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INTRODUCTION

Phylogenetic analysis plays a crucial role in elucidating
evolutionary relationships among species or genes by
utilizing molecular sequence data. However, construct-
ing and visualizing large phylogenetic trees is becoming
increasingly challenging, particularly with expansive
datasets derived from metagenomics sequencing and the
rapidly growing collection of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) genome
sequences during the pandemic [1, 2]. Phylogenetic
placement provides a practical solution for building ex-
tensive trees and identifying taxa by comparing the
mutations of query sequences against the tips and nodes
of a reference tree. Moreover, metagenomic (or meta-
barcoding) data, which typically contain a range of
microbial taxa, require the characterization of opera-
tional taxonomic units (OTUs) through comparisons
with reference sequences from known species. A primary
task in metagenomics is taxon assignment, wherein
organisms present in a sequenced sample are classified.
Pairwise alignment and phylogenetic placement represent
two alternative methods for taxonomic assignments [3].
While sequence alignment can be time-intensive and lacks
evolutionary context, phylogenetic placement is highly
effective for taxon identification as it determines the evo-
lutionary position of sequences in relation to a reference
phylogenetic tree [4]. Consequently, phylogenetic place-
ment methods are increasingly employed in genomic and
metagenomic research [5]. Rather than reconstructing an
entire evolutionary tree, phylogenetic placement incorpo-
rates new samples into an existing reference tree, saving
both computational resources and time. By leveraging
diverse reference data, enhancing sequence inference, and
establishing evolutionary relationships, phylogenetic
placement can yield accurate and insightful results. As
applications of this method continue to expand, post-
analysis and visualization are becoming increasingly

ggtree, phylogenetic placement, placement uncertainty, treeio, visualization

« The treeio and ggtree packages significantly improve the comprehensive
parsing and visualization of phylogenetic placement data.

« Utilizing treeio and ggtree, researchers can perform a range of sophisticated
analysis tasks, including filtering specific phylogenetic placements and
assessing the confidence levels of different placement positions.

» The advanced features of these tools enhance the understanding of evolu-

tionary connections within metagenomic datasets.

important for comprehensive interpretation and commu-
nication of findings.

Placement methods can be categorized into three types
based on their distinct algorithmic approaches: Maximum
Likelihood Placement, Ancestral-Reconstruction-Based
Placement, and Distance-Based Placement [6]. The jplace
format, introduced in 2012, serves as a standard for storing
phylogenetic placement data [7]. This JSON-based format
includes five key components: tree, fields, placements,
metadata, and version. Various phylogenetic placement
programs, such as pplacer, Evolutionary Placement Algo-
rithm (EPA), RAPPAS, and our in-house developed pack-
age TIPars, utilize this format [8-11]. However, these tools
generally lack integrated visualization capabilities for
placement results. Visualization of phylogenetic placement
data, therefore, relies on external jplace-compatible pro-
grams, such as iTOL, BoSSA (https://CRAN.R-project.org/
package=BoSSA), guppy, Genesis, and Gappa [12-14].
Some tools, like iTOL, offer straightforward visualization of
placement data but lack features for in-depth data ex-
ploration. Beyond tools based on phylogenetic tree place-
ment, there exists a phylogenetic network placement tool,
NetPlacer, which operates independently of tree-like ref-
erence phylogeny [5]. As this tool diverges from tree-based
placement, it will not be discussed further in this article.
For clarity, all subsequent references to “phylogenetic
placement” in this article will pertain exclusively to
“phylogenetic tree placement.”

Placement data have been applied in various analytical
contexts, such as phylofactorization and diversity calcula-
tions, supported by tools like scrapp and Genesis [14, 15].
Additionally, specialized tools, such as UShER and Cy-
drasil 3, have been developed to support phylogenetic
placement applications in specific research domains,
including SARS-CoV-2 pandemic studies and cyano-
bacterial research, respectively [16, 17]. These tools offer
curated reference resources but limited support for visual
exploration. Unfortunately, most tools provide limited
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access to and visualization of phylogenetic placement
uncertainty [18]. Different phylogenetic placement algo-
rithms yield distinct placement criteria [6]. For example,
TIPars, which employs a parsimony criterion, incorporates
rules to identify the optimal placement among multiple
possibilities [11]. To mitigate ambiguity, it is essential to
support diverse data filtering methods. BoSSA, for instance,
enables placement extraction into a table format that can
be filtered to identify optimal placements based on various
criteria, though it lacks sufficient visualization capabilities.
Existing tools still do not fully address the need for filtering
multiple placements in metabarcoding analyses, nor do
they sufficiently support the exploration of placement
uncertainty and customized visualization.

Visualizing placement data can vary based on analytical
objectives [6]. The first approach involves generating the
final tree in Newick format, which includes the inserted
query sequence branches and can be visualized using
standard tree-viewing tools. However, this approach typi-
cally relies on the most likely placement and omits
uncertain information. The second approach overlays all
query sequences onto the reference tree, displaying place-
ment counts to indicate whether query sequences cluster in
specific tree regions. Additionally, for each query sequence,
multiple placement locations with different likelihood
weight ratios (LWRs) can be computed using maximum
likelihood placement tools. Visualizing the distribution of
LWRs across the reference tree can provide insight into
placement uncertainty. For queries with placement in
multiple locations, it is crucial to apply quality control to
the placement results. Uncertainty metrics include not only
LWR but also other algorithm-specific criteria, such as the
posterior probability calculated by pplacer.

To facilitate tree data management and visualiza-
tion in R, we have developed a suite of packages,
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including ggtree, treeio, tidytree, and ggtreeExtra
[19-23]. These packages support the analysis and
visualization of phylogenetic placement data. In this
work, we demonstrate methods for parsing and vi-
sualizing phylogenetic placement data using treeio and
ggtree, enhancing their functionality to address cur-
rent challenges and improve placement visualization
effectiveness [19, 21].

Furthermore, we introduce a set of packages offering
streamlined data manipulation and advanced visualiza-
tion, facilitating alternative multiple placement filtering
techniques within R. Unlike BoSSA, these packages
leverage ggplot2's graphics grammar, providing an elegant
and flexible approach to data visualization [24]. With
treeio and tidytree's capabilities for data parsing, manipu-
lation, and integration, metadata, and other associated
data can be seamlessly incorporated into phylogenetic
placement analyses. Additionally, ggtree and ggtreExtra
enable customized visualizations to explore placement
distributions and uncertainties effectively.

RESULTS

Evaluation of random access memory
utilization

We introduced a framework designed to parse and ex-
plore phylogenetic placement data by leveraging the
capabilities of the treeio and ggtree packages (Figure 1).
To evaluate the efficiency of our packages in processing
simulated tree data, we examined treeio's performance
in handling jplace files. As shown in Supporting
Information S1: Figure S1 and Table S1, treeio exhibits
high efficiency and avoids large random access memory

treeio ggtree
tree object l—_:c Placement
Taxonomy
. . data manupulation
jplace file g
filter, merge ... Abundance
v
placement Meta data
information

- J

FIGURE 1 Workflow diagram illustrating the treeio and ggtree process for handling and visualizing phylogenetic placement data.
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(RAM) usage when reading jplace files. The computa-
tional resources are primarily determined by the num-
ber of rows for placement.

Optimized placement filtering after
parsing jplace files

Depicting the distribution and frequency of phylogenetic
placements with associated uncertainty is challenging,
especially as the number of queries grows. An effective
strategy is to filter placements based on uncertainty metrics
before downstream visualization. However, the absence of a
standardized filtering method makes it essential for tools to
provide filtering options based on diverse criteria.

Here, we demonstrated placement filtering using the
Holomycota V4 OTU data set [25]. In Figure 2A,
approximately 65% of placements were discarded by
applying a criterion to retain only those with the highest
LWR values. Following filtering, placements are mapped
onto the reference tree using ggtree (Figure 2B), where
the Cryptomycota group emerged as the most abundant
in the V4 region. Extracting placement data from jplace
files enables users to remove low-quality placements
based on criteria such as LWR or posterior probability,
then visualize results with custom annotations (e.g.,
color, numeric labels, line thickness, or symbols).

(A) 800
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Number of Placements
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o
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Likelihood Weight Ratio

Before
Filtered

Tool for exploring placement uncertainty
of individual sequences

Within the treeio-ggtree framework, we introduced uti-
lities for exploring placement uncertainty, allowing users
to investigate the distribution of LWR values across the
reference tree for individual sequence placement. When
reference trees are large, visualizing placement data can
be challenging. In such cases, collapsing clades or ex-
tracting a subtree of interest can clarify placement pat-
terns, particularly for sequences located on adjacent
branches within specific clades.

As an example, we used the Ostreococcus data set [26],
where an environmental sequence, named “salternl,”
with multiple placements and associated uncertainty val-
ues, was visualized on the reference tree. In Figure 3A, the
reference tree appears compressed due to its many bran-
ches, while highlighted Ostreococcus clade displays bran-
ches colored by LWR values. Placement distribution
across the clade aligns with findings from the original
study, where the highest LWR value (darkest purple color,
UniRefl100_HBZJIB2_Os_tanu_virus_RT-2011) marks the
optimal position for the query sequence.

These results underscore the utility of our approach
in investigating placement uncertainty. In Figure 3B, an
extracted Ostreococcus subtree provides a clearer struc-
ture with more space for annotations. Branch colors and
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I Glomeromycota

B Mortierella_cystojenkinii
B Gamsiella_multidivaricata
Mortierella_verticillata

[ Chytridiomycota+NCLC2+NCLC3
I8 Neocallimastigomycota

B Olpidium_brassicae

8 Cryptomycota

I NCLet

I Aphelidae Nuclearia_clade
[l Monoblepharidomycota I Parvularia_clade
B zygomycota MAFO

Batrachochytrium_dendrobatidis [l Fonticula_alba
[l Blastocladiomycota B Outgroup
[ Entomophthoromycota

FIGURE 2 Visualization of placement data and likelihood weight ratio (LWR) distribution for Holomycota operational taxonomic units
(OTUs) in the V4 region. (A) Histogram of LWR values before and after filtering. (B) Reference tree with filtered placements, where branch
colors represent the number of placements. “Nplace” denotes the number of placements per branch. Gray branches indicate regions with no

placements.

85U0|7 SUOWIWOD aA1Te81D 3|edljdde au Aq peusenob aJe Sapoife YO ‘8sN JO SN J0j Aeud1 T 8UIUO A8]IM UO (SUOHIPUOD-PUB-SWLBH W0 A8 | IM"Ae.d 1 [eul JUo//SdhL) SUORIPUOD pue SWie | aU188S *[5Z0Z/0T/c2] Uo A%eiq1aulluo A8|IM ‘692 ZIWI/Z00T OT/I0p/W0D A8 |im AeIq Ul |uo//:Sdny woj pepeojumod ‘T ‘SZ0Z ‘X96S0LLZ



EXPLORING PHYLOGENETIC PLACEMENT USING TREEIO AND GGTREE

1.00
B

0.25

like_weight_ratio (B)

iMeta wi LEY—L 5

= CAMPEP_0179605098_Os_mediterraneus_Strain_clade-D-RCC1621

= CAMPEP_0179717148_Os_mediterraneus_Strain_clade-D-RCC1107

= =« CAMPEP_0179687388_0Os_mediterraneus_Strain_clade-D-RCC2573
0 - =

]

A 8 CAMPEP_0179700822_0Os_mediterraneus_Strain_clade-D-RCC2593

0.1100 UniRef100_H8ZJB2_Os_tauri_virus_RT-2011

post_prob
1.00
(0:02322) = = =Os_sp._RCC809_2
o7
0.50
= UniRef100_UPIO000E4C67B_Os_tauri 0.25
Trebouxiophyceae . Nephroselmis pyriformis CCMP717 0.00
Cyanidiales Bathycoccus ssp. = UniRef100_A4SAD9_Os_lucimarinus_strain_CCE9901

. Ostreococcus
Mantoniella ssp.

. Micromonas ssp.

. Embryophyta

. Non-Cyanidiales

. Chlamydomonadales

. Tetraselmis ssp.
Pyramimonas ssp.

-------- CAMPEP_0179639450_Os_prasinos_Strain_BCC99000

-------- UniRef100_K8FCX2_Bathycoccus_prasinos

FIGURE 3 Visualization of LWR distribution for a single sequence, with a focus on an extracted subtree from a larger reference tree.
(A) Full reference tree showing multiple placements of the sequence “saltern1” within a specific clade. (B) Detailed view of the Ostreococcus
clade, where branch colors indicate posterior probability for salternl placements. Branches are numerically labeled with posterior

probability values. “post_prob” denotes posterior probability; “Os” refers to Ostreococcus.

numeric labels represent posterior probabilities, calcu-
lated using pplacer's posterior probability mode. This
example demonstrates the scalability of our method for
handling large placements and enabling customized
visual exploration.

Merging placement information into the
placement tree

Placement trees generated with placement branches can
be saved in Newick format, though this format lacks
essential placement information, such as LWR. For
instance, IQ-TREE2 adds new sequences to the reference
tree by retaining only the best placement and outputs the
result in Newick format, discarding other placement
data. When multiple queries are placed on the same
branches, corresponding placement details may not be
visible on the backbone tree.

To address this issue, the treeio-ggtree method al-
lows users to merge placement information from a
jplace file into the final placement tree in Newick
format. In our example, treeio and ggtree integrate
LWR values from a jplace file into a maximum-
likelihood placement tree. Using a data set previously
analyzed in 2019 [27], we visualized LWR values across
branches representing 22 OTUs, enhancing the inter-
pretation of phylogenetic placement uncertainty (Fig-
ure 4). This approach offers a flexible solution for vi-
sualizing placement data.

DISCUSSION

Placement visualization has become increasingly important
with the availability of extensive reference phylogenetic
tree resources from public datasets. However, existing tools
often fail to support critical needs such as placement fil-
tration, uncertainty exploration, and customized visual-
ization. To bridge these gaps, we developed the treeio-ggtree
method, which enables comprehensive parsing and visu-
alization of phylogenetic placement data, supporting
placement filtration and uncertainty exploration.

We demonstrated the effectiveness of this method
using three datasets, showcasing placement uncertainty
visualization capabilities. The ggtree package provides
highly customizable visualization options, supporting
various annotation patterns. Additionally, this method
offers practical solutions for visualizing large reference
tree, making treeio and ggtree well-suited for advanced
phylogenetic placement analysis.

Our method is centered on enhancing data exploration
and visualization; thus, no placement algorithm is inte-
grated within our packages. Users are required to perform
phylogenetic placement through alternative methods
before utilizing our tools for data exploration and pre-
sentation. This method is compatible with both estab-
lished and newly developed algorithms for phylogenetic
placement. Furthermore, as our method is based on the R
programming language, it may pose challenges for users
unfamiliar with R. Future versions may include support
for a Shiny web application to improve accessibility.
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FIGURE 4 Maximum-likelihood placement tree inferred from 22 OTUs with interesting placements and 455 reference sequences.
Branch colors correspond to LWR values, with two clades, representing novel molecular lineages within Platyhelminthes, highlighted.

CONCLUSION

We highlighted ggtree's customizable visualization of
placement uncertainty and annotation patterns using
three datasets. This approach provides practical solutions
for exploring phylogenetic placement.

METHODS
Software

In this work, we present a framework for parsing and ex-
ploring phylogenetic placement data using the treeio and
ggtree packages. The treeio package enables users to parse
phylogenetic trees with associated data from various file
formats. For instance, jplace files can be parsed using
read.jplace(), which captures placement counts. The result-
ing tree object retains associated placement data, which can
then be visualized with ggtree. This framework allows users
to access placement uncertainty data for downstream anal-
ysis and visualization on either the reference tree or the final
placement tree. Additionally, users can apply custom quality

control criteria to filter data, supporting further analyses.
After filtering, placement counts can be summarized and
mapped to the branches of the reference tree.

Ggtree supports diverse placement visualization
techniques, offering customizable annotations. For an
overview of placement distribution on the reference tree,
placement counts can be mapped to the branch color and
size. LWR, for example, can also be visualized to reflect
phylogenetic placement uncertainty, aiding in the iden-
tification of optimal placements [6]. Tools like IQ-TREE2
generate placement trees from placement results in
Newick format but do not account for placement
uncertainty; however, jplace-extracted placement data
can be integrated with Newick-format placement trees.

Data set collection
Simulated datasets
Simulated trees with varying tip counts were generated

using the ape package's rtree() function and reformatted into
jplace-compatible text. Placement data were randomly
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generated without intrinsic meaning and used to assess
performance in RAM.

Public datasets

To demonstrate the application of treeio and ggtree in phy-
logenetic placement analysis, we utilized three publicly
available datasets (Supporting Information S1: Table S2).
These datasets allowed us to evaluate filtration, uncertainty
exploration, and visualization in phylogenetic placement.

Evaluation of random access memory
utilization

Simulated data were evaluated on Dell PowerEdge R750
with 2 CPUs (Intel(R) Xeon(R) Gold 6330 CPU @ 2.00 GHz),
112 threads, RAM: 503G. Results were tested by peakRAM
(v 1.0.2) package. The test was run 10 times.
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Figure S1: Evaluation of random access memory (RAM)
utilization.

Table S1: Evaluation of random access memory (RAM)
utilization using simulated data.
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