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Historical perspective of microbial diversity

Only 1-10% of all soil bacteria 
are considered to be culturable 

• species may be uncultivable
• some species require special conditions
• species in relatively low density



The great plate count anomaly

Staley and Konopka (Ann. Rev. Microbiol. 1985, 39:321-46)

The term “the great plate count anomaly” was coined by Staley and 
Konopka (Ann. Rev. Microbiol. 39:321-46, 1985) to  describe  the  difference  
between  the  numbers  of  cells  from  natural  environments  that  form  
viable  colonies  on  agar  medium  and  the  numbers  obtained  by  
microscopy.   



How to measure belowground 
biodiversity?

Does it matter if one species disappears? 
Can other species replace its function



Methods for studying microorganisms

Kirk JL, Beaudette LA, Hart M, et al. Methods of studying soil microbial diversity. J Microbiol Methods. 2004;58(2):169-188. 



Methods to study the belowground microbial communities

Mercado-Blanco J, Abrantes I, Barra Caracciolo A, Bevivino A*, Ciancio A, Grenni P, Hrynkiewicz K, Kredics L, Proença DN. 
Belowground Microbiota and the Health of Tree Crops. Front Microbiol. 2018 Jun 5;9:1006.



Molecular methods

Mercado-Blanco J, Abrantes I, Barra Caracciolo A, Bevivino A*, Ciancio A, Grenni P, Hrynkiewicz K, Kredics L, Proença DN. 
Belowground Microbiota and the Health of Tree Crops. Front Microbiol. 2018 Jun 5;9:1006.



Molecular methods

Mercado-Blanco J, Abrantes I, Barra Caracciolo A, Bevivino A*, Ciancio A, Grenni P, Hrynkiewicz K, Kredics L, Proença DN. 
Belowground Microbiota and the Health of Tree Crops. Front Microbiol. 2018 Jun 5;9:1006.



Approaches for assessing diversity



DNA-based methods for biodiversity assessment



Typing methods: Intra-species diversity
• Random Amplified Polymorphic DNA (RAPD) is a PCR-based technology for identification genetic variation
• It is particularly suitable for study of genetic variation at population level
• This procedure detects nucleotide sequence polymorphism in DNA



The Similarity index (SI) values between the RAPD 
profile of any two individuals were calculated using 
the Nei genetic similarity index, on the basis of the 
equation: SI=2Nij/(Ni+NJ)

Nij is the number of common bonds shared 
between 2 samples I and j
Ni and NJ are the total number of DNA bands for 
genotypes I and j, respectively.

The similarity matrix data were subjected to an 
unweighted pair group method for arithmetic 
average (UPGMA) cluster analysis to generate a 
dendrogram. The results were analyzed based on 
the principle that a band is considered to be 
‘polymorphic’ if it is present in some individuals and 
absent in others, and ‘Monomorphic’ if present in all 
the individuals or accessions. 



Pulsed-field Gel 
Electrophoresis 
(PFGE)



The software used to analyze PFGE patterns 
normalizes differences in gel conditions to a 
global reference. This allows us to compare 
patterns between gels.





Microbial Typing:  the pursuit of a common language

http://www.mlst.ne
t



genomic DNA

PCR amplification 

(718 – 1721 bp)

Sequences (301 – 454 bp)
Purification of  

PCR product
Sequencing analysis and 

database

SeqMan

Multilocus sequence typing (MLST) is a molecular typing technique whereby a number of well chosen housekeeping genes 
(loci) are sequenced.









Culture-independent methods • Access to a much larger reservoir of genomic and 
metabolic information

• Link community structure and diversity to 
function

In a few years, the study 
of uncultured 
microorganisms has 
expanded beyond asking 
“Who is there?” to include 
the difficult question 
“What are they doing?”



The long walk to genomics

• Increasingly "challenging" projects
• Increasingly difficult and larger targets



The demand for the sequencing market is growing exponentially

• Technologies in this field are evolving very rapidly
• Today's DNA sequencing market was estimated to be approximately $6 BILLION in 2017 and is 

expected to expand to $25 BILLION by 2025



Cost of services vs cost of technologies
• the cost of sequencing has been reduced in a way that no one could have predicted in 

the space of a few years, to the point that the goal of the $1000 genome has already 
been achieved and that of the $100 genome no longer seems like a mirage

• But how much technology is behind a new generation sequencer?

Illumina is currently the leader company in the sector

A NovaSeq sequencer that can generate a human 
genome in less than 48 hours for less than $1000 
has a market cost of around $800,000!



And a large sequencing center looks something like this…

To this we add the costs relating to reagents necessary for sequencing, those necessary for 
hardware and data storage resources (hundreds of Tb of sequence data) and those of technical 
personnel...



What is metagenomics?

Metagenomics is the study of microbial communities in their original habitats, which can 
give a comprehensive insight into the interactions within these communities. 
Metagenomics can also help identify individual species within microbial habitats.

biotechnological field (how can some biochemical functions be exploited in 
research and industrial fields?)

biomedical field (how are alterations in the microbiome linked to the 
development of diseases?)

ecological context (how does the diversity of microbial communities contribute 
to the support of food chains?)

The branches of metagenomics



Analysis strategies

Choosing a significant 

environment for a given 

study
Isolation of a 

single strain of 

interest

Genome 

sequencing and 

analysis

Analysis of the 

totality of the 

extracted DNA

Assembly and 
analysis of 
portions of 

metagenomic DNA

GENOMICS METAGENOMICS
strong link between the 

two disciplines



The Whole Genome Sequencing (WGS)

Whole-genome sequencing (WGS) is a 
comprehensive method for analyzing entire 
genomes.

While this method is commonly associated 
with sequencing human genomes, the 
scalable, flexible nature of next-generation 
sequencing (NGS) technology makes it 
equally useful for sequencing any species, 
such as agriculturally important disease-
related microbes



The revolution of Whole metagenome shotgun sequencing

Leave these two classic approaches, moving towards a 
third approach based on the sequencing of the entire DNA 
library.

This approach is not focused on the single gene or the 
single genome, but examines the entire biodiversity of 
the microbial community.

Phylogenetic diversity between 
microbial components and also the 
level of intraspecific genetic 
diversity.

Entire biochemical pathways in 
a community in detail and to 
create real "gene collections" 
represented in the microbiome

Allow the reconstruction of individual complete 
genomes of one or more components



Profiling of a microbial community16S rRNA: why?

• This is a sequence shared universally by all prokaryotes
• It presents extremely conserved regions, interspersed with 

highly variable regions (V1-V9)
• These can be amplified and sequenced thanks to the use of 

degenerate primers designed on their flanking regions
• This bypasses the need to perform a culture

• Usually based on single marker genes
• For bacteria, the marker of choice is 16S ribosomal RNA
• For eukaryotes it is 18S ribosomal RNA



• The variable regions of the 16S 
rRNA can be considered as 
"fingerprints" that allow a specific 
species to be uniquely identified

• There are specific databases such 
as the Ribosomal Database 
Project, which allow comparison 
with over 3 million and 300 
thousand already determined 
sequences of bacteria and Archea Given the sharing of rRNA sequences by all cellular organisms, the phylogeny 

based on 16S sequencing has made it possible to redefine the tree of life based 
on genetic-molecular criteria and no longer just morphological ones

16S rRNA: why?



• The 9 variable regions are 
characterized by a different length, 
but also by a variable degree of 
diversity

• Their phylogenetic informativeness is 
therefore different and the length 
also determines the choice of the 
type of sequencing to be carried out 
(for example taking into account the 
length of the reads)

16S rRNA: how?



16S rRNA metabarcoding: the different possible approaches



Why do we talk about «next-generation sequencing»?

• The real revolution is given by the very high throughput
• Each sequencing run can generate hundreds of millions of reads 

(now billions) of limited length
• The reading takes place thanks to the presence of a high 

resolution optical reader, which records the light signal obtained 
for each polony, which is physically associated with very precise 
coordinates of the solid support

• The times are very short and the total cost is enormously lower 
(cost understood as cost per sequenced base)

• Several technologies have been developed over the years… 
Illumina, IonTorrent (LifeTechnologies), 454 (Roche), SOLiD 
(Applied Biosystems), etc



An overview of Illumina platforms – 
different solutions for different 
objectives

• These are the so-called "benchtop 
sequencers", i.e. benchtop 
sequencers designed to meet the 
needs of small laboratories

• Not suitable for all applications
• However, note the times required 

to complete a run and output. You 
can try to compare this potential 
with the times and costs that were 
required to sequence the human 
genome twenty years ago…



• These are the so-called 
"production-scale" sequencers, 
designed for sequencing centers

• The type of possible applications is 
decidedly different from those seen 
previously

• Sequencing approaches on even 
large genomes

• Very high processivity

An overview of Illumina platforms – 
different solutions for different 
objectives



Take home message: 
Genomics vs. Metagenomics

Genomics advantages:

1. Sequence the genome of 
one organism at a time

2. Use cultures to isolate 
microbe of interest

Metagenomic advantages:

1. Extract sequence data from 
microbial communities as 

they exist in nature
2. Bypass the need for culture 

techniques
3. Sequence all DNA in sample

4. Select DNA based on 
universal sequences

 

foodborne microbial outbreaks [23]. In addition, the identification of bacteria at strain level by means of molecular 

typing tools, such as pulse-field gel electrophoresis (PFGE), ribotyping, and PCR-based techniques, is important for 

the purposes of surveillance and outbreak investigation. Anyway, all the above molecular methods that permit to 

identify and type food microorganisms require the isolation and culturing of microorganisms. Cultivation of 

microorganisms poses several limits and potential problems, which can be overcome by nucleic acid-based detection 

methods [9] [24]. Those limits include: i) the impossibility to detect most of the foodborne viral pathogens, ii) the 

presence of pathogenic bacteria in the viable but not cultivable state (VBNC), the ambiguous identification of 

pathogens due to the lack of selective media, iv) the possible long times necessary for the growth of the 

microorganism.  

 

Fig. 2   Schematic representation of the differences between genomics and metagenomics. 

 Over recent decades, a great number of culture-independent methods have been developed that help overcome 

these problems; most of which have been used extensively in food systems [10]. Since the introduction of the DNA-

based methods in microbial ecology, it became clear their potentiality in food microbiology, as a set of tools for fast 

and precise identification of target pathogenic organisms as well as for the detection of food quality [25]. Such DNA-

based methodologies generally rely on specific DNA sequences (markers) that can be used for approving the quality 

and origin of raw ingredients. 16S ribosomal RNA (rRNA) gene sequences are commonly used to identify, quantify, 

and visualize microorganism populations in foods [26] because their genes consist of highly conserved domains 

interspersed with variable regions. Barcode sequencing of 16S rDNA performed on total microbial DNA from food 

samples enabled to evaluate the microbial diversity based on Operation Taxonomic Units (OTUs) composition as well 

as to assess their taxonomic status, and to further individuate biomarkers for their application in addressing quality, 

technology, authenticity, and safety issues.  The application of specific DNA detection methods, as Real-Time PCR 

protocols, has been promoted and specific international agreements and standards have been released [27] [28]. In the 

last ten years, the advances in massive parallel sequencing or high throughput sequencing (HTS) technologies have 

opened a new perspective in food microbiology [29]. The development in metagenomic approach opens the way to 

previously unknown scenarios to detect microbial activities in microbes without requiring their cultivation since it 

gives the possibility to analyze the meta-community dynamics and to identify markers of food microbiota changes 

following the processing, treatments, transport and storage process. Among the most commonly reported HTS 

technologies are Illumina, where an efficient protocol for 16S rRNA gene-based analysis is the most widely used [30] 

but other technologies are on the market and used in microbial pathogen detection, as the 454 Roche pyrosequencing, 

the non-optical Ion Torrent device, and the single-molecule systems Nanopore-MinION and PacBio-SMRT (see for 

examples [31] [32] [33]). Those technologies may enable both amplicon-based sequencing (using 16S rRNA 

amplification primers targeting hypervariable regions) and untargeted metagenomic analyses (where sequence 

fragments from the virtually whole environmental DNA, including all the microbiome present in the sample, is 

reported). In this way, it is possible to detect the presence of specific microbial taxa and strains and the presence of 

functional genes in their genomes (e.g. toxin-encoding genes).  

 Metagenomics (i.e., the study of microbial communities sampled directly from their natural environment, without 

prior culturing) is currently applied primarily for the study of the microbiota composition from an ecology perspective 

(Figure 2). This technology offers a path to the study of their community structures, phylogenetic composition, 

species diversity, metabolic capacity, and functional diversity. In food science, it is essential to evaluate not only the 

species diversity of microbial communities but also to analyze how the species structures of those communities 

change over time and space.  

 Metagenomic sequencing can widen our perception of food microbiology, from a focus on a (small) panel of 

microbial taxa to an ecological interpretation of the food microbiome, as a “living” matter, where microbes interact 

each other and may possibly establish antagonistic interactions, which in turn, can limit the growth of undesirable 

strains [9]. Both the targeted one (“16S metagenomics”) and the untargeted one (“metagenomics sensu str icto”) 

✓The application of multi-omics in food safety and quality has the potential to answer questions traditional 
microbiological methods could not address.
✓Approaching the food ecosystem from different angles allows for a “holistic” representation of which microorganisms 
are present, how they behave, how they interact and which are the phenotypic manifestations in this complex arena. 
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