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BAC to BAC Run vs. Whole Genome Shotgun 

Course 485 

Introduction to Genomics



Challenges

1) We can not sequence the entire genome at 
once. 

Any ideas why? 
Technological limitations? 

Natural limitations? 

2) What is after the sequences obtained. 

Genome assembly?



Review

Across sequencing methodologies, what do 
we need to sequence a fragment/piece of 

DNA? 

1. Enough identical copies of the DNA fragment. 

  
  

2. Primers. 
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Review

Across sequencing methodologies, what do 
we need to sequence a fragment/piece of 

DNA? 

1. Enough identical copies of the DNA fragment. 

Why? 
What sequencing technology does not require many 

copies of DNA fragment? 

2. Primers. 

Why? 
What sequencing technology does not require primers?



Review

How can we get enough copies of an 
identical DNA fragment? 

1. Molecular cloning. 

2. PCR. 



Review

How can we get enough copies of an 
identical DNA fragment? 

1. Molecular cloning. 

2. PCR. 

What is the most important requirement for PCR? 



Hierarchical 
(BAC to BAC) 
sequencing

Sequencing strategies

Whole genome 
shotgun (WGS) 

sequencing



What is hierarchical?



Hierarchical sequencing

1. Genome

3. Cloning genome 
fragments into 

multiple BAC clones

4. Single BAC clone 
fragmentation

5. Cloning each BAC 
clone fragment into a 

sequencing vector

2. Genome 
fragmentation

6. Sequencing ends 
of the DNA fragment



Hierarchical sequencing



Hierarchical sequencing

1. Genome

Where do we get the genome from? 

How many copies of the genome are in the 
sample extraction tube? 

Can we sequence the genome directly from the 
extraction tube? 



Hierarchical sequencing

2. Genome fragmentation

How can we fragment a genome? 

What are restriction enzymes? 

Can we predict/estimate the number of restriction 
sites in an unknown genome?



Hierarchical sequencing

2. Genome fragmentation

Let’s assume that a genome is 1Mb in size and a %GC of 
60%. How many EcoRI sites are likely to be in the genome? 
Genome size = 
1Mb = 1x106bp = 1,000,000bp 
P(G) = 0.3 
P(C) = 0.3 
P(A) = 0.2 
P(T) = 0.2

P(GAATTC) = 0.3x0.2x0.2x0.2x0.2x0.3 = 0.000144 

# of bp to find GAATTC = 1/0.000144 = 6944bp  

# of GAATTC in 1Mb genome = 1000,000/6944 = 144

0.3 0.2 0.2 0.2 0.2 0.3

%AT = 40%



Hierarchical sequencing

2. Genome fragmentation

Complete vs. partial digestion 
Which approach is better and why?



Hierarchical sequencing

2. Genome fragmentation

Using multiple different restriction enzymes 
why?



Hierarchical sequencing

2. Genome fragmentation

What is the size of the needed 
DNA fragment?
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Characterization of the giant panda BAC libraryFigure 1
Characterization of the giant panda BAC library. A. Analysis of the size of BAC clones by PFG electrophoresis. M: Mid 
range Marker II for PFGE (Bio-labs, New England). Lanes 1–19: NotI digested DNA of randomly picked recombinant BAC 
clones. PFGE conditions were set with Bio-rad CHEF III: 6.0 v/cm for 12 h, linear pulse time ramping from 0.1 to 40 s. B. BAC 
insert size distribution in the library. Insert sizes were determined from 261 BAC clones. The horizontal axis shows the size 
range in kb while the vertical axis displays the number of clones corresponding to each size range. Insert sizes are reported in 
a cumulative histogram.
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Abstract
Background: The giant panda, one of the most primitive carnivores, is an endangered animal.
Although it has been the subject of many interesting studies during recent years, little is known
about its genome. In order to promote research on this genome, a bacterial artificial chromosome
(BAC) library of the giant panda was constructed in this study.

Results: This BAC library contains 198,844 clones with an average insert size of 108 kb, which
represents approximately seven equivalents of the giant panda haploid genome. Screening the
library with 15 genes and 8 microsatellite markers demonstrates that it is representative and has
good genome coverage. Furthermore, ten BAC clones harbouring AGXT, GHR, FSHR, IRBP, SOX14,
TTR, BDNF, NT-4, LH and ZFX1 were mapped to 8 pairs of giant panda chromosomes by
fluorescence in situ hybridization (FISH).

Conclusion: This is the first large-insert genomic DNA library for the giant panda, and will
contribute to understanding this endangered species in the areas of genome sequencing, physical
mapping, gene cloning and comparative genomic studies. We also identified the physical locations
of ten genes on their relative chromosomes by FISH, providing a preliminary framework for further
development of a high resolution cytogenetic map of the giant panda.

Background
The giant panda is an endangered animal with a restricted
habitat in South-western China. A survey revealed that
only about 1,600 individuals remain in the wild [1]. The
highly specialized reproductive behaviour [2] and low fer-
tility make it difficult to increase their numbers quickly by
breeding in captivity. In recent years, strenuous efforts
have been made to protect this animal and considerable
knowledge of its physiology, biochemistry, genetic diver-

sity and ecology has been achieved, but research on the
giant panda genome is still rare. So far only a few genes
have been cloned and two have been mapped to specific
giant panda chromosomes [3,4].

A bacterial artificial chromosome (BAC) library is a pow-
erful tool for studying genomes. Compared with yeast
artificial chromosome (YAC) clones, BAC clones have
many advantages such as high stability, easy manipula-
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Hierarchical sequencing

3. Cloning genome fragments into multiple BAC clones

What is a BAC?

• Bacterial Artificial Chromosome 

• Insert size 150-350Kb 

• Used for physical mapping   
and hierarchical sequencing. 

• More stable and easy to 
manipulate.



Hierarchical sequencing

3. Cloning genome fragments into multiple BAC clones

What is a BAC clone 
library?



Hierarchical sequencing

3. Cloning genome fragments into multiple BAC clones

Let’s assume that a genome is 1Gb in size. How many 
clones of an average 120Kb fragments are needed to 
achieve 5 fold coverage of the genome? 
Genome size =1Gb = 1x109bp = 1,000,000,000bp 
Average insert size = 120Kb = 120x103bp = 120,000bp 
Coverage = 5X

N = 
Genome size x Coverage (X)

Average insert size

N = 1x109bp x 5
120x103bp

= 5x109bp = 41,666 clones
120x103bp



Hierarchical sequencing

3. Cloning genome fragments into multiple BAC clones

What are the benefits of BAC clones?

• Allows the mapping 
of the unknown 
fragments to specific 
locations of the 
chromosome. 

• This can greatly 
affect the genome 
assembly (later).



Hierarchical sequencing

3. Cloning genome fragments into multiple BAC clones

Do we need all BAC clones generated?

• Remove redundant 
clones. 

• Select minimal set of 
overlapping clones 
covering the whole-
genome



Hierarchical sequencing

4. Single BAC clone-insert fragmentation

Fragmentation of BAC clone-insert by shotgun 

Do you what a shotgun is?

BAC clone insert (~100kb)

Random fragments (~4-10kb)



Hierarchical sequencing

4. Single BAC clone-insert fragmentation

Aldeehani double trap-Olympic gold medal athlete 



Hierarchical sequencing

4. Single BAC clone-insert fragmentation

Shotgun!



Hierarchical sequencing

4. Single BAC clone-insert fragmentation

How is the shotgun fragmentation is achieved?

BAC clone insert (~100kb)

Random fragments (~4-10kb)



Hierarchical sequencing

5. Cloning each BAC clone fragment into a sequencing vector

What is a sequencing vector? 

Why are we cloning smaller fragments?

• Smaller than BACs 

• Smaller insert size 

• Known sequence 
flanking the multiple 
cloning site (MCS)



Hierarchical sequencing

5. Cloning each BAC clone fragment into a sequencing vector

How many clones do you need?



Hierarchical sequencing

5. Cloning each BAC clone fragment into a sequencing vector

Is there an easier 
way to amplify the 
random fragments 
and have known 

flanking sequences 
for sequencing 

primers?



How do we get enough copies of DNA to start 
sequencing? 

Now:  
1) Performing PCR using primers of known 

sequences. 
2)  Adding synthetic adapters of known 

sequence to act as primers 

In the past:  
cloning the DNA fragment to vectors (plasmids 
or Bacterial Artificial Chromosomes (BAC)).

Hierarchical sequencing



Hierarchical sequencing

5. Cloning each BAC clone fragment into a sequencing vector

PCR 
amplification

Template 
dissociation

Break
emulsion

Sample preparation
DNA (5 µg)

Template 
dNTPs
and 
polymerase

Cluster 
growth

100–200 million molecular clusters

Bridge amplification

a  Roche/454, Life/APG, Polonator

Billions of primed, single-molecule templates

b  Illumina/Solexa c  Helicos BioSciences: one-pass sequencing

d  Helicos BioSciences: two-pass sequencing e  Pacific Biosciences, Life/Visigen, LI-COR Biosciences

100–200 million beads

Primer, template, 
dNTPs and polymerase

Chemically cross-
linked to a glass slide

Thousands of primed, single-molecule templatesBillions of primed, single-molecule templates

Emulsion PCR
One DNA molecule per bead. Clonal amplification to thousands of copies occurs in microreactors in an emulsion

Solid-phase amplification 
One DNA molecule per cluster

Single molecule: primer immobilized

Single molecule: template immobilized Single molecule: polymerase immobilized

Figure 1 | Template immobilization strategies. In emulsion PCR (emPCR) (a), a reaction mixture consisting of  
an oil–aqueous emulsion is created to encapsulate bead–DNA complexes into single aqueous droplets. PCR 
amplification is performed within these droplets to create beads containing several thousand copies of the same 
template sequence. EmPCR beads can be chemically attached to a glass slide or deposited into PicoTiterPlate  
wells (FIG. 3c). Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the 
single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
dNTP, 2′-deoxyribonucleoside triphosphate.

Mate-pair templates
A genomic library is prepared 
by circularizing sheared DNA 
that has been selected for a 
given size, such as 2 kb, 
therefore bringing the ends 
that were previously distant 
from one another into close 
proximity. Cutting these circles 
into linear DNA fragments 
creates mate-pair templates.

are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
tical templates for a given cycle. This places a greater 
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Over the past four years, there has been a fundamental  
shift away from the application of automated Sanger 
sequencing for genome analysis. Prior to this depar-
ture, the automated Sanger method had dominated the 
industry for almost two decades and led to a number of 
monumental accomplishments, including the comple-
tion of the only finished-grade human genome sequence1. 
Despite many technical improvements during this era, 
the limitations of automated Sanger sequencing showed 
a need for new and improved technologies for sequenc-
ing large numbers of human genomes. Recent efforts 
have been directed towards the development of new 
methods, leaving Sanger sequencing with fewer reported 
advances. As such, automated Sanger sequencing is not 
covered here, and interested readers are directed to  
previous articles2,3.

The automated Sanger method is considered as 
a ‘first-generation’ technology, and newer methods 
are referred to as next-generation sequencing (NGS). 
These newer technologies constitute various strategies 
that rely on a combination of template preparation, 
sequencing and imaging, and genome alignment and 
assembly methods. The arrival of NGS technologies in 
the marketplace has changed the way we think about 
scientific approaches in basic, applied and clinical 
research. In some respects, the potential of NGS is akin 
to the early days of PCR, with one’s imagination being 
the primary limitation to its use. The major advance 
offered by NGS is the ability to produce an enormous 
volume of data cheaply — in some cases in excess of 
one billion short reads per instrument run. This feature  
expands the realm of experimentation beyond just 

determining the order of bases. For example, in  
gene-expression studies microarrays are now being 
replaced by seq-based methods, which can identify and 
quantify rare transcripts without prior knowledge of a 
particular gene and can provide information regarding 
alternative splicing and sequence variation in identified 
genes4,5. The ability to sequence the whole genome of 
many related organisms has allowed large-scale com-
parative and evolutionary studies to be performed that 
were unimaginable just a few years ago. The broadest 
application of NGS may be the resequencing of human 
genomes to enhance our understanding of how genetic 
differences affect health and disease. The variety of 
NGS features makes it likely that multiple platforms 
will coexist in the marketplace, with some having clear 
advantages for particular applications over others.

This Review focuses on commercially available tech-
nologies from Roche/454, Illumina/Solexa, Life/APG 
and Helicos BioSciences, the Polonator instrument and 
the near-term technology of Pacific Biosciences, who 
aim to bring their sequencing device to the market in 
2010. Nanopore sequencing is not covered, although 
interested readers are directed to an article by Branton 
and colleagues6, who describe the advances and remain-
ing challenges for this technology. Here, I present a tech-
nical review of template preparation, sequencing and 
imaging, genome alignment and assembly, and current 
NGS platform performance to provide guidance on how 
these technologies work and how they may be applied 
to important biological questions. I highlight the appli-
cations of human genome resequencing using targeted 
and whole-genome approaches, and discuss the progress 
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Automated Sanger 
sequencing
This process involves a mixture 
of techniques: bacterial 
cloning or PCR; template 
purification; labelling of DNA 
fragments using the chain 
termination method with 
energy transfer, dye-labelled 
dideoxynucleotides and a 
DNA polymerase; capillary 
electrophoresis; and 
fluorescence detection that 
provides four-colour plots to 
reveal the DNA sequence.

Sequencing technologies —  
the next generation
Michael L. Metzker*‡

Abstract | Demand has never been greater for revolutionary technologies that deliver 
fast, inexpensive and accurate genome information. This challenge has catalysed the 
development of next-generation sequencing (NGS) technologies. The inexpensive 
production of large volumes of sequence data is the primary advantage over conventional 
methods. Here, I present a technical review of template preparation, sequencing and 
imaging, genome alignment and assembly approaches, and recent advances in current 
and near-term commercially available NGS instruments. I also outline the broad range of 
applications for NGS technologies, in addition to providing guidelines for platform 
selection to address biological questions of interest.
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What are the requirements to sequence any 
fragment of DNA? 

1) Enough copies of the DNA fragment 

2) Primers corresponding to known locations

Hierarchical sequencing



Hierarchical sequencing

6. Sequencing ends of the DNA fragment

Using the known sequences 
of the vector as primers or 
the synthetic adapters, 
sequence the ends of the 
unknown fragment



Hierarchical sequencing

6. Sequencing ends of the DNA fragment

When do you use 
single-end sequencing? 

When do you use 
paired-end sequencing?



Hierarchical sequencing

6. Sequencing ends of the DNA fragment

Do the sequences of the ends always overlap?



Hierarchical sequencing

6. Sequencing ends of the DNA fragment

The end-sequences of the random fragments overlap to 
give a complete sequence.



Whole-genome shotgun sequencing

1. Genome

3. Cloning genome 
fragments into 

multiple BAC clones

4. Single BAC clone 
fragmentation

5. Cloning each BAC 
clone fragment into a 

sequencing vector

2. Genome shotgun 
fragmentation

6. Sequencing ends 
of the DNA fragment



Whole-genome shotgun sequencing

1. Genome

3. Cloning genome 
fragments into 

multiple BAC clones

4. Single BAC clone 
fragmentation

5. Cloning each BAC 
clone fragment into a 

sequencing vector

2. Genome shotgun 
fragmentation

3. Sequencing ends 
of the DNA fragment



Comparison

Clone-by-clone WGS
High 

accuracy

Very slow

Low 
accuracy

Easy to 
assemble

Hard to 
assemble

Laborious

High cost

Requires 
mapping

Fast
high 

throughput
Low cost

Requires 
mapping

↓Computational 
Demand

↑Computational 
Demand



Disclaimer

 Figures, photos, and graphs in my lectures are 
collected using google searches.  I do not claim to have 

personally produced the material (except for some). I 
do cite only articles or books used. I thank all owners of 

the visual aid that I use and apologize for not citing 
each individual item.  If anybody finds the inclusion of 
their material in my lectures a violation of their copy 

rights, please contact me via email. 

hhalhaddad@gmail.com
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