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Abstract

Background: Advances in high-throughput sequencing accessibility have democratized small subunit ribosomal RNA gene
sequence data collection, coincident with an increasing availability of computational tools for sequence data processing,
multivariate statistics, and data visualization. However, existing tools often require programming ability and frequent user
intervention that may not be suitable for fast-paced and large-scale data analysis by end user microbiologists who are
unfamiliar with the Linux command line environment or who prefer interactions with a GUI. Here we present AXIOME3,
which is a completely redeveloped AXIOME pipeline that streamlines small subunit ribosomal RNA data analysis by
managing QIIME2, R, and Python-associated analyses through an interactive web interface. Findings: AXIOME3 comes with
web GUI to improve usability by simplifying configuration processes and task status tracking. Internally, it uses an
automated pipeline that is wrapped around QIIME2 to generate a range of outputs including amplicon sequence variant
tables, taxonomic classifications, phylogenetic trees, biodiversity metrics, and ordinations. The extension module for
AXIOME3 provides advanced data visualization tools such as principal coordinate analysis, bubble plots, and triplot
ordinations that can be used to visualize interactions between a distance matrix, amplicon sequence variant taxonomy,
and sample metadata. Conclusions: Because repeat analysis of small subunit ribosomal RNA amplicon sequence data is
challenging for those who have limited experience in command line environments, AXIOME3 now offers rapid and
user-friendly options within an automated pipeline, with advanced data visualization tools and the ability for users to
incorporate additional analyses easily through extension. AXIOME3 is completely open source
(https://github.com/neufeld/AXIOME3, https://github.com/neufeld/AXIOME3-GUI), and researchers are encouraged to
modify and redistribute the package.
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Findings

Advances in high-throughput DNA sequencing technologies
have facilitated large-scale small subunit (SSU) ribosomal RNA
(rRNA) data collection, which consequently increased the need
for efficient computational tools. Although existing pipelines
and databases such as QIIME2 [1], mothur [2], Ribosomal
Database Project [3], and EzTaxon [4] provide modules to ana-
lyze amplicon data, they often require users to manually con-
solidate and execute individual workflow components. This may
limit the efficiency of frequent repetitive analyses, especially for

users who are inexperienced with the Linux terminal because
several of the component tools must be performed in such an
environment.

Previously, we developed the Automation, eXtension, and In-
tegration Of Microbial Ecology (AXIOME) pipeline that enabled
researchers to automate the analysis of SSU rRNA gene ampli-
con data easily [5], with most use cases involving management
of the original QIIME [6] workflow. Coinciding with the release
of QIIME2 [1], here we present AXIOME3, which is a completely
redesigned version of AXIOME with greater emphases on usabil-

Received: 21 August 2020; Revised: 13 November 2020; Accepted: 7 January 2021

C© The Author(s) 2021. Published by Oxford University Press GigaScience. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any
medium, provided the original work is properly cited.

1

http://www.oxfordjournals.org
https://orcid.org/0000-0002-0051-703X
https://orcid.org/0000-0003-2015-099X
https://orcid.org/0000-0002-8722-8571
mailto:jneufeld@uwaterloo.ca
https://orcid.org/0000-0002-8722-8571
https://orcid.org/0000-0002-8722-8571
https://github.com/neufeld/AXIOME3
https://github.com/neufeld/AXIOME3-GUI
http://creativecommons.org/licenses/by/4.0/


2 AXIOME3: automation, extension, and integration of microbial ecology

ity, automation, and extension. AXIOME3 includes a web-based
GUI to accommodate researchers who may be unfamiliar with
traditional command line tools that are designed for the Linux
environment [7]. Also, AXIOME3 provides an interactive pipeline
that generates necessary data files and visual displays with min-
imal user intervention. In addition to enhanced usability and
automation, AXIOME3 offers data visualization tools that are
unique to this platform while also allowing extension to include
other analyses, visualizations, and techniques to be integrated
seamlessly.

Usability

The AXIOME3 web GUI was designed to accommodate re-
searchers who are unfamiliar with the Linux operating system
environment, eliminating a potentially steep learning curve as-
sociated with traditional bioinformatics tools. Users can eas-
ily configure various options and start the automated analysis
pipeline via a straightforward web interface. All usage-related
information is embedded in the web interface so that users can
avoid navigating to different resources in search of relevant in-
formation. Because a typical SSU rRNA gene amplicon data anal-
ysis may take several hours for a relatively large sample size,
AXIOME3 assigns a unique session identifier to each analysis,
which can be monitored and reloaded at any time. Users may
optionally receive email notifications upon task queueing and
completion.

AXIOME3 resolves potential installation conflicts by con-
tainerizing its software and operating system dependencies us-
ing Docker [8] and Docker Compose. Consequently, the only soft-
ware requirements for AXIOME3 are Docker and Docker Com-
pose, upon which the pipeline relies to have a consistent build
environment. The web user interface is fully compatible with
Chrome, Firefox, and Edge browsers.

Automation

The AXIOME3 pipeline makes computational microbial research
accessible to researchers who are unfamiliar with the Linux
command line environment by automating common microbial
research workflows. The core functionality of the pipeline relies
on the QIIME2 package [1] and uses additional custom scripts
to export QIIME2-formatted outputs to web-friendly formats
(Fig. 1). Currently, it uses QIIME2 and its associated plugins to au-
tomatically process demultiplexed paired-end FASTQ reads. The
AXIOME3 pipeline uses the DADA2 [9] plugin to denoise, derepli-
cate, remove chimeric reads, assemble sequences, and gener-
ate an amplicon sequence variant (ASV) table. The pipeline also
supports batch analysis of samples from different sequencing
runs. It performs denoising and assembly on each run for the
samples belonging to the same run, and later combines indi-
vidual ASV tables into a single merged ASV table. The AXIOME3
pipeline then assigns taxonomy to each ASV using the classi-
fier that is trained on either the Ribosomal Database Project
[3] or SILVA [10] database. Users have options to use the de-
fault classifier that comes with AXIOME3 or custom-trained clas-
sifiers. The pipeline then constructs a phylogenetic tree, cal-
culates α-diversity indexes, β-diversity metrics, and ordination
plots. Another key feature of the AXIOME3 pipeline is work-
flow checkpointing so that researchers can repeat only neces-
sary analysis steps when small adjustments are made to the
workflow. Furthermore, the AXIOME3 pipeline adheres to the
extension and integration philosophy of the previous AXIOME
package [5] so that any QIIME2 plugins, custom scripts, and

novel analysis tools are integrated within the pipeline as a part
of the automated workflow. Full extensibility and integrability
are intended to encourage research community involvement,
as well as ensure state-of-the-art microbial ecology research
workflow.

Extension

The extension module is unique to AXIOME3, with custom
Python and R scripts used to visualize outputs of the interac-
tive pipeline (Fig. 1). Currently, AXIOME3 supports three primary
data reduction and visualization techniques: (i) taxonomy bub-
ble plots, representing abundances of ASVs (or their associated
taxonomic ranks) for samples; (ii) principal coordinate analysis,
an ordination technique to project samples into multidimen-
sional space while maximally preserving the original dissimi-
larity relationship between the samples [11]; and (iii) metadata
integration using “triplots,” which simultaneously projects sam-
ples, taxonomic contributions to the samples as weighted aver-
ages, and the correlation between environmental factors and the
samples as vectors within ordination space [12] (Fig. 1). All data
visualization tools in the extension module are tailored to meet
each researcher’s specific needs. Various plot-specific elements
(e.g., ordination axis selection) and general plot aesthetics (e.g.,
point colour, point size, font size, and plot size) are readily cus-
tomizable. The extension module also supports visualization re-
sult previewing and downloading in raster and vector image file
formats (e.g., PNG and PDF) so that users can iteratively explore
and visualize their data with different customizations prior to
downloading the final output files.

Additional data exploration, visualization, and statistical
tools will be added in future releases of AXIOME3, and users are
invited to participate in the development process.

Workflow

A typical AXIOME3 workflow involves four modular analyses:
Input Upload, Denoise, Analysis, and Extension/Visualization
(Fig. 1). For the Input Upload module, users prepare manifest
files listing absolute paths to input FASTQ files. Currently, AX-
IOME3 only supports demultiplexed paired-end FASTQ files as
inputs. The output of this module is a summary of the input se-
quences in QIIME2 visualization format (.qzv), which could be
used to determine the regions with low quality scores. Users
denoise input sequences with optional removal of low-quality
regions to improve the assembly result and generate the ASV
table in the Denoise module. Subsequently, users generate the
remaining outputs in the Analysis module using the generated
ASV table. Each module acts as a checkpoint to the next mod-
ule, which allows users to readily repeat part of the workflow
upon failure or reconfiguration without rerunning the previ-
ous module. Optionally, data visualization tools in the Exten-
sion/Visualization module may be used to explore and visualize
the ASV table or the ordination data.

Comparison to related work

AXIOME
AXIOME3 offers several improvements compared to its prede-
cessor AXIOME [5] and AXIOME2 (unpublished), even though it
still abides by an extension and integration philosophy so that
novel analysis tools and techniques can seamlessly be added to
the workflow by collaborators. Because AXIOME3 is a wrapper
around QIIME2 [1], it is capable of generating ASV-based features
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Figure 1: Schematic representation of the AXIOME3 pipeline workflow.

as opposed to operational taxonomic unit features generated by
AXIOME, which used the original QIIME [6] package. Also, AX-
IOME3 renders a more visually appealing and accessible GUI be-
cause it leverages modern web browser technologies compared
to AXIOME’s Linux terminal–based GUI. AXIOME3 also aims to
reduce the installation burden for end users by containerizing all
its dependencies using Docker [8]. On the other hand, AXIOME
requires users to manually install underlying packages and re-
solve potential dependency problems.

QIIME2 Studio
Although QIIME2 Studio provides a user-friendly GUI for ampli-
con sequence analysis, it has several limitations that are ad-
dressed by AXIOME3. First, QIIME2 data visualization files (.qzv)
require the QIIME2 viewer, which adds an extra layer of com-
plexity for end user microbiologists. Instead, AXIOME3 imple-
ments analysis and visualization within the same front-end in-
terface, which simplifies the process for users. Second, QIIME2
Studio requires that users manually assemble individual work-
flow components. This limitation is addressed by AXIOME3 by
enabling an automated workflow in which individual compo-
nents are chained together into a single pipeline. This increased
automation benefits users by simplifying repetitive workflows.
The AXIOME3 pipeline also enables iterative data visualization
and analysis, which allows users to easily interact with their
data while customizing data visualizations. Importantly, AX-
IOME3 is not intended as a replacement for QIIME2 and QIIME2
Studio but is rather an automation tool that manages and ex-
tends QIIME2 capabilities.

Availability of AXIOME3
AXIOME3 is an actively maintained and developed open-source
project and is available from GitHub (https://github.com/neu
feld/AXIOME3; https://github.com/neufeld/AXIOME3-GUI). Note
that only the AXIOME3 GUI (https://github.com/neufeld/AXI
OME3-GUI) needs to be installed for end users and doing so

will automatically install the pipeline as well. The AXIOME3
pipeline repository (https://github.com/neufeld/AXIOME3) is ex-
clusively intended for developers and collaborators. AXIOME3 is
cross-platform compatible and the web GUI currently supports
Chrome, Firefox, and Edge. The only other software requirement
for AXIOME3 is Docker and Docker Compose, which is required
to ensure a consistent build environment. A tutorial and sample
dataset, as well as instructions about collaboration, are included
in the AXIOME3 GUI project home page.

Availability of Supporting Source Code and
Requirements

Project name: AXIOME3
Project home page: https://github.com/neufeld/AXIOME3 (AX-
IOME3 pipeline), https://github.com/neufeld/AXIOME3-GUI (AX-
IOME3 GUI)
Operating system(s): Platform independent
Browser support: Chrome, Firefox, Edge (AXIOME3 GUI)
Programming language: Python, Javascript
Other requirements: Docker (1.13.0+), Docker Compose (Version
3+)
License: BSD 3-Clause
Any restrictions to use by non-academics: No

Data Availability

Snapshots of our code and other data further supporting this
work are openly available in the GigaScience repository, GigaDB
[13].

Abbreviations

ASV: amplicon sequence variant; GUI: graphical user interface;
rRNA: ribosomal RNA; SSU: small subunit.
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