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S1 Simulation Design

The data were generated using SimPhy (version 1.0.2) [1] under the DLCoal model [2].
We generated the default dataset with the following command:

simphy -sl f:100 -rs 10 -rl f:1000 -rg 1 -sb f:0.000000005 \

-sd f:0 -st ln:21.25,0.2 -so f:1 -si f:1 -sp f:50000000 \

-su ln:-21.9,0.1 -hh f:1 -hs ln:1.5,1 \

-hl ln:1.551533,0.6931472 -hg ln:1.5,1 -cs 8472 -v 3 \

-o default -ot 0 -op 1 -lb f:0.0000000005 \

-ld f:0.0000000005 -lt f:0

The parameters that do not directly correspond to parameters mentioned in the
“material and methods” section were chosen based on the data simulated for the orig-
inal ASTRAL-Pro study [3]. Some of these parameters (-hh, -hs, -hl, and -hg)
are used to deviate from the strict molecular clock. We used INDELible [4] to sim-
ulate sequences down the true gene trees produced by SimPhy, which were provided
with branch lengths. We downloaded the INDELible executable from the link: http:

//abacus.gene.ucl.ac.uk/software/indelible/download.php. INDELible takes as
input a control file containing inputs and all possible configurations and outputs the se-
quences in PHYLIP format. In the control file, we chose the Generalised Time Reversible
(GTR) model [5] for the nucleotide substitution model. The GTR parameters for the
substitution rate matrix were generated from a Dirichlet distribution, where the param-
eters of the distribution were chosen based on the data simulated in the FastMulRFS
study [6]. Finally, we used the continuous Gamma distribution as the rates-across-sites
model, and the shape parameter of the Gamma distribution has been taken from a log-
normal distribution. We used the parameters for the lognormal distribution from the
FastMulRFS study [6].

Table S1: INDELible Parameters

Parameters Values

Base Frequencies Dirichlet(T=113.48869,C=69.02545,A=78.66144,G=9983793)
Transition Rate Dirichlet(CT=12.776722,AT=20.869581,GT=5.647810,

AC=9.863668,GC=30.679899,AG=3.199725)
Gamma rate variation Log-normal(µ-0.470703916, σ=0.348667224)

We generated one sequence per leaf and automated the creation of the con-
trol files and the running of INDELible with scripts set indelible params.py

and run indelible.py, both written by Erin Molloy and available at: https:

//databank.illinois.edu/datasets/IDB-5721322 (in tools.zip). The commands
(with Dirichlet distribution parameters) used in the study are:

python set_indelible_params.py \

-n $number_of_total_gene_trees \

-f 113.48869 69.02545 78.66144 99.83793 \

-r 12.776722 20.869581 5.647810 9.863668 30.679899 3.199725 \

-a -0.470703916 0.348667224 \
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-l $sequence_length \

-o indelible-parameters.csv

python run_indelible.py \

-x path/to/indelible/executable \

-s 1 \

-e $number_of_total_gene_trees \

-p indelible-parameters.csv \

-t true_gene_trees.trees \

-o output/directory/for/estimated/gene/trees

To generate datasets with missing taxa, we ran the script missing.py (available
from https://github.com/roddur/Generate-missing-taxa-dataset). The script de-
termines the clades in the species tree containing at least 20% of all the leaves in the
tree; then, for each of the selected gene-family trees (the probability that a gene-family
will be selected is 0.95), it randomly (uniformly) picks one of these clades and deletes all
the leaves from that gene family tree not in the selected clade. We did not delete species
from gene trees containing fewer than 20% of the total species.

python missing.py -g genes.trees > genes_missing.trees
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S2 Methods, Commands, and Version Numbers

All of these commands were run on the Campus Cluster of the University of Illinois
Urbana-Champaign or on Tallis, which has 1 node with 16 threads; further informa-
tion about the Campus Cluster hardware can be found here: https://campuscluster.

illinois.edu/about/system-info/hardware/.

S2.1 ASTRAL-Pro

We ran ASTRAL-Pro (version 1.1.5) on our datasets with the following command:

java -jar -D"java.library.path=lib" astral.1.1.5.jar \

-i genes-mult.trees -o species.tree

When running on the 1001 species conditions we included the argument -t 0, which
disables the computation of branch support. We did this as ASTRAL-Pro would often
crash on these model conditions otherwise. Additionally, we computed localPP branch
support with the following command:

java -D"java.library.path=lib" astral.1.1.5.jar \

-q species.tree -i gene-mult.trees -o species-scored.tree

S2.2 ASTRID-multi

We also ran ASTRID-multi (version 2.2.1) on our simulated datasets as follows:

ASTRID -i gene.trees -a s2g-map.txt -o species.tree -u -n -s

S2.3 DISCO decomposition and analyses

When running DISCO with ASTRID or ASTRAL, we used the following command:

python disco.py -i genes-mult.trees

Then we either ran ASTRID (version 2.2.1) or ASTRAL (version 5.15.3 and version
5.15.4) as:

ASTRID -i genes-mult-decomp.trees -o species.tree -u -n -s

and

java -D"java.library.path=lib/" -jar astral.5.15.3.jar \

-i genes-mult-decomp.trees -o species.tree -C

respectively. The ASTRID -u -n -s command tells ASTRID what distance methods to
use (more information in ASTRID’s readme), and -C disables using GPU for ASTRAL
(we did not have a GPU available).

When running DISCO with concatenation analysis (e.g., IQ-TREE), we used the
following command:

python concat.py -i gene.trees -o concat_seq.phy \

-aln align_directory -d d

The script used to decompose the gene trees and create the concatenated
alignment (concat.py) is available here: https://gist.github.com/RuneBlaze/

249fff484c339e04dcde9c79f9ff52fd. A new improved script (ca disco.py) is avail-
able at the DISCO GitHub site.
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S2.4 FastMulRFS

FastMulRFS (version 3) works in two steps. First, we preprocess input multi-label gene
trees to generate singly-labeled gene trees. We downloaded the Python script for Fast-
MulRFS from the link: https://github.com/ekmolloy/fastmulrfs. We ran this step
with the following command.

python preprocess_multrees_v3.py -i gene-mult.trees \

-o gene-preprocessed.trees

FastMulRFS uses FastRFS [7] to compute the species tree, and FastRFS uses AS-
TRAL [8] (version 5.7.1) to calculate its constraint set. The executable for FastRFS
version 1.0 is available at https://github.com/pranjalv123/FastRFS/releases.

FastRFS -i gene-preprocessed.trees -o species.tree

FastRFS by default uses SIESTA [9], which returns the strict consensus, majority
consensus, and greedy consensus trees of the set of all optimal trees. However, we reported
the results for a single (binary) tree returned that has the best RFS score.

S2.5 FastTree

We used FastTree (version 2.1.11) (see http://www.microbesonline.org/fasttree/)
to estimate gene trees from the sequences generated using INDELible, using command:

FastTree -nt -gtr gene.phy > gene.tree

S2.6 IQ-TREE

For our concatenation analysis we ran IQ-TREE (version 1.6.12), using the following
command:

iqtree -s concat_seq.phy -m GTR+G

S2.7 Maximum Inclusion (MI) decomposition

We used the MI implementation provided by [10]. In order to use their implementation in
the experiments, their script was modified to reflect that the taxon-individual separator is
" " instead of "@" in the DISCO datasets. The modified version of the script is available
at https://github.com/RuneBlaze/phylogenomic_dataset_construction.

The MI script was run using the following command:

python2.7 scripts/prune_paralogs_MI.py gene-mult "" inf inf 4 outdir

The input gene family trees must be individually put into different files under the same
directory gene-mult.
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S2.8 Robinson-Foulds errors, MGTE, and AD

We measured the normalized Robinson-Foulds distance between the estimated species
trees and the true species trees, using a script written by Erin Molloy (see the FastMulRFS
GitHub repository at https://github.com/ekmolloy/fastmulrfs). These values were
normalized by dividing by n− 3, where n is the number of leaves in the tree, to produce
RF error rates.

MGTE and AD were calculated using the same scripts written by Erin Molloy. For
MGTE we computed the average Robinson-Foulds (RF) distance between the true gene
family trees and estimated gene family trees; the script works only with single copy
trees, however the trees outputted by Simphy have each copy of a gene labeled uniquely,
allowing us to use this metric. For AD, we used the same script, this time between the
locus trees and true gene family trees outputted by SimPhy.

S2.9 Running Time and Memory

We measure the total running time as well as the peak memory usage. We measure
the pipeline starting before the gene trees are decomposed until after the species tree is
returned by recording the time with date -u +%s.%N, then taking the difference. Peak
memory is recorded for each step using:

/usr/bin/time -f "%M" command

S2.10 SpeciesRax and MiniNJ

SpeciesRax is part of GeneRax (version 2.0.1). We ran it with the following command:

mpiexec -n 16 generax --families famlies.txt --species-tree MiniNJ \

--strategy SKIP --rec-model UndatedDTL --skip-family-filtering \

--do-not-reconcile --prune-species-tree --per-family-rates \

--prefix output-dir --si-strategy HYBRID

MiniNJ is run during SpeciesRax’s execution in order to generate the starting species
tree. To run MiniNJ by itself we replaced --si-strategy HYBRID with --si-strategy

SKIP.
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S3 Empirical Statistics of Datasets

Table S2: Empirical statistics for data simulated as part of the study. The information given in
each row specifies how the model condition deviates from the default, which is 101 species, 1000
genes estimated from 100bp alignments, haploid effective population size of 5×107, duplication
rate of 5 × 10−10, and an equal rate of loss. The duplication rates are the following: low =
1× 10−10, mid = 5× 10−10, and high = 1× 10−9. The lowest and highest ILS conditions were
generated using haploid population sizes of 1 × 104 and 2 × 108, respectively. MGTE refers
to minimum gene tree estimation error, expressed in terms of the normalized Robinson-Foulds
distance. The # leaves column reports the average number of leaves in each gene family tree
across the replicates.

Dataset # Species # Genes AD MGTE # leaves
50bp 101 1000 0.2030 0.5568 165.3
100bp (Default) 101 1000 0.2030 0.4336 165.3
500bp 101 1000 0.2030 0.1929 165.3
GDL (low dup rate; L/D =0) 101 1000 0.2397 0.4411 145.1
GDL (low dup rate; L/D = 0.5) 101 1000 0.2349 0.4494 128.0
GDL (low dup rate; L/D = 1) 101 1000 0.2341 0.4402 116.6
GDL (mid dup rate; L/D = 0) 101 1000 0.2659 0.4309 550.0
GDL (mid dup rate; L/D = 0.5) 101 1000 0.2271 0.4508 290.6
GDL (high dup rate; L/D = 0) 101 1000 0.2387 0.4718 3727.8
GDL (high dup rate; L/D = 0.5) 101 1000 0.2023 0.4339 993.0
GDL (high dup rate; L/D = 1) 101 1000 0.1906 0.3970 228.5
ILS (lowest ILS) 101 1000 0.0005 0.3775 164.9
ILS (highest ILS) 101 1000 0.5004 0.4392 170.1
10,000 Gene Trees (L/D = 0) 101 10,000 0.3002 0.4769 592.5
10,000 Gene Trees (L/D = 0.5) 101 10,000 0.2227 0.4380 311.2
10,000 Gene Trees (L/D = 1) 101 10,000 0.2124 0.4105 171.7
1000 Species 1001 1000 0.2349 0.4443 1578.1
Missing Data 101 1000 0.2030 0.4336 90.51

0 0.5 1
1× 10−10 101 100 97
5× 10−10 101 96 72
1× 10−9 101 97 56

Table S3: Median number of species in the true gene family trees under different GDL model
conditions (rows indicate gene duplication rates and columns indicate the relative probability
of loss to duplication).
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S4 Additional Results on Simulated Datasets

S4.1 Statistics about DISCO decomposition

In this section we explore properties about DISCO decompositions, including the size
of DISCO trees. For CA-DISCO analyses, we include all the DISCO trees, but when
we use DISCO with ASTRAL or ASTRID (i.e., with a summary method) we filter out
the DISCO trees that have fewer than four species. For this reason, we obtain different
average sizes for DISCO trees in the two settings: when used with concatenation analyses
(CA-DISCO) and when used with summary methods.

Table S4: Empirical statistics of the CA-DISCO matrix of concatenated alignments (used in
Experiment 2)—rows, columns, and percent gap characters—averaged over 10 replicates for
each dataset. For context, the average number of leaves in the DISCO trees is also given.
Datasets are identified by how they vary from the default conditions (101 species, 50 genes,
20% ILS, 100bp alignments, 5 × 10−10 Dup Rate, and an equal loss rate). Notably, trees with
fewer than 4 taxa are not filtered from decomposition output when doing concatenation, as trees
with less taxa could still contribute usable information.

Dataset Rows Columns Gaps % Avg. DISCO Tree Size
10 Genes 101 30,810 93.87 % 6.20
100 Genes 101 277,030 93.90 % 6.14
500 Genes 101 1,369,390 93.93 % 6.10
1000 Genes 101 2,709,750 93.93 % 6.10
50bp 101 80,365 94.53 % 5.48
100bp (Default) 101 144,720 93.95 % 6.08
500bp 101 629,450 93.06 % 6.99
Dup Rate 1× 10−10 101 26,080 78.75 % 21.20
Dup Rate 1× 10−9 101 276,560 95.98 % 4.02
ILS 0 % 101 116,930 93.42 % 6.64
ILS 50 % 101 141,670 93.90 % 6.07
10 Genes (Missing Data) 101 18,660 94.20 % 5.86
50 Genes (Missing Data) 101 79,340 94.37 % 5.95
100 Genes (Missing Data) 101 155,460 94.11 % 5.94
500 Genes (Missing Data) 101 776,330 94.15 % 5.90
1000 Genes (Missing Data) 101 1,539,220 94.12 % 5.92
1000 Species 1001 1,015,333 99.24 % 7.47

In Figure S1 we show the distribution of the number of species (same as number of
leaves) in the largest (filtered)-DISCO tree and the number of species in the gene family
trees (i.e., after filtering out the DISCO trees and gene family trees that have fewer
than 4 species). We see that the number of species in the largest DISCO tree ranges
substantially between model conditions, with larger numbers when losses do not occur
(loss = 0 conditions), and then maximum sizes decreasing as the probability of losses
increases. The number of species in each gene family tree also follows the same trends,
with generally smaller gene family trees under high duplication rates with high loss rates.
In Figure S2 we see that nearly all the species are contained in the largest tree outputted
by DISCO for model conditions with low duplication rates and that at worse around 70%
of the taxa are retained.
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Figure S1: Histograms depicting the number of taxa (species) in the largest DISCO tree
extracted from each gene family tree as well as the number of species in the gene-family
trees across nine model conditions with varying duplication and loss rates. Results are
gathered from 10 replicates per model condition with 101 species and 1000 genes each.
Gene family trees and DISCO trees with fewer than 4 species are filtered.
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Figure S2: Percentage of species in the largest tree outputted by DISCO compared to
the number of species in the gene family tree. Results are averaged over all gene family
trees from all replicates (for a total of 10,000) for each model condition. The model
conditions show three duplication rates and three loss rates (as dup / loss) for a total of
nine conditions. Gene family trees and DISCO trees with fewer than 4 taxa are filtered.
Note that the average percentage is close to 100% for the model conditions with low
duplication rates and then drops to just above 70% for the condition with the highest
duplication rate and equal loss rate.

0 0.5 1
1× 10−10 2.6 / 52.8 / 145.1 2.5 / 50.1 / 130.6 2.4 / 47.4 / 120.9
5× 10−10 22.2 / 21.1 / 550.0 12.1 / 20.3 / 310.6 7.3 / 19.0 / 186.4
1× 10−9 207.8 / 12.8 / 3721.4 42.8 / 13.5 / 842.2 12.5 / 13.4 / 255.5

Table S5: Average number of (filtered)-DISCO trees produced for each gene family tree, the
average number of leaves in those DISCO trees, and the average number of leaves in the original
gene family tree under model conditions with 101 species, 20% AD, 43% MGTE, and different
relative probabilities of loss (columns) to duplication (rows). Results shown here are given as
X/Y /Z, where X denotes the number of DISCO trees, Y denotes the average number of leaves
in those DISCO trees, and Z denotes the average number of leaves in the original gene family
tree. DISCO trees and gene family trees with fewer than four species are filtered out.
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S4.2 Peak memory usage

The peak memory results for some conditions were omitted from the paper as they con-
tinued to show the same trends already observed, and are provided here.
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Figure S3: Peak memory used by methods (in GB) for differing levels of mean gene tree
estimation error (MGTE); averages over 10 replicates per model condition are shown. All
the datasets have 101 species, 50 gene trees, AD=20%, a duplication rate of 5.0× 10−10

and an equal loss rate. The datasets include true gene trees and estimated gene trees
from three sequence lengths (500bp, 100bp, and 50bp) and have MGTE of 19.2%, 43.3%,
and 55.7% respectively. The boxes stretch from the 1st to 3rd quartile, the lines through
the boxes show the medians, and the dots show means.
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Figure S4: Peak memory used by methods (in GB) for differing levels of ILS; averages
across 10 replicates per model condition are shown. All the datasets have 101 species, 50
gene trees estimated from 100bp alignments (approx. 43% MGTE), a duplication rate of
5.0× 10−10, and an equal loss rate.
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Figure S5: Peak memory used by methods (in GB) under differing duplication rates;
averages across 10 replicates are shown. All the datasets have 101 species, 50 gene trees,
gene trees estimated from 100bp alignments (43.3% MGTE), and AD=20%, and an equal
loss rate to the duplication rate.
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S4.3 Orthology estimation

The set of leaves in each DISCO tree can be considered a set of putative orthologs, and
the set of DISCO trees produced by decomposing a gene family tree defines disjoint or-
thogroups. This estimation of orthology relationships can then be compared to the true
pairwise orthology relationships (known when performing a simulation) and evaluated for
accuracy. We can refer to the true relationships defined by the simulation as “actual or-
thologs” and “actual paralogs”, and then use these to specify whether DISCO’s orthology
assessment is accurate (i.e., true positives and true negatives) or inaccurate (i.e., false
positives and false negatives) for each pair of gene copies. The “true positives” are the
pairs DISCO assesses to be orthologs which are actual orthologs, the “true negatives” are
the pairs DISCO assesses to not be orthologs and which are actual paralogs, the “false
positives” are the pairs DISCO assesses to be orthologs but which are actual paralogs,
and the “false negatives” are the pairs DISCO assesses to not be orthologs but which are
actually orthologs. However, since this decomposition depends on ASTRAL-Pro’s root-
ing and tagging, to understand the orthology estimation accuracy obtained using DISCO,
we consider the orthology accuracy for ASTRAL-Pro separately as well. We report both
precision (i.e., TP/(TP+FP)) and recall (i.e., TP/(TP+FN)) for both ASTRAL-Pro and
DISCO in Table S6. These results show that precision and recall are high but not per-
fect for ASTRAL-Pro on both true and estimated gene trees (with better results on the
true gene trees, as expected). The imperfect results even on true gene trees is likely a
combination of the existence of ILS and the technique ASTRAL-Pro uses to root the
gene family trees. Precision and recall values for DISCO (based on the ASTRAL-Pro
commands) show some differences to ASTRAL-Pro: the precision improves for DISCO
compared to ASTRAL-Pro, but the recall drops; this is expected since DISCO can only
recover some of the relationships because it partitions the leafset into disjoint sets.

Model Condition ASTRAL-Pro DISCO(ASTRAL-Pro)
Estimated Genes: Precision/Recall

1.0× 10−10 / 1 0.83 / 0.90 0.84 / 0.82
5.0× 10−10 / 0 0.95 / 0.66 0.97 / 0.31
5.0× 10−10 / 0.5 0.55 / 0.61 0.62 / 0.38
5.0× 10−10 / 1 0.45 / 0.60 0.51 / 0.40
1.0× 10−9 / 1 0.34 / 0.50 0.44 / 0.27

True Genes: Precision/Recall
1.0× 10−10 / 1 0.83 / 0.96 0.84 / 0.86
5.0× 10−10 / 0 1.00 / 0.92 1.00 / 0.39
5.0× 10−10 / 0.5 0.55 / 0.78 0.62 / 0.47
5.0× 10−10 / 1 0.46 / 0.73 0.52 / 0.48
1.0× 10−9 / 1 0.35 / 0.65 0.45 / 0.33

Table S6: Assessment of accuracy of ortholog detection. Precision / Recall rates are reported av-
eraged over the total number of gene trees examined (10 replicates with 1000 genes each). Model
conditions give the duplication rate / loss rate ratio. “ASTRAL-Pro” shows the accuracy of the
orthologs detected by ASTRAL-Pro’s rooting & tagging algorithm, while “DISCO(ASTRAL-
Pro)” gives the accuracy of the orthologs retained after using DISCO to decompose the gene
tree, using the ASTRAL-Pro tagging and rooting. The ILS level is moderate (AD=20%) and
the estimated gene trees have 43% MGTE. All DISCO trees are considered irrespective of their
size.
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Method Max Tree Size Coverage Orthology (Precision/Recall)
MI 17.3 0.62 0.76 / 0.32
DISCO 57.9 0.85 0.53 / 0.41

Table S7: Orthology prediction accuracy (precision and recall) and other statistics comparing
MI and DISCO decompositions for the default model condition (10 replicates). We show the
averages (across gene family trees) for maximum tree size (number of leaves) and coverage (pro-
portion of gene family tree leafset contained in output produced by the decomposition method)
in addition to the averages (across replicates) of precision/recall for orthology predictions pro-
duced by DISCO and MI. For max tree size and coverage, gene family trees with fewer than
four species are excluded from the dataset; the average number of species in the gene family
trees with at least four species is 73.1. Each replicate has 101 species, 100 genes, 20% AD, 43%
MGTE, and a duplication rate of 5× 10−10 with an equal loss rate.
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S4.4 Missing Data

In our paper, we discussed the cause for missing data, focusing on the CA-DISCO matrix.
Here we provide additional discussion and results regarding this question and related
questions.

In our study, close to 100% of the replicates had all the species in at least one of the
DISCO decomposition subtrees; the only cases where this was not true were ones with
only ten genes, where (for a few replicates) we produced outputs with 100 instead of 101
species. Thus, the DISCO decomposition only rarely produces an output that completely
omits some species.

The clade-based missing data condition explores the impact of removing species from
a given gene that are not contained within a randomly selected clade in the species tree.
This is equivalent to exploring the impact of gene birth below the root of the species tree
(i.e., “late gene birth”). This experiment was restricted to the default model condition,
and so we report results only for this case. Late gene birth reduces the number of species
fairly substantially: before the missing data process is applied, we had a median (across
the genes) of 72 species for the default model condition, and afterwards the median
(among impacted gene families) was only 28 (on average 41.8% of species were removed
from affected gene families). This is a large impact, but as noted in the main paper this
process affects only a fraction of gene families (60.2%), and so the overall impact is small.

To assess the impact of GDL on missing data, we examine the number of species in
each of the true gene family trees. These range in terms of the number of species, as
shown in Table S3. As expected, when there is no loss, then all gene family trees have all
the species (101). However, as the loss rate increases, the median number of species per
gene family tree decreases, so that for our default model condition the median number
of species per gene family tree is only 72.

These analyses show that the GDL process can have a large impact on individual
gene family trees (but this depends on the GDL model, with a larger impact when loss
rates equal duplication rates combined with high rates of duplication). However, when
considered across all the genes, there is almost always some gene containing a given
species, and so the overall impact is small.

Late gene birth similarly has a large impact on individual genes impacted by the late
birth, but overall has a small impact on the full set of genes (since most genes are not
impacted by late birth). In contrast, the DISCO decomposition has a very large impact
on all gene family trees we examined (the exception would be cases where there is no
GDL), and this impact is larger than for both GDL and late gene birth.
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S5 Differences between ASTRAL-Pro and

ASTRAL-DISCO
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Figure S6: An input where ASTRAL-Pro scores more quartets than ASTRAL-DISCO.
(a) Given an unrooted tree, ASTRAL-Pro will root and tag it to minimize the total
number of gene duplications and losses. The tree shown here is one of the possible
optimal outcomes of this rooting-and-tagging procedure when ASTRAL-Pro is provided
with the unrooted version of the tree (the red dots indicate duplication nodes). (b) The
two possible DISCO decompositions of the gene tree from (a) (drawn as rooted trees);
note that ab|de does not appear in either of these trees, and hence ab|de will not be used by
ASTRAL-DISCO in computing a species tree. Similarly, neither of the decompositions
that is produced contains both d and e; hence, exactly one of ab|cd and ab|ce will be
scored by ASTRAL-DISCO. However, these quartet trees (ab|de, ab|cd, ab|ce) are each
valid speciation-driven quartets, and so will be scored by ASTRAL-Pro.

Every quartet scored by ASTRAL-DISCO is also scored by ASTRAL-Pro, but the
converse does not always hold; hence, ASTRAL-Pro has the potential to use more of the
information in the input gene family trees. Here we explain why this can happen, and
we provide an example of such a case.

Given a rooted and tagged gene tree, ASTRAL-Pro scores a quartet tree q if this
quartet is speciation-driven (meaning that it has four distinct species labels and the least
common ancestor (LCA) of any three leaves is a speciation node). Since DISCO uses
the rooting and tagging provided by ASTRAL-Pro, this implies that ASTRAL-DISCO
considers a subset of the quartet trees considered by ASTRAL-Pro. In Figure S6, we
show an example of an input gene family tree on six species with one duplication event
where ASTRAL-DISCO will only use a proper subset of the quartet trees considered by
ASTRAL-Pro.
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S6 Results on Biological Datasets

Each estimated phylogeny is rooted at the established outgroup. We compare these
rooted topologies and report differences between the ASTRAL-Pro, SpeciesRax, and
Astrid-DISCO trees. We also discuss results more generally with reference to current
taxonomic knowledge. We computed the clade difference for each pair of the rooted trees
using the comparePhylo function from the R package APE [11].

These analyses show that the conflicts between the trees correspond to relationships
that have long been discussed in the literature. Furthermore, the branch support on
the estimated trees (computed using ASTRAL’s posterior probability branch support
technique (i.e., localPP) [12]) are nearly all very high. Overall, all three methods produced
very high support edges across all biological datasets. For the Fungi dataset, all edges
have 100% localPP support. In the 1KP and Vertebrate188 datasets, edges presenting
less than 0.99 support are all conflicting edges between methods and the literature, as we
discuss below. The sole exception is the Zygnematophyceae clade (in the 1KP dataset)
for which all methods returned the same topology but with some nodes having 100%
localPP support.

S6.1 Fungi Dataset

As seen in Figure S7, all the methods produce the same tree topology (which is also
are identical to the FastMulRFS tree reported in [6]), and differ from the reference tree
reported in [13] on two edges. All the edges in this common tree have posterior probability
of 100%.

S6.2 1KP Plant Dataset

All tested methods returned a different species tree (Figs. S8 - S10). We rooted all trees
on the Chlorophyta clade (Chlamydomonas + Volvox + Uronema), as in [14].

• Early diverging Streptophyta. A-Pro returned a tree where Charales (only rep-
resented by Chara in this dataset) are diverging after Coleochaetales. Although
Charales have initially been thought to be the sister-group of the land plants (see
a review in [15]), it now seems widely accepted that Coleochaetales are closer to
land plants than Charales are [16–19], thus favoring the SpeciesRax and ASTRID-
DISCO topologies with respect to that conflict.

• Three Major Angiosperm Groups. While ASTRAL-Pro and SpeciesRax recovered
[monocots [Eudicots + magnoliids]], ASTRID-DISCO recovered [Eudicots [mono-
cots + magnoliids]] tree. The relationships between Eudicots, Magnoliids and
Monocots have been subject to debate since the beginning of Angiosperm classifi-
cation. The presence of Ceratophyllum and Chloranthaceae seems to be essential
to assert the relationships between those three major groups, and this dataset only
comprises one specimen of Chloranthaceae, making it hard to trust either of the
two configurations.

• Position of Vitis SpeciesRax is the only method that correctly placed Vitis among
Rosiids, while ASTRAL-Pro and ASTRID-DISCO recovered Vitis as sister-group
to core-eudicots, as in [14]. We note that [14] pointed out that the placement of
Vitis can be problematic when taxon sampling is poor (see [20]).
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• Monocot relationships. ASTRAL-Pro and ASTRID-DISCO both support the [com-
melinids [Asparagales + Liliales]] hypothesis while SpeciesRax supports the [Liliales
[Asparagales + commelinids]] hypothesis. The [Liliales [Asparagales + commelin-
ids]] hypothesis is in agreement with the current consensus [21] but the recent study
of [18] found support for the [commelinids [Asparagales + Liliales]] hypothesis.

• Position of Zygophyllales. Here Zygophyllales is only represented by Larrea. Cur-
rently considered as part of the Fabids, Larrea was nevertheless found to be sister to
Malvids in both the ASTRAL-Pro and ASTRID-DISCO analyses, and only found
sister to the rest of Fabids in the SpeciesRax tree. In the most up-to-date phylogeny
of Rosiids [22], it is not clear whether the Zygophyllales are sister to Malvids or
within Fabids, and this seems to be dependent on the type of data used.

• Lamiids relationships. Both ASTRAL-Pro and SpeciesRax found the [Apocy-
naceae[Rosmarinus +Ipomoea]] hypothesis while ASTRID-DISCO recovered a less
supported [Rosmarinus [Apocynaceae+Ipomoea]] hypothesis. The most up-to-date
phylogeny [23] found a highly supported [Rosmarinus [Apocynaceae+Ipomoea]] re-
lationship, thus supporting the ASTRID-DISCO results, even though it is less sup-
ported.

S6.3 Vertebrate188

All tested methods returned a different species tree (Figs. S11–S13). We rooted all
trees on the jawless fishes node (Eptatretus + Petromyzon), the sister group of all jawed
vertebrates.

• Relationships between Eupercaria, Anabantaria, Carangaria and Ovalentaria, sensu
[24]. Both SpeciesRax and ASTRID-DISCO retrieved a topology where Ovalentaria
are sister to (Eupercaria+ Anabantaria/Carangaria) while ASTRAL-Pro found Eu-
percaria to be sister to (Ovalentaria+Anabantaria/Carangaria). The latter hypoth-
esis is in agreement with the current phylogenetic classification [24] as well as with
more recent studies [25,26].

• Position of clingfishes (represented here by Gouania). ASTRAL-Pro and ASTRID-
DISCO analyses recovered Gouania sister to all other Ovalentaria representa-
tives, while SpeciesRax recovered it within Ovalentaria, as sister to the Beloni-
formes/Cyprinodontiformes clade. As we are missing several representatives of this
hyperdiverse group of fishes and as the basal relationships at the Ovalentaria node
are often not supported (e.g. [24]), even with phylogenomic data (e.g. [27]), it is
currently impossible to favor one (if any) of the two hypothesis.

• Position of Scadentia, Chiroptera and Perissodactyla. These three groups have
in common a longstanding debate on their phylogenetic position within Euar-
chontoglires (for Scadentia) or within Laurasiatheria (for Chiroptera and Peris-
sodactyla), as discussed in a recent review by [28]. Despite extensive phylogenomic
studies with sometimes thousands of loci (e.g. [29, 30]), there is still no consensus
on the placement of these taxa.

• Conflicts between Sciuromorpha, Hystricomorpha and Castorimorpha/Myomorpha.
The relationships between those major Rodent lineages have also been subject to
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a long debate. However, some of the latest phylogenomic studies seem to agree
with a [Castorimorpha/Myomorpha [Hystricomorpha + Sciuromorpha]] hypothesis
[30–32], thus favoring the SpeciesRax topology even though it is the less supported
one.

• New World Monkeys relationships. Three recent studies [33–35] have investigated
the relationships between the three major Cebidae lineages – Cebinae, Aotinae
and Callitrichinae. Unsurprisingly, there is still no consensus for the relationships
between those three lineages.
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Figure S7: Experiment 3. 16-taxon fungi dataset from [2]. All methods produce a
tree containing two branches which disagree with the reference from [13]. Disagreeing
branches are highlighted in red. Local posterior probability (localPP) branch support [12]
computed by ASTRAL-Pro is shown for the highlighted branches. (All branches in the
estimated tree have localPP support of 1.0.)
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Figure S8: Species tree returned by ASTRAL-Pro on the 83-taxon plant dataset (1KP).
All branches in the estimated tree have localPP support of 1.0 except for those branches
that are labeled with numbers.
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Figure S9: Species tree returned by ASTRID-DISCO on the 83-taxon plant dataset
(1KP). All branches in the estimated tree have localPP support of 1.0 except for those
branches that are labeled with numbers.
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Figure S10: Species tree returned by SpeciesRax on the 83-taxon plant dataset (1KP).
All branches in the estimated tree have localPP support of 1.0 except for those branches
that are labeled with numbers.

24



Petromyzon_marinus
Eptatretus_burgeri

Erpetoichthys_calabaricus
Lepisosteus_oculatus

Gadus_morhua
Periophthalmus_magnuspinnatus
Hippocampus_comes

Gouania_willdenowi

Parambassis_ranga
Amphilophus_citrinellus
Oreochromis_niloticus
Neolamprologus_brichardi
Haplochromis_burtoni
Pundamilia_nyererei

Astatotilapia_calliptera
Maylandia_zebra

Stegastes_partitus
Acanthochromis_polyacanthus

Amphiprion_ocellaris
Amphiprion_percula

Oryzias_melastigma
Kryptolebias_marmoratus

Cyprinodon_variegatus
Fundulus_heteroclitus

Gambusia_affinis

Xiphophorus_maculatus
Xiphophorus_couchianus

Poecilia_reticulata
Poecilia_mexicana

Poecilia_latipinna
Poecilia_formosa

Betta_splendens
Anabas_testudineus
Monopterus_albus
Mastacembelus_armatus

Cynoglossus_semilaevis
Scophthalmus_maximus

Lates_calcarifer

Seriola_dumerili
Seriola_lalandi_dorsalis

Gasterosteus_aculeatus
Cottoperca_gobio

Labrus_bergylta
Larimichthys_crocea
Mola_mola

Takifug_urubripes
Tetraodon_nigroviridis

Esox_lucius
Hucho_hucho

Denticeps_clupeoides
Clupea_harengus

Danio_rerio
Electrophorus_electricus
Ictalurus_punctatus
Pygocentrus_nattereri

Astyanax_mexicanus_Pachon
Astyanax_mexicanus

Scleropages_formosus
Paramormyrops_kingsleyae

Callorhinchus_milii
Latimeria_chalumnae
Xenopus_tropicalis

Crocodylus_porosus

Calidris_pygmaea
Calidris_pugnax

Melopsittacus_undulatus

Lepidothrix_coronata
Manacus_vitellinus

Cyanistes_caeruleus
Parus_major

Ficedula_albicollis

Lonchura_striata_domestica
Taeniopygia_guttata

Serinus_canaria

Junco_hyemalis
Zonotrichia_albicollis

Anas_platyrhynchos_platyrhynchos
Anser_brachyrhynchus

Numida_meleagris
Meleagris_gallopavo

Coturnix_japonica
Gallus_gallus

Nothoprocta_perdicaria
Dromaius_novaehollandiae
Apteryx_rowi

Apteryx_owenii
Apteryx_haastii

Pelodiscus_sinensis
Chrysemys_picta_bellii

Chelonoidis_abingdonii
Gopherus_agassizii

Sphenodon_punctatus
Salvator_merianae
Notechis_scutatus

Pogona_vitticeps
Anolis_carolinensis

Ornithorhynchus_anatinus
Monodelphis_domestica
Sarcophilus_harrisii
Notamacropus_eugenii

Phascolarctos_cinereus
Vombatus_ursinus

Dasypus_novemcinctus
Choloepus_hoffmanni

Echinops_telfairi

Procavia_capensis
Loxodonta_africana

Vulpes_vulpes

Canis_familiaris
Canis_lupus_dingo

Mustela_putorius_furo
Neovison_vison

Ailuropoda_melanoleuca

Ursus_americanus
Ursus_maritimus

Felis_catus

Panthera_pardus
Panthera_tigris_altaica

Equus_caballus
Equus_asinus_asinus

Vicugna_pacos
Tursiops_truncatus

Capra_hircus
Ovis_aries

Bos_taurus

Bison_bison_bison
Bos_mutus

Pteropus_vampyrus
Myotis_lucifugus
Sorex_araneus
Erinaceus_europaeus

Castor_canadensis
Dipodomys_ordii

Jaculus_jaculus
Nannospalax_galili

Meriones_unguiculatus
Rattus_norvegicus
Mus_pahari
Mus_caroli

Mus_spretus
Mus_spicilegus

Peromyscus_maniculatus_bairdii
Microtus_ochrogaster
Mesocricetus_auratus
Cricetulus_griseus_Picr

Cricetulus_griseus_Chok1gshd
Cricetulus_griseus_Crigri

Fukomys_damarensis

Heterocephalus_glaber_Female
Heterocephalus_glaber_Male

Octodon_degus
Chinchilla_lanigera
Cavia_porcellus
Cavia_aperea

Marmota_marmota_marmota
Spermophilus_dauricus

Ictidomys_tridecemlineatus
Urocitellus_parryii

Ochotona_princeps
Oryctolagus_cuniculus

Tupaia_belangeri

Carlito_syrichta

Chlorocebus_sabaeus
Macaca_nemestrina

Macaca_mulatta
Macaca_fascicularis

Papio_anubis
Theropithecus_gelada
Mandrillus_leucophaeus
Cercocebus_atys

Rhinopithecus_roxellana
Rhinopithecus_bieti
Piliocolobus_tephrosceles
Colobus_angolensis_palliatus

Nomascus_leucogenys
Pongo_abelii
Gorilla_gorilla
Homo_sapiens

Pan_troglodytes
Pan_paniscus

Callithrix_jacchus
Aotus_nancymaae

Saimiri_boliviensis_boliviensis
Cebus_capucinus

Prolemur_simus

Microcebus_murinus
Propithecus_coquereli

Otolemur_garnettii

Mammalia

Aves

Testudines

Lepidosauria

Teleostei

0.76

0.64

Figure S11: Species tree returned by ASTRAL-Pro on the 188-taxon vertebrate dataset.
All branches in the estimated tree have localPP support of 1.0 except for those branches
that are labeled with numbers.
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Figure S12: Species tree returned by ASTRID-DISCO on the 188-taxon vertebrate
dataset. All branches in the estimated tree have localPP support of 1.0 except for those
branches that are labeled with numbers.
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Figure S13: Species tree returned by SpeciesRax on the 188-taxon vertebrate dataset.
All branches in the estimated tree have localPP support of 1.0 except for those branches
that are labeled with numbers.
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Conflicts Method’s Result Support
ASTRAL-Pro

Divergence of Chara and
Coleochaetales

Coleochaetales-first 0.63

3 Major Angiosperm
Groups

[monocots [Eudicots + magnoli-
ids]]

0.96

Position of Vitis Sister to core-eudicots 1
Monocot relationships [commelinids [Asparagales + Lil-

iales]]
0.55

Lamiids relationships. [Apocynaceae[Rosmarinus +Ipo-
moea]]

0.64

Position of Zygophyllales sister to Malvids 1
SpeciesRax

Divergence of Chara and
Coleochaetales

Chara-first 0.37

3 Major Angiosperm
Groups

[monocots [Eudicots + magnoli-
ids]]

0.96

Position of Vitis early diverging rosiids 0
Monocot relationships [Liliales [Asparagales + com-

melinids]]
0.25

Lamiids relationships. [Apocynaceae[Rosmarinus +Ipo-
moea]]

0.64

Position of Zygophyllales sister to Fabids 0
ASTRID-DISCO

Divergence of Chara and
Coleochaetales

Chara-first 0.37

3 Major Angiosperm
Groups

[Eudicots [monocots + magnoli-
ids]]

0.03

Position of Vitis Sister to core-eudicots 1
Monocot relationships [commelinids [Asparagales + Lil-

iales]]
0.55

Lamiids relationships. [Rosmarinus[Apocynaceae+Ipomoea]]0.34
Position of Zygophyllales Sister to Malvids 1

Table S8: Description of differences in species trees outputted by ASTRAL-Pro, SpeciesRax,
and ASTRID-DISCO, on the 1KP dataset. Branch support is calculated using localPP in
ASTRAL.
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Conflicts Method’s Result Support
ASTRAL-Pro

Relationship between Eu-
percaria, Anabantaria,
Carangaria, and Ovalen-
taria

Eupercaria sister to the rest 1

position of Gouania sister to rest of Ovalentaria 1
position of Tupaia sister to Primates 0.64
position of Chiroptera sister to Ferungulata 1
position of Perissodactyla sister to Artiodactyla 0.76
Rodentia relationships [Sciuromorpha [Hystricomorpha

+ Castorimorpha/Myomorpha]]
1

New World Monkeys rela-
tionships

[Callithrix [Aotus + Cebidae]] 1

SpeciesRax
Relationship between Eu-
percaria, Anabantaria,
Carangaria, and Ovalen-
taria

Ovulentaria sister to the rest 0

position of Gouania sister to Atherinomorphae 0
position of Tupaia sister to Rodents 0.36
position of Chiroptera sister to Artiodactyla 0
position of Perissodactyla sister to Carnivora 0.64
Rodentia relationships [Castorimorpha/Myomorpha

[Hystricomorpha + Sciuromor-
pha]]

0

New World Monkeys rela-
tionships

[Cebidae [Callithrix + Aotus]] 0

ASTRID-DISCO
Relationship between Eu-
percaria, Anabantaria,
Carangaria, and Ovalen-
taria

Ovulentaria sister to the rest 0

position of Gouania sister to rest of Ovalentaria 1
position of Tupaia sister to Rodents 0.36
position of Chiroptera sister to Ferungulata 1
position of Perissodactyla sister to Carnivora 0.11
Rodentia relationships [Sciuromorpha [Hystricomorpha

+ Castorimorpha/Myomorpha]]
1

New World Monkeys rela-
tionships

[Callithrix [Aotus + Cebidae]] 1

Table S9: Description of differences in species trees outputted by ASTRAL-Pro, SpeciesRax,
and ASTRID-DISCO, on the 188-taxon vertebrates dataset. Branch support is calculated using
localPP in ASTRAL.
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