Current Biology, Volume 28

Supplemental Information

Interspecific Gene Flow Shaped

the Evolution of the Genus Canis

Shyam Gopalakrishnan, Mikkel-Holger S. Sinding, Jazmin Ramos-Madrigal, Jonas
Niemann, Jose A. Samaniego Castruita, Filipe G. Vieira, Christian Caree, Marc de Manuel
Montero, Lukas Kuderna, Aitor Serres, Victor Manuel Gonzailez-Basallote, Yan-Hu
Liu, Guo-Dong Wang, Tomas Marques-Bonet, Siavash Mirarab, Carlos Fernandes, Philippe
Gaubert, Klaus-Peter Koepfli, Jane Budd, Eli Knispel Rueness, Mads Peter Heide-
Jorgensen, Bent Petersen, Thomas Sicheritz-Ponten, Lutz Bachmann, Qystein Wiig, Anders
J. Hansen, and M. Thomas P. Gilbert



0 0.0124 0.0211 0.0189
S- . &
(=]
<
o
8 -
o
™
=)
8 -
> ©
‘@
o
[J
S
N
o
<
Q
k) —
T g
8 — L —
S a —
—
o
8
[
o
S
: x © © QN o o © o .© TCOT[T@OT'T © ¢S © O TTOr-~-NTCgFgp.©0©Cc o FANTrFAOTSrATTAN~ANM
o s S S Sof S9cTILT 8588 TolZc® —A =
2 S2gg RR § 5¢5 59982c EGIEx §§583EZC85%F 5SS CSOSSEESSS
S EZEE oe = s20 D2 ce=2® n%ﬁ&% BERRO25P0 L 335555%?85‘58:8
o] Q O c= = —= <0 o0=X+« T <2 = T 0PV o=Il=0O DoDODDOMm == SRR
%} < =5 ] o = =0 _F% ww . 222°9m [e)e]
g NExXX =5 W OFY - SolsS 9=8y L0S5550580= 2222 9% 0853
C o2 2M = =50 owe==2D =202 & = 523335 922 DS DDO Q@
< 8388 2% % TS 85%Tc0 288.% £0%55I5iis.: S488888588883520
[ [ = 29 975 =)
oo 02 c 85§ §-cc89 20 323 Qgggg(ﬂ‘-:(‘ﬁgﬁ oonn Qo0
S8SE S0 & 335 £§3882 S OF wLpp® ©g9%§ eaa
SO0 S S s 2 oo
€S oE S g— ®G O 08Bl 5c -
3255 S T 500 2a =00
££ec < 600 583003%2 g(.') 9_>J’
c T © cc o
SEEE o o S§5sLo 7 o
QLo ::_g.g.g'&: o
SckEkE EEET S
ZI8%% <zzz 8 ©
kS =
E
<

Figure S1: Heterozygosity estimates. Related to figure 1 in main article. Per sample
heterozygosity, estimated under a genotype likelihood framework. Each sample is represented
by a single bar. The heterozygosities range from 0.0003 to 0.0021. Heterozygosity was
estimated per individual, with four individuals displaying high error rates in sequencing data
(marked by ‘*’ and with the calculated heterozygosity estimates next to them). The Ethiopian
wolf, African hunting dog, and dhole are considered endangered and their wild populations
are decreasing according to the [UCN [S1-S3], therefore insights into threats induced by low
heterozygosity are valuable knowledge for conservation and management efforts. African
golden wolves had the highest heterozygosity, ranging from 0.0013-0.0022, coyotes and
golden jackals showed high values, ranging from 0.0015-0.0019 and 0.0012-0.0018
(excluding individuals with unreliable estimates), respectively. Grey wolves display a range
of heterozygosity values overall, ranging from 0.0006-0.0018, the lowest being observed in a
Mexican wolf. Two of the African hunting dogs that were sequenced are museum specimens,
hence the DNA was degraded and unfortunately the estimated error rates in these genomes
were high enough to reliably estimate heterozygosity. The other two hunting dogs display low
heterozygosity values at 0.004. Both dholes show low values of heterozygosity (0.0004-
0.0007), but since they are captive animals, their values might reflect low genetic variation in
captive populations. Further, the pedigree of the Berlin zoo dhole indicates some level of


https://paperpile.com/c/dyDVQK/oH0mb+24mT0+uo3vV

inbreeding. The Ethiopian wolf has the lowest heterozygosity at 0.0003, this extremely low
figure being notable that it is comparable to the Mexican wolves, which descend from only 7-
9 founders [S4, S5]. Thus, present-day Ethiopian wolf could potentially be subject to
inbreeding depression as previously suggested [S6].
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Figure S2: Phylogeny of all samples in the study. A. Full nuclear phylogeny computed
using ASTRAL II. Related to figure 2 in main article. The phylogeny of all 48 samples,
constructed as the consensus tree from 100 separate species trees estimated by Astral-1I [S7]
using gene trees obtained from FastTree2 [S8], under the GTR-GAMMA model of sequence
evolution. The node labels show the bootstrap support computed by RAXML [S9] using 100
replicates obtained using Astral-II. The branch labels (decimal values above the branches)
show the mean local posterior probability across the 100 Astral-II replicates. Only bootstrap
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values less than 100 and mean local posterior probabilities less than 1.0 are shown in the
figure. The different groups of samples that were used for collapsing in Figure 1 of the main
text, are shown on the right side, with the appropriate labels and colors. The branches and
node labels are colored by the species of the sample. The nuclear phylogeny is consistent
with previous findings where the Ethiopian wolf was basal to both jackal species, the golden
jackal and the African golden wolf. The low average local posterior probabilities and
bootstrap supports for the nodes and branches leading to the split of the dogs from the
Eurasian wolves shows a lack of power to resolve the topology at these nodes. Further
investigation of the resolution at various branches of the phylogeny using bipartition
frequencies can be found in figure 2C. Note that the branch lengths in this phylogeny are
related to the coalescent times, and do not directly correspond to actual time between clades.
B. Full nuclear phylogeny using RaxML. The phylogeny of all 48 samples, constructed
using the concated analyses of 1000 randomly chosen 1kb regions strewn across the genome.
The tree and the bootstrap values are obtained using RAXML [9], under the GTR-GAMMA
model of sequence evolution. In this tree, the branch lengths are proportional to the actual
split times between the different species.
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Figure S3: Evidence for extensive gene flow in the genus Canis. A. Related to figure 3 in
main article. Admixture plots for K=2-18. Admixture analysis of all samples included in the
manuscript. The plots show the ancestry proportions of the samples estimated using
NGSAdmix, which performs an unsupervised clustering analysis using the genotype
likelihood data for the samples, when estimating K=2-18 ancestry clusters as shown at top of
figure. Each sample is represented by a line, and the admixture proportions are represented in
different colors. The major clusters of populations and species are separated by solid black
lines and detailed on the right of the figure. Name and location of specific samples are given
on the left of the figure. One of the main findings of this analysis is the clear separation
between the two clades of the African golden wolf, viz. the Eastern clade consisting of the
Ethiopian and the Kenyan sample, and the Northwestern clade, which contains the Moroccan,
Algerian and the Senegalese samples. Further, the African golden wolf from Sinai is a hybrid
between the Middle Eastern grey wolves and the Eastern African golden wolves. Note that
the clusters from K=16-18 are not stable, but they do show that the hybrid sample from Sinai



separating from the rest of the African golden wolves. B. A maximum likelihood tree
obtained using treemix, fitting 4 migraiton edges. Treemix uses the correlation between allele
frequencies in the different groups to estimate the maximum likelihood tree. Further, it uses
the discrepancies between the estimated and observed allele frequency correlations to infer
migration events between the groups. The tree with migration edges is shown in the left
panel, whereas the residual error between the observed and fitted allele frequency
correlations is shown on the right. The tree shows significant gene flow first of all between
coyotes and Mexican grey wolves. Additional migration events are inferred between
Ethiopian wolf and African golden woves, indicating both a migration to the root of African
golden wolves, and also a second migration to the eastern population. Finally, there is a
migration from African golden wolves to the dog/grey wolf/African golden wolf hybrid
individual, fitting its admixed background. C-E. D-statistics suggesting admixture between
different species. D-statistics measure the differential amount of allele sharing between two
members of an ingroup (H1 and H2) with a sister group (H3), using an outgroup as a control
(H4 or O). Tree-like topologies at the top of each figures represent the null hypothesis in each
test, where pink lines indicate gene flow between the respective branches. D-statistics can be
used to measure the deviation from the tree shown in the middle - the null hypothesis of no
gene flow - using the relative abundance of different topologies, as would be induced by the
trees on the left and the right - the trees with gene flow. Points indicate the D value obtained
from the respective tests. Horizontal lines represent 1 (larger vertical line) and ~3.3 (smaller
vertical line) standard errors estimated from a weighted block-jackknife procedure. C. Gene
flow between African hunting dog and dhole. D-statistics tests showing significant gene
flow (|Z>3.3) between the African hunting dog and the dhole. D-statistics can be used to
measure the deviation from the tree shown in the middle - the null hypothesis of no gene flow
- using the relative abundance of different topologies, as would be induced by the trees on the
left and the right - the trees with gene flow. Points indicate the D value obtained from test and
horizontal bars show standard errors. Trees in the top are used to illustrate the null and
alternative hypotheses, where pink lines indicate gene flow between the respective branches.
Irrespective of the sample used in the ingroup along with the dhole, we see a statistically
significant signal of gene flow between the African hunting dog and dhole. D. D-statistics
for grey wolves, coyotes and Canid X. D-statistics tests to compute gene flow between
coyote and the dhole or the African hunting dog. The trees at the top show the configuration
of samples tested along with the gene flow suggested by the D-statistics. D-statistics can be
used to measure the deviation from the tree shown in the middle - the null hypothesis of no
gene flow - using the relative abundance of different topologies, as would be induced by the
trees on the left and the right - the trees with gene flow. The D-statistic and its estimated
standard error bars are plotted in the panel. Note that only the Ethiopian wolf and the golden
jackal were used in the position H1, due to evidence of gene flow between the grey wolves,
African golden wolf and golden jackal, which obfuscate the findings presented here. The
upper two D-statistics, with the dhole in the position H3, coyote in position H2, and either the
Ethiopian wolf or the golden jackal in position H2, show a small but significant signal for
gene flow between coyote and dhole. However, when replacing the dhole with the African
hunting dog, the signal of gene flow between the coyote and the species in H3, the African
hunting dog disappears. We suggest that, rather than actual gene flow, the patterns are



evidence of admixture between coyote and an unknown canid taxon, which would be
phylogenetically placed between the dhole and the African hunting dog. Such an admixture
event would lead to outgroup attraction of the coyote lineage as long as the species used in
H3 is closer to the ingroup than the unknown canid. Although the grey wolf is not used in this
analysis, the results in subsequent analysis suggest that the grey wolves show a signal of gene
flow from a similar unknown canid taxon. E. D-statistic showing a significant gene flow (|Z|
>3.3) between golden jackal and grey wolf, dog and the African golden wolf compared to
coyote. We note that in some tests where the African golden wolf is placed in H2 yielded
positive results suggesting introgression between coyote and golden jackal, however we
explain this as a consequence of the gene flow between the African golden wolf and the
Ethiopian wolf (a more basal species), which results in outgroup attraction.
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Figure S4: Two possible admixture graphs modelling excess basal ancestry in coyotes
and grey wolves. Related to figure 4 in main article. QPgraph estimates the admixture
graph using all pairwise D-statistics for a given set of populations. In these graphs, the excess
genetic affinity between the coyote/grey wolf and the dhole, as shown in figure S8, is
explained using two different admixture graphs. The first graph A. explains this excess
ancestry by modelling the ancestor of the coyotes and the grey wolves as an admixture
(arrows shown in red) between a lineage related to golden jackals and another related to
population X, which is closely related to the dholes. The second admixture graph B. explains
the excess basal ancestry in coyotes and grey wolves by incorporating an admixture edge
from the ancestor of coyotes and grey wolves into the dhole, with the dhole deriving ~21% of
its ancestry from this admixture event. Both these graphs fit the data well, in terms of outlier

f-statistics, suggesting that there are multiple models that explain the data. In both these
cases, we see a population related to the dholes sharing excess ancestry with the ancestor of
coyotes and grey wolves.



Parameter Model without Model with migrations
migrations
Population size parameters
Ethiopian wolf (EW) 7.076 x 10* 6.406 x 10*
African golden wolf (AGW) 0.407 0.436
Golden jackal (GJ) 0.229 0.247
AGW - GJ ancestor 56.112 49.347
EW - AGW - GJ ancestor 3.747 3.618
Split time parameters
AGW -@J 6.443 x 10° 7.055x 107
EW - (AGW - Q)) 0.998 1.049
Migration parameters
AGW — GJ - 11.219
GJ] - AGW - 5.984
EW — AGW - 9.402
AGW — EW - 1161.618
EW — GJ - 6.769
GJ - EW - 53.037
EW — (AGW - Q)) - 2.535
(AGW -GJ) - EW - 250.97

Table S1: G-PhoCS estimates of populations sizes, migration rates and split times for
Ethiopian wolf, African golden wolf and golden jackal. Related to figures 2 and 3 in the
main article. Two different models demographic models were estimated for the three species
included in the G-PhoCS analysis, viz. Ethopian wolf, African golden wolf and golden jackal.
No migration rates were included in the first model, whereas the second model allowed for
migrations between all pairs of species. The population size parameters are the effective
population sizes (N.) estimates, given in number of chromosomes, using G-PhoCS. The split
times are given in coalescent scaled time units (2N. generations) and the migration rates are
presented in scaled migration rates (4N.m, where N.m is the number of migrants per
generation). All the parameter estimates are scaled by population sizes and mutation rates.
High migration rates are shown in bold in the table.



T1 SE(T1) T2 SE(T2)
Group 1 Group 2
(ky) (ky) (ky) (ky)

Dhole Coyote 1747.49 14.06| 1972.11 14.06
Dhole Ethiopian wolf 2009.06 46.73|  2236.95 46.73
Dhole Grey wolf American 1765.02 31.33] 2016.93 31.33
Dhole African hunting dog 2503.99 29.16| 2328.75 29.16
Dhole Grey wolf European 1730.51 20.18 1974.19 20.18
Dhole Dog India 1763.38 28.72|  2006.97 28.72

African golden wolf
Dhole Eastern 1804.97 25.81 1991.71 25.81
Dhole Grey wolf Mexican 1910.02 2342 2150.49 23.42

African golden wolf
Dhole Northwestern 1660.32 24.10[  1890.30 24.10
Dhole Dog Qatar 1648.25 81.48| 1864.63 81.48
Dhole Golden jackal 1811.13 17.92| 1974.51 17.92
Dhole Grey wolf Asian 1678.14 20.11 1949.04 20.11
Coyote Ethiopian wolf 789.10 12.70 792.12 12.70
Coyote Grey wolf American 231.82 0.99 261.56 0.99
Coyote African hunting dog 2125.65 1.68 1713.55 1.68
Coyote Grey wolf European 234.30 0.83 259.15 0.83
Coyote Dog India 248.85 0.48 274.62 0.48

African golden wolf
Coyote Eastern 384.66 0.93 350.29 0.93
Coyote Grey wolf Mexican 258.85 5.19 275.92 5.19

African golden wolf
Coyote Northwestern 303.94 0.47 310.25 0.47
Coyote Dog Qatar 208.84 0.67 239.56 0.67
Coyote Golden jackal 595.32 1.72 527.24 1.72
Coyote Grey wolf Asian 222.16 0.55 269.11 0.55
Ethiopian wolf Grey wolf American 865.05 52.44 891.65 52.44
Ethiopian wolf African hunting dog 2467.13 36.70] 2048.28 36.70




Ethiopian wolf Grey wolf European 773.04 51.94 794.11 51.94
Ethiopian wolf Dog India 792.86 28.12 813.43 28.12
African golden wolf
Ethiopian wolf Eastern 691.25 29.93 655.69 29.93
Ethiopian wolf Grey wolf Mexican 961.68 13.78 977.06 13.78
African golden wolf
Ethiopian wolf Northwestern 659.32 7.63 661.33 7.63
Ethiopian wolf Dog Qatar 726.49 43.64 746.98 43.64
Ethiopian wolf Golden jackal 962.56 36.30 893.38 36.30
Ethiopian wolf Grey wolf Asian 717.96 13.09 761.77 13.09
Grey wolf American  |African hunting dog 2186.56 1.97 1739.41 1.97
Grey wolf American  |Grey wolf European 21.15 4.01 15.99 4.01
Grey wolf American  |Dog India 22.42 1.01 18.59 1.01
African golden wolf
Grey wolf American  |[Eastern 345.22 6.69 280.97 6.69
Grey wolf American  |Grey wolf Mexican 20.21 36.09 7.38 36.09
African golden wolf
Grey wolf American  [Northwestern 204.57 0.52 179.97 0.52
Grey wolf American  |Dog Qatar 16.72 1.24 21.16 1.24
Grey wolf American  |Golden jackal 598.10 5.78 500.47 5.78
Grey wolf American  |Grey wolf Asian -4.65 0.49 12.89 0.49
African hunting dog  |Grey wolf European 1725.73 0.59) 2161.78 0.59
African hunting dog  [Dog India 1732.71 2.83] 2175.63 2.83
African golden wolf
African hunting dog  [Eastern 1740.22 4.18] 2113.24 4.18
African hunting dog  |Grey wolf Mexican 1822.73 5.78|  2255.17 5.78
African golden wolf
African hunting dog  Northwestern 1694.51 1.07 2115.61 1.07
African hunting dog  |Dog Qatar 1621.68 6.82)  2027.96 6.82
African hunting dog  |Golden jackal 1846.80 3.85]  2202.99 3.85
African hunting dog  |Grey wolf Asian 1715.43 0.23] 2188.19 0.23
Grey wolf European  |Dog India -5.26 0.67 -3.94 0.67




African golden wolf

Grey wolf European  [Eastern 321.28 2.32 262.28 2.32

Grey wolf European  |Grey wolf Mexican 39.88 15.54 31.53 15.54
African golden wolf

Grey wolf European  [Northwestern 188.25 0.46 169.50 0.46

Grey wolf European  |Dog Qatar -10.83 1.19 -0.25 1.19

Grey wolf European  |Golden jackal 570.18 3.75 478.52 3.75

Grey wolf European  |Grey wolf Asian -22.80 0.37 -0.99 0.37
African golden wolf

Dog India Eastern 308.65 1.76 248.78 1.76

Dog India Grey wolf Mexican 30.73 3.59 21.56 3.59
African golden wolf

Dog India Northwestern 196.73 0.33 175.93 0.33

Dog India Dog Qatar -119.24 0.60 -109.49 0.60

Dog India Golden jackal 567.63 1.26 476.04 1.26

Dog India Grey wolf Asian -2.89 0.28 18.07 0.28

African golden wolf

Eastern Grey wolf Mexican 310.84 4.17 362.18 4.17

African golden wolf  |African golden wolf

Eastern Northwestern 108.44 0.31 147.67 0.31

African golden wolf

Eastern Dog Qatar 234.83 1.86 297.45 1.86

African golden wolf

Eastern Golden jackal 601.53 5.44 570.59 5.44

African golden wolf

Eastern Grey wolf Asian 225.87 1.11 307.53 1.11
African golden wolf

Grey wolf Mexican Northwestern 210.11 3.61 199.22 3.61

Grey wolf Mexican Dog Qatar 0.81 3.53 17.05 3.53

Grey wolf Mexican Golden jackal 588.54 6.56 503.33 6.56

Grey wolf Mexican Grey wolf Asian 0.84 4.14 30.77 4.14

African golden wolf

Northwestern Dog Qatar 152.09 0.58 177.06 0.58




African golden wolf

Northwestern Golden jackal 577.03 0.92 503.35 0.92
African golden wolf

Northwestern Grey wolf Asian 156.31 0.29 199.62 0.29
Dog Qatar Golden jackal 519.46 2.45 433.07 2.45
Dog Qatar Grey wolf Asian -7.92 0.21 3.02 0.21
Golden jackal Grey wolf Asian 457.99 1.60 574.52 1.60

Table S2: Split time estimates from TT method. Related to figures 2, 3 and 4 in the main
article. The sample pairwise split time estimates obtained from the two plus two method
[S16] using the counts of the different configurations of number of derived alleles carried per
site (9 in all, with 7 being variable). The Andean fox was used as outgroup to figure out the
derived allele. The column T1 is the block jackknife estimate of the split time using the
species/population in the first column as the focus population and the species/population in
the second column as the contrast population, while the column T2 is the split time obtained
when the roles of the populations are reversed. Negative values (shown in red) indicate that
these split times cannot be accurately estimated using this method, either due to gene flow or
due to changing population sizes in the ancestral population. The estimates and their standard
errors are scaled to 1000 years (ky).
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