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Abstract
The advent of affordable whole-genome sequencing has spurred numerous large-scale projects aimed at inferring the tree of 
life, yet achieving a complete species-level phylogeny remains a distant goal due to significant costs and computational 
demands. Traditional species tree inference methods, though effective, are hampered by the need for high-coverage 
sequencing, high-quality genomic alignments, and extensive computational resources. To address these challenges, this 
study introduces WASTER, a novel de novo tool for inferring shallow phylogenies directly from short-read sequences. 
WASTER employs a k-mer based approach for identifying variable sites, circumventing the need for genome assembly 
and alignment. Using simulations, we demonstrate that WASTER achieves accuracy comparable to that of traditional 
alignment-based methods, even for low sequencing depth, and has substantially higher accuracy than other alignment- 
free methods. We validate WASTER’s efficacy on real data, where it accurately reconstructs phylogenies of eukaryotic 
species with as low depth as 1.5X. WASTER provides a fast and efficient solution for phylogeny estimation in cases where 
genome assembly and/or alignment may bias analyses or is challenging, for example due to low sequencing depth. It 
also provides a method for generating guide trees for tree-based alignment algorithms. WASTER’s ability to accurately 
estimate shallow phylogenies from low-coverage sequencing data without relying on assembly and alignment will lead 
to substantially reduced sequencing and computational costs in phylogenomic projects.
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Introduction
Whole-genome sequencing has recently replaced single marker 
sequencing as the dominant method for estimating phylogenies, 
and has been the focus of many recent large-scale efforts for a 
broad set of species (Lewin et al. 2018; Haussler et al. 2009; 
Zhang 2015; Fan et al. 2020; Evans et al. 2013; GIGA 
Community of Scientists 2014; Cheng et al. 2018; Grigoriev 
et al. 2014; Foley et al. 2023; Stiller et al. 2024). Nevertheless, 
these efforts are still short of realizing complete species-level 
phylogenies for most clades. Major obstacles include the costs 
of high-coverage sequencing, extensive human effort in running 
species tree inference pipelines, and substantial computational 
resource demanded (Kapli et al. 2020). In addition, alignment 
challenges may possibly affect the results in downstream phylo
genetic analyses (Liu et al. 2017).

Traditional species tree inference pipelines typically involve 
several key steps: assembling reads into genomes, aligning or
thologous genomic sequences, optionally reconstructing gene 
trees from aligned genomes, and inferring the species tree 
from gene trees or directly from the aligned genomes (Fig. 1a). 
The recently developed CASTER improves the efficiency of spe
cies tree inference in the presence of incomplete lineage sorting 
(ILS) by enabling direct inference from aligned genomes (Zhang 
et al. 2025). CASTER identifies the optimal tree topology by maxi
mizing the weighted sum of quartet site pattern counts across all 
genomic sites and species quartets. It assigns negative weights to 
specific quartet site patterns to counterbalance the effects of 
“long-branch attraction” and zero weights to invariant sites 
which contribute no phylogenetic signal. While CASTER helps al
leviate the computational bottleneck from alignment to species 
tree, it still depends on genome assembly and genome 
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alignment, which become new bottlenecks. Additionally, the ne
cessity for high coverage sequencing persists, with traditional 
pipelines usually requiring coverage above 30X for reliable gen
ome assemblies, imposing financial challenges (Genereux et al. 
2020; Feng et al. 2020). Additionally, Progressive Cactus, the lead
ing tool for aligning a large number of genomes, relies on a user- 
specified guide-tree (Armstrong et al. 2020). The use of a guide- 
tree for alignment may potentially lead to circular inferences 
when subsequently estimating the tree using the very same 
alignment. These factors underscore the need for accurate 
alignment-free and assembly-free species tree inference 
methods.

Several assembly-free methods have been proposed (Ondov 
et al. 2016; Jain et al. 2018; Sarmashghi et al. 2019; Balaban 
et al. 2020; Dylus et al. 2024; Schwartz et al. 2015), but few are 
suitable for inferring trees from reads covering entire eukaryotic 
nuclear genomes. Some methods rely on mapping reads to refer
ence sequences, thus requiring alignments of annotated orthol
ogous sequences as input (Dylus et al. 2024). This limits their 
applicability, especially in the absence of closely related refer
ence genomes. Other methods construct a “pangenome graph” 
encompassing all taxa, but this strategy does not scale well to 
genome-scale data (Schwartz et al. 2015). Alternatively, several 
k-mer-based methods compute pairwise evolutionary distances 
and subsequently invoke distance-based algorithms to infer spe
cies trees (Ondov et al. 2016; Jain et al. 2018; Sarmashghi et al. 
2019; Balaban et al. 2020). However, these methods struggle to 
infer accurate phylogenies for challenging trees with short in
ternal branches.

In this article, we introduce WASTER (Without Alignment/ 
Assembly Species Tree EstimatoR), a novel de novo tool that in
fers shallow phylogenies directly from short reads. WASTER oper
ates by initially calling variable sites using k-mers from raw 
sequencing reads and then employs CASTER-site to infer the spe
cies tree from the matrix of variable sites (Fig. 1a). We evaluate 
the method extensively using simulations and applications to 
real data and show that it substantially outperforms other 
alignment-free methods and is as accurate as state-of-the-art 

alignment-based methods, even when assuming that the gen
ome assembly and alignment are error free.

Results
WASTER: k-mer-based variable site 
identification
The variable site identification mechanism within WASTER in
volves a k-mer based approach. Initially, WASTER decomposes 
input reads or genomes into k-mers of a specified length k, where 
k is an odd number (19 by default). The process then groups 
these k-mers by matching all positions except the central one. 
For a given group of k-mers, if the k-mers from each species 
are identical, including the central position, then the central pos
ition of this k-mer group is designated as one variable site 
(Fig. 1b). In contrast, if any two k-mers from the same species dif
fer, the entire group is disregarded, reducing the possibility of 
paralogy, alignment errors, or sequencing errors. This approach, 
however, results in the exclusion of heterozygous sites (Fig. 1c). 
Following the variable site identification, the concatenated vari
able sites are utilized as input for CASTER-site, which undertakes 
the inference of the species tree. Due to WASTER’s inability to dis
tinguish between the forward and reverse strands, it employs the 
T92 substitution model (Tamura 1992), a simplified model that 
does not account for strand bias.

Evaluation in simulations

SR201 simulated alignments
We first evaluated the performance of WASTER versus alignment- 
based methods using the SR201 dataset which comprises simu
lated alignments from 201 species with the heights of species 
trees similar to that observed in intrafamilial or intraordinal trees 
in birds and mammals (Zhang et al. 2025). This dataset 

Figure 1 WASTER workflow. a) Overview of the WASTER workflow compared to the traditional species tree inference pipeline. b) WASTER indentifies 
variable sites by detecting k-mers that differ only at the central base. c) If two variants of a k-mer are found within the same species, WASTER removes 
the entire aligned site.
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incorporates many of the intricacies of molecular evolution. To 
avoid unrealistic strict molecular clocks, this dataset allows vari
ation in generation time and population size across different 
branches of the species tree. Simulations were conducted under 
the Hudson model (Hudson 1983) for recombination and the GTR 
substitution model (Tavare 1986), with parameters adjusted for 
varying mutation rates across the genome. Notably, the equilib
rium nucleotide frequencies differ from the no strand-bias model 
assumed by WASTER. We juxtaposed WASTER with several lead
ing alignment-based methods: 

1. RAxML-ng (Kozlov et al. 2019), a representative of maximum- 
likelihood methods which are widely used for reconstructing 
concatenated sequence tree yet statistically inconsistent 
(Roch and Steel 2015),

2. SVDQuartets (Chifman and Kubatko 2014), an invariant- 
based method maintaining statistical consistency under ILS,

3. CASTER-site (Zhang et al. 2025).

Although providing true simulated alignments as inputs, rather 
than assembled genomes from simulated reads, disproportion
ately favored alignment-based methods, WASTER still demon
strated accuracy on par with them. Across all replicates under 
all experimental conditions, WASTER’s species tree branch esti
mation error as measured by bipartition false negatives (FN) 
averaged at 3.9 branches, significantly lower (P < 10−5) than 
RAxML-ng (5.1 branches) and SVDQuartets (4.7 branches), but 
higher (P < 10−15) than CASTER-site (2.6 branches). Moreover, 
WASTER’s total runtime was comparable to the time required 

for species tree estimation from alignments alone in traditional 
workflows, being 5.1 times faster than RAxML-ng and 3.7 times 
faster than SVDQuartets (Fig. 2a). WASTER uses the integrated 
CASTER-site to infer species trees directly from sequence data. 
To evaluate the benefit of using CASTER-site over other methods 
in this context, we also tested an alternative approach in which 
variable sites extracted by WASTER were fed into SVDQuartets 
for species tree inference. Results show that default WASTER 
with CASTER-site yields higher accuracy than the combination 
of WASTER with SVDQuartets, highlighting the advantage of 
CASTER-site (Fig. S1).

We also explored WASTER’s performance under various set
tings, contrasting it with alignment-based methods under differ
ent ploidies, ILS levels, and mutation rates. Replacing haploid 
genomes with diploid genomes did not significantly impact 
(P ≈ 0.11) WASTER’s accuracy, mirroring results seen with 
CASTER-site and SVDQuartets. RAxML-ng, employing a diploid 
model, improved accuracy at the cost of increased runtime. An 
increase in effective population size by 10X to model elevated 
ILS levels notably diminished the accuracy of all methods, includ
ing WASTER (P < 10−15). Here, RAxML-ng’s performance was not
ably poorer than WASTER and the other methods. To simulate 
less genetic divergence among species, we reduced the mutation 
rate to 10%, resulting in a statistically significant decrease in ac
curacy for all methods (P < 0.05), attributed to a reduction in in
formative sites. Under this setting, the runtime of 
alignment-based methods improved substantially compared to 
the default setting. However, due to bottlenecks in the variable 
site identification step, WASTER’s runtime improvement was 
less pronounced (Fig. 2a).

(a)

(b)

Figure 2 Benchmarking WASTER via SR201 simulations. All simulations are performed on the 201-species phylogeny described in (Zhang et al. 2025). a) 
The number of branches differing between the inferred and true species trees (bipartition false negatives) versus running time (log scale) for WASTER 
and three alignment-based species tree inference methods using aligned genomes under various settings. Small symbols represent individual 
replicates, while large, opaque symbols denote mean values across 50 replicates. b) The number of branches differing between inferred and true species 
trees (FN) versus sequencing depth for WASTER, Mash, and Skmer on simulated short reads under different settings. Inferred species trees using true 
genomes are included as control groups. Under 0.1X mutation rate setting, Skmer fails to output phylogenies on 36/24/25/21 replicates for 1X/2X/5X/ 
genome cases, respectively.
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SR201 simulated short reads
We extended our analysis to assess WASTER’s performance util
izing Illumina-like short reads, generated from the SR201 
dataset alignments using the ART simulator (Huang et al. 
2012). This evaluation focused on the impact of varying coverage 
levels on WASTER’s accuracy. Our findings indicated a direct cor
relation between increased coverage and enhanced accuracy of 
WASTER across all settings. A notable observation was that at 5X 
coverage, the species tree error for WASTER, based on short 
reads, averaged 4.2 branches, deteriorating by less than 10% 
compared to the error obtained using true simulated genomes.

Furthermore, we contrasted WASTER’s accuracy with that of 
Mash (Ondov et al. 2016) and Skmer (Sarmashghi et al. 2019), 
two frequently used k-mer-based assembly-free and reference- 
free pairwise evolutionary distance estimators. The k-mer-based 
distance methods, commonly employed for phylogenetic recon
struction by providing distance matrices to FastME (Lefort et al. 
2015), demonstrated consistent species tree errors of approxi
mately 15 branches across all but 0.1 mutation rate settings, ir
respective of coverage level. This is likely attributable to their 
lack of robustness to high evolutionary distances, where fewer 
k-mers are shared across species, underscoring the superiority 
of WASTER.

We also evaluated local bootstrap support on WASTER inferred 
trees in the same simulated dataset. Aggregating across all ex
perimental conditions, replicates, and species tree branches, 
94.4% of correctly inferred branches exhibited bootstrap support 
of at least 95%, while 94.6% of incorrectly inferred branches fell 
below this threshold, indicating that a 95% cutoff provides well- 
calibrated measures of statistical uncertainty. At a more strin
gent cutoff of 99%, 92.2% of correctly inferred branches achieved 
support of at least 99%, whereas 98.6% of incorrect branches re
mained below 99% (Fig. S2).

Quartet simulation
We next reused the simulation procedure described in (Zhang 
et al. 2025) to generate quartet trees for benchmarking 
WASTER under challenging conditions involving both high levels 
of incomplete lineage sorting (ILS) and mutation-rate heterogen
eity, which together can induce both “long-branch attraction” 
and “long-branch repulsion.” We simulated 100 replicate align
ments, each comprising 20 million base pairs (Mbp), for each of 
three possible species-tree topologies. Simulations were con
ducted under the Hudson coalescent model (Hudson 1983) using 
msprime (Baumdicker et al. 2022), with varying tree 
height (λ = {1, 0.5, 0.2}) and internal branch length 
(x = {0.001, 0.002, 0.005}). The branch lengths for the baseline 
condition (λ = 1, x = 0.001) were chosen to reflect those ob
served in a ratite dataset (Sackton et al. 2019) (Fig. S3a).

Benchmarking results on simulated alignments show that 
CASTER-site consistently outperforms all other methods across 
all tested conditions (Fig. S4a). RAxML-ng exhibits signs of long- 
branch repulsion in the Farris-zone topology (BC | AD), particular
ly when the internal branch is short (Fig. S4b). Both alignment- 
free methods display a substantial increase in species tree esti
mation error under deep phylogenies (λ = 1). In contrast, under 
shallow phylogenies (λ ≤ 0.5), WASTER outperforms MASH when 
internal branches are short (x ≤ 0.002), although WASTER is 
more sensitive to shorter alignments (≤ 2 Mbp). In addition to 

alignments, we also simulated short-read datasets at varying 
coverage levels ({1, 2, 5}×) using ART (Huang et al. 2012) under 
shallow phylogenies (λ ≤ 0.5). Overall, WASTER achieves higher 
accuracy with increasing coverage, while Mash performs better 
at very low coverage (Fig. S4c). Notably, Mash suffers from long- 
branch attraction in deeper phylogenies when the internal 
branch is short (Fig. S4d).

GDL simulation
To evaluate the performance of WASTER and Mash on multi-copy 
gene families, we extended the quartet simulations to include 
gene duplication and loss (GDL). Simulations were conducted 
under varying GDL rates, with tree height and internal branch 
length fixed at λ = 0.2 and x = 0.002, respectively. To enable 
the emergence of gene superfamilies, duplications and losses 
were simulated beginning 0.07 substitution units above the 
root (Fig. S3b). We varied the gene duplication rate across 
{0, 1, 2, 4, 8}×, maintaining a fixed 1:1 ratio between gene dupli
cation and loss rates. For each replicate, we simulated 10,000 
gene family trees using SimPhy (Mallo et al. 2016), followed by 
recombination-free alignments of 100 to 10,000 base pairs (bp) 
generated with INDELible (Fletcher and Yang 2009). 
Additionally, we simulated short-read sequencing data at varying 
coverage levels ({1, 1.5, 2, 5}×) using ART (Huang et al. 2012).

Simulation results show that Mash performs better when ge
nomes are short and sequencing coverage is low. In contrast, 
WASTER outperforms Mash for longer genomes and higher cover
age levels. Notably, as genome length increases, the species tree 
error rate of WASTER approaches 0% regardless of the GDL rate 
or sequence depth, demonstrating statistical consistency under 
GDL. In comparison, Mash exhibits a marked increase in error 
rate as the GDL rate increases. Furthermore, under high GDL 
rates (8×), Mash displays a counter-intuitive trend where its error 
rate increases with greater sequencing depth—implying that in 
practice, higher genomic coverage may not necessarily yield 
more accurate phylogenies when using Mash. At high GDL levels 
(8×) and high coverage (5× or true genome), increasing the num
ber of gene families by 100-fold results in only slight improve
ment in species tree inference accuracy, suggesting either a 
lack of statistical consistency or an impractically slow conver
gence rate (Fig. S5).

Applications in real data

Applications to raw reads
We also compared phylogenies estimated using WASTER, Mash, 
and Skmer from low-coverage short reads, to phylogenies con
structed using traditional methods employing high-coverage 
reads. Our analyses span multiple taxonomic groups: 

1. Rats: We evaluated 18 rat species, particularly focusing on 
the Niviventer genus (Ge et al. 2021). The established phyl
ogeny, derived from 14X coverage reads (approximately 
39 Gbps), was obtained using MrBayes (Ronquist et al. 
2012) (concatenation) and ASTRAL (Zhang et al. 2018), 
both yielding identical results. We downsampled the reads 
to 1.5X coverage (3.75 Gbps) for reconstructing phylogenies 
with WASTER, Mash, and Skmer. The phylogeny 
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reconstructed by WASTER matched the established one, 
while the phylogenies by Mash and Skmer differed from 
the established phylogeny by two and five branches, re
spectively (Fig. 3a and Fig. S6a).

2. Butterflies: This study involved 35 butterfly species from 
the Nymphalidae family (Wang et al. 2022b), with a pub
lished phylogeny derived from RAxML on genome-wide vari
able sites. We standardized the downsampled reads to 
uniformly 2 Gbps across species, which corresponds to ap
proximately 5X coverage, with the exact coverage level vary
ing according to the genome size of each species. WASTER’s 
reconstruction deviated from the published phylogeny by 
three branches. Notably, the phylogeny observed within 
the Kallima genus aligns with the phylogeny inferred by 
CASTER-site, suggesting potential introgression (Zhang 
et al. 2025). The discrepancies in the deeper splits 
could potentially be attributed to rapid radiation causing 
short internal branch lengths associated with high statis
tical uncertainty (Wang et al. 2022b). Mash and Skmer, 
however, differed by 8 and 9 branches, respectively 
(Fig. 3b and Fig. S6b).

3. Birches: We analyzed high-coverage RAD sequences (3 Gbps 
on average) for Betula utilis FC and Betula buggsii (Wang 
et al. 2022a) and low-coverage RAD sequences (0.3 Gbps 
on average) for 20 other birch species (Wang et al. 2021). A 
reference phylogeny was constructed by mapping RAD se
quences to the Betula pendula genome assembly and infer
ring a species tree using ASTRAL from orthologous locus 
trees; this topology was consistent with the RAxML phyl
ogeny based on the supermatrix. We used this reference 
tree to evaluate our reconstruction methods. WASTER, 
Mash, and Skmer all placed B. lenta as the sister of B. chichi
buensis, rather than the sister of B. michauxii, likely due to 
introgression (Fig. S7a,b), which is confirmed using 
Patterson’s D-statistic (Patterson et al. 2012) (Fig. S7c). 
Beside B. lenta, the WASTER inferred phylogeny differed 
from the published phylogeny by one branch, while Mash 
and Skmer differed by five and seven branches, respectively 
(Fig. 3c and Fig. S6c). Noticeably, Mash misgrouped the two 
species with high coverage as sister taxa, suggesting a po
tential bias in the method under conditions of non-uniform 
coverage.

4. Lizards: We conducted a similar analysis on 11 Anolis lizard 
species (Corbett-Detig et al. 2020). The original phylogeny 
was based on 9X coverage reads. ExaML (Kozlov et al. 
2015) (concatenation) and ASTRAL generated consistent 
phylogenies. Upon downsampling to 1.5X coverage (2.25 
Gbps), the reconstructed phylogenies by WASTER and 
Mash matched the published one, while Skmer’s reconstruc
tion deviated by one branch (Fig. S6d).

5. Mandarin fishes: Our analysis included three mandarin fish 
species and one outgroup (He et al. 2020), with Siniperca 
chuatsi sequenced using high-coverage long reads and the 
others with approximately 40X coverage short reads. The 
published phylogeny was deduced using RAxML 
(Stamatakis 2014). Using downsampled short reads with 
2X coverage (1.5 Gbps), as well as the assembled Siniperca 
chuatsi genome, all three methods successfully recon
structed the published phylogeny (Fig. S6e).

6. Mushrooms: We examined short reads from four species in 
the Tricholomopsis genus and one outgroup (Wang et al. 
2023). The established phylogeny, inferred using RAxML on 
450 single-copy orthologous genes, was compared with 
our phylogenies using downsampled reads (1 Gbps). 
WASTER and Mash successfully reconstructed the published 
phylogeny, but Skmer did not (Fig. S6f).

These results demonstrate that phylogenies reconstructed us
ing WASTER on low-coverage reads closely align with those de
rived from traditional pipelines from high-coverage reads, 
significantly outperforming Mash and, even more so, Skmer in 
accuracy.

Applications to assembled genomes
In addition to inferring phylogenies of closely related species, 
WASTER can also generate guide trees for more distantly related 
species with sufficient accuracy, particularly beneficial when us
ing Progressive Cactus. We demonstrate this with guide trees cre
ated by WASTER, Mash, and Skmer for assembled genomes of 
species in the Primates and Passeriformes orders: 

1. Primates: Using a dataset of 28 assembled primate ge
nomes (Shao et al. 2023), WASTER accurately recovered 
the published phylogeny reconstructed by ExaML on aligned 
genomes. However, the reconstructions by Mash and Skmer 
deviated by one and two branches, respectively (Fig. 4a and 
Fig. S8a).

2. Perching birds: The dataset of 173 perching bird genomes 
(Stiller et al. 2024), well-known for their challenging phyl
ogeny, was analyzed. The published phylogeny, recon
structed by ASTRAL+RAxML on aligned genomes, was 
compared with our reconstructions. WASTER and Mash suc
cessfully recovered major clades of Passeriformes 
(Passerida, Muscicapida, Sylviida, Corvides, and Tyranni), 
differing from the published phylogeny by 17 and 24 branches, 
respectively (Fig. 4b). Skmer, however, failed to recover 64 out 
of 170 branches in the published phylogeny, including mis
placing the cinnamon ibon (Hypocryptadius cinnamomeus) 
among Sylviida, instead of Passerida (Fig. S8b).

Conclusion and discussion
The increasing availability of whole-genome sequencing data has 
not resulted in a corresponding increase in phylogenetic infer
ence using aligned whole genomes. A major impediment has 
been the extensive computational resources and significant hu
man effort required, rendering such approaches impractical for 
many researchers. WASTER addresses this challenge by offering 
a computationally efficient and automated solution, facilitating 
broader adoption of whole-genome phylogenetic analyses. 
Additionally, WASTER’s output can reduce the cost of many proj
ects by providing high-quality phylogenies using assembly-free 
low-coverage sequencing, thereby greatly reducing the cost 
of phylogenomics. This type of application will enable whole 
genome approaches to be adopted by a much larger share of 
the taxonomic community that does not have access to the 
type of resources necessary to produce high-quality assemblies 
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for all species of interest. Even when assembly is possible, 
WASTER can play a crucial role in verifying the accuracy of 
the phylogenetic inferences that rely on many steps of assem
bly and alignment subject to potential human errors. 
Furthermore, WASTER can be used to produce guide trees for 
progressive alignment.

When designing WASTER, the following decisions were made 
to achieve faster and more accurate phylogenetic reconstruc
tion, as well as to provide a better user experience for average 
cases: 

1. Variant Site Calling: WASTER operates under the presump
tion that whole genomes contain overwhelmingly abundant 

phylogenetic signals, and that capturing an unbiased small 
subset of these signals is sufficient for accurate phylogenetic 
reconstruction. However, this presumption may not hold for 
very small genomes (e.g. bacteria or viruses) or in cases of 
rapid radiation (e.g. the Neoavian crown group), where sig
nal abundancy may be insufficient.

2. Paralogy handling: Paralogy can introduce substantial noise 
and significantly dilute phylogenetic signals. Therefore, 
WASTER excludes an entire variant site whenever it detects 
two k-mer variants differing only at the central base within a 
single species. This approach greatly reduces the number of 
paralogous sites, albeit at the cost of losing some genuine 
phylogenetic signals. Certain signals that could have been 

(a)

(b)

(c)

Figure 3 WASTER and Mash on low-coverage short reads. Phylogenies reconstructed using a) 1.5X WGS reads of rat species, b) 2 Gbp butterfly WGS 
reads, and c) 0.3–3 Gbp birch RAD-seq reads. WASTER branch supports (%) are shown next to the branches, and 100% supports are omitted. Branches 
that are incongruent with published phylogenies based on high-coverage reads using traditional pipelines are colored red. B. lenta is placed differently 
from the published phylogeny due to introgression. See also Fig. S6.
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restored are intentionally omitted by design. For instance, 
while sequencing errors could be mitigated by counting 
k-mers, WASTER deliberately avoids k-mer counting to 
save memory.

3. The choice of k-mer size (k): WASTER sets the default k value 
to 19, ensuring compatibility with machines equipped with 
48 GB of memory. Increasing k to 21 or higher would require 
at least 512 GB of memory, making it impractical for average 
users. Conversely, setting k to 17 or lower is only effective for 
genomes significantly smaller than 2 billion base pairs 

(e.g. fungal genomes). Therefore, we strongly recommend 
using the default k value for all datasets.

WASTER also presents several avenues for future development 
and refinement. For example, there exists a promising potential 
for adapting WASTER to identify possible gene-flow events, in
cluding ancient ones, using phylogenetic asymmetries and for in
ferring phylogenetic networks. Another key area for advancement 
is to extend WASTER to estimate branch lengths in presence of ILS 
and, potentially, gene-flow. Finally, integrating WASTER with other 

(a)

(b)

Figure 4 WASTER and Mash on assembled genomes. a) Phylogenies reconstructed using 28 assembled primate genomes. WASTER provides 100% 
supports for all branches. b) Phylogenies reconstructed from assembled genomes of 173 perching birds, with species names and support values 
omitted. Branches incongruent with the published phylogenies are highlighted red. See also Fig. S8.
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variable-site-based tools would create a more comprehensive and 
user-friendly platform, broadening the scope of assembly-free phy
logenomic and evolutionary studies.

Despite its broad applicability, WASTER has several limitations: 

1. As a k-mer-based method, WASTER is not well suited for re
constructing deep phylogenies, such as intraordinal, family- 
level insect trees. In such cases, it may produce incorrect or 
even misleading topologies.

2. Being assembly-free, WASTER assumes genomes lack strand 
bias and exhibit uniform GC content. In reality, GC content 
often varies across regions, and strand biases can occur, 
leading to potential inference errors.

3. Unlike distance-based approaches, WASTER does not provide 
branch lengths by default. Estimating branch lengths under 
ILS is already challenging, and ascertainment bias toward 
conserved regions further complicates this task.

Future work could address these issues by integrating a robust 
branch length estimation algorithm into WASTER and enhancing 
its performance on deep phylogenies.

Methods
WASTER
WASTER initially identifies aligned variable sites using Algorithm 
1, described below, before leveraging CASTER-site for species 
tree inference. Acknowledging its limitation in distinguishing be
tween forward and reverse DNA strands, WASTER operates under 
the assumption of no strand-bias, equating the equilibrium fre
quencies of A to T and C to G. Consequently, differently from 
the conventional CASTER-site that assumes the F84 model, 
WASTER operates under the T92 model. This model can be easily 
reduced from F84 model by assuming equal equilibrium frequen
cies of complementary nucleotides (Fig. 5). WASTER computes 
local bootstrap support for each branch using 1,000 site-based 
bootstrap replicates. The local support for a branch is defined 
as the percentage of replicates in which the species tree topology 
is favored over both of its nearest-neighbor interchange (NNI) al
ternatives around that branch.

Figure 5 No-strand bias model. By assuming equal equilibrium frequencies of complementary nucleotides, the F84 model reduces to the T92 model.

Algorithm 1 WASTER–s algorithm to indentify a set of 
aligned variable sites S using sets of k-mers K1, . . . , Kn, 
where each set represents all k-mers in the input reads/ 
genomes of a species.

1: Procedure ADDKMER(M, i, s) ⊲ M will be modified in this 
procedure

2: L, c, R← the first k−1
2 -mer, the central 1-mer, and the last 

k−1
2 -mer of s

3: j← the (k − 1)-mer combining L and R
4: if M[i, j] ≠ “-” and M[i, j] ≠ c then
5:  M[i, j] ← “-” ⊲Marked as inconsistent
6: else
7:  M[i, j] ← c
8: end if
9: end procedure
10: procedure WASTER
11: S← empty alignment, M← empty look-up table 

⊲a map or a dictionary
12: for i in {1, . . . , n} do
13:  for j in all (k − 1)-mers do
14:   M[i, j] ← “-” ⊲ M is initialized with all gaps
15:  end for
16:  for s in Ki do
17:   L, R← the first k−1

2 -mer, and the last k−1
2 -mer of s

18:   R̅← reverse complement of R
19:   if L < R̅ lexographically then
20:    ADDKMER(M, i, s)
21:   end if
22:   if L > R̅ lexographically then
23:    ADDKMER(M, i, reverse complement of s)
24:   end if
25:  end for
26: end for
27: for j in all (k − 1)-mers do
28:  if M[·, j] doesn’t contain “N” and M[·, j] is not invariant 

then
29:   Add M[·, j] as one column of S
30:  end if
31: end for
32: end procedure
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Simulating low-coverage reads
Reads with 1X, 2X, and 5X coverage in the simulation studies were 
simulated using ART Illumina v2.5.8 with the following 
command:

for i in 1 2 5; do
art_illumina −ss HS25 −sam −i $GENOME \

−p −l 150 −f $i −m 800 −s 20
−o ${i}X READS
cat ${i}X READS{1, 2} . fq > \

${i}X READS COMBINED . fq
done

Each input file contains one FASTA sequence representing a hap
loid genome or two FASTA sequences representing a diploid gen
ome. Each output file contains reads from both ends.

Species tree inference
We inferred species trees using short reads or whole genomes 
from simulated and real data with WASTER, Mash, and Skmer. 
Both Mash and Skmer are distance-based methods and only gen
erate distance matrices. Following the instructions from Skmer’s 
official GitHub repository, we used FastME to infer phylogenies 
from the distance matrices produced by Skmer. For consistency, 
we also applied FastME to the distance matrices generated by 
Mash. WASTER is not distance-based and directly produces phy
logenies. Note that since WASTER is incapable of generating dis
tance matrices, the impact of FastME on the comparison of 
phylogenetic reconstruction accuracy between WASTER and 
distance-based methods is unavoidable.

Aside from those alignment free methods, we also reused in
ferred species trees by CASTER-site, RAxML-ng, and 
SVDQuartets on simulated true alignments from a previous study 
(Zhang et al. 2025) for comparison (Fig. 2a).

WASTER
The following command was used to infer species trees:

waster –C –t 16 –i $INPUT−o $OUTPUT

The input file here is a list of species names followed by the cor
responding input files:

SpeciesName1   Species1.fq
SpeciesName2   Species2.fq
…

Mash
The following script was used to infer species trees:

mash triangle –s 1000000 $INPUT > mash.tsv
python3 mashFormatFastme . py mash . tsv \

mash . phy
fastme –i mash . phy  o $OUTPUT

The python script “mashFormatFastme.py” was used to for
mat the output distance matrix by Mash as the input format of 
FastME:

import sys
with open(sys . argv[2] , “w”) as f:

lines = []
for line in open(sys.argv[1]):

lines.append(line.split())
n = int(lines[0][0])
f . write(lines[0][0] + “\n”)
for i in range(1, n+1):

f . write(“\t” . join([lines[i][0] . split(“ . ”)[0]]
+ [lines[i][j] for j in range(1, i)] + [“0”]
+ [lines[j][i] for j in range(i + 1, n + 1)])
+ “\n”)

Skmer
The following script was used to infer species trees:  

#generating ref_dist_mat . txt below
skmer reference $INPUT –p 16 –t
bash skmerFormatFastme . bash

ref_dist_mat.txt skmer . phy
fastme –i skmer . phy –o $OUTPUT

the python script “skmerFormatFastme.bash” was used to format 
the output distance matrix by Skmer as the input format of FastME:

tail –n + 2 $1 | wc -l > $2
tail –n +2 $1 >> $2
sed –i “s/\t/ ␣␣ /g” $2
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