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Abstract

The evolutionary histories of individual loci in a genome can be estimated independently, but this approach is error-prone due
to the limited amount of sequence data available for each gene, which has led to the development of a diverse array of gene
tree error correction methods which reduce the distance to the species tree. We investigate the performance of two repre-
sentatives of these methods: TRACTION and TreeFix. We found that gene tree error correction frequently increases the level
of error in gene tree topologies by “correcting” them to be closer to the species tree, even when the true gene and species
trees are discordant. We confirm that full Bayesian inference of the gene trees under the multispecies coalescent model is
more accurate than independent inference. Future gene tree correction approaches and methods should incorporate an ad-
equately realistic model of evolution instead of relying on oversimplified heuristics.

Key words: gene tree error correction, gene tree inference, incomplete lineage sorting, anomaly zone, multispecies
coalescent.

Significance

Gene tree information is essential for elucidating gene, genome, species, and phenotypic evolution, and a wide array of
phylogenetic methods have been developed for gene tree estimation. Given that gene tree estimates are often inaccur-
ate, several methods for “correcting” gene tree estimates have been devised. Here, we show that correction methods
that are not based on an explicit statistical model of evolution such as the coalescent could produce poor results. To infer
more accurate gene trees, one could use existing Bayesian methods that jointly estimate species and gene evolutionary
histories, although additional work is needed to improve the scalability of that approach.

Introduction the importance of visual system changes to the adaptive ra-

Although genes evolve within the context of species, the
evolutionary history of genes and gene families are unique
and different from the species phylogeny because of pro-
cesses such as incomplete lineage sorting (ILS), gene dupli-
cation and loss (GDL), and horizontal gene transfer (HGT)
(Maddison 1997). Deciphering these individual histories of
particular gene families is of great interest; to pick a few dis-
coveries enabled by inferred gene trees, they have revealed
effector and resistance genes in plant-pathogen interac-
tions (Yang et al. 2013; McDonald et al. 2016), supported

diation of cichlids (Torres-Dowdall et al. 2015) and identified
orthologs of genes linked to human health and disease in
model organisms (Maxwell et al. 2014; Waaijersetal. 2015).

Now that sequencing and assembly of eukaryotic gen-
omes is relatively routine (Michael and VanBuren 2020;
Rhie et al. 2021), in aggregate an enormous amount of
data is available for phylogenetic analyses. Using the mega-
bases or gigabases (Oliver et al. 2007) available in each gen-
ome, precise and accurate species histories can be inferred
(Hahn and Nakhleh 2016). However, to infer the history of
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individual gene families, the amount of information is much
more limited with an average eukaryotic coding sequence
length of roughly 1.3 kilobases (Xu et al. 2006).
Fortunately, this limited sequence data can be augmented
by information from the species phylogeny. When genes
evolve following the multispecies coalescent (MSC) model,
joint inference of the species and gene trees is substantially
more accurate than inferring gene phylogenies independ-
ently (Szoll6si et al. 2014).

While joint inference methods are available for MSC
(e.g., StarBEAST2; Ogilvie et al. 2017) or duplication and
loss models (e.g., PHYLDOG; Boussau et al. 2013) of gene
evolution, such methods are computationally intensive
(Ogilvie et al. 2016). This has spurred the development of
gene tree error correction tools intended to deal with GDL
and HGT (Durand et al. 2005; Rasmussen and Kellis 2010;
David and Alm 2011; Nguyen et al. 2012; Sjostrand et al.
2012, 2014; Wu et al. 2013; Schreiber et al. 2014; Jacox
et al. 2016; Noutahi et al. 2016; Lai et al. 2017; Bansal
etal. 2018; Morel et al. 2020), which were developed to im-
prove independently inferred gene trees through reconcili-
ation with a given species tree. These approaches are
more scalable and trivially parallelizable.

As has been appreciated for decades, ancestral polymorph-
ism can persist through speciation events, leading to ILS which
is one of the major sources of gene tree heterogeneity (Suh
etal. 2015; Wang et al. 2018; Alda et al. 2019). It is even pos-
sible that there are regions where the most probable gene tree
topology differs from the species tree (Degnan and Rosenberg
20086). Failure to account for common outcomes of evolution-
ary processes, like ILS as an outcome of population genetics, is
likely to yield misinterpretations of evolutionary history. Note
that although there are existing gene tree error correction ap-
proaches allowing for ILS, they are either parsimony-based or
nonparametric, not incorporating the coalescent process
probabilistically (Stolzer et al. 2012; Christensen et al. 2019,
2020).

In this study, we picked TreeFix (Wu et al. 2013) and
TRACTION (Christensen et al. 2019, 2020) as two represen-
tative methods for species tree attraction-based methods of
gene tree error correction, hereafter species tree attraction
methods. The former is a popular method utilizing the infor-
mation from the species tree and sequence data based on a
GDL model. The latter is a very recent nonparametric meth-
od that improves the uncertain branches by solving the
RF-Optimal Tree Refinement problem, which resolves poly-
tomies in an input tree t such that the refined tree t has the
minimum Robinson—Foulds distance (RF) (Robinson and
Foulds 1981) to a given binary tree T, and it has been shown
to be accurate when applied to simulated data with ILS.
However, in our results, TRACTION actually worsened the
accuracy of gene trees under higher but realistic levels of
ILS, and TreeFix did the same when mutation rates were fas-
ter. We suggest this is due to an approach to error correction

that reduces distance between gene and species trees based
on heuristics which in effect removes outlier nodes, com-
pared with statistical models that are able to impute gene
tree times and topology appropriately where there is a
lack of data in the corresponding sequence alignment.

Results

We defined and quantified gene tree estimation error (GTEE)
as the unrooted normalized RF distance between inferred
gene trees—either inferred using the joint inference method
StarBEAST2, or independently inferred using the maximum
likelihood (ML) software IQ-TREE and the Bayesian software
MrBayes—and the true simulated gene trees. The perform-
ance of gene tree inference methods, along with the ability
of species tree attraction methods to correct independently
inferred gene trees, was studied under four levels of inform-
ativeness (signal) in the multiple sequence alignments, which
were effected by varying the number of sites and the popu-
lation mutation rate 6 = 4Ny, where N is the diploid popula-
tion size and u is the number of mutations per site per
generation. Equal numbers of replicates were simulated un-
der low, medium, and high levels of ILS by varying the scale
of the species tree in coalescent units. The properties and
performance, averaged across all three levels of ILS, of the si-
mulated data and species tree attraction methods were cal-
culated for each level of informativeness (table 1). We also
characterized the effect of the interaction between inform-
ativeness and ILS on GTEE for all approaches we tested for
gene tree estimation and error correction (fig. 1).

Gene tree correction methods aim to reduce GTEE by
modifying the gene trees based on information in the spe-
cies tree. We judged their efficacy by whether they changed
the GTEE distribution from the uncorrected IQ-TREE distri-
bution; if they shift the bulk of that distribution towards
lower RF distances, they are improving the accuracy of the
gene trees; conversely, if they shift it towards higher RF dis-
tances, they are reducing the accuracy of the gene trees.
Our analysis shows that TRACTION actually increased
GTEE under our simulation settings except when the signal
is high and ILS is low or moderate (fig. 2). TreeFix could also
reduce the accuracy of gene trees in cases where the signal
in the sequence data is high (#=0.01 with 800 sites).
TreeFix performed better than TRACTION, and when the
signal is low, it did improve the ML tree inferred by
IQ-TREE. Still, gene trees inferred under MSC using
StarBEAST2 were substantially more accurate (fig. 2). We
observed similar results on 5-taxon anomaly-zone data, ex-
cept that TreeFix had the worst performance; see
supplementary fig. S3, Supplementary Material online. To
make the latter case a fair comparison with TRACTION
and TreeFix, the StarBEAST2 species topology was fixed to
be the same as the true simulated topology, and the true
topology was also used as input for TRACTION and TreeFix.
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Table 1.

Levels and Trends of Gene Tree Estimation Error

Population mutation rate 0 0.001 0.01

No. of sites 200 800 2000 200 800 2000
Avg. no. of parsimony-informative sites 1.57 6.31 15.9 16.8 67.6 168
Avg. GTEE? 0.794 0.559 0.367 0.497 0.249 0.135
[RF(TRACTION, ST) < RF(GT, ST)] %P 2.57% 11.7% 24% 37.9% 60.8% 55.3%
[RF(TRACTION, ST) < RF(a', ST)] %¢ 5.17% 20.1% 30.2% 67.4% 73.5% 59.4%
[RF(TreeFix, ST) < RF(GT, ST)] % 92.7% 96.6% 95.7% 95.8% 93.4% 85.5%
[RF(TreeFix, ST) < RF(GT, ST)] %° 99.6% 99.8% 99% 99.2% 96.9% 87.7%
[RF(TRACTION, GT) < RF((/-'FF, GT)] % 0.485% 0.485% 3.4% 12.6% 18.4% 11.7%
[RF(TreeFix, GT) < RF(GT, GT)] %9 80.6% 55.8% 26.2% 32.5% 14.1% 5.34%

NOTE.—For both TRACTION and TreeFix, the output topology was consistently either closer to the species tree than the uncorrected input topology, or equidistant fromiit.
2Gene tree (GT) estimation error (GTEE), measured by the normalized Robinson-Foulds (RF) distance between the true and IQ-TREE-inferred gene trees (GT).

bpercentage of TRACTION-corrected gene trees that are closer in distance than corresponding true gene trees to the species tree (ST).
“Percentage of TRACTION-corrected gene trees that are closer in distance than corresponding IQ-TREE-inferred gene trees to the species tree.
dPercentage of TreeFix-corrected gene trees that are closer in distance than corresponding true gene trees to the species tree.

¢Percentage of TreeFix-corrected gene trees that are closer in distance than corresponding IQ-TREE-inferred gene trees to the species tree.
fPercentage of TRACTION-corrected gene trees that are closer in distance than corresponding IQ-TREE-inferred gene trees to the true gene trees.
9Percentage of TreeFix-corrected gene trees that are closer in distance than corresponding IQ-TREE-inferred gene trees to the true gene trees.

We next examined the degree to which the TRACTION
and TreeFix corrected gene trees towards the reference
species tree, either away from the uncorrected gene trees
inferred from sequences simulated along true gene trees si-
mulated under the MSC, or away from the true gene trees
themselves. The corrected gene tree topologies were always
either closer to the species tree than the originally inferred
topology, or the same distance. TreeFix was particularly ag-
gressive in altering gene tree topologies, with (when aver-
aged across all conditions) over 96% of topologies altered
to be closer to the species tree under all conditions we stud-
ied. Unfortunately, these methods were often “correcting”
gene trees to be closer to the species tree than the true
gene trees were, again particularly so in the case of TreeFix
(table 1). Finally, we assessed the computational performance
of each method in terms of running time (supplementary figs.
S1and S4, Supplementary Material online). On datasets with
100 loci, IQ-TREE always took less than 33 s to complete,
whereas MrBayes typically required 0.4 to 2h to finish.
StarBEAST2 was the slowest method; it accumulated an ef-
fective sample size (ESS) at average rates of 22.9, 13.3, and
5.34 per hour for alignments of length 200, 800, and 2000
sites respectively. At those average rates, StarBEAST2 would
require 8.7, 15, and 37.5 h to accumulate 200 ESS.

Discussion

The proliferation of gene tree error correction methods de-
monstrates the intense level of interest in the problem of
improving gene tree accuracy without resorting to joint in-
ference of species and gene phylogenies. However, we
have demonstrated here that species tree attraction meth-
ods should be used with extreme caution when ILS causes
the true gene tree histories to be highly discordant from

the history of corresponding species. This has the potential
to increase the estimation error in gene trees, which may
have cascading effects on the accuracy and reliability of
downstream analyses.

A previous investigation into gene tree error correction
found that species tree attraction methods work well
when uncorrected GTEE is high and gene tree discordance
is much lower than in our analysis (Christensen et al. 2019,
2020). This is compatible with our finding that these meth-
ods essentially modify gene trees to be closer in distance to
the species tree, since when ILS is relatively low the true
gene trees will be more congruent with the species tree.
So when GTEE is high simply reducing discordance by alter-
ing them to be more similar to the species tree will increase
accuracy, as most of the inferred discordance will be ran-
dom error rather than deriving from biological processes.
However, as we have shown, when ILS is higher, species
tree attraction methods will increase GTEE regardless of
the level of error in the originally inferred gene trees, as
genuine discordance is being removed. This is analogous
to removing outlier measurements for a smoother fit.

We tested whether maximum clade credibility summary
trees from Bayesian posterior distributions of individually in-
ferred gene trees would help, but it was only minimally
more accurate than simple ML inference due to the limited
amount of information in each locus. The only approach we
found that substantially decreased GTEE was full Bayesian
inference under the MSC, as has previously been reported
(Szollesi et al. 2014). Given the poor scalability of full
Bayesian MSC inference, both in terms of the increase in
time required to finish analyses as the amount of loci or spe-
cies is increased, and the difficulty in parallelizing those
analyses, we believe it is still worth pursuing gene tree error
correction methods.
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Fic. 1.—Model species tree. The 10-taxon ingroup (solid lines), gener-
ated under a birth—death process, was scaled to a crown height of 2, 5, and
10 coalescent units which corresponded to high, medium, and low ILS, re-
spectively. To root gene trees an outgroup was added (bottom black
dashed line), and the distance from the ingroup to the root node was fixed
at 7 coalescent units in all analyses to avoid ILS past the root node without
saturating the sequence alignments (top blue dashed line).

We suggest that gene tree correction should be carried
out using model-based methods that are suitable for the
system of interest. Future methods should only alter gene
tree nodes when there is greater support for a different
topology given a model of genealogical inheritance in-
corporating the species history, than there is support for
the original topology in the sequence data given a substi-
tution model. This is analogous to imputing missing data,
rather than removing outliers. If improved methods for
gene tree correction are developed which reliably reduce
gene tree error under perfect conditions where the spe-
cies tree is known, they should also be evaluated under
imperfect conditions where the species tree is also
estimated.

Materials and Methods

We simulated an 11-taxon tree as a model species history,
which was scaled to three different levels (fig. 1). First, we
drew one birth rate A from a uniform distribution on [0.5,
1], then one death rate x from [0, A]. Second, we simulated
a 10-taxon tree under a birth—death process with those birth-
and death-rates using TreeSim (Stadler 2011) as the ingroup.
Third, we rescaled the branch lengths of the resulting tree to
obtain three species trees with root heights of 2, 5, and 10in
coalescent units, corresponding to the scenarios of low, me-
dium, and high levels of ILS, respectively. Fourth, in order to
accurately root the gene trees, we added an outgroup to
the simulated ingroup such that the outgroup has 7 distance
in coalescent units from the ingroup. We performed coales-
cent simulations to generate datasets with 100 gene trees,
each with 10 replicates and a single individual per species.
For each gene tree, we employed Seg-Gen (Rambaut and
Grassly 1997), and used two different population mutation
rates (0 = 4Nu): 0.001 and 0.01, to simulate sequence data

of length 200, 800, and 2000 nucleotides under the HKY
model (Hasegawa et al. 1985) together with among-site
rate variation. For each replicate, base frequencies were
drawn from a flat Dirichlet distribution, the transition/trans-
version ratio x was drawn from a log-normal distribution
with a mean of 1 and a standard deviation of 1.25, and
the shape a value of the four rate category discrete gamma
model was drawn from a log-normal distribution with a
mean of —1 and a standard deviation of 1.5. Scaling the
gene trees in this manner only changes the substitution
rate uw and not the population size component N of 6.

In total, 3 x 10 x 2 x 2 =120 datasets were generated,
each with 100 gene trees and corresponding multiple se-
guence alignments. We then utilized IQ-TREE version 2.1.3
(Minh et al. 2020) with 100 bootstrap replicates under the
Jukes—Cantor model to reconstruct ML gene trees from
the simulated alignments, and rooted them using the out-
group taxon. We also used the Bayesian method MrBayes
version 3.2.7a (Ronquist et al. 2012) to estimate gene trees
independently. MrBayes was configured to use a Jukes—
Cantor substitution model, running 3 chains for each gene
tree with 1 million iterations each, sampling every 1000 itera-
tions, using the automatic stopping rule, and a 20% burn-in.
Maximum clade credibility tree topologies were summarized
from the posterior distributions (Heled and Bouckaert 2013).

We applied TreeFix v1.1.10 (Wu et al. 2013) and
TRACTION v1.0 (Christensen et al. 2019, 2020) to correct
gene trees inferred by IQ-TREE. TRACTION requires a thresh-
old value for contracting a low support branch, so we
adopted a support threshold of 75% as used in
Christensen et al. (2019). Additionally, we ran StarBEAST2
(Ogilvie et al. 2017), a method for joint Bayesian inference
of species and gene trees with fixed reference species tree,
to sample posterior distributions of gene phylogenies from
simulated sequences. We performed StarBEAST2 analyses
under a strict clock model with a Yule prior on the species
tree. For the population model, we assumed a single con-
stant population size Nu for the entire tree, with a Gamma
prior which had a shape of 1.5 and a scale of 0.003333.
This is a broad prior with a mode of 0.0016665 correspond-
ing to 8 = 4Nu = 0.0066666, in between the true values of 8
used for simulation. The site models were linked and config-
ured to be the same as the model used for simulation (HKY
with 4 gamma categories). The substitution rate variation
shape, transition/transversion ratio «, and base frequencies
were all estimated. Posterior distributions of gene trees
were also summarized using maximum clade credibility
trees. We recorded the elapsed wall-clock time for each rep-
licate analysis. All analyses were executed on a compute clus-
ter (powered by AMD EPYC 7642 CPUs), using a single
thread per replicate across all methods.

We also conducted an experiment on simulated 5-taxon
data where the model species tree was in the anomaly
zone. These datasets include 30 different model conditions,

4 Genome Biol. Evol. 15(6) https://doi.org/10.1093/gbe/evad094 Advance Access publication 27 May 2023


https://doi.org/10.1093/gbe/evad094

"Correcting” Gene Trees to be More Like Species Trees Frequently Increases Topological Error

Low ILS Medium ILS High ILS
0.260 0.390 0.551
StarBEAST2  19:6% 23.4%31.2%23.1%10.7% 1.9% 0.1% 2.5% 10:4%19.5%28.2%22.6% 13.7% 2.7% 0.4% 03% 2.9% 7.1% 15.4%25.3%25.7%16:1% 6.6% 0.6%
0.702 0.786 0.855
MrBayes MCC 0.5% 1.5% 5.1% 15.1%23.6%24.3%20.3% 9.6% 0.5% 2.9% 7.5% 16% 22.8%29.9%20.4% 0.7% 4.4% 9.1% 16.7%34.2% 34.9% N
0.715 0.800 0.868 8 1]
IQ-TREE ML 0.7% 2.1% 4.3% 12.7%21.9% 25% 22.2%11.1% 0.1% 0.6% 1.9% 6.3% 15.7%22.6% 28.9% 23.9% 01% 0.4% 0.9% 2.8% 7% 17.1%315%402% ¢ ©
0.287 0.433 0.629 5‘ §
TreeFix  6:2% 19.7%31.3%26.3%13.7% 2.7% 0.1% 1.1% 6.2% 16.4%28.6% 24% 17.1% 5.8%. 0.8% 02% 3.1% 9.5% 20.2%28.9%24.8%11.8% 1.5%
0.717 0.810 0.890
TRACT|ON 0.7% 1.4% 4.9% 13.1%20.9% 26% 21.7%11.3% 0.1% 0.5% 1.7% 5.5% 15.1%21.3%29.7%26.1% 0.1% 0.1% 0.7% 2.3% 4.9% 14.8%29.5%47.6%
0.202 0.304 0.421
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MrBayes MCC  1:6% 6.2% 16.9%232%25.4%17.8% 7.9% 1% 0.3% 2.3% 8.7% 17.3%22.9%23.1%18.7% 6.4% 0.3% 02% 2.1% 2.9% 9% TAN2NINRTRISIB 6%
0.455 0.559 0.662 S
IQ-TREE ML 1:4% 6.4% 14.9%23.1%24.9% 18.5% 9% 1.8% 03% 0.9% 7.8% 17.8%23.8%22.5% 19% 7.2% 0.7% 01% 0.9% 3.7% 94% 151% 22% 25.7%16.6% 65% ¢y ©
0.273 0.414 0.591 Q‘ §
TreeFix 6.8% 21.9% 32.8%25.3% 10.9% 2.3% 1.3% 6.6% 19% 30.4%22.7%15.5% 4.3% 0.2% 0.7% 4.3% 12.4%23.9%29.7%21.5% 7%  0.5%
0.462 0.585 0.712
TRACTION  09% 5.4% 14.2%23.6%27.1%18.3% 8.7% 1.8% 02% 0.5% 5.1% 15% 23.7%25.8%20.1% 8.6% 1% 0.1% 0.2% 21% 6.2% 12.6% 19% 28% 21.4%104%
0.145 0.224 0.297
StarBEAST2  29.9%36.3%23.6% 8.3% 1.9% 16.3%27.6%28.5% 18.3% 6.9% 2% 0.4% 9.4% 19.6%23.5%27.1% 13.8% 5.5% 0.9% 0.2%
0.265 0.363 0.443
MrBayes MCC 9% 25.1%30.3%20.9%10.9% 2.8% 09% 0.1% 35% 12% 25% 25% 21.9%10.1% 1.8% 0.7% 22% 74% 157%23.5%24.1%16.8% 7:4% 27% 02%  py
0.272 0.370 0.458 S
|Q—TREE ML 9.2% 21% 31.8%23.8%10.3% 2.8% 1% 0.1% 3.2% 12.3%22.5%27.4%20.4% 10.9% 2.9% 0.4% 24% 7% 13.8%22.9% 23% 17.5%10.8% 2.3% 0.3% 30
0.252 0.378 0.520 T §
TreeFix  7.8% 254%34.7%22.8% 8:3% 1% 2.1% 9.5% 22% 31.6%22.1%10.9% 1.7% 0.1% 0.3% 1.9% 8:6% 20.4%27.9%24.6%13.3% 2.9% 0.1% @
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TRACTION  62% 19.9%31.9%256%11.7% 4% 0.7% 1.7% 8.2% 18.8%26.8%26.1%14.6% 3.1% 0.7% 0.9% 3.7% 9.7% 17.9% 23% 22.4%16.8% 4.9% 0.7%
€
=]
8 0.188 0.278 0.344
StarBEAST2  193% 34% 29.1%13.3% 3.5% 0.8% 9.4% 20.9%30.6%21.9% 12.9% 3.2% 1.1% 6.5% 15.3% 23% 22.8%20.7% 8% 3.2% 0.5%
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0.331 0.467 0.591
TRACT|ON 5% 17.5%23.2%27.2%18.1% 7.1% 1.7% 0.2% 1.4% 6.4% 12.3%22.9%27.9%16.7% 8.5% 3.8% 0.1% 0.3% 2.4% 6.2% 13.6%20.2%24.6% 19% 10.2% 3.5%
0.107 0.157 0.173
StarBEASTZ 42% 35.9%17.1% 4.5% 0.5% 27.6%35.5%24.6% 8.9% 2.9% 0.2% 0.3% 25% 32.8%26.6%11.1% 3.3% 1.1% 0.1%
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Unrooted RF distance between true and corrected gene trees

Fic. 2.—Error distributions of StarBEAST2-inferred, uncorrected, and corrected gene trees under the model conditions with 11 species and 100 genes.
Uncorrected gene trees were either the maximum clade credibility topologies summarized from posterior tree samples from MrBayes or the ML topologies
inferred using IQ-TREE. ML gene trees were corrected using either TRACTION or TreeFix. GTEE is defined as the normalized unrooted RF distance between the
estimated uncorrected or corrected gene trees and the true simulated gene trees. Numbers in bold blue text are the mean of each distribution.
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each with 10 replicates. The simulation setup for generat-
ing these datasets can be found in the supplementary
Section S2, Supplementary Material online.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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