changed in 
the ~6.7 Myr since the divergence of this line from Elephas4, the woolly 
mammoth / -globin chain has acquired three amino acid substitutions: 
T12A, A86S and E101Q (Fig. 1). Using an approach that targets spe-
cific SNPs9, we independently verified each position using the original 
specimen and two additional woolly mammoth samples collected from 
 northern Siberia (Supplementary Figs. 4–8 and Supplementary Table 3).  
To test if the unusual signature (two transversions and one transition) 
and high nonsynonymous-to-synonymous nucleotide replacement ratio 
(3:0) in the mammoth HBB/HBD gene were indicative of positive selec-
tion, we performed a binomial test. However, given the small number 
of observations and relatively high proportion of coding sites that are 
potentially nonsynonymous (264 of 438 = 0.603), this pattern could not 
be distinguished from a neutral process (P = 0.216). Consequently, we 
conducted empirical structure-functional analyses to investigate whether 
the observed nucleotide changes alter protein behavior in a manner con-
sistent with positive selection.

The location and nature of the altered residues are rare among mam-
malian -type chains (Supplementary Fig. 9), with all three altera-
tions fundamentally changing the physiochemical properties at each 
site. The mutations lie on the same side of the protein, with both the 
T12A and A86S substitutions occurring in exposed surface positions, 
whereas the E101Q substitution is located in the highly conserved slid-
ing interface between the two rigid 1 2 dimer subunits (Fig. 2). The 
latter replacement is structurally important, as changes in the ligation  
state of the heme iron cause extensive conformational modifications 
(Supplementary Fig. 10) along this boundary as the  dimers slide 
and rotate in relation to one another14,15. All five known human 
hemoglobin variants with amino acid replacements at 101 possess 
higher intrinsic O2 affinities than the native protein15–18. However, 
only hemoglobin Rush, the human -chain mutant displaying the equi-
valent amino acid substitution (E101Q) to that detected in the / -
chain of mammoths, has an altered sensitivity to red-cell effectors15–17. 
This key attribute arises from the formation of two additional proton- 
linked Cl− binding sites that counterbalances the increase in O2 affinity  
arising from the 101 alteration. Notably, the preferential binding 
of these additional ligands to the deoxy-state Rush protein ‘donates’ 
heat required for O2 offloading, thereby lowering the oxygenation 
enthalpy ( H) of the Rush molecule (−21.4 kJ mol−1 O2 at pH 6.5) 
compared to normal human hemoglobin and the other 101 variants  
(−45.2 kJ mol−1)15–17.

A large negative enthalpy of hemoglobin oxygenation (where 
relatively small increases in temperature cause large decreases in 

Figure 1 Evolution of the genes encoding the single adult-expressed 
hemoglobin component of three members of the Elephantidae family. 
The position of nucleotide and amino acid changes are shown within the 
three coding regions (exons) of the HBA-T2 and HBB/HBD globin genes 
(shown as open horizontal boxes along each branch) superimposed on 
the Elephantidae phylogeny4. Branch lengths are not proportional to 
geologic time. Ancestral nucleotide and amino acid residues are shown 
above, and derived nucleotide and amino acid residues are shown below 
the exons. The numbers above and the letters to the right of the vertical 
lines denote the amino acid residue, whereas the numbers below and 
the letters to the left of each vertical line indicate nucleotide position 
relative to the ATG initiation codon. Thick vertical lines with bold 
characters indicate nonsynonymous substitutions, and thin vertical lines  
represent synonymous substitutions, with red, green and blue characters 
and bars representing replacements at codon positions 1, 2 and 3, 
respectively. We employed the -globin and -globin chain sequences 
of other afrotherian mammals (Echinops telfairi (GenBank P24291, 
P24292), Procavia habessinica (P01957, P02086) and Trichechus 
inunguis (P07414, P07415)) to deduce the direction of amino  
acid substitutions.
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Figure 2 Surface model of a chimeric Asian elephant (left) and mammoth 
(right) deoxyhemoglobin molecule bound to 2,3-bisphosphoglycerate (BPG).  
The locations of the three mammoth-specific amino acid substitutions are 
highlighted in blue, and the positions of each heme group are denoted by 
ball-and-stick diagrams. Regions highlighted in yellow denote positively 
charged residues (Lys82 of the -chain (hereafter denoted Lys), 
/ 143 His and the amino group of / 1 Val) implicated in the binding of 

BPG to elephant deoxyhemoglobin11,12,14. Note that because the polar 
hydroxyl side chain of / 12 Thr of Asian elephant deoxyhemoglobin (and 
human hemoglobin25) forms a hydrogen bond with the carbonyl group of 
/ 8 Lys (green), the negatively charged side chain of / 79 Asp (red) is 

free to project into the BPG binding pocket, where it would tend to repel 
this anion. Conversely, the methyl side chain of / 12 Ala in mammoth 
hemoglobin cannot bond with / 8 Lys, allowing the lysyl side chain to form an ionic interaction with / 79 Asp of the E helix and neutralizing its 
charge (light red). The mammoth-specific / 101 Gln residue is spatially distant from this charged cluster and cannot contribute to BPG binding15–17. 
However, this central cavity residue alters electrostatic interactions at the sliding interface of the molecule that both destabilizes the low-affinity deoxy-
state protein and creates additional proton-linked chloride binding sites in mammoth hemoglobin (see main text for details).
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hemoglobin-O2 affinity) is generally considered to be beneficial 
for mammals, as it promotes site-specific O2 offloading from the 
blood to warmer exercising muscles. In contrast, hemoglobins with 
numerically low H values (where changes in temperature have a 
relatively small effect on hemoglobin-O2 affinity) are recognized 
to be energetically advantageous for cold-tolerant Arctic mammals 
(such as reindeer and musk-ox) because they help maintain ade-
quate O2 delivery to the sparsely insulated limbs and distal append-
ages19,20, where temperatures may decrease to near 0 °C21 (hence 
minimizing the thermal gradient for heat loss). The low H of rein-
deer and musk-ox hemoglobins (−14.0 kJ mol−1and −15.0 kJ mol−1,  
respectively, at pH 7.4) has been attributed to increased Cl− bind-
ing19,20. Three basic residues (Lys8 of the -chain (hereafter denoted 

8 Lys), 76 Lys and 77 His) underlie this trait by forming a cati-
onic cavity between helices A and E of each -chain, which can be 
bridged by Cl− in the deoxy state22. This structural motif, and a 
correspondingly low H19,20, is found in the hemoglobin of nearly 
all ruminant mammals examined (Supplementary Fig. 9), indicat-
ing it originated in an early Oligocene-era common ancestor. It is 
therefore possible that the low H values found for the hemoglobins 
of present day Arctic ruminants arose as an adaptive response to 
the pronounced cooling that initiated the development of grassland 
ecosystems ~35 Myr ago.

It is noteworthy that the -type chains of all three recent elephantid 
genera possess this same positively charged Cl−-binding cluster 
(Supplementary Fig. 9). To test whether these amino acids provide 
elephantid hemoglobin with similar reductions in H, and to assess 
the functional effects of the mammoth-specific residue changes, we 
first inserted Asian elephant HBA-T2 and HBB/HBD cDNA into a 
hemoglobin expression vector and expressed this protein complex 
in Escherichia coli23. We used site-directed mutagenesis to intro-
duce the mammoth-specific substitutions into the Asian elephant 
 plasmid (Supplementary Table 4) and synthesized woolly mammoth 
hemoglobin de novo23. We then employed a thin-film technique24 
to measure the oxygen-binding characteristics of the elephant and 
mammoth proteins and their interaction with naturally occurring 
red-cell ligands (O2, 2,3-bisphosphoglycerate (BPG), Cl− and H+) at  
10 °C, 25 °C and 37 °C. As predicted from the E101Q substitution in 
the mammoth /  chain, oxygen equilibrium curves revealed strik-
ing functional differences between the two species (Fig. 3), with 
‘stripped’ (allosteric-cofactor free) mammoth hemoglobin possessing  

a higher O2 affinity at all three temperatures. However, mammoth 
hemoglobin also exhibited higher H+ and Cl− effects, so that in 
the presence of red-cell effectors, the hemoglobin-O2 affinity of 
both species was nearly identical at 37 °C (Fig. 3). In addition to 
their central role in lowering the O2 affinity of woolly mammoth 
hemoglobin, the additive exothermic contributions of Cl− and BPG 
binding each significantly lowered the effect of temperature on the 
O2-equilibrium properties of mammoth hemoglobin relative to Asian 
elephants (Fig. 4; Student’s unpaired t-test; P = 0.0198 and P = 0.0168 
for Cl− and BPG, respectively). As a result, the mean overall H of 
 mammoth hemoglobin (−19.3 kJ mol−1) was reduced compared to 
that of Asian elephant hemoglobin (−28.1 kJ mol−1). Consequently, 
the O2 affinity of mammoth blood is less affected by temperature than 
that of Asian elephants. This attribute may have been of fundamental 
adaptive importance for mammoths, whose blood presumably experi-
enced large and rapid temperature changes when perfusing the limbs 
and other extremities in cold Arctic temperatures.

To identify the structural basis for the prominent functional 
differences between the two elephantids, we used high-resolution 
crystal structures of oxy and deoxy human hemoglobin25 to con-
struct molecular models of woolly mammoth and Asian elephant 
hemoglobin. In elephant hemoglobin, the carboxyl group of / 101 
Glu interacts closely with the guanidino group of / 104 Arg of 
the same chain (Supplementary Fig. 10a). This interaction is also 
found in human hemoglobin25,26, and it has thus been proposed 
that the -chain E101Q substitution of hemoglobin Rush allows 
the positive charge of 104 Arg to form a Cl− binding site within 
the 1 2 interface of the deoxy-state molecule15,16. However, this 
mechanism seems unlikely, as the other human hemoglobin mutants 
that possess polar (lysine and aspartate) or nonpolar (alanine and 
glycine) residues at 101 did not exhibit altered Cl− binding15–17. 
Indeed, our model illustrates that the uncharged / 101 Gln resi-
due of mammoth deoxyhemoglobin can still hydrogen bond with 
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Figure 4 Mean enthalpy of 
oxygenation ( H; kJ mol−1 O2) 
values of woolly mammoth (blue 
columns) and Asian elephant 
(red columns) hemoglobin in the 
absence and presence of effector 
molecules. Error bars for each 
treatment (‘stripped’, 0.1 M Cl−, 
and 0.1 M Cl− plus saturating 
levels of 2,3-bisphosphoglycerate 
(Cl− + BPG)) are  s.e.m. of four 
calculated H values: one from O2 
equilibria measured at 10 °C and 
25 °C at pH 7.0; one from measurements at 25 °C and 37 °C at  
pH 7.0; one from measurements at 10 °C and 25 °C at pH 7.4;  
and one from measurements at 25 °C and 37 °C at pH 7.4. The 
temperature dependence of the oxygenation process is governed by the 
associated overall H of this reaction19, where numerically low H values 
correspond to small effects of temperature on hemoglobin-O2 affinity. 
Student’s unpaired t-tests (  = 0.05, n = 4) illustrate that the intrinsic 
thermal sensitivity of mammoth hemoglobin is not different from that 
of Asian elephant hemoglobin (P = 0.9174). Conversely, as denoted by 
asterisks, the endothermic dissociation of Cl− (P = 0.0198) and BPG 
(P = 0.0168) each independently lower the oxygenation enthalpy of 
mammoth hemoglobin to significantly greater degrees than for Asian 
elephant hemoglobin, as predicted by the E101Q and T12A substitutions 
on the mammoth / -globin chain, respectively (see text for details). The 

H of mammoth hemoglobin was independent of pH under all conditions 
employed here, illustrating that the binding of Bohr protons does not 
directly contribute to lowering the H value.

Figure 3 Oxygen equilibrium  
curves of woolly mammoth (blue) 
and Asian elephant hemoglobin 
(red) at 37 °C and pH 7.0. In the 
absence of allosteric effectors (solid 
lines), the mammoth / -chain 
E101Q substitution destabilizes the 
tense-state (deoxy) conformation, 
leading to a protein phenotype with 
an intrinsic affinity nearly two times 
higher (curve is shifted to the left). 
This radical increase in O2 affinity 
(which would drastically impair tissue O2 offloading) is almost precisely 
compensated by enhanced H+, Cl− and 2,3-BPG binding to mammoth 
hemoglobin that right-shifts the curve more strongly than in Asian 
elephant hemoglobin. As a result, the overall O2 affinity of mammoth 
hemoglobin in the presence of red cell effectors is nearly identical to that 
of Asian elephants at 37 °C (red dashed line). However, the increased 
effector binding to mammoth hemoglobin lowers the effect of temperature 
on O2 affinity, facilitating the release of O2 at cold temperatures in 
relation to Asian elephant hemoglobin.
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between the HBD and HBB genes (both of which are now silent) 
before the diversification of elephants, sea cows and hyraxes13.

Using DNA extracted from a ~43,000 year-old Siberian mammoth speci-
men9, we followed stringent ancient DNA methods to amplify the coding 
regions of the woolly mammoth HBA-T2 (534 bp) and HBB/HBD (780 bp)  
genes (Supplementary Figs. 1–3 and Supplementary Tables 1 and 2).  
The mammoth polypeptides differ from the orthologous - and / -
globin chains of the Asian elephant at 1 and 3 positions, respectively, and 
at 2 and 4 positions, repectively, compared to African elephants (Fig. 1).  
Although sequences of the mammoth HBA-T2 gene have not changed in 
the ~6.7 Myr since the divergence of this line from Elephas4, the woolly 
mammoth / -globin chain has acquired three amino acid substitutions: 
T12A, A86S and E101Q (Fig. 1). Using an approach that targets spe-
cific SNPs9, we independently verified each position using the original 
specimen and two additional woolly mammoth samples collected from 
 northern Siberia (Supplementary Figs. 4–8 and Supplementary Table 3).  
To test if the unusual signature (two transversions and one transition) 
and high nonsynonymous-to-synonymous nucleotide replacement ratio 
(3:0) in the mammoth HBB/HBD gene were indicative of positive selec-
tion, we performed a binomial test. However, given the small number 
of observations and relatively high proportion of coding sites that are 
potentially nonsynonymous (264 of 438 = 0.603), this pattern could not 
be distinguished from a neutral process (P = 0.216). Consequently, we 
conducted empirical structure-functional analyses to investigate whether 
the observed nucleotide changes alter protein behavior in a manner con-
sistent with positive selection.

The location and nature of the altered residues are rare among mam-
malian -type chains (Supplementary Fig. 9), with all three altera-
tions fundamentally changing the physiochemical properties at each 
site. The mutations lie on the same side of the protein, with both the 
T12A and A86S substitutions occurring in exposed surface positions, 
whereas the E101Q substitution is located in the highly conserved slid-
ing interface between the two rigid 1 2 dimer subunits (Fig. 2). The 
latter replacement is structurally important, as changes in the ligation  
state of the heme iron cause extensive conformational modifications 
(Supplementary Fig. 10) along this boundary as the  dimers slide 
and rotate in relation to one another14,15. All five known human 
hemoglobin variants with amino acid replacements at 101 possess 
higher intrinsic O2 affinities than the native protein15–18. However, 
only hemoglobin Rush, the human -chain mutant displaying the equi-
valent amino acid substitution (E101Q) to that detected in the / -
chain of mammoths, has an altered sensitivity to red-cell effectors15–17. 
This key attribute arises from the formation of two additional proton- 
linked Cl− binding sites that counterbalances the increase in O2 affinity  
arising from the 101 alteration. Notably, the preferential binding 
of these additional ligands to the deoxy-state Rush protein ‘donates’ 
heat required for O2 offloading, thereby lowering the oxygenation 
enthalpy ( H) of the Rush molecule (−21.4 kJ mol−1 O2 at pH 6.5) 
compared to normal human hemoglobin and the other 101 variants  
(−45.2 kJ mol−1)15–17.

A large negative enthalpy of hemoglobin oxygenation (where 
relatively small increases in temperature cause large decreases in 

Figure 1 Evolution of the genes encoding the single adult-expressed 
hemoglobin component of three members of the Elephantidae family. 
The position of nucleotide and amino acid changes are shown within the 
three coding regions (exons) of the HBA-T2 and HBB/HBD globin genes 
(shown as open horizontal boxes along each branch) superimposed on 
the Elephantidae phylogeny4. Branch lengths are not proportional to 
geologic time. Ancestral nucleotide and amino acid residues are shown 
above, and derived nucleotide and amino acid residues are shown below 
the exons. The numbers above and the letters to the right of the vertical 
lines denote the amino acid residue, whereas the numbers below and 
the letters to the left of each vertical line indicate nucleotide position 
relative to the ATG initiation codon. Thick vertical lines with bold 
characters indicate nonsynonymous substitutions, and thin vertical lines  
represent synonymous substitutions, with red, green and blue characters 
and bars representing replacements at codon positions 1, 2 and 3, 
respectively. We employed the -globin and -globin chain sequences 
of other afrotherian mammals (Echinops telfairi (GenBank P24291, 
P24292), Procavia habessinica (P01957, P02086) and Trichechus 
inunguis (P07414, P07415)) to deduce the direction of amino  
acid substitutions.
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Figure 2 Surface model of a chimeric Asian elephant (left) and mammoth 
(right) deoxyhemoglobin molecule bound to 2,3-bisphosphoglycerate (BPG).  
The locations of the three mammoth-specific amino acid substitutions are 
highlighted in blue, and the positions of each heme group are denoted by 
ball-and-stick diagrams. Regions highlighted in yellow denote positively 
charged residues (Lys82 of the -chain (hereafter denoted Lys), 
/ 143 His and the amino group of / 1 Val) implicated in the binding of 

BPG to elephant deoxyhemoglobin11,12,14. Note that because the polar 
hydroxyl side chain of / 12 Thr of Asian elephant deoxyhemoglobin (and 
human hemoglobin25) forms a hydrogen bond with the carbonyl group of 
/ 8 Lys (green), the negatively charged side chain of / 79 Asp (red) is 

free to project into the BPG binding pocket, where it would tend to repel 
this anion. Conversely, the methyl side chain of / 12 Ala in mammoth 
hemoglobin cannot bond with / 8 Lys, allowing the lysyl side chain to form an ionic interaction with / 79 Asp of the E helix and neutralizing its 
charge (light red). The mammoth-specific / 101 Gln residue is spatially distant from this charged cluster and cannot contribute to BPG binding15–17. 
However, this central cavity residue alters electrostatic interactions at the sliding interface of the molecule that both destabilizes the low-affinity deoxy-
state protein and creates additional proton-linked chloride binding sites in mammoth hemoglobin (see main text for details).
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Mammoth Restoration Project

Phase 1:  
Reconstitute mammoth 

phenotypes 
Edit elephant genomes to confer 

mammoth-like phenotypes: 
(1) Hb: improved oxygen binding   
(2) Hair: long red hair 

Phase 2:  
Complete Mammoth 

Restoration 
(1) Edit asian elephant genome 

to resemble mammoth 
(2) Create a transgenic 

elephant



Plan CCAGAACCCCCTGCTCCTCCCCACAGGACCACCCCCAGACC
CCCGCTCCTCCCCTAAGGACCACCCACAGACCCCCACGCTT
CCCCTCGGGACCACCCCCAGACCCCCGCTCCTCCCCTCAG
GACCACCCCCAGATCCACTGTTCCTGTCCTCCGGACCACAC
CAGACAGCTCCTTCCCTCGGCGCCATCCCCAGACCCCCACG
CTTCCCCTCGGGACCACCCCCAGACCCCCGCTCCTGCCCTC
GGGACCACGCCCAGACCCCCTGCTCCTCCCCACGAAACCA
CGCCCAGTAACCCCCCTCTTCTCCCCTCAGGACCACCCCCA
GACCCCCGCTCCTCCCCTGGGAACCACCCCCAGACCCCCT
GCTCCTCCCCACGAAACCACCCCCAGACTCCCTGCTCCTGT
CCTCCGGACCACGCGACTGCTCCTTCCCTCAGCGCCACCCC
CAGACTGCCGCTCCTCCTGTCGGGACCCCCTGAGGCTTTCT
CCACCCGGAGTGCGGGGTAGGGAGCAGACGGAGAGTGACG
GAGGGTGACGGAGAGTGACGAAAGTAGACGATGTCTGACGG
AGAAGAGCCGAGCGGAGCTGAAGGGCGGCGGAGAGTGACG
GAAAGTGGCGAGAATTGACGGAAAGTGACGGGGACTGACGG
ACAGTGACGAAGAGTCACGAAATTTATCAGAGGGCGACAAAG
AGGAAAGCGAAATGGTGAGATGCAGCCGGCCGAGCCTAATC
GGAGATGACGGAAAGTGACGGAGAGGAACGAGGAGTAAAGA
GGGGTGACGAAAAGAGCCGAAGCTGGTGGAGGCGAAGAAC
TGAGTGAGGGAAGATAGCCGAGATTAGCGGGTGGGCTGCAG
CCGGGGCAGTCGCCCGAATGGGCGGGACCCCACGGAGTTA
GCGAGAGGATGCGAACAGCGGCCAGCCGGGCAGCACGCGA
GCGAGGGAGGGCGTGGAGGGCCGTGGGTCCGCCTGCACTG
AGGCAGGCATGCGTGGCACCGAGGTGACCCGGGTGGGAGG
TGCACCGCCGCCCCCTGGCAGTCTCTCCGCGGAGCCCAAG
CCCGTCTTCTCCGCCCCTTTGCAGACCTCGGCGCCCAGCCT
GGCCCCTGACGCCCACCCGCGGCCCCACCCAGCGCCCGG
GCCCACGAGGCCGAGGAGCGGCGGAGACTAACGGCCCCTG
GACCCCAGGCAGCACATGGCCCAGAGCATCCCAGCCCAGT

GGAGGGCGGCACATGGCGGGAGGGCGGGAGTCCGTGTCCA

CRISPR/!Cas
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