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Artic{e history: Advances in sequencing technology have led to the increased availability of genomes and metagenomes,
Received 2 September 2020 which has greatly facilitated microbial pan-genome and metagenome analysis in the community. In line
Received in revised form 24 February 2021 with this trend, studies on microbial genomes and phenotypes have gradually shifted from individuals to
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Pan-genomics and metagenomics are powerful strategies for in-depth profiling study of microbial com-
munities. Pan-genomics focuses on genetic diversity, dynamics, and phylogeny at the multi-genome

Ilfg’l‘i‘g’efé;ne level, while metagenomics profiles the distribution and function of culture-free microbial communities
Metagenome in special environments. Combining pan-genome and metagenome analysis can reveal the microbial
Integrated pan-genomics with complicated connections from an individual complete genome to a mixture of genomes, thereby extend-
metagenomics ing the catalog of traditional individual genomic profile to community microbial profile. Therefore, the
Microbial community combination of pan-genome and metagenome approaches has become a promising method to track

the sources of various microbes and decipher the population-level evolution and ecosystem functions.
This review summarized the pan-genome and metagenome approaches, the combined strategies of
pan-genome and metagenome, and applications of these combined strategies in studies of microbial
dynamics, evolution, and function in communities. We discussed emerging strategies for the study of
microbial communities that integrate information in both pan-genome and metagenome. We empha-
sized studies in which the integrating pan-genome with metagenome approach improved the under-
standing of models of microbial community profiles, both structural and functional. Finally, we
illustrated future perspectives of microbial community profile: more advanced analytical techniques,
including big-data based artificial intelligence, will lead to an even better understanding of the patterns
of microbial communities.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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C. Zhong, C. Chen, L. Wang et al.
1. Introduction

In recent years, genome analysis of microbial organisms has
gradually shifted from focusing on single selected individuals or
a few genomes to the large-scale comparative analysis of a set of
related isolates. Since the gene pool of a species or community is
typically much larger than that of any individual strain, the genetic
dynamics and diversity of the genomes of different strains in the
same species cannot be represented by a single individual genome.
The genomic variation observed at the species and community
level leads to the expansion of the pan-genome and metagenome
concepts. Whole-genome sequencing lays a foundation for the
powerful strategy of identifying core and accessory genes shared
among close microbes through pan-genome. Pan-genome repre-
sents the entire gene repertoire of a group of isolates (e.g. strains
from one species), which can characterize the dynamics and diver-
sity of genomes in a given taxonomy, while individual genome
usually only accounts for a small part of the pan-genome [1,2].
The pan-genome approach is typically used to evaluate the micro-
bial genetic composition in three ways: core genome profiling,
accessory genome profiling, and specific genome profiling, reveal-
ing the characteristics of homology, diversity, and specialization
between genomes [3,4]. For example, the core genome found in
all individuals is often used to evaluate the relatedness between
strains in the same species [5,6]. And the pan-genome analysis
has revealed extensive horizontal transfer in microbial accessory
genomes [7]. Pan-genome analysis has been used to study the
genetic diversity of a group of related microbial genomes, includ-
ing gene composition of individual strains, strain tracking, evolu-
tionary impact, niche specialization, antimicrobial target
screening, and diagnostic marker identification [5,8-13]. Although
pan-genomics is highly informative in profiling microbial diversity
and function, it still has limitations. The widely used pan-genome
analysis methods [14,15], such as PGAT [16], PGAP [17], and Pan-
seq [18], provide a good strain-level pan-genome profile for iso-
lates, but they cannot resolve the species relationships at the
community level. Natural microbial communities have rich biodi-
versity, and these pan-genome analysis methods have limitations
in studying the genetic variation and interaction of communities,
hence fail to capture the dynamic behavior of microbial communi-
ties. Besides, when defining the size and content of pan-genome,
these pan-genome analysis methods can only be applied to a lim-
ited number of species that cannot accurately reflect microbial
ecology. Overcoming these issues requires new considerations at
the community level, such as cross-community evaluation of
pan-genome profile.

Metagenome refers to the entire genetic content of all microor-
ganisms in a specific environment, which has been widely used to
study microbial diversity in various habitats, such as air, soil,
water, plants, and humans [19]. Metagenomics is a method to
characterize the taxonomic and functional diversity of microbial
communities by isolating genome sequences directly from the
environment without prior cultivation [20]. Metagenomics can be
used for taxonomic analysis and functional analysis to track com-
munity dynamics [21]. For example, it has been used to study
the shifts in microbiome composition and function of the human
body such as oral, skin, gut [22,23]. Microbial composition analysis
tools, such as MetaPhlAn2 [24] and Kraken2 [25], can characterize
microbial community structure in the environment and human
body by identifying microbial species and estimating their relative
abundance. Also, HUMAnNN2 [26] estimates the abundance of
microbial pathways in terms of metagenomes to detect the meta-
bolic potential of microbial communities. Metagenomics has great
advantages in the taxonomic analysis at the species level, and
some taxonomic studies have even reached the strain level
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[27,28]. However, due to the lack of high-quality reference gen-
omes, a higher taxonomic resolution is still challenging. For some
microbial communities in complex environments such as marine
sediments and soils, due to underrepresented reference genomes
in databases, it is even difficult to distinguish microbes at the spe-
cies level using metagenomics methods. Besides, metagenomics
methods still have limitations in analyzing genomic heterogeneity,
and additional efforts are needed to identify all accessory genes
and their functions in the microbial communities. Thus, additional
complete genomic information is needed to characterize the
microbial community in detail.

Pan-genomics and metagenomics have made independent
breakthroughs in the study of microbial evolution and function
in a given taxon and community respectively, but the limited num-
ber of cultivation-based microbes and the limited taxonomic reso-
lution respectively restricts their development. Pan-genomics
deciphers genomic heterogeneity and diversification of any given
taxon, while metagenomics obtains the taxonomic and functional
profiles in communities. Thus, combining complementary meta-
genome and pan-genome analysis strategies can break their limita-
tions in the study of microbial communities, leading to an
unprecedented opportunity to study the microbial interactions
with their environments and hosts in communities. Recently, some
microbiome studies have adopted this complementary strategy,
and such integrated pan-genomics with metagenomics techniques
have enabled researchers to study the diversity and dynamics of
populations in microbial communities [29] (Fig. 1). Such a method
takes advantage of both genome and metagenome to connect these
two important genetic profiles to microbiome. For example, IMG/M
[30] is a comparative data analysis system that integrates genomes
and metagenomes. This system provides genome annotation such
as COG clusters, Pfam, InterPro domains, and KEGG pathways. It
allows comparative analysis of isolated genomes and metagen-
omes, including the determination of the phylogenetic and func-
tional characteristics of individual genomes, as well as metabolic
comparisons across microbial communities. PanPhlAn [31] is a tool
that focuses on identifying the genetic composition of individual
strains from metagenomes. This tool can characterize pan-
genome and metagenome at the strain level, and determine the
taxonomic profile, strain-level profile, functional profile, and phy-
logenetic profile from metagenomic samples. PanFP [32] is a
method based on pan-genome reconstruction, which can describe
the functions of KEGG Orthology, Gene Ontology, Pfam, TIGRFAMs
of microbial community according to 16 s rRNA gene. Microbial
communities can be explored not only by sequencing shotgun
metagenome, but also by sequencing amplicon. The amplicon
sequencing, such as 16S rRNA gene sequencing, is an economical
and effective method for microbial abundance and diversity
screening. At present, public databases have accumulated a large
amount of amplicon survey data from different environments.
Therefore, extending the application of amplicon survey to the
pan-genome for the exploration of microbial communities is a
cost-effective new method for studying complex ecosystems. Con-
sidering that 97.9% of the 16 s rRNA sequence divergence can be
used as a representative of species boundaries [33,34], pan-
genome analysis with amplicon survey data may lead to hybrid
genomes, so the application of amplicon survey to the pan-
genome should pay close attention to the sequence identity
thresholds.

Integrated pan-genome and metagenome approaches are criti-
cal to a system-level understanding of the relevant population-
level genetic content of a particular habitat. In this review, we
discussed the existing and new integration directions of
pan-genomics and metagenomics, and highlighted the strategies
and applications of such an integrative approach in the study of
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Fig. 1. The strategy that integrated pan-genomics with metagenomics for studying microbial diversity and dynamics in microbial communities. The genetic contents
characterized in pan-genomes and metagenomes of the community can be collectively pooled to establish a community profile. The tools available for each workflow are

shown in brackets.

microbial community. This integrated strategy promotes the
mechanism and model for the evolution and function of microbial
communities to a higher level.

2. Microbial diversity and dynamics analyses by pan-genome
approach

Microbial pan-genome analyses generally follow genomic
homology-based strategies, including the assembly of individual
genomes, independent annotation of genes, clustering of ortholo-
gous genes, phylogenetic relationships, gene composition, and
functional characteristics. The pan-genome analysis focuses on
the genomes of a group of species. The genomes can be a collection
of sequences obtained by the whole-genome assembly after
whole-genome sequencing, or the complete genomic sequences
of a species downloaded from a public database. Series of microbial
pan-genome analysis tools such as PanGP [35], Roary [36], and
panX [37] have been developed for orthologous gene clustering,
phylogenetic construction, and functional search. Pan-genome
analysis has been carried out on the studies of diverse microbes
such as Aeromonas [38], Shewanella [39] and others to handle func-
tional dependencies and diversity among genomes. These studies
have provided significant insights for the study of the evolutionary
origins, niche adaptation, population structure, and relationship
with health [40]. For example, Tettelin et al. characterized the
pan-genome of Streptococcus agalactiae by using the genomes of
eight strains [12]. This study reveals the genetic and functional
diversity of Streptococcus agalactiae, in which housekeeping, regu-
latory cell envelope and transport genes dominate the core gen-
ome, while strain-specific genes consist of a series of dynamic
genomic islands composed of atypical nucleotide. Kettler et al.
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revealed an open pan-genome of Prochlorococcus with a large num-
ber of different genes and tracked the diversity within and among
newly discovered Prochlorococcus [41]. Besides, a pan-genome
study focusing on population structure, genetic diversity and
specific gene profiles associated with virulence and antibiotic
resistance of Klebsiella pneumonia revealed a potential link
between gene repertoire and disease [42]. These studies have
shown that the size and composition of pan-genomes vary with
species and their lifestyles, and this heterogeneity implies novel
relationships, trends, and patterns in microbial pathogenicity,
resistance, mobility, and taxonomy. In addition, these studies have
detected and quantified microbial diversity that was not included
in metagenome-based surveys, and many efforts are focusing on
incorporating this pan-genomic view of microbial dynamics and
diversity into metagenomics.

3. Taxonomic profile and microbial diversity analyses by
metagenome approach

Metagenomics has been utilized for the studies of changes in
community organization and microbial inhabitants, resulting in
the discovery of a remarkable amount of genomic diversity and
the characterization of new bacterial members [43,44]. Metage-
nomics analysis explores the entire genetic composition of the
microbial community by sequencing and subsequent analysis of
genomic information extracted directly from environmental sam-
ples. A series of metagenomics analysis tools have been proposed,
such as MEGAHIT [45], MEGAN [46], and MetaPhlAn2 [24], allow-
ing perform metagenomics assembly, taxonomy, and functional
analysis. Analyses of microbiome composition and function in dif-
ferent sites of the human body including the skin, oral and gut
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show great differences in the microbial structure [47,48]. For
example, the taxonomic representation of bacteria on human skin
include Staphylococcus, Micrococcus, and Corynebacterium [49,50],
while the dominant microbes in oral are Streptococci, Lactobacillus,
and Fusobacterium [51,52]. Also, the main components of microor-
ganisms in the human gut are Bacteroides and Prevotella [53,54].
These microbes in human body have coevolved with their hosts,
which is also related to human health and disease [48,55]. The
composition of microbes in different hosts varies greatly, and there
are dynamic changes under different environmental factors [48].
For example, Sonnenburg et al. revealed a seasonal cycle of intesti-
nal microbiota corresponding to the enrichment of functions of the
Hadza hunter-gatherers, especially Bacteroides, which varies with
the season, especially between the dry and wet seasons [56]. Such
a study reveals the succession of microbial communities with the
season in human gut. In addition, studies on microbial communi-
ties in natural environments such as soil [57], deep-sea [58], and
wastewater [59] have uncovered hundreds of microbes, new genes,
and uncharacterized metabolism, revealing incredible microbial
diversity and complexity. However, metagenomics analysis is still
hindered by the scope of the reference genome, which is far from
being able to cover all the microbial variability in the community.
The metagenomics analysis alone cannot reveal the extent to
which genes related to the ecology and adaptability of microbes
are conserved in the phylogenetic clade.

4. Strategies to integrate pan-genome with metagenome

To take the next steps forward in understanding the basic biol-
ogy of microbial communities, especially for human microbiota
and environmental microbiota, the study of combining pan-
genome and metagenome is necessary. Recently, new strategies
that combine pan-genomics and metagenomics have emerged to
characterize the strain-level variation and dynamics of microbial
communities [29,60] (Table 1). By linking pan-genomes and meta-
genomes with the appropriate resolution, the distribution of indi-
vidual gene clusters across multiple microbial genomes can be
extended to various environmental microbial communities [61]
(Fig. 2a). This combination strategy first identifies gene clusters
from environment-isolated genomes or existing genomes in the
database, deduces the relatedness between genomes and con-
structs pan-genomes, and then in conjunction with metagenomes
to track the abundance and prevalence of cross-environmental
microbial genomes and individual genes by read recruitment. For
example, the previous study by Delmont et al. characterized
metagenome-assembled genomes according to the entire genetic
content and linked genes with their environmental distribution
patterns [61]. Kim et al. predicted core and strain-specific genes
from metagenome-assembled genomes of multiple Bacillus species,
and applied the core gene data to identify their properties in food
microbial communities [62]. In addition, Farag et al. identified frag-
ments of the Latescibacteria genomic by comparing the
metagenome-assembled genome with the reference genome [63].
These studies target the core, accessory, or unique genomes from
the microbial community to catalog the overall genomic and func-
tional diversity of a specific environment. This pan-genome and
metagenome combination strategy is based on the environmental
connectivity of pan-genome and metagenome to recover the
occurrence of populations or individual genes, which is not only
applicable to genome-assembled genomes, but also for
metagenome-assembled genomes. Metagenomic data recruiting
pan-genomes requires low computationally demanding for high-
resolution mapping, and provides a standard reference for compar-
ison. However, these studies on the processing of metagenome
data are based on the constructed pan-genome, which cannot be
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Table 1
Examples of the application of combining pan-genome and metagenome approaches
at analyses of microbial communities.

Reference

[65]

Time

2011

Object Strategy

Methanobrevibacter
smithii

Identify bacteria co-occurring
with M. smithii and construct the
M. smithii pan-genome.

Use metagenomic data to resolve
microbial profiles at the strain
level in complex communities.
Perform a pan-genome analysis
on genomes of different Bacillus
species and reconstruct their core
genes from the microbiome.

Use metagenome abundance of
reference genes to identify
different subgroups engrafted
from human mothers to infants.
Extract gene contents and
construct the pan-genomic
networks from large-scale
metagenomic data

Generate a pan-genome and
characterize the gene content in
environmental samples through
metagenomic read recruitment
Binning co-abundant genes across
metagenomic samples to
reconstitute metagenomic species
pan-genome

Reconstruct and compare
Spiroplasma genome from
metagenome using metagenomics
and pan-genomics analysis
strategies.

Construct pan-genome of 29
Aeromonas and identify the
virulence genes of Aeromonas
from assembly metagenomes.
Identify genes of Wolbachia by
pan-genomic analysis and
combine metagenome-assembled
genomes with reference genomes.
Identify uncultured candidate
bacterial species by
reconstructing metagenome-
assembled genomes from human
gut microbiomes.

Reconstruct microbial genomes
from yet-to-be-named species to
expand the pan-genomes of
human-associated microbes.
Construct pan-genome and study
the degree of each gene in the
healthy human mouth.

Identify the totality of genes
belonging to a species in multiple
metagenomic samplings of a
particular habitat.

Assembly metagenomes and
construct pan-genome of tongue-
specific TM7 clades and other
host-associated TM7 genomes.

Escherichia coli 2016 [31]

Bacillus 2017 [62]

Bacteroides 2018 [66]

Escherichia coli 2018 [67]

Prochlorococcus 2018 [61]

Proteobacteria 2019 [64]

Spiroplasma 2019 [68]

Aeromonas 2019 [38]

Wolbachia 2019 [69]

Ruminococcus, 2019
Alistipes,

Eubacterium.

[70]

Bacteroides 2019 [71]

Haemophilus 2020
parainfluenzae,
Rothia

Lactobacillus,

Gardnerella.

[60]

2020 [29]

™7 2020 [72]

extended by using the abundant gene resources contained in the
metagenome.

The gene repertoire reconstitutes of microbial species based on
metagenomic read recruitment does not consider the distribution
of co-abundant genes. When accessory or strain-specific genes
are considered, this read recruitment strategy has poor discrimina-
tion. Some genes in the core genome, plasmids that move between
strains or operons in the accessory genome, often tend to co-occur
in the genomes of multiple samples. Binning these co-abundant
genes provides a framework for characterizing cross-community
pan-genome. The pan-genome based metagenome approach per-
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Fig. 2. Scheme of integrative pan-genome with metagenome studies on microbial community. (a) The gene repertoire reconstitutes of microbial species based on
metagenomic read recruitment. Using pan-genome from a set of isolated genomes as a reference, reads are recruited from metagenomes to quantify relative frequency of
each gene sequence in community. (b) Binning co-abundant genes obtained from de novo assembly across metagenomic samples to reconstitute metagenomic species pan-
genomes. Co-abundant core or accessory genes of microbial species co-occurrence in samples and yield co-abundance. (c) Strategy for integrating pan-genome construction
and metagenomic read recruitment with co-abundant genes. The tools available for each step in these workflows are shown in brackets.

forms homologous clustering of all genes according to the gene cross-community pan-genome for genes with the same abundance
composition and abundance of metagenomes to determine the (Fig. 2b). This pan-genome based metagenome approach is
core and variable genes in the community, and then constructs a reference-free to bin co-abundant genes and reconstitute cross-
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community pan-genomes. For example, Plaza et al. proposed the
MSPminer approach based on the strategy of co-abundant genes,
extending the metagenome to pan-genome, which can not only
distinguish species core genes, but also accessory genes of micro-
bial species from human gut [64]. This MSPminer method delin-
eates pan-genomes from metagenomics datasets without
referring to genomes of isolated strains, and provides microbial
population genetics for profiling species without reference
genomes.

The strategy based on pan-genome construction and metage-
nomic read recruitment gives a good profile with complete gene
annotation, while the strategy based on co-abundant genes pro-
vides a profile of all genes in the community. Combining these
two strategies can obtain more accurate genomic information of
the population (Fig. 2¢), which will be more effective in studying
microbial communities.

Application of integrated approach for the in-depth understand-
ing of microbial ecology and evolution

As already shown in Table 1, dozens of studies have been con-
ducted based on the combination of pan-genome and metagenome
approaches to analyze microbial communities. These studies have
used pan-genomics and metagenomics methods to generate a
union of genes from species found in their habitats. In the study
of Bacillus [62] and Prochlorococcus [61], pan-genome was ana-
lyzed, and then the gene content was characterized by metage-
nomic read recruitment. This read recruitment method is
suitable for species with high-quality reference genomes, but not
for unknown components in the microbial community. Many stud-
ies, such as Wolbachia [69], Ruminococcus [70], and Bacteroides [71]
study, recovered metagenome-assembled genomes from metage-
nomic samples, resulting in the entire genome of the species from
samples collected in a given environment. These studies use the
metagenomic binning strategy, which employs sequence composi-
tion characteristics and differential coverage statistics of contigs to
reconstruct highly complete genomes. Then the pan-genome of
genomes assembled by metagenomes were analyzed. This metage-
nomic binning strategy depends on the quality of the assembled
genome and benefits the most abundant organisms. The study of
Proteobacteria [64], binning co-abundance genes to reconstruct
pan-genomes across communities. This co-occurrence model-
based approach has advantages in extending the pan-genome anal-
ysis to uncultured microbial groups, but ignores the information of
microbial genomes. Apart from proving that the integrated
approaches are indeed feasible, these studies have also answered
several key questions regarding microbial ecology and evolution,
included but not limited to: taxonomic profile and diversity assess-
ment of the community, microbial niche adaptation, microbial evo-
lution, functional activities, and interaction networks of the
community, etc.

Taxonomic profile and diversity: Natural microbial communities
are usually highly diverse at multiple taxonomic levels.
Metagenomics-based taxonomic profile of microbial communities
has limitations in capturing information that is crucial for the accu-
rate description of individuals, such as variation at the strain level.
In the genomes of different Escherichia coli strains, the genes
encoding toxins vary slightly, which can contribute to their differ-
ent pathogenicity [73]. Therefore, the strain-level profile is needed,
especially the gene content based on pan-genome, to identify
diversity in uncultured or unknown organisms. For example, Peng
et al. integrated the pan-genomes of Escherichia coli in conjunction
with metagenomes for a comprehensive exploration of genetic
diversity [67]. The applications of this integrated pipeline in five
pathogenic strains of Escherichia coli and 760 human gut micro-
biomes revealed extensive genetic diversity of Escherichia coli
within both isolates and the human gut microbial population. Such
diversity would be undetected in a pan-genome only approach. In
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addition, Zou et al. constructed 1520 non-redundant genomes from
more than 6000 healthy human intestinal bacteria [74]. Pan-
genome analysis of 38 important species revealed the diversity
and specificity of functional enrichment between their core gen-
ome and dispensable genome [74]. In addition to human gut, the
integrated approaches of pan-genome and metagenome have been
applied to the study of food microbiome, revealing significant dif-
ferences in the genomic signature of Bacillus, and identifying Bacil-
lus species in the food microbiome [62]. Julie et al. de novo
reconstructed Wolbachia genomes from single mosquitoes and
compared these four Wolbachia metagenome-assembled genomes
through a pan-genome strategy [69]. By linking the genes with
their abundance in the metagenome, new viral genes in the Wol-
bachia metagenome were revealed. These studies enable a
higher-resolution description of gene pool and population struc-
ture of environmental microbes. However, the use of pan-
genome to capture the taxonomic profiles and discover biomarkers
of microbial communities still has certain limitations. The number
of sequenced genomes is insufficient for diverse species and cannot
be extended to other species in the community.

Although the sizes of most eukaryotic genomes are very large, it
is still possible to assemble the genomes of eukaryotes, such as
fungi, from metagenomes. Although there are more and more
reports recovering eukaryotic genomes from metagenomes
[75,76], to our knowledge, these genomes assembled from eukary-
otic metagenomes are susceptible to contamination by bacterial
and archaeal genome fragments. Therefore, applying pan-
genomics and metagenomics strategies in the community may be
an effective way to identify eukaryotes.

Microbial niche adaptation: Microbes occupy different environ-
mental niches in complex communities and interact with the sur-
rounding environment. The combining measure of pan-genomics
and metagenomics provides access to the microbial niche parti-
tioning of microbial populations adapting to different habitats. In
the pan-genomes of many bacteria such as Methanobrevibacter
smithii [65] and Pantoea ananatis [77], genes existing in the acces-
sory genome and species-specific or strain-specific genes usually
participate in the process of niche adaptation. To clarify the ecol-
ogy of the microbial population in the community, Delmont et al.
revealed detailed pan-genomic characteristics related to occur-
rence patterns of Prochlorococcus populations in different marine
communities [61]. This study revealed differential environmental
patterns of Prochlorococcus isolates belonging to the same phyloge-
netic clade and identified a set of core genes that appeared on the
hypervariable genomic islands, which were associated with subtle
fitness trends. For these genes maintained within their niche
boundaries of Prochlorococcus populations, the metagenomic
recruitment approach alone does not provide access to them. Fur-
thermore, Utter et al. combined pan-genome and metagenome to
investigate the habitat adaptation and cultivar diversity of oral
bacterial populations in different habitats of tongue dorsum, buc-
cal mucosa, and supragingival plaque [78]. This study showed
the different habitat-specific abundance of three distinct sub-
groups of Haemophilus parainfluenzae and revealed species-level
taxonomy and habitat preferences of genus Rothia [78]. These
results demonstrate the power of pan-genome and metagenome
integration in the interpretation of microbial ecology and adapta-
tion across communities, as well as genomic subgroups represent
the niche partitioning. Because of the limited coverage of environ-
mental metagenomes and genomes, it is still challenging to charac-
terize all accessory genes of a given population in the environment.

Microbial evolution: The increasing availability of microbial gen-
omes and metagenomes provides new opportunities for studying
the evolutionary relationship of microbial populations. The evolu-
tionary relationships among species constructed based on pan-
genome, combined with their distribution in the community, can
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reveal their subtle evolutionary traces more effectively. The iso-
lates closely related to the population of Prochlorococcus showed
a subtle distribution gradient, leading to this difference involving
gene clusters that affect the fitness among close members [61].
This pan-genome based identification method, in conjunction with
the metagenomics analysis, can perform the taxonomic assign-
ment with high resolution. A multi-omics study that combines
pan-genomics, metagenomics, and phylogenomics, has been
applied in investigating the ecology and evolution of Saccharibacte-
ria (TM7). This study showed that TM7 has six monophyletic clades
related to plaque or tongue [72]. In this analysis, tongue-specific
TM7 clades are classified into other host-associated TM7 genomes,
while plaque-specific TM7 clades are more closely related to envi-
ronmental TM7 genomes [72]. The evolution of TM7 indicated a
resemblance between the dental plaque and the non-host environ-
ment. In addition, Moran et al. used short-read mapping to esti-
mate the abundance of genes in the pan-genome of B. uniformis
in an environmental population, thereby identifying transmission
events in B. uniformis population [66]. With the combination of
genome-resolved metagenomics and pan-genomics, the Wolbachia
genome was reconstructed from metagenome, revealing a diverse
set of mobile genetic elements [69]. Incorporating pan-genome
and metagenome has been applied in the context of individual
microbes and microbial communities, and enables predictions of
microevolution and phylogenetic resolution in microbial commu-
nities, especially the concept of horizontal gene transfer in commu-
nities. These studies have achieved more accurate phylogenetic
characteristics and contributed to a more powerful analysis of
the evolutionary process. However, there still exist certain limita-
tions in using pan-genome to identify the phylogenetic profile of
microbial communities. Due to the different rates of evolution of
different species, species for pan-genomic phylogeny need to be
carefully selected and evaluated in the community.

Functional activities and interaction networks: When combined
with pan-genomics and metagenomics, the measurement of func-
tional activity of microbial communities is more effective because
it highlights the respective pathways of high abundance, low abun-
dance, and core and accessory genes to understand how microbes
interact in various environments and hosts. Typically, there are a
considerable number of genes with unknown functions in the
metagenome. Hence, restricting metagenomic analysis to genes
with functional annotations will ignore a large proportion of genes.
As a solution, the strategy of clustering and analyzing
metagenome-assembled genes through pan-genome approach
has been proposed. For example, combining pan-genomics with
metagenome-based taxonomic and functional profile revealed a
set of core genes that have high sequence diversity related to sugar
metabolism in Prochlorococcus [61]. The pan-genome and meta-
transcriptome studies of Lactobacillus sakei revealed the homolactic
and heterolactic pathways of fermenting various carbohydrates
[79]. The combination of pan-genomics and metagenomics can
also reveal changes in the functional activity of Aeromonas in
response to different packages. For example, a series of virulence
genes existed in low abundance in the community, and increased
during the storage period, some of which were significant corre-
lated with Aeromonas abundance [38]. This complementary
method studies specificity of functional enrichment in microbial
genomes and the diversity of core and accessory genes in commu-
nity, expands the microbial functional profile, and can track the
functional dynamic changes in ecological adaptation.

To understand the interaction and emergency properties of the
community, interaction and network must be performed on the
community. The co-abundant patterns can show how particular
organisms or genes in a system occur together and vary with envi-
ronmental factors [64]. By extending the pan-genome of patho-
genic Escherichia coli strains to uncultured Escherichia coli, a pan-
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genomic network was derived from in human gut microbiomes,
showing adjacency pattern among genes [67]. The detailed pat-
terns of a particular community structure can be represented as
a network, which is amenable to predicting metabolic interactions
between microorganisms and hosts. These studies have also
improved the understanding of how microbes, gene families and
functions are distributed.

5. Conclusion and future perspectives of microbial community
profile

The diversity of microorganisms at the individual level indicates
the significance of cataloging a pan-genome in the community,
which can be used in subsequent applications in metagenomics.
Metagenomics constitutes an effective approach for studying
intact microbial communities, especially when incorporating
pan-genomics. In this review, we summarized the applications of
the pan-genome approaches to metagenomics, for comprehen-
sively describing the microbial communities in specific habitats
and conditions. We discussed the application of the integration
of pan-genomics and metagenomics in the community to charac-
terize the genetic content in a specific environment and obtain
ecologically meaningful views of different ecosystems. Extending
the concept of pan-genome to incorporate metagenome has
advanced our understanding of microbial diversity and
metabolism.

Pan-genomics and metagenomics are complementary. Pan-
genomics provides unique insights for a given taxon of microbial
genomes, while metagenomics identifies the composition and
metabolic patterns of microorganisms in the environment. Meta-
genomes allow estimating the abundance of variation of specific
genes in environmental populations, thus avoiding the limitations
of cultivation and genomic assembly. Extending from the tradi-
tional pan-genome concept to metagenome, it overcomes many
biases related to whole-genome sequencing and provides a com-
prehensive description of the microbial genetic diversity in specific
habitats. The combination of pan-genome and metagenome strat-
egy can not only estimate the abundance and distribution of gene
clusters in the environment, but also link them with the distribu-
tion of microbial populations, thereby providing a solution for
the expansion of genome-wide conventional analysis. In addition,
to clarify the basic biology of microbial communities, broader
pan-genome and metagenome studies should include the regula-
tory relationship profile, signal transduction and interactions
between microbes.

The strategy of integrating the pan-genome into the metagen-
ome has led to the discovery of remarkable genomic diversity
and the characterization of novel membership in communities.
However, for genomes with incomplete metagenome assembly,
this strategy should always be used with caution, as it may reduce
the quality of genome repositories. Due to the limited coverage of
metagenomes and genomes in the environmental communities,
coupled with the inherent complexity of assembly algorithms,
determining the characteristics of accessory genes in the commu-
nity is still a challenging task. The integration of pan-genomes
derived from metagenomes needs to be careful to avoid deviations
caused by spurious expansion of gene content. Efforts need to be
made to improve the accuracy of assembly, pan-genome and meta-
genome analysis tools, and integrate them into the study of micro-
bial communities. In addition, future research on pan-genomes and
metagenomes should not be limited to those gene sets with coding
functions. The regulatory regions of genomes also have a decisive
influence on microbial characteristics. The focus of future research
should expand the definition of pan-genome to include non-coding
sequences that may perform regulatory or other important func-
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tions. This combination strategy also can be applied to broader tax-
onomic groups as well as other eukaryotes such as fungus in com-
munities. Besides, integrated amplicon-based taxonomies and pan-
genomes will give new insights into complex ecosystems. More-
over, the rapid development of microbial single-cell sequencing
reveals the intra-population structure or host-microbe interactions
of complex microbial communities [80], and short-reading and
assembly-based strategies may not be effective. The method that
combines microbial single-cell sequencing, pan-genomics and
metagenomics will allow us to understand complex dynamics of
population, gene expression and metabolic functions of the micro-
bial genomes and their communities.

With recent technological advances, the integration of pan-
genomics and metagenomics data with other complex omics data
has become increasingly popular. Applying more advanced analyt-
ical techniques to large-scale microbial datasets, including big-data
analysis based on artificial intelligence, such as meta-analysis of
large metagenomic datasets by machine learning and metage-
nomic signatures analysis by deep learning, will result in an even
better understanding of the patterns and dynamics of microbial
communities.
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