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Abstract.–Alignment is a crucial issue in molecular phylogenetics because different alignment 

methods can potentially yield very different topologies for individual genes. But it is unclear if 

the choice of alignment methods remains important in phylogenomic analyses, which incorporate 

data from dozens, hundreds, or thousands of genes. For example, problematic biases in 

alignment might be multiplied across many loci, whereas alignment errors in individual genes 

might become irrelevant. The issue of alignment trimming (i.e. removing poorly aligned regions 

or missing data from individual genes) is also poorly explored. Here, we test the impact of 12 

different combinations of alignment and trimming methods on phylogenomic analyses. We 

compare these methods using published phylogenomic data from ultraconserved elements 

(UCEs) from squamate reptiles (lizards and snakes), birds, and tetrapods. We compare the 

properties of alignments generated by different alignment and trimming methods (e.g., length, 

informative sites, missing data). We also test whether these datasets can recover well-established 

clades when analyzed with concatenated (RAxML) and species-tree methods (ASTRAL-III), 

using the full data (~5,000 loci) and subsampled datasets (10% and 1% of loci). We show that 

different alignment and trimming methods can significantly impact various aspects of 

phylogenomic datasets (e.g. length, informative sites). However, these different methods 

generally had little impact on the recovery and support values for well-established clades, even 

across very different numbers of loci. Nevertheless, our results suggest several “best practices” 

for alignment and trimming. Intriguingly, the choice of phylogenetic methods impacted the 

results most strongly, with concatenated analyses recovering significantly more well-established 

clades (with stronger support) than the species-tree analyses. 
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[Alignment, concatenated analysis, phylogenomics, sequence length heterogeneity, species-tree 

analysis.] 
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Sequence alignment is a critical issue in molecular phylogenetic analyses. Numerous 

studies have shown that different alignment methods can yield very different topologies for 

individual genes, and that inaccurate alignments can lead to inaccurate topologies (e.g., Ogden 

and Rosenberg 2006; Smythe et al. 2006; Talavera and Castresana 2007; Liu et al. 2012; Mirarab 

et al. 2015; Nguyen et al. 2015). 

Yet it is less clear whether alignment methods matter in phylogenomic studies, when 

dozens, hundreds, or thousands of genes are included. One can imagine at least two extreme 

scenarios. First, that different alignment methods lead to systematic errors or biases that are 

amplified across many loci, and these can substantially impact the resulting phylogenetic 

estimates. Second, that any possible errors or biases associated with different alignment methods 

become inconsequential when dozens, hundreds, or thousands of loci are analyzed. An 

intermediate scenario is that results from different methods are not radically different, but that 

some alignment methods nevertheless produce higher quality alignments and improved 

phylogenetic estimates relative to others. Similarly, alignment methods might impact results, but 

only when datasets have relatively few loci, and not when hundreds or thousands of loci are 

used. To our knowledge, no previous studies have specifically focused on evaluating the impact 

of different alignment methods on phylogenomic analyses, and whether some methods might 

give better results than others. Yet, many workflows for phylogenomic data tend to offer 

relatively few options for alignment (Freyman 2015; Faircloth 2016; Smith and Walker 2019; 

Andermann et al. 2018). Overall, it seems urgently important to address how alignment methods 

may impact phylogenomic analyses. 

A related, underexplored issue is that of trimming sequence alignments to remove poorly 

aligned regions and to reduce the amount of missing data in the alignment (Castresana 2000; 
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Talavera and Castresana 2007; Dress et al. 2008; Capella-Gutiérrez et al. 2009; Wu et al. 2012). 

Given a set of orthologous sequences, alignment methods generally align highly conserved 

regions accurately, whereas regions containing many insertions and/or deletions are aligned less 

reliably (Edgar and Batzoglou 2006; Kemena and Notredame 2009; Thompson et al. 2011; 

Chatzou et al. 2016). In an effort to reduce noise and improve phylogenetic signal, various 

trimming methods can be used to identify and remove these unreliable alignment columns prior 

to analyses. In addition, many alignments are constructed from sequences that have different 

lengths due to different amounts of data recovered during data collection and processing. This 

heterogeneity is especially common in datasets from targeted-sequence capture, where 

heterogeneity can arise from library preparation, capture efficiency, sequencing, and 

bioinformatics processing (Bi et al. 2012; Faircloth et al. 2012; Lemmon et al. 2012; Portik et al. 

2016; Schott et al. 2017; Andermann et al. 2020). Alignments constructed from sequences of 

different lengths typically yield a “core” portion of sequences, with ends that vary in length (e.g., 

Fig. 1a). These ends may have considerable missing data, but they may also contain 

phylogenetically informative sites (at least for some taxa). Trimming methods can be used to 

remove the ends of such alignments, reducing both sequence-length variation and the overall 

amount of missing data, but at the cost of decreasing the overall number of informative sites 

(e.g., Fig 1b,c). Alignment trimming raises the widespread trade-off involved with missing data: 

is it better to eliminate these missing data, or to retain portions of the sequences with missing 

data cells and the phylogenetic information included (for those taxa with non-missing data)? 

There have been many empirical and theoretical studies on the pros and cons of including 

missing data, including studies with phylogenomic data (Hosner et al. 2016; Streicher et al. 

2016; Xi et al. 2016; Longo et al. 2017; Molloy and Warnow 2018; Nute et al. 2018). These 
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studies suggest that including such characters can be beneficial, although the benefits may 

decrease as the amount of missing data increases. In a single-locus context, Tan et al. (2015) 

explicitly demonstrated that light trimming (removing up to 20% of alignment positions) had 

minimal impact on gene-tree reconstruction, whereas heavy trimming (removing >40%) tended 

to remove both phylogenetic noise and signal, leading to inaccurate topologies. However, their 

case study primarily focused on individual protein-coding genes. The effects on large-scale 

phylogenomic datasets remain uncertain. Furthermore, in one of the most commonly used data 

types in phylogenomic studies (ultraconserved elements: UCEs hereafter; Faircloth et al. 2012) 

the loci are often not protein-coding (especially in vertebrates; e.g., Bejerano et al. 2004; White 

and Braun 2019), and each locus typically contains a combination of highly conserved and more 

highly variable regions. Therefore, these data may be far more sensitive to different alignment 

and trimming methods than protein-coding genes (see below), and so may offer a better system 

to test the potential impact of these methods. Overall, further study is needed on the impacts of 

alignment trimming on phylogenomic analyses, particularly for vertebrate UCE data.  

In this paper, we explicitly test whether different alignment and trimming options impact 

phylogenomic analyses, specifically for UCE data. To do this, we assemble and analyze large 

empirical datasets of UCEs for squamate reptiles, birds, and tetrapods. UCEs contain a conserved 

core region surrounded by variable flanking regions (Faircloth et al. 2012). These flanking 

regions are particularly useful for phylogenetics (Faircloth et al. 2012). Different alignment 

methods may align these variable regions more or less accurately, and we investigate if these 

methods affect downstream phylogenetic analyses. Our primary focus is a squamate UCE dataset 

that is derived from a combination of published genomes (Table 1) and targeted sequence-

capture experiments (Leaché and Linkem 2015; Leaché et al. 2016; Linkem et al. 2016; Streicher 
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et al. 2016; Streicher and Wiens 2016, 2017). Sequence-capture experiments normally generate 

considerable length variation from stochastic processes (Bi et al. 2012; Portik et al. 2016; Schott 

et al. 2017). In contrast, UCE sequences extracted from published genomes can be both longer 

and more homogeneous in length, with extended variable regions (Fig. 1). Our secondary focus 

is on bird and tetrapod UCE datasets derived solely from published genomes. These datasets are 

expected to contain less sequence-length heterogeneity, relative to the squamate dataset. They 

also represent somewhat different timescales, with birds being the youngest (~100 million year 

old [Myr] crown age; Jarvis et al. 2014), tetrapods the oldest (~350 Myr; Irisarri et al. 2017), 

with squamates intermediate in age (~200 Myr; Zheng and Wiens 2016). We recognize that UCE 

data are not necessarily representative of all types of phylogenomic data. However, they may be 

particularly sensitive to different alignment and trimming methods, given their conserved core 

and variable flanking regions. Therefore, if different methods show little impact on UCE data, 

then this conclusion may apply to other data types that may be more constrained in regards to 

evolutionary rates (e.g., exons; Hutter et al. 2019), all else being equal.  

Our overall methods are as follows. We compare three alignment methods that are widely 

used in phylogenomic studies: Clustal-O (Sievers et al. 2011), MAFFT (Katoh et al. 2002; Katoh 

and Standley 2013), and Muscle (Edgar 2004). We also compare three trimming strategies 

(untrimmed and two methods implemented in TrimAl; Capella-Gutiérrez et al. 2009) and their 

interactions with different alignment methods. We first create per-locus alignments and 

concatenated alignments from each combination of methods, and compare the alignment lengths, 

number of informative sites, and percent missing data. We then compare the topologies and 

support levels for trees obtained using two commonly used phylogenetic methods for genomic 

datasets. Specifically, we compare the species-tree (i.e. gene-tree summary) method ASTRAL-
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III (Mirarab et al. 2014; Mirarab and Warnow 2015; Zhang et al. 2017) and concatenated 

maximum-likelihood analysis with RAxML (Stamatakis 2014). Given that the true tree for each 

dataset is unknown, we evaluate the accuracy of the different alignment and trimming methods 

using clades that are each supported by the combination of traditional morphology-based 

taxonomy (and/or morphological synapomorphies) and previous molecular analyses. We 

consider these clades to be sufficiently well-established to be treated as “known” for method 

comparison (e.g., Streicher et al. 2016, 2018). This congruence approach for assessing method 

performance is especially useful for our study because it is currently difficult to simulate realistic 

UCE data (especially with regards to length variability). Finally, we perform these analyses 

using the full set of loci from empirical data (~5,000 loci) and with smaller, subsampled datasets 

comprised of 10% and 1% of the total available loci. These latter analyses allow us to address 

whether the impacts of different alignment and trimming methods change with the number of 

loci analyzed.   

 

MATERIALS AND METHODS 

UCE Data 

We used 130 published genomes to extract new UCE data for squamates, birds, and 

tetrapods (Supplementary File S1: Table S1; all Supplementary Files are available on Dryad). 

For birds, we sampled 34 orders, and included two species per order when possible (n=19).  

For tetrapods, we sampled broadly across Amphibia (including the three major clades: 

Anura, Caudata, and Gymnophiona), Crocodylia (all three families), Squamata (14 families; 

representing all major clades, including Iguania, Serpentes, Gekkota, and Anguimorpha), the 

single species of Sphenodontia, and Testudines (13 of 14 families). In general, we obtained all 
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available genomes for each of the above groups. For tetrapod groups with more genomes 

available, we selectively sampled representatives of major clades. Within Mammalia, we 

sampled Eutheria (including multiple species within Afrotheria, Euarchontoglires, 

Laurasiatheria, and Xenarthra), Metatheria (Dasyuromorphia and Didelphimorphia), and 

Prototheria (Monotremata). For the tetrapod dataset, we subsampled one species per order for 

Aves. Complete details regarding our genome sampling are provided in Supplementary File S1, 

Text S1.  

We downloaded genomes in fasta format and converted them to 2bit format using the 

faToTwoBit program of the UCSC Genome Browser (Kent et al. 2002). We used PHYLUCE 

(Faircloth 2016) to align the tetrapod 5k UCE probe set (5,060 loci) to each 2bit genome file 

using LASTZ (Harris 2007). PHYLUCE was then used to extract all matching UCE sequences 

and retain up to 500 base pairs of flanking sequence (per side). The bird and tetrapod datasets 

were created from UCE data obtained exclusively from published genomes.  

For squamates, we used published genomes and also UCE data generated from sequence-

capture experiments (Supplementary File S1: Table S2). We obtained sequence-capture UCE 

data from several published sources. We first downloaded UCE data from Streicher et al. (2016) 

and Streicher and Wiens (2016, 2017). These studies used the tetrapod 5k UCE probe set 

(Faircloth et al. 2012) to target up to 5,060 UCEs. The data from these three studies contained a 

total of 95 species and 178,663 sequences. We then searched GenBank and downloaded 

squamate UCE data from Leaché and Linkem (2015), Leaché et al. (2016), and Linkem et al. 

(2016). These three studies used a custom probe set to target 541 UCEs from the tetrapod 5k 

UCE locus set. These data encompassed 127 species (excluding subspecies) and 76,697 

sequences. The sampled species represented 54 families, including most of the ~62 frequently 
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recognized squamate families (e.g., Zheng and Wiens 2016). Missing families were within the 

well-established clades Gekkota (n=2 missing families), Amphisbaenia (4), and Serpentes (2). 

Clearly, not all species had data for all loci, especially for the squamate dataset. However, 

this is typical for UCE datasets, even those based on sequencing of whole genomes (e.g. our bird 

and tetrapod datasets here).  

 

Data Processing 

We used SuperCRUNCH (Portik and Wiens 2020) to process all UCE data separately for 

squamates, birds, and tetrapods. SuperCRUNCH is a bioinformatics toolkit for creating large 

phylogenetic datasets from GenBank data and/or local (i.e. newly generated) sequence data. The 

overall workflow involves parsing starting sequences to create locus-specific fasta files, filtering 

and selecting sequences, performing alignment, and conducting various post-alignment tasks, 

such as relabeling, trimming, concatenation, and format conversion. To properly process local 

sequence data (i.e., data not downloaded directly from GenBank) SuperCRUNCH requires fasta 

description lines to contain a unique identifier, taxon name, and locus abbreviation/description 

(similar to NCBI GenBank format). We relabeled the sequence data obtained from the whole 

genomes and supplemental data packages to comply with these criteria. We created a general-use 

script (https://github.com/dportik/phyluce-genomes-to-supercrunch) to process the results of 

PHYLUCE for sequenced genomes. This script relabels the UCE sequences obtained from 

genomes to create an input fasta file compatible with SuperCRUNCH. For the bird and tetrapod 

datasets, we combined all the relabeled UCE sequences obtained from the genomes into a single 

fasta file, which contained a total of 509,667 sequences and 130 species. A single file was 

created because there was considerable sampling overlap between these two datasets, and 
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because SuperCRUNCH can easily extract all relevant sequences for a user-defined set of 

species. For squamates, the relevant sequences obtained from all sources (genome and sequence-

capture) were combined into a single fasta file, which contained a total of 338,942 sequences and 

236 species. The two fasta files containing the complete UCE sequences are available from an 

Open Science Framework (OSF) project page created for this study: https://osf.io/qa9r8/. 

SuperCRUNCH requires a list of taxa and locus search terms to assemble locus-specific 

fasta files. We obtained an initial taxon list from each of the two UCE sequence sets 

(birds/tetrapods, squamates) using SuperCRUNCH (Fasta_Get_Taxa). We subsequently pruned 

the list obtained from the bird/tetrapod sequence set to include 108 ingroup species and 22 

outgroup species for birds, and 110 ingroup species for tetrapods. The tetrapod tree was rooted at 

the branch separating amphibians and amniotes, rather than using outgroups. For squamates, we 

limited each genus to one representative species, resulting in 119 ingroup and 4 outgroup 

species. We acknowledge that our phylogenetic results might be improved in some portions of 

the squamate tree by including multiple species per genus. However, our primary focus was 

comparing alignment and trimming methods. To search for UCE loci, we used the UCE 5k 

search terms file included with SuperCRUNCH. For our squamate dataset, this file was modified 

to include the Sceloporus occidentalis genome coordinates used to relabel the UCE sequences 

deposited on GenBank (i.e. Leaché and Linkem 2015; Leaché et al. 2016; Linkem et al. 2016). 

The identity of these GenBank sequences was revealed through an initial BLAST search to the 

genome-extracted UCE data, which allowed us to match all 541 of the coordinate labels from S. 

occidentalis to particular UCE loci. The resulting taxon lists and locus search terms files were 

used to run Parse_Loci independently for squamates, birds, and tetrapods. This step generated a 
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dataset of 4,997 UCE loci for squamates, 5,040 loci for birds, and 5,040 loci for tetrapods, with 

each locus containing at least two sequences.  

Given that all UCE data were identified using PHYLUCE, we did not perform a 

sequence-similarity filtering step (which is otherwise standard for SuperCRUNCH analyses). 

However, in our squamate dataset there were four instances in which a species included in our 

taxon list (Gambelia wislizenii, Phrynosoma platyrhinos, Plestiodon fasciatus, Uta stansburiana) 

had been used in different sequence capture experiments (tetrapod 5k UCE set: Faircloth et al. 

2012; 541 UCE set: Leaché and Linkem 2015). This could result in multiple sequences available 

for a given species for a given UCE locus. We used Filter_Seqs_and_Species to select a single 

representative sequence per species per locus, taking the longest available sequence if multiple 

sequences were present. When filtering all sequences with the Filter_Seqs_and_Species module, 

we also enforced a 200-base pair minimum length to retain a sequence (following 

recommendations of Hosner et al. 2015). We assumed that shorter sequences would contain 

fewer flanking regions (and consequently fewer variable sites), which could be an additional 

source of gene-tree error. For the squamate, bird, and tetrapod datasets, we removed all loci 

containing fewer than 10 taxa. This number is also somewhat arbitrary, but it is important to note 

that 10 taxa is <10% taxon sampling here (and <4 would be uninformative). This filtering step 

reduced the final set to 4,430 loci for squamates, 4,992 loci for birds, and 5,024 loci for 

tetrapods. Finally, for each dataset we made the direction of sequences within each locus uniform 

using MAFFT (Katoh et al. 2002; Katoh and Standley 2013) in the Adjust_Direction module.  

 

Multiple Sequence Alignment, Trimming, and Evaluation 
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We compared alignments using Clustal-O, MAFFT, and MUSCLE because these three 

methods are commonly used in published phylogenetic/phylogenomic bioinformatics pipelines 

(e.g., Pearse and Purvis 2013; Freyman 2015; Faircloth 2016; Antonelli et al. 2017; Andermann 

et al. 2018; Bennett et al. 2018; Smith and Walker 2019). Methods that co-estimate alignments 

and trees can produce more accurate alignments than the three methods used here, including 

SATé-II (Liu et al. 2012), PASTA (Mirarab et al. 2015), and UPP (Nguyen et al. 2015). 

However, these co-estimation methods are not as frequently available as options in 

phylogenomic pipelines (see references above). Given that our main goal was to evaluate the 

performance of the most commonly used alignment methods for phylogenomics, we did not 

explore these other methods here.  

We used the automatic option for selecting parameters and/or algorithms in both Clustal-

O and MAFFT (--auto flag) and the default settings in Muscle (maxiters=16). Given the 

widespread use of MAFFT, we also chose to align sequences using the FFT-NS-i algorithm in 

MAFFT. The FFT-NS-i algorithm is an iterative refinement method that is slower than 

alternative progressive methods, but is scalable and capable of producing more accurate 

alignments under certain conditions (Katoh et al. 2002; Katoh and Standley 2013). To 

distinguish between the two MAFFT analyses, we refer to these as MAFFT-auto and MAFFT-

FNi. Alignments were constructed for all UCE loci with Clustal-O, MAFFT-auto, MAFFT-FNi, 

and Muscle, using the Align module of SuperCRUNCH.  

 We created three different trimming categories, including no trimming (untrimmed) and 

two trimming strategies implemented in trimAl (Capella-Gutiérrez et al. 2009). For the first 

strategy we used a gap-threshold value of 0.2 to trim alignments, which removed columns 

containing gaps for more than 80% of the sequences present. This threshold value was set to 
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target and remove poorly aligned regions in the extended ends of the sequences (Fig. 1b). The 

second strategy used the gappyout method, which calculates a minimum gap-score cut-off based 

on the input alignment characteristics and trims all alignment columns falling below the 

threshold value. This automated method adapts parameters for each input alignment, rather than 

applying the same fixed parameters to all alignments (like the gap-threshold method). The 

gappyout method was used to trim poorly aligned regions aggressively. For squamates in 

particular, we expected the gappyout method to trim the extended regions of the genome-based 

sequences to the same approximate length as the sequence capture sequences (Fig. 1c). We also 

analyzed untrimmed alignments, for a total of three trimming strategies. 

The four alignment methods (Clustal-O, MAFFT-auto, MAFFT-FNi, Muscle) and three 

trimming categories (untrimmed, gap-threshold, gappyout) yielded 12 distinct alignment and 

trimming combinations. For each combination, we also constructed a concatenated alignment 

using the Concatenation module of SuperCRUNCH. The complete set of per-locus alignments 

and concatenated alignments for squamates, birds, and tetrapods are available on OSF: 

https://osf.io/qa9r8/. We used the Alignment_Assessment tool from Portik et al. (2016) to 

generate summary statistics for all individual and concatenated alignments. These statistics 

included alignment length, number of informative sites (defined here as sites containing at least 

two different nucleotides that are each present in at least two sequences, synonymous with 

parsimony-informative sites), and percent missing data (relative frequency of cells with missing 

data in the alignment or concatenated matrix). We give alignment lengths in base pairs (bp) but 

note that these lengths can also include inferred insertions/gap positions. To measure sequence-

length heterogeneity within alignments we calculated the coefficient of variation (CV; the ratio 

of the standard deviation to the mean) from the set of aligned sequence lengths (ASL), hereafter 
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referred to as ASL-CV. The ASL-CV is a standardized measure for comparing length variation 

across alignments, with higher ASL-CV values indicating greater variability in sequence lengths. 

We created a new module in SuperCRUNCH (Sequence_Length_Heterogeneity) to calculate 

ASL-CV and several associated metrics from alignment files. We use these summary statistics as 

a way to objectively compare alignments characteristics across methods. We emphasize that 

there are not necessarily “better” or “worse” values with regards to length, informative, sites, 

missing data, or ASL-CV in this context.  

 We sought to determine if alignment lengths, number of informative sites, and percent 

missing data differed significantly across the four alignment methods within a given trimming 

category. These data frequently deviated from a normal distribution (based on Shapiro-Wilk 

tests), and we therefore used non-parametric methods. We used the Kruskal-Wallis rank-sum test 

to evaluate potential differences across groups. When significant differences were detected 

between alignment methods, we performed pairwise comparisons using the Wilcoxon rank-sum 

test using a Bonferroni correction for multiple testing. All statistical tests were conducted in R 

v3.5.2 (R Core Team 2018). 

 

Phylogenetic Analyses 

We performed phylogenetic analyses using two standard approaches for phylogenomic 

data. First, we analyzed the concatenated alignment from each alignment and trimming 

combination using unpartitioned maximum likelihood analysis. We used RAxML v8.2 

(Stamatakis 2014) to perform a single search for the best-scoring ML tree and conduct 100 rapid 

bootstrap analyses using the standard GTRCAT model. All concatenated analyses were run on 

the CIPRES Science Gateway (Miller et al. 2010). We did not partition the UCE data because 
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vertebrate UCE loci are often not protein-coding, and it is therefore unclear what partitions 

would be appropriate for them, if any (but see Tagliacollo and Lanfear 2018). Furthermore, Roch 

et al. (2019) recently raised concerns about the potential statistical inconsistency of both fully 

partitioned and unpartitioned maximum likelihood for phylogenomic analyses, indicating that 

neither choice is necessarily more appropriate.  

For the second phylogenetic approach, we conducted species-tree analyses using the 

gene-tree summary method, ASTRAL-III (Mirarab et al. 2014; Mirarab and Warnow 2015; 

Zhang et al. 2017). We first used RAxML v8.2 to construct gene trees for all UCE loci, using the 

GTRCAT model. This was repeated for each of the 12 alignment and trimming combinations. 

For each combination, the complete set of gene trees was used to infer a species tree using 

ASTRAL-III. Important properties of ASTRAL-III are that it: (i) employs a quartet-based 

approach that is consistent with the multi-species coalescent process, (ii) can resolve gene-tree 

discordance caused by incomplete lineage sorting, and (iii) allows for missing taxa across gene 

trees (Mirarab et al. 2014; Mirarab and Warnow 2015). Branch support was assessed using local 

posterior probabilities (LPP), which are computed from gene-tree quartet frequencies (Sayyari 

and Mirarab 2016). We acknowledge that other phylogenetic methods could also be used, but our 

main focus was on alignment methods, and we wished to limit the overall parameter space to 

explore.  

As a proxy for gene-tree error, we estimated how similar gene trees from different 

alignment methods were to one another. We calculated pairwise normalized Robinson-Foulds 

(RF) distances between all gene trees estimated for the same locus. Within a trimming category, 

there were four gene trees per locus (resulting from Clustal-O, MAFFT-auto, MAFFT-FNi, and 

Muscle), which resulted in six pairwise tree comparisons. We used the Kruskal-Wallis rank-sum 
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test to determine if the RF values of gene tree comparisons differed significantly from one 

another. We also examined variation in the phylogenies produced by each phylogenetic method. 

We did so by calculating the average normalized RF distance from all pairwise comparisons of 

the 12 trees produced by either RAxML or ASTRAL-III. Finally, we examined variation across 

phylogenetic methods by calculating RF distances between the trees produced by RAxML and 

ASTRAL-III for each alignment and trimming combination. 

 

Evaluating Method Performance 

To compare the accuracy of the trees from each alignment and trimming combination and 

phylogenetic method, we focused on the ability of each approach to recover and support well-

established clades. These clades acted as a proxy for a “true” species tree, which is generally 

unknown for empirical data. Clades were chosen after taxa were sampled in each dataset. 

For squamates, we selected clades that are (i) recognized in traditional taxonomies, (ii) 

supported by morphological synapomorphies (e.g., Estes et al. 1988), and (iii) supported by 

recent molecular analyses (including concatenated likelihood and species-tree methods; Wiens et 

al. 2012; Pyron et al. 2013; Streicher et al. 2016; Streicher and Wiens 2016, 2017). Several snake 

taxa are traditionally recognized and appear in molecular phylogenies but were not used here, 

because their composition is very different relative to traditional taxonomies, and so their 

morphological support is therefore unclear (e.g., Boidae, Colubridae). The 35 clades included 

families, subfamilies, and some higher taxa. For birds and tetrapods, we used 21 and 30 clades 

(respectively) that are both recognized in traditional morphology-based taxonomy and supported 

in recent molecular phylogenies (e.g., Jarvis et al. 2014; Prum et al. 2015; Irisarri et al. 2017; 

Reddy et al. 2017). All major clades of birds and tetrapods were included, but species sampling 
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was limited (as is typical in higher-level, phylogenomic analyses). A list of species and their 

clade assignments (given our taxon sampling) is provided for each of the three analyses in 

Supplementary File S1 (Tables S3–S5), along with further justification for the choice of clades in 

each group (Text S1).  

To rapidly summarize sets of relationships within trees we developed a program called 

MonoPhylo. MonoPhylo assesses the status (monophyletic, paraphyletic, polyphyletic) of any 

number of user-defined groupings (genus, subfamily, family, etc.) for the tips present in a given 

tree. For each grouping, MonoPhylo outputs the number of taxa defining the group, the status of 

the group, a support value if it is monophyletic (for bootstrapped trees), and if it is not found to 

be monophyletic the number of interfering taxa and their corresponding tip labels. MonoPhylo is 

written in Python and relies on the ETEv3 toolkit (Huerta-Cepas et al. 2016). It is open-source 

and freely available with detailed instructions at: https://github.com/dportik/MonoPhylo. We 

used MonoPhylo to summarize whether clades were recovered as monophyletic and if so, to 

obtain their corresponding support values. We used a non-parametric unpaired two-sample 

Wilcoxon test to determine if the mean number of clades recovered differed significantly 

between the ASTRAL-III and RAxML analyses. 

We recognize that these clades are not known to the same degree that clades are known in 

simulations. Nevertheless, it is difficult to imagine scenarios that would cause both molecular 

and morphological data to frequently generate concordant yet misleading clades.  

 

Subsampling Loci 

One possible outcome of our initial study design was that the size of the full datasets 

(from 4,430–5,024 loci) would overwhelm any potential differences among alignment and 
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trimming methods. We therefore investigated the effects of subsampling loci. We began this 

exploration by initially focusing on the squamate dataset. We randomly sampled loci (without 

replacement) from the full set of 4,430 loci to produce subsampled datasets containing 10% 

(400) and 1% (40) of the total available loci. For the species-tree method, we assembled 20 

replicates of 400 and 40 randomly selected gene trees. For a given replicate, the same set of 400 

or 40 loci was used across all alignment and trimming combinations. For the concatenated 

analyses, we generated 10 replicates of concatenated alignments that were composed of 400 or 

40 randomly selected loci for each alignment and trimming combination. However, the set of 

loci selected for concatenation replicates were not necessarily identical to those selected for the 

species-tree analyses. We used a smaller number of replicates for the concatenated analyses 

given that these were much more computationally intensive, and because initial analyses showed 

little variation among replicates. These concatenated datasets were analyzed with RAxML as 

described above, but using 50 rapid bootstrap replicates. Initial results obtained from the 

squamate dataset indicated that effects (i.e. differences from the full datasets) were mainly 

observed using 1% subsampling. We therefore repeated our subsampling procedure for the bird 

and tetrapod datasets, but only at the 1% level (which produced sets of 50 loci). 

 We used MonoPhylo to assess how many of the well-established higher taxa were 

recovered per analysis, and to obtain their support values. For each alignment and trimming 

combination, we obtained the average number of these clades recovered based on 20 (ASTRAL-

III) or 10 replicates (RAxML). We also calculated an average support value for each clade and 

across all clades based on the replicates for a given alignment and trimming combination. 

Subsampling loci led to some variation in terminal taxa across replicates (given that not every 

species had data for every locus). If a higher taxon was represented by only a single species in a 
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particular replicate, its monophyly and branch support were not testable and we excluded that 

replicate from the set of support values used to calculate the average support for the clade. 

However, if a higher taxon contained two or more sampled species in a replicate and it was not 

monophyletic in a given tree, it was assigned a support value of zero. We did this to penalize 

valid instances of non-monophyly, rather than exclude the replicate from estimating the mean 

support for the clade.  

We used the Kruskal-Wallis rank-sum test to determine if the mean number of clades 

recovered or average support values differed significantly across the four alignment methods 

within each trimming category. We conducted tests independently for the concatenated and 

species-tree methods. To compare differences in phylogenetic methods for a given gene 

sampling strategy (10% or 1%), we used the Kruskal-Wallis rank-sum test to determine if the 

mean number of clades recovered (based on all replicates from the 12 alignment and trimming 

categories) differed significantly between the concatenated and species-tree analyses. Finally, we 

sought to determine if the subsampled datasets (10% or 1%) resulted in lower clade recovery 

and/or support values relative to the full datasets. We used unpaired two-sample Wilcoxon tests 

to compare clade recovery, RAxML bootstrap support, and ASTRAL-III LPP of the 10% or 1% 

subsampled datasets to the full datasets for squamates, birds, and tetrapods.  

 

RESULTS 

UCE Data 

The final squamate dataset contained 123 species (from 54 families), 4,430 loci, and 

202,570 total sequences. There was considerable variation in the number of loci across species, 

which was largely attributable to the method used to obtain the sequence data (Supplementary 
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File S1, Table S2). The squamate dataset included 19 species with data from whole genomes 

(average number of loci=3,824; range among species=3,074–4,382), 82 from the tetrapod 5k 

UCE probe set (1,375; 49–2,280), 18 from the custom 541 UCE probe set (457; 427–539), and 

four from both the tetrapod 5k and custom 541 UCE probe sets (2,240; 2,142–2,335). Across the 

entire squamate dataset, each species on average had data for 1,647 loci (SD: ±1,117 loci), and 

the average number of taxa per locus was 45 species (±22; range: 10–97). The species included 

are listed in Supplementary File S1, Table S3, and the number of loci for each species is given in 

Table S2. 

The bird dataset contained 66 species, 4,992 loci, and 287,868 total sequences. Species 

had an average of 4,428 loci (±770 loci), and the average number of taxa per locus was 57 

species (±7; range: 10–65). The species included in this dataset are listed in Supplementary File 

S1, Table S4 (along with the major clades that they belong to), and the number of loci for each 

species is given in Supplementary File S1, Table S1. 

The tetrapod dataset contained 110 species, 5,024 loci, and 418,715 total sequences. 

Species had an average of 3,806 loci (±1,146 loci), and the average number of taxa per locus was 

83 species (±19; range: 10–109). The species included (and their major clades) are given in 

Supplementary File S1, Table S5, and the number of loci for each species is in Table S1. 

 

Sequence Alignment and Trimming 

Untrimmed alignments.—For each of the three groups, the untrimmed sets of per-locus 

alignments created from each alignment method (Clustal-O, MAFFT-auto, MAFFT-FNi, 

Muscle) differed significantly in average length, number of informative sites, and percent 

missing data (Figs. 2–4, Tables 1–2, Supplementary File S2: Tables S1–S30). Post-hoc pairwise 
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comparisons using the Wilcoxon rank-sum test revealed significant differences between all four 

methods for each of these alignment characteristics (Supplementary File S2: squamates: Tables 

S2–S4; birds: Tables S12–S14: tetrapods: Tables S22–S24), with few exceptions (e.g., number of 

informative sites for some comparisons in birds and tetrapods).  

Across all three datasets, the MAFFT-FNi strategy produced the longest average 

alignments (squamates: 1,564 bp, birds: 1,677 bp, tetrapods: 2,037 bp), followed closely by 

MAFFT-auto and Muscle (Figs. 2a–4a, Table 1). By contrast, Clustal-O produced considerably 

shorter average alignments relative to the other methods (squamates: 1,307 bp, birds: 1,368 bp, 

tetrapods: 1,409 bp). For squamates and birds, the average number of informative sites was 

highest in Clustal-O alignments, but similar among MAFFT-FNi, MAFFT-auto, and Muscle 

(Figs. 2b, 3b, Table 1). For tetrapods, all four alignment methods produced a similar average 

number of informative sites (Fig. 4b). Across all three datasets the mean percentage of missing 

data was lowest for Clustal-O, with higher and more similar values among MAFFT-auto, 

MAFFT-FNi, and Muscle (Figs. 2d–4d, Table 1).  

The squamate dataset contained a mix of data from published genomes and sequence-

capture experiments, whereas the bird and tetrapod datasets were derived solely from published 

genomes. Consequently, there was considerably more sequence-length heterogeneity in the 

alignments of the squamate dataset, relative to the tetrapod and bird datasets (Figs. 2c–4c, Table 

1). For squamates, the average ASL-CV value was highest in MAFFT-auto alignments (0.58), 

followed by MAFFT-FNi (0.57), Clustal-O (0.54), and Muscle (0.53). For birds and tetrapods, 

the average ASL-CV values were substantially lower and uniform across alignment methods 

(0.04–0.05; Table 1).  
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The per-locus effects of different alignment methods were amplified in the resulting 

concatenated alignments (Table 2). For squamates, birds, and tetrapods, Clustal-O resulted in the 

shortest alignment (~5.8 million bp, ~6.8 million bp, and ~7.1 million bp, respectively) and 

MAFFT-FNi resulted in the longest (~6.9 million bp, ~8.3 million bp, and ~10.2 million bp). 

Differences in the number of informative sites were also large (Table 3). Clustal-O resulted in 

the highest number of informative sites in squamates (~3.0 million sites) and birds (~3.9 million 

sites), whereas MAFFT-FNi produced the greatest number of informative sites for tetrapods 

(~5.1 million sites). Missing data were similar across the concatenated alignments in squamates, 

ranging from 83.1–85.9% (Table 2). For birds and tetrapods, the concatenated Clustal-O 

alignments had the least missing data (28.2% and 40.5%, respectively), and quantities were 

higher but similar among the other three alignment methods (39.2%–41.4% and 56.2%–58.8%). 

 

Effects of trimming.—As expected, gap-threshold trimming removed fewer alignment columns 

than gappyout trimming (Figs. 2–4, Tables 1–3). Gap-threshold trimming targeted poorly aligned 

regions in the extended ends of the genome sequences, but still left considerable data in these 

extended ends (e.g., Fig. 1b). In contrast, the gappyout trimming was far more aggressive in 

removing alignment columns and tended to trim alignments to a core alignment block, thereby 

reducing missing data (e.g., Fig. 1c). The average number of bases trimmed using the gap-

threshold method differed between squamates (range across alignment methods: 220–490 bp), 

birds (174–515 bp), and tetrapods (147–759 bp). Differences between datasets were also 

apparent using the gappyout method, which removed a greater average number of bases relative 

to gap-threshold trimming for squamates (range across alignment methods: 742–1,017 bp), birds 

(292–599 bp), and tetrapods (265–988 bp). Across all three datasets, the gap-threshold and 
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gappyout trimming removed the fewest bases from Clustal-O alignments and the greatest from 

MAFFT-FNi alignments (Table 3). 

In general, gap-threshold and gappyout trimming produced similar effects across the 

three datasets: shortening alignment lengths, reducing the amount of missing data, and 

decreasing the number of informative sites (Figs. 2–4). However, the magnitude of these changes 

differed across squamates, birds, and tetrapods (Tables 1, 2). For birds and tetrapods, trimming 

tended to reduce the initial differences in alignment lengths, missing data, and informative sites 

across the alignment methods (Tables 1, 2). However, after trimming using either strategy, we 

still frequently observed significant differences in these variables across alignment methods 

(Supplementary File S2: squamates: Tables S5–S10; birds: Tables S15–S20; tetrapods: Tables 

S25–S30). Thus, trimming failed to mitigate the initial relative differences produced by the 

different alignment methods. For squamates, trimming produced similar average alignment 

lengths and missing data values across alignment methods, which led to fewer significant 

differences in pairwise comparisons of these metrics as compared to untrimmed alignments 

(Supplementary File S2: untrimmed: Tables S2, S4; trimmed: Tables S5, S7, S8, S10). However, 

despite the similar alignment lengths, the number of informative sites remained significantly 

different between alignment methods after gap-threshold trimming, and between nearly all 

alignment methods after gappyout trimming (Tables 1, 2; Supplementary File S2: untrimmed: 

Table S3; trimmed: Tables S6, S9). In squamates, neither gap-threshold nor gappyout trimming 

removed the initial differences in the number of informative sites across alignment methods, but 

trimming reduced the initial differences in alignment lengths and missing data. 

The effect of trimming on ASL-CV differed greatly between the squamate dataset and the 

bird and tetrapod datasets (Figs. 2c–4c, Table 1). Both birds and tetrapods displayed low ASL-

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/advance-article/doi/10.1093/sysbio/syaa064/5892776 by guest on 21 August 2020



 

 25 

CV values across alignment methods in the untrimmed category (range: 0.4–0.5), indicating the 

starting sequences were generally uniform in length. Although both trimming methods removed 

up to several hundred base pairs per alignment, the impact on ASL-CV values was minimal 

(post-trimming range: 0.3–0.4; Table 1). Squamates displayed much higher ASL-CV values 

across alignment methods in the untrimmed category (range: 0.53–0.58). Values were reduced 

somewhat with gap-threshold trimming (0.45–0.46), and even more with gappyout trimming 

(0.11–0.16). Therefore, trimming was effective in reducing sequence length heterogeneity when 

it was present.  

The per-locus patterns from trimming were amplified in the concatenated alignments 

(Table 2). These differences are illustrated with MAFFT-FNi and Clustal-O (which represent the 

extremes). For example, in squamates gap-threshold trimming removed ~970,000 bp from the 

Clustal-O alignments (17% of the total bp) and >2,000,000 bp from MAFFT-FNi alignments 

(31%). Nevertheless, trimming resulted in similar concatenated alignment lengths for these 

methods (~4.8 and ~4.7 million bp; Table 2). The reduction in concatenated alignment lengths 

was even more dramatic after gappyout trimming. In squamates, the gappyout trimming removed 

~3.2 million bp from Clustal-O alignments (55% of alignment columns) and ~4.5 million bp 

from the MAFFT-FNi alignments (65%), resulting in concatenated alignment lengths of ~2.5 and 

~2.6 million bp (Table 2). Similar patterns are present in birds and tetrapods (Table 2). Yet, the 

relative differences in the number of informative sites persisted (Clustal-O > Muscle > MAFFT-

auto > MAFFT-FNi; Table 3), mirroring the per-locus results. 

 

Phylogenetic Analyses and Clade Support 
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Gene-tree comparisons.—We performed pairwise comparisons of gene trees from different 

alignment methods to measure overall gene-tree similarity (Supplementary File S3: Tables S1–

S16). Across all three trimming categories (untrimmed, gap-threshold, gappyout), gene-tree 

comparisons involving Clustal-O consistently resulted in significantly higher average normalized 

Robinson-Foulds (RF) distances (squamates: 0.52–0.53 [Tables S1–S5]; birds: 0.57–0.58 [Tables 

S6–S10]; tetrapods: 0.50–0.54 [Tables S11–S15]) than those for other methods (squamates: 

0.35–0.44; birds: 0.41–0.45; tetrapods: 0.29–0.43). Overall, trimming did not change the average 

gene-tree distance relationships between alignment methods, and gene-trees resulting from 

Clustal-O were consistently the most dissimilar.  

 

Phylogenetic results.—Representative phylogenies for the squamate dataset are shown in Figure 

5 (RAxML) and Figure 6 (ASTRAL-III). Phylogenies for the bird and tetrapod datasets are 

provided in Supplementary Figures S1–S4. The squamate phylogenies are based on MAFFT-FNi 

without trimming, whereas the bird and tetrapod phylogenies are based on MAFFT-auto 

alignments without trimming. These particular alignment and trimming methods performed as 

well as several other combinations, and the performance of all 12 combinations was similar for 

each dataset (Supplementary File S5, Tables S1–S3). For comparison, the complete set of 30 

rooted trees for squamates, birds, and tetrapods is available on OSF: https://osf.io/qa9r8/. 

Squamate phylogenies from the 12 concatenated analyses recovered an average of 34.3 of 

35 well-established clades (proportion=0.98), whereas phylogenies from ASTRAL-III recovered 

an average of 32.8 clades (0.94; Supplementary File S5; Table S1). For recovered clades, support 

values were consistently high. The average bootstrap score from the concatenated analyses was 

99.9% (SD: ± 0.4; from Supplementary File S4; Tables S1–S3), and the average local posterior 
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probability from species-tree analyses was 0.999 (± 0.002; from Supplementary File S4; Tables 

S4–S6). Amphisbaenia was not recovered as monophyletic in 8/12 concatenated analyses 

(Supplementary File S4; Tables S1–S3). Amphisbaenia and Colubroidea were not recovered as 

monophyletic in any ASTRAL-III analyses, and Leiosauridae was not recovered in two 

ASTRAL-III analyses (Supplementary File S4; Tables S4–S6). 

For birds, all 12 concatenated analyses recovered 19 of 21 well-established clades 

(proportion=0.90), whereas phylogenies from ASTRAL-III recovered an average of 18.7 (0.89; ; 

Supplementary File S5: Table S1). Well-established clades that were recovered received 100% 

bootstrap support or an LPP of 1.0 (Supplementary File S4: Tables S19–S24). Two taxa were not 

supported in any analyses (Coraciiformes, Gruiformes), and Pelecaniformes was not recovered 

as monophyletic in 3 of 12 ASTRAL-III analyses (Supplementary File S4: Tables S19–S24).  

For tetrapods, concatenated analyses recovered an average of 28.1 of 30 well-established 

clades (proportion=0.94; from Supplementary File S4: Tables S31–S33), whereas ASTRAL-III 

recovered 27.9 (0.93; Supplementary File S4: Tables S34–S36). Recovered clades received 

100% bootstrap support or an LPP of 1.0 (except Batrachia with ASTRAL-III; Supplementary 

File S4: Supplementary File S4: Tables S31–S36). Archosauria was not recovered as 

monophyletic in any analyses. Lepidosauria was only monophyletic in 4 concatenated and 4 

ASTRAL analyses, and Batrachia was monophyletic in 9 concatenated and 7 ASTRAL analyses 

(Supplementary File S4: Tables S31–S36).  

 For all three datasets, we found no significant differences in LPP or bootstrap support for 

well-established clades between alignment methods within each trimming category or across 

categories (Supplementary File S5: Table S3). However, the average proportion of clades 

recovered across all 12 alignment and trimming analyses was higher for concatenated analyses 
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than species-tree analyses (see above), and this difference was significant for squamates 

(P<0.001), but not birds (P=0.07) or tetrapods (P=0.35), which had fewer clades (Supplementary 

File S5: Table S4).  

Beyond the well-established clades, there was variation in the overall topology within 

and between phylogenetic methods (Supplementary File S3: Table S16). Pairwise comparisons 

among the 12 trees from the RAxML analyses yielded average RF distances (± SD) of 0.10 ± 

0.05, 0.15 ± 0.12, and 0.13 ± 0.08 for squamates, birds, and tetrapods. ASTRAL-III analyses 

yielded distances of 0.14 ± 0.05, 0.23 ± 0.16, and 0.13 ± 0.09. A direct comparison of trees from 

each method for a given alignment and trimming combination produced greater average RF 

distances (squamates: 0.25 ± 0.02; birds: 0.20 ± 0.08; tetrapods: 0.14 ± 0.05). Thus, phylogenetic 

methods had a stronger impact on overall topology than alignment and trimming methods.  

  

Subsampling Loci 

We performed analyses with reduced sampling to determine if differences in topology 

among methods were masked by sampling many loci (Supplementary Files S4, S5). We sampled 

10% and 1% for squamates (400 and 40 loci), but only 1% for birds and tetrapods (50 loci). We 

present complete results for squamates, and brief summaries for birds and tetrapods.  

For squamates, 10% subsampling (400-locus) resulted in a ~5% reduction in mean 

bootstrap values and a decrease of ~0.11 in mean LPP, relative to the full dataset (Supplementary 

File S5: Tables S29–S30). However, there were no significant differences in mean support 

values between alignment methods within a trimming category (Fig. 7a,c; Supplementary File 

S5: Table S9). For some trimming categories, we found significant differences in the proportion 

of well-established clades recovered across alignment methods (Fig. 7b,d; Supplementary File 
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S5: Table S7). Clustal-O alignments resulted in significantly fewer clades recovered than 

MAFFT-auto (and sometimes MAFFT-FNi and Muscle), whereas other methods were not 

significantly different (Supplementary File S5: Tables S5, S7). This effect occurred in the 

untrimmed and gap-threshold trimmed alignments, but was somewhat reduced by gappyout 

trimming, which caused the other methods to recover fewer clades (Supplementary File S5: 

Table S5). Again, the concatenated analyses recovered a significantly higher proportion of well-

established clades (average=0.95; range=0.91–0.97) than the species-tree method (average=0.86; 

range=0.83–0.89) across all alignment and trimming combinations (P<0.001; Supplementary 

Files S5: Table S11).  

 For squamates, the 1% subsampling (40-locus) analyses produced even lower support 

values (Supplementary File S5: Table S13). We found significant differences in the support 

values from RAxML and ASTRAL-III analyses for untrimmed alignments (but not gap-

threshold or gappyout trimmed alignments; Supplementary File S5; Table S14). Specifically, 

analyses using MAFFT alignments (FNi and auto) produced significantly higher support values 

than analyses of Clustal-O alignments for both phylogenetic methods (Fig. 8a,c; Supplementary 

File S5; Table S15. We did not find significant differences in the proportion of well-established 

clades recovered across alignment methods for any trimming categories (Fig. 8b,d), with one 

exception (Supplementary File S5: Table S23). For ASTRAL-III analyses of the untrimmed 

alignments, Clustal-O recovered significantly fewer clades than MAFFT-auto (Supplementary 

File S5: Table S24). Concatenated analyses recovered a significantly higher proportion of clades 

(average=0.69; range=0.58–0.75) than species-tree analyses (average=0.36; range=0.34–0.40) 

across alignment and trimming combinations (P<0.001; Supplementary File S5: Table S25).  
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 For birds, 1% subsampling revealed significant differences in clade recovery using both 

phylogenetic methods for all alignment and trimming combinations (Supplementary File S5: 

Tables S12, S14). Analyses with Clustal-O alignments recovered significantly fewer clades than 

MAFFT-FNi (and frequently MAFFT-auto and Muscle; Supplementary File S5: Tables S16–

S20). However, there were no significant differences in support values (Supplementary File S5: 

Tables S13, S23).  

For tetrapods, 1% subsampling revealed significantly fewer clades recovered from 

ASTRAL-III analyses with Clustal-O versus those with MAFFT-auto and MAFFT-FNi 

(Supplementary File S5: Tables S14, S21–S22). We did not find significant differences in 

support values for clades from either phylogenetic method (Supplementary File S5: Tables S13, 

S23).  

As in squamates, concatenated analyses in birds and tetrapods recovered a significantly 

higher proportion of clades than the species-tree analyses across alignment and trimming 

combinations (birds: averages: 0.89 vs. 0.82; P<0.001; tetrapods: 0.94 vs. 0.89; P<0.001; 

Supplementary File S5: Table S26). 

 Comparisons of the full datasets to the subsampled datasets (10% and 1%) revealed 

significant differences in clade recovery and support values (Supplementary File S5: Tables 

S26–S32). For squamates, the 10% and 1% datasets recovered significantly fewer clades from 

both phylogenetic methods (full: 0.95; 400 loci: 0.70; 40 loci: 0.53; Supplementary File S5: 

Tables S27–S28) and significantly lower mean support values from RAxML (full: 98.1%; 400 

loci: 93.7%; 40 loci: 59.5%; Supplementary File S5: Tables S29, S31) and ASTRAL-III (full: 

0.94; 400 loci: 0.83; 40 loci: 0.31; Supplementary File S5: Tables S30, S32). For birds, the 1% 

datasets recovered a significantly lower proportion of clades than the full dataset, but there were 
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no differences in average support values (Supplementary File S5: Tables S28, S31). For 

tetrapods, there were no significant differences in the proportion of clades recovered in the full 

vs. 1% datasets, but the 1% datasets had significantly lower average support values (for both 

ASTRAL-III and RAxML; Supplementary File S5: Tables S28, S31). 

 

DISCUSSION 

In this study, we address whether different alignment and trimming methods impact 

phylogenomic analyses. We found significant differences in the datasets generated by different 

alignment and trimming methods, including differences in length and the number of informative 

sites. However, our results suggest that different alignment and trimming methods need not 

strongly impact phylogenomic results, in terms of topologies and clade support. Nevertheless, we 

do provide some observations that should be relevant to method choice. Specifically, with fewer 

genes sampled (10% and 1% of ~5,000 loci), we found that MAFFT and Muscle performed 

better than Clustal-O and that aggressive trimming (gappyout) sometimes performed 

significantly worse than other methods (in terms of recovering and strongly supporting well-

established clades). Intriguingly, we found much stronger impacts of phylogenetic methods, with 

concatenated RAxML analyses performing better than the species-tree method used here 

(ASTRAL-III) when fewer genes were sampled. Below, we emphasize several caveats about our 

conclusions. We then address the implications of our results for alignment method choice, 

sequence-length heterogeneity, dataset size, phylogenetic methods, and squamate phylogeny.   

 

Potential Caveats  
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The most important caveat about our conclusions is that they are based only on vertebrate 

UCE data. Therefore, it is crucial to consider whether our results will apply to other datasets or 

not. First, alignment effects might be stronger at deeper phylogenetic scales, with sequences that 

are more divergent. The oldest group considered here was ~350 Myr old (tetrapods). However, 

we note that across the Tree of Life, many more extant clades are younger rather than older. We 

did not include species-level datasets because we would expect to see even smaller impacts of 

different alignment and trimming methods on topologies at this shallow scale.  

Second, our dataset consists of UCE data, and other results are possible for other kinds of 

molecular data. For example, studies have demonstrated clear differences in the performance of 

alignment methods for RNA sequences (Liu et al. 2012; Mirarab et al. 2015; Nguyen et al. 

2015). Yet, phylogenomic datasets include many genes (by definition). Therefore, even if 

ribosomal genes were included (and were more strongly influenced by different alignment 

methods), their overall impacts should be mitigated by other genes. We observed substantial 

differences in alignments produced from the same UCE sequences, indicating that the 

hypervariable flanking sequences of UCE loci may be challenging for alignment methods. Hutter 

et al. (2019) found that prior to trimming, UCE alignments display qualities more similar to 

those from introns than exons, but that this also depended on phylogenetic scale. Based on those 

findings, our results may be informative for introns, particularly at deeper phylogenetic scales. In 

contrast, other types of phylogenomic data (such as exons) may show fewer effects of different 

alignment and trimming methods than these UCE data. We also note that UCE datasets in other 

groups (like arthropods) may be dominated by exons (e.g., Bossert and Danforth 2018; Hedin et 

al. 2019), and so may also show limited impacts of alignment and trimming methods. 
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Third, there were considerable missing data in these UCE datasets (up to 86% overall; 

Table 2). However, it is not clear how this would bias or affect our inferences about the impact 

of different alignment methods.  

Fourth, there might also be other factors that we have not considered that might cause 

other datasets to yield different results. Importantly, the analyses that we did here can be easily 

repeated in other clades and with other types of sequence data (e.g. using the same options in 

SuperCRUNCH to streamline data processing, alignment, and trimming).   

Another important caveat is that our results may only apply to the particular methods that 

we looked at, and other methods might give different results. For example, several methods such 

as SATé-II (Liu et al. 2012), PASTA (Mirarab et al. 2015), and UPP (Nguyen et al. 2015) have 

been shown to produce more accurate alignments than the methods used here. However, these 

methods were primarily designed to produce ultra-large alignments (>1,000 sequences per gene 

region) and are not widely included in phylogenomic packages. We also limited our exploration 

of trimming to gap-rich sites, because our primary focus was on the effects of reducing 

sequence-length heterogeneity and missing data. Trimming based on variable sites, or using 

other popular trimming methods (e.g., Gblocks; Talavera and Castresana 2007), might produce 

different results than those observed here (see Ranwez and Chantret 2020). For example, the 

default settings of Gblocks cause it to aggressively remove gap-rich sites and non-conserved 

sites simultaneously. Although trimming non-conserved sites can potentially be mitigated (by 

tuning four parameters), strict gap removal only includes two options: (1) eliminate all columns 

containing any gaps, or (2) eliminate all columns containing gaps in >50% of sequences. In this 

study, we focused on the effect of trimming poorly aligned flanking regions, which resulted from 

a combination of true alignment gaps and gap sites resulting from missing data. Given this focus, 

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/advance-article/doi/10.1093/sysbio/syaa064/5892776 by guest on 21 August 2020



 

 34 

we found the gap removal options of Gblocks were too coarse, and consequently we did not use 

them here. However, we acknowledge Gblocks offers a variety of useful options for eliminating 

highly variable sites (particularly in columns with low missing data), which we did not explore in 

our analyses. 

We also acknowledge that the clades used here to evaluate method performance are not 

truly known. Nevertheless, the most important result here is that there was generally little 

difference in the trees from different alignment and trimming methods, regardless of whether 

these trees are right or wrong. Furthermore, we do not know of any realistic scenarios by which 

so many clades would be supported by both molecular and morphological data and would still be 

incorrect.  

However, these clades might not be a random sample of all clades throughout the tree. 

Specifically, we expect well-established clades to be associated with longer branches, as these 

are the clades on which most genes agree (e.g., Wiens et al. 2008, 2012). On the other hand, 

dismissing these results based on the idea that all of these clades are “easy” to reconstruct is not 

accurate either. All methods had difficulty recovering one or more of the well-established clades 

in each of the three datasets, even when thousands of loci were sampled (e.g., Amphisbaenia, 

Coraciiformes, Archosauria). Moreover, when we reduced the number of loci sampled, methods 

sometimes had difficulty in recovering even 50% of these clades. 

 

Recommendations for Alignment Methods in Phylogenomics 

We found that different alignment methods (Clustal-O, MAFFT, Muscle) estimated 

alignments that differed significantly in lengths and number of informative sites (Figs. 2–4, 

Tables 1, 2). Multiplied across loci, these different methods generated concatenated alignments 
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that differed by up to 3.1 million base pairs and 650,000 informative sites (Table 2). Despite 

these differences, we did not find any significant differences in clade recovery or support values 

across alignment methods using our full squamate, bird, and tetrapod datasets (for the well-

established clades). However, with reduced gene sampling the Clustal-O alignments recovered 

significantly fewer established clades than other methods (Fig. 8; Supplementary File S5). 

Clustal-O produced the shortest alignments with the highest number of informative sites (Tables 

1, 2), and the most dissimilar gene trees relative to other methods (Supplementary File S3). The 

higher number of informative sites likely resulted from poorly aligned flanking regions, resulting 

in higher gene tree error. Given our observations, we do not recommend Clustal-O for UCE data.  

 Overall, we found similar results using Muscle and MAFFT (auto and FFT-NS-i), 

suggesting that both are good options for UCE data. One benefit of using MAFFT over Muscle is 

the automatic selection of the alignment algorithm based on the input alignment characteristics. 

During analyses, we observed that the MAFFT-auto option generally selected the L-INS-i 

algorithm. This algorithm is particularly well-suited to loci with one main alignable domain 

surrounded by flanking sequences, and with <200 taxa (Katoh et al. 2002; Katoh and Standley 

2013). Based on this (and our results), we recommend MAFFT-auto for UCE data. 

 

Recommendations for Trimming Methods 

We examined the impact of sequence-length heterogeneity on phylogenomics by lightly 

trimming (gap-threshold) and aggressively trimming (gappyout) our alignments. Our squamate 

dataset contained a mix of short (sequence-capture) and long (genome-extracted) UCE 

sequences, whereas our bird and tetrapod datasets contained primarily long (genome-extracted) 

UCE sequences. The squamate dataset therefore had greater sequence-length heterogeneity. For 
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birds and tetrapods, ASL-CV values were already low and trimming did not further reduce 

heterogeneity (Figs. 3c, 4c). For squamates, light and aggressive trimming reduced ASL-CV 

values (Fig. 2c, Table 1).  

Across the three datasets, trimming did not increase clade recovery or support values for 

well-established clades for any alignment method (Supplementary File S5). In contrast, 

aggressive trimming decreased clade recovery for species-tree analyses when gene sampling was 

reduced (10% and 1% of loci), particularly for squamates. Thus, our results mirror the single-

locus trimming effects found by Tan et al. (2015), but at the phylogenomic scale.  

Overall, the type of sequence-length heterogeneity present in the squamate UCE dataset 

(e.g., driven by longer genome-extracted sequences) did not appear to be problematic for our 

analyses (but see Hosner et al. 2016 for a different example with UCEs). Under this type of 

scenario, we do not recommend aggressive trimming to eliminate sequence-length heterogeneity, 

because it had greater potential to negatively impact analyses.  

We found light trimming (e.g., gap-threshold, 16–30% of total alignment columns) was 

useful for eliminating poorly aligned flanking regions (e.g., the change from Fig. 1a to Fig. 1b) 

without negative downstream effects. Our best phylogenetic results for all three datasets were 

obtained from untrimmed and lightly trimmed alignments, and we recommend both options.  

Many phylogenomic workflows employ a trimming routine. The custom trimming 

routine available in PHYLUCE is rather aggressive in removing alignment columns and is most 

comparable to gappyout trimming in our study (Supplementary File S2, Table S31). Our results 

suggest trimming with this method may not be advantageous, at least under the default settings. 

We also suggest that the ASL-CV index introduced here might be useful for summarizing 

sequence-length heterogeneity in future studies. 
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Dataset Size in Phylogenomic Studies: Inadequate vs. Adequate vs. Overkill 

We found that different alignment and trimming methods had little impact on trees from 

our full datasets, but decreasing the number of loci did. Specifically, the proportion of well-

established clades recovered and/or their mean support values dropped significantly when we 

only included 10% (~500) or 1% (~50) of the total loci (~5,000). These results confirm that it is 

worthwhile to obtain data from thousands of loci, rather than dozens or hundreds. However, 

~5,000 loci were still not enough to strongly resolve all relationships within squamates, birds, 

and tetrapods (even when only considering well-established clades). We also note that for 

squamates, UCE loci were seemingly not as informative as similar numbers of nuclear protein-

coding loci, since analyses of 44 nuclear protein-coding loci (Wiens et al. 2012) recovered 

stronger support for most clades than 40 subsampled UCE loci, including many of the well-

established clades considered here.  

 

Phylogenomic Methods: Concatenation vs. Species-Tree Analyses 

One particularly important and unexpected aspect of our results is that the concatenated 

analyses (RAxML) recovered a higher proportion of well-established clades than the species-tree 

method used (ASTRAL-III), particularly with fewer loci. There is a large literature suggesting 

that species-tree methods should be more accurate than concatenated analyses, especially when 

incomplete lineage sorting is high (Liu et al. 2010; Liu and Yu 2011; Mirarab et al. 2014; 

Mirarab and Warnow 2015; Vachaspati and Warnow 2015). However, simulation studies have 

also revealed that concatenated analyses can be more accurate when incomplete lineage sorting 

is low (Leaché and Rannala 2010; Bayzid and Warnow 2013; Patel et al. 2013; Bayzid et al. 
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2015; Chou et al. 2015; Mirarab et al. 2016). It is possible that the levels of incomplete lineage 

sorting associated with the well-established clades are sufficiently low to drive the observed 

differences in method performance. Another potential explanation is that UCE data have 

properties that differ from the data simulated in the studies cited above. For example, Mirabab et 

al. (2014) found that concatenated analyses might be more accurate than species-tree methods 

when gene trees each have relatively poor phylogenetic signal. Our results suggest that 

concatenated analyses may outperform species-tree analyses most strongly when fewer loci are 

sampled. We have observed similar patterns in other empirical analyses of UCE data that 

compared the ability of these methods to recover well-established clades (e.g., Streicher et al. 

2016, 2018). However, we note that we have not tested all species-tree and concatenated 

methods. Overall, we simply caution that species-tree methods should not be assumed to perform 

better than concatenated methods in phylogenomic analyses, especially for UCE datasets.  

 

Implications for Squamate Phylogeny 

Here, we present possibly the most extensive phylogenomic analysis of higher-level 

squamate phylogeny to date (our datasets for birds and tetrapods are not so exceptional; Jarvis et 

al. 2014; Irisarri et al. 2017). For example, some previous studies included more taxa but far 

fewer loci (e.g., 161 taxa, 44 loci; Wiens et al. 2012) whereas others had similar numbers of loci 

but far fewer taxa (4,178 loci, 32 taxa; Streicher and Wiens 2017). Here we simultaneously 

analyze a relatively large number of loci and taxa (123 species, up to 4,430 loci per species). Our 

concatenated analyses recovered the highest proportion of the 35 well-established clades, and we 

focus on those results here (Fig. 5). Overall, our results are largely congruent with previous 

higher-level analyses, but provide strong support for some previously controversial relationships.  
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First, we strongly support dibamids as the sister group to all other squamates. This has 

precedents in some previous studies (e.g., Townsend et al. 2004; Pyron et al. 2013; Tonini et al. 

2016), but others found only weak support (e.g., Zheng and Wiens 2016; Streicher and Wiens 

2017) or conflicting relationships (Wiens et al. 2012; Reeder et al. 2015). Interestingly, our 

analyses using ASTRAL-III place dibamids in an unusual position (relatively distant from the 

root) that we have not seen reported in any earlier studies (Fig. 6). This seems problematic. 

Second, we strongly support snakes as the sister group to a clade including Iguania and 

Anguimorpha, in both concatenated and species-tree analyses (Figs. 5, 6). The placement of 

snakes within Toxicofera has been controversial or weakly supported in previous studies with 

fewer loci (e.g., Vidal and Hedges 2005; Pyron et al. 2013; Zheng and Wiens 2016).  

Our results for pleurodont iguanians are generally weakly supported (as in most previous 

studies). However, we do find strong support for placing Phrynosomatidae as the sister taxon to 

other members of this large clade (see also Townsend et al. 2011; Streicher et al. 2016).  

Finally, our results help resolve the controversial placement of iguanians (e.g., Losos et 

al. 2012), and show that they are not at the base of squamate phylogeny. Overall, we provide 

strong support for many higher-level squamate relationships based on extensive sampling of 

genes and taxa. 
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that contains the complete set of data and instructions required to replicate all of our analyses, 

available at: https://osf.io/qa9r8/. This material includes the starting UCE sequence sets for 

SuperCRUNCH, inputs and outputs for key steps conducted in SuperCRUNCH, and the final 

per-locus and concatenated alignments for each dataset (squamates, birds, and tetrapods). We 

provide all necessary inputs for phylogenetic analyses, the results of all phylogenetic analyses, 

and summaries of all phylogenetic results using MonoPhylo. We also provide the datasets 

resulting from gene subsampling, along with results from all subsequent analyses. The sequence 

length heterogeneity calculator (for ASL-CV and other metrics) has been made available as a 

module of SuperCRUNCH (Sequence_Length_Heterogeneity.py), and is freely available at: 

https://github.com/dportik/SuperCRUNCH. MonoPhylo is open-source and freely available at 

https://github.com/dportik/MonoPhylo. 
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FIGURE CAPTIONS. 

 

Figure 1. An illustration of the sequence-length heterogeneity in one UCE locus (UCE-734) 

under different trimming strategies for the squamate dataset. In (a) – (c), the top panel shows the 

frequency distribution of sequence lengths among all 90 taxa for the alignment (from MAFFT-

auto). The top panel also includes values for the mean aligned sequence length, standard 

deviation (SD), and the aligned-sequence-length coefficient-of-variation (ASL-CV). The bottom 

panel shows aligned sequences for the first 28 of 90 taxa. Sequences are shown for the (a) 

untrimmed alignment, (b) gap-threshold trimmed alignment, and (c) gappyout trimmed 

alignment. Taxa are arranged alphabetically in the alignment visualizations, and therefore the 

same 28 taxa are shown in the same sequence order across trimming categories. Alignments are 

colored by frequency-based differences, in which infrequently occurring bases and columns 

containing a high degree of mismatches are colored red. Visualizations of the sequence 

alignments were accomplished using the NCBI Multiple Sequence Alignment Viewer v1.10 

(https://www.ncbi.nlm.nih.gov/projects/msaviewer/). 

 

Figure 2. Violin plots for squamate alignments showing (a) alignment lengths, (b) number of 

informative sites, (c) aligned-sequence-lengths coefficient-of-variation, and (d) percent missing 

data, for each of the 12 alignment and trimming combinations for the full dataset. The width of 

each plot is equivalent to the frequency of different values among the 4,430 alignments. The 

interiors of plots contain black dots representing median values, white bars representing 

interquartile values, and black lines representing the minimum and maximum values. 
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Figure 3. Violin plots for bird alignments showing (a) alignment lengths, (b) number of 

informative sites, (c) aligned-sequence-lengths coefficient-of-variation, and (d) percent missing 

data, for each of the 12 alignment and trimming combinations for the full dataset. The width of 

each plot is equivalent to the frequency of different values among the 4,992 alignments. The 

interiors of plots contain black dots representing median values, white bars representing 

interquartile values, and black lines representing the minimum and maximum values. 

 

Figure 4. Violin plots for tetrapod alignments showing (a) alignment lengths, (b) number of 

informative sites, (c) aligned-sequence-lengths coefficient-of-variation, and (d) percent missing 

data, for each of the 12 alignment and trimming combinations for the full dataset. The width of 

each plot is equivalent to the frequency of different values among the 5,024 alignments. The 

interiors of plots contain black dots representing median values, white bars representing 

interquartile values, and black lines representing the minimum and maximum values. 

 

Figure 5. Phylogenetic estimate for squamate reptiles based on the concatenated maximum 

likelihood analysis of 4,430 UCE loci using RAxML. The dataset is based on the concatenated 

untrimmed MAFFT-FNi alignments (6,927,188 base pairs, 85.9% total missing data). Scale bar 

represents substitutions per site. 

 

Figure 6. Phylogenetic estimate for squamate reptiles based on the species-tree analysis of 4,430 

UCE loci using ASTRAL-III. The analysis is based on gene trees generated from untrimmed 

MAFFT-FNi alignments. Scale bar represents coalescent units. 
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Figure 7. Mean support values and proportion of clades recovered for the squamate 10% (400-

locus) datasets for the 35 well-established clades. Results are based on concatenated maximum 

likelihood (RAxML) and a species-tree method (ASTRAL-III). For RAxML, (a) depicts the 

mean bootstrap support across the 35 well-established clades for each replicate (n=10 replicates) 

and (b) depicts the proportion of the 35 clades recovered for each replicate. For ASTRAL-III, (c) 

depicts the mean LPP support across the 35 well-established clades for each replicate (n=20 

replicates) and (d) depicts the proportion of the 35 clades recovered for each replicate. Boxplots 

show the median value (black line), interquartile range (box), values up to 1.5 times the 

interquartile range (whiskers), and outliers (dots).  

 

Figure 8. Mean support values and proportion of clades recovered for the squamate 1% (40-

locus) datasets for the 35 well-established clades. Results are based on concatenated maximum 

likelihood (RAxML) and a species-tree method (ASTRAL-III). For RAxML, (a) depicts the 

mean bootstrap support across the 35 well-established clades for each replicate (n=10 replicates) 

and (b) depicts the proportion of the 35 clades recovered for each replicate. For ASTRAL-III, (c) 

depicts the mean LPP support across the 35 well-established clades for each replicate (n=20 

replicates) and (d) depicts the proportion of the 35 clades recovered for each replicate. Boxplots 

show the median value (black line), interquartile range (box), values up to 1.5 times the 

interquartile range (whiskers), and outliers (dots).  
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Carphodactylidae
Diplodactylidae
Pygopodidae

Eublepharidae
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Cordylidae
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Gymnophthalmidae
Teiidae

Bipedidae
Rhineuridae

Lacertidae

Xenosauridae
Anguidae

Helodermatidae

Lanthanotidae
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Agamidae

Phrynosomatidae

Liolaemidae
Polychrotidae

Hoplocercidae
Opluridae

Leiosauridaae

Crotaphytidae

Corytophanidae

Iguanidae
Leiocephalidae

Dactyloidae
Tropiduridae

Typhlopidae
Leptotyphlopidae
Anomalepididae
Aniliidae

Tropidophiidae
Bolyeriidae
Uropeltidae

Xenopeltidae
Loxocemidae
Pythonidae

Boidae

Acrochordidae
Xenodermatidae
Pareatidae

Viperidae

Homalopsidae
Lamprophiidae
Elapidae

Colubridae

Gekkota

Scincoidea

Lacertoidea

Anguimorpha

Iguania

Serpentes

Acrodonta

Pleurodonta

0.07

Eryx colubrinus

Phymaturus palluma

Brachymeles bonitae

Vipera berus

Uropeltis melanogaster

Python molurus

Micrurus fulvius

Plica plica

Leiosaurus catamarcensis

Dipsosaurus dorsalis

Scincus scincus

Polychrus acutirostris

Leiocephalus personatus

Brachylophus fasciatus

Lepidophyma flavimaculatum

Thamnophis sirtalis

Loxocemus bicolor

Mesoscincus managuae

Pholidobolus macbrydei

Heloderma suspectum

Cylindrophis ruffus

Aspidites melanocephalus

Liolaemus magellanicus

Chalarodon madagascariensis

Dibamus novaeguineae

Tytthoscincus parvus

Morunasaurus annularis

Sphenodon punctatus
Anelytropsis papillosus

Pogona vitticeps

Ungaliophis continentalis

Gambelia wislizenii

Callisaurus draconoides

Plestiodon fasciatus

Crotaphytus collaris

Bipes biporus

Lobulia elegans

Uma_scoparia

Xantusia vigilis

Pareas hamptoni

Cophosaurus texanus

Dopasia gracilis
Shinisaurus crocodilurus

Lampropeltis getula

Eurylepis taeniolata

Rena humilis

Protobothrops mucrosquamatus

Acontias meleagris

Bothrops asper
Crotalus horridus

Emoia caeruleocauda

Physignathus cocincinus

Strophurus ciliaris

Marisora unimarginata

Phrynosoma platyrhinos

Lanthanotus borneensis

Oplurus cyclurus

Alligator mississippiensis

Brookesia brygooi
Varanus exanthematicus

Urostrophus vautieri

Boa constrictor

Diadophis punctatus

Aspidoscelis tigris

Rhineura floridana

Hydrosaurus pustulatus

Anniella pulchra

Paroedura picta

Calotes emma

Acrochordus granulatus

Petrosaurus mearnsi

Eublepharis macularius

Sceloporus occidentalis

Mochlus brevicaudis

Gallus gallus

Enyalioides laticeps

Tupinambis teguixin

Urosaurus ornatus

Chalcides ocellatus

Xenodermus javanicus

Liotyphlops albirostris
Anilius scytale
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Holbrookia maculata

Trachyboa boulengeri

Pantherophis guttatus

Corytophanes cristatus

Coleonyx variegatus

Uta stansburiana

Anolis carolinensis

Lichanura trivirgata

Uranoscodon superciliosus

Ophiomorus raithmai

Homalopsis buccata

Saltuarius cornutus

Lacerta bilineata

Lialis burtonis

Cordylosaurus subtessellatus

Stenocercus guentheri

Xenopeltis unicolor

Boaedon fuliginosus

Xenosaurus platyceps

Draco blanfordii

Chrysemys picta

Leiolepis belliana

Deinagkistrodon acutus

Ophiophagus hannah

Chilabothrus striatus

Calabaria reinhardtii

Typhlops jamaicensis

Casarea dussumieri

Tiliqua scincoides

Gekko japonicus

Pristidactylus torquatus

Chamaeleo calyptratus

Trapelus agilis

Basiliscus basiliscus

Cricosaura typica

Sphenomorphus variegatus

Exiliboa placata

Laemanctus serratus

Sauromalus ater
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Vipera berus

Ophiophagus hannah

Plestiodon fasciatus

Basiliscus basiliscus

Saltuarius cornutus

Stenocercus guentheri

Lobulia elegans

Laemanctus serratus

Petrosaurus mearnsi

Uranoscodon superciliosus

Boaedon fuliginosus

Urostrophus vautieri

Crotalus horridus

Gekko japonicus

Chamaeleo calyptratus

Acrochordus granulatus

Tropidophis haetianus

Smaug mossambicus

Chrysemys picta

Eublepharis macularius

Cylindrophis ruffus

Ophiomorus raithmai

Oplurus cyclurus

Scincus scincus
Brachymeles bonitae

Pareas hamptoni

Gambelia wislizenii

Phrynosoma platyrhinos

Trapelus agilis

Enyalioides laticeps

Sphenomorphus variegatus

Brookesia brygooi

Aspidites melanocephalus
Loxocemus bicolor

Leiosaurus catamarcensis

Mesoscincus managuae

Lialis burtonis

Polychrus acutirostris

Liolaemus magellanicus

Sceloporus occidentalis

Paroedura picta

Exiliboa placata

Morunasaurus annularis

Shinisaurus crocodilurus

Tytthoscincus parvus

Lichanura trivirgata

Calabaria reinhardtii

Uropeltis melanogaster

Eurylepis taeniolata

Aspidoscelis tigris

Bipes biporus

Urosaurus ornatus

Pholidobolus macbrydei

Heloderma suspectum

Uta stansburiana

Lepidophyma flavimaculatum

Rhineura floridana

Hydrosaurus pustulatus

Typhlops jamaicensis

Marisora unimarginata

Gallus gallus

Cricosaura typica

Phymaturus palluma

Rena humilis

Trachyboa boulengeri

Uma scoparia

Anilius scytale

Boa constrictor

Protobothrops mucrosquamatus

Brachylophus fasciatus

Xantusia vigilis

Leiolepis belliana

Sphenodon punctatus

Chalcides ocellatus

Strophurus ciliaris

Python molurus

Crotaphytus collaris

Tiliqua scincoides

Dopasia gracilis
Anniella pulchra

Emoia caeruleocauda

Dibamus novaeguineae

Callisaurus draconoides

Casarea dussumieri

Coleonyx variegatus

Lanthanotus borneensis

Chalarodon madagascariensis

Plica plica

Xenodermus javanicus

Cophosaurus texanus

Pristidactylus torquatus

Lacerta bilineata

Anelytropsis papillosus

Draco blanfordii

Homalopsis buccata

Lampropeltis getula

Ungaliophis continentalis

Calotes emma

Anolis carolinensis

Deinagkistrodon acutus

Pantherophis guttatus

Sauromalus ater

Liotyphlops albirostris

Dipsosaurus dorsalis

Pogona vitticeps

Eryx colubrinus

Tupinambis teguixin

Corytophanes cristatus

< 0.90 local posterior probability

> 0.95 local posterior probability
0.90－0.95 local posterior probability

Dibamidae

Carphodactylidae

Diplodactylidae
Pygopodidae

Eublepharidae
Gekkonidae

Cordylidae
Gerrhosauridae
Xantusiidae

Scincidae

Gymnophthalmidae
Teiidae

Bipedidae
Rhineuridae
Lacertidae

Xenosauridae
Anguidae

Helodermatidae
Lanthanotidae
Varanidae

Shinisauridae

Chamaeleonidae

Agamidae

Phrynosomatidae

Liolaemidae

Polychrotidae

Hoplocercidae
Opluridae

Leiosauridaae

Crotaphytidae

Corytophanidae

Iguanidae

Leiocephalidae
Dactyloidae

Tropiduridae

Typhlopidae
Leptotyphlopidae
Anomalepididae

Aniliidae
Tropidophiidae

Bolyeriidae
Uropeltidae
Xenopeltidae
Loxocemidae

Pythonidae

Boidae

Acrochordidae
Xenodermatidae

Pareatidae

Viperidae

Homalopsidae
Lamprophiidae

Elapidae

Colubridae

Gekkota

Scincoidea

Lacertoidea

Anguimorpha

Iguania

Serpentes

Acrodonta

Pleurodonta
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Table 1. Summary statistics for the individual alignments (squamates: 4,430 loci; birds: 4,992 loci; tetrapods: 5,024 loci) produced 

from each alignment and trimming combination, including alignment length (bp), number of informative sites, percent missing data, 

and the aligned-sequence lengths coefficient of variation (ASL-CV). 

    Alignment length  Informative sites  Missing data   ASL-CV

Dataset Trimming category Alignment method Average SD Average SD Average SD Average SD 

Squamates Untrimmed Clustal-O 1,307 75 677 177 46.7% 19.7 0.54 0.31

MAFFT-auto 1,500 161 549 166 53.3% 17.5 0.58 0.34
MAFFT-FNi 1,564 198 528 159 55.2% 16.6 0.57 0.34
Muscle 1,410 165 600 178 51.1% 15.6 0.53 0.32

Gap-threshold Clustal-O 1,087 194 593 192 38.6% 18.8 0.46 0.29
MAFFT-auto 1,073 210 470 169 38.9% 17.6 0.45 0.28
MAFFT-FNi 1,073 221 447 161 39.4% 16.9 0.45 0.28
Muscle 1,096 198 528 179 39.3% 18.0 0.46 0.29

Gappyout Clustal-O 565 367 239 257 8.6% 11.3 0.11 0.14
MAFFT-auto 558 343 189 195 9.0% 12.4 0.12 0.15
MAFFT-FNi 547 335 176 179 8.9% 11.9 0.13 0.16
Muscle 603 357 218 214 11.8% 16.3 0.16 0.21

Birds Untrimmed Clustal-O 1,368 99 792 186 18.8% 5.8 0.05 0.03

MAFFT-auto 1,615 215 691 183 30.4% 9.1 0.05 0.03
MAFFT-FNi 1,677 242 693 190 32.8% 9.5 0.04 0.03
Muscle 1,673 221 675 183 32.8% 8.9 0.04 0.03

Gap-threshold Clustal-O 1,193 53 754 173 8.3% 4.2 0.04 0.03
MAFFT-auto 1,158 47 656 165 6.2% 4.4 0.04 0.03
MAFFT-FNi 1,161 49 644 165 6.8% 4.6 0.04 0.03
Muscle 1,158 46 637 165 6.3% 4.2 0.03 0.03

Gappyout Clustal-O 1,076 122 653 183 4.3% 3.5 0.03 0.03
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MAFFT-auto 1,077 91 595 169 3.3% 2.8 0.03 0.03
MAFFT-FNi 1,078 94 583 166 3.7% 2.9 0.03 0.03
Muscle 1,083 85 580 165 3.5% 2.9 0.03 0.03

Tetrapods Untrimmed Clustal-O 1,409 95 1,000 173 21.3% 5.0 0.05 0.03

MAFFT-auto 1,958 342 1,005 247 41.8% 9.9 0.05 0.03
MAFFT-FNi 2,037 365 1,027 260 44.0% 10.1 0.05 0.03
Muscle 1,913 275 1,011 246 41.0% 8.7 0.04 0.02

Gap-threshold Clustal-O 1,262 61 957 162 13.1% 3.8 0.05 0.03
MAFFT-auto 1,257 80 888 187 14.3% 6.0 0.05 0.03
MAFFT-FNi 1,277 86 898 194 15.9% 6.4 0.05 0.03
Muscle 1,235 65 867 178 13.0% 5.0 0.04 0.02

Gappyout Clustal-O 1,144 167 849 216 9.1% 5.3 0.04 0.03
MAFFT-auto 1,063 163 718 199 7.1% 5.1 0.04 0.02
MAFFT-FNi 1,049 186 697 212 7.6% 5.6 0.03 0.02

  Muscle 1,072 128 723 185 6.6% 4.2 0.03 0.02
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Table 2. Summary statistics for the concatenated alignments produced from each of the 12 alignment and trimming combinations for 

squamates, birds, and tetrapods, including alignment length (bp), number of informative sites, and percent missing data. 

Dataset Trimming category Alignment method Alignment length Informative sites Missing data
Squamates Untrimmed Clustal-O 5,789,745 2,997,360 83.1%

MAFFT-auto 6,645,866 2,430,395 85.3%
MAFFT-FNi 6,927,188 2,339,511 85.9%
Muscle 6,247,932 2,660,035 84.4%

Gap-threshold Clustal-O 4,815,309 2,626,910 80.7%
MAFFT-auto 4,755,441 2,082,436 80.8%
MAFFT-FNi 4,753,604 1,979,769 80.9%
Muscle 4,853,985 2,339,403 80.8%

Gappyout Clustal-O 2,500,803 1,059,972 75.4%
MAFFT-auto 2,471,075 839,346 74.9%
MAFFT-FNi 2,421,811 780,385 74.6%
Muscle 2,672,719 965,055 75.7%

Birds Untrimmed Clustal-O 6,829,371 3,954,646 28.2%
MAFFT-auto 8,064,147 3,451,312 39.2%
MAFFT-FNi 8,375,194 3,457,428 41.4%
Muscle 8,351,737 3,369,760 41.3%

Gap-threshold Clustal-O 5,957,920 3,765,617 18.6%
MAFFT-auto 5,780,854 3,276,350 16.7%
MAFFT-FNi 5,799,768 3,216,155 17.3%
Muscle 5,781,822 3,180,628 16.8%

Gappyout Clustal-O 5,371,344 3,259,976 15.0%
MAFFT-auto 5,379,261 2,971,642 14.0%
MAFFT-FNi 5,384,533 2,910,950 14.3%
Muscle 5,406,916 2,895,705 14.2%
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Tetrapods Untrimmed Clustal-O 7,082,287 5,027,442 40.5%
MAFFT-auto 9,836,476 5,049,857 57.2%
MAFFT-FNi 10,233,946 5,160,357 58.8%
Muscle 9,612,816 5,083,168 56.2%

Gap-threshold Clustal-O 6,341,770 4,809,782 34.2%
MAFFT-auto 6,317,019 4,464,483 35.3%
MAFFT-FNi 6,419,271 4,509,521 36.5%
Muscle 6,205,445 4,359,788 34.2%

Gappyout Clustal-O 5,749,631 4,266,865 31.4%
MAFFT-auto 5,341,073 3,608,384 30.0%
MAFFT-FNi 5,269,194 3,503,478 30.5%

  Muscle 5,389,100 3,634,475 29.4%
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Table 3. Summary of the average number of base pairs and informative sites that were trimmed 

from the alignments of the squamate, bird, and tetrapod datasets for each alignment method, 

using the gap-threshold and gappyout trimming strategies.

   Base pairs 
trimmed

Informative 
sites removed

Dataset Trimming category Alignment method Average SD Average SD
Squamates Gap-threshold Clustal-O 220 189 83 98

MAFFT-auto 427 236 78 91
MAFFT-FNi 490 257 81 90
Muscle 314 190 72 97

Gappyout Clustal-O 742 374 437 283
MAFFT-auto 942 385 359 230
MAFFT-FNi 1,017 388 351 215
Muscle 807 350 382 272

Birds Gap-threshold Clustal-O 174 71 38 23
MAFFT-auto 457 193 35 28
MAFFT-FNi 515 218 48 37
Muscle 514 202 38 29

Gappyout Clustal-O 292 158 139 120
MAFFT-auto 537 240 96 93
MAFFT-FNi 599 266 109 99
Muscle 589 236 95 87

Tetrapods Gap-threshold Clustal-O 147 60 43 22
MAFFT-auto 700 287 116 81
MAFFT-FNi 759 307 129 85
Muscle 678 239 144 88

Gappyout Clustal-O 265 181 151 153
MAFFT-auto 895 395 287 220
MAFFT-FNi 988 435 329 246

  Muscle 840 302 288 178
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