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Abstract

Metagenotyping of metagenomic data has recently attracted increasing attention as it resolves intraspecies diversity by identifying single nu-
cleotide variants. Furthermore, gene copy number analysis within species provides a deeper understanding of metabolic functions in microbial
communities. However, a platform for examining metagenotyping results based on relevant grouping data is lacking. Here, we have developed
the R package, stana, for the processing and analysis of metagenotyping results. The package consists of modules for preprocessing, statistical
analysis, functional analysis and visualization. An interactive analysis environment for exploring the metagenotyping results was also developed
and publicly released with over 1000 publicly available metagenome samples related to human diseases. Three examples exploring the rela-
tionship between the metagenotypes of the gut microbiome and human diseases are presented—end-stage renal disease, Crohn’s disease
and Parkinson's disease. The results suggest that stana facilitated the confirmation of the original study’s findings and the generation of a new

hypothesis. The GitHub repository for the package is available at https://github.com/noriakis/stana.

Introduction

With recent advancements in high-throughput sequencing
technologies and the development of metagenomic analysis
methodologies, comprehensive analyses of various bacterial
communities in the human body and environment have be-
come possible. Metagenomic analyses reveal mechanisms of
microbial metabolism in human diseases such as neurodegen-
erative diseases, inflammatory bowel diseases (IBDs) and non-
communicable diseases (NCDs) (1). In addition to species-
level metagenomic analysis, previous studies have indicated
the importance of bacterial strains existing within a species,
such as those related to differing pathogenicity and drug re-
sistance (2). Thus, attention has been focused on analyzing
intraspecies diversity information contained in metagenomic
data (3).

Computational pipelines have been developed to illuminate
genetic diversity within species by aligning metagenomic reads
to curated bacterial reference genome databases and identi-
fying single nucleotide variants (SNVs) and gene copy num-
ber differences among species, referred to as metagenotyping
(4,5). The metagenotyping data lead to unique analyses, such
as source tracking using the SNV matrix and strain-level abun-
dance estimation.

However, limited software is available for performing in-
tegrated analyses after the acquisition of metagenotyping re-
sults. This gap is particularly conspicuous in the context
of group-based comparisons, which are common in clini-
cal studies. Therefore, to address this gap, we have devel-
oped an R package, stana, to integrate and analyze data de-
rived from metagenotyping seamlessly. This package facili-
tates the essential preprocessing, functional analysis, statisti-
cal examination and visualization of outcomes, with a spe-
cific emphasis on comparing the results between the groups of
interest.

Also, the publicly deposited metadata coupled with metage-
nomic data not related to the study’s main findings is useful
information that needs to be examined as they could have
the possibility of revealing insights not related to the study’s
original aims. Thus, an interactive application to analyze such
intraspecies diversity across a group of disease conditions is
described, with publicly available metagenomic data being
profiled. The application has been published publicly to al-
low the interactive examination of metagenotyping analysis
results from over 1000 samples of the intestinal microbiome
in publicly available metagenomic datasets related to human
diseases.
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Materials and methods

Package design and functionality

The package has the core functions for loading the output
of the metagenotyping software, mainly allelic counts per
genome position, allele frequency tables and gene copy num-
ber variant tables. Examples are the generated data from MI-
DAS and MIDAS2, which include allele frequency tables and
gene copy number variant profiles per sample by default and
are suitable for metabolic functional analysis (4,6,7). The data
generated from the other pipelines that can be imported in-
clude inStrain and metaSNV (§,8). For data produced from
the other software, the functions for importing the data rep-
resenting allelic counts per position, the allele frequency or the
gene copy number variant matrix manually are prepared for
performing the downstream analysis. The loading function for
additional metagenotyping pipelines will be supported.

From the loaded profile, users can inspect basic informa-
tion such as species coverage, allele frequency, major and
minor allele distribution, and the number of samples pro-
filed for the species. The typical workflow of the library is
first importing metagenotyping data to the S4 class object of
the R environment and then applying filtering and analyti-
cal functions, such as species- and sample-wise filters. Subse-
quently, using the filtered stana object, the users can search
for and identify species that differ in their allele frequency
or gene copy number across groups and infer the functional
implications of these differences based on the gene infor-
mation, whose details are described in the subsequent sec-
tions. The GitHub repository for this package is available
at https://github.com/noriakis/stana with detailed documen-
tation (https://noriakis.github.io/software/stana).

Analysis description

The package implements multiple options for investigating the
intraspecies diversity. One option is inferring the consensus se-
quence alignment of the species within samples based on the
allele frequency using an approach similar to that of MIDAS
(6). The approach determines alleles for each position based
on allele frequency, and the users can preset the interesting po-
sitions obtained from the other analyses in the package. This
option is useful for phylogenetic tree inference based on multi-
ple sequence alignment. Another option is using non-negative
matrix factorization (NMF) applied to the data stored in the
stana object. NMF approximates the indicated feature matrix,
e.g. gene copy number matrix, by the product of two non-
negative matrices, corresponding to feature mapping per fac-
tor and the sample profiles of factors. The rank of the factors
is a parameter that should be specified, corresponding to the
number of possible factors (i.e. subspecies or strain) within a
species. There are options for estimating the rank, and the re-
sulting statistics such as the estimated profiles of each factor
are described when using the function, which helps to choose
the rank (9-11). Also, the package statistically compares the
intraspecies diversity between specified groups, e.g. clinical
or environmental conditions, by performing permutational
multivariate analysis of variance (PERMANOVA) on the dis-
tance matrices calculated from various imported matrices or
the calculated trees (http://cran.r-project.org/package=vegan).
With these functions combined, the users can identify possible
candidates that differ in their intraspecies diversity between
conditions.
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The gene copy numbers can be compared using exact
Wilcoxon rank-sum tests. Also, a function that identifies
important features for distinguishing groups was prepared,
which is useful for marker gene detection between groups per
species based on gene copy number variants. The package sup-
ports the summarization of results of orthology or gene family
assignment software, such as eggNOG-mapper v2, and func-
tional annotation provided by the PATRIC server, which is
used as the default in MIDAS, or the manual annotation data
(12). This enables the functional investigation of the identified
genes.

For differential set analysis (DSA), gene set enrichment
analysis (GSEA) or over-representation analysis (ORA), with
the function GSEA in clusterProfiler and enrichKO in Micro-
biomeProfiler, were used, respectively (13,14). The input for
GSEA can be chosen from various statistics, such as log, fold
changes and moderated ¢-statistics. These results can be com-
bined with network-based analysis using the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) PATHWAY data, help-
ing to rank the components in the graph based on the network
topology and statistics.

Visualization

The analysis results can be visualized in various ways, such as
a comparison of gene copy numbers across groups, coverage
of the species per sample, and heatmaps depicting gene copy
numbers with functional annotation by simplifyEnrichment
(15), statistics of each covariate from the calculated models
per species and the functional difference table identified by
DSA per species. For the KEGG ORTHOLOGY (KO) assign-
ment, visualization of the corresponding KOs in the KEGG
PATHWAY is possible using the R library ggkegg (16).

Constructing the interactive application for
inspecting intraspecies diversity

Users can directly export metagenotyped datasets for inspec-
tion in the application using the package and host the ap-
plication to share findings with the community, facilitating
data sharing. A publicly available dataset was compiled from
the gut microbiome beforehand, and the interactive applica-
tion with the precalculated datasets was published at the fol-
lowing URL: https://metagenotype.hgc.jp. The details for the
construction of the interactive application are described in
Supplementary Text S1.

Statistical analysis

The P-values or false discovery rate-controlled P-values (de-
noted as q) determined by the Benjamini-Hochberg procedure
below 0.05 were considered statistically significant in the anal-
ysis (g < 0.05). The tree visualization throughout the package
and the manuscript was performed using ggtree and ggtree-
Extra (17,18).

Results

An overview of the input and analysis modules of the package
stana is shown in Figure 1A. The overview of the interactive
application using stana is shown in Figure 1B. The publicly
available datasets processed and published in the application
are listed in Supplementary Table S1 along with the obtained
raw sample count. The table comparing the features with the
other software is presented in Supplementary Table S2. Three
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Figure 1. The overview of the analytic workflow of the R package, stana, and its interactive application. (A) The metagenomic reads are preprocessed
and metagenotyped, and analyzed by stana using various functions, and subsequently can be exported to the interactive interface. The figure is
rendered by Mermaid.js. (B) The overview of the interactive application using stana and publicly available datasets. The application can be directly
exported from the R environment. The users can interactively perform analyses such as phylogenetic tree visualization, statistical analysis between

groups, functional inference and visualization.

application examples of the assessment of intraspecies diver-
sity in a study exploring the gut microbiome of patients with
end-stage renal disease (ESRD), Crohn’s disease (CD) and
Parkinson’s disease (PD) using a library and published inter-
active applications will be showcased (1,19,20).

Analysis of the ESRD dataset

First, the distances based on the phylogenetic tree inferred
from the consensus multiple sequence alignment using the
allele frequency table were compared between the groups
of healthy controls (HC), patients with chronic kidney dis-
ease (CKD) and hemodialysis patients (HD) in the ESRD
dataset for the analysis of the existence of intraspecies di-
versity differences. After testing for the species with a pro-
filed sample number above 20% of the total sample number
using PERMANOVA, five species, Bacteroides_B dorei, Bac-
teroides fragilis, Faecalibacterium prausnitzii_G, Blautia_A
wexlerae and Faecalicatena gnavus, were statistically signifi-
cant (q < 0.05). The cladograms of these five species with the
output of the statistical values are shown in Figure 2A as the
output of the interactive application.

Subsequently, the profiles of the factors calculated by the
NMF are plotted between groups for E gnavus, which in-
dicates differences in the distribution of the inferred factors
(Figure 2B). The differences correlated with the stage of the
clinical conditions in the order of HC, CKD and HD in this
analysis. The KO copy number matrix was used for NMF with
a rank number of 2, which was derived from calculating the
mean squared errors with cross-validation. As there is a pos-
sibility that multiple factors exist within the species, the net-
work of cysteine and methionine metabolism pathway is plot-

ted with the node colored by the log, fold change between the
profile of factors 2 and 1 (Figure 2C). The enzymes involved in
the S-adenosyl-L-methionine cycle are found to be more abun-
dant in factor 2, such as adenosylhomocysteine nucleosidase
and S-adenosyl-L-methionine synthetase. The factor was more
abundant in the CKD or HD samples over healthy control
samples, which indicates that the corresponding metabolic
functions could be more active in CKD or HD samples.

To further examine this observation, the relationship be-
tween tree-based distance, disease status and KO copy number
across the cysteine and methionine pathway was tested using
PERMANOVA, and the results of the KO copy number were
statistically significant (pseudo-F = 2.69, P = 0.045). This ob-
servation could be related to the published literature that the
serum S-adenosyl-L-methionine level is upregulated in ESRD
patients (21), and possible responsibility by the intraspecies
diversity of the species was suggested. The differences in in-
traspecies diversity and their functional implications in re-
lation to kidney function decline were revealed using this
package.

Analysis of the CD cohort

A dataset exploring the functional implications of the gut mi-
crobiome in patients with CD was investigated for the rela-
tionship between intraspecies diversity and metabolic func-
tions. The relationship between the category of diagnosis pub-
lished in the same manuscript and the intraspecies diversity of
the gut microbiome was investigated and the gene copy num-
bers in Bacteroides_B dorei, which had the largest number of
samples in the phylogenetic trees of the profiled species, were
compared.
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Figure 2. The analysis details of the gut microbiome of ESRD patients. An interactive application example of an ESRD dataset and the analytic example
using NMF of the dataset using the package. (A) The significant results using the tree-based distance obtained from PERMANOVA are listed in the
interactive application. (B) The KO copy number of the species was analyzed by the NMF and the profiles of the factors are plotted by the stacked bar
plot and the box plot. (C) The network representation of the KEGG ORTHOLOGY involved in the cysteine and methionine metabolism. The node color
indicates the log, fold changes between the profile of factors 2 and 1. The node size indicates the degree of the nodes. The highlighted edges are those
leading to metK (S-adenosylmethionine synthetase). KO, KEGG ORTHOLOGY; ESRD, end-stage renal disease; NMF, non-negative matrix factorization;

PERMANOVA, permutational multivariate analysis of variance.

Based on the original grouping by disease diagnosis, labeled
CD and Healthy, exact Wilcoxon rank-sum tests were per-
formed on KO copy number, and the ORA on KEGG PATH-
WAY was performed on the gene families with higher copy
numbers in CD. The lipopolysaccharide (LPS) biosynthesis
was identified as statistically significant (g < 0.05) in the KO
set. The scheme of the corresponding pathways colored by the
moderated #-statistics between the groups is shown in Figure
3A. The B. dorei present in CD patients had high copy num-
bers of genes such as IpxA, which is involved in lipid A biosyn-
thesis. Subsequently, a dendrogram was constructed using the
distance matrix calculated from the gene copy number ma-
trix subset to that related to the LPS biosynthesis pathway, as
shown in Figure 3B. The trees exhibited a cluster of samples
from the controls and CD patients, suggesting the existence
of different functions related to the pathway. The species B.
dorei in the gut microbiome has been reported to play a role
in atherosclerosis through the reduction of LPS biosynthesis
(22), and we suggested the possible role of functional differ-
ences of the corresponding species.

Analysis of the PD cohort

Intraspecies diversity of the species within the dataset explor-
ing the gut metagenomics of patients with PD was investi-
gated. The original manuscript reported various functional al-
terations in metabolic pathways.

To investigate which species might have functional differ-
ences, the unsupervised analysis can be performed by stana.
The relationship between the covariates and tree-based dis-
tances across all profiled species filtered by the number of
samples in the tree is evaluated. Also, GSEA was performed
for all the species based on the category of the disease status,
and the NES values were obtained per species. The resulting
combined heatmap is shown in Figure 3C. The results sug-
gest that in the genotype of Streptococcus salivarius, patients
with PD had reduced gene copy numbers related to fructose
and mannose metabolism pathways (g < 0.05), which was
presumed to be related to the observation that the mannan
and fructonate metabolism was reduced in patients with PD.
Further, Agathobacter rectalis, which is related to producing
short-chain fatty acids (SCFAs) (23), had the enrichment in
the fatty acid metabolism and biosynthesis pathway, suggest-
ing the possible role of intraspecies diversity of the species in
PD as the SCFA level is reported to be altered in PD (24). These
investigative results suggest that the package aids in the repli-
cation of the original findings in another resolution as well as
generating new hypotheses.

Finally, these calculated data from multiple datasets can
be merged using the common identifiers. Figure 3D shows a
heatmap of the NES obtained from GSEA across two diseases,
CD and PD. The gene contents and metabolic functional dif-
ferences of each species across multiple datasets can be un-
derstood with plots. This enables users to inspect similarities
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Figure 3. Analysis details of the gut microbiome of the patients with CD and PD. (A) The LPS biosynthesis pathway in Bacteroides_B dorei colored by
calculated statistics between groups is shown in the CD cohort. The node indicates KO and the image was rendered internally using ggkegg. (B) The
association between the cladogram inferred from the copy numbers of the genes related to the LPS pathway and covariate visualization for species. (C)
Heatmap across the species demonstrating the association between intraspecies diversity and deposited metadata. The row indicates the species, the
column indicates the covariates or biological pathways and the cell color indicates R-squared values calculated based on PERMANOVA or normalized
enrichment score (NES). (D) NES matrix visualized across the species and the CD and PD datasets. The prefix before the species name refers to the
dataset. KEGG, Kyoto Encyclopedia of Genes and Genomes; LPS, lipopolysaccharide, PD, Parkinson’s disease; CD, Crohn's disease; PERMANOVA,

permutational multivariate analysis of variance.

and dissimilarities of intraspecies diversity of multiple disease
conditions, based on the profiled metagenotyping results.

Discussion

Here, we have described the R package for analyzing the in-
traspecies diversity of the microbiome and the interactive ap-
plication environments for assessing the intraspecies diversity
constructed using the package. The package aims to compare
intraspecies diversity between groups, such as clinical condi-
tions, and we developed an interactive application for explor-
ing intraspecies diversity across publicly available datasets in-
vestigating human diseases and the user’s datasets. This study
presented three analyses of the datasets using the package
and the application, highlighting that this package facilitates
a confirmation and a deeper understanding of the published
results of metagenomic studies, as well as new hypothesis
generation.

Metagenotyping refers to genotyping across species us-
ing shotgun metagenomic sequences. Multiple computational
software programs have been developed to profile metageno-
types. Intraspecies diversity has been reported to play a role in
shaping clinical conditions such as pathogenicity differences.
The reanalysis and re-evaluation of publicly deposited data
using the proposed package could be useful for an in-depth
understanding of metagenomic studies, hypothesis generation
and confirmation of the results. A convenient and detailed
analysis of this diversity is possible using this package and its
published applications.

The definition of strain differs across studies (3); for in-
stance, inStrain uses population average nucleotide identity
thresholding to define strain, and the other software per-
forms problem solving of strain deconvolution, like Strain-
Facts based on a generative model (25). Some papers assessed
the distances calculated from the shared polymorphic sites or
the distance based on allele frequencies to assess intraspecies
diversity (26). When a PERMANOVA was used to compare
the distance calculated from allele frequency to determine the
difference in intraspecies diversity between groups, it may not
align with the other criteria defining the strain. Although the
package provides the interface for loading and analyzing all
species inside the dataset, the selection of the species to be in-
vestigated could be relied upon by the ordering of statistical
values, profiled sample size or prior knowledge.

Metagenotyping data can be processed in a typical compu-
tational environment when analyzing single species profiled
in 100 samples using around 100 MB of the memory. How-
ever, when analyzing the data for all the profiled species in
microbiome, such as summarizing the gene copy number pro-
files into functional gene categories, it may consume signifi-
cant memory and time.

The strength lies in its design to handle and analyze SNV
and gene copy number variant tables for multiple species,
including the capability of performing multiple analyses on
the same S4 class object, allowing for more customized com-
parisons between groups. There are several limitations to
this library and its application. The package lacks the abil-
ity to perform the analysis like gene ortholog assignment and
characterization of each SNV information. Not all pipelines



produce profiles, such as gene copy numbers, and the func-
tions for these pipelines are limited. For complex modeling
tasks often conducted in metagenomic studies, using the inter-
active application alone is not appropriate, and the package
serves as a bridge to importing the metagenotyping data and
its combination with other packages or functions for complex
statistical analysis. Also, the findings of clinical diseases ob-
tained in the study must be taken care of with caution as the
effect of within-species diversity could be small, and should
be supported by experimental validation. The future devel-
opment goal of the package is to speed up the computation
and analysis by implementing sparse class objects for han-
dling the imported data. Also, the implementation of the other
matrix deconvolution methods and comparison of metageno-
typed data across different databases are deemed important.

The presented R package and the interactive analytic en-
vironment were shown to aid in understanding the role of
gut microbiomes by assessing intraspecies diversity in dis-
eases such as IBDs and NCDs. The package provides an
environment to facilitate the understanding of complex in-
traspecies diversity information contained in metagenomic
studies through the class object designed specifically for
metagenotyping data and various functions for assessing di-
versity and functionality. Furthermore, the package and ap-
plication could become important as the number of metage-
nomic publications increases, enabling the analyses of metage-
nomic data in future studies, and the published dataset can
be used as a reference for studies that intend to explore in-
traspecies diversity in various diseases.

Data availability

All data in this study are included in this article or are acces-
sible from the following URLs: https://github.com/noriakis/
stana and https://doi.org/10.5281/zenodo.14558008. All se-
quencing data available in the published application were
downloaded from the NCBI Sequence Read Archive or the
National Microbiology Data Center, and the accession num-
bers are listed in Supplementary Table S1.

Supplementary data
Supplementary Data are available at NARGAB Online.
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