
Software Tools for Microbiome Data Analysis

Ruhina Afroz Patel(B) , Shazia Shadab Mazhar , and Sanjay N. Harke

Institute of Biosciences and Technology, MGM University, Aurangabad, India
patelruhina2019@gmail.com

Abstract. Rapid improvements in microbiome research have been driven by
advances in high-throughput sequencing (HTS), and enormous microbiome
databases are now being developed. However, the variety of software tools and
the intricacy of analytic pipelines make entry into this field challenging. Here,
we provide a thorough overview of the benefits and limits of microbiome data
analytic approaches. Then, we offer various pipelines for amplicon and metage-
nomic analysis, as well as discuss widely used software and databases, to assist
researchers in selecting the most suitable tools. To further assist researchers in
making wise choices, we illustrate statistical and visualisation techniques suit-
able for microbiome analysis, such as correlation, taxonomic structure, network,
source tracing, differential comparative, pattern recognition, alpha, beta diversity
and popular visualisation styles. We expect that this study will enable researchers
to conduct data analysis more efficiently and to choose the proper tools quickly
in order to efficiently extract the biological meaning hidden within the data.
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1 Introduction

The term “microbiome” refers to a full microhabitat, including its bacteria, genes, and
surroundings [1]. The roles of the microbiome in humans, animals, plants, and the
environment have become increasingly clear with the development of high-throughput
sequencing [2]. These discoveries have fundamentally altered our knowledge of the
microbiome. The NIH Human Microbiome Project (HMP) [3], the Metagenomics of
the Human Intestinal Tract (MetaHIT) [4], the integrative HMP (iHMP) [5], and the
ChineseAcademyof Sciences Initiative ofMicrobiome (CAS-CMI) [6] are all successful
international microbiome projects.

These programmes have achieved astounding results, ushering in a golden age for
microbiome research. In the recent decade, a framework for amplicon and metage-
nomic analysis was built [7]. Currently for amplicon data analysis instead of operational
taxonomic units (OTUs), amplicon sequence variants (ASVs) are proposed [8]. The
advancement of HTS and analytic technologies has revealed fresh information on the
architecture and activities of the Microbiome [9].

As a newcomer, the whole procedure, from collection of samples to data processing,
is intimidating. Specifically, the phase that requires the greatest time and mental energy
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is the processing of raw readings. It is crucial to comprehend the fundamental ideas
of microbial ecology before using the available techniques to solve particular research
issues. Fortunately, number of scientists are developing a variety of methods for the
study and evaluation of microbiota data. Several methods for microbe analysis have been
developed in R [10]. R’s strength resides in its simplicity of use by non-programmers
and in the reproducibility-enhancing sharing of analytic scripts, codes, and packages.
Numerous useful resources for microbiome data analysis are included in this article.
This paper may not include all available packages, since the tool development field is
ever expanding. The majority of them are used to improve statistical analysis and visu-
alization. These technologies give handy alternatives for data analysis but microbiome
data analysts face difficulty in making choices due to variety in available technologies.
Beginnings might be difficult and unpleasant, but effort and patience will pay off in the
end.

2 Methods and Techniques for HTS

At the molecule-level, HTS methods for different levels of microbiome analysis can
be divided into three types: microbe, DNA, and mRNA. Amplicon, metavirome,
metagenome, cultureome, and metatranscriptome analyses are among the related study
methodologies. Culturomics facilitates the phenotyping of microbial communities,
whereas whole genome sequencing enhances the identification of microbial diversity
at the species and functional levels. RNA-based analysis facilitates the investigation of
microbial function at the transcriptome, proteome, and metabolome levels, while DNA-
based genomic analysis expedites the identification of microbial species by 16s rRNA
sequencing (Table 1 and Fig. 1).

Scientific questions and sample kinds determine sequencing techniques.Multi-omics
gives microbiome taxonomy and function insights, hence integrating approaches is rec-
ommended. Due to time and expense constraints, most researchers use one or two HTS
approaches. Amplicon sequencing is costs effective and may be used for large-scale
research, however it only provides microbial taxonomy. Unlike amplicon sequencing,
metagenomic sequencing offers functional information and taxonomic resolution to the
species or strain level. Metagenomic sequencing lets short reads construct microbial
genomes. However, it fails for low-bio-mass or host-contaminated samples.

3 Analysis Pipelines

The term “analysis pipeline” refers to a certain application or script that integrates
many or even dozens of software programmes in a precise sequence to finish a difficult
analytical work. Because of how widely they are used, we are going to present the most
effective workflows that are now available for amplicon and metagenomic analysis.

In Fig. 2, the pink, purple, and blue blocks, respectively, stand for the input, inter-
mediate, and output files. The approaches and the software tools commonly used are
presented in the Fig. 3 and Fig. 4. The term “feature tables” is used to refer to both
taxonomic and functional tables jointly [12].
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Table 1. Advantages and Disadvantages of HTS techniques used in microbiome Research

Sr. No Techniques Advantages Disadvantages

1 Culturome • High-Throughput
culturing

• Target Selection
• Helps in microbial
isolation

• Time Consuming
• Cost Extensive
• Influenced by media and
surrounding

2 Amplicon (16S/18S/ITS) • Fast Analysis
• Requires low biomass
samples

• Ability to use host
contaminated samples

• Shows PCR and Primer
Biases

• Resolution up to only
genus level.

• Sometimes generates false
positive cases in low
biomass samples

3 Metagenome • Species or strain-level
taxonomic resolution

• Functional capacity
• Uncultured microbial
genetic makeup

• Time Consuming
• Cost Extensive
• Affected by host driven
contamination

4 Virome • Fast Diagnosis
• Identification of RNA and
DNA

• Most Expensive
• Difficult to investigate
• Severely affected by host
drive contamination

5 Metatranscriptome • Identification of live
microbes

• Assess microbial activity
• Transcript-level feedback

• collection and analysis of
sample is complicated

• Cost extensive and
complex in sequencing

• Affected by host
contamination

As Fig. 2 gives taxonomic and functional tables from metagenomic and amplicon
analysis pipeline, Fig. 3 and Fig. 4 further explains how clean data is converted into this
taxonomic and functional table.

In Metagenome, host contamination is removed from raw data using KneadData
or using combination of Trimmomatic and Bowtie 2 software tools. The analysis of
metagenome that is the transformation of raw data to feature table using reads-based
and/or assembly-based techniques, is the fundamental step. Clean reads are aligned to
curated databases using read-based approaches, which provide functional table. Figure 3
presents metagenomic analysis pipeline illustrating the processing steps, pre-processing
applied, software tools used and input files formats.

Raw readings are often converted into feature tables in fastq format as the first step in
amplicon analysis. Clean amplicon data then can be used for next analysis. In amplicon
analysis, one of the most important steps is to choose the sequences that best represent a
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Fig. 1. Diverse techniques for detecting and analyzing the microbiota and microbiome of the gut.
(Image reference [11])

Fig. 2. The standard procedure for Metagenome and Amplicon sequencing is outlined here.

species. Clustering toOTUs and denoising toASVs are the twomainways to choose rep-
resentative sequences. The UPARSE algorithm groups together OTUs from sequences
that are 97% alike. Clustering to OTUs and denoising to ASVs are two representative
sequence selection methods which gives functional table. Figure 4 presents amplicon
analysis pipeline illustrating the processing steps, pre-processing applied, software tools
used and input files formats.
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Fig. 3. Metagenome: Analysis pipeline and processing steps.

Fig. 4. Amplicon: Processing steps and commonly used tools

4 Statistical Analysis and Visualization

The taxonomic and functional tables are the most essential output files that come from
the amplicon and metatranscriptomic analysis workflow [13]. The following is a list of
some of the questions that may be answered by researchers if they use these techniques.
What types of microbes are present within microbiota? Does the variety of alpha and
beta genes across the various experimental groups exhibit any significant differences?
Which kinds of organisms, genes, or biological processes serve as biomarkers for each
category? In order to provide answers to these issues, several approaches are required
for the visualization and statistical analysis of both, the big picture and the specifics.
Exploring disparities in alpha/beta diversity and taxonomicmakeup in a feature tablemay
be accomplished via the use of overall visualization [14]. The comparison, correlation
analysis, network analysis, and machine learning methods of analysis might all be used
in the process of discovering biomarkers.

4.1 Alfa Diversity

Alpha diversity is an evaluation of the diversity contained within a sample, taking into
account both richness and evenness metrics [15]. Calculating alpha diversity is possible
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Fig. 5. Statistical analysis and Visualization

with the use of a number of different software tools, such as QIIME, the R package
vegan, and USEARCH. Box plots are used for visual comparison of the different groups’
sample populations’ alpha diversity values, as shown in Fig. 5A Alpha diversity metrics
assess the species diversity within the ecosystems, telling you how diverse a sequenced
community is.

4.2 Beta Diversity

Beta diversity looks at differences in the microbiome between samples. Dimensionality
reduction techniques are required before creating visual representation [16]. TheR vegan
package can be used to do these kinds of analyses, and scatter plots can be used to show
the results as depicted in Fig. 5B.

4.3 Taxonomic Composition

Themicroflorawhich is present in themicrobial community is described by its taxonomic
composition [17]. For ease of visualisation, the microbiota is frequently depicted at the
phyla or genera level in the plot, as shown in Fig. 5C.

4.4 Difference Comparison

The difference comparison method can be used to identify features with widely varying
abundance and diversity between groups (like species, genes or pathways) [18]. The
results of difference comparison canbe visualized using aManhattan as shown inFig. 5D.
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4.5 Correlation Analysis

Correlation analysis as shown in Fig. 5E is used to discover relationship of taxa with
sample information. It is utilized, for example, to detect link of taxa with surrounding
parameters like longitude, latitude, pH and clinicalmarkers [19], or to identify significant
environmental factors influencing microflora and taxa.

4.6 Network Analysis

As shown in Fig. 5F, network analyses feature co-occurrence from a holistic point of
view. Possible connection between functional pathways and co-occurring taxa might
be suggested by this correlation network. The cor.test() function in R might be used to
determine correlation coefficients and significant P-values [20]. Using the igraph library
from the R programming language, networks may also be viewed and analysed. Numer-
ous studies examining the distribution of elements or modules are excellent instances of
such network analysis.

4.7 Machine Learning

A subset of artificial intelligence known asmachine learning draws knowledge from data
to recognize patterns and make classification as shown in Fig. 5G. Machine learning is
utilized in microbiome research for taxonomy categorization, beta-diversity analysis,
binning, and compositional analysis of certain characteristics [21]. Regression analysis,
which shows how changes in experimental condition effect variations in biomarker
abundance, and random forest, which utilizes biomarkers to define groups, are two
typical machine learning techniques.

4.8 Treemap

The creation of phylogenetic trees, taxonomic annotation, and microbiome display all
employ Treemap. For phylogenetic analysis, representative amplicon sequences are
employed. The R function table2itol may be used to create annotation files for trees
with ease [22]. Additionally, we advise utilizing GraPhlAn to create an aesthetically
pleasing cladogram that display phylogenetic tree and hierarchical taxonomy as shown
in Fig. 5H.

5 R Markdown and Python Notebooks

Excel, GraphPad, and Sigma plot are the tools used for statistical analysis and visu-
alization of a feature table, however they are commercial software packages, making
it challenging to replicate the findings in short time. To track all analytic scripts and
parameters, we advise utilizing programmes like R’s Markdown feature and Python
Notebooks. These tools are cross-platform, free and easy to use.We advise researchers to
save all scripts, statistical analysis output, and visualization output in R markdown files.
A completely reproducible report that contains scripts, tables, and figures in HTML/PDF
format is known as a R markdown document. This method of working would signifi-
cantly increase the effectiveness of microbiome analysis and make the process clear and
simple to comprehend.
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6 Open-Source Software Tools for Microbiome Data Analysis

There are a number of open-source tools existing for use in microbiome research;
however, it may be challenging to locate these tools on the web. A selected collec-
tion of R-based tools and other packages are presented here for the convenience of the
researchers.

The Bioconductor Microbiome project’s purpose is to create, maintain [23], and
spread free open-source software that allows for rigorous and repeatable data analy-
sis from present and new biological tests. They are committed to fostering a diverse,
collaborative, and inclusive developer and data scientist community. Bioconductor is
open-source and open development, and it uses the R statistical programming language.

6.1 Microbiome Software Recommendations

1. QIIME 2– Open-source and free bioinformatics tool for studying the microbiome.
2. Mothur – Open-source and free bioinformatics tool for studying the microbiome.
3. USEARCH – A tool for sequence analysis including algorithms for search and

clustering.
4. STAMP – Programme for statistically evaluating microbiome data.

6.2 Genomics Software Recommendations

1. Galaxy – Web-based, open-source tool for a variety of studies of sequencing and
NGS data.

2. CLC Sequence Viewer – A comprehensive set of tools for analysis and alignment.
3. UGENE – Integrated open-source suite for sequence analysis.
4. Chipster – A comprehensive package for analyzing NGS data, especially RNAseq

data.

6.3 Evolutionary Analysis Software

1. MEGA – Integrated software for phylogenetic and evolutionary studies.
2. Phyloseq – An R programme for visualizing and analyzing OTU grouped micro-

biome data.
3. BEAST – Markov chain Monte Carlo analyses for Bayesian evolutionary study.
4. SplitsTree – Software for creating phylogenetic trees and networks.
5. DnaSP – Package for population genetic analysis.
6. DAMBE – Integrated package for analyses of evolution and phylogeny.

7 Conclusion

In this paper, we have discussed methods for analyzing amplicon and metagenomic data
at every stage, beginning with the selection of sequencing methods and ending with
the implementation of reproducible analysis. These approaches include the selection of
analysis software/pipelines, statistical analysis and visualization. These days, more and
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more researches are concentrating on or include data from microbial analysis; never-
theless, the presentation of this data is very diverse and may be difficult for novices to
understand.

In order to correctly evaluate the data and draw any potentially useful conclusions,
it is essential to have a solid grasp of the most crucial descriptive terminology and
visual representation metrics. Microbiome research has become a data-driven discipline
as a result of the development of high-throughput sequencing technology. In analysis
pipeline, lot of tools are involved which becomes quite overwhelming for the user. That’s
why people are preferring R and Python language more since they provide the user with
easy-to-handle scripting facility.

In addition to thenewlypopularmothur andpythonprogrammes,manyacademics are
making use of the microbiome R package, which is freely accessible as an open-source
from the Bioconductor environment.
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