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Abstract: 

Metagenomics uses molecular biology techniques to analyze the diversity of microbial 

genomes (metagenomes). Metagenome diversity has been analyzed using molecular markers 

to classify bacteria and archaea into taxonomic groups at the genus level. Among the most 

widely used molecular markers are ribosomal genes, genes encoding subunits of cytochrome 

C, and certain constitutive genes (gyrB, rpoB, rpoD, recA, atpD, infB, groEL, pmoA, sodA). 

The most widely used marker for classifying bacteria and metagenomic samples is the 16S 

rRNA gene, although it does not allow certain sequences to be properly classified. However, 

all the sequences of the hypervariable regions can be identified with the sequencing of the 

complete 16S rRNA gene, and, therefore, this molecular marker has made it possible to 

classify them at the species taxonomic level. Next generation sequencing, also called mass 

sequencing or high throughput sequencing, has helped to describe complex metagenomes 

such as those of environmental samples, which have an ecological importance, as well as 

metagenomes growing in extreme environments. They have also proved helpful in studies 

related to animal and human health, and in the agro-food field. Specifically, both the 16S 

rRNA molecular marker and high throughput sequencing combined with bioinformatic tools 

for metagenomic analysis have been used to describe the ruminal metagenome, a microbial 

community of great importance because it is involved in animal production of meat and milk. 
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Despite the many studies that have been conducted in this field, some microorganisms still 

remain to be discovered and characterized.  

Key words: Molecular Marker, 16S rRNA Gene, Metagenomics, Microbial diversity, High 

throughput sequencing. 
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Introduction 
 

 

Metagenomics is based on the use of molecular biology techniques to analyze the diversity 

of microbial genomes, also called metagenomes, from environmental samples. The microbial 

diversity of metagenomes has been analyzed using the 16S rRNA gene, which encodes for 

the ribosomal RNA that forms the small subunit of the ribosomes. This gene comprises 

preserved and variable regions in bacteria and archaea. The 16S rRNA gene has been used 

as a molecular marker, since it allows the classification of bacteria and archaea into 

taxonomic groups according to families or genera.  

 

The first studies of microbial diversity in environmental samples were carried out using 

culture-dependent methods, where only those microorganisms that could be isolated in the 

laboratory were studied. Through the advance of molecular biology techniques, it has been 

possible to analyze microbial diversity through the use of independent culture methods, 

obtaining more precise information about bacterial genomes. One of the most widely used 

methods is PCR amplification of 16S rRNA gene fragments, in some cases followed by 

denaturing gradient gel electrophoresis (DGGE). These techniques have been used to analyze 

ruminal bacterial diversity, changes in the microbial community, and gene expression after 

changes in the ruminants’ diet(1,2). Another advance that has allowed a broader analysis of 

microbial diversity in the rumen is the targeted sequencing of the variable regions of the 16S 

gene in order to differentiate microorganisms that are phylogenetically very close, analyze 

the genes and genomes that degrade the biomass in the rumen, characterize the rumen 

microbiota, and study the effects of yeasts on bacterial diversity in the rumen(3,4,5). 

 

The recent development of metagenomics has allowed the study of microbial diversity in 

environmental samples by isolating and analyzing the total genetic material present in an 

environmental sample(6,7). At the beginning, this strategy was used to search for new enzymes 
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with biotechnological potential, extracting the total DNA contained in an environmental 

sample, fragmenting it and cloning genes of different size in vectors such as plasmids (15 

kb), phages (up to 20 kb), phosmids and cosmids (up to 40 kb), as well as Artificial Bacterial 

Chromosomes (for larger fragments). These vectors were inserted into different host strains, 

and fluorogenic substrates were used as expression indicators. However, in the functional 

search for genes through clones, protein expression and enzymatic activity were of a small 

magnitude(8,9,10).  

 

A crucial part in the construction of metagenomic libraries is the extraction of the nucleic 

acids from the sample. There are two main strategies for metagenomic DNA extraction: 

chemical treatment and direct lysis with mechanical methods. Both methods have advantages 

and disadvantages. DNA of greater microbiological diversity is recovered with mechanical 

lysis than with chemical treatment; however, chemical treatment allows obtaining DNA of 

greater molecular weight. Regarding RNA extraction, the same extraction methods are used 

for any expression analysis in which RNAsase inhibitors are included, and it is recommended 

to freeze the samples at -80 ºC immediately after collection to avoid RNA degradation(9).  

 

To select the ideal extraction method, the type of sample, the nucleic acid to be purified and 

the type of analysis to be performed must be taken into account. Different strategies have 

been used for metagenomic analysis. Within the mechanical methods, magnetic beads have 

been used for oral, dermal or fecal samples, as well as samples of soil and water, from which 

high-quality sequences have been obtained(11). For the analysis of ruminal microbiomes, 

methods combining magnetic bead extraction (mechanical lysis) with extraction columns 

(chemical treatment) have been used to purify ruminal microbial DNA(11,12). This 

combination increased extraction performance over the use of separate magnetic beads and 

extraction columns. Other identification methods use Stable Isotope Probing (SIP), which 

identify the microorganisms that incorporate these isotopes through the use of marked 

substrates. In particular, the nucleic acid stable isotope probe technique (Nucleic acids-SIP) 

uses substrates with 13C and/or 15N isotopes, which are incorporated into bacterial genomes 

and can thus be traced(13). Other substrates with stable isotope probes are 13CH3-OH, 13C-

phenol and 5-bromo-2-deoxyuridine. However, limitations of the use of substrates marked 

with stable isotopes include the crosslinking and recycling of the isotopes within the 

microbial community, resulting in the loss of specific enrichment of the analyzed 

microorganisms(13). 

 

Techniques have also been developed to identify genes that change their expression levels 

during various biological processes. For example, Suppression Subtractive Hybridization 

(SSH) has been used to identify variations between complex DNA samples such as those in 

the ruminal environment(9,13). Differential expression analysis allows to compare the gene 

expression profile of a microbial community before and after being exposed to a specific 

condition and/or substrate and, thus, to identify important genes that exhibit changes in gene 
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expression profiles due to the effect of such condition and/or substrate(13). Another technique 

that is widely used in gene expression studies is microarrays, which offer the advantage of 

rapidly identifying and characterizing a large number of clones. Although microarrays can 

be used to identify a large number of conserved genes, they depend on known sequences 

previously reported in databases, thus eliminating the possibility of identifying new 

genes(8,10). More recently, mass sequencing has been used to obtain as much information as 

possible about the metagenome present in a sample. One of the first works with massive 

sequencing was the identification of the metagenome of the Sargasso Sea, where 1,045 

trillion base pairs of non-redundant sequences were generated, noted and analyzed in order 

to identify the genetic content, diversity and relative abundance of the microorganisms. It 

was estimated that the data obtained came from at least 1,800 genomic species that included 

148 phylotypes of unknown bacteria and more than 782 genes never before described that 

code for rhodopsin-like photoreceptors(10,14).  

 

The massive sequencing of the metagenome by "shotgun" has the characteristic of 

sequencing all the DNA present in the sample so that the microorganisms can be classified 

taxonomically up to the species level. Furthermore, with the sequences obtained by this type 

of sequencing, genes with functions never before described can be discovered, and even 

sequences belonging to the 16S rRNA gene can be selected for taxonomic annotation. These 

classifications are made with the use of bioinformatic tools that search for homology with 

the sequences analyzed in different existing databases(15). Specifically in ruminal 

environments, metagenomic libraries have been analyzed in order to evaluate the effects of 

diets on ruminal microbiome by means of metagenomic profiles, and the 16S rRNA gene 

marker has been used to determine and classify the microbial diversity of the sequences(3,5). 

However, some of the sequences of these samples have not been adequately classified; 

therefore, using at least one molecular phylogenetic marker other than the 16S rRNA gene 

may improve taxonomic classification(15). 

 

In the present work it was reviewed the tools used for metagenome analysis, ranging from 

classical molecular markers to those used with data obtained from massive sequencing, with 

an emphasis on metagenomes from ruminal environments. 

 

 

Molecular markers for metagenomic analysis 
 

 

A molecular marker is a segment of DNA that corresponds to a non-coding gene or regions 

of the genome, these segments of DNA allow different variants (alleles) to be identified and 

are located at a particular site on the chromosomes (locus). The differences obtained in these 

DNA fragments are known as polymorphisms and can be detected by hybridization of nucleic 
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acid sequences, nucleotide sequencing, comparison of the length of the fragments produced 

by the polymerase chain reaction (PCR) and through sites recognized by restriction enzymes. 

Molecular markers can be used to classify taxonomic groups, populations, families or 

individuals in both eukaryotes and prokaryotes(16,17). Various molecular markers have been 

used in genetic studies in domestic animals, in wildlife, in endangered species, and in forensic 

and paternity tests. The best known are RFLPs, mini-satellites, AFLPs, RAPDs, 

microsatellites and SNPs (Table 1). 

 

The most relevant characteristics that molecular markers must have in order to optimize 

metagenomic studies include (1) that they are single copy genes (genes that have only one or 

two copies in the entire genome), as they provide less uncertainty than markers for genes 

with multiple copies (genes with repeated copies in the genome); (2) that the sequence of the 

marker gene is easily aligned to facilitate phylogenetic analysis; (3) that the proportion of the 

gene replacement region is sufficient to provide information needed for classification; (4) 

that primers are selective to amplify the marker gene, but not universal, in order to avoid 

false positives; (5) that there is no excessive variation in the marker sequence that limits the 

determination of ancestry. The genes that are used as molecular markers to classify 

microorganisms are described below. 

 

 

Ribosomal genes 

 

 

Ribosomal RNA genes are considered the ideal tool for taxonomic classification since they 

are highly conserved and evolutionarily stable genes, but they contain hypervariable regions. 

The sequencing of these regions has generated large databases that assist in the taxonomic 

classification(18). Ribosomes of bacteria and archaea consist of two subunits: a small subunit 

containing a single type of RNA (16S) and a large subunit containing two types of RNA (5S 

and 23S)(17).  

 

16S rRNA. This gene is also designated 16S rRNA, but the American Society for 

Microbiology (ASM) has decided to use the term "16S rRNA" in order to standardize the 

information. It has an approximate sequence length of 1,550 bp and contains variable and 

preserved regions with unique oligonucleotide sequences for each phylogenetic group(18,19). 

The comparison of 16S rRNA gene sequences of unknown bacteria with known sequences 

in databases is of great help in classifying bacteria at the genus level and has even identified 

species in some cases(20,21).  

 

5S rDNA. It is a gene of approximately 120 nucleotides in length and is found in virtually 

all ribosomes except mitochondria, some fungi, higher animals and most protists. Although 
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the sequence of this gene is highly conserved, the reliability of this gene as a marker is 

questioned because its length is very small and therefore does not offer sufficient resolution 

to contribute significantly to the understanding of phylogenetic relationships between 

taxa(17). 

 

23S rDNA. It is a gene of approximately 3,000 nucleotides in length that is located in the 

large subunit of the ribosomes in prokaryotes. This gene has larger insertions and deletions 

than the 16S rRNA gene. Stable insertions and deletions of some bases in the 23S rDNA 

gene are common characteristics in some classes and subclasses of bacteria. These changes 

complicate the analyses, since the different positions cannot be considered for correct 

phylogenetic classifications(22). The 23S rDNA gene has been used in conjunction with the 

16S rRNA gene for the taxonomic classification of non-cultivable bacteria. The intergenic 

spacer (IGS) located in the 16S-23S region, which is very variable, has also been used to 

differentiate between two strains belonging to the same subspecies(22,23). 

 

 

 

Genes encoding subunits of cytochrome C 

 

 

Cytochrome Oxidase I/II (COI/II). The cytochrome C oxidase enzyme is an electron transport 

chain protein found both in bacteria and in the mitochondria of eukaryotic organisms. The 

COI and COII genes encode for two of the seven polypeptide subunits of the cytochrome C 

oxidase complex. The COI gene evolves more slowly compared to other mitochondrial genes 

and is widely used in phylogenetic studies(17). 

 

 

Genes encoding proteins with preserved functions 

 

 

In studies that have found a greater diversity of microorganisms, molecular community 

analysis techniques based on the 16S rRNA gene have been used, supported by multilocus 

sequence analysis (MLSA) studies, which involve the sequencing of several genes encoding 

proteins with conserved functions (housekeeping genes) to evaluate the diversity in 

collections of isolated strains(24). In these studies, the partial sequences of genes that encode 

for proteins with conserved functions are used to generate phylogenetic trees and, 

subsequently, to solve phylogenies. The main disadvantage of using the 16S rRNA gene as 

a phylogenetic marker is its insufficient resolution at the species level. However, the use of 

a complementary phylogenetic analysis based on protein coding genes(25) allows to increase 

the resolution of phylogenies at an infra-generic level and to determine new strains. Over 50 
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individual MLSA schemes are available, and MLSA databases (http://www.mlst.net/ and 

http://www.pubmlst.org) can also be used to identify microbial sequences not known at the 

species level(24,26). 

 

The genes that have been used in MLSA are those that encode ubiquitous enzyme subunits, 

such as the of DNA gyrase subunit β (gyrB), the RNA polymerase subunit β (rpoB), the 

sigma 70 factor (sigma D) of RNA polymerase (RpoD) , the recombinase A (recA), the β 

subunit of ATP synthase F0F1 (atpD), the translation initiation factor IF-2 (infB), the tRNA 

modification GTPase ThdF or TrmE (thdF) and the chaperonin GroEL (groEL)(24,26). 

 

The particulate methane-monooxygenase subunit β (pmoA) has been used as a functional 

marker for the detection of aerobic methanotrophs. Methane-monooxygenase is the enzyme 

responsible for the initial conversion stage from methane to methanol. Two forms of this 

enzyme are known, soluble methane-monoxygenase (sMMO) and a membrane-bound 

enzyme, particulate methane-monoxygenase (pmoA). The pmoA gene is the most frequently 

used marker, as it is present in most methanotrophic aerobic bacteria. It is also present in 

anaerobic denitrifying bacteria(27). Another marker that can be used for the detection of 

methanotrophs is the mxaF gene that encodes the major subunit of methanol 

dehydrogenase(27,28).  

 

As an example of this approach, can be cited the work of Sánchez-Herrera et al(26), who have 

used the 16S rRNA gene as a molecular reference marker to identify and classify strains of 

the genus Nocardia at the genus level. However, being a gene with multiple copies generates 

problems in the identification of isolated strains of clinical cases. After testing other genes 

through PCR amplification of their segments: sodA (gene encoding the enzyme superoxide 

dismutase), hsp65 (heat shock protein), secA1 (preprotein translocase subunit secA), gyrB 

(DNA gyrase subunit β), rpoB (RNA polymerase subunit β) and the 16S-23S intergenic 

spacer, the authors were able to discriminate only between closely related species of 

Nocardia using the sodA gene. The 386 bp fragment of the sodA gene includes variable 

regions, with 4 and 5 bp segments, and has the potential to be used as a molecular marker. In 

conclusion, although there is a great diversity of molecular markers to analyze microbial 

communities, so far, the gold standard for the classification of sequences obtained from 

samples remains the 16S rRNA gene.  

 

 

The use of mass sequencing in metagenomics 
 

 

Although metagenomic analysis started with the use of different molecular markers such as 

AFLP, RAPDs, 16S rRNA etc. (Table 1), some of these markers have been observed to 
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improve their efficiency when the technique used to identify them includes their sequencing 

instead of characterizing them by means of reactions with restriction enzymes and/or 

amplification by PCR. From its inception, DNA sequencing with Sanger's technology has 

had a major impact on virtually every branch of the biological sciences, including microbial 

community studies. Currently, the use of Sanger sequencing can generate up to 96 sequences 

per run with an average length of 650 bp, which may be sufficient for phylogenetic marker 

analysis(15). This type of study is known as first generation sequencing and results in high 

quality sequences of a length between 500 and 1,000 bp. However, its disadvantage is that 

the proportion of molecular markers that can be sequenced in a run, compared to the total 

number of microorganisms present in a metagenomic sample, is very low(11).  

 

Table 1: Molecular methods used in genetic studies 

Molecular 

Marker Characteristics Reference 

RFLP  

(restriction 

fragment length 

polymorphism) 

It is based on nucleotide changes in a genome that 

occur at a restriction enzyme recognition site. In 

forensic science it has been used to prove whether 

tissues from crime scenes (blood, skin, sperm, etc.) 

belong to a suspect. In the management of animal 

breeds, it is used to track progeny, as well as for 

paternity testing and disease diagnosis. 

Khlestkina(16) 

Wakchaure et al(50)  

Minisatellites or 

VNTR  

(variations in 

the number of 

tandem repeats) 

 

They are short sequences of 10 to 60 bp, repeated in 

variable number at one or more sites of the genome. 

They have been used to identify paternal lineages in 

individuals and to assess genetic diversity in 

domestic animal, wildlife and grass populations. 

Kumar et al(51) 

Lang et al(52) 

AFLP  

(amplified 

fragment length 

polymorphism) 

It is the amplification of digested genomic fragments 

with restriction enzymes that recognize sequences 

dispersed throughout the genome. It has been used 

for "fingerprinting" DNA studies, to clone and map 

specific DNA sequences and to make genetic maps. 

Khlestkina(16) 

Kumar et al(51) 
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RAPD  

(randomly 

amplified 

polymorphic 

DNA) 

They use short, arbitrarily sequenced primers to 

direct an amplification reaction in discrete regions of 

the genome, resulting in fragments of various sizes. 

They have been used for fingerprinting DNA 

studies, to relate close species, in genetic mapping, 

in population genetics, in molecular evolutionary 

genetics, and in genetic breed studies in animals and 

plants. 

Beuzen et al(53) 

Vignal et al(54) 

Wakchaure et al(50) 

Microsatellites 

or SSR  

(simple 

sequence 

repeats) 

They are sequences of 2 to 6 bp repeated in tandem 

throughout the genome and have a high 

polymorphism depending on the number of 

repetitions found in non-coding gene regions. They 

have been used in animal identification studies, 

genetic resource evaluation, paternity testing, 

disease research, determination of genetic variation 

within and between races, population genetics, gene 

and genome mapping migration, and the detection 

polymorphisms even in silico studies. 

Khlestkina(16) 

Beuzen et al(53) 

Kumar et al(51) 

Duran et al(55) 

 

SNP  

(single 

nucleotide 

polymorphism) 

These are regions of DNA in which the substitution 

of one nucleotide by another, or the addition or 

removal of one or a few nucleotides, is observed. It 

has been used in the analysis of biparental 

inheritance genes and in the analysis of genetic 

differences, to make genetic maps and to detect 

genetic variations within species. 

Khlestkina(16)  

Yu et al(56) 

Beuzen et al(53)  

Kumar et al(51) 

 

With the emergence of mass sequencing technologies, known as "Next Generation 

Sequencing technologies (NGS)" millions of DNA molecules can be sequenced 

simultaneously, which greatly facilitates the study of microbial diversity(15). One of the first 

high-throughput sequencing technologies was 454 pyrosequencing, which was used for 

targeted sequencing of ribosomal RNA gene amplicons(29). This technique had the advantage 

of allowing the obtainment of sequences of up to 1,200 bp, albeit with a significantly higher 

error than other sequencing platforms (1%) and at a higher cost(15). Second generation 

sequencing, also known as short reading sequencing (50 to 400 bp) uses mainly the Illumina 

platform(11). Among its advantages, it is worth mentioning that it allows a greater number of 

readings, with an approximate error rate of 0.1% and at a comparatively low cost(15). It is 

currently the most popular technology, but it requires a more complex bioinformatic analysis 

phase than other platforms. 

 

Traditionally, when these two platforms (454 pyrosequencing and Illumina) are used for 

metagenomic analysis with the 16S rRNA marker, a previous amplification step by PCR is 
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performed, limiting the identified species to bacteria and archaea only, since the primers will 

always be used for amplifying fragments of the 16S rRNA gene. If the population also 

includes eukaryotic microorganisms such as yeasts and protozoa, they cannot be detected. 

On the other hand, this step of amplification by PCR entails an enrichment of the DNA which 

produces a bias towards the species that are found in greater proportion causing that the 

species that are found in smaller percentage to become hard to detect. Finally, this type of 

analysis identifies microorganisms down to the gender level(29).  

 

 

An alternative for increasing resolution at the taxonomic level lies in the metagenomic study 

with the mass sequencing techniques called "Whole-Genome Shotgun sequencing" (WGS) 

and "Shotgun metagenomics sequencing (SMS)", in which the total metagenomic DNA is 

sequenced(30,31). The major advantage of these methods is that microorganisms can be 

classified down to the species level and that not only prokaryotes but also eukaryotes can be 

identified; also, it does not require the previous amplification step by PCR, and therefore the 

bias is eliminated. Another advantage of these sequences is that by having sequences of all 

the DNA present in the sample, those corresponding to the 16S rRNA gene can be selected 

for use as taxonomic molecular markers; sequences of genes of other constituent 

polymorphic markers (MLSA) can also be sought in order to achieve a better classification 

of the microorganisms. The main disadvantages are that it has a higher cost than targeted 

sequencing of the 16S rRNA gene and requires more complex bioinformatic data analysis(32). 

Several studies have been conducted to identify metagenomes in a wide range of population 

environments, using both 16S rRNA gene targeted sequencing and full metagenome 

sequencing with WGS and/or SMS. 

 

 

 

Bioinformatic tools for metagenomic analysis 
 

 

It is important to point out that bioinformatic tools must be used to analyze data obtained 

from massive sequencing. The greater the amount of data generated, the greater the need for 

bioinformatics resources(15), both for applications implementing analysis algorithms and for 

databases with information on microbial genomes (Table 2). 
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Table 2: Bioinformatic software for the analysis of metagenomic sequences 

Bioinformatic 

application 
Method of analysis Reference 

MG-RAST Assigns structural and functional annotations according to 

nucleotide and protein databases by homology. 

Meyer et al(33) 

MOTHUR Analyzes 16S rRNA gene sequences, quantifies ecological 

parameters to measure α and β diversity; visualizes the 

analysis using Venn diagrams, heat maps and 

dendrograms; selects sequence collections based on their 

quality, and calculates the sequence distance in pairs. 

Schloss et al(34) 

QUIIME Analyzes microbial sequences of the 16S rRNA gene, 

performs taxonomic and phylogenetic profiles, and 

compares between samples. 

Kuczynski et al(35) 

PhaME Performs SNP-based comparisons of entire genomes, 

assembled sequences, and processed sequences for 

phylogenetic and molecular evolutionary analysis. 

Ahmed et al(36) 

VITCOMIC1 Analyzes the 16S rRNA gene and high throughput 

sequences to visualize the phylogenetic composition of 

metagenomic samples. 

Mori et al(37) 

16SPIP Rapidly detects pathogenic microorganisms in clinical 

samples based on metagenomic sequences of the 16S rRNA 

gene. 

Miao et al(38) 

PICRUSt Algorithm with a predictive metagenomics approach based 

on 16S rRNA gene data and a reference genome database. 

Langille et al(39) 

CowPI Uses PICRUSt to Analyze 16S rRNA Gene Data from 

Rumen Microbiome. 

Wilkinson et al(57) 

Kraken Assigns taxonomic tags on metagenomic DNA sequences 

using k-mers alignment achieving more accurate 

classification compared to BLAST. 

Wood et al(58) 

Kaiju Metagenome classifier that finds maximum matches at the 

protein level using the Burrows-Wheeler transformation; 

classifies readings with similar sensitivity and accuracy 

compared to k-mers based classifiers, especially in genera 

that are underrepresented in reference databases. 

Menzel et al(59) 
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One of the most used applications since its launch is the MG-RAST(33) server, which assigns 

functional annotations to the analyzed sequences by comparing them with protein and 

nucleotide homology databases, in addition to allowing phylogenetic analysis. This tool is 

free and easily accessible, and it is fed with information provided by researchers; therefore, 

it helps to end the main bottleneck in metagenome sequence analysis, which lies in the 

availability of information to assign genomic annotations(33). Two other widely used 

bioinformatic tools in metagenomics are MOTHUR(34), which is also freely accessible and 

which feeds on metagenomic information that users add to a database with monthly updates, 

and QUIIME(35), which is used for the analysis of microbial communities from bacterial and 

archaeal data. 

 

Another software widely used for metagenome analysis is PhaME(36) (Phylogenetic and 

Molecular Evolutionary), which uses whole genome SNPs to measure interspecific diversity 

by phylogenetic analysis. PhaME(36) can be used to measure inter-species and inter-strain 

divergence and minimize errors in sequencing and assembly. Comparative genomics, 

including phylogenetic analysis based on ortho genes and SNPs, requires assembled or 

finished genomes. PhaME uses the SNP-based approach of complete genomes available in 

the databases, assembled sequences (contigs) and raw sequences to perform phylogenetic 

and molecular evolutionary analysis. This software combines algorithms for genome-wide 

alignment, reading mapping, and phylogenetic construction; it uses internal commands to 

infer the main genome and SNP, infer trees, and perform other molecular evolution analysis. 

PhaME is especially useful for the analysis and detection of organisms that are not very 

abundant in metagenome samples and has been used in data on bacterial samples, viruses, 

such as Ebola in Zaire, and yeasts, among others(36).  

 

Other tools focus on the analysis of the hypervariable regions of the 16S rRNA gene, such as 

VITCOMIC1(37), which combines the information obtained from the targeted sequencing of 

the 16S rRNA gene as well as from the massive WGS or SMS sequencing to better visualize 

the phylogenetic composition of metagenomic samples, in addition to generating a more 

accurate record of the microbial community. Similarly, the 16SPIP(38) application has also 

been used for rapid detection of pathogenic microorganisms in clinical samples based on 16S 

rRNA metagenomic sequence data. 

 

As for "predictive metagenomics" approaches, the PICRUSt(39) algorithm, which uses 

evolutionary models to predict metagenomes from 16S rRNA gene data and a reference 

genome database, should be highlighted. This tool has been used with data from soil 

microbiome samples, mammalian intestines, microbial mats, and humans(39), such as the 

human oral microbiota study which analyzed 6,431 samples of the 16S rRNA gene from the 

Human Microbiome Project(39,40). 

 

 



Rev Mex Cienc Pecu 2020;11(4): 1150-1173 
 

1162 

Examples of metagenomic characterization with high 

throughput methodologies 
 

 

Several metagenomic characterization works have been carried out to identify 

microorganisms living in environments of interest due to their great variability and ecological 

importance (Table 3). The following are a few examples of these works, without being 

exhaustive. For example, a massive sequencing of 29 metagenomes from samples from three 

marine stations that are part of the global Tara expedition was performed(29). The taxonomic 

analysis carried out with the sequence data corresponding to the 16S rRNA gene made it 

possible to identify all the variable regions of the gene (V1 to V9). Targeted sequencing of 

the 16S rRNA gene was also performed for comparative purposes. The results obtained 

indicated that the efficiency in taxonomic classification with the use of ribosomal database 

RDP (Ribosomal Database Project) is similar for both types of sequencing. However, 

massive sequencing offers two major advantages: it reduces the error caused in amplicon 

PCR and it generates a large amount of functional data that can be analyzed along with the 

taxonomic analysis. 

 

Table 3: Examples of metagenomic characterization 

Sample Type of analysis Reference 

Marine Plankton from Tara 

Oceans Expedition marine 

stations 

Taxonomic profiles and structure of 

prokaryotic communities through massive 

16S rRNA directed sequencing  

Logares et al(29) 

Sundarban Mangrove 

Sediments 

Analysis of bacterial diversity and 

distribution through targeted sequencing of 

16S rRNA  

Basak et al(41) 

Sediments from the Arabian 

Sea 

Analysis of bacterial structure and diversity 

based on the sequencing of a 16S rRNA 

library 

Nair et al(42) 

Malaysia Sungai Klah Hot 

Springs 

Diversity analysis through 16S rRNA V3-

V4 region targeted sequencing 

Chan et al(43) 

Mushroom Spring in 

Yellowstone National Park 

Microbial diversity based on 16S rRNA 

gene targeted sequencing and 

metagenomic sequencing. 

Thiel et al(44) 
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Basal ice of Matanuska 

Glacier, Alaska 

16S rRNA gene directed sequencing 

microbial diversity analysis and 

metagenomic sequencing 

Kayani et al(45) 

Blood from healthy donors Analysis of the microbiome by PCR 

amplification and directed sequencing of 

16S rRNA 

Païsse et al(46) 

Human Fecal Microbiome Comparative study of the entire genome by 

massive and targeted sequencing of 16S 

rRNA 

Ranjan et al(32) 

Pasteurized and un-

pasteurized Gouda cheese 

Diversity analysis through targeted 

sequencing of the 16S rRNA gene 

Salazar et al(47) 

Ileal and cecal microbiota 

from broilers 

Diversity analysis by amplification of the 

V3 region of the 16S rRNA gene 

Mohd-Shaufi et 

al(48) 

Microbiota attached to fiber 

in bovine rumen 

Characterization of genes and genomes of 

metagenomic DNA 

Hess et al(3) 

Rumen of dairy and beef 

cattle 

Taxonomic analysis of the rumen 

microbiome through directed 

pyrosequencing of the 16S rRNA gene 

Wu et al(20) 

Rumen microbiota in cattle 

supplemented with yeast 

Analysis of rumen microbial diversity 

through pyrosequencing 

Pinloche et al(5) 

Rumen microbiota in cattle 

supplemented with thiamine 

Analysis of bacterial diversity through 

targeted sequencing of the 16S rRNA gene 

Pan et al(49) 

Microbiome of healthy skin 

and with digital bovine 

dermatitis 

Microbial characterization and functional 

gene composition of healthy skin or skin in 

active and inactive lesion stages by massive 

sequencing of the entire genome and 

annotation of the samples by MG-RAST 

Zinicola et al(30) 

Rumen fluid from three 

fractions of the bovine rumen 

Metagenomic profiling of the rumen by 

non-directed parallel mass sequencing in 

metagenomic DNA 

Ross et al(31) 

 

Another metagenomic work in the field of mass sequencing focused on analyzing the 

diversity and bacterial distribution present in sediments of the tropical mangrove of 

Sundarban(41). For this identification, it was used the 16S rRNA directed sequencing through 

454 pyrosequencing, obtaining a total of 153,926 sequences. The analysis with MG-RAST 

software made possible the identification of 56,547 species belonging to 44 different 



Rev Mex Cienc Pecu 2020;11(4): 1150-1173 
 

1164 

phylotypes, being the most dominant the phylotype Proteobacteria. On the other hand, 

metagenomic analysis of sediments from the Arabian Sea(42) with Sanger 16S rRNA 

sequencing classified the sequences obtained into seven different phylotypes where the 

phylotype Proteobacteria also predominated. 

 

A large number of papers have focused on the characterization of metagenomes from extreme 

environments. For example, sequencing of 16S rRNA and complete genomes has been used 

to identify the diversity of thermophilic bacteria present in thermal waters in Malaysia whose 

temperature varies between 50 and 110 ºC(43). An analysis of the 16S rRNA data identified 

approximately 35 phylotypes, of which Firmicutes and Proteobacteria represented 57 % of 

the microbiome. As for thermophiles, 70 % of those detected were strictly anaerobic; 

however, Hydrogenobacter spp. (forced chemolithotrophic thermophilotypes) constituted 

one of the most frequent taxa, and a large number of thermophilic photosynthetic 

microorganisms were found as well. Most of the identified phylotypes coincided with the 

findings of the sequencing of complete genomes. Thanks to this type of analysis, it was 

possible to identify and classify extreme microorganisms, such as thermophilotypes, 

anaerobes and chemolithophytes, that would have been difficult to characterize with classic 

microbiological methods(43).  

 

Another study for identifying microbiota from extreme environments was conducted from 

samples of microorganisms that grow in the fungi that inhabit Yellowstone Park through the 

directed sequencing of 16S rRNA(44). Over the years, the study of microorganisms in this 

habitat has focused on chlorphototrophic bacteria belonging to the Cyanobacteria and 

Chloroflexi. However, the results of the study revealed that microbial variation is dominated 

by a single taxon: Roseiflexus spp. which belongs to the group of anoxigenic phototrophic 

microorganisms(44). Targeted 16S rRNA sequencing, along with full genome sequencing, has 

equally been used in glaciers, for which microbial information is also very limited. The first 

reported metagenomic study of glaciers(45) identified nine different genomes, including 

Anaerolinea, Synthrophus and Thiobacillus, and metabolic pathways involved in sulfur 

oxidation and nitrification were identified. 

 

There are examples of the use of mass sequencing in metagenomic populations within the 

health and agro-food sectors. As an example within the field of human health, studies of 

directed sequencing of 16S rRNA to describe the microbiota present in the blood of healthy 

individuals have shown that this body fluid is not a sterile tissue(46). At the phylotype level, 

more than 80% of the microorganisms present in the blood belonged to Proteobacteria, 

although phylotypes of Actinobacteria, Firmicutes and Bacteriodetes were also found. 

Ranjan et al.(32) used different strategies to characterize the human fecal microbiome. From 

a single sample they obtained 194.1 x106 readings from different sequencing strategies (16S 

rRNA directed sequencing, Illumina HiSeq, Illumina MiSeq). When comparing these, 
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especially the 16S rRNA gene directed sequencing with the WGS sequencing, they 

concluded that the latter has more advantages, as it increases the ability to identify bacterial 

species and the detection of diversity and gene prediction, and it also improves the accuracy 

of species detection by increasing the length of the sequences. 

 

In the agro-food field, directed sequencing of 16S rRNA has also been used to identify 

microorganisms present in Gouda cheese(47) whether prepared with pasteurized or 

unpasteurized milk, and to evaluate changes due to the effect of aging. This study identified 

120 genera in unpasteurized cheese and 92 in pasteurized cheese. In addition, depending on 

the aging time, it had a significant influence on the presence of microbiota. The most 

abundant genera in all samples were Bacillaceae, Lactococcus, Lactobacillus, Streptococcus 

and Staphylococcus.  

 

In the case of growing broilers, the variation of ileal and cecal microbiota through time has 

been studied(48). In order to do this, the hypervariable V3 region of the 16S rRNA gene was 

amplified and sequenced. The results showed that the cecal microbial communities were 

more diverse than the ileal ones. In addition, the presence of (potentially pathogenic) 

Clostridium bacteria was observed to increase as the animals grew and that the population of 

beneficial microorganisms such as Lactobacillus was low in all intervals(48). 

 

In the case of ruminal metagenomes, it should be noted that one of the first sequencing studies 

was conducted to search for cellulolytic enzymes never before described(3). In this study, 454 

pyrosequencing was performed, obtaining 268 gigabases of metagenomic DNA information. 

From this information, 27,755 supposed genes of carbohydrate-active enzymes were 

identified, of which 90 codified for possible proteins, and 57% of them were enzymatically 

activated by cellulosic substrates. Another study focusing on ruminal metagenome in dairy 

calves and beef cattle steers(20) used 16S rRNA targeted pyrosequencing to assess population 

variation according to the type of livestock. This study found 8 phylotypes, 11 classes, 15 

families and 17 different genera, and differences in the abundance of phylotypes found 

between dairy and beef cattle. The most abundant phylotypes were Bacteriodetes, 

Firmicutes, Proteobacteria, Fibrobacteres and Spirochaetes in both types of cattle, but with 

a lower abundance of Bacteriodetes and Proteobacteria in beef cattle. The use of yeast as a 

nutritional additive in cattle is known to improve milk production and weight gain. However, 

there is no knowledge of whether the effect caused by yeasts is a general stimulus to all 

microbial species or only affects some of the ruminal environment. Due to the above, a study 

was conducted to evaluate the changes in the rumen microbiota when the animals were fed 

with a yeast additive compared to when they consumed only the basal diet(5). In this work, 

454 pyrosequencing of the V1 region of the 16S rRNA gene was used to identify the 

population of ruminal microorganisms. The results showed that a change was observed in the 

main fibrolytic bacteria (Fibrobacter and Ruminococcus) and in lactate-using bacteria 

(Megasphaera and Selenomonas) when the yeast additive was added. Targeted sequencing 
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of the 16S rRNA gene in the adult dairy cattle ruminal microorganism population when 

combining thiamine with high grain diets has been used to evaluate its effect as an additive 

in animal nutrition(49). The results confirmed that thiamine supplementation can improve 

ruminal function, as the number of cellulolytic bacteria increased when this amino acid was 

administered.  

 

In the field of animal health, the sequencing of complete metagenomes has also been used. 

For example, skin metagenome with active and receding bovine digital dermatitis has been 

compared with the skin of healthy cattle to see if pathogens involved in the pathogenesis of 

the disease were detected(30). The sequences obtained were analyzed with MG-RAST and six 

main phylotypes were identified, among which Firmicutes and Actinobacteria predominated 

in the microbiome of healthy patients, while Spirochetes, Bacteroidetes and Proteobacteria 

were the most abundant in active and recession patients; this confirms that the presence of 

the disease changes the population of the metagenome.  

 

Rumen metagenomic profiles have been obtained by sequencing complete metagenomes 

from samples of ruminal fluid from three different cattle and between different locations in 

the rumen(31). In addition to comparing with the metagenome from feces of the same animals, 

the results indicated that the variation in metagenomic profiles was less among samples taken 

from the same animal, even if they were taken from different regions of the rumen. Contrary 

to expectations, no relationship was found with the metagenomic profile of faeces and 

ruminal fluid from the same animal. 

 

 

Conclusions 
 

 

Traditionally, metagenomic analysis used laborious methodologies, such as denaturing 

gradient gel electrophoresis, the digestion of genomes with restriction enzymes, and their 

visualization by means of agarose and/or acrylamide gels. The development of nucleic acid 

sequencing methodologies, especially new mass sequencing technologies, has helped to 

reduce this problem. 

 

The 16S rRNA gene has traditionally been considered the gold standard for classifying 

prokaryotic microorganisms (bacteria and archaea), as it meets all the characteristics required 

to be a molecular marker. However, despite the large number of works that have used the 

sequencing of the hypervariable regions of this marker, it has the disadvantage of not being 

able to determine taxa at an infra-generic level. A strategy used to improve taxonomic 

classification has been the combination of the 16S rRNA marker with some other constitutive 

expression genes such as the genes sodA, hps65, gyrB, among others, and even genes 
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encoding for subunits of the cytochrome c enzyme complex have been used to classify 

microorganisms into species.  

 

In the last decade, mass sequencing technologies have made it possible for microbial 

populations to be analyzed in greater depth, either by sequencing the entire 16S rRNA gene, 

thus increasing the resolution of that marker, or by combining the information of that gene 

with the sequencing of complete metagenomes. In this last type of analysis, sequences of all 

the genomic material present in the sample are obtained, which offers the great advantage 

that in addition to making the taxonomic classification it is also possible to obtain functional 

information of the detected genes. Thus, despite the limitations of the required bioinformatic 

analysis, the use of these methodologies allows for more complete analyses. 

 

However, despite the development of high-performance sequencing techniques, the targeted 

sequencing of 16S rRNA on the Sanger platform is not entirely obsolete, and the selection of 

the analysis strategy will depend on the objectives of the study, the degree of precision 

desired, the sample size and the financial resources that can be allocated by the research team. 

For example, if you are looking for the presence and/or absence of a single bacterial genus, 

Sanger sequencing would be ideal because it has the ability to sequence relatively large 

fragments with greater precision than any mass sequencing platform. If what is wanted is to 

discriminate between species of a single bacterial genus, two strategies can be utilized: the 

sequencing of some hypervariable region of the 16S rRNA together with some other 

constitutive gene (MLSA), or the sequencing of the whole gene in order to obtain the 

information of all the hypervariable regions. 

 

Today, metagenomics faces numerous challenges arising from the large amount of 

information generated, its storage and the way in which it must be treated. Although many 

tools and applications have been designed for bioinformatic analysis of metagenomes, there 

is no single "protocol" of analysis; therefore, each study must be adapted to the nature of the 

samples and the objectives of the experiment. 

 

In conclusion, microbial diversity studies will always use the 16S rRNA molecular marker 

to make taxonomic classifications, either through the sequencing of one or two of its 

hypervariable regions or through that of the whole gene, and it can even be combined with 

the use of another constitutive gene as a molecular marker to achieve a better taxonomic 

classification. On the other hand, mass sequencing technologies have greatly improved the 

study capacity and speed of metagenome analysis. This has occurred particularly in 

environmental samples with ecological importance, in both human and animal health, in 

studies on symbiosis of plants with endophytic fungi, and in the evaluation of ruminal 

metagenomes, to mention a few. 
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