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Overview 

In this course we present a review of essential aspects in metagenomic studies and analysis. We
discuss aspects related to the design and implementation of metagenomic studies and provide
practical  guidance  in  sample  processing,  sequencing and  data  analysis.  We also  present  the
general  principles  behind  the  most  common  analyses  and  tools  used  for  manipulating
metagenomic DNA and libraries. 

Teaching goals and learning outcomes

This course is aimed at undergraduate students, graduate students and professionals at any career
stage  performing research in  the fields  of  microbiology  and bioinformatics.  Also,  molecular
biologists and microbiologists (life scientists) interested in learning basics on metagenomics data
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analysis  and bioinformatics  will  benefit  from this  course.  An undergraduate  knowledge of  a
subject related to the life sciences (molecular biology) would be an advantage.

By the end of this CABANA e-Learning tutorial, the user will be able to:

● Recognize  the  potential  that  metagenomics  holds  for  identifying  uncultivable
microorganisms and for understanding the structure and function of naturally  occurring
microbial communities.

● Build a basic experimental design for a metagenomic study and describe the main steps
involved in sample acquisition and processing.

● Identify the main technical challenges associated with the design and implementation of a
metagenomic study as well as many sources of variation that need to be controlled. 

About this guide

This is a guide that you can read through at your own speed. The sections “Material to study”
are additional material to expand your knowledge. Additionally, the sections “Stop and Think”
include questions or situations for you to consider in more depth about the knowledge you are
acquiring. 

For general definitions in the field of biological sciences, the user can query the following link:
https://www.ebi.ac.uk/training/online/glossary. In addition, we suggest the user read the editorial
material entitled ‘The Vocabulary of Microbiome Research: A proposal’  [11] written by Julian
Marchesi and Jacques Ravel and published in the BMC journal Microbiome PMID:26229597. In
this publication, authors proposed clear definitions of terms related to microbiome studies.

Key terms

Metagenomics,  experimental  design,  sample  acquisition  and  processing,  next  generation
sequencing (NGS)

1-Introduction

Microbial  communities  play  a  central  role  in  geochemical  cycles,  agricultural  systems  and
human  health.  The  metabolic  activities  of  microorganisms  and  their  aggregated  diverse
communities  can  have  a  critical  impact  on  the  biosphere  and  in  localized  micro-niches.
Understanding the structure and function of complex microbial communities requires a system-
view to define and quantify the mechanisms that  control  individual  cellular  organisms, their
interaction in a community of heterogeneous cells and an ecological niche on a broader scale [1].  

Classical microbiology has historically relied on the culturing of ‘pure’ isolates obtained from
environmental samples in the laboratory. However, researchers have estimated that cultivable



microorganisms  represent  only  a  small  fraction  (~1%) of  the  total  microbes  within  a  given
habitat  [2].  The main limitation  is  that  we still  lack knowledge of the appropriate  cultivation
conditions  for  most  microbial  species  [3].   The  availability  of  high-throughput  sequencing
techniques  to  study environmental  and clinical  DNA (and mRNA) samples  and the growing
reference sequence databases allow us to study otherwise inaccessible genes and genomes from a
variety  of  environments.  Metagenomics  is  a  strategy  for  capturing  and  analyzing  the
genomes  of  an  entire  microbial  community  present  within  a  given  habitat  (e.g.  the
metagenome), based on the culture-independent extraction of the total DNA. By 2006, only
18.9% of  the  bacterial  sequences  and  6.8% of  the  archaeal  sequences  were  obtained  from
isolated organisms [4], numbers that are most likely dropping daily.

Certainly,  the  field  of  metagenomics  generated  a  revolution  in  microbial  ecology  studies,
allowing researchers to gain new insights into the diversity, dynamics and evolution of naturally
occurring microbial communities. Now it is possible to identify not only the microorganisms
present in a variety of environments such as hot springs or glaciers, but it is also feasible to infer
their metabolic potential. 

Some of the main applications of metagenomics include:

● Identification of new species
● Characterization of structure and diversity in (complex) microbial communities
● Comparison of populations and potential  functional activities present in different sites

and metabolic states
● Bioprospecting for new sequences and their functional applications
● Reconstruction of metabolic pathways present in the community
● Pathogen detection, typing and surveillance 

Several types of ecosystems have been studied so far using metagenomic approaches, including
extreme environments such as areas of volcanism [5], with high or low temperature [6], alkalinity
[7], acidity [8], low oxygen [9], heavy metal concentrations [10] and the human gut. This invaluable
resource provides an infinite capacity for bioprospecting and enhancing the discovery of novel
enzymes capable of catalyzing reactions of medical and/or biotechnological importance. 

2- Metagenomics defined

The term ‘Metagenomics’ was originally defined as ‘the direct genetic analysis of genes and
genomes  contained  in  an  environmental  sample  without  the  prior  need  for  cultivating
clonal  populations’ [12].  Initially,  the term was only used for functional  and sequence-based
analysis of the collective microbial genomes contained in an environmental sample, known as
‘shotgun  metagenomics’  [2],  but  currently  it  is  also  widely  applied  to  studies  performing
polymerase chain reaction (PCR) amplification of certain genes of interest such as the 16S rRNA
gene.  The  later  approach  is  commonly  known  as  ‘marker  gene  metagenomics’  or
‘metabarcoding’ 
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Therefore, as explained by Mitchell et al., (2018) [13], strictly speaking metagenomics refers to
whole genome shotgun sequencing of an environmental or clinical sample. However, you might
find studies involving sequencing of amplicon marker  genes  such as  16S rRNA gene (small
subunit (16S) ribosomal RNA) and other marker genes as ITS1 o COX1, published under the
umbrella of metagenomics. 

All  these  methodologies  allow a much faster  genomic/genetic  profiling  of  an  environmental
sample at a reduced cost compared to culturing.  Shotgun metagenomics has the potential to
fully sequence the majority of available genomes within a microbial community. This enables
the  characterization  of  the  taxonomic  profile  that  can  be  further  associated  with  functional
capabilities of known and unknown lineages. In other words, shotgun metagenomics has evolved
to address the questions of ‘who is present’ in a given environmental or clinical sample, ‘what
are they doing’ (or are capable of doing), and ‘how do these microorganisms interact’ to sustain
a balanced ecological niche.  

Marker  gene  metagenomics is  a  relatively  fast  approach  to  elucidate  the  taxonomic
composition  of  the  microbial  community  by  using  PCR  amplification  and  sequencing  of
evolutionary-conserved  marker  genes.  The  observed  taxonomic  profile  (composition  and
distribution of phylogenetic  groups or,  phylogroups)  can subsequently  be associated  with
metadata derived from the samples in the study. The goal is to identify differentially present
and/or  abundant  phylogroups  among samples  and describe  the  overall  microbial  community
diversity and structure. 

The most common challenges in metagenomics include:

● Many sequences coming from different organisms are analyzed at the same time
● Many sequences might not annotated in reference databases (unknown source)
● Short sequences are usually difficult to characterize 
● Assembly of short reads can be difficult, especially in highly diverse environments

Other difficulties include:

● Different sample processing steps can generate different sequence results
● There is no perfect tool for analysis and different tools can generate different results
● Even  the  same  tool  used  with  the  same  parameters  can  provide  different  results  if

different reference databases are used

The  Figure 1 shows an example of how different bioinformatic tools used to characterize the
taxonomic composition (at  the genus level)  of microbes living in different  environments can
produce varying results [14].



Figure 1. Genus-level classification of three environments (human gut,  ocean and soil) with different
tools and databases of the 16S rRNA gene. Each bar corresponds to a different tool and the number above
each bar indicates the number of correctly identified genera. In the figure we can observe that different
bioinformatic tools can generate varied results and there does not exist a single perfect tool. Figure taken
from [14]

3- Distinguishing microbiome from microbiota

According  to  Marchesi  &  Ravel  (2015),  the  microbiota refers  to  the  community  of
microorganisms  found  in  an  environment.  In  other  words,  it  is  the  assemblage  of
microorganisms present in a defined environment [11]. This term is frequently used to describe
the microbial census established using molecular methods relying predominantly on the analysis
of 16S rRNA genes, 18S rRNA genes, or other marker genes and genomic regions, amplified and
sequenced from a given biological samples. The tool can be used in different environments such
as the soil, plant, animal or human-associated environments. 



The  microbiome  in the other hand, refers to the entire habitat,  including the microorganisms
(bacteria,  archaea,  lower and higher eukaryotes, viruses), their  genomes (i.e.,  genes), and the
surrounding environmental conditions. This definition is based on that of  “biome”, the biotic
and  abiotic  factors  of  given  environments.  Others  in  the  field  limit  the  definition  of
microbiome to the collection of genes and genomes of members of a microbiota [15]. It is argued
that this is the definition of metagenome, which combined with the environment constitutes the
microbiome (Figure 2). In general, the microbiome can be characterized by the application of
one or more omics techniques that aim to study the collection of biomolecules (genes, proteins,
metabolites, etc), combined with clinical or environmental metadata, which are contained within
a niche.

Figure  2.  Chart  summarizing  the  differences  between  microbiome  and  microbiota  as  suggested  by
Marchesi  and  Ravel  (2015).  Image  modified  from  https://pediaa.com/what-is-the-difference-between-
microbiome-and-microbiota/

Material to study

The following link will point you towards an entertaining reading about the origin of the word
microbiome written by Dr. Jonathan Eisen (Professor at the University of California, Davis). Dr
Eisen  is the editor of microBEnet, the microbiology of the Built Environment network, a blog
dedicated  to  enhancing  communication  and  collaboration  in  research  related  to  the
microbiology of the built environment. microBEnet

https://www.microbe.net/2015/04/08/what-does-the-term-microbiome-mean-and-where-did-it-come-from-a-bit-of-a-surprise/
https://pediaa.com/what-is-the-difference-between-microbiome-and-microbiota/
https://pediaa.com/what-is-the-difference-between-microbiome-and-microbiota/


4- Considerations when designing a metagenomic experiment

In metagenomic studies multiple aspects must be taken into consideration when designing the
experiment. Ideally, the design stage should include a bioinformatic and statistical advisor, in
addition to the molecular biologists, to define aspects that will be critical to obtain precise and
significant  results  [16].  A  common  limitation  in  microbiome  studies  is  that  there  are  many
confounding  factors  that  can  obscure  patterns  in  the  analyses,  such  as  variability  between
individuals  (often  driven  by  differences  in  age,  gender,  diet,  life  style,  among  others)  and
environments (seasonal change, sampling time), preservation of samples during transport, among
many others (Figure 3).

a. Population variability (age, sex, lifestyle)

b. Environmental variability (longitudinal sampling, seasonal)

c. Technical variation (Methods, reagents, batch, equipment)

d. Lab conditions (diet, stress, coprophagy, confinement, behaviour)

Control

Case

spring summer autumn winterSampling

Wildtype

Mutant separated cages shared cage overpopulated cage

Figure 3. Some aspects to consider when designing a microbiome experiment. a) There are factors that
can generate stratification among individuals and knowing them helps to avoid incorrect conclusions. b)
Longitudinal studies have more power to assess the stability of communities. c) It is necessary to have
control of all  technical steps and ensure replicability of these. d) In animal studies, characteristics of
behavior must be taken into account, for example coprophagy. 



Probably the most important aspects to define in a metagenomic study are: 1) the scope of
the experiment and 2) the question to be answered.  Depending on this,  a cross-sectional,
longitudinal  or  interventional  study  can  be  designed,  especially  for  association  studies  of
microbiomes and disease. Once the plan and the questions have been defined, the sample size
can be established, as well as the methods to determine the statistical power. This is done by
discerning the variability inherent in the techniques with respect to the biology of the samples. In
the case of microbiome studies, this is still a challenge, although multivariate analyses, such as
PERMANOVA, Dirichlet  multinomial and prediction methods, such as random forest can be
used. However, it  is advisable to consult a statistician,  review the design of other successful
experiments and evaluate the possibility of following a similar design [16]. This will also allow the
comparison of studies in meta-analyses. 

Another relevant factor to define when considering the experimental design is the  number of
biological replicates. The optimal number of replicates will depend on the biological variability
of  the  target  organism/environment  and  the  technical  variability  of  the  methodologies.  The
number  of  replicates  also  influences  statistical  power.  Accordingly,  each  experiment  should
include at least three biological  replicates (ideally 5 replicates) to evaluate the reproducibility of
the  results  [17].  Similarly,  another  key  aspect  to  consider  is consistency. It  is  critical  to  use
consistent methodologies throughout the study to minimize potential biases which could lead to
spurious results.

Material to study

For more information regarding statistical methods for the design and analysis of microbiome
data, please review the following publications:

● Hypothesis testing and statistical analyses of microbiome link
● Microbial  diversity  in  clinical  microbiome studies:  sample  size  and statistical  power

considerations link
● Rigorous statistical methods for rigorous microbiome science link

4.1 Sample processing 

Sampling  involves  the  collection  of  samples  and  the  appropriate  documentation of  the
associated metadata  [18].  Metadata  is  a  fancy word commonly  used by researchers  to  make
reference to the data that describes and provides information about other data. In other words,
metadata is data about the data. 

In the sampling step it  is  important  to take into account  that  several  technical  factors could
generate variability among samples: transport, sample preservation and metadata  [19]. Sampling
variation can have an effect on abundance measurements and comparison [20]. This step (sample
collection)  could  introduce  additional  challenges  for  researchers  as  some  samples  must  be

https://msystems.asm.org/content/4/3/e00117-19.full
https://www.gastrojournal.org/article/S0016-5085(20)30068-8/pdf
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delivered anaerobically. Exposure to oxygen or freezing can change the dynamic composition of
a given microbial community. For example, freezing, thawing and subsequent bead-beating can
affect  the cell  wall  of Gram-positive bacteria,  and introduce artifacts  compared to extraction
performed  on  fresh  samples  [21].  Ideally,  fresh  samples  should  be  fast  frozen  at  -80°C
immediately  after  collection  or  stored  in  stabilizing  substances  such  as  RNAlater
(ThermoFisher). The goal is to reduce the degradation of RNA and DNA, which is a natural
process that occurs rapidly in cells, and to avoid overgrowth of certain microbial species due to
the storage conditions, changing the real composition of the community.

4.2 DNA extraction

The extraction of nucleic acids from the sample is probably one of the most crucial steps in any
metagenomic project. The reason is that the DNA extracted should be representative of all cells
present in the sample and sufficient amounts of high-quality nucleic acids must be obtained for
subsequent library preparation and sequencing. The amount and integrity of the DNA required
may vary depending on the sequencing platform to be used, in particular if long read technology
is to be used.  Many DNA extraction methods have been described in the literature and often
they have been developed for specific cell or sample types, however they will usually share some
common steps:  cell  lysis,  purification  and elution/precipitation.  Before  the  nucleic  acids  are
extracted, the sample must be homogenized so that the cells/tissues are broken down and the cell
contents are in solution. This process is commonly done mechanically with ceramic pearls in
special homogenizers or with equipment similar to a small blender. 

As mentioned before, DNA extraction methods commonly include the following steps: cell lysis,
protein  removal,  DNA precipitation  or alternatively  binding to membranes  or  filter  made of
fiberglass, silica or ion exchange (or with magnetic beads) and finally, DNA re-suspension in
buffer solutions. The simplest way to get started is to use a DNA extraction kit. Typically kits
offer a high level of consistency and excel for low-input sample types  [22]. They are however
more expensive than manual methods, typically costing around $5 per sample in the US. 

Kits frequently used for DNA extraction from environmental and clinical samples include:

● MoBIO PowerSoil® DNA Extraction Kit, now from Qiagen  
● Qiagen DNA Microbiome Kit
● Epicentre Metagenomic DNA Isolation Kit for water
● Epicentre Meta-G-Nome DNA Isolation Kit
● Among others...

Material to study



To learn more about DNA extraction strategies for sequencing, please visit the following GitHub
repository  (nickloman.github.com). 

Stop and think

Keep in mind that fragment length for common extraction kits will be limited to around ~60 Kb
which could be problematic when the extraction of longer reads is desired. In addition, several
studies  [23-25] have  reported  that  contaminating  DNA is  ubiquitous  in  commonly  used  DNA
extraction  kits  and  other  laboratory  reagents,  which  varies  greatly  in  composition  between
different  kits  and batches.  This  contamination  might  critically  impact  results  obtained  from
samples  containing  a low microbial  biomass.  For this  reason it  is  always good practice  to
include negative controls during DNA extraction. 

Spin column kits are the most common type of DNA extraction kit you will probably find
in a molecular biology laboratory. Spin columns are so called because reagents are added to
the top of the tube and then forced through a binding matrix when revolved in a centrifuge. In
some cases, columns include cell lysis reagents. Binding DNA, washing and eluting the DNA
can be done rapidly in this way, with the whole process taking around an hour. In addition, you
can perform many extractions in parallel, by using more positions in the centrifuge rotor. Spin
columns  are  based  on  chemistry  developed  in  the  1990s  [26,27] using  either  silica  or  anion
exchange resins to reversibly bind DNA allowing them to be separated from cellular proteins and
polysaccharides [57].

How  do  spin  column  methods  work?  Most  spin  column  kits  use  high  concentrations  of
guanidinium hydrochloride in the lysis buffer  [28].  Guanidinium hydrochloride is a chaotropic
agent that disrupts the hydrophobic interactions between water and other molecules. This is a
good choice because it both lyses cells by denaturing membrane proteins and precipitates DNA
by disrupting its  hydration shell  which maintains  its  solubility  in aqueous conditions.  Under
these conditions DNA binds to the binding matrix in the column allowing proteins and other
contaminants to pass through. The DNA bound to the silica resin membrane can be washed using
70% ethanol to remove contaminating proteins and salts, including the lysis buffer itself. DNA is
then eluted from the column by adding a low ionic concentration buffer such as 10 mM Tris and
incubating for a few minutes [29]. The DNA re-solubilizes in the aqueous solution and the purified
DNA is eluted from the column by centrifugation (Figure 4). A common limitation is that DNA
is  sheared  during  binding  and  elution  due  to  the  large  physical  forces  experienced  during
centrifugation and when is forced to pass through the porous resin.

https://github.com/nickloman/nickloman.github.com/blob/master/_posts/2018-05-25-dna-extraction-book-chapter.md


Figure 4. Schematic representation of a spin column-based nucleic acid purification.  Prior to column
loading, the sample is lysed according to the manufacturer's instructions. The lysate is then loaded into
the column in the presence of a chaotropic salt allows the DNA to bind to the silica membrane. The
addition of a washing agent as ethanol 70% allows the purification step. Finally, the spin column is dried
and the DNA is eluted with an appropriate buffer. Image taken from https://doi.org/10.1016/B978-0-12-
416999-9.00007

Stop and think

What if the target community is tightly associated with a host, (e.g. human or plant)? If this is
the case, then physical fractionation or selective lysis can be employed to ensure host DNA is
kept  to  a minimum [30,  31] .  This  is  particularly  important  in  clinical  samples  obtained from
wounds or infected/necrotic tissues where the host genome is large and hence might reduce the
signal of the microbial community in the subsequent sequencing effort. Host material can also
be removed during bioinformatics filtering. Regardless of the approach used, it’s important to
remember  that  extraction  and  isolation  methods  can  introduce  bias  in  terms  of  microbial
diversity, DNA yield and overall fragment lengths. It’s highly recommended that the exact same
extraction method be used when comparing samples.

What  if  the  target  community  yields  only  very  small  amounts  of  DNA?  In  this  case
amplification of the starting material might be required. Library generation for most sequencing
technologies requires high-nanogram or microgram amounts of DNA. One method that can be
employed to increase DNA yields from low biomass environments is the Multiple Displacement
Amplification  (MDA) using random hexamers and phage Phi29 polymerase [32].  As with any
amplification  method,  there  are  potential  problems  associated  with  reagent  contamination,
chimera formation and sequence bias  in  the amplification.  Their  impact  will  depend on the
amount  and  type  of  starting  material  and  the  required  number  of  amplification  rounds  to
produce sufficient amounts of nucleic acids. 

Material to study



-Additional material regarding Multiple Displacement Amplification can be found here: Rhee et
al. 2016
-A post from the microBEnet in an interesting discussion about the best practices for sample
processing and storage prior to microbiome DNA analysis. Link

4.3 Assessing DNA concentration and purity 

Typically the first thing a molecular biologist wants to know about a DNA preparation is its
concentration  and  purity.  Both  can  be  determined  using  spectrophotometric  (absorption  of
ultraviolet light) and fluorometric (dyes that bind specifically to DNA or RNA) methods. 

Historically,  DNA  and  RNA  molecules  have  been  quantified  using  spectrophotometry  to
measure absorbance at 260 nm. Although this method is commonly used (and we will discuss the
principles  behind  it),  it  can  be  unreliable  and sometimes  inaccurate.  The reason is  that  UV
absorbance measurements are not selective and can not reliably distinguish between DNA, RNA
and proteins. Nonetheless, it's a commonly used method that can give a quick, initial assessment
of DNA yield and purity. In light of these drawbacks, the use of fluorescent dyes that bind single
and double stranded molecules of DNA and RNA selectively, has become a common alternative.
Other alternatives employed in the quantification of nucleic acids include qPCR and capillary
electrophoresis systems that are chip-based. These two processes are mainly used for specific
tasks  (e.g.  qPCR:  exact  quantification  of  specific  target  sequences;  capillary  electrophoresis:
exact determination of fragment size and integrity) as both methods are relatively costly as well
as time-consuming. 

4.3.1 Principles behind spectrophotometric approaches

The main principle behind this method is that the DNA absorbs UV light more or less strongly
depending upon the wavelength. For example, DNA absorbs 1.8 times as much UV at 260 nm
than it does at 280nm (Figure 5). A common device used to estimate DNA concentration based
spectrophotometry is the NanoDrop ND-1000 (ThermoFisher Scientific).  The nanodrop takes
measurements  at  wavelengths  of 260 and 280 nm, and in  addition determines  an absorption
spectrum from 220 – 350 nm (Figure 6). 

https://microbe.net/2015/01/31/best-practices-for-sample-storage-prior-to-microbiome-dna-analysis-freeze-buffer-process/
https://doi.org/10.1371/journal.pone.0153699
https://doi.org/10.1371/journal.pone.0153699


Figure 5. Absorbance of DNA and proteins at different wavelengths. The maximum absorbance for DNA
occurs at 260 nm. At 280 nm DNA absorbs about half as much as it does at 260 nm. Image Taken from
https://es.scribd.com/document/355068017/09-UV-Absorption-pdf

Although 260 nm is considered to be the  de facto peak for DNA, the actual peak absorbance
varies somewhat from DNA to DNA. UV absorption is a property of the bases, and each base
absorbs differently  [59]. The actual peak absorbance of a particular DNA, then, depends on its
base composition. 

The ratio of absorbance at 260 nm and 280 nm (260/280) is used to assess the purity of
DNA and RNA (Figure 5). A ratio of ~1.8 is generally accepted as ‘pure’ for DNA;  a ratio of
2.0 is generally accepted as ‘pure’ for RNA. If the ratio is appreciably lower in either case, it
may indicate the presence of proteins, phenol or other contaminants that absorb strongly at or
near 280 nm.  



Figure 6. Typical spectral pattern for DNA nucleic acids generated by Nanodrop ND-1000.  Image taken
from  http://stmichaelshospitalresearch.ca/wp-content/uploads/2015/09/NanoDrop-ND-1000-
Spectrophotometer.pdf

  

Some DNA extraction protocols require the use of phenol. While protein contamination is not
necessarily  a  critical  problem,  phenol  contamination  most  definitely  is.  Phenol  absorbs
maximally at 270 nm and can have an impact on the A260/A280 ratio.  The ratio A260/A230 is a
secondary measure of nucleic acid purity. The ratio A260/A230 for pure nucleic acids are often
higher than the respective A260/A280 values. Expected values are commonly in the range of 2.0
to  2.2.  If  the  ratio  is  significantly  lower  than  expected,  it  may  indicate  the  presence  of
contaminating salts that absorb at 230 nm. 

Stop and think

When assessing DNA purity it is important to understand that while the A260/A280 ratio is easy
and economical to determine and is a widely used method, it is not particularly robust. DNA
absorbs  so  strongly  at  260  nm  that  it  takes  significant  protein  contamination  to  have  a
noticeable  effect  on  the  A260/A280  ratio.  In  addition,  values  are  easily  affected  by  other
contaminants (free nucleotides, salts, organic compounds) and variations in base composition.
Furthermore, the sensitivity of spectrophotometry is often limited, prohibiting quantification of
molecules at low concentrations. In addition, keep in mind that the purity and absence of salts or
other molecules that bind DNA is essential for sequencing methods such as Oxford Nanopore.

4.3.2 Principles behind fluorometric approaches 



Quantification of nucleic acids via fluorescence is based on the use of fluorescent dyes (called
fluorophores) which bind to the molecule of interest [33]. Only the complex consisting of nucleic
acid  and  dye  is  excited  by  light  at  a  specific  wavelength  (dependent  on  the  dye)  and  will
subsequently emit light of a slightly longer wavelength. The level of fluorescence is proportional
to the DNA concentration which can be extrapolated from the fluorescence level of standards of
known concentration [34]. For example, the Qubit 4 fluorometer (Life Technologies, Qubit4) is a
fluorescence  spectrophotometer  commonly  used  for  single  samples  and  different  kits  are
available  for  different  sample  types  and  concentration  ranges.  The  most  useful  kit  for
metagenomics  is  the  dsDNA HS Assay  (Life  Technologies)  which  measures  concentrations
between 0.01 - 100 ng/µl.

The main advantages of this method include:

● High  sensitivity (1000 fold  higher  for  the  fluorescent  dye  PicoGreen® compared  to
absorbance measurements). This means that low concentration samples can be quantified
accurately. 

● High robustness. Requires only very small amounts of sample (as little as 1µL sample).
● High  accuracy.  Fluorescent  dyes  bind  in  a  highly  specific  manner  so  that  possible

contaminations such as salt or protein will not lead to artificially elevated readings. In
addition, some fluorophores bind specifically to one type of nucleic acid (for example
dsDNA) thus practically eliminating the impact of possible ssDNA or RNA present in the
sample.  However,  because  of  this  property,  this  method  will  prevent  the  user  from
knowing if there are other potential contaminants that might affect downstream reactions.

After  you make sure  your  DNA is  of  high  quality,  and prior  to  the  sequencing  step,  DNA
libraries need to be made, protocols for which can vary greatly depending on the technology to
be employed. For that reason, we will review first the most common sequencing technologies
currently being used. 

5. Sequencing technologies

Several technologies have been used over the past decade: Ion Torrent PGM, Roche 454, PacBio
and, most recently, Oxford Nanopore Technologies. But it is predominantly data from Illumina
machines,  from  the  MiniSeq,  MiSeq,  NextSeq,  or  HiSeq  platforms,  that  are  used  for
environmental and clinical metagenomic studies as evidenced by the vast amounts of Illumina
data deposited in databases (>90% at the Short Read Archive - SRA). 

Shotgun metagenomic sequencing might be challenging in the sense that a large diverse pool of
microbes are sequenced, each with a different genome size, often mixed with host DNA. Current
sequencing technologies offer a wide variety of read lengths and outputs. Illumina sequencing
technology  offers  short  reads,  2x150  up  to  2x300  bp  but  generates  high  sequencing  depth.

https://www.ncbi.nlm.nih.gov/sra
https://www.thermofisher.com/co/en/home/industrial/spectroscopy-elemental-isotope-analysis/molecular-spectroscopy/fluorometers/qubit/qubit-fluorometer.html


Longer reads are preferred as they overcome short repeats and other difficulties during assembly,
resulting in longer contigs. However instruments that offer longer reads, e.g. PacBio and Oxford
Nanopore  are  accompanied  by higher  error  rates,  lower  sequencing  depth  and higher  costs.
PacBio error rates can be reduced using circular consensus sequencing (CCS), which involves
repeat sequencing of a circular template and generation of a DNA insert consensus. High quality
500-4000 bp can be generated with >99% Q20 accuracy.

5.1 Second generation sequencing technology: Illumina/Solexa system 

Illumina/Solexa  systems  have  been  extensively  applied  to  metagenomic  studies.  In  this
sequencing platform, DNA fragments are immobilized on a solid surface (glass flow cell) and
then PCR amplified, resulting in clusters of identical DNA fragments. These clusters are then
sequenced with reversible terminators in a process referred to as ‘sequencing-by-synthesis’ or
SBS [35]. The SBS technology was originally developed by Shankar Balasubramanian and David
Klenerman  at  the  University  of  Cambridge.  They  founded  the  company  Solexa  in  1998  to
commercialize  their  sequencing method.  Illumina  purchased Solexa  in  2007 and has  rapidly
improved the original technology.

How does it work? 

Illumina sequencing system uses modified dNTPs: fluorescently labeled adenine (A), cytosine
(C),  guanine  (G)  and  thymine  (T)  containing  a  group  terminator  that  blocks  further
polymerization,  such that only a single base can be added by a polymerase to each growing
DNA strand. The four bases compete for binding sites on the template DNA, and the molecules
not incorporated are washed away. After each synthesis cycle, a laser is used to excite the dyes,
and  a  high-resolution  camera  scans  and  detects  the  last  base  that  was  incorporated.  This
chemistry uses “reversible terminators”  that are chemically unblocked at each step to ensure
removal of the 3’ terminal group that terminates polymerization, as well as the dye (Figure 7).
This  sequencing reaction  is  conducted  simultaneously  on  a  very  large  number  (millions)  of
different template molecules spread on a solid surface. 



Figure  7.  Typical  Illumina  sequencing  by  synthesis  (SBS)  workflow.  The  procedure  for  Illumina
sequencing involves three major steps: 1) library preparation (steps A-E), 2) cluster generation (F-G) and
3)  sequencing  by  synthesis  (H-K).  After  universal  double  stranded  adapter  sequences  are  ligated  to
dsDNA (C), the library is spotted onto a glass slide, called a “flow cell”, with millions of both forward
and  reverse  immobilized  adapter  sequences  (steps  A-E).  Cluster  generation  is  initiated  by  the
hybridization  of  denatured  template  DNA  with  its  adapter  sequences  to  the  fixated  complementary
adapter oligonucleotides. In a process called bridge amplification, the single stranded protruding adapters
of  the  DNA  molecules  hybridize  to  their  nearby  immobilized  complements,  shaping  a  bridge-like



structure (step F-G).  Starting from a universal primer sequence in the adapters, the complementary strand
of the DNA fragment is synthesized by DNA polymerases. Through repeated denaturing, bridging to
nearby adapters and polymerization to dsDNA, one initial DNA molecule can produce a dense cluster of
hundreds of clonal copies. After annealing a common primer to the protruding adapters, the sequencing of
each cluster of DNA fragments begins (step H). In each sequencing ‘cycle’, the four dNTPs, are each
reversibly labeled by a base-specific fluorescent dye and bound to a terminator molecule and are added to
the flow cell. DNA polymerases add the respective nucleotides to complementary bases of the input DNA
at the 3’ end of the newly synthesized strands, while the attached terminator molecule ensures that only a
single  nucleotide  is  incorporated  by  preventing  further  strand  elongation  (step  J).  Lasers  excite  the
different  newly added fluorophores,  and CCD chips image the characteristic signals that  identify the
incorporated base (step K). Due to the DNA amplification into clusters, the intensified signal of the whole
cluster facilitates the correct dye identification. Before the addition of the next nucleotide, the terminating
labels are enzymatically removed. Thus, each cycle consists of the addition of exactly one nucleotide to
each DNA molecule. Image was taken from [58].

Although the fluorescent imaging system used in Illumina sequencers is not sensitive enough to
detect the signal from a single template molecule, the major innovation of the Illumina method is
probably  the  amplification  of  template  molecules  on  a  solid  surface.  The  solid  phase  PCR
process is called ‘bridge amplification’ which creates approximately one million copies of each
original template fragment.  Illumina has improved its image analysis technology dramatically
which allows for higher cluster density on the surface of the flow cell. 

Illumina offers a variety of sequencing instruments (iSeq, MiniSeq, MiSeq, NextSeq, HiSeq,
NovaSeq) and the selection of a particular instrument should be carefully evaluated to determine
which would be the expected yield (sequencing depth) that will meet the requirements for the
intended application. MiSeq for example can produce up to 15 Gb (~25 millions) of reads of 300
bp in length. Clustered fragments can be sequenced from both ends, which is known as ‘paired-
end sequencing’ (2x300 bp).  HiSeq2500 can output  up to  1000Gb per  run but  with a  more
limited fragment length (1x50 to 2x250 bp). 

5.1.1 Other second generation sequencing technologies 

Other technologies such as Roche/454 and Ion Torrent sequencing are still available, but are less
frequently  employed  [36].   Roche/454  sequencing  appeared  on  the  market  in  2005,
commercialized by LifeSciences, and used the pyrosequencing technique which is based on the
detection  of  pyrophosphate  released  after  each  nucleotide  is  incorporated  in  the  newly
synthesized DNA strand. The Roche/454 was able to generate relatively long reads which were
easier to map to a reference genome. The main errors detected during sequencing were insertions
and deletions due to the presence of homopolymeric regions. This platform was discontinued in
2013 when the technology became noncompetitive  [37]. On the other hand, Life Technologies
commercialized the Ion Torrent semiconductor sequencing technology in 2010. The principle
behind  this  platform  is  similar  to  454  pyrosequencing  technology,  instead  of  detecting
pyrophosphate,  it  detects  the  hydrogen ion  released  during  the  sequencing process.  The Ion



Torrent sequencers are capable of producing read lengths of 200 bp, 400 bp and 600 bp with
throughput  that  can  reach  10  Gb  for  the  ion  proton  sequencer  [38].  This  platform  is  still
commercialized  but  due  to  the  ability  of  alternative  third  generation sequencing  methods  to
achieve a greater read length, this technology may be best suited for small scale applications
such as microbial genome sequencing, microbial transcriptome sequencing, targeted sequencing,
etc. 

Material to study

In this link you can learn and compare the different sequencing platforms offered by Illumina 
https://www.illumina.com/systems/sequencing-platforms.html

5.2 Third Generation Sequencing Technologies

The evolution of DNA sequencing maintains an accelerated pace and the development of new
platforms  marked the arrival  of the third  generation at  the end of  2011.  What is  the main
difference between second and third generation sequencing technologies? Second-generation
sequencing depends on the amplification of the template DNA and produces short reads of a few
hundred base pairs in length. Third-generation single-molecule technologies can generate over
10,000  bp  reads  or  map  over  100,000  bp  molecules  because  it  does  not  depend  on  PCR
amplification of the target molecule. 

Here are some other characteristics that distinguish third generation sequencing technologies: 

1)  They work in real time
2)  Sequencing is performed on individual molecules 
3)  Read lengths are in the order of tens of thousands of bases
4)  They have higher error rates (~ 10%) 
5)  Can be used directly for DNA, RNA and proteins (Oxford Nanopore)

Third generation  sequencing technologies  maintain  the downward trend in  sequencing costs,
although in some cases the prices of the sequencers or their commercial availability, is not as
good as that of second generation platforms. 

Now,  let’s  review the  principles  behind  some of  the  most  commonly  used  third  generation
sequencing technologies.

5.2.1 Pacific Biosciences (PacBio) Single Molecule Real Time (SMRT) sequencing

https://www.illumina.com/systems/sequencing-platforms.html


This  is  probably  the  most  established  of  the  third  generation  sequencing  technologies.  The
PacBio SMRT technology was commercially  introduced in 2010  [39].  The SMRT technology
sequences  DNA  using  the  approach  sequencing-by-synthesis,  and  optically  monitors
fluorescently tagged nucleotides as they are incorporated into individual template molecules. The
current  instrument,  the  PacBio  RS II,  produces  read  lengths  of  up to  ~100,000 bp with the
greatest throughput (~8GB/day) of the currently available long-read technologies [40]. 

How does it work?

PacBio-SMRT sequencing captures  sequence information  during the replication  process  of a
target  DNA  molecule.  The  template  is  called  SMRTbell.  A  SMRTbell  is  a  closed,  single-
stranded circular DNA that is created by ligating hairpin adaptors to both ends of a target double-
stranded DNA molecule. In this technology, a polymerase enzyme is immobilized at the bottom
of a ZMW unit (Zero Mode Waveguide) (Figure 8A). A ZMW is a nanophotonic visualization
chamber that enables observation of individual molecules against the required background of
labeled nucleotides while maintaining high signal to noise output. ZMW is a cylindrical metallic
chamber approximately 70 nm wide, which is illuminated through a glass support creating a very
small detection volume. When a sample of the SMRTbell is loaded to the chip, this diffuses into
the ZMW with the single polymerase immobilized at the bottom, which binds to either end of the
hairpin adaptor of the template DNA and starts the replication. Nucleotides diffuse in and out of
the ZMW in microseconds.  When the polymerase encounters  the correct  nucleotide,  it  takes
several milliseconds to incorporate, time during which its fluorescent label is excited, emitting
light (pulse) that is captured by a sensitive detector [41] (Figure 8B). After the incorporation, the
label  is  clipped  out  and  diffuses  away.   SMRT  sequencing  exploits  the  natural  ability  of
polymerases  to  synthesize  ~10  or  more  bases  per  second  over  thousands  of  continuous
incorporations, resulting in high speed and long bead sequencing. 

Figure 8. Single Molecule Real Time (SMRT) sequencing approach. A) A template DNA (SMRTbell)
diffuses into a ZMW unit, and one of the adaptors binds the polymerase enzyme that is immobilized at the
bottom of the chamber. B) Each of the four nucleotides have different fluorescent dyes and have different
emissions when excited. As a nucleotide is maintained in the detection volume by the polymerase, a light
pulse is produced that identifies the base that was incorporated. This figure was taken from [41] 



The recently released PacBio Sequel instrument (2016) generates ~8 times more data than the
original Sequel system. Reads have a raw error rate of 10% to 15% but nevertheless, several
algorithmic  techniques  have been developed to improve the  per-nucleotide  accuracy to  over
99.99% or more with sufficient coverage. Approximately 50X long read coverage is required for
“self-correction” approaches,  while lower coverage can be effectively used with hybrid error
correction algorithms that leverage additional high coverage of Illumina short read sequencing to
error correct the long reads. 

The main limitation with PacBio sequencing is the cost relative to second generation approaches,
which  has  limited  its  application  to  analysis  of  genomes.  Nevertheless,  to  date  hundreds  of
projects have successfully used PacBio sequencing, including nearly perfect assemblies or very
high-quality genomes of microbes, fungi, plant and animal species, as well as very high-quality
de  novo assemblies  of  entire  human  genomes.  In  addition,  given  that  the  PacBio  library
preparation process does not utilize amplification techniques and the resulting library molecules
are  directly  used  as  templates  for  the  sequencing  process,  the  quality  of  the  DNA starting
material is important. Obtaining high-quality, high-molecular-weight genomic DNA is critical
for obtaining long read lengths and optimal sequencing performance [60]. 

5.2.2 Oxford Nanopore Technologies sequencing platform

The most recent third-generation technology was released by Oxford Nanopore Technologies in
2014.  Their  current  instrument,  the  Oxford  Nanopore  MinION  is  a  handheld  device  that
sequences DNA by electronically measuring the minute disruptions to electric current as DNA
molecules pass through a nanopore  [42]. The read lengths of the currently available instruments
are similar to those produced by PacBio, although to date the instrument has suffered from less
accuracy  and  lower  throughput  which  has  limited  its  scope  to  sequencing  small  genomes,
including  E. coli (4.5Mbp) or yeast (12Mbp), or amplicons. Using error correction algorithms
similar to those available for PacBio reads, the per-nucleotide accuracy of genomes sequenced
using the MinION has been measured to be >99.95% [43]. Importantly, the instrument’s small size
and low cost  have  empowered  it  to  be  used  for  studies  in  very  remote  locations,  including
studying Ebola outbreaks in the field in West Africa [44, 45].

How does it work? 

In  the  oxford  nanopore  system,  a  protein  nanopore  is  inserted  into  an  electrical  resistant
membrane created from synthetic polymers. A potential is applied across the membrane resulting
in  an  ionic  current  flowing  only  through  the  aperture  of  the  nanopore  (Figure  9a).  Single
molecules that enter the pore cause characteristic disruptions in the current. By measuring that
disruption, a molecule can be identified (Figure 9b). Oxford nanopore uses a ‘strand sequencing
method’ in which intact DNAs are passed through the nanopore and analyzed in real time. The
strands of DNA to be sequenced are mixed with copies of an enzyme that carry the complex
towards the nanopore [42]. The enzyme binds to a single-stranded leader at the end of the double
stranded template molecule and unzips the template molecule feeding it through the nanopore [46].



As the DNA moves through the pore, a combination of nucleotides called k-mers within the
narrow  part  of  the  pore  creates  a  characteristic  disruption  in  the  electrical  current.  This
information is used to determine the order of the bases on that DNA strand. 

Figure 9. Cartoon depicting the sequencing technique of Oxford Nanopore Technology. In panel a) the
enzyme in red unwinds a double stranded DNA molecule, feeding one strain through the protein pore.
The  nanopore contains  a  narrow site  or  constriction inside the channel  (dark  blue diamonds)  which
enables the unique shape of each nucleotide to produce a characteristic disruption in the electrical current.
Panel  b)  shows  a  simplified  scheme  of  the  decoding  method.  Figure  taken
from:https://www.researchgate.net/figure/Scheme-depicting-the-sequencing-technique-of-Oxford-
Nanopore-Technologies-a_fig3_271772842

Material to study

To  learn  more  about  Oxford  Nanopore  NGS  Technology,  please  review  the  following
publications:

● The  Oxford  Nanopore  MinION:  delivery  of  nanopore  sequencing  to  the  genomics
community link

● Third-Generation sequencing in the clinical laboratory: exploring the advantages and
challenges of nanopore sequencing link

https://jcm.asm.org/content/58/1/e01315-19.abstract?casa_token=Uds82XVNb84AAAAA:m_BDUjh5jC-HOOwTzpdEr-qvgJ8wN0V9b-g8UW1w9NB4wjwIWyMdYlETaaMsqF9TFmpkKjMNLts
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-016-1103-0


6.0 Library construction

After  you make sure  your  DNA is  of  high  quality,  and prior  to  the  sequencing  step,  DNA
libraries need to be made. We will now review the most common library construction strategies
currently being used.

6.1 16S rRNA gene amplicon metabarcoding 

The 16S ribosomal RNA (16S rRNA) is a gene approximately 1,500 bp long that contains nine
variable regions interspersed between conserved regions (Figure 10). Variable regions of the
16S rRNA gene are frequently used for taxonomic profiling of diverse microbial  populations.
Which  16S rRNA region to sequence is still an area of debate  [47], and the selected region of
interest might vary depending on aspects such as objectives, design, and sample type  [48]. The
principal difference lies between the length of the variable region, the phylogenetic resolution
that can be achieved by sequencing the specific region and how conserved/biased the primers are
for that  region.  Probably the most  widely used region is  the V4 (Earth microbiome project,
http://www.earthmicrobiome.org/) since the primers have the least amplification bias among the
different  phyla;  however,  it  has  limited  taxonomic  resolution,  often  only  reaching  the
genus/family level. 

http://www.earthmicrobiome.org/


Figure 10. Hypervariable regions within the 16S rRNA gene in Pseudomonas spp (left) and E. coli (right).
The plotted line reflects fluctuations  in variability  amongst  aligned  16S rRNA gene sequences  of  79
strains [50]. The right 16SrRNA figure showing the different hypervariable regions highlighted. Figure was
taken from http://themicrobiome.com/media/16S_viewer.cfm

The 16S rRNA gene is probably the genetic marker most frequently used by microbial ecologists
to study bacterial phylogeny and taxonomy. There are several reasons for this:

1. It is present in all bacteria, often existing as an operon 
2. The function  of  16S rRNA gene  has  not  changed over  time,  suggesting  that  random

sequence changes are a more accurate measure of evolutionary time
3. Contains  hypervariable  regions  interposed  between  highly  conserved  regions  which

allows the design of conserved primers that can target variable small regions of interest

In this tutorial we will discuss the sequencing strategy initially developed by Gregory Caporaso
(2011) [55] and subsequently modified by James Kozich (2013) [49], targeting the V4 hypervariable
region specifically and taking advantage of Illumina's  MiSeq sequencing platform. The main
distinguishing feature of this strategy is that researchers can use dual-indexes to multiplex and
sequence a large number of samples in parallel. Indexes are unique sequences of 6-8 nucleotides
that  are  used to  identify  the inserts  (reads) that  belong to each sample. Dual  indexing is  a
sequencing strategy that has distinct, unrelated index sequences for the i5 and i7 Index
Read.



Material to study

For more information regarding dual indexes (UDI) and associated library prep kits, please
access the following link Understanding unique dual indexes (UDI)

Until recently, one of the most significant problems with the Illumina platforms was the ability to
sequence samples with low genetic diversity, such as that commonly found with 16S rRNA gene
amplicons.  To artificially  increase the genetic diversity, it  is a common practice to mix in a
control library genomic DNA from the phage PhiX, such that 10-50% of the total loaded DNA is
from the phage PhiX control library. 

The  PhiX Control  library  is  derived  from the  small,  well  characterized  bacteriophage  PhiX
genome. It is a concentrated Illumina's library (10 nM in 10 µl) that has an average size of 500
bp and consists of balanced base composition at ~45% GC and ~55% AT. The PhiX library
serves as a calibration control to examine the overall performance of the Illumina sequencing
platforms, e.g. cluster generation, sequencing and alignment. Also, for low diversity libraries as
16S rRNA amplicons,  the PhiX control  library  provides  balanced fluorescent  signals  at  each
cycle to improve the overall run quality [56].

Libraries  for  16S  rRNA gene  amplicon  sequencing  are  commonly  amplified  using  specific
primers that target one or several hypervariable regions in the gene. For example, the primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-
3′) target the V4 region of the gene (Figure 11) which produces fragments of ~254 bps. 

https://support.illumina.com/bulletins/2018/08/understanding-unique-dual-indexes--udi--and-associated-library-p.html


Figure 11. Dual-index, paired-read 16S rRNA sequencing strategy. The primers specific to the V4 region
of  16S rRNA gene are shown in boldface black text, linkers are in blue, pads are in green, the sample-
specific index region is in red, and Illumina's adapters (p5 and p7) are underlined. Image adapted from [49].

The dual-index paired-end sequencing approach uses primers consisting of:

1) The appropriate Illumina adapter (p5 and p7)  
2) Two 8-nt index sequences (sample-specific indexes)  
3) A 10-nt pad sequence  
4) A 2-nt linker and  
5) The 16SrRNA gene-specific primer 

PCR  Amplicons  are  commonly  generated  using  a  high-fidelity  polymerase  (as  AccuPrime;
Invitrogen)  and  performed  in  duplicates  or  triplicates  to  minimize  the  effect  of  PCR  bias.
Specific amplification is usually verified by agarose gel electrophoresis and duplicated samples
are pooled and purified using a DNA purification kit,  such as the magnetic bead capture kit
Ampure  (by  Agencourt).  Purified  amplicons  are  then  quantified  and  pooled  in  equimolar
concentration (usually 2nM) and sequenced together with 5% PhiX control DNA in Illumina
sequencing platforms.

Material to study

● A standard operating procedure from University of Michigan with detailed primer and
index sequences for 16S rRNA gene amplicon library preparation and sequencing in a
MiSeq Illumina sequencing platform is provided in the following Link 

● The Earth Microbiome Project protocols and standards can be accessed in this site link

6.2 Mock bacterial communities

A mock community is an artificially  prepared bacterial  community.  As part  of any  16S
rRNA gene microbiota study, it is important to include a control -mock community composed of
predetermined ratios of DNA derived from a mixture of bacterial species [51]. This quality control
step is important because it not only allows the quantification of sequencing error but also allows
identification of bias introduced during the library preparation processes  [52-54]. For example, a
mock community containing bacterial taxons which are of specific interest to the research group
can be used to  calculate  whether  these  taxons are  likely  to  be over-  or  underrepresented  in
samples. Similar to mock communities, spike-in standards can also be used to analyze bias and

http://www.earthmicrobiome.org/protocols-and-standards/
https://aem.asm.org/content/aem/suppl/2013/08/06/AEM.01043-13.DCSupplemental/zam999104626so1.pdf


the reproducibility of methodologies. Pre-prepared bacterial communities could be available in
two different ways: 

● DNA mock communities 
● Whole-cell mock communities

The  whole-cell  mock  communities  are  useful  for  establishing  the  efficiency  of  the  DNA
extraction protocols, whereas DNA mock communities will only help assessing the efficiency of
PCR, clean-up, sequencing, and analysis steps  [48]. Mock communities are commonly available
from the American Type Culture Collection  (ATCC) and Zymo Research (ZymoBIOMICS).
When  planning  a  16S  rRNA gene  metabarcoding  study,  the  inclusion  of  a  control  mock
community is strongly encouraged. 

6.3 Whole shotgun library preparation

There are different methodologies to prepare libraries,  the product of these are thousands of
inserts of ~500 bp for each sample that will then be sequenced. Generally, library preparation
methods include either a mechanical or enzymatic fragmentation step of total DNA into small
pieces, to which artificial generated sequences are added in order to fix these on the sequencing
platform and process multiple samples in a single run (multiplexing). The starting material is
usually around 1ng of total DNA. 

There are several steps when preparing samples for sequencing. Broadly, these include:

● Library generation and indexing 
● Purification and quality control
● Normalization and pooling
● Quantification
● Sequencing

6.3.1 Library generation and indexing

One of the most popular chemistries used currently is the Nextera XT DNA Library preparation
protocol  [61].  The Nextera XT Library Prep kit uses an engineered transposome system (Figure
12A) to tagment genomic DNA.  Tagmentation is a process aimed at fragmenting genomic
DNA and then tagging the generated fragments with adapter sequences, all  in one step
(Figure 12B). This step is done under heated conditions (5 minutes at 55°C) using 5µl of 1ng
DNA input. Next, a limited-cycle PCR uses the index-adapters to amplify the insert DNA. The
PCR step  adds  the  index  1(i7)  adapters,  index  2  (i5)  adapters,  and  sequences  required  for
sequencing cluster generation (Figure 12C).

https://www.zymoresearch.com/collections/zymobiomics-microbial-community-standards
https://www.atcc.org/Global/Products/MSA-1000.aspx


Figure 12. Cartoon showing how the Nextera XT assay works. In step A, genomic DNA is mixed with
transposomes. A transposome is a system composed of engineered transposases (enzymes) that cleave
and tag double-stranded DNA leaving a universal overhang. In step B, DNA is fragmented and adapter
sequences  are  tagged  simultaneously  (process  called  tagmentation).  In  step  C,  index  sequences  are
subsequently added on both ends of the DNA fragments through a limited-cycle PCR amplification. Index
adapters  are  used  to  pool  multiple  libraries  and  sequence  them  in  parallel.  Image  taken  from
https://genome.med.harvard.edu/documents/libraryPrep/IlluminaNexteraXTProtocol.pdf

The  adapters  (p5  and  p7)  are  short  oligonucleotides  that  contain  artificial  sequences
complementary to the flow cell and are used to fix the inserts onto the surface (Figure 10). In
addition,  the  adapters  contain  sequences  complementary  to  the  primers  necessary  for  the
sequencing process. Remember that the indexes are unique sequences of 6-8 nucleotides that



are used to identify the inserts (reads) that belong to each sample (Figure 13). Indexes are
required for sequencing of pooled libraries on Illumina sequencing platforms.

Figure 13.  Insert containing adapters and primers required for sequencing and demultiplexing.  Image
modified from https://genome.med.harvard.edu/documents/libraryPrep/IlluminaNexteraXTProtocol.pdf

6.3.2 PCR purification using paramagnetic beads

 
Once the PCR amplification is done, it is necessary to clean up and purify the libraries. In this
step  researchers  commonly  use  the  Agencourt  AMPure  XP beads  (single-sided  beads).  The
Agencourt AMPure XP utilizes an optimized buffer to selectively bind DNA fragments >=100bp
to paramagnetic beads (beads magnetic only in magnetic fields). Excess primers, nucleotides,
salts, and enzymes can be removed using a washing procedure with 70% ethanol (Figure 14). 



Figure 14. Cartoon showing the workflow for PCR purification with the Agencourt AMPure XP. PCR
purification with Agencourt AMPure XP consist of six steps: 1) Adding 1.8 μL AMPure XP per each 1.0
μL  of  sample;  2)  Binding  DNA fragments  to  paramagnetic  beads;  3)  Separation  of  beads  +  DNA
fragments from contaminants; 4) Washing beads + DNA fragments twice with 70% Ethanol to remove
contaminants; 5) Eluting purified DNA fragments from beads; 6) Transferring clean library to a new tube.
Image taken from https://www.beckmancoulter.com/wsrportal/techdocs?docname=B37419

Material to study

● More details about AMPure XP can be found here link
● This guide is an overview of other library preparation applications and kits that are in 

common use for next-generation sequencing link

6.3.3 Library quality control using chip-based capillary electrophoresis

To check the quality of the libraries produced for sequencing, researchers usually run 1 μl of
undiluted  amplified  library  on  an  Agilent  Technology  2100  Bioanalyzer  instrument
(2100_Bioanalyzer)  using  a  High  Sensitivity  DNA  kit.  The  Bioanalyzer  is  a  chip-based
capillary electrophoresis machine to analyze RNA, DNA, and protein. 

In the Bioanalyzer instrument each sample is loaded onto a microfluidic chip along with reagents
and standards. Each chip contains an interconnected set of microfluidic channels that are used for
separation of the nucleic acid fragments by size using electrophoresis. The fragments will move
through  the  channels  at  different  speeds  dependent  on  their  size  and  charge  with  smaller
fragments moving more quickly than longer fragments. Typical DNA libraries show a broad size
distribution of ~250–1,000 bp (Figure 15). However, various libraries can be sequenced with
average fragment sizes as small as 250 bp or as large as 1,500 bp.

https://www.agilent.com/cs/library/usermanuals/Public/G2938-90321_SensitivityDNA_KG_EN.pdf
https://www.agilent.com/en/product/automated-electrophoresis/bioanalyzer-systems/bioanalyzer-instrument/2100-bioanalyzer-instrument-228250
https://genohub.com/ngs-library-preparation-kit-guide/
https://www.beckmancoulter.com/wsrportal/techdocs?docname=B37419


Figure 15. Insert size distribution for DNA fragments along with lower (35 bp) and upper (10,380 bp)
molecular  markers.  The  electropherogram displays  a  plot  of  fragment  size  in  the  x-axis  (bp)  versus
fluorescence intensity (fluorescence units, FU) in y-axis. Peaks at 35 bp and 10380 bp represent lower
and  upper  markers.  Image  taken  from  http://www.science.smith.edu/wp-
content/uploads/sites/36/2015/09/LibraryQC_andTroubleshooting_June-2015.pdf

7. Conclusions

In this tutorial, we presented a concise overview of essential aspects in metagenomics, which
included an introduction to the field, the considerations in the design and implementation of an
experiment,  sample  processing,  DNA  extraction,  sequencing  technologies  and  library
preparation.  We reviewed  the  tremendous  potential  that  metagenomics  holds  for  identifying
uncultivable  microorganisms  and  for  understanding  the  structure  and  function  of  naturally
occurring microbial communities. By now, we know that there are many technical challenges
associated with the design and implementation of a metagenomic study as well as many sources
of variation that need to be controlled. In the coming years, new sequencing platforms will be
more accessible  to researchers  producing a larger  amount  of data (in  Terabytes),  which will
require the development of new approaches and applications capable of producing and analyzing
this large amount of data. 
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