
STORY SO FAR…

If the K-T boundary isotopic spike is 
indeed the result of impact-related acid rain, 
the oceanic strontium isotope record may 
reveal other large impacts. The seawater 
strontium curve of Burke et al. (9), which 
spans the past 500 million years, shows at 
least two other prominent high spikes in the 
87Sr/86Sr ratio, one in the mid-Cretaceous, at 
-100 million years, and the other in the 
Pennsylvanian, at -290 million years. The 
first appears to precede by a few million 
years the mass extinction event at the Ceno- 
manian-Turonian boundary. There is also a 
large increase in 87Sr/86Sr across the Permi- 
an-Triassic boundary (9), the time of the 
most extreme mass extinction in the Phaner- 
ozoic record (17). However, the increase 
appears to be rather gradual, extending over 
20 million to 25 million years, and is thus 
quite different in character from the K-T 
spike. Nevertheless, data are sparse for this 
interval, and more work will be required to 
determine the exact nature of the increase. 

The occurrence of a spike toward higher 
values in the seawater 87Sr/86Sr record at the 
K-T boundary is tantalizing evidence for 
enhanced continental weathering, possibly 
due to impact-related acid rain. Detailed 
strontium isotopic studies through this and 
other intervals where such spikes appear are 
required to determine precisely the nature of 
the isotopic variations with respect to stra- 
tigraphy, and particularly with respect to 
mass extinctions. 
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Primer-Directed Enzymatic Amplification of DNA 
with a Thermostable DNA Polymerase 

RANDALL K. SAIKI, DAVID H. GELFAND, SUSANNE STOFFEL, 
STEPHEN J. SCHARF, RUSSELL HIGUCHI, GLENN T. HORN, 
KARY B. MULLIS,* HENRY A. ERLICH 

A thermostable DNA polymerase was used in an in vitro DNA amplification 
procedure, the polymerase chain reaction. The enzyme, isolated from Thermus aquati- 
cus, greatly simplifies the procedure and, by enabling the amplification reaction to be 
performed at higher temperatures, significantly improves the specificity, yield, sensitiv- 
ity, and length of products that can be amplified. Single-copy genomic sequences were 
amplified by a factor of more than 10 million with very high specificity, and DNA 
segments up to 2000 base pairs were readily amplified. In addition, the method was 
used to amplify and detect a target DNA molecule present only once in a sample of 105 
cells. 

T HE ANALYSIS OF SPECIFIC NUCLEO- 
tide sequences, like many analytic 
procedures, is often hampered by the 

presence of extraneous material or by the 
extremely small amounts available for exami- 
nation. We have recently described a meth- 
od, the polymerase chain reaction (PCR), 
that overcomes these limitations (1, 2). This 
technique is capable of producing a selective 
enrichment of a specific DNA sequence by a 
factor of 106, greatly facilitating a variety of 
subsequent analytical manipulations. PCR 
has been used in the examination of nucleo- 
tide sequence variations (3-5) and chromo- 
somal rearrangements (6), for high-efficien- 
cy cloning of genomic sequences (7), for 
direct sequencing of mitochondrial (8) and 
genomic DNAs (9, 10), and for the detec- 
tion of viral pathogens (11). 

PCR amplification involves two oligonu- 
cleotide primers that flank the DNA seg- 
ment to be amplified and repeated cycles of 
heat denaturation of the DNA, annealing of 
the primers to their complementary se- 
quences, and extension of the annealed 
primers with DNA polymerase. These prim- 
ers hybridize to opposite strands of the 
target sequence and are oriented so DNA 
synthesis by the polymerase proceeds across 
the region between the primers, effectively 
doubling the amount of that DNA segment. 
Moreover, since the extension products are 
also complementary to and capable of bind- 
ing primers, each successive cycle essentially 
doubles the amount of DNA synthesized in 
the previous cycle. This results in the expo- 
nential accumulation of the specific target 

fragment, approximately 2", where n is the 
number of cycles. 

One of the drawbacks of the method, 
however, is the thermolability of the 
Klenow fragment of Escherichia coli DNA 
polymerase I used to catalyze the extension 
of the annealed primers. Because of the heat 
denaturation step required to separate the 
newly synthesized strands of DNA, fresh 
enzyme must be added during each cycle-a 
tedious and error-prone process if several 
samples are amplified simultaneously. We 
now describe the replacement of the E. coli 
DNA polymerase with a thermostable DNA 
polymerase purified from the thermophilic 
bacterium, Thermus aquaticus (Taq), that 
can survive extended incubation at 95?C 
(12). Since this heat-resistant polymerase is 
relatively unaffected by the denaturation 
step, it does not need to be replenished at 
each cycle. This modification not only sim- 
plifies the procedure, making it amenable to 
automation, it also substantially improves 
the overall performance of the reaction by 
increasing the specificity, yield, sensitivity, 
and length of targets that can be amplified. 

Samples of human genomic DNA were 
subjected to 20 to 35 cycles of PCR amplifi- 
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100bp DNA fragment means there is NO Alu 
insertion at the Chromosome 8, TPA-25 locus.  

400bp DNA fragment means, YES, there is an Alu 
insertion at the Chromosome 8, TPA locus.

Again: 

MOLECULAR BIOLOGY,
ONE GENE AT A TIME.

A transgenic mouse, affectionately known as the "Doogie" mouse 
has been produced with superior intellect and mental prowess.

True or False?
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DNA sequencing with chain-terminating inhibitors
(DNA polymerase/nucleotide sequences/bacteriophage 4X174)

F. SANGER, S. NICKLEN, AND A. R. COULSON
Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, England

Contributed by F. Sanger, October 3, 1977

ABSTRACT A new method for determining nucleotide se-
quences in DNA is described. It is similar to the "plus and
minus" method [Sanger, F. & Coulson, A. R. (1975) J. Mol. Biol.
94,441-4481 but makes use of the 2',3'-dideoxy and arabinonu-
cleoside analogues of the normal deoxynucleoside triphosphates,
which act as specific chain-terminating inhibitors of DNA
polymerase. The technique has been applied to the DNA of
bacteriophage 4bX174 and is more rapid and more accurate than
either the plus or the minus method.

The "plus and minus" method (1) is a relatively rapid and
simple technique that has made possible the determination of
the sequence of the genome of bacteriophage 4X174 (2). It
depends on the use of DNA polymerase to transcribe specific
regions of the DNA under controlled conditions. Although the
method is considerably more rapid and simple than other
available techniques, neither the "plus" nor the "minus"
method is completely accurate, and in order to establish a se-
quence both must be used together, and sometimes confirma-
tory data are necessary. W. M. Barnes (J. Mol. Biol., in press)
has recently developed a third method, involving ribo-substi-
tution, which has certain advantages over the plus and minus
method, but this has not yet been extensively exploited.

Another rapid and simple method that depends on specific
chemical degradation of the DNA has recently been described
by Maxam and Gilbert (3), and this has also been used exten-
sively for DNA sequencing. It has the advantage over the plus
and minus method that it can be applied to double-stranded
DNA, but it requires a strand separation or equivalent frac-
tionation of each restriction enzyme fragment studied, which
makes it somewhat more laborious.

This paper describes a further method using DNA poly-
merase, which makes use of inhibitors that terminate the newly
synthesized chains at specific residues.

Principle of the Method. Atkinson et al. (4) showed that the
inhibitory activity of 2',3'-dideoxythymidine triphosphate
(ddTTP) on DNA polymerase I depends on its being incorpo-
rated into the growing oligonucleotide chain in the place of
thymidylic acid (dT). Because the ddT contains no 3'-hydroxyl
group, the chain cannot be extended further, so that termination
occurs specifically at positions where dT should be incorporated.
If a primer and template are incubated with DNA polymerase
in the presence of a mixture of ddTTP and dTTP, as well as the
other three deoxyribonucleoside triphosphates (one of which
is labeled with 32p), a mixture of fragments all having the same
5' and with ddT residues at the 3' ends is obtained. When this
mixture is fractionated by electrophoresis on denaturing
acrylamide gels the pattern of bands shows the distribution of
dTs in the newly synthesized DNA. By using analogous ter-
minators for the other nucleotides in separate incubations and
running the samples in parallel on the gel, a pattern of bands
is obtained from which the sequence can be read off as in the
other rapid techniques mentioned above.
Two types of terminating triphosphates have been used-the

dideoxy derivatives and the arabinonucleosides. Arabinose is
5463

a stereoisomer of ribose in which the 3'-hydroxyl group is ori-
ented in trans position with respect to the 2'-hydroxyl group.
The arabinosyl (ara) nucleotides act as chain terminating in-
hibitors of Escherichia coli DNA polymerase I in a manner
comparable to ddT (4), although synthesized chains ending in
3' araC can be further extended by some mammalian DNA
polymerases (5). In order to obtain a suitable pattern of bands
from which an extensive sequence can be read it is necessary
to have a ratio of terminating triphosphate to normal triphos-
phate such that only partial incorporation of the terminator
occurs. For the dideoxy derivatives this ratio is about 100, and
for the arabinosyl derivatives about 5000.

METHODS
Preparation of the Triphosphate Analogues. The prepa-

ration of ddTTP has been described (6, 7), and the material is
now commercially available. ddA has been prepared by
McCarthy et al. (8). We essentially followed their procedure
and used the methods of Tener (9) and of Hoard and Ott (10)
to convert it to the triphosphate, which was then purified on
DEAE-Sephadex, using a 0.1-1.0 M gradient of triethylamine
carbonate at pH 8.4. The preparation of ddGTP and ddCTP
has not been described previously; however we applied the
same method as that used for ddATP and obtained solutions
having the requisite terminating activities. The yields were very
low and this can hardly be regarded as adequate chemical
characterization. However, there can be little doubt that the
activity was due to the dideoxy derivatives.
The starting material for the ddGTP was N-isobutyryl-5'-

O-monomethoxytrityldeoxyguanosine prepared by F. E.
Baralle (11). After tosylation of the 3'-OH group (12) the
compound was converted to the 2',3'-didehydro derivative with
sodium methoxide (8). The isobutyryl group was partly re-
moved during this treatment and removal was completed by
incubation in NH3 (specific gravity 0.88) overnight at 45° . The
didehydro derivative was reduced to the dideoxy derivative (8)
and converted to the triphosphate as for the ddATP. The mo-
nophosphate was purified by fractionation on a DEAE-Se-
phadex column using a triethylamine carbonate gradient
(0.025-0.3 M) but the triphosphate was not purified.
ddCTP was prepared from N-anisoyl-5'-O-monomethoxy-

trityldeoxycytidine (Collaborative Research Inc., Waltham,
MA) by the above method but the final purification on
DEAE-Sephadex was omitted because the yield was very low
and the solution contained the required activity. The solution
was used directly in the experiments described in this paper.
An attempt was made to prepare the triphosphate of the

intermediate didehydrodideoxycytidine because Atkinson et

Abbreviations: The symbols C, T, A, and G are used for the deoxyri-
bonucleotides in DNA sequences; the prefix dd is used for the 2',3'-
dideoxy derivatives (e.g., ddATP is 2',3'-dideoxyadenosine 5'-tri-
phosphate); the prefix ara is used for the arabinose analogues.
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THE (HUMAN) GENOME

Evidence shows that mice are attracted to their mates based on 
genetic diversity.  This they can somehow tell from the smell of 
their urine.  There is also currently some weak evidence that 
humans indirectly do the same thing.

True or False?

Text



GENOME: In modern molecular biology and genetics, the 
genome is the entirety of an organism's hereditary 
information. It is encoded either in DNA or, for many types of 
virus, in RNA. The genome includes both the genes and the 
non-coding sequences of the DNA/RNA

GENOMICS: is a discipline in genetics concerning the study 
of the genomes of organisms
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A 2.91-billion base pair (bp) consensus sequence of the euchromatic portion of
the human genome was generated by the whole-genome shotgun sequencing
method. The 14.8-billion bp DNA sequence was generated over 9 months from
27,271,853 high-quality sequence reads (5.11-fold coverage of the genome)
from both ends of plasmid clones made from the DNA of five individuals. Two
assembly strategies—a whole-genome assembly and a regional chromosome
assembly—were used, each combining sequence data from Celera and the
publicly funded genome effort. The public data were shredded into 550-bp
segments to create a 2.9-fold coverage of those genome regions that had been
sequenced, without including biases inherent in the cloning and assembly
procedure used by the publicly funded group. This brought the effective cov-
erage in the assemblies to eightfold, reducing the number and size of gaps in
the final assembly over what would be obtained with 5.11-fold coverage. The
two assembly strategies yielded very similar results that largely agree with
independent mapping data. The assemblies effectively cover the euchromatic
regions of the human chromosomes. More than 90% of the genome is in
scaffold assemblies of 100,000 bp or more, and 25% of the genome is in
scaffolds of 10 million bp or larger. Analysis of the genome sequence revealed
26,588 protein-encoding transcripts for which there was strong corroborating
evidence and an additional!12,000 computationally derived geneswithmouse
matches or other weak supporting evidence. Although gene-dense clusters are
obvious, almost half the genes are dispersed in low G"C sequence separated
by large tracts of apparently noncoding sequence. Only 1.1% of the genome
is spanned by exons, whereas 24% is in introns, with 75% of the genome being
intergenic DNA. Duplications of segmental blocks, ranging in size up to chro-
mosomal lengths, are abundant throughout the genome and reveal a complex
evolutionary history. Comparative genomic analysis indicates vertebrate ex-
pansions of genes associated with neuronal function, with tissue-specific de-
velopmental regulation, and with the hemostasis and immune systems. DNA
sequence comparisons between the consensus sequence and publicly funded
genome data provided locations of 2.1million single-nucleotide polymorphisms
(SNPs). A random pair of human haploid genomes differed at a rate of 1 bp per
1250 on average, but there was marked heterogeneity in the level of poly-
morphism across the genome. Less than 1% of all SNPs resulted in variation in
proteins, but the task of determining which SNPs have functional consequences
remains an open challenge.

Decoding of the DNA that constitutes the
human genome has been widely anticipated
for the contribution it will make toward un-

derstanding human evolution, the causation
of disease, and the interplay between the
environment and heredity in defining the hu-
man condition. A project with the goal of
determining the complete nucleotide se-
quence of the human genome was first for-
mally proposed in 1985 (1). In subsequent
years, the idea met with mixed reactions in
the scientific community (2). However, in
1990, the Human Genome Project (HGP) was
officially initiated in the United States under
the direction of the National Institutes of
Health and the U.S. Department of Energy
with a 15-year, $3 billion plan for completing
the genome sequence. In 1998 we announced
our intention to build a unique genome-
sequencing facility, to determine the se-
quence of the human genome over a 3-year
period. Here we report the penultimate mile-
stone along the path toward that goal, a nearly
complete sequence of the euchromatic por-
tion of the human genome. The sequencing
was performed by a whole-genome random
shotgun method with subsequent assembly of
the sequenced segments.

The modern history of DNA sequencing
began in 1977, when Sanger reported his meth-
od for determining the order of nucleotides of

DNA using chain-terminating nucleotide ana-
logs (3). In the same year, the first human gene
was isolated and sequenced (4). In 1986, Hood
and co-workers (5) described an improvement
in the Sanger sequencing method that included
attaching fluorescent dyes to the nucleotides,
which permitted them to be sequentially read
by a computer. The first automated DNA se-
quencer, developed by Applied Biosystems in
California in 1987, was shown to be successful
when the sequences of two genes were obtained
with this new technology (6). From early se-
quencing of human genomic regions (7), it
became clear that cDNA sequences (which are
reverse-transcribed from RNA) would be es-
sential to annotate and validate gene predictions
in the human genome. These studies were the
basis in part for the development of the ex-
pressed sequence tag (EST) method of gene
identification (8), which is a random selection,
very high throughput sequencing approach to
characterize cDNA libraries. The EST method
led to the rapid discovery and mapping of hu-
man genes (9). The increasing numbers of hu-
man EST sequences necessitated the develop-
ment of new computer algorithms to analyze
large amounts of sequence data, and in 1993 at
The Institute for Genomic Research (TIGR), an
algorithm was developed that permitted assem-
bly and analysis of hundreds of thousands of
ESTs. This algorithm permitted characteriza-
tion and annotation of human genes on the basis
of 30,000 EST assemblies (10).

The complete 49-kbp bacteriophage lamb-
da genome sequence was determined by a
shotgun restriction digest method in 1982
(11). When considering methods for sequenc-
ing the smallpox virus genome in 1991 (12),
a whole-genome shotgun sequencing method
was discussed and subsequently rejected ow-
ing to the lack of appropriate software tools
for genome assembly. However, in 1994,
when a microbial genome-sequencing project
was contemplated at TIGR, a whole-genome
shotgun sequencing approach was considered
possible with the TIGR EST assembly algo-
rithm. In 1995, the 1.8-Mbp Haemophilus
influenzae genome was completed by a
whole-genome shotgun sequencing method
(13). The experience with several subsequent
genome-sequencing efforts established the
broad applicability of this approach (14, 15).

A key feature of the sequencing approach
used for these megabase-size and larger ge-
nomes was the use of paired-end sequences
(also called mate pairs), derived from sub-
clone libraries with distinct insert sizes and
cloning characteristics. Paired-end sequences
are sequences 500 to 600 bp in length from
both ends of double-stranded DNA clones of
prescribed lengths. The success of using end
sequences from long segments (18 to 20 kbp)
of DNA cloned into bacteriophage lambda in
assembly of the microbial genomes led to the
suggestion (16 ) of an approach to simulta-
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20850, USA. 2GenetixXpress, 78 Pacific Road, Palm
Beach, Sydney 2108, Australia. 3Berkeley Drosophila
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94720, USA. 4Department of Biology, Penn State Uni-
versity, 208 Mueller Lab, University Park, PA 16802,
USA. 5Department of Genetics, Case Western Reserve
University School of Medicine, BRB-630, 10900 Euclid
Avenue, Cleveland, OH 44106, USA. 6Johns Hopkins
University School of Medicine, Johns Hopkins Hospi-
tal, 600 North Wolfe Street, Blalock 1007, Baltimore,
MD 21287–4922, USA. 7Rockefeller University, 1230
York Avenue, New York, NY 10021–6399, USA. 8New
England BioLabs, 32 Tozer Road, Beverly, MA 01915,
USA. 9Division of Biology, 147-75, California Institute
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dena, CA 91125, USA. 10Yale University School of
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SOME KEY FINDINGS
• The HGP has revealed that there are probably about 25,000 to 40,000 (since 
updated to a count of ~20,500 human genes) 

• Human genome is remarkably similar to other genomes in terms of total gene 
humbers and gene functions, although most genes are more complex.  
(Comparitive Genomics) 

• Between 1.1% to 1.4% of the genome's sequence codes for proteins.  
Nonfunctional regions appear to account for ~97%. 12% of human genomic 
DNA is due to copy number variations - CNVs 

• ~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total 
genome) 

26

AGCTTAGCGAGTGACCGGTCAGCTTACGCAGATCGAGGAGCTTACG

AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG

AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG

AGCTTAGCGAGTGACCGGTCAGCTTACGCAGATCGAGGAGCTTACG

AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG

 is a DNA sequence variation occurring when a single nucleotide — A, T, C, or G 
— in the genome (or other shared sequence) differs between (human) members.

• ~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total 
genome) 

2 ALLELES A vs C in GENE X 2 ALLELES G vs T in GENE Y

LOOKING AT SNPs
Research based on psychogenomic analysis have determined 
genetic sequences involved in your love/hate relationship 
with brussel sprouts.

True or False?
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The Molecular Basis of Individual Differences
in Phenylthiocarbamide and Propylthiouracil
Bitterness Perception

example, pharmaceuticals and selected phytochem-
icals.

Results and Discussion

Bernd Bufe,1,5 Paul A.S. Breslin,2,5,*
Christina Kuhn,1 Danielle R. Reed,2

Christopher D. Tharp,2 Jay P. Slack,3

Un-Kyung Kim,4,6 Dennis Drayna,4

and Wolfgang Meyerhof1,*
1German Institute of Human Nutrition

Potsdam-Rehbruecke The TAS2R38 Variant from a Sensitive Individual
Arthur-Scheunert-Allee 114–116 Responds to PTC and PROP, and the Variant
14558 Nuthetal, Germany from an Insensitive Individual Does Not
2 Monell Chemical Senses Center The haplotypes of TAS2R38 indicate that this gene, or
3500 Market Street transcriptionally functional portions of it, determines
Philadelphia, Pennsylvania 19104 PTC sensitivity. The three most common polymor-
3 Givaudan Flavors Corporation phisms observed in TAS2R38 occur at amino acid posi-
1199 Edison Drive tion 49, where either a proline or an alanine is encoded,
Cincinnati, Ohio 45216 at position 262, where either an alanine or a valine is
4 National Institute on Deafness encoded, and at position 296, where either a valine or

and Other Communication Disorders an isoleucine is encoded, giving rise to two frequent
National Institutes of Health haplotypes, PAV and AVI, plus the less common haplo-
5 Research Court types AAI, PVI, and AAV. We cloned PAV and AVI alleles
Rockville, Maryland 20850 of hTAS2R38 from genomic DNA of two homozygous

individuals. Their receptors were functionally expressed
in HEK293 cells [9]. Micromolar concentrations of PTC

Summary elevated cytosolic [Ca2!]i in cells transiently transfected
with the hTAS2R38-PAV variant in a concentration-

Individual differences in perception are ubiquitous dependent manner (Figure 1A). Moreover, stimulation
within the chemical senses: taste, smell, and chemical of receptor-expressing cells with the related compound
somesthesis [1–4]. A hypothesis of this fact states PROP resulted in an equally strong response at micro-
that polymorphisms in human sensory receptor genes molar concentrations (Figure 1B). hTAS2R38-AVI did not
could alter perception by coding for functionally dis- respond to PTC or PROP concentrations as high as
tinct receptor types [1, 5–8]. We have previously re- 1 mM.
ported evidence that sequence variants in a presump- Three less common haplotypes were also character-
tive bitter receptor gene (hTAS2R38) correlate with ized. PVI, AAI, and AAV [10] responded to PTC and PROP
differences in bitterness recognition of phenylthiocar- in the functional expression assay with EC50 values that
bamide (PTC) [9–11]. Here, we map individual psy- resembled the sensitivity of the PAV variant (Figure 1).
chogenomic pathways for bitter taste by testing peo- However, these three variants were only activated to
ple with a variety of psychophysical tasks and linking approximately 40% of the response of the PAV variant
their individual perceptions of the compounds PTC when stimulated with the same concentrations (up to 1
and propylthiouracil (PROP) to the in vitro responses mM). Thus, these data further implicate the common
of their TAS2R38 receptor variants. Functional expres- PAV variant as a major determinant of PROP/PTC taster
sion studies demonstrate that five different haplotypes status because it is the most responsive. They also sug-
from the hTAS2R38 gene code for operatively distinct gest that the AAI, PVI, and AAV receptor variants convey
receptors. The responses of the three haplotypes we intermediate PROP/PTC response magnitudes and thus
also tested in vivo correlate strongly with individuals’ confirm previous suggestions that multiple alleles deter-
psychophysical bitter sensitivities to a family of com- mine PTC sensitivities within the population [10, 12].
pounds. These data provide a direct molecular link The differences in the activity of the functionally ex-
between heritable variability in bitter taste perception

pressed receptors could be caused by differences into functional variations of a single G protein coupled
membrane targeting. However, AVI, AAI, and PAV con-receptor that responds to compounds such as PTC
structs are seen in the membranes of comparable pro-and PROP that contain the N-C"S moiety. The molec-
portions of HEK293 cells (see Figure S1 in the Supple-ular mechanisms of perceived bitterness variability
mental Data available with this article online). Thehave therapeutic implications, such as helping patients
characteristic responses of the different expressed hap-to consume beneficial bitter-tasting compounds—for
lotypes are stable and reliable across three replicates
of the experiment, so differences are not attributable to

*Correspondence: breslin@monell.org (P.A.S.B.) and meyerhof@ random fluctuation in membrane targeting. Alternatively,
mail.dife.de (W.M.)

it is also possible that the intermediate responses are5 These authors contributed equally to this work.
caused by an impaired coupling of receptor with signal-6 Present address: Department of Biology, Kyungpook National Uni-

versity, Daegu, South Korea. transduction G proteins.
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MICROARRAY
DNA CHIP

34

~10,000,000 SNPs



JUST SEQUENCE THE ENTIRE 
THING?

According to established data within the senecense field, people 
who take longer to “sh*t” arguably should live longer.

True or False?



source: http://www.illumina.com/17

source: http://www.illumina.com/18



source: http://www.illumina.com/19
source: http://www.illumina.com/20
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Up to 1 Billion clusters per flow cell.

Illumina NovaSeq 6000
~$1000,000

THE PRICE IS RIGHT!

Ion GeneStudio S5 
~$100,000

MinION
~$1,500

Illumina iSeq
~$20,000



1990: Several machines to sequence the human genome.  Est. time and cost: 15 years and $3 billion 

1998: Celera (shotgun estimate). 3 years and $300 million.


2003: Human Genome Project finished. Final price tag for a “draft” version was $150 million. 

2006: ~$14 million. 

2012: One machine can sequence an entire human  
genome in about 8 days at a cost of about $10,000 

2013: One machine can sequence an entire human genome in about 3 days at a cost of about $5,000 

2014: One large scale set up (HiSeq X Ten) can sequence an entire human genome’s worth of data in 
about 1 day at a cost of $1,000 (set up is tens of millions of dollars). 

2015: Oxford Nanopore MINion sequencer released for sale (sequencing device at ~$1000, but 30% 
error rate)  

2016: One machine can sequence an entire human genome in about 1 day at a cost of about $1,200 

2017: Illumina NovaSeq 6000: ~48 genomes per 45hrs (3000Gb). less than $1000 each (this includes 
set up costs ~$1000,000).  Illumina keeps talking about an end goal of $100 per human genome. 

2018: Illumina just released their iSeq (~$20,000 for the device). 1.2Gbp output in 9 hours. 
MINIon error rate with appropriate software analysis currently can be dropped to about 4.25% to 0.6% 
(other platforms is < 0.05% 

} Around here is when Next Gen  
Sequencing started to take off.

http://miserycat.deviantart.com/art/Free-Unicorn-Icon-180216460?q=&qo=

PERSONAL GENOMICS
PERSONALIZED MEDICINE
PRECISION MEDICINE

ARMED WITH INFORMATION ON 
WHAT THE VARIATION OF CODE 
RESULTS IN, WHAT IF YOU COULD 
EDIT THAT CODE IN YOUR 
GENOME?



CRISPR “vector”

Cas Cutting
Enzyme

CRISPR 
set up ATCG

DNA code that 
makes this vector
“happy” in the cell 
you put it in.

INSIDE A CELL

ATCG
Cas Cutting

Enzyme

GCTTAGCTTGC
|      |       |         |

GCTTA    GCTTGC
*

A precise cut.

Cell tries to fix, but 
usually screws up

Guide sequence (RNA)

host genome

Outside the cell

Inside the cell

Make the change 
outside (in the test 
tube - in vitro)

Make a precise 
edit inside 
(within the 
cell - in vivo)

Try to incorporate
new DNA seq 
into host cell

host genome

Outside the cell

Inside the cell

Make the change 
outside (in the test 
tube - in vitro)

Make a precise 
edit inside 
(within the 
cell - in vivo)

Try to incorporate
new DNA seq 
into host cell



host genome

Outside the cell

Inside the cell

Make the change 
outside (in the test 
tube - in vitro)

Make a precise 
edit inside 
(within the 
cell - in vivo)

Try to incorporate
new DNA seq 
into host cell

This is what CRISPR* is all about.  
And yes, it is a big deal.

* sometimes referred to as CRISPR/cas

Outside the cell

Inside the cell

Make a precise 
edit inside 
(within the 
cell - in vivo)

This is what CRISPR* is all about.  
And yes, it is a big deal.

* sometimes referred to as CRISPR/cas

TYPE OF CELL?

GERMLINE CELL?

(Designer Babies)

MICROBIOMES

EPIGENETICS
But there’s more…

There are ~ 100 trillion bacteria on/in your body.  This is roughly 10 times more cells than there are actual 
human cells in your body!  Turns out, this community (in its various places) plays a huge role in how you 
function.

The letters (A’s, T’s, C’s, and G’s) in your human genome don’t dictate everything.  Sometimes, how 
certain regions of your DNA are folded up will matter (i.e. the shape of the DNA, not the letters).  
Sometimes, the environment will cause chemical additions to your code, which in turn modifies how it’s 
read and utilized by your cell.  All to say, that there is yet another layer of complexity that determines how 
genes are expressed.

A Question:
Is the use of genome editing for medical reasons 
acceptable or not?  What sort of problems might 
come up?

A Juicier Question:
Is the use of genome editing for non-medical 
“enhancements” acceptable or not?  What other sort 
of problems might come up?


