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Appendix A

Calculating Sy, the overall support for a topology t

For rooted species tree (((A,B),C),D) (outgroup omitted) and under the infinite
sites model, maximum-parsimony methods should recover the topology ¢ that has the
largest support (S;; Eq. below, but see main text for a more thorough explanation),
with support here meaning the total length of gene tree branches that are present as
internal branches in topology ¢. Note that if the infinite sites assumption is violated, the
exact relationship between gene tree branch lengths and the support (i.e., the count of site
patterns) for different topologies can become less clear due to homoplasy (but see Chifman
and Kubatko|, 2015| for the case of a four-taxon species tree). Two topologies compete
when data is concatenated: the species tree topology (((A,B),C),D), and the anomalous
gene tree (AGT) topology ((A,B),(C,D)). Because these two topologies share the internal
branch subtending node {A, B}, one can compare S; and S; (Table 1, main text) by
focusing on the branches these two topologies do not share: the branch subtending node
{A, B,C} (present in the species tree topology) and the branch subtending {C, D} (present
in the AGT). The species tree topology (¢ = 4; Table 1, main text) will be returned as the
most parsimonious (instead of the AGT, ¢t = 1) if Sy > 5.

S; is defined in the main text as:

Se=>_ > P)L(b|u) (A.1)
wu€U b;bEBy ¢
where U is the set of gene tree topologies that share internal branches with topology ¢, and
B, is the set of internal branches that each individual gene tree, u, in U shares with ¢.

P(u) is the probability of gene tree topology w under the species tree (Table 1, main text).
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L(b|u) is the expected length in coalescent units (N, generations) of branch b (in the set
B, +) given topology u. For the case where the internal branches of the species tree (z and
y; Fig. la, main text) have a length of zero (i.e., the species tree is a four-taxon polytomy),
finding L(b|u) is straightforward using coalescent theory (Equations 2 and 3, main text).
When the species tree internal branches are not zero, however, a given gene tree
topology u can be classified into different coalescent history classes (Degnan and Salter,
2005)), the set of which is denoted H. A history class h is defined by the times at which
coalescent events take place (Fig. and Table and ; see below). We can replace
the probability of observing each gene tree topology, P(u), with the probability of each
history class h in H given u, G(h | u). Importantly, we must update the definition of S, as

the expected branch lengths now depend on h and wu:

Se=>_ > > Gh|uL(b|uh) (A.2)

w;u€U h;h€H b;bEBy ¢

Calculating the probability of a coalescent history class

The probabilities of coalescent history classes given a gene tree topology (defined
here as G(h | u)) have been derived in Pamilo and Nei| (1988) and Rosenberg (2002)) for the
species tree being considered here (for more general cases, see Degnan and Salter|2005)).

Those calculations make use of the function g¢;;(7) (Tavaré, |1984)), defined as:

e (26 = 1D)(=D)F 50y
e k(-1 ( (h-1)1[k] A
R S i 0

where agy = a(a+1)...(a+k—1) for k > 1 with agy = 1; and apy = a(a—1) ... (a—k+1)
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for kK > 1 with ajg) = 1. g;;(7) returns the probability that ¢ lineages descend from j
lineages 7 coalescent units in the past, with ¢;;(7) = 0 except when ¢ > 5 > 1.

From Equation (A.2), comparing S; and Sy requires computing G(h | u). Note,
however, that because some of the history classes contribute the same support to Sy, we do
not have to calculate G(h | u) for all values of h. For example, history classes 2, 4 and 5

given u = 4 all contribute 1 to Sy, and so their probabilities (d; + d2 + d3) can be evaluated

60 (1= (g21(y)g21(2) + g22(y)ga () 3)) (Table [A1)).

Calculating expected branch lengths

After calculating the probabilities of the different coalescent history classes,

G(h | u), we now must calculate the expected gene tree branch lengths for each ¢
contributed by each h. For our purposes in comparing the species tree and the AGT, the
only branches that matter are those supporting node {A, B, C} and node {C, D}.
Evaluating Sy, for example, would entail summing the expected branch lengths in all
coalescent histories from all three gene tree topologies that have node {A, B, C'} (Fig. |A.1}
this is equivalent to summing all branches highlighted in red).

Again, expected branch lengths can be obtained with coalescent theory (Tables
and if we assume clock-like evolution. Some of the expected branch lengths (such as
those from history classes 2, 4 and 5, given u = 4; Table are simply the expected time
until coalescence of two lineages (N, generations = 1 coalescent unit). For the remaining
history classes, however, we must find the expected times of coalescence of either two
lineages, or three lineages into their MRCA conditioning on finding the MRCA within a
branch of length 7. The former is used when finding the support for the species tree (¢t = 4)
coming from history class 1 of the congruent topology (h =1 and u = 4; Fig. : here,
two lineages must coalesce in z, so we must subtract the expected time of coalescence

(conditioning on it happening in x) from 1 + z.
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(Note that branch lengths measured in coalescent units as derived here are informative of
the support they provide to competing topologies only if we make the assumption that N,
is the same across species and along the species tree. This assumption is necessary because
coalescent units conflate time and effective population sizes. A “wide and long” [large
internode distance and N,] and a “thin and short” [small internode distance and N,] can
have the same length in coalescent units and be equivalent in the distributions of
discordant topologies they allow for — but may have different distributions of site patterns,

which can then influence the support they provide to competing topologies.)

h=1|u=4 h=2|u=4 h=3|u=4 h=4|u=4 h=5|u=4

Figure A.1: All history classes from all gene tree topologies that share node {A,B,C} with
the species tree topology. Branches in red represent the contributed support of each history
class to the species tree topology.

In order to derive the expected time of coalescence of two lineages conditioning on a

coalescent event happening within a branch of length 7, we use the fact that the expected
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time of coalescence of two lineages, v, is exponentially distributed (with A = 1), with pdf:

e x>0,
flvg;1) = (A.4)

0 otherwise,

and cdf:

F(vy=m1;1) = B (A.5)
0 otherwise.

Note that in the cdf above, we equate vy = 7 because we are interested in the probability
of coalescence before time 7.
We can then define the pdf of vy given that a coalescent event happens within a

branch of length 7, by dividing Equation (A.4) by Equation (A.5]):

e V2
l—e—7

0<wv <,
(A.6)

fr(vg | Coalescence) =

0 otherwise,

and then finally calculate the pdf for the expected time for two lineages to coalesce in a

branch of length 7, conditioning on a coalescence event happening, ¢(7):

e V2

dU2:1— T .
l1—eT" eT —1

q(7) = E[f:(vqy | Coalescence)| = / Vg (A7)
0
Importantly, ¢(7) converges on 1 coalescent unit, as expected (Fig. [A.2)).
The same logic outlined above can be used to derive the expected time of
coalescence of three lineages into their MRCA within a branch of length 7, conditioning on

their coalescence taking place in that branch. In this case, the expected time of coalescence
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Figure A.2: Expected time of coalescence of two lineages within a branch of length 7,
conditioning on a coalescence event happening.

of three lineages into their MRCA, v3, can be seen as a variable resulting from the
convolution of two exponentially distributed random variables (with A =1 and A = 3,
respectively). If we name the pdfs of these two exponential variables k(v3) and [(v3), we

can define the pdf of the convolved variable:

0o al1 _ ,—a)a
Jrri(a) = /_ k(vs)l(a — vs)dvs = —(6 )\le_ )\2))\1)\2, (A.8)

for a > 0. Replacing A\; = 1 and \y = 3, we obtain pdf:
(—e™3% +e7%) vz >0,

frr(a) = (A.9)

otherwise,

N

e}

and cdf (similarly to what was done above, we equate v3 = 7):

s2+e¥=3e) x>0,
Fk+l(()é) = (AlO)

otherwise.

e}



100 We can then define the pdf of v3 given a coalescent event happens within a branch

1 of length 7, by dividing Equation (A.9) by Equation (A.10):

3(_6—303 +6—U3)

e 03 <,

fr(vs | Coalescence) = (A.11)

0 otherwise.

12 The last step is to calculate the pdf for the expected time for two lineages to coalesce in a

03 branch of length 7, conditioning on a coalescence event happening, r(7):

T 3 _ ,—3v3 —v3
r(1) = E[f-(vs | Coalescence)] = /0 U3 2(+6637 —_’—;67) dvz =
(A.12)
148 +3b—9e*" (14 7)
C 3(=1+em)2(1+ 2e7)
104 Finally, we must again verify the convergence of r(7), except in this case the

105 expectation is 1 + % coalescent units (Fig. |A.3)).

1,501
1.25-
£ 1.001
0.75-
0504
25 5for 75 100

Figure A.3: Expected time of coalescence of three lineages within a branch of length 7,
conditioning on a coalescence event happening.



Table A.1: Gene trees supporting the species tree topology through the branch subtending
node {A,B,C} (branch lengths in N, generations).

Topology u  History class, h Branches contain- Probability of his- Expected branch
ing 1°¢ and 2"¢ co- tory class, G(h | length, L(b|u,h)

alescences w)
(AB)C)D) 4 1 Y, T 921(y)g21 () 1+ —q(x)
2 Y, w 01 1
3 T, x 922(y)g31(2) 3 1+x—r(z)
4 T, w o) 1
5 w, w 03 1
(BOA)D) 10 i 5o @@ 1+z-r(@)
2 T, w K1 1
3 w, w K9 1
((AC)B)D) 6 1 T, T 922(y)g31 () 5 1+x—r(x)
2 T, w 1 1
3 w, w C2 1

Table A.2: Gene trees supporting the species tree topology through the branch subtending
node {C,D} (branch lengths in N, generations).

Topology u  History class, h Branches contain- Probability of his- Expected branch
ing 1°¢ and 2"¢ co-  tory class, G(h | length, L(blu,h)
alescences u)
(AB)(CD)) 1 1 g w e()gmn(@)s 141
2 T, w 51 1
3 w, W B 1
((CD)A)B) 14 1 w, w 1 3
((CD)B)A) 15 1 w, w 1 3
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Appendix B

Stmulations across the phylogenetic space of a four-taxon species tree

In order to understand the behavior of different tree estimation methods across
phylogenetic space, we used the coalescent model to simulate gene trees from an
asymmetric species tree with four species in its ingroup, ((((A:z,B:2):y,C):x,D):w,E), where
z, Yy, v and w are the lengths of terminal branches A and B, and the internal branches
subtending (A,B), ((A,B),C) and (((A,B),C),D), respectively. Branch E leads to the
outgroup, so the internal branch length w was always large enough so no ILS happened
between E and any of the remaining taxa.

We explored the phylogenetic space of this species tree by simulating 20,000 gene
trees at different z- and y- value combinations (measured in coalescent units, where 1 unit
= N, generations), with z varying from 0.015 to 0.285 in 0.015 increments, and y varying
from 0.05 to 0.95 in 0.05 increments — for a total of 361 combinations comprising a square
xy-grid (w and z were fixed for this initial set of simulations to 12 and 1 coalescent units,
respectively). In addition, we further explored phylogenetic space by simulating along the
xy-grid four more times: (i) with z = 0.1 and z = 10 (one each; w was fixed at 12
coalescent units), and (i) with w = 8 and w = 20 (one each; z was fixed at 1 coalescent
unit). Simulated gene trees were used in conjunction with the Jukes-Cantor nucleotide
evolution model (Jukes and Cantor|, 1969) and 6 = 0.04 to simulate one 1-kb locus
alignment per tree. All 20,000 simulated alignments from each xy-grid point were
concatenated and used in downstream analyses. Coalescent simulations were done with ms

(Hudson, 2002) and sequences were simulated with Seq-Gen (Rambaut and Grassly| [1997).

Comparing empirical and expected support for the species tree and the anomalous tree
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We summarized the difference in phylogenetic signal favoring the species tree (SP)
versus the anomalous gene tree (AGT) by computing the SP:AGT ratio of the sums of
branch lengths supporting each tree. Branch length support for both trees was calculated
at 19 grid points along the diagonal of the xy-grid (from x = 0.015 and y = 0.05, to
x = 0.285 and y = 0.95, and for x = y = 0), with 100 replicates for every point, each
replicate consisting of 20,000 gene trees.

For each replicate in each grid point, we computed the support for the species tree
by adding the lengths of all internal branches subtending ((A,B),C); these branches were
present in 3 of the 15 possible topologies: (((A,B),C),D), (((A,C),B),D), and (((B,C),A),D)
(outgroup omitted). Similarly, we added the lengths of all internal branches subtending
(C,D) in order to obtain the branch length support for the anomalous tree; these branches
are found in topologies ((A,B),(C,D)), (((C,D),A),B), and (((C,D),B),A). Finally, we
compared the SP:AGT ratios of branch length support at each grid point to the expected

theoretical ratios (see Appendix A).

FEvaluating tree inference methods on concatenated alignments across phylogenetic space

Phylogenies were estimated from the concatenated alignments across the zry-grid
using neighbor-joining, parsimony, and maximum-likelihood as implemented in PAUP*
v4.0a150 (Swotford, 2002). Maximum-likelihood estimation was done exhaustively, as in
Kubatko and Degnan (2007): all 15 possible rooted topologies had their likelihoods
evaluated and the top one was reported. We also estimated the maximum-likelihood tree
with heuristic search; in this case PAUP* reported one single best tree in all but one point

on the grid.

Inferring site pattern likelihoods under the maximum-likelihood tree

The 20 million sites in each concatenated alignment were first classified into one of
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44 unique site pattern bins, after coding the ancestral state (the base present in the
outgroup E) as “0”, and the derived states as “1”, “2” or “3” depending on how many
different states were present at a given site. This procedure is possible because the
Jukes-Cantor model does not incorporate transition-transversion bias, and so site pattern
((((AA)G)G)A), for example, is equivalent to ((((AA)C)C)A); both would be coded as
“001107.

The likelihood of all site patterns was computed for the maximum-likelihood tree at
the grid point closest to the origin (x = 0.015 and y = 0.05). Likelihood computations were
done with PAUP*.
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