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 Outline (1)

 Introduction

 NGS: second generation sequencing

 NGS: third generation sequencing

 NGS: fourth generation sequencing

 Data Analysis: A newsyntax



APPLICATIONS OF NGS
NGS allows labs to:
 Mutation discovery

 Transcriptome Analysis – RNA-Seq to discover novel RNA variants and splice sites, or quantify mRNAs for gene expression
analysis

 Sequencing clinical isolates in strain-to-reference mechanisms.

 Enabling Metagenomics

 Defining DNA-Protein interactions – ChIP-Seq

 Discovering non-coding RNAs

 Molecular diagnostics for Oncology & Inherited Disease study.

 Gene Regulation Analysis

 Whole Genome Sequencing

 Exploring Chromatin Packaging

 Deeply sequence target regions

 Analyze epigenetic factors such as genome-wide DNA methylation and DNA-protein interactions

 Study the human microbiome
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1869 – Discovery of DNA
1909 – Chemical characterisation
1953 – Structure of DNA solved  
1977 – First genome (ФX174) Sequencing by 
synthesis (Sanger) - Sequencing by degradation 
(Maxam- Gilbert)
1986 – First automated sequencing machine  1990 
– Human Genome Project started
1992 – First “sequencing factory” at TIGR
1995 – First bacterial genome – H. influenzae (1.8 Mb)  1998 –
First animal genome – C. elegans (97 Mb)  
2003 – Completion of Human Genome Project (3 Gb)

– 13 years, $2.7 bn
2005 – First “next-generation” sequencing instrument  
2013 – 10,000 genome sequences in NCBI database

A quick history of sequencing





Sanger Method
• Sequence of interest is targeted via designed primers
• Massive amplification of target (e.g. by ca. 35 rounds of PCR amplification)

Parental strands

Forward
Primer Reverse

Primer

Melt Anneal Extend

First Cycle

Second Cycle

Third Cycle



 Extremely accurate: „gold  standard“ (error rate
~1:100,000)

 Slow: poorly parallelizable (60x
max.)

• Elongation of DNA sequences by polymerase
• Enzyme stops at a random position per copy (by ddNTP)
• Terminated copies are separated within a gel (smaller ones run further)
• Sequence can be read directly

Sanger sequencing: dye-terminator sequencing



Automated DNA Sequencers

ABI 377 Plate Electrophoresis ABI 3730 xl Capillary Electrophoresis

Launched in 1989 –expected to take 15 years
Competing Celera project launched in 1998
– 1° Draft released in 2000

– “Complete” genome released in 2003

– Sequence of last chromosome published in  2006

• Cost: ~$3 billion

– Celera ~$300 million

Human Genome Project



Shotgun library preparation



NGS: second generation sequencing

Second-generation sequencing methods are well-established and share many 
features in common.

They can be subdivided according to their underlying detection chemistries including 
sequencing by ligation (incorporating nanoball) and sequencing by synthesis (SBS), 
which further divides into proton detection, pyrosequencing and reversible 
terminator.



NGS

No invivo cloning, Transformation,
Colony picking

High degree of Parallelism then
Capillary Sequencing

Low Reagent Cost

Reduced Sample Size  

Less Tme

Poor interpretation of homopolimers

Incorporation of incorrect dNTPs by 
polymerases.

Need for PCR amplification prior to 
sequencing.

Necessity for a deeper sequencing

DISADVANTAGESADVANTAGES





NGS WORKFLOW

2. Create DNAfragments

3. End repair & adapter ligation.
Add platform-specific adapter sequences to library. Adapter molecules bind every fragment to a flowcell or 

bead; add barcodes for multiplexing.

Adapter
ligation
point

Adapter  
molecule

Adapter molecule  
bound to DNA .DNA

1. Sample extraction



Next-gen sequencing: shotgun library preparation

Shotgun libraries
• Whole genome sequencing

– Input: 100-1,000 ng of DNA
– shear DNA (<1,000 bp)
– End repair
– A-tailing
– Ligation of sequencing adapters

Mate pair libraries
• scafolding and structural variation

– Input: 5-20 ug of DNA
– Shear DNA to 3kb, 8kb and 20Kb  

fragments
– Ligation of biotinylated circularization  

adapters
– Shear circularized DNA
– Isolate biotinylated mate pair junction
– Ligate sequencing adapters



NGS WORKFLOW

Fragments with adaptors (the library) are PCR amplified within a water drop in oil.

One PCR primer is attached to the surface of a bead.

DNA molecules are synthesized on the beads in the water droplet. Each bead bears clonal 
DNA originated from a single DNAfragment

Beads (with attached DNA) are then deposited into the wells of sequencing chips – one well, 
one bead.

4a. Clonal amplification by emulsion PCR



NGS WORKFLOW

Sequencing by Ligation (SBL) uses the enzyme DNA ligase to identify the nucleotide present
at a given position in a DNA sequence.

5a. Sequencing by ligation



NGS WORKFLOW

5a. Pyrosequencing
Pyrosequencing: non-electrophoretic, bioluminescence method that 
measures the  releaseof inorganic pyrophosphate by proportionally converting
it into visible light using a  series of enzymaticreaction

Nucleotide incorporation generates light seen as
a peak  in the Pyrogram trace



NGS WORKFLOW

5a. Proton detection sequencing
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Polymerase

dNTP

Polymerase integrates a nucleotide.

Hydrogen and pyrophosphate are released.

dNTP Polymerase

Template Strand

H+

H+ H+

The nucleotide does not compliment the template - no release of hydrogen.

The nucleotide compliments several bases in a row - multiple hydrogen ions are released.

The nucleotide compliments the template - hydrogen is released.

The incorporation of 
deoxyribonucleotide Triphosphate 
into a growing DNA strand causes 
the release of hydrogen and 
pyrophosphate.

The release of hydrogen ions indicate 
if zero, one or more nucleotides were 
incorporated.

Released hydrogens ions are 
detected by an ion sensor. 
Multiple incorporations lead to a 
corresponding number of released 
hydrogens and intensity of signal.



NGS WORKFLOW

4b. Clonal amplification by bridge PCR

DNA fragments are flanked with adaptors (library)

A solid surface is coated with primers complementary
to the two adaptor sequences

Isothermal amplification, with one end of each “bridge”
tethered to the surface

Clusters of DNA molecules are generated on the chip.
Each cluster is originated from a single DNA fragment,
and is thus a clonal population.



NGS WORKFLOW

5b. Reversible terminator sequencing

By far the most popular SBS method 
is reversible terminator sequencing 
which utilizes ‘’bridge-
amplification’’. During the synthesis 
reactions, the fragments bind to 
oligonucleotides on the flow cell, 
creating a bridge from one side of 
the sequence (P5 oligo on flow cell) 
to the other (P7), which is then 
amplified. The added fluorescently-
labeled nucleotides are detected 
using direct imaging.

Sequencing by Cyclic Reversible Termination (CRT): CRT 
uses  reversible terminators in a cyclic method that 
comprises nucleotide  incorporation, fluorescence imaging 
and cleavage. 100-150bp reads are  used.



Third generation sequencing
The introduction of Third Generation Sequencing (TGS) circumvents the need for PCR, sequencing single molecules 
without prior amplification steps.

Sequence information is obtained with the use of DNA polymerase by monitoring the incorporation of fluorescently 
labeled nucleotides to DNA strands with single base resolution. 



Library construction



Overview of SMRT Sequencing Technology. Sequencing starts with preparing a library
from double stranded DNA (A) to which hairpin adapters are ligated (B). This library is
thereafter loaded onto a SMRT Cell made up of nanoscale observation chambers
(ZeroModeWaveguides (ZMWs)). The DNA molecules in the library will be pulled to
the bottom of the ZMW where the polymerase will incorporate fluorescently labelled
nucleotides (C). Note that not all ZMWs will contain a DNA molecule because the
library is loaded by diffusion. The fluorescence emitted by the nucleotides
is recorded by a camera in real-time. Hence, not only the fluorescence color can be
registered, but also the time between nucleotide incorporation which is called the
interpulse duration (IPD) (D, right panel). When a sequencing polymerase encounters
nucleotides on the DNA strand containing an (epigenetic) modification, like for
example a 6-methyl adenosine modification (E, left panel), then the IPD will be
delayed (E, right panel) compared to non-methylated DNA (D, right panel). Due to the
circular structure of the library, a short insert will be covered multiple times by the
continuous long read (CLR). Each pass of the original DNA molecule is termed a
subread, which can be combined into one highly accurate consensus sequence
termed a circular consensus sequence (CCS) or reads-ofinsert (ROI) (F–H, left panel).
Though SMRT sequencing always uses a circular template, long insert libraries
typically only have a single pass and hence generate a linear sequence with single
pass error rates (black nucleotides) (FG, right panel). Afterwards, overlapping single
passes can be combined into one consensus sequence of high quality (H, right panel).
Overall, CCS reads have the advantage of being very accurate while single passes
stand out for their long read lengths (>20 kb).

Single-molecule real-time (SMRT) sequencing 



Fourth generation sequencing



Nanopore technology requires no amplification and uses the concept of single molecule sequencing but 
with the integration of tiny biopores of nanoscale diameter (nanopores) through which the single 
molecule passes and is identified. 











• NGS is just a technology generating data
• Scientists need assays in order to get from questions to answers
• Great variety of problems, scientific fields, target molecules, biological mechanism  

etc. determine the assay and the data analysis
• General scheme:

reference  
vs. de novo

sequence  
alignment

high error  
rates

QA/QC Mapping
individual

across  
platforms

Annotation
external  

knowledge  
(DBs)

„gene“,  
funktional  

units

Modelling
formali-
zation

interaction  
networks

Variant
Detection

„calling“
artifacts,
hetero-
geneity



.fastq files

Phred quality score

Q= -10 log10P



Coverage

Reads mapped on a reference genome

Ref seq

Mapped  
reads
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NGS and control of biologicals

NGS allows the sequencing of billions of molecules at the same time, a capability called 
highly parallel sequencing.

Drug manufacturing can also benefit from advances 
in sequencing. 

One NGS application is environmental monitoring of microbial contaminants in 
biopharma manufacturing

NGS makes it possible to carry out cell line 
identification. 



NGS can support biopharmaceutical drug development for the design of clinical trials.

Control of  adenovirus-associated vectors or other viral vectors

The pandemic has increased the biopharmaceutical industry’s use of NGS. 

NGS and control of biologicals



 Outline (2)

 Viral safety

 Applications of NGS in biological products

 Validation requirements for NGS

 Conclusion and Future Perspective



Safety of vaccines and other biological products is 
critical.

Safety is particularly critical for:

live vaccines

gene therapy viral vectors

cell therapy medicinal products 



 ICH Q5A, specifically requires that a manufacturer of biological 
products for human use demonstrate the capability of the 
manufacturing process to remove or inactivate known contaminants.



 Various EMA guidelines provide recommendations for 
validation of viral inactivation biopharmaceutical products.

 These recommendations also set specific values for virus 
clearance levels that had to be attained.
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The safety assurance is achieved through the application of a robust and effective 
virus testing program, which adopts a three-tiered approach:

1. Selecting and testing of cell lines and other raw materials

2. Assessing capacity for viral clearance and inactivation by a manufacturing 
process

3. In-process and/or final product virus testing.



 Detection of viral contaminants in biopharmaceutical products

Live Infectious
virus

Viral
components

Non-specific test methods

Virus-specific test methods

Transmission Electron
Microscopy (TEM)

Test for reverse 
transcriptaseTests in animals

Cell cultures

Infectivity Assay
(Retroviruses)

9CFR for Bovine & Porcine viruses PCRs
in vivo Antibody production tests  

(MAP, RAP, HAP)



in-vitro methods 

in-vivo methods 

Animal testing 

one of the key differences between these testing methods is timing



 Limitation of conventional assays

 Cell lines may not be permissive for the virus

 Virus not detected by PCR primers

 Cytotoxicity – Neutralization - Interference

 Virus replication is not visible (no CPE)



Regulatory expectations on viral safety of 
biopharmaceutical products have evolved over the past 
decade. 

Today, the concerns are much broader, encompassing 
unknown and uncharacterized agents. 

Increasingly stringent conditions are intended to 
decrease the risk of transmitting viruses.

Next generation sequencing (NGS) is a sensitive and 
un-biased detection method for adventitious agents.



Evolution of European Pharmacopoeia

 Ph. Eur. Chapter 5.2.14: “Substitution of in vivo method(s) by in vitro method(s) for the 
quality control  of vaccines”, implemented 1/2018, version 9.3



Evolution of European Pharmacopoeia

 Ph. Eur. Chapter 5.2.5: “Cell Substrate for the production of vaccines for human use”, 
implemented 1/2018, version 9.3



Evolution of European Pharmacopoeia

 Ph. Eur. Chapter 2.6.16: “Tests for extraneous agents in viral 
vaccines for human use”, version 10.2



WHO - TRS 978, ECBS 2010:

"New, sensitive, molecular methods, with broad detection capabilities are being developed... The  
new generation of massively parallel (deep) sequencing (MPS) methods may have particular utility.  
They can be applied to detect virions after nuclease treatment to remove cellular DNA and  
unencapsidated genomes. Used in this mode, MPS has been used to discover new viruses in serum  
and other tissues and has revealed the contamination of human vaccines by porcine circovirus.“

"MPS can also be employed to screen cell substrates for both latent and lytic viruses by sequencing the
transcriptome. In this mode, enormous quantities of data are generated, and robust bioinformatic
methods are required to detect viral sequences by either positive selection against viral databases or
negative selection to remove cellular sequences.”

WHO Focus on NGS



WHO TRS 993 Annex 2. Scientific principles for regulatory risk evaluation on  
finding an adventitious agent in a marketed vaccine

“WHO defined Next-generation sequencing (NGS) as “high-throughput sequencing technology that
processes sequences in parallel, producing thousands or millions of sequences at once from a
sample… Significant bioinformatics using curated (trusted) databases are needed to analyze the
considerable amount of data generated in each sequencing run.”

“New methods and technologies, such as NGS or microarrays, are powerful tools for the detection
and identification of sequences from viruses and other adventitious agents without prior knowledge
of the nature of the agent. In the future such new technologies may uncover the presence of other,
as yet unrecognized, adventitious agents.”

WHO - TRS 878, Annex 1
“It is probable that application of methods of this type will be expected or required by regulatory 
agencies in future.”



 Application and Usefulness of NGS -1

Removal, supplementation, 
replacement, substitution of in 
vivo adventitious agent  tests

 Detection method for adventitious agents.

Substitution of in vitro nucleic 
acid based tests

Substitution of animal testing 
method



Pre Master Cell Bank / Pre Seed

Raw Materials

 Application and Usefulness of NGS -2

 Characterization, screening studies



 Application and Usefulness of NGS -3

 Investigational tool

For example: to clarify if an identified 
contaminant is replicative
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 Application and Usefulness of NGS -4



 Other potential applications of NGS

NGS could also be used at different stages e.g. product 
development,  manufacturing or finished product:

 Identification and characterization of vaccine strains

 Evaluation of genetic stability of vaccine strains after successive passages

 Reversion to virulence of the attenuated vaccine strains



Challenge to Use NGS to Detect Adventitious Agents

Major challenge Validation of NGS Method

 Complexity of the NGS technologies and 
associated bioinformatics

 Diversity of viral targets and biological 
matrices (e.g. cell banks, viral  seeds, raw
materials)

 Model viruses would be useful 
for  performance evaluation,  
standardization and validation 
of NGS

 Bioinformatics analysis
pipeline  must be optimized

 Complete and correctly annotated
database must be available

Sample  processing Library  preparation



 Due to the need to validate each step of NGS method, a 
coordinate work among specialists is important

In 2014 the Advanced Virus 
Detection Technologies 
Interest Group (AVDTIG), 
gathering together Regulatory 
and Government agencies, 
Industry, Service providers, 
Technology developers, and 
Academics from all over the 
world, has been formed.



 Preliminary consideration
 NGS is not a quantitative analysis

 Extractions and recovery of viral 
nucleic acids controls (accuracy 
of the method)

 Sample flow similar to PCR assays

 Validation and Standardization -1

 Sample and library preparation

 Extractions and recovery 



 Appropriate model viruses for spiking studies (needs for a standard).

 Efficiency of the different steps of the methodology
 Evaluation of total NGS workflow in different biological matrices

 Compare NGS with current assays for virus detection (PCR, in vivo, in vitro)

 Generation of well-characterized datasets for evaluating  bioinformatics pipelines

 Sensitivity studies

 Validation and Standardization -2

Reagent available from NIBSC catalogue 
www.nibsc.org/products ref: 11/242-001



 Specificity

 Demonstrated by a negative control  extracted and 
sequenced in parallel

 Breadth of detection confirmation

 Validation and Standardization -3



Bioinformatics - Pipeline optimization
 Criteria for acceptable quality of reads

 Parameters for short read assembly

 hybrid assembly to correct high error-rate in long-read sequencing

 Strategies to identify novel viruses with minimal similarity to known sequences

 Validation and Standardization -4



 Development of a complete and correctly annotated, publicly
available, Reference Virus Database

Database available at:

https://rvdb.dbi.udel.edu/

 Validation and Standardization -5



Confirmation of a “true” hit

NGS positive sample: follow-up strategy

Determination of biological relevance and significance
of a positive signal

 Can the results be confirmed by PCR or another assay?

 Is a complete viral genome present?

 Are particles present?

 Are the particles infectious?

 Is there a replication-competent virus?

 Can the nucleic acid/particles be quantified?



 Summary of the steps which need validation to utilize NGS 
for Biological and Biotechnological Products -1 

 Sample preparation and processing
 Extraction efficiency of different virus structure (with/out envelope)
 cDNA synthesis of different virus genome (Single/double strand; DNA/RNA)
 Library preparation

 Enrichment steps for viral nucleic acid Controls (reagents, method)

 Sequencing platform
 Selection of sequencer to provide sufficient reads to detect a low level virus

 Consider error rate of sequencing technology: short reads vs long reads



 Bioinformatics
 Strategies for detection of known and novel viruses (nucleotide vs amino  

acids, programs/tools, reads vs contigs, criteria and parameters for runs)

 Databases
 Unmapped reads?
 Re-analysis?

 Summary of the steps which need validation to utilize NGS 
for Biological and Biotechnological Products -2 



 Conclusions

 Evaluation of NGS platforms for virus detection

 Standardization of the methods, including availability of  
virus references representing different virus families

 Developing bioinformatics tools and strategies for  
accurate virus detection and data interpretation



 Future perspective -1

 Further dialogue between researchers, developers, companies 
and regulators to  understand current hurdles to approve the 
implementation of NGS. 

 Collaboration between researchers, companies and regulators for 
the  development of specific guidance on requirements for 
regulatory acceptance of NGS. 

 Improvement of experimental projects for an accurate standardization 
of all the steps involved in NGS and biologicals control.



 Coordination between regulatory bodies to harmonize
requirements

 Organize collaborative studies to address technology 
complexity on common grounds

 Future perspective -2



How to Balance Regulation and Innovation

A strict Validation is requested

Validation must cover all the steps

 all Validation steps must have a unique rationale

Need of specific guideline

Would facility acceptance of NGS by the regulatory organism
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