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   Objectives  

9.1       List the components and the molecular reactions 
that occur in chain termination sequencing.  

9.2       Discuss the advantages of dye primer and dye 
terminator sequencing.  

9.3       Derive a text DNA sequence from raw sequencing 
data.  

9.4       Describe examples of alternative sequencing 
methods, such as pyrosequencing and next-
generation sequencing (NGS).  

9.5       Show diff erent technical approaches to NGS 
and the two approaches used most in clinical 
applications.  

9.6       Describe how NGS sequencing libraries are made.  
9.7       Distinguish primer and probe-based enrichment.  
9.8       Defi ne  bioinformatics,  and describe electronic 

systems for the communication and application of 
sequence information.  

9.9       Recount the events of the Human Genome 
Project.  

9.10       Explain how variant databases were developed 
following completion of the Human Genome 
Project.    
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 DNA sequence information (the order of nucleotides in 
the DNA molecule) is used in the medical laboratory 
for a variety of purposes, including detecting mutations, 
typing microorganisms, identifying human haplotypes, 
and designating polymorphisms. Treatment strategies 
including targeted therapies are now selected based on 
the results of these techniques.  1    

  DIRECT SEQUENCING 

 The importance of knowing the order, or sequence, of 
nucleotides on the DNA chain was appreciated in the 
earliest days of molecular analysis. Elegant genetic 
experiments with microorganisms indirectly detected 
molecular changes at the nucleotide level using pheno-
typic characteristics, such as nutrient requirements. 

 Indirect methods of investigating nucleotide sequence 
differences are still in use today. Without knowing the 
nucleotide sequence of the targeted areas, the results 
from many of these methods would be diffi cult to inter-
pret; in fact, some methods would not be useful at all. 
Direct determination of the nucleotide sequence, or DNA 
sequencing, is the most defi nitive molecular method to 
identify genetic lesions. 

  Manual Sequencing 

 Direct determination of the order, or sequence, of nucle-
otides in a DNA polymer is the most specifi c and direct 
method for identifying genetic lesions (mutations) or 
polymorphisms, especially when looking for changes 
affecting only one or two nucleotides. Two types of 
sequencing methods were concurrently developed in 
the 1970s:  Maxam–Gilbert sequencing   2   and  Sanger 
sequencing.   3   

  Chemical (Maxam–Gilbert) Sequencing 

 The Maxam–Gilbert chemical sequencing method was 
developed by Allan M. Maxam and Walter Gilbert. 
Maxam–Gilbert sequencing required a double- or single-
stranded version of the DNA region to be sequenced, 
with one end radioactively labeled. 

 For sequencing, the labeled fragment, or  template,  
was aliquoted into four tubes. Each aliquot was treated 
with a different chemical with or without high salt 

( Fig. 9.1 ). Upon addition of a strong reducing agent, 
such as 10% piperidine, the single-stranded DNA would 
break at specifi c nucleotides ( Table 9.1 ).
    

G

DMS FA H H+S

G
A

A
G

A
G

G
A

C
T
T

C

C
C

C
C

T
C

C
T

G
G

G

 FIGURE 9.1        Chemical sequencing proceeds in four separate 
reactions in which the labeled DNA fragment is selectively 
broken at specifi c nucleotides.  DMS,  Dimethylsulphate;  FA,  
formic acid;  H,  hydrazine;  H   +   S,  hydrazine  +  salt.    

 TABLE 9.1        Specifi c Base Reactions 
in Maxam–Gilbert Sequencing  

Chain
  Breaks 
At: Base Modifi er Reaction

Time 
(min at 
25°C)

G Dimethylsulphate Methylates G 4

G  +  A Formic acid Protonates 
purines

5

T  +  C Hydrazine Splits 
pyrimidine rings

8

C Hydrazine  +  salt Splits only
  C rings

8

  Advanced Concepts  

 To make a radioactive sequence template, ( 32 P)- 
ATP is added to the 5 ′  end of a DNA fragment, 
using polynucleotide kinase, or the 3 ′  end, using 
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 After the reactions, the fragments were separated by 
size on a denaturing polyacrylamide gel. An example 
of Maxam–Gilbert sequencing results is shown in 
 Figure 9.2 . The sequence was inferred from the bands 
on the fi lm. The lane in which that band appeared iden-
tifi ed the nucleotide. Bands in the purine (G  +  A) or 

pyrimidine (C  +  T) lane were called based on whether 
they were also present in the G- or C-only lanes. In that 
way, the sequence was read from the bottom (5 ′  end of 
the DNA molecule) to the top (3 ′  end of the molecule) 
of the gel.  

 Although Maxam–Gilbert sequencing was a rela-
tively effi cient way to determine short runs of sequence 
data, the method was not practical for high-throughput 
sequencing of long fragments. In addition, the hazardous 
chemicals hydrazine and piperidine required more elab-
orate precautions for use and storage. The method was 
therefore replaced by the  dideoxy chain termination  
sequencing method for most sequencing applications.
   

terminal transferase plus alkaline hydrolysis to 
remove excess adenylic acid residues. Double-
stranded fragments labeled only at one end are also 
produced by using restriction enzymes to cleave a 
labeled fragment asymmetrically, and the cleaved 
products are isolated by gel electrophoresis. Alter-
natively, denatured single strands are labeled 
separately, or a “sticky” end of a restriction site 
is fi lled in, incorporating radioactive nucleotides 
with DNA polymerase. 
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 FIGURE 9.2        Products of a Maxam–Gilbert sequencing reac-
tion. The gel is read from the bottom to the top. The size of the 
fragments gives the order of the nucleotides. The nucleotides 
are inferred from the lane in which each band appears. A or T 
is indicated by bands that appear in the G  +  A lane or C  +  
T lane, respectively, but not in the G lane or the C lane. G is 
present in the G  +  A lane and the G lane. C is present in the 
C  +  T lane and the C lane.    

  Advanced Concepts  

 Polyacrylamide gels from 6% to 20% are used for 
sequencing. Bromophenol blue and xylene cyanol 
loading dyes are used to monitor the migration of 
the fragments. Run times range from 1 to 2 hours 
for short fragments (up to 50 base pairs [bp]) 
to 7 to 8 hours for longer fragments (more than 
150 bp). 

  Dideoxy Chain Termination (Sanger) Sequencing 

 Dideoxy chain termination (Sanger) sequencing is a 
modifi cation of the DNA replication process. A short, 
synthetic, single-stranded DNA fragment (primer) com-
plementary to sequences just 5 ′  to the region of DNA to 
be sequenced is used for priming dideoxy sequencing 
reactions ( Fig. 9.3 ). For detection of the products of the 
sequencing reaction, the primer is attached covalently at 

… T C G A C G G G C … 5′3′
–3′5′
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Template
Area to be
sequenced

OH

 FIGURE 9.3        Manual dideoxy sequencing requires a sin-
gle-stranded version of the fragment to be sequenced (tem-
plate). Sequencing is primed with a short synthetic piece of 
DNA complementary to bases just before the region to be 
sequenced (primer). The sequence of the template will be 
determined by extension of the primer in the presence of 
dideoxynucleotides.    
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the 5 ′  end to a  32 P-labeled nucleotide or a fl uorescent 
dye-labeled nucleotide. A previously used alternative 
detection strategy was to incorporate  32 P- or  35 S-labeled 
deoxynucleotides in the nucleotide sequencing reaction 
mix  (internal labeling).   

 Just as in the in vivo DNA replication reaction, an 
in vitro DNA synthesis reaction would result in poly-
merization of deoxynucleotides to make full-length 
copies of the DNA template. For sequencing, modifi ed 
 dideoxynucleotide (ddNTP)  derivatives are added 
to the reaction mixture. Dideoxynucleotides lack the 
hydroxyl group found on the 3 ′  ribose carbon of the 
deoxynucleotides (dNTPs;  Fig. 9.4 ). DNA synthesis will 
stop upon incorporation of a ddNTP into the growing 
DNA chain (chain termination) because without the 
hydroxyl group at the 3 ′  sugar carbon, the 5 ′ –3 ′  phos-
phodiester bond cannot be established to incorporate a 
subsequent nucleotide. The newly synthesized chain will 
terminate, therefore, with the ddNTP ( Fig. 9.5 ).
      For manual dideoxy sequencing, a 1:1 mixture of tem-

plate and radioactively labeled primer is placed into four 
separate reaction tubes in sequencing buffer contain-
ing the sequencing enzyme and ingredients necessary 
for the polymerase activity ( Fig. 9.6 ). Mixtures of all 
four dNTPs and one of the four ddNTPs are then added 
to each tube, with a different ddNTP in each of the 
four tubes.
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 FIGURE 9.4        A dideoxynucleotide  (right)  lacks the hydroxyl 
group on the 3 ′  ribose carbon that is required for formation of 
a phosphodiester bond with the phosphate group of another 
nucleotide.    

 The original dideoxy chain termination sequenc-
ing methods used in the late 1970s into the early 
1980s required a single-stranded template. Tem-
plates up to a few thousand bases long were 
produced using M13 bacteriophage, a bacterial 
virus with a single-stranded DNA genome. This 
virus replicates by infecting  Escherichia coli,  in 
which the viral single-stranded circular genome 
is converted to a double-stranded plasmid, the 
 replication factor (RF).  The plasmid codes for 
viral gene products use the bacterial transcription 

  Histooricaal HHigghlligghtts  

  Advanced Concepts  

 An advantage of the M13 template preparation 
method was that the primer that hybridizes to M13 
sequences could be used to sequence any fragment 
ligated into the same site of the RF. Recombinant 
plasmids containing fragments to be sequenced 
include a short M13 region so that the  M13 uni-
versal primer  could still be used in some appli-
cations, even though the M13 method of template 
preparation is no longer practical. 

and translation machinery to make new sin-
gle-stranded genomes and viral proteins. To use 
M13 for template preparation, the RF was iso-
lated from infected bacteria, cut with restriction 
enzymes, and the fragment to be sequenced was 
ligated into the RF. When the recombined RF was 
reintroduced into the host bacteria, M13 contin-
ued its life cycle producing new phages, some of 
which carried the inserted fragment. When the 
phages were spread on a lawn of host bacteria, 
plaques (clear spaces) of lysed bacteria formed 
by phage replication contained pure populations 
of recombinant phage. The single-stranded DNA 
was then isolated from the phage by picking 
plugs of agar from the plaques and isolating DNA 
from them. 

  Advanced Concepts  

 Polymerase chain reaction (PCR) products are 
currently used as sequencing templates. Resid-
ual components of the PCR reaction, especially 
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 FIGURE 9.5        DNA replication  (left)  is terminated by the absence of the 3 ′  hydroxyl group on the dideoxyguanosine nucleotide 
(ddG,  right ). The resulting fragment ends in ddG.    

primers and nucleotides, can interfere with the 
sequencing reaction and lower the quality of the 
sequencing ladder. PCR amplicons can be cleaned 
using solid-phase (column or bead) matrices, 
alcohol precipitation, or enzymatic digestion with 
alkaline phosphatase. Alternatively, amplicons can 
be run on an agarose gel and the bands eluted. 
The latter method provides not only a clean tem-
plate but also confi rmation of the product being 
sequenced. It is especially useful when the PCR 
reactions are not completely free of mis-primed 
bands or primer dimers. 

is too high, polymerization will terminate too frequently 
early along the template. If the ddNTP concentration is 
too low, infrequent or no termination will occur. In the 
beginning days of sequencing, optimal ddNTP/dNTP 
ratios were determined empirically (by experimenting 
with different ratios). Sequencing reagent mixes have 
preoptimized nucleotide mixes. 

 With the addition of DNA polymerase enzyme to the 
four tubes, the reaction begins. After about 20 minutes, 
the reactions are terminated by addition of a stop buffer, 
which consists of 20 mM EDTA to chelate cations and 
stop enzyme activity, formamide to denature the prod-
ucts of the synthesis reaction, and gel loading dyes (bro-
mophenol blue and/or xylene cyanol). All four reactions 
are carried out for equal times to provide consistent 
band intensities in all four lanes of the sequencing gel 
sequence.
  

 The ratio of ddNTPs/dNTPs is critical for the generation 
of a readable sequence. If the concentration of ddNTPs 
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 The sets of synthesized fragments are then loaded onto 
a denaturing polyacrylamide gel. The products of each 
of the four sequencing reactions are loaded into adja-
cent lanes, labeled A, C, G, or T, corresponding to the 
ddNTP in the four reaction tubes. Once the gel is dried 
and exposed to x-ray fi lm, the fragment patterns are 
visualized by the signal on the  32 P-labeled primer (or 
incorporated deoxynucleotide). All fragments from a 
given tube will end in the same ddNTP; for example, all 
the fragments synthesized in the ddCTP tube end in C. 

 The four-lane gel electrophoresis pattern of the prod-
ucts of the four sequencing reactions is called a  sequenc-
ing ladder  ( Fig. 9.7 ). The ladder is read to deduce the 
DNA sequence. From the bottom of the gel, the smallest 
(fastest-migrating) fragment is the one in which synthe-
sis terminated closest to the primer. The identity of the 
ddNTP at a particular position is determined by the lane 
in which the band appears. If the smallest band is in the 
ddATP lane, then the fi rst base is an A. The next larger 
fragment is the one that was terminated at the next posi-
tion on the template. The lane that has the next larger 
band identifi es the next nucleotide in the sequence. 
The sequence is thus read from the bottom (smallest, 
5 ′ -most) to the top (largest, 3 ′ -most) fragments across 
or within lanes to determine the identity and order of 
nucleotides in the sequence.  

 Depending on the reagents and gel used, the number of 
bases per sequence read averages 300 to 400. Advances 
in enzyme and gel technology have increased this capa-
bility to over 500 bases per read. Sequencing reads are 
lengthened by loading the same ladders in intervals of 
2 to 6 hours so that the larger bands are resolved with 
longer (e.g., 8-hour) migrations, whereas smaller bands 
will be resolved simultaneously in a 1- to 2-hour migra-
tion that was loaded 6 to 7 hours later. 

 As Sanger sequencing came into routine use, technol-
ogy was improved signifi cantly from these fi rst manual 
sequencing procedures. Recombinant polymerase 
enzymes with in vitro removal of the exonuclease activ-
ity were faster and more processive (i.e., they stayed 
with the template longer, producing longer sequencing 
ladders). In addition, these engineered enzymes more 
effi ciently incorporated ddNTPs and nucleotide analogs 
such as dITP or deaza-dGTP, which were used to deter 
secondary structure (internal folding and hybridiza-
tion) in the template and sequencing products. Further-
more, sequencing was performed with double-stranded 

A
ddATP + four dNTPs ddA

dAdGdCdTdGdCdCdCdG

ddCTP + four dNTPs dAdGddC
dAdGdCdTdGddC
dAdGdCdTdGdCddC
dAdGdCdTdGdCdCddC

dAddG
dAdGdCdTddG
dAdGdCdTdGdCdCdCddG

dAdGdCddT
dAdGdCdTdGdCdCdCdG

ddGTP + four dNTPs

ddTTP + four dNTPs

C

G

T

 FIGURE 9.6        Components required for DNA synthesis (tem-
plate, primer, enzyme, buffers, dNTPs) are mixed with a differ-
ent ddNTP in each of four tubes (left). With the proper ratio of 
ddNTPs/dNTPs, the newly synthesized strands of DNA will 
terminate at each opportunity to incorporate a ddNTP. The 
resulting synthesis products are a series of fragments ending in 
either A (ddATP), C (ddCTP), G (ddGTP), or T (ddTTP). This 
collection of fragments is the sequencing ladder.    

  Advanced Concepts  

 Manganese (Mn  +  +  ) added to the sequencing reac-
tion promotes equal incorporation of all dNTPs 
by the polymerase enzyme. Equal incorporation 
of the dNTPs makes for uniform band intensities 
on the sequencing gel, which eases interpretation 
of the sequence. Manganese increases the rela-
tive incorporation of ddNTPs as well, which will 
enhance the reading of the fi rst part of the sequence 
by increasing intensity of the smaller bands on 
the gel. Modifi ed nucleotides, deaza-dGTP and 
deoxyinosine triphosphate (dITP), are also added 
to sequencing reaction mixes to deter secondary 
structure in the synthesized fragments. Such addi-
tives as Mn  +  +  , deaza-dGTP, and dITP are supplied 
in commercial sequencing buffers. 
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 FIGURE 9.7        A sequencing ladder is read from 
the bottom of the gel to the top. The smallest 
(fastest-migrating) fragment represents the fi rst 
nucleotide attached to the primer by the poly-
merase. Since that fragment is in lane A, from the 
reaction that contained ddATP  (left),  the sequence 
read begins with A. The next largest fragment is 
in lane T. The sequence, then, reads AT. The next 
largest fragment is in lane C, making the sequence 
ATC, and so forth up the gel. Larger bands on a 
sequencing gel can sometimes be compressed, 
limiting the length of sequence that can be read 
on a single gel run  (right).     
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templates, eliminating the requirement for the preparation 
of single-stranded versions of the DNA to be sequenced. 

 Using heat-stable enzymes, the sequencing reaction 
took place in a thermal cycler  (cycle sequencing).  With 
cycle sequencing, timed manual starting and stopping of 
the sequencing reactions were not necessary. The labor 
savings in this regard increase the number of reactions 
that could be performed simultaneously; for example, 
a single operator could run 96 sequencing reactions 
(i.e., sequence 24 fragments) in a 96-well plate. Finally, 
improvements in fl uorescent dye technology have led to 
the automation and throughput of the sequencing process 
and, more importantly, sequence determination.   

  Automated Fluorescent Sequencing 

 The chemistry for automated sequencing is the same 
as that described for manual sequencing, using double-
stranded templates and cycle sequencing. Because cycle 
sequencing (unlike manual sequencing) does not require 
the sequential addition of reagents to start and stop the 
reaction, cycle sequencing was more easily adaptable to 

early high-throughput applications and automation. Uni-
versal systems combined automation of DNA isolation 
of the template and setup of the sequencing reactions. 

 Electrophoresis and reading of the sequencing ladder 
were also automated. A requirement for automated 
reading of the DNA sequence ladder is the use of fl u-
orescent dyes instead of radioactive nucleotides to label 
the primers or sequencing fragments.
  

  Advanced Concepts  

 Fluorescent dyes used for automated sequenc-
ing include fl uorescein, rhodamine, and Bodipy 
(4,4-difl uoro-4-bora-3a,4a-diaza- s -indacene) dye 
derivatives that are recognized by commercial 
detection systems.  4   Automated sequence readers 
excite the dyes with a laser and detect the emit-
ted fl uorescence at specifi c wavelengths. More ad-
vanced methods have been proposed to enhance 
the distinction between the dyes for more accurate 
determination of the sequence.  5   
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 Fluorescent dyes used for sequencing have distinct 
“colors,” or peak wavelengths of fl uorescence emission, 
that can be distinguished by automated sequencers. The 
advantage of having four distinct colors is that all four 
of the reaction mixes can be read in the same lane of a 
gel or on a capillary. Fluorescent dye color rather than 
lane placement will assign the fragments as ending in A, 
T, G, or C in the sequencing ladder ( Fig. 9.8 ).  

  Approaches to Automated Sanger Sequencing 

 There are two approaches to automated fl uorescent 
sequencing:  dye primer  and  dye terminator  sequenc-
ing ( Fig. 9.9 ). The goal of both approaches is to label 
the fragments synthesized during the sequencing reac-
tion according to their terminal ddNTP. Thus, frag-
ments ending in ddATP, read as A in the sequence, will 
be labeled with a “green” dye; fragments ending in 
ddCTP, read as C in the sequence, will be labeled with 
a “blue” dye; fragments ending in ddGTP, read as G in 
the sequence, will be labeled with a “black” or “yellow” 
dye; and fragments ending in ddTTP, read as T in the 
sequence, will be labeled with a “red” dye. This facili-
tates reading of the sequence by the automated sequence.  

 In dye primer sequencing, the four different fl uores-
cent dyes are attached to four separate aliquots of the 
primer. The dye molecules are attached covalently to the 
5 ′  end of the primer during chemical synthesis, resulting 
in four versions of the same primer with different dye 
labels. The primer labeled with each “color” is added 
to four separate reaction tubes, one each with ddATP, 

ddCTP, ddGTP, or ddTTP, as shown in  Figure 9.9 . After 
addition of the remaining components of the sequencing 
reaction (see the previous section on manual sequencing) 
and of a heat-stable polymerase, the reaction is subjected 
to cycle sequencing in a thermal cycler. The products of 
the sequencing reaction are then labeled at the 5 ′  end, 
using the dye color associated with the ddNTP at the end 
of the fragment. 

 Dye terminator sequencing is performed with one 
of the four fl uorescent dyes covalently attached to each 
of the ddNTPs instead of to the primer. The primer is 
unlabeled. A major advantage of this approach is that 
all four sequencing reactions are performed in the same 
tube (or well of a plate) instead of in four separate tubes. 
After addition of the rest of the reaction components and 
cycle sequencing, the product fragments are labeled at 
the 3 ′  end. As with dye primer sequencing, the “color” 
of the dye corresponds to the ddNTP that terminated 
the strand. Dye terminator sequencing has become the 
Sanger sequencing method of choice. The option of one 
reaction for all four nucleotides lowers the cost and labor 
of routine sequencing performed in many laboratories.  

  The Sequencing Ladder 

 After a sequencing reaction using fl uorescent dye ter-
minators, excess dye terminators are removed with 
columns or beads or by ethanol precipitation. Spin 
columns or bead systems bind the sequencing fragments 
to allow removal of residual sequencing components by 
rinsing with buffers. Alternately, the dye terminators are 
bound onto specially formulated magnetic beads, and 
the sequencing ladder is recovered from the supernatant 
as the beads are held by a magnet applied to the outside 
of the tube or plate. 

 The fragments of the sequencing ladder are com-
pletely denatured before running on a gel or capillary. 
Denaturing conditions (50°C to 60°C, formamide, urea 
denaturing gel) are maintained so that the fragments are 
resolved strictly according to size. Secondary structure 
affects migration speed and lowers the quality of the 
sequence. Before loading in a gel or capillary instru-
ment, sequence ladders are cleaned, as described previ-
ously, to remove residual dye terminators, precipitated, 
and resuspended in formamide. The ladders are heated 
to 95°C to 98°C for 2 to 5 minutes and placed on ice 
just before loading.  
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 FIGURE 9.8        Instead of four gel lanes  (left)  fl uorescent frag-
ments can be run in a single gel lane or in a capillary  (right).  
Note that the sequence of nucleotides, AGTCTG, read by lane 
in the slab gel is read by color in the capillary.    
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  Electrophoresis 

 The four sets of sequencing products in each reaction are 
loaded onto a single gel lane or capillary. The fl uores-
cent dye colors, rather than lane assignment, distinguish 
which nucleotide is at the end of each fragment. Running 
all four reactions together not only increases throughput 
but also eliminates lane-to-lane migration variations that 
affect the accurate reading of the sequence. The migrat-
ing fragments pass a laser beam and a detector in the 
automated sequencer. The laser beam excites the dye 

attached to each fragment, causing the dye to emit fl u-
orescence that is captured by the detector. The detector 
converts the fl uorescence to an electrical signal that is 
imaged by computer software as a fl ash or peak of color.
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 FIGURE 9.9        Fluorescent sequencing chemistries. Dye primer sequencing uses labeled primers  (left).  The reactions take place in 
separate tubes and the products of all four reactions are resolved together in one lane of a gel or in a capillary. Using dye termina-
tors  (right),  only one reaction tube is necessary because the fragments can be distinguished directly by the dideoxynucleotides on 
their 3 ′  ends.    

  Advanced Concepts  

 DNA sequences with high GC content are some-
times diffi cult to read due to intrastrand hybrid-
ization in the template DNA. Reagent preparations 
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 Fluorescent detection equipment yields results as an  elec-
tropherogram,  rather than a gel pattern. Just as the gel 
sequence is read from the smallest (fastest-migrating) 
fragments to the largest, the sequencing software reads, 
or “calls,” the bases from the smallest (fastest-migrating) 
fragments that fi rst pass the detector to the largest based 
on the dye emission wavelength; that is, the software calls 
the base by the “color” of the fl uorescence of the frag-
ment as it passes the detector. The electropherogram is a 
series of peaks of the four fl uorescent dyes as the bands 
of the sequencing ladder migrate by the detector. The 
software assigns one of four colors—red, black, blue, or 
green—associated with each of the fl uorescent dyes and 
a text letter to the peaks for ease of interpretation. 

 As with manual sequencing, the ratio of ddNTPs/
dNTPs is key to the length of the sequence read (how 
much of the template sequence can be determined). Too 
many ddNTPs will result in a short sequence read. Too 
low a concentration of ddNTPs will result in loss of 
sequence data close to the primer but give a longer read 
because the sequencing enzyme will polymerize further 
down the template before it incorporates a ddNTP into 
the growing chain. The quality of the sequence (height 
and separation of the peaks) improves away from the 
primer and begins to decline at the end. At least 400 
to 500 bases can be easily read with most sequencing 
chemistries.  

  Sequence Interpretation 

 Base calling is the process of identifi cation of bases in 
a sequence by sequencing software. It is analogous to 
the inspection of gel bands for quality, clarity, and sep-
aration. Interpretation of sequencing data from a dye 
terminator reaction depends on the quality of the elec-
tropherogram, which, in turn, depends on the quality of 
the template, the effi ciency of the sequencing reaction, 

and the cleanliness of the sequencing ladder. Failure to 
clean the sequencing ladder properly results in bright 
fl ashes of fl uorescence  (dye blobs)  that obliterate parts 
of the sequence read ( Fig. 9.10 ). Poor starting material 
results in a poor-quality sequence that cannot be read 
accurately ( Fig. 9.11 ). Clear, clean sequencing ladders 
are read accurately by the software, and a text sequence 
is generated. Sequencing software also shows the cer-
tainty of each base call in the sequence. When the base 
call is not clear, the letter N will replace A, C, T, or G. 
Less-than-optimal sequences are not accurately read-
able by software but may be readable by an experienced 
operator.   

 Software programs can compare two sequences or test 
sequences with reference sequences to identify mutations 
or polymorphisms. Regardless of whether a sequence 
variant (change from a reference sequence) is found, it 
is important to sequence both complementary strands of 
DNA to confi rm sequence data. This is especially criti-
cal for confi rmation of mutations or polymorphisms in a 
sequence ( Fig. 9.12 ). Alterations affecting a single base 
pair may be subtle on an electropherogram, especially if 
the alteration is in the heterozygous form, or mixed with 
the normal reference sequence. Ideally, a genetically het-
erozygous mutation appears as two peaks of equal height 
but different colors directly on top of one another, that is, 
at the same position in the electropherogram. The over-
lapping peaks should be about half the height of single 
base peaks. Heterozygous deletions or insertions (e.g., 
the  BRCA  frameshift mutations) affect all positions of 
the sequence downstream of the mutation ( Fig. 9.13 ). 
Somatic mutations in clinical specimens are sometimes 
diffi cult to detect because they may be diluted by normal 
sequences that mask the somatic change.   

 Several software programs have been written to 
interpret and apply sequence data from capillary elec-
trophoresis. Software that collects the raw data from the 
instrument is supplied with the electrophoresis instru-
ments. Software that interprets, compares, or otherwise 
manipulates sequence data is sometimes supplied with a 
purchased instrument or available online. A representa-
tive sample of these applications is shown in  Table 9.2 . 
Further sequence interpretation with regard to disease 
association and pathogenic signifi cance requires the use 
of sequence databases and clinical trial information. 
This information is available from public websites and 
institutional “data commons” collections.     

that include 7-deaza-dGTP (7-Deaza-2 ′ -deoxy-
guanosine-5 ′ -triphosphate) or dITP instead of 
standard dGTP improve the resolution of bands 
(peaks) in regions that exhibit GC band compres-
sions, or bunching of peaks close together so that 
they are not resolved, followed by several peaks 
running farther apart. 
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 FIGURE 9.10        Electropherogram showing a dye blob at the beginning of a sequence (nucleotide positions 9 to 15). The sequence 
read around this area is not accurate. See Color Plate 5.    
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 FIGURE 9.11        Examples of good sequence quality  (left)  and poor sequence quality  (right).  Note the clean baseline on the good 
sequence; that is, only one color peak is present at each nucleotide position. Automatic sequence reading software will not accu-
rately call a poor sequence. Compare the text sequences below the two scans. See Color Plate 6.    
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 FIGURE 9.13        The 187 delAG mutation in the  BRCA 1 gene detected by Sanger sequencing. This heterozygous dinucleotide dele-
tion is evident in the lower panel where, at the site of the mutation, two sequences are overlaid: the normal sequence and the 
normal sequence minus two bases. See Color Plate 8.    
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 FIGURE 9.12        Sequencing of a heterozygous G to T mutation in exon 12 of the  KRAS  gene. The normal codon sequence is GGT 
 (left).  The heterozygous mutation (GT,  center ) is confi rmed in the reverse sequence (CA,  right ). See Color Plate 7.    
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 TABLE 9.2        Examples of Software Programs Used to Analyze and Apply Sequence Data  

Software Name Application

BLAST Basic Local Alignment Search Tool Compares an input sequence with all sequences in a selected 
database

GRAIL Gene Recognition and Assembly Internet Link Finds gene-coding regions in DNA sequences

FASTA
  FASTQ

FAST-All derived from FAST-P (protein) and 
FAST-N (nucleotide) search algorithms
  Biological data with quality score

Rapidly aligns pairs of sequences by sequence patterns rather 
than individual nucleotides

Phred Phred Reads bases from original trace data and recalls the bases, 
assigning quality values to each base

Polyphred Polyphred Identifi es single-nucleotide polymorphisms (SNPs) among the 
traces and assigns a rank indicating how well the trace at a site 
matches the expected pattern for an SNP

Phrap Phragment Assembly Program Uses user-supplied and internally computed data quality 
information to improve accuracy of assembly in the presence 
of repeats

TIGR 
Assembler

The Institute for Genomic Research Developed by TIGR as an assembly tool to build a consensus 
sequence from smaller-sequence fragments

Factura Factura Identifi es sequence features such as fl anking vector sequences, 
restriction sites, and ambiguities

SeqScape SeqScape Provides mutation and SNP detection and analysis, pathogen 
subtyping, allele identifi cation, and sequence confi rmation

Assign Assign Identifi es alleles for haplotyping

Matchmaker Matchmaker Identifi es alleles for haplotyping

  PYROSEQUENCING 

 Chain termination sequencing became the most widely 
used method to determine DNA sequence. Other 
methods were developed that yielded the same infor-
mation but with less throughput capacity than the chain 
termination method.  Pyrosequencing  is an example of a 
method designed to determine a DNA sequence without 
having to make a sequencing ladder.  6,7   This procedure 
relies on the generation of light (luminescence) when 
nucleotides are added to a growing strand of DNA 
( Fig. 9.14 ). With this system, there are no gels, fl uores-
cent dyes, or ddNTPs.  

 The pyrosequencing reaction mix consists of a 
single-stranded DNA template, sequencing primer, 

sulfurylase, and luciferase, plus the two substrates ade-
nosine 5 ′  phosphosulfate (APS) and luciferin. One of 
the four dNTPs is added in a predetermined order to the 
reaction. If the nucleotide is complementary to the base 
in the template strand next to the 3 ′  end of the primer, 
DNA polymerase extends the primer. Pyrophosphate 
(PPi) is released with the formation of the phosphodi-
ester bond between the dNTP and the primer. The PPi is 
converted to ATP by sulfurylase that is used to generate 
a luminescent signal by luciferase-catalyzed conversion 
of luciferin to oxyluciferin. 

 The process is repeated with each of the four nucle-
otides again added sequentially to the reaction. The 
generation of a signal indicates which nucleotide is the 
next correct base in the sequence. The results from a 
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pyrosequencing reaction, a  pyrogram,  consist of peaks 
of luminescence associated with the addition of the com-
plementary nucleotide ( Fig. 9.14 ). If a sequence con-
tains a repeated nucleotide, for instance, GCAGGCCT, 
the results would be dG peak, dC peak, dA peak, dG 
peak (double height), dC peak (double height), dT peak. 
The nucleotide sequence is called based on the order of 
nucleotide bases introduced to the sequencing reaction 
and the peak heights. 

 Pyrosequencing is most useful for short- to moderate-
sequence analysis. It is therefore used mostly for detec-
tion of previously known mutation or single-nucleotide 

polymorphism (SNP) and typing (re-sequencing) rather 
than for generating new sequences. It has been used for 
applications in mutation detection,  8   infectious disease 
typing,  9,10   and DNA methylation analysis.  11    

  BISULFITE DNA SEQUENCING 

  Bisulfi te DNA sequencing,  or methylation-specifi c 
sequencing, is chain termination sequencing designed 
to detect methylated cytosine nucleotides.  12   Methylation 
of cytosine residues to 5-methylcytosines in DNA is an 

 FIGURE 9.14        Pyrosequencing is the analysis of 
pyrophosphate (PPi) released when a nucleotide 
base (dNTP) is incorporated into DNA  (top left).  
The released PPi is a cofactor for ATP generation 
from adenosine 5 ′  phosphosulfate (APS). Lucifer-
ase plus ATP converts luciferin to oxyluciferin with 
the production of light, which is detected by a lumi-
nometer. The system is regenerated with apyrase 
that degrades residual free dNTP and dATP 
(Step 3). As nucleotides are added to the system 
one at a time, the sequence is determined by which 
of the four nucleotides generates a light signal.    
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important part of the regulation of gene expression and 
chromatin structure, affecting cell differentiation and 
diseases, including several types of cancer. 

 For bisulfi te sequencing, 2 to 4  μ g of genomic DNA 
is cut with restriction enzymes to facilitate denatur-
ation. The enzymes should not cut within the region 
to be sequenced. The restriction digestion products are 
resolved on an agarose gel, and the fragments of the size 
of interest are purifi ed from the gel. DNA from fi xed 
tissue may be used directly without restriction digestion. 
The DNA is denatured with heat (97°C for 5 minutes) 
and exposed to bisulfi te solution (sodium bisulfi te, 
NaOH, and hydroquinone) for 16 to 20 hours. Buffer 
systems that protect DNA from bisulfi te damage may 
be used to increase the yield of converted DNA. Over-
exposure to bisulfi te can result in strand cleavage and 
loss of important regions of the DNA template. During 
the incubation with bisulfi te, the cytosines in the reac-
tion are deaminated, converting them to uracils, whereas 
the 5-methylcytosines are unchanged.
  

 The PCR amplicons are then sequenced by Sanger 
sequencing or pyrosequencing. Methylation is detected 
by comparing the treated sequence with the original 
sequence (before conversion) and noting where in the 
treated sequence cytosines are not changed to thymine 
(uracil); that is, the converted sequence will be altered 
relative to the reference sequence at the unmethylated 
C residues. 

 In Sanger sequencing, unmethylated cytosines will 
appear as red (thymine) instead of blue (cytosine) peaks 
on the electropherogram. In pyrosequencing, the relative 
light intensity of consecutive T and C additions to the 
reaction mix provide a quantitative degree of methyl-
ation. An example of pyrosequencing of bisulfi te con-
verted DNA is shown in  Figure 9.15 , where the color 
or height of the cytosine peaks relative to the thymine 
(uracil) peaks indicates the degree of methylation.  

 Detection methods other than sequencing have also 
been devised to detect DNA methylation, such as using 
methylation-sensitive restriction enzymes or enzymes 
with recognition sites generated or destroyed by the C 
to U changes. Other methods use PCR primers that will 
bind only to the converted or nonconverted sequences 
so that the presence or absence of PCR product indi-
cates the methylation status. These methods, however, 
are not always applicable to the detection of methylation 
in unexplored sequences. As the role of methylation and 
epigenetics in human disease is increasingly recognized, 
bisulfi te sequencing has become a popular method in the 
research laboratory. Clinical tests have been developed 
using this strategy as well.  13,14    

  RNA SEQUENCING 

 The sequences of RNA transcripts are, for the most 
part, complementary to their DNA templates. Post-
transcriptional processing of RNA, however, changes 
the RNA sequence relative to its encoding DNA. Alter-
native splicing and RNA editing may further modify the 
RNA sequence. Early methods to sequence RNA made 
use of ribonucleases to cut end-labeled RNA at spe-
cifi c nucleotides. Another approach was to infer mRNA 
sequence from amino acid sequence. The RNA transcript 
sequence can be determined from the sequencing of its 
complementary DNA; however, sequencing error may 
occur, mostly from the cDNA synthesis step.  15,16   

 After the reaction, the treated DNA is cleaned, precipi-
tated (or purifi ed by adhering and washing on columns 
or beads), and resuspended for use as a template for 
PCR amplifi cation. The primers used for amplifi ca-
tion are altered to accommodate C to U changes in the 
primer-binding sites caused by the bisulfi te treatment. 
For pyrosequencing, one primer is biotinylated for isola-
tion of the single-stranded template. 

  Advanced Concepts  

 Pyrosequencing requires a single-stranded 
sequencing template. Methods using streptavi-
din-conjugated beads have been devised to easily 
prepare the template. First the region of DNA to 
be sequenced is PCR-amplifi ed with one of the 
PCR primers covalently attached to a biotin mol-
ecule. The double-stranded amplicons are then 
immobilized onto the beads and denatured with 
NaOH. After several washings to remove the 
non-biotinylated complementary strand (and all 
other reaction components), the sequencing primer 
is added and annealed to the pure single-stranded 
DNA template. 
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 FIGURE 9.15        DNA methylation at cytosine residues detected by pyrosequencing of bisulfi te-treated DNA. Exposure of a sequence 
to bisulfi te will result in the conversion of unmethylated cytosines to uracils (T in the sequence). The pyrosequencing method will 
report the percent methylation that is the relative number of C to T nucleotides at each potentially methylated C position  (shaded).  
The C residues in the top panel are not methylated. All but one of the C residues in the bottom panel are methylated.    

 Direct sequencing of RNA has been proposed based 
on single-molecule sequencing technology and virtual 
terminator nucleotides.  17,18   In this method, mRNA is cap-
tured by immobilized polydT oligomers ( Fig. 9.16 ). For 
those RNA species without polyA tails, an initial treat-
ment with polyA polymerase is performed to add a 3 ′  
A-tail. The 3 ′  ends of the captured RNA are chemically 
blocked to prevent extension in the sequencing step. 
Four reversibly dye-labeled nucleotides are then sequen-
tially added. An image is taken, the extension inhibitors 
are cleaved, and alternating C, T, A, or G nucleotides 
are added, with imaging, cleavage, and rinsing between 
each nucleotide addition. After repeating this process 
many times (e.g., 120 cycles) the collected images 
are aligned and used to build the sequence from each 
poly(dT) anchor.   

  NEXT-GENERATION SEQUENCING 

 Data obtained from sequence analysis is best inter-
preted in context with population norms and variations; 
however, initially, few large sequence analyses were 
performed for multiple individuals. Furthermore, disease 
states involve a variety of sequence variants that can be 
important for diagnosis, prognosis, and treatment strat-
egy. Although array studies were applied to this type of 
analysis, even the densest oligo array did not provide 
genomic-scale sequence data with single-base-pair res-
olution. Next-generation sequencing (NGS), also called 
massive parallel sequencing, was designed to sequence 
large numbers of templates carrying millions of bases 
simultaneously, in a run that takes a few hours. NGS 



Chapter 9 • DNA Sequencing 239

 FIGURE 9.16        A next-generation sequencing 
library is created by the fragmentation of DNA. The 
fragmented DNA may have single-stranded ends that 
must be repaired back to double-stranded blunt ends 
by end repair. Addition of an A residue on the 
repaired blunt ends facilitates ligation of adapters 
carrying primer-binding sites for PCR amplifi cation 
of the library.    
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 Early studies of DNA polymerase activity on an 
immobilized template led to the development of 
multiple template arrays that could be sequenced 
simultaneously. In 1997 high-throughput Selexa 
technologies were designed with capabilities 
of whole genome sequencing. High-throughput 
sequencing platforms developed in the mid-
2000s resulted in a 50,000-fold drop in the cost 
of human genome sequencing from that of the 
Human Genome Project and led to the term  next-
generation sequencing.  These technologies have 
increased in capacity and have been refi ned to 
address sequence complexity in genomes. The 
cost of sequencing a human genome has achieved 
the $1,000 cost point, which has expanded the use 
of sequencing analyses in the clinical laboratory. 

  Histooricaal HHigghlligghtts  

 NGS technologies include pyrosequencing, reversible 
dye terminator sequencing, ion-conductance sequenc-
ing, single-molecule sequencing, and sequencing by 
ligation. NGS requires novel methods of template 
preparation, such as emulsion PCR and bridge PCR, or 

single-molecule capabilities.  19   Powerful computer data 
assembly systems are required to organize the massive 
amounts of sequence information that are generated. 
These technologies can be used not only to sequence 
whole genomes but also to investigate populations of 
small genomes such as microbial diversity.  20   

 Among the early challenges with massive sequencing 
was the integration of technologies without compromis-
ing accuracy or throughput.  21,22   These issues have been 
addressed with advances in bioinformatics and computer 
software. New challenges with system design, data accu-
mulation and storage, clinical sensitivity, and data inter-
pretation are being addressed, especially in dedicated 
sequencing facilities and commercial bioinformatics 
services. 

 NGS requires strong computer support as well as tera-
bytes of storage space to accommodate large raw data 
sets. To prepare for NGS, clinical laboratories estab-
lish secure information channels and allocate space for 
preparation, loading, and operation of the sequencers. 
Interface with laboratory information systems and elec-
tronic medical records might also be arranged. Report 
templates are designed by the laboratory or commercial 
vendors and bioinformatics services.  23   

 Two NGS technologies account for the majority 
of clinical sequencing applications: ion-conductance 
(pH)  24   and reversible dye terminator sequencing.  25   Both 
methods require the preparation of a sequencing library, 
sets of 100- to 500-bp-size fragments representing the 
regions to be sequenced. A library can represent a whole 

technology has achieved gigabytes of sequencing data 
for a minimal cost, making genomic studies a routine 
component of both research and clinical analysis.
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genome or a few specifi c gene regions where critical 
variants are likely to occur. 

  Gene Panels 

 The size and application of the sequencing library depend 
on the selection of genes to be sequenced or gene panels. 
Gene panels are probe or primer sets designed to amplify 
specifi c genes, regions, or entire exomes (all protein-cod-
ing sequences).  26   NGS might also be performed to 
compare sequences of many organisms (rRNA genes in 
microbial speciation) or to detect large numbers of pos-
sible base differences in a highly polymorphic gene such 
as  CFTR . Gene panels have high technical sensitivity but 
require knowledge of the clinical diagnosis that would 
justify testing particular genes. 

 Gene panels have been designed for disease states, 
such as cardiomyopathies or muscular dystrophy or 
cancers. These panels range from a few (less than 20) 
target genes to more than a thousand target genes such 
as those used for solid organ cancers. “Hot-spot” panels 
target regions of specifi c genes known to affect treatment 
response, disease state, or clinical condition. Variants 
in these regions are referred to as “actionable” muta-
tions; that is, a therapeutic or medical measure might be 
taken as a result of the presence of a variant. Targeted 
panels include critical genes in particular diseases such 
as hematological-cancer-specifi c panels for lymphoid 
or myeloid disorders or solid-tumor-specifi c panels for 
lung, colon, breast, or other cancers. Very large panels 
up to 3,000 genes or more provide a large amount of 
information for diagnostic, prognostic, and discovery 
purposes. These panels, however, may produce vari-
ants of unknown signifi cance that must be assessed by 
pathologists and oncologists on a patient-specifi c basis. 
With the increase in novel treatment strategies, gene 
variants and combinations of gene variants previously 
not considered actionable can become so. Whole-exome 
sequencing is a method of gene discovery. This more 
challenging approach with regard to interpretation has 
proven benefi cial in cases of suspected inherited gene 
variants.  27,28   Initially, beyond the scope of clinical anal-
ysis, whole-exome and even whole-genome sequencing 
have been increasingly incorporated in special cases. 
For routine clinical laboratory work, however, small- 
to medium-size 15- to 500-gene panels account for the 
majority of sequencing procedures.  

  NGS Library Preparation 

 A collection of DNA fragments to be sequenced is a 
sequencing  library.  Reversible dye terminator and 
ion-conductance sequencing are performed on DNA 
fragments less than 1,000 bp in length. Genomic DNA 
is fragmented by a number of methods, including shear-
ing with high-frequency acoustic energy, sonication, 
nebulization (forcing DNA molecules through a small 
opening), or enzymatic treatments. Particular methods 
and how they are used (e.g., pressure levels used in neb-
ulization) produce differently sized fragments (100 to 
1,000 bp). The median fragment size can be checked by 
gel electrophoresis or microfl uidics. Starting DNA con-
centrations and the DNA concentration of the library is 
best measured by fl uorometry.
  

  Advanced Concepts  

 Sequencing protocols and technologies differ with 
respect to the amount of required input genomic 
DNA. The lower limits range from 10 to 50 ng 
of DNA. For sequencing tumor DNA from fi xed 
tissue, 140 mm  2   tissue with at least 30% tumor 
is recommended. Suboptimal amounts of start-
ing DNA will compromise sequence quality and 
increase the risk of PCR artifacts. Fluorometric 
measurement of input (and library) concentrations 
is recommended over spectrometry to ensure the 
measurement of intact DNA. 

 Fragmented DNA produced by enzymatic or physi-
cal methods may be used directly for whole-exome or 
whole-genome sequencing. The fragments will have a 
mixture of 5 ′  and 3 ′  overhangs, some phosphorylated. To 
facilitate ligation to synthetic adaptors, single-stranded 
fragment ends are removed or fi lled in with nuclease or 
polymerase treatment. The 5 ′  ends are phosphorylated. 
The 3 ′  ends can be adenylated to further enable ligation 
to adapters with T overhangs ( Fig. 9.16 ). 

 Adapters are synthetic short dsDNA pieces carrying 
sequences complementary to a single primer pair. The 
adaptors may also contain short sequences that will iden-
tify the sample ( indexing  or  bar coding ;  Fig. 9.17 ). This 
allows analysis of multiple samples in the same reaction 
as the sequencing software will put together sequences 
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 FIGURE 9.17        After fragmentation, end repair, and adapter ligation, bar codes or indexing may be performed by PCR amplifi cation 
with tailed primers, or alternatively, the index sequences may be included in the adapters. Indexes are patient-specifi c so that mul-
tiple patient DNA can be sequenced in the same reaction and separated by their bar codes or indices after the sequencing is 
completed.    

from fragments with the same bar code. Small genomes 
such as those of microbes or plasmids can be simulta-
neously fragmented and ligated to sequencing adapters 
in a single reaction tube. Reagent sets are commercially 
available for library preparation.   

  Targeted Libraries 

 Routine clinical sequencing of human DNA does not 
include the entire genome. Gene panels ranging from a 
few genes to whole exomes (all protein-coding regions) 
are employed, depending on the purpose for sequencing. 

The regions to be sequenced are enriched by probe 
hybridization or by amplifi cation with region-specifi c 
primers.  29   

 Probes are biotinylated oligonucleotides comple-
mentary to specifi c gene regions ( Fig. 9.18 ). Targeted 
fragments to be sequenced are selected by hybridization 
with the biotinylated probe and captured with strepta-
vidin-coated beads. The captured regions are ligated to 
adapters carrying primer-binding sites (or amplifi ed with 
primer-binding sites included with short oligo probes) so 
that all reactions can proceed under the same amplifi -
cation conditions in a single PCR reaction. Probe-based 
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 FIGURE 9.18        Targeted library preparation for NGS using probe enrichment. Fragmented DNA is denatured and hybridized to 
region-specifi c biotinylated probes. The probes are bead-captured, and the hybridized regions are amplifi ed for sequencing. Probes 
may be short oligomers that can be extended across the region to be sequenced. The selected regions can then be amplifi ed with 
tailed primers to add bar codes and sequencing primer-binding sites.    

enrichment has the advantage of capturing sequences 
surrounding the region of interest and providing infor-
mation from neighboring sequences. The presence of 
surrounding regions should be balanced because too 
much additional sequencing will affect the accurate 
sequencing of the targeted regions. The balance will 
depend on the average length of the DNA fragments.  

 Amplicon-based targeted libraries are selected by 
multiplex PCR with gene-specifi c primers tailed with 
binding sites for a secondary primer set ( Fig. 9.19 ). 
After amplifi cation, the secondary primers are tailed 
with index sequences that will identify (bar code or 
index) fragments from multiple samples in the same 
sequencing reaction and adapter sequences complemen-
tary to immobilized oligonucleotides anchored in the 
sequencing platform. These steps may be combined by 
tailing the initial multiplex PCR primers with the index 
and adapter sequences. Amplicon-based panel selection 
has the advantage of versatility and ease of use. Primer 

design is important, however, because sequence vari-
ations in the primer-binding sites may lower the effi -
ciency of or even prevent amplifi cation of particular 
fragments. Loss of library fragments from the sequenced 
regions, referred to as  allele dropout , will cause inaccu-
rate assessment of variant allele frequencies. Primers can 
be designed to produce overlapping sequences to cover 
less optimal regions. Paired-end or mate-pair primers 
produce coupled sequence fragments separated by 30 to 
50 kb. By overlapping these reads, large variations not 
detectable in a few hundred base pairs such as transloca-
tions can be detected.  

 Both primer- and probe-based selections are affected 
by GC-rich sequencing targets. Secondary structure 
lowers the binding of primers and probes. GC-rich 
sequences also “clamp” primers in amplicon-based 
enrichment, lowering PCR effi ciency. AT-rich regions 
may also be subject to poor hybridization, leading to 
loss of sequencing template fragments.  
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 FIGURE 9.19        Targeted library preparation for NGS using amplifi cation enrichment. Fragmented genomic DNA is end repaired 
and amplifi ed with region-specifi c primers carrying binding sites for a single set of primers used in a second amplifi cation. The 
second primer set has patient-specifi c index (bar-code) sequences.    

  Sequencing Platforms 

 After the introduction of NGS as a pyrosequencing 
technology, a variety of methods were developed for 
this purpose. The two most frequently used methods in 
clinical applications are ion-conductance and reversible 
dye terminator sequencing ( Fig. 9.20 ). Both involve 
sequencing by synthesis and can be compared, chemi-
cally, to pyrosequencing and Sanger sequencing.  

 For ion-conductance sequencing, indexed libraries 
(gene panels) are amplifi ed using primers immobilized 
on microparticles (beads) in an aqueous oil emulsion 
using adapters on the library fragments complementary 
to the immobilized primers ( Fig. 9.20A ). The beads car-
rying the amplicons (sequence templates) are placed on 
a solid surface (gene chip). The captured fragments are 
subjected to the addition of nucleotides in a predeter-
mined order. If the nucleotide is complementary to the 
sequencing template, DNA polymerase will catalyze 
the formation of a phosphodiester bond. A hydrogen 
ion is released upon formation of the phosphodiester 
bond. The hydrogen ion will lower the pH of the reac-
tion by a specifi c amount recorded by the sequencer 

( Fig. 9.21 ). This reaction occurs hundreds of thousands 
of times, producing sequence information from millions 
of sequencing panel library fragments.  

 In reversible dye terminator sequencing, captured 
or amplifi ed fragments are hybridized to immobilized 
primers on a solid surface (fl ow cell). The fragments 
hybridize to the immobilized primers and are amplifi ed 
by branch PCR into collections of products or  polonies  
( Fig. 9.20B ). Proper concentration (6 to 20 pMol) of the 
library DNA introduced to the fl ow cell will ensure that 
the polonies are evenly spaced on the fl ow cell. The pol-
onies are sequenced in place by the sequential addition 
of fl uorescently labeled nucleotides. If a nucleotide is 
complementary to the template next to the primer, DNA 
polymerase will extend the primer (form a phosphodi-
ester bond). As in Sanger sequencing, each nucleotide is 
labeled with a specifi c color of fl uor. An image is taken 
of the fl ow cell after each nucleotide addition (cycle), 
recording the presence of each added nucleotide color 
and location. After imaging, the fl uorescent dyes are 
removed, and the next nucleotide is added ( Fig. 9.22 ). 
Simultaneously, hundreds of thousands of polonies are 
sequenced in this way.  
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DNA pol forms phosphodiester bond

Nucleotide

Pyrophosphate

H+

Template

pH

pH drops when a complementary
base is added

 FIGURE 9.21        In ion-conductance sequencing, when the nucleotide added to the reaction is complementary to the template, it is 
joined to the growing chain by DNA polymerase, releasing a hydrogen ion and drop in pH identifying that nucleotide. Sequencing 
software converts pH changes to the nucleotide sequence.    

 Both sequencing platforms are accurate and effi cient, 
with comparable performance.  30   Proper controls include 
a no-template sequencing control and a reference 
sequence control. Sequence runs take from 2.5 hours to 
2 days, depending on the platform and the size of the 
library being sequenced. 

 Other sequencing platforms such as sequencing 
by ligation  31   and nanopore sequencing  32   are used in 
research applications. Sequencing by ligation uses a pool 
of labeled oligonucleotide DNA ligase to identify the 
template sequence through the known probe sequences 
( Fig. 9.23 ). Nanopore sequencing has the advantage of 

Amplification on
beads by ePCR

A

B

Beads placed on chip for
ion-based sequencing

Colonies formed for
reversible dye terminator

sequencing

 FIGURE 9.20        (A) Library amplifi cation for ion-conductance sequencing is performed in emulsion PCR. The bar-coded libraries 
prepared are amplifi ed from primer-binding sites complementary to bead-immobilized primers. At the end of the ePCR reaction, 
the emulsion is broken and applied to a solid surface (chip) for sequencing. (B) For reversible dye terminator sequencing, the panel 
is amplifi ed by bridge PCR through primer-binding sites complementary to primers immobilized on the fl ow cell. Amplifi cation in 
place on the solid surface produces batches or polonies of sequencing templates distributed evenly across the fl ow cell.    
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DNA pol forms phosphodiester bond

Complementary nucleotides are
distinguished by fluorescent color

Labeled
nucleotides

Imaging

Dye removed

 FIGURE 9.22        In reversible dye terminator sequencing, labeled nucleotides are applied to the fl ow cell and incorporated into 
growing chains by DNA polymerase at each polony location. Images are taken after rounds of fl uorescent nucleotide addition; the 
color at each polony location indicates the next nucleotide in that sequence. Once the image is taken, the fl uorescent labels are 
removed. Following this, another round of nucleotides is introduced.    

Ligation

Detection

Cleavage

 FIGURE 9.23        Sequencing by ligation uses short fl uorescently labeled oligomers that hybridize in short increments if they are 
complementary to the DNA template. The template DNA anchored to a glass slide is fl ooded with fl uorescent-labeled oligonucle-
otides. If the oligo is complementary to the template, it is ligated, and then two bases are detected at a time. The oligonucleotide 
is cleaved, followed by the next round of ligation. Each time, two new nucleotides are detected.    
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not requiring fragmentation and amplifi cation of the 
template DNA. One strand of long dsDNA molecules 
(up to 1 Mb) is drawn through protein pores. Each 
nucleotide is identifi ed by a disruption in current as it 
passes through the pore ( Fig. 9.24 ). This technology can 
also be used for direct RNA sequencing. Development 
of different technologies and improvement of existing 
technologies are actively occurring to further facilitate 
and widen the use of NGS.    

  Sequence Quality 

 Instrument collection and sequencing software will batch 
the sequences for each sample, based on the bar codes, 
and identify the nucleotide order in the process of base 
calling. Each base is assessed for quality of imaging (or 
conductance detection) and given a Phred score. Just as 
in Sanger sequencing, a Phred score of 2 to 3 (100- to 
1,000-fold certainty of a correct call) is acceptable. 

 Each sequence is then compared to a reference 
sequence through read alignment. Reference sequences 
are considered “normal” in that there are no known 
signifi cant variants; however, there is no real “normal” 
sequence, especially for human DNA. Variations from 
the reference may be the majority allele in the popu-
lation, with the reference sequence carrying the minor 
allele. For human genome sequencing, reference genome 
hg19 was frequently used and reference genomes are 
updated periodically.  33   Reference sequences are free of 
known disease-related alleles, at least those found in the 
targeted panels. 

 The next step is variant identifi cation based on com-
parison with the reference sequence. There are different 
types of variants, including single-nucleotide variants 
(SNVs), small insertion and/or deletion of nucleotides 
(indels), rearrangement of sequences (e.g., transloca-
tions), and copy-number variants (CNV; amplifi cation 
or deletion of larger regions). Each of these types is 
handled differently by comparison software. Consti-
tutional (genetically inherited) SNVs are identifi ed in 
some programs based on a specifi c range of expected 
allele frequencies (variant allele/reference allele) for 
homozygosity or heterozygosity. Indels (up to 20 bp) 
can be identifi ed by realignment, that is, multiple align-
ments (offset by one or more bases) that minimize base 
mismatches. Indels and even larger rearrangements can 
be detected by overlapping reads of paired end-primed 
sequences or by points of sequence diversions from 
5 ′  and 3 ′  end reads (split-read analysis). Translocation 
breakpoints are often within introns or repetitive DNA 
sequences, or they contain overlaying sequence changes 
at the breakpoint, posing further challenges for variant 
identifi cation. Optimal variant detection requires the use 
of the appropriate library primer design and software. 

 Once aligned, sequence variations from the reference 
(variants) are arranged in a variant call fi le (VCF). The 
VCF is a textual fi le that may be archived for further ref-
erence. Every variant is not of biological or clinical con-
sequence. Some variants are synonymous or silent with 
regard to protein sequences. Others are common poly-
morphisms found in the population. Therefore,  annota-
tion  are performed to identify critical variants.  

Single-molecule sequencing (no amplification)
A A C T C G TSequence

 Current

 FIGURE 9.24        Long-read single-molecule sequencing uses protein ion channels through which one strand of each double-stranded 
DNA template is drawn. Each nucleotide passing through the pore changes the current in a characteristic way. This sequencing is 
rapid and does not require reassembly or short fragments for the fi nal sequence.    
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  Filtering and Annotation 

 There are several components of annotation ( Table 9.3 ). 
The confi dence in the variant call is determined by 
sequence quality and coverage.  Coverage  is the number 
of times the region containing the variant is sequenced 
from independent fragments (read depth). Coverage is 
critical for confi dent detection of variants that are of low 
frequency in the sample such as somatic mutations in 
heterogeneous tumor tissue. Coverage of at least 500 ×  
(total of forward and reverse sequences) is recommended 
for detection of somatic variants.  

 The chromosomal and sequence location of the variant 
in context with the reference sequence is identifi ed, 

along with the type of variant (SNP, insertion, deletion, 
or complex). The variant is then subjected to  fi ltering . 
SNPs are compared to previously reported variants iden-
tifi ed as human genome polymorphisms with the SNP 
rs identifi cation number. Variants may be categorized as 
genetic or somatic in origin and, if genetic, as homo-
zygous or heterozygous with the reference allele. Some 
variants are naturally occurring polymorphisms in partic-
ular populations. Data from the 1000 Genomes Project 
from major ethnic populations can be used to determine 
if a sequence variant is naturally present. 

 For gene panels and exome sequencing, variants will 
likely be found in gene-coding regions and adjacent 
intronic sequences, although intergenic areas may also 
be covered. The particular gene affected and the location 
of the variant in exon, intron, or intergenic sequences 
are noted. For variants found in introns, any effects of 
splicing are assessed. Variant effects on protein can also 
be estimated using algorithms such as PolyPhen and 
SIFT.  34   Silent variants will not change the amino acid 
sequence, but codon usage may have an effect on trans-
lation effi ciency. Conservative amino acid substitutions 
or those late in the protein sequence have less effect on 
protein function than nonconservative mutations located 
early in the protein sequence. Algorithms provide scores 
to indicate the degree of damage to protein structure or 
function caused by the sequence variant. The dbNSFP 
database is a collection of in silico detected nonsynony-
mous variants. 

 Variants that remain after fi ltering may be annotated 
by searching in disease-specifi c databases, such as the 
Cancer Genome Atlas (TCGA), the Catalogue of Somatic 
Mutations in Cancer (COSMIC), My Cancer Genome, 
the Leiden Open (source) Variation Database (LOVD), 
and the Human Gene Mutation Database (HGMD). 
These databases and others contain population and clin-
ical data associated with previously observed variants. 
The information from these databases can assist with the 
interpretation of the clinical effect of a variant. There 
are ongoing efforts to consolidate variant/disease data to 
ever larger and more comprehensive collections. Final 
reports of variants may contain information from data-
bases, including effects on therapeutic treatments, espe-
cially targeted therapies, clinical trials, and prognosis. 
The clinical signifi cance of a variant may differ with the 
heterogeneity of disease states as well as patient charac-
teristics and demographics (e.g., age or gender).
    

 TABLE 9.3        Annotation of Sequence Variants  

Data Description

Location of 
variant

Chromosome number, genomic 
coordinate (hg19 build)

Variant change Reference allele, alternate allele detected 
in sample

Genetic state Heterozygous, homozygous alternate

Quality of 
variant call

Quality/confi dence score, sequencing 
depth at variant site (number of reads of 
variant and reference), probability of the 
reference or variant reads being balanced 
between  +  and – strands

Allele burden The fraction of reads supporting 
the alternate allele (expect germline 
heterozygous alleles to be close to 0.5)

Variant type The type of allele, either SNP, MNP, ins, 
del, or complex

Genomic 
position

Exon, intron, intergenic, other

Comparison 
to known 
variants

dbSNP ID, 1000 Genomes Project 
frequency with ethnicity, other disease-
specifi c databases and information 

Gene/coding 
eff ects

Annotated gene at the variant site, amino 
acid change, eff ect on protein sequence 
by the variant, algorithm scores for 
predicting damaging mutations
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  Advanced Concepts  

 Based on professional surveys and literature 
reviews, a multidisciplinary group has proposed a 
system to categorize somatic variants in cancer.  35   
It defi nes four tiers of variants as determined 
from cancer variant databases: tier I, variants with 
strong clinical signifi cance; tier II, variants with 
potential clinical signifi cance; tier III, variants of 
unknown signifi cance (VUS); and tier IV, variants 
likely to be benign. 

  BIOINFORMATICS 

 Information technology has had to encompass the vast 
amount of data arising from the growing numbers of 
sequence discovery methods, especially direct sequenc-
ing and array technology. This deluge of information 
requires careful submission, storage, organization, and 
indexing of large amounts of data into databases such 
as those used in clinical sequencing analysis.  Bioinfor-
matics  is the merger of biology with information tech-
nology. Part of the practice in this fi eld is biological 
analysis  in silico,  that is, by computer. Bioinformatics 
dedicated specifi cally to handling sequence information 
is a form of  computational biology.  A list of some of 
the terms used in bioinformatics is shown in  Table 9.4 . 
The handling of the mountains of data being generated 
requires continual renewal of stored data, and a number 
of database programs are available for this purpose.  36,37    

 Standard expression of sequence data is important 
for the clear communication and organized storage of 
sequence data. In some cases, such as in heterozygous 
mutations, there may be more than one base or mixed 
bases at the same position in the sequence. Polymorphic 
or heterozygous sequences are written as  consensus 
sequences,  or a family of sequences, with proportional 
representation of the polymorphic bases. The Inter-
national Union of Pure and Applied Chemistry and 
the International Union of Biochemistry and Molec-
ular Biology (IUB) have assigned a universal nomen-
clature for mixed, degenerate, or wobble bases ( Table 
9.5 ). The base designations in the IUB code are used 

to communicate consensus sequences and for computer 
input of polymorphic sequence data.  

 In addition to the interpretation of sequence variants, 
sequence information is also used in epidemiology, to spe-
ciate organisms or to fi nd homologies within or between 
species. These applications involve database searches 
with comparisons of large regions of DNA. The  Basic 
Local Alignment Search Tool (BLAST)  is a system for 
homology searches. BLAST searches GenBank, a large 
database maintained by the National Center for Biotech-
nology Information (NCBI). Searches can be made of 
nucleic acid and amino acid sequences. Searches are 
performed by selecting a nucleotide or protein search 
and entering a sequence (query). Limits and parameters 
on the search can be added, such as the type of organ-
isms to search (e.g., human, mouse, or other), exclusions 
and limits of organism or sample type, and the program. 
The program can optimize for highly similar sequence 
matches (megablast) or imperfect matches. Because 
sequences are directly submitted by researchers, there 
may be differences in the entered sequences due to the 
source of the sequenced material, the sequencing method, 
or the quality of the sequence. Selecting less-than-perfect 
matches will also allow cross-species matches of phy-
logenically conserved sequences, which can lead to the 
identifi cation of important protein domains or clues to 
protein function. 

 The search will generate a number of matches or hits, 
with a diagram showing the alignments of the matching 
sequences and a color code indicating the best matches. 
Another section of the search results in E-values. The 
 E-value  (Expect value) describes the number of matches 
to the query by chance when searching a database of 
a particular size. It decreases exponentially with the 
quality of the match. Very low E-values (e.g., 10 –1   2  ) 
would be associated with a perfect match for a given 
query sequence. Further information, including the 
matched gene name and its organism, the source of the 
matched sequence and the location within that sequence, 
comparison of base to base or amino acid to amino 
acid, and plus or minus strand of the matched nucleo-
tide sequence, are accessed by selecting the sequence or 
the color-coded bar in the diagram. The original submit-
ted sequence can be accessed by selecting the sequence 
name. 

 In addition to the identifi cation of new sequences, 
queries such as these are also useful for test and primer 
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 TABLE 9.4        Bioinformatics Terminology  

Term Defi nition

Identity The extent to which two sequences are the same

Alignment Lining up two or more sequences to search for the maximal regions of identity in order to 
assess the extent of biological relatedness or homology

Local alignment Alignment of some portion of two sequences

Multiple sequence alignment Alignment of three or more sequences arranged with gaps so that common residues are 
aligned together

Optimal alignment The alignment of two sequences with the best degree of identity

Conservation Specifi c sequence changes (usually protein sequence) that maintain the properties of the 
original sequence

Similarity The relatedness of sequences, the percent identity or conservation

Algorithm A fi xed set of commands in a computer program

Domain A discreet portion of a protein or DNA sequence

Motif A highly conserved short region in protein domains

Gap A space introduced in alignment to compensate for insertions or deletions in one of the 
sequences being compared

Homology Similarity attributed to descent from a common ancestor

Orthology Homology in diff erent species due to a common ancestral gene

Paralogy Homology within the same species resulting from gene duplication

Query The sequence presented for comparison with all other sequences in a selected database

Annotation Description of functional structures, such as introns or exons in DNA or secondary structure or 
functional regions to protein sequences

Interface The point of meeting between a computer and an external entity, such as an operator, a 
peripheral device, or a communications medium

GenBank The genetic sequence database sponsored by the National Institutes of Health

PubMed Search service sponsored by the National Library of Medicine that provides access to literature 
citations in Medline and related databases

SwissProt Protein database sponsored by the Medical Research Council (United Kingdom)

design. Whenever a new primer or probe sequence is 
chosen, it is useful to query the primer or probe sequence 
to confi rm that it belongs to the correct species and is not 
duplicated in multiple places in a genome. Primers and 

probes with multiple potential binding sites will produce 
mis-primes and off-target products. 

 Bioinformatics includes handling and updating 
of information for software tools and databases. The 
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accumulation of genomic and proteomic data, species 
and types of microorganisms based on sequences data, 
and variant association with disease drives the devel-
opment of high-powered, reliable computer systems for 
storage as well as organization.  

  THE HUMAN GENOME PROJECT 

 From the fi rst description of its double-helical structure 
in 1953 to the creation of the fi rst recombinant molecule 
in the laboratory in 1972, DNA and the chemical nature 

of the arrangement of its nucleotides have attracted great 
interest. Gradually, this information began to accumu-
late, fi rst regarding simple microorganisms and then par-
tially in lower and higher eukaryotes. The deciphering 
of the human genome was a benchmark in the ongoing 
discovery of the molecular basis for disease and the 
groundwork of molecular diagnostics. In the process of 
solving the human DNA sequence, genomes of a variety 
of clinically important organisms were deciphered, 
advancing typing and predicting infectious disease treat-
ment outcomes. 

 The fi rst complete genome sequence of a clinically 
important organism was that of Epstein–Barr virus, 
published in 1984.  38   The 170,000-bp sequence was 
determined using the M13 template preparation/chain 
termination manual sequencing method. In 1985 and 
1986, the possibility of mapping or sequencing the 
human genome was discussed at meetings at the Uni-
versity of California, Santa Cruz; Cold Spring Harbor, 
New York; and the Department of Energy in Santa Fe, 
New Mexico. The idea was controversial because of the 
risk that the $2 to $5 billion cost of the project might 
not justify the information gained, most of which would 
be sequences of “junk,” or non-gene-coding DNA. Fur-
thermore, there was no available technology up to the 
massive task. The sequencing automation and the com-
puter power necessary to assemble the 3 billion bases 
of the human genome into an organized sequence of 
23 chromosomes had not yet been developed. 

 Nevertheless, several researchers, including Walter 
Gilbert (of Maxam–Gilbert sequencing), Robert 
Sinsheimer, Leroy Hood, David Baltimore, David 
Botstein, Renato Dulbecco, and Charles DeLici, saw that 
the project was feasible because technology was rapidly 
advancing toward full automation of the process. In 
1982, Akiyoshi Wada had proposed automated sequenc-
ing machinery and had gotten support from Hitachi 
Instruments. In 1987, Smith and Hood announced the 
fi rst automated DNA sequencing machine.  39   Advances in 
the chemistry of the sequencing procedure were accom-
panied by advances in the biology of DNA mapping, 
with methods such as pulsed-fi eld gel electrophoresis,  40,41   
restriction fragment length polymorphism analysis,  42   
and transcript identifi cation. Methods were developed to 
clone large (500-kbp) DNA fragments in artifi cial chro-
mosomes, providing long contiguous sequencing tem-
plates.  43   Finally, application of capillary electrophoresis 

 TABLE 9.5        IUB Universal Nomenclature 
for Mixed Bases  

Symbol Bases Mnemonic

A Adenine Adenine

C Cytosine Cytosine

G Guanine Guanine

T Thymine Thymine

U Uracil Uracil

R A, G puRine

Y C, T pYrimidine

M A, C aMino

K G, T Keto

S C, G Strong (3 H bonds)

W A, T Weak (2 H bonds)

H A, C, T Not G

B C, G, T Not A

V A, C, G Not T

D A, G, T Not C

N A, C, G, T aNy

X, ? Unknown A or C or G or T

O, - Deletion
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to DNA resolution  44–46   made the sequencing procedure 
even more rapid and cost-effi cient. 

 With these developments in technology, the Human 
Genome Project was endorsed by the National Research 
Council. The National Institutes of Health (NIH) estab-
lished the Offi ce of Human Genome Research with 
James Watson as its head. Over the next 5 years, meet-
ings on policy, ethics, and the cost of the project resulted 
in a plan to complete 20 Mb of sequence of model organ-
isms by 2005 ( Table 9.6 ). To organize and compare the 
growing amount of sequence data, the BLAST and Gene 
Recognition and Assembly Internet Link (GRAIL) algo-
rithms were introduced in 1990.  47,48    

 For the human sequence, the decision was made to 
use a composite template from multiple individuals 
rather than a single genome from one donor. Human 
DNA was donated by 100 anonymous volunteers; only 
10 of these genomes were sequenced. Not even the vol-
unteers knew if their DNA was used for the project. To 
ensure accurate and high-quality sequencing, all regions 
were sequenced 5 to 10 times. 

 A second project started with the same goal. In 
1992, Craig Venter left the NIH to start the Institute for 

Genomic Research (TIGR). Venter ’ s group completed 
the fi rst sequence of a free-living organism ( Haemophilus 
infl uenzae )  49   and the sequence of the smallest free-living 
organism ( Mycoplasma genitalium ).  50   Venter established 
a new company named Celera and proposed to complete 
the human genome sequence in 3 years for $300 million, 
faster and cheaper than the NIH project. Meanwhile, 
Watson had resigned as head of the NIH project and was 
replaced by Francis Collins. In response, the Wellcome 
Trust doubled its support of the NIH project. The NIH 
moved its completion date from 2005 to 2003, with a 
working draft to be completed by 2001. Thus began a 
competitive effort on two fronts to sequence the human 
genome. 

 The two projects approached the sequencing differ-
ently ( Fig. 9.25 ). The NIH method (hierarchical shotgun 
sequencing) was to start with sequences of known 
regions in the genome and “walk” further away into the 
chromosomes, always aware of where the newly gen-
erated sequences belonged in the human genome map. 
Venter and the researchers working with Celera—Gene 
Meyers, Jane Rogers, Robert Millman, John Sulston, 
and Todd Taylor—had a different idea. Their approach  
(whole-genome shotgun sequencing)  was to start with 
10 equivalents of the human genome cut into small frag-
ments and randomly sequence the lot. Then, powerful 
computers would fi nd overlapping sequences and use 
those to assemble the billions of bases of sequence into 
their proper chromosomal locations.  

 Initially, the Celera approach was met with skepti-
cism. The human genome contains large amounts of 
repeated sequences, some of which are very diffi cult 
to sequence and even more diffi cult to map properly. 
A random sequencing method would repeatedly cover 
areas of the genome that are more easily sequenced 
and miss more diffi cult regions. Moreover, assembly of 
the whole sequence from scratch with no chromosomal 
landmarks would take a prohibitive amount of computer 
power. Nonetheless, Celera began to make headway 
(some alleged with the help of the publicly published 
sequences from the NIH), and eventually, the NIH 
project modifi ed its approach to include both methods. 

 Over the next months, some efforts were made toward 
combining the two projects, but these efforts broke down 
over disagreements over database policy and release of 
completed sequences. The result of the competition was 
that the rough draft of the sequence was completed by 

 TABLE 9.6        Model Organisms Sequenced 
During the Human Genome Project  

Organism
Genome 
Size (Mb)

Estimated 
Number 
of Genes

Epstein–Barr virus 0.17 80

 Mycoplasma genitalium 0.58 470

 Haemophilus infl uenzae 1.8 1,740

 Escherichia coli K-12 4.6 4,377

 E. coli O157 5.4 5,416

 Saccharomyces cerevisiae 12.5 5,770

 Drosophila melanogaster 180 13,000

 Caenorhabditis elegans 97 19,000

 Arabidopsis thaliana 90 25,000
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both projects earlier than either group had proposed, in 
June 2000. A joint announcement was made, and both 
groups published their versions of the genome, the NIH 
version in the journal  Nature   51   and the Celera version in 
the journal  Science .  52   

 The sequence completed in 2000 was a rough draft 
of the genome; that is, there were still areas of missing 
sequence and sequences yet to be placed. Only chro-
mosomes 21 and 22, the smallest of the chromosomes, 
had been fully completed. In the ensuing years, the fi n-
ished sequences of each chromosome have been released 
( Table 9.7 ).  

 Remaining errors, gaps, and complex gene rearrange-
ments will take years to resolve.  53   Detailed analysis of 
an individual genome will require sequencing of both 
homologs of each chromosome.  54   Even with the rough 
draft, interesting characteristics of the human genome 
were revealed. The size of the entire genome is 2.91 Gbp 
(2.91 billion bp). The genome was initially calculated 
as 54% AT and 38% GC, with 8% of the bases still 
to be determined. Chromosome 2 is the most GC-rich 
chromosome (66%), and chromosome X has the fewest 

GC base pairs (25%). A most surprising discovery was 
that the number of genes, estimated to be from 20,000 
to 30,000, was much lower than expected. The average 
size of a human gene is 27 kbp. Chromosome 19 is the 
most gene-rich per unit length (23 genes/Mbp). Chro-
mosomes 13 and Y have the fewest genes per base pair 
(5 genes/Mbp). Only about 2% of the sequences code for 
genes. Between 30% and 40% of the genome consists 
of repeat sequences. There is one single-base difference 
between two random individuals found approximately 
every 1,000 bases along the human DNA sequence. 
More detailed information, databases, references, and 
updated information are available at  http://www.ncbi
.nlm.nih.gov/ . 

 The promise of the Human Genome Project for 
molecular diagnostics can be appreciated with the 
example of the discovery of the gene involved in cystic 
fi brosis. Seven years of work were required for discov-
ery of this gene. With proper mapping information, a 
gene for any disease can now be found by computer, 
already sequenced, in a matter of minutes. Of course, 
all genetic diseases are not due to the malfunction of 

Hierarchical Shotgun Sequencing Whole-Genome Shotgun Sequencing

Whole genome

Assembly

Random reads

Anchoring

Genome assembly

Known regions
of individual 
chromosomes

 FIGURE 9.25        Comparison of two approaches for sequencing of the human genome. The hierarchical shotgun approach taken by 
the NIH  (left)  was to sequence from known regions so that new sequences could easily be located in the genome. The Celera 
whole-genome shotgun approach  (right)  was to sequence random fragments from the entire genome and then assemble the com-
plete sequence with computers.    
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almost impossible. Ten years after the announcement of 
the completion of the Human Genome Project, almost 
200 human genomes had been sequenced. Although the 
information gathered from the sequencing effort had not 
yielded the benefi ts to human health expected at the start 
of the project, it increased the appreciation of the vast 
complexity of genes and their regulation.  55   

  Variant Associations With Phenotype 

  The Human Haplotype Mapping Project 

 As the Human Genome Project moved toward com-
pletion, another project was launched to further defi ne 
the relationship between gene sequence and disease. 
This was the Human Haplotype Mapping, or HapMap, 
Project.  56   The goal of the project was to fi nd blocks of 
sequences that are inherited together, marking particu-
lar traits and possibly disease-associated genetic lesions. 
The haplotype approach would reduce the number of 
polymorphisms required to examine the entire col-
lection of genome/phenotype associations from the 
10 million polymorphisms that exist to roughly 
500,000 haplotypes. The HapMap Project revealed more 
than 1,000 disease-associated regions of the genome, 
covering commonly occurring conditions such as coro-
nary artery disease and diabetes. With advances in tech-
nology, and the ability to generate sequence information, 
however, HapMap data has mostly been supplanted by 
higher-throughput data-gathering methods. As a result, 
the NCBI has planned to retire the HapMap project site 
because other resources, such as the 1000 Genomes 
Project, have become more comprehensive references 
for population genomics.  

  The 1000 Genomes Project 

 The 1000 Genomes Project provides a resource of struc-
tural variants in different populations.  57   The project has 
reconstructed the genomes of over 2,504 individuals 
from 26 populations by whole-genome sequencing, deep 
exome sequencing, and dense microarray genotyping 
in laboratories in the United States, United Kingdom, 
China, and Germany. Over 88 million variants (84.7 
million SNPs, 3.6 million short insertions/deletions, and 
60,000 structural variants) were verifi ed. The resulting 
database includes more than 99% of single-nucleotide 

 TABLE 9.7        Completed Chromosomes  

Chromosome Completion Date

21 December 1999

22 May 2000

20 December 2001

14 January 2003

Y June 2003

7 July 2003

6 October 2003

13 March 2004

19 March 2004

9 May 2004

9 May 2004

5 September 2004

16 December 2004

18 January 2005

X March 2005

2 April 2005

4 April 2005

8 January 2006

11 March 2006

15 March 2006

12 March 2006

17 April 2006

3 April 2006

1 May 2006

a single gene. In fact, most diseases and normal states 
are driven by a combination of genes as well as by 
environmental infl uences. Without the rich information 
afforded by the sequence of the human genome, iden-
tifi cation of these multicomponent diseases would be 
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variants with a frequency of greater than 1%. Data from 
the 1000 Genomes Project is a component of NGS 
variant assessment, providing more patient-specifi c 
interpretation of the clinical signifi cance of variants. All 
variants from the 1000 Genomes Project are submitted 
to archives such as dbSNP. 

 The majority of HapMap SNPs are found in the 
1000 Genomes Project.  58   Sites from HapMap that aren ’ t 
found by the 1000 Genomes Project may be false dis-
coveries by HapMap, the latter being based on microar-
ray technology. Thus, there are a lot of SNPs from NGS 
projects that are not reported in HapMap. 

 The technology developed as part of the Human 
Genome Project made sequencing a routine method in 
the clinical laboratory. Small, cost-effective sequenc-
ers are available for rapid sequencing. In the clini-
cal laboratory, sequencing is actually resequencing, 
or repeated analysis of the same sequence region, to 
detect mutations or to type microorganisms, making 
the task even more routine. The technology continued 
to develop, reducing the cost and labor of sequencing 
to detect multicomponent diseases or to predict predis-
position to disease. Massive parallel or next-generation 
sequencing has supplemented and/or replaced Sanger 
sequencing in many clinical laboratories, and even this 
technology has evolved into lower-cost, user-friendly 
protocols. Accurate and comprehensive sequence anal-
ysis is one of the most promising areas of molecular 
diagnostics.

   STUDY QUESTIONS  

   1.       Read 5 ′  to 3 ′  the fi rst 15 bases of the sequence in 
the gel on the right in  Figure 9.7  (p. 229).  

  2.       After an automated dye primer sequencing run, the 
electropherogram displays consecutive peaks of the 
following colors:
   red, red, black, green, green, blue, black, red, 
green, black, blue, blue, blue  
  If the computer software displays the fl uors from 
ddATP as green, ddCTP as blue, ddGTP as black, 
and ddTTP as red, what is the sequence of the 
region given?     

  3.       A dideoxy sequencing electropherogram displays 
bright (high, wide) peaks of fl uorescence, 
obliterating some of the sequencing peaks. What 
is the most likely cause of this observation? How 
might it be corrected?  

  4.       In a manual sequencing reaction, the sequencing 
ladder on the polyacrylamide gel is very bright 
and readable at the bottom of the gel, but the 
larger (slower-migrating) fragments higher up are 
very faint. What is the most likely cause of this 
observation? How might it be corrected?  

  5.       In an analysis of the  TP53  gene for mutations, 
the following sequences were produced. For each 
sequence, write the expected sequence of the 
opposite strand that would confi rm the presence of 
the mutations detected.

   5 ′ TATCTGTTCACTTGTGCCCT3 ′  (Normal)  
  5 ′ TATCTGTTCATTTGTGCCCT3 ′  (Homozygous 
substitution)  
  5 ′ TATCTGT(T/G)CACTTGTGCCCT3 ′  
(Heterozygous substitution)  
  5 ′ TATCTGTT(C/A)(A/C)(C/T)T(T/G)(G/T)
(T/G) (G/C)CC(C/T) . . . 3 ′  (Heterozygous 
deletion)     

  6.       A sequence, TTGCTGCGCTAAA, may be 
methylated at one or more of the cytosine residues. 
After bisulfi te sequencing, the following results are 
obtained:

   Bisulfi te treated: TTGUTGCGUTAAA    
 Write the sequence showing the methylated 
cytosines as C Me .  

  7.       In a pyrosequencing readout, the graph shows 
peaks of luminescence corresponding to the 
addition of the following nucleotides:

   dT peak, dC peak (double height), dT peak, 
dA peak    
 What is the sequence?  

  8.       Why is it necessary to add adenosine residues 
in vitro to ribosomal RNA before capture for 
sequencing?  
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  9.       Which of the following is next-generation 
sequencing?

   a.        Maxam–Gilbert  
  b.       Tiled microarray  
  c.        Dideoxynucleotide chain terminator 

sequencing  
  d.       Reversible dye terminator sequencing     

  10.       Which of the following projects would require 
next-generation sequencing?

   a.        Mapping a mutation in the hemochromatosis 
gene  

  b.       Sequencing a viral genome  
  c.        Characterizing a diverse microbial population  
  d.       Typing a single bacterial colony            
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