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dio dishes are still hampered by ionized 

gas clouds and low resolution. Best are 

telescopes sensitive to the shortest radio 

waves—millimeter waves—but the dishes, 

detectors, and data processing technology 

for this part of the spectrum were devel-

oped only in the past few decades. “There 

is only a tiny window where we can see the 

event horizon,” says Heino Falcke, an astro-

physicist at Radboud University in Nijme-

gen, the Netherlands, and chair of the EHT 

science council. “The Milky Way is like a 

milky glass.”

Early this decade, Doeleman and other 

EHT researchers began testing the idea 

with millimeter-sensitive 

dishes in Hawaii, Califor-

nia, and Arizona. Later, 

they extended the array 

to include the Large Milli-

meter Telescope in Mexico. 

Along the way, they got a 

good enough image of the 

black hole in M87 to see the 

base of its matter-spewing 

jets—data that are helping 

them understand how the 

jets are created (Science, 

19 October 2012, p. 355). 

In 2015, they glimpsed the 

magnetic field around Sgr 

A*, which may help explain 

how black holes heat up 

the material around them 

(Science, 4 December 2015, 

p. 1242).

But to see the event ho-

rizon itself, the EHT had to 

grow even larger. Over the 

years, it has evolved from a 

loose, poorly funded group 

to a worldwide collabora-

tion involving 30 institu-

tions in 12 countries. Next 

month it will include far-

flung additions, including 

the IRAM dish in Spain, 

the South Pole Telescope, 

and the Atacama Large 

Millimeter/submillimeter 

Array (ALMA), a large in-

ternational observatory 

comprising 66 dishes in 

northern Chile. With its 

huge dish area, ALMA is the big catch be-

cause it will boost the EHT’s sensitivity by 

an order of magnitude. “That’s the key for 

us,” Doeleman says.

Adding new instruments isn’t simple. The 

technique for combining signals from dis-

tant dishes is known as very long baseline 

interferometry, and most millimeter-wave 

telescopes are not equipped to take part. 

EHT researchers had to visit each facility 

to tinker with its hardware and install new 

digital signal processors and data record-

ers. In the case of ALMA, that took some 

persuading. “We had to go into the bowels 

of ALMA and rewire it,” Doeleman says. “It 

required political buy-in at all levels.”

The campaign next month will be a 

nervous time for the EHT team. All eight 

observatories need clear skies and no tech-

nical glitches to get the best possible ob-

servations. “The first time, things can go 

wrong,” Falcke says. Data volumes will be 

so large that they have to be recorded on 

hard drives and shipped back to the Hay-

stack Observatory and the Max Planck 

Institute for Radio Astron-

omy in Bonn, Germany, 

for processing. There, 

devices known as correla-

tors, made from clusters 

of PCs but with the power 

of supercomputers, will 

spend months crunching 

through the data, combin-

ing the signals from sepa-

rate dishes as if they came 

from a single dish as wide 

as Earth. Adding further 

delay, data from the South 

Pole Telescope won’t ar-

rive until September or 

October, when planes can 

retrieve the hard drives 

after the Antarctic winter. 

When the data finally 

all come together some-

time next year, the team 

hopes to see a bright ring 

of light from photons or-

biting close to the event 

horizon, with a dark disk 

in its center. The ring 

should be brighter on one 

side, where the rotation 

of the black hole gives 

photons a boost, although 

the images on this first at-

tempt may not be as crisp 

as the team’s simulations. 

“It’ll probably be a crappy 

image, but scientifically it 

will be very interesting,” 

Falcke says. 

Doeleman hopes to see 

structure in the matter swirling around 

the event horizon and watch, movielike, as 

gas falls into it and vanishes. Such observa-

tions might help explain why some black 

holes gorge on matter and shine brightly, 

whereas others—like Sgr A*—seem to be 

on a starvation diet. Falcke has a simpler 

wish. “The event horizon is the defining 

thing about a black hole,” he says. “I hope 

to see it; to literally see it.” j

�“T
o sequence everything in the 

world—that is the reason we 

are here.” With those words last 

week, China’s genome pioneer 

Huanming Yang publicly kicked 

off what he hopes will become 

a massive international collaboration that 

will dwarf the Human Genome Project of 

the 1990s and provide a new basis for un-

derstanding and conserving the world’s life.

Yang, head of BGI in Shenzhen, China, ar-

guably the world’s largest sequencing center, 

has teamed up with John Kress, an evolu-

tionary biologist at the Smithsonian National 

Museum of Natural History in Washington, 

D.C., and two university colleagues, who have 

hatched what they are calling the Earth Bio-

Genome Project (EBP). The audacious goal 

of the still-unfunded effort is to decipher the 

genomes of every species, starting with the 

1.5 million named eukaryotes—the group of 

organisms that includes plants, animals, and 

microbes such as amoebas. 

Last week, their call to action found a re-

ceptive audience here among the evolution-

ary biologists, conservationists, and others 

at a conference called BioGenomics2017. 

The EBP organizers drew parallels to the 

Human Genome Project, launched more 

than 30 years ago. That effort also began as 

an ambitious, controversial, and technically 

daunting proposal. Yet it eventually led to 

the first human genome, entirely new DNA 

technologies that are driving medical ad-

vances, and a $20 billion industry.

The EBP would focus instead on the natu-

ral world. It “will enable us to understand 

what biodiversity means,” at a time when so 

much of it is vanishing, says Marie-Anne Van 

Sluys, a plant microbiologist at the Univer-

sity of São Paulo in São Paulo, Brazil. With 

genomics, “the focus has always been on 

humans, but the reality is that if the rest of 

the ecosystem collapses, we are not going to 

be very far behind,” adds Aristides Patrinos, 

a human genome pioneer and now chief 

Sequencing all 

life captivates 

biologists

Project would read genomes 

of more than a million 

eukaryotes—just for starters

GENOMICS

By Elizabeth Pennisi, in Washington, D.C.
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A shot in the dark
The Event Horizon Telescope now 
combines eight millimeter-wave 
radio observatories into a global 
telescope. The farther apart they 
are, the better the resolution.

1. South Pole Telescope 2. Atacama 
Large Millimeter/submillimeter Array 
and Atacama Pathfinder Experiment 
(Chile) 3. Large Millimeter Telescope 
(Mexico) 4. Submillimeter Telescope 
(Arizona) 5. James Clerk Maxwell 
Telescope and Submillimeter Array 
(Hawaii) 6. IRAM 30-meter (Spain)
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scientist with Novim, a think tank based in 

Santa Barbara, California. The EBP could 

also help researchers “understand evolution-

ary processes on different timescales,” says 

Guojie Zhang, an evolutionary biologist at 

BGI and the University of Copenhagen. And 

by revealing genetic variation across all of 

life, it might aid conservation management 

and crop improvement.

As currently proposed, the EBP’s first step 

would be to sequence in great detail the 

DNA of a member of each eukaryotic family 

(about 9000 in all) to create genomes on par 

or better than the current reference human 

genome: complete enough that researchers 

know the order of genes on each chromo-

some. Next would come coarser sequencing 

of one species from each of the 150,000 to 

200,000 genera—similar to scores of existing 

plant and animal genomes. Finally, scientists 

would seek rough genomes of the remaining 

known eukaryotic species. Those could be re-

fined as needed, says EBP co-founder 

Gene Robinson, director of the Carl R. 

Woese Institute for Genomic Biology 

at the University of Illinois in Urbana.

The entire eukaryotic effort would 

likely cost about the same as it did to 

sequence that first human genome—

about $4.8 billion in today’s dollars, 

estimate Robinson, Kress, and the 

EBP’s other co-founder, Harris Lewin, 

an evolutionary genomicist at the Uni-

versity of California, Davis. The EBP’s 

eukaryotic work could be accom-

plished in a decade, its organizers sug-

gest. Getting all the known microbes 

sequenced could take another decade. 

“If the money, the infrastructure, 

and the samples materialize, we can do 

it,” says Harvard University evolutionary bio-

logist Scott Edwards. Such optimism reflects 

the ever-decreasing costs and improving 

technology of DNA sequencing—one meeting 

presenter from Complete Genomics, based in 

Mountain View, California, says his company 

plans to be able to roughly sequence whole 

eukaryotic genomes for about $100 within 

a year. Giants in the genomics field, such as 

BGI, the Wellcome Trust Sanger Institute in 

the United Kingdom, and newer sequencing 

centers such as one that has launched at The 

Rockefeller University in New York City, have 

already agreed to sequence some species.

The EBP has a head start thanks to several 

research communities pursuing their own 

animal and plant sequencing projects and 

the Earth Microbiome Project, which has al-

ready begun tackling noneukaryotes. The eu-

karyotic projects include Genome 10K, which 

seeks to sequence 10,000 vertebrate genomes, 

one from each genus; i5K, an effort to deci-

pher 5000 arthropods; and B10K, which ex-

pects to generate genomes for all 10,500 bird 

species (see chart, below). The EBP would 

help coordinate, compile, and perhaps fund 

these efforts. “The [EBP] concept is a com-

munity of communities,” Lewin says. That 

decentralized approach could lessen con-

cerns that the EBP would be a “big science” 

project that would take away funding from 

individual investigators. “I like small-scale 

science,” Edwards says. However, “There’s a 

role to play” for a coordinating body.

At a preconference planning session for 

the EBP last week, the 20 attendees em-

phasized that the effort needs to give de-

veloping countries, particularly those with 

high biodiversity, a chance to help shape 

the project’s final form. Attendees also de-

bated the best strategy for the project. In 

addition to one genome from each eukary-

otic family, the EBP could comprehensively 

sequence all the organisms in particular 

locations. Van Sluys advocates that ap-

proach because it reveals more about how 

organisms, and their environment, influ-

ence one another. Pamela Soltis, a plant 

evolutionary biologist at the University 

of Florida in Gainesville, suggests that 

the EBP pick places already under in-

tense study—such as the National Science 

Foundation–supported NEON sites scat-

tered around the United States, where 

there will be extensive long-term monitor-

ing of the environment. 

The planning group also stressed the need 

to develop standards that ensure high-quality 

genome sequences yet don’t exclude work 

done before they were established. Getting 

DNA samples from the wild may ultimately 

be the biggest challenge—and the biggest 

cost, several people noted. Not all museum 

specimens yield DNA preserved well enough 

for high-quality genomes. Over the next sev-

eral months, the EBP’s organizers will 

expand the planning committee and 

outline a white paper before formally 

approaching foundations and other 

funding agencies for support. 

There is no shortage of enthusiasm, 

however. After Lewin outlined the EBP 

in the closing talk at BioGenomics2017, 

he was surrounded by researchers ea-

ger to know what they could do. “It’s 

good to try to bring together the tribes,” 

says Jose Lopez, a biologist from Nova 

Southeastern University in Fort Lau-

derdale, Florida, whose “tribe” has 

mounted GIGA, a project to sequence 

7000 marine invertebrates. “It’s a big 

endeavor. We need lots of expertise and 

lots of people who can contribute.” j

This greater bird of paradise in Indonesia and the 

plants around it may have their DNA deciphered.

A head start
The Earth BioGenome Project could coordinate the efforts below and 
others that are already sequencing broad swaths of the planet’s life.

PROJECT
YEAR 
STARTED SEQUENCING GOAL

NUMBER 
SEQUENCED

G10K 2009 9478 vertebrate 
genera

100

i5K 2011 5000 arthropods 30

GIGA 2013 7000 marine 
invertebrates

60

GAGA 2016 All 300 ant genera 25

B10K 2016 All 10,500 bird species 300

AOCC 2013 101 African food crops 22
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scientist with Novim, a think tank based in 

Santa Barbara, California. The EBP could 

also help researchers “understand evolution-

ary processes on different timescales,” says 

Guojie Zhang, an evolutionary biologist at 

BGI and the University of Copenhagen. And 

by revealing genetic variation across all of 

life, it might aid conservation management 

and crop improvement.

As currently proposed, the EBP’s first step 

would be to sequence in great detail the 

DNA of a member of each eukaryotic family 

(about 9000 in all) to create genomes on par 

or better than the current reference human 

genome: complete enough that researchers 

know the order of genes on each chromo-

some. Next would come coarser sequencing 

of one species from each of the 150,000 to 

200,000 genera—similar to scores of existing 

plant and animal genomes. Finally, scientists 

would seek rough genomes of the remaining 

known eukaryotic species. Those could be re-

fined as needed, says EBP co-founder 

Gene Robinson, director of the Carl R. 

Woese Institute for Genomic Biology 

at the University of Illinois in Urbana.

The entire eukaryotic effort would 

likely cost about the same as it did to 

sequence that first human genome—

about $4.8 billion in today’s dollars, 

estimate Robinson, Kress, and the 

EBP’s other co-founder, Harris Lewin, 

an evolutionary genomicist at the Uni-

versity of California, Davis. The EBP’s 

eukaryotic work could be accom-

plished in a decade, its organizers sug-

gest. Getting all the known microbes 

sequenced could take another decade. 

“If the money, the infrastructure, 

and the samples materialize, we can do 

it,” says Harvard University evolutionary bio-

logist Scott Edwards. Such optimism reflects 

the ever-decreasing costs and improving 

technology of DNA sequencing—one meeting 

presenter from Complete Genomics, based in 

Mountain View, California, says his company 

plans to be able to roughly sequence whole 

eukaryotic genomes for about $100 within 

a year. Giants in the genomics field, such as 

BGI, the Wellcome Trust Sanger Institute in 

the United Kingdom, and newer sequencing 

centers such as one that has launched at The 

Rockefeller University in New York City, have 

already agreed to sequence some species.

The EBP has a head start thanks to several 

research communities pursuing their own 

animal and plant sequencing projects and 

the Earth Microbiome Project, which has al-

ready begun tackling noneukaryotes. The eu-

karyotic projects include Genome 10K, which 

seeks to sequence 10,000 vertebrate genomes, 

one from each genus; i5K, an effort to deci-

pher 5000 arthropods; and B10K, which ex-

pects to generate genomes for all 10,500 bird 

species (see chart, below). The EBP would 

help coordinate, compile, and perhaps fund 

these efforts. “The [EBP] concept is a com-

munity of communities,” Lewin says. That 

decentralized approach could lessen con-

cerns that the EBP would be a “big science” 

project that would take away funding from 

individual investigators. “I like small-scale 

science,” Edwards says. However, “There’s a 

role to play” for a coordinating body.

At a preconference planning session for 

the EBP last week, the 20 attendees em-

phasized that the effort needs to give de-

veloping countries, particularly those with 

high biodiversity, a chance to help shape 

the project’s final form. Attendees also de-

bated the best strategy for the project. In 

addition to one genome from each eukary-

otic family, the EBP could comprehensively 

sequence all the organisms in particular 

locations. Van Sluys advocates that ap-

proach because it reveals more about how 

organisms, and their environment, influ-

ence one another. Pamela Soltis, a plant 

evolutionary biologist at the University 

of Florida in Gainesville, suggests that 

the EBP pick places already under in-

tense study—such as the National Science 

Foundation–supported NEON sites scat-

tered around the United States, where 

there will be extensive long-term monitor-

ing of the environment. 

The planning group also stressed the need 

to develop standards that ensure high-quality 

genome sequences yet don’t exclude work 

done before they were established. Getting 

DNA samples from the wild may ultimately 

be the biggest challenge—and the biggest 

cost, several people noted. Not all museum 

specimens yield DNA preserved well enough 

for high-quality genomes. Over the next sev-

eral months, the EBP’s organizers will 

expand the planning committee and 

outline a white paper before formally 

approaching foundations and other 

funding agencies for support. 

There is no shortage of enthusiasm, 

however. After Lewin outlined the EBP 

in the closing talk at BioGenomics2017, 

he was surrounded by researchers ea-

ger to know what they could do. “It’s 

good to try to bring together the tribes,” 

says Jose Lopez, a biologist from Nova 

Southeastern University in Fort Lau-

derdale, Florida, whose “tribe” has 

mounted GIGA, a project to sequence 

7000 marine invertebrates. “It’s a big 

endeavor. We need lots of expertise and 

lots of people who can contribute.” j

This greater bird of paradise in Indonesia and the 

plants around it may have their DNA deciphered.

A head start
The Earth BioGenome Project could coordinate the efforts below and 
others that are already sequencing broad swaths of the planet’s life.

PROJECT
YEAR 
STARTED SEQUENCING GOAL
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SEQUENCED

G10K 2009 9478 vertebrate 
genera
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i5K 2011 5000 arthropods 30

GIGA 2013 7000 marine 
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GAGA 2016 All 300 ant genera 25

B10K 2016 All 10,500 bird species 300
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Earth	
  BioGenome Project	
  (EBP)



Timeline	
  for	
  the	
  development	
  of	
  sequencing	
  technologies

From:	
  Slideshare presentation	
  of	
  Cosentino Cristian	
  and	
  Jonathan	
  Eisen

PacBio
(2011)
Nanopore
(5/2015)



However, the NextSeq is capable producing 120 Gb, or a single
303 genome, in less than 30 hr. The NextSeq 500 system also
employs a novel two-channel sequencing strategy. In this
approach, cytosine is labeled red, thymine is labeled green,
adenine is effectively yellow (labeled with a mixture of red and
green), and guanine is unlabeled. In contrast to the four-channel
strategy used in the MiSeq and HiSeq platforms, two-channel
sequencing requires only two images for nucleotide detection,
reducing data processing times and increasing throughput.
Despite the reduced complexity, the overall error rates (<1%)
are similar to the more established HiSeq machines.
The HiSeq X Ten is a population-scale whole-genome

sequencing (WGS) system that was also released in 2014. It is
capable of outputting 1.8 Tb in 3 days or 18,000 genomes at
303 coverage per year. Currently, Illumina only supports WGS
of human samples on HiSeq X Ten systems. In addition to
enhanced optics and computing capacity, the HiSeq X Ten
dramatically increases throughput by incorporating a new
patterned flow cell technology that improves cluster generation
chemistry. Patterned flow cells contain billions of nanowells
that standardize cluster spacing and size, allowing higher cluster
densities. Patterned flow cell technology is also used in the
recently released HiSeq 3000/4000 machines, which provide
outputs and run times in between the HiSeq X Ten and the HiSeq
2500.

Life Technologies/ThermoFisher/Ion Torrent
Life Technologies commercialized Ion Torrent’s semiconductor
sequencing technology in 2010 in the form of the benchtop Ion
PGM sequencer. The template preparation and sequencing
steps are conceptually similar to the Roche/454 pyrosequencing
platform (Margulies et al., 2005). Namely, emulsion-PCR is
used to clonally amplify adaptor-ligated DNA fragments on the
surface of beads. The beads are subsequently distributed into
microwells where a sequencing-by-synthesis reaction occurs
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Figure 1. Timeline and Comparison of
Commercial HTS Instruments
Plot of commercial release dates versus machine
outputs per run are shown. For the MinION, out-
puts from an 18 hr run were used (Ashton et al.,
2015). Numbers inside data points denote current
read lengths. Sequencing platforms are color
coded.

(Figure 2B). Unlike pyrosequencing,
which couples base incorporation with
luciferase-based light production, Ion
Torrent’s semiconductor sequencing
measures pH changes induced by the
release of hydrogen ions during DNA
extension (Rothberg et al., 2011). These
pH changes are detected by a sensor
positioned at the bottom of the microwell
and converted into a voltage signal.
The voltage signal is proportional to the
number of bases incorporated, and the
sequential addition of individual nucleo-

tides during each sequencing cycle allows base discrimination.
Moreover, Ion Torrent avoids optical scanning to distinguish
nucleotides during cycles of sequencing, a difference that
dramatically speeds sequencing runs and reduces costs.
Ion Torrent released a secondmachine in 2012, the Ion Proton,

which increases output over the PGM by an order of magnitude
(1 Gb versus 10 Gb). However, the Proton currently features a
maximum of 200 bp read lengths as opposed to 400 bp for the
PGM. Multiple chips are also available to tailor outputs for
different applications. The PGM is most useful for targeted rese-
quencing projects and small genome analysis, whereas the Pro-
ton is capable of exome sequencing and whole-transcriptome
analysis. The speed of sequencing, 2–8 hr depending on the
machine and chip used, make these sequencers particularly
useful for clinical applications (Mellmann et al., 2011). Insertions
and deletions (indels) are the most common error types (Liu
et al., 2012). Because the correlation between the number of
bases incorporated and the subsequent voltage change does
not perfectly scale, homopolymer repeats longer than 6 bp
lead to increased error rates (Rothberg et al., 2011).

Pacific Biosciences
Single-molecule real-time (SMRT) sequencing was pioneered by
Nanofluidics, Inc. and commercialized by Pacific Biosciences.
Template preparation involves ligation of single-stranded,
hairpin adapters onto the ends of digested DNA or cDNA mole-
cules, generating a capped template (SMRT-bell). By using a
strand displacing polymerase, the original DNA molecule can
be sequenced multiple times, thereby increasing accuracy (Tra-
vers et al., 2010). Importantly, clonal amplification is avoided,
allowing direct sequencing of native, and potentially modified,
DNA. DNA synthesis occurs in zeptoliter-sized chambers, called
zero-mode waveguides (ZMWs), in which a single polymerase is
immobilized at the bottom of the chamber (Levene et al., 2003)
(Figure 3A). The physics of these chambers reduces background

Molecular Cell 58, May 21, 2015 ª2015 Elsevier Inc. 587
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6	
  Tb
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  Kb
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to	
  50Kb
https://nanoporetech.com/products#comparison

Now	
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  to	
  10-­‐15Gb
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Biochemistry: Maxam and Gilbert

FAST STRAND

Proc. Nati. Acad. Sci. USA 74 (1977)

SLOW STRAND
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FIG. 2. Autoradiograph of a sequencing gel of the complementary strands of a 64-base-pair DNA fragment. Two panels, each with four re-

actions, are shown for each strand; cleavages proximal to the 5' end are at the bottom on the left. A strong band in the first column with a weaker
band in the second arises from an A; a strong band in the second column with a weaker band in the first is a G; a band appearing in both the third
and fourth columns is a C; and a band only in the fourth column is a T. To derive the sequence of each strand, begin at the bottom of the left
panel and read upward until the bands are not resolved; then, pick up the pattern at the bottom of the right panel and continue upward. One-tenth
of each strand, isolated from the gel of Fig. 1, was used for each of the base-modification reactions. The dimethyl sulfate treatment was 50 mM
for 30 min to react with A and G; hydrazine treatment was 18 M for 30 min to react with C and T and 18 M with 2 M NaCl for 40 min to cleave
C. After strand breakage, half of the products from the four reactions were layered on a 1.5 X 330 X 400 mm denaturing 20% polyacrylamide
slab gel, pre-electrophoresed at 1000 V for 2 hr. Electrophoresis at 20 W (constant power), 800 V (average), and 25 mA (average) proceeded until
the xylene cyanol dye had migrated halfway down the gel. Then the rest of the samples were layered and electrophoresis was continued until
the new bromphenol blue dye moved halfway down. Autoradiography of the gel for 8 hr produced the pattern shown.

95% (30 M) hydrazine*, mix well, and keep at 00 for several
minutes. Close the tube and heat at 200 for 15 min. Add 200 A]
of cold 0.3 M sodium acetate/0.01 M magnesium acetate/0.1
mM EDTA/0.25 mg/ml tRNA, vortex mix, add 750 of eth-
anol, chill, spin, dissolve the pellet in 250 Al of 0.3 M sodium
acetate, add 750 Al of ethanol, chill, spin, rinse with ethanol, and
dry. Dissolve the pellet and rinse the walls with 20 ;A of freshly
diluted 0.5 M piperidine. Heat for 30 min at 900 in a sealed
capillary. Lyophilize twice, dissolve in 10 Ml of 0.1 M NaOH/1
mM EDTA, add urea-dye mixture, heat, and layer on gel.
Cleavage at Cytosine. Replace the water in the hydrazino-

lysis reaction mixture with 20 Ml of 5 M NaC1, and increase the
reaction time to 20 min. The freshness and the concentration
of the hydrazine are critical for base-specificity.

Reaction Times. The reaction conditions provide a uni-
formly labeled set of partial products of chain length I to 100.
To distribute the label over a shorter region, increase the re-

acti6n time, and vice versa.

* CAUTION: Hydrazine is a volatile neurotoxin. Dispense with care in
a fume hood, and inactivate it with concentrated ferric chloride.

Reaction Vessels. We use 1.5-ml Eppendorf conical poly-
propylene tubes with snap caps, treated with 5% (vol/vol) di-
methyldichlorosilane in CC14 and rinsed with distilled water.

Alcohol Precipitation, Wash, and Rinse. Unless otherwise
specified, the initial ethanol precipitation is from 0.3 M sodium
acetate/0.01 M magnesium acetate/0.1 mM EDTA, with 50
jzg of tRNA as carrier. Add 3 volumes of ethanol, cap and invert
to mix, chill at -70° in a Dry Ice-ethanol bath for 5 min, and*
spin in the Eppendorf 3200/30 microcentrifuge at 15,000 rpm
(12,000 X g) for 5 min. Reprecipitate with 0.3 M sodium acetate
and 3 volumes of ethanol, chill, and spin. Rinse the final pellet
with 1 ml of cold ethanol, spin, and dry in a vacuum for several
minutes.
Gel Samples. All samples for sequencing gels are in 10 or 20

gl of 0.1 M NaOH/1 mM EDTA to which is added an equal
volume of 10 M urea/0.05% xylene cyanol/0.05% bromphenol
blue. Heat the sample at 900 for 15 sec, then layer on the
gel.

Sequencing Gels. These are commonly slabs 1.5 mm X 330
mm X 400 mm with 18 sample wells 10 mm deep and 13 mm
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A new method for sequencing DNA
(DNA chenistry/dimethyl sulfate cleavage/hydrazine/piperidine)

ALLAN M. MAXAM AND WALTER GILBERT
Department of Biochemistry and Molecular Biology, Harvard University, Cambridge, Massachusetts 02138
Contributed by Walter Gilbert, December 9,1976

ABSTRACT DNA can be sequenced by a chemical proce-
dure that breaks a terminally laleled DNA molecule partially
at each repetition of a base. The lengths of the labeled fragments
then identify thepositions of thatse. We describe reactions
that cleave DNAPreferentially at guanines, at adenines, at cy-
tosines and thymines equally, and at cytosines alone. When the
products of these four reactions are resolved by size, by elec-t_qimwesds on a polyac ide gel, the DNA sequence can bel__d4..r~e pattern of radioactive bands. The technique will
Ki U~ncimp of at least 100 bases from the point of la-

We have developed a new technique for sequencing DNA
The p ure determines the nucleotide sequence

ofa iermaaly labeled DNA molecule by breaking it at ade-
.t, guadine, cytosine, or thymine with chemical agents.
Pattialolavage at each base produces a nested set of radioactive
fr sitstending from the labeled end to each of the posi-
t6rs oftat base. Polyacrylamide gel electrophoresis resolves
ths single-stranded fragments; their sizes reveal in order the
piats of breakage. The autoradiograph of a gel produced from
four different chemical cleavages, each specific for a base in
a sense we will describe, then shows a pattern of bands from
w~sb the seque can be read directly. The method is limited
oany by the resolving power of the polyacrylamide gel; in the
current state of development we can sequence inward about
100 bases from the end of any terminally labeled DNA frag-
ment.
We attack DNA with reagents that first damage and then

remove a base from its sugar. The exposed sugar is then a weak
point in the backbone and easily breaks; an alkali- or amine-
catalyzed series of #-elmination reactions will cleave the sugar
completely from its 3' and 5' phosphates. The reaction with the
bases is a limited one, damaging only 1 residue for every 50 to
100 bases along the DNA. The second reaction to cleave the
DNA strand must go to completion, so that the molecules finally
analyzed do not have hidden damages. The purine-specific
reagent is dimethyl sulfate; the pyrimidine-specific reagent is
hydrazine.
The sequencing requires DNA molecules, either double-

stranded or single-stranded, that are labeled at one end of one
strand with 32p. This can be a 5' or a 3' label. A restriction
fragment of any length is labeled at both ends-for example,
by being first treated with alkaline phowbatase to remove
terminal phosphates and then labeled With a2P by transfer from
,y-labeled ATP with polynucleotide kinase. There are then two
strategies: either (i) the double-stranded molecule is cut by a
second restriction enzyme and the two ends are raeved on a
polyacrylamide gel and isolated for sequencing or (ii) the
doubly labeled molecule i deatured and the strands are sep-
arated on a gel (1), extracted, and sequenced.

THE SPECIFIC CHEMISTRY
A Guanine/Adenine Cleavage (2). Dimethyl sulfate

methylates the guanines in DNA at the N7 position and the
adenines at the N3 (3). The glycosidic bond of a methylated
purine is unstable (3, 4) and breaks easily on heating at neutral
pH, leaving the sugar free. Treatment with 0.1 M alkali at 90°
then will cleave the sugar from the neighboring phosphate
groups. When the resulting end-labeled fragments are resolved
on a polyacrylamide gel, the autoradiograph contains a pattern
of dark and light bands. The dark bands arise from breakage
at guanines, which methylate 5-fold faster than adenines (3).

This strong guanine/weak adenine pattern contains almost
half the information necessary for sequencing; however, am-
biguities can arise in the interpretation of this pattern because
the intensity of isolated bands is not easy to assess. To determine
the bases we compare the information contained in this column
of the gel with that in a parallel column in which the breakage
at the guanines is suppressed, leaving the adenines apparently
enhanced.
An Adenine-Enhanced Cleavage. The glycoidic bond of

methylated adenosine is less stable than that of methylated
guanosine (4); thus, gentle treatment with dilute acid releases
adenines preferentially. Subsequent cleavage with alkali then
produces a pattern of dark bands corresponding to adenines
with light bands at guanines.

Cleavage at Cytosines and Thynines. Hydrazine reacts
with thymine and cytosine, cleaving the base and leaving ri-
bosylurea (5-7). Hydrazine then may react further to produce
a hydrazone (5). After a partial hydrazinolysis in 15-18 M
aqueous hydrazine at 200, the DNA is cleaved with 0.5 M pi-
peridine. This cyclic secondary amine, as the free base, displaces
all the products of the hydrazine reaction from the sugars and
catalyzes the fl-elimination of the phoLsates. The final pattern
contains bands of similar intensity from the cleavages at cy-
tosines and thymines.
Cleavage at Cytosine. The presence of 2 M NaCl prefer-

entially supresses the reaction of thymines with hydrazine.
Then, the piperidine breakage produces bands only from cy-
tosine.

AN EXAMPLE
Consider a 64-baspair DNA fragment cut from lac operon
DNA by the Alvs T enzyme from Arthrotbacr luteus, which
cleaves flush # a AGCT sequence between the G and the C
(8). After depb sphorylation, the two 5' ends of this fragment
were labeled with 32p. The autoradiograph in Fig. 1 shows that
the two strands separate during electrphoresis, after dena-
turation, on a neutral polyacrylamide ge}); they can be easily
excised and extracted. For each strand, aliquots of the four
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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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FIG. 1. Autoradiograph of the acrylamide gel from the sequence determination using restriction fragments A12d and A14 as primers on the
complementary strand of IX174 DNA. The inhibitors used were (left to right) ddGTP, ddATP, ddTTP, and araCTP. Electrophoresis was on
a 12%6 acrylamide gel at 40 mA for 14 hr. The top 10 cm of the gel is not shown. The DNA sequence is written from left to right and upwards beside
the corresponding bands on the radioautograph. The numbering is as given in ref. 2.

al. (4) have shown that the didehydrodideoxy-TTP is also active
as a terminator. However, we were unsuccessful in this. These
compounds seem much less stable than the dideoxy deriva-
tives.
araATP and araCTP were obtained from P-L Biochemicals

Inc., Milwaukee, WI.
Sequencing Procedure. Restriction enzyme fragments were

obtained from OX174 replicative form and separated by elec-
trophoresis on acrylamide gels. The material obtained from 5
,ug of OX174 replicative form in 5 ,Al of H20 was mixed with
1 Al of viral or complementary strand 4X174 DNA (0.6 jg) and
1 Mi of H X 10 buffer (13) and sealed in a capillary tube, heated
to 1000 for 3 min, and then incubated at 670 for 30 min. The
solution was diluted to 20 Al with H buffer and 2 Al samples
were taken for each incubation and mixed with 2 Ml of the ap-
propriate "mix" and 1 il of DNA polymerase (according to
Klenow, Boehringer, Mannheim) (0.2 units). Each mix con-
tained 1.5 X H buffer, 1 MCi of [a -32P]dATP (specific activity
approximately 100 mCi/,Mnwol) and the following other tri-
phosphates.
ddT: 0.1 mM dGTP, 0.1 mM dCTP, 0.005 mM dTTP, 0.5
mM ddTTP

ddA: 0.1 mM dGTP, 0.1 mM dCTP, 0.1 mM dTTP, 0.5 mM
ddATP

ddG: 0.1 mM dCTP, 0.1 mM dTTP, 0.005 mM dGTP, 0.5
mM ddGTP

ddC: 0.1 mM dGTP, 0.1 mM dTTP, 0.005 mM dCTP,
approximately 0.25 mM ddCTP

(The concentration of the ddCTP was uncertain because there
was insufficient yield to determine it, but the required dilution
of the solution was determined experimentally.)
araC: 0.1 mM dGTP, 0.1 mM dTTP, 0.005 mM dCTP, 12.5
mM araCTP
Incubation was at room temperature for 15 min. Then 1 Ml

of 0.5 mM dATP was added and incubation was continued for
a further 15 min. If this step (chase) was omitted some termi-
nation at A residues occurred in all samples due to the low
concentration of the [a-32PldATP. With small primers, where
it was unnecessary to carry out a subsequent splitting (as in the
experiment shown in Fig. 1), the various reaction mixtures were
denatured directly and applied to the acrylamide gel for elec-
trophoresis (1). If further splitting was necessary (see Fig. 2),
1 Mil of the appropriate restriction enzyme was added shortly
after the dATP "chase, and incubation was at 370.
The single-site ribo-substitution procedure (N. L. Brown,

unpublished) was carried out as follows. The annealing of
template and primer was carried out as above but in "Mn
buffer" (66 mM TrisCl, pH 7.4/1.5 mM 2-mercaptoethanol/

5464 Biochemistry:' Sanger et al.
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  I	
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  ABI	
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https://www.abmgood.com/marketing/knowledge_base/next_generation_sequencing_introduction.php



Sanger	
  Sequencing	
  Trace/	
  Chromatograms

Up	
  to	
  800	
  – 1000	
  bases	
  per	
  read



High	
  Throughput
Sanger	
  Shotgun
Sequencing

Nature	
  Biotechnology	
  26,	
  1135	
  -­‐ 1145	
  (2008)

Not	
  really	
  high
throughput	
  if	
  it’s
manual



Sanger	
  Sequencing	
  – Automation	
  II

Slide	
  from	
  Jonathan	
  Eisen (UCD	
  Bodega	
  Bay	
  Workshop	
  in	
  Applied	
  Phylogenetics 2015)



Automated	
  Sanger	
  Sequencing	
  Highlights

Slide	
  from	
  Jonathan	
  Eisen (UCD	
  Bodega	
  Bay	
  Workshop	
  in	
  Applied	
  Phylogenetics 2015)

§ 1991:	
  ESTs	
  by	
  C.	
  Venter
§ 1995:	
  H.	
  influenzae shotgun	
  genome
§ 1996:	
  Yeast,	
  archaeal	
  genomes
§ 1998:	
  1st animal	
  genome	
  – C.	
  elegans
§ 1999:	
  Drosophila	
  melanogaster	
  shotgun	
  genome
§ 2000:	
  Arabidopsis	
  thaliana	
  genome
§ 2000:	
  Human	
  genome (Lander	
  et	
  al.	
  2001)

($2.7	
  billion	
  in	
  FY	
  1991	
  – genome.gov)	
  



Next-­‐generation	
  sequencing	
  (NGS)

Slide	
  from	
  Jonathan	
  Eisen (UCD	
  Bodega	
  Bay	
  Workshop	
  in	
  Applied	
  Phylogenetics 2015)

Sequence	
  by	
  Synthesis	
  (SBS) Pyrosequencing Sequence	
  by	
  Ligation



Next-­‐generation	
  sequencing	
  (NGS)	
  – paradigm	
  shift	
  but
still	
  relies	
  on	
  PCR

Illumina Roche	
  454
ABI	
  SOLiD

DNA	
  need	
  to	
  attach	
  to	
  a	
  substrate
for	
  clonal	
  amplification

Increase	
  input	
  materials

https://www.abmgood.com/marketing/knowledge_base/next_generation_sequencing_introduction.php



Clonal	
  amplification	
  step

https://www.abmgood.com/marketing/knowledge_base/next_generation_sequencing_introduction.php

Illumina
Roche	
  454
ABI	
  SOLiD



Cyclic	
  Array	
  
Sequencing

https://www.abmgood.com/marketing/knowledge_base/next_generation
_sequencing_introduction.php

Each	
  method	
  uses	
  
different	
  chemistry



Illumina/Solexa

Illumina	
  HiSeq 8-­‐lane	
  flow	
  cell

Source:	
  www.illumina.com



Prepare	
  Genomic	
  DNA	
  Sample	
  – Library	
  prep

• Randomly	
  fragment	
  genomic	
  DNA	
  and	
  ligate	
  adapters	
  to	
  both	
  end	
  of	
  fragments
• Size	
  selection

E.	
  Mardis (Annu.	
  Rev.	
  Genomics	
  Hum.	
  Genet	
  2008)	
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to prepare each strand for the next incorpora-
tion by DNA polymerase. This series of steps
continues for a specific number of cycles, as de-
termined by user-defined instrument settings,
which permits discrete read lengths of 25–35

bases. A base-calling algorithm assigns se-
quences and associated quality values to each
read and a quality checking pipeline evaluates
the Illumina data from each run, removing
poor-quality sequences.

Adapter

DNA fragment

Dense lawn
of primers

Adapter

Attached

DNA

Adapters

Prepare genomic DNA sample
Randomly fragment genomic DNA
and ligate adapters to both ends of
the fragments.

Attach DNA to surface
Bind single-stranded fragments
randomly to the inside surface
of the flow cell channels.

Bridge amplification
Add unlabeled nucleotides
and enzyme to initiate solid-
phase bridge amplification.

Denature the double
stranded molecules

Nucleotides

a

Figure 2
The Illumina sequencing-by-synthesis approach. Cluster strands created by bridge amplification are primed and all four fluorescently
labeled, 3′-OH blocked nucleotides are added to the flow cell with DNA polymerase. The cluster strands are extended by one
nucleotide. Following the incorporation step, the unused nucleotides and DNA polymerase molecules are washed away, a scan buffer is
added to the flow cell, and the optics system scans each lane of the flow cell by imaging units called tiles. Once imaging is completed,
chemicals that effect cleavage of the fluorescent labels and the 3′-OH blocking groups are added to the flow cell, which prepares the
cluster strands for another round of fluorescent nucleotide incorporation.
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Load	
  samples	
  into	
  Flow	
  Cell

E.	
  Mardis (Annu.	
  Rev.	
  Genomics	
  Hum.	
  Genet	
  2008)	
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to prepare each strand for the next incorpora-
tion by DNA polymerase. This series of steps
continues for a specific number of cycles, as de-
termined by user-defined instrument settings,
which permits discrete read lengths of 25–35

bases. A base-calling algorithm assigns se-
quences and associated quality values to each
read and a quality checking pipeline evaluates
the Illumina data from each run, removing
poor-quality sequences.

Adapter

DNA fragment
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of primers

Adapter

Attached

DNA

Adapters

Prepare genomic DNA sample
Randomly fragment genomic DNA
and ligate adapters to both ends of
the fragments.

Attach DNA to surface
Bind single-stranded fragments
randomly to the inside surface
of the flow cell channels.

Bridge amplification
Add unlabeled nucleotides
and enzyme to initiate solid-
phase bridge amplification.

Denature the double
stranded molecules
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Figure 2
The Illumina sequencing-by-synthesis approach. Cluster strands created by bridge amplification are primed and all four fluorescently
labeled, 3′-OH blocked nucleotides are added to the flow cell with DNA polymerase. The cluster strands are extended by one
nucleotide. Following the incorporation step, the unused nucleotides and DNA polymerase molecules are washed away, a scan buffer is
added to the flow cell, and the optics system scans each lane of the flow cell by imaging units called tiles. Once imaging is completed,
chemicals that effect cleavage of the fluorescent labels and the 3′-OH blocking groups are added to the flow cell, which prepares the
cluster strands for another round of fluorescent nucleotide incorporation.
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noise such that phosphate-labeled versions of all four nucleo-
tides can be present simultaneously. Thus, polymerization
occurs continuously, and the DNA sequence can be read in
real-time from the fluorescent signals recorded in a video (Eid
et al., 2009).

Released in 2010, the RS II remains Pacific Biosciences only
commercially available machine. However, altering the chemis-
try and doubling the number of ZMWs to 150 k per SMRT cell
have greatly enhanced performance. Using the latest chemistry,
each SMRT cell produces !50 k reads and up to 1 Gb of data in
4 hr. The average read lengths are >14 kb, but individual reads
can be as long 60 kb. As with most single-molecule sequencing
platforms, high error rates (!11%) are evident for single pass
reads, and these errors are dominated by indels. Sequencing
errors, however, are distributed randomly, allowing accurate
consensus calls with increasing coverage or multiple passes
around the same template, so-called circular consensus se-
quences (Carneiro et al., 2012; Koren et al., 2012). By avoiding
clonal amplification, SMRT sequencing is also much less sensi-
tive to GC sequence content than other platforms (Loomis et al.,
2013). This suite of characteristics makes SMRT sequencing
particularly useful for projects involving de novo assembly of
small bacterial and viral genomes as well as large genome
finishing (English et al., 2012). Reconstructing structural variation
(SV) in the genome (Chaisson et al., 2015) and isoform usage
in the transcriptome (Sharon et al., 2013) are also key areas
where SMRT sequencing has clear advantages over short read
technologies. However, lower throughput and higher per base
sequencing costs currently limit the scope of most genome-
wide studies.
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Figure 2. Clonal Amplification-Based
Sequencing Platforms
(A) Illumina’s four-color reversible termination
sequencing method. DNA templates are first
clonally amplified on the surface of a glass flow
cell. Sequencing occurs via successive rounds
of base incorporation, washing, and imaging. A
cleavage step after image acquisition removes the
fluorescent dye and regenerates the 30 OH for the
next cycle. Analysis of four-color images is used to
determine base composition.
(B) Ion Torrent’s semiconductor sequencing
method. Emulsion-PCR is used to clonally amplify
DNA templates on the surface of beads, which are
subsequently placed into microwells. pH changes
induced by the release of hydrogen ions during
DNA extension are detected by a sensor posi-
tioned at the bottom of the microwell. These pH
changes are converted into a voltage signal, which
is proportional to the number of nucleotides added
by the polymerase.

In addition to providing long, unbiased
reads, another distinguishing character-
istic of SMRT sequencing is that the poly-
merization reaction is monitored in real-
time, allowing data pertaining to both
base composition and enzymatic kinetics
to be collected. Distinct kinetic profiles
are produced as the polymerase encoun-

ters various types of DNA methylation (Flusberg et al., 2010).
These kinetic signatures have been utilized to map sites of po-
tential 6-methyladenine and 5-methylcytosine genome wide in
bacteria (Fang et al., 2012). It is possible that these approaches
will be extended to map other types of DNA modifications,
including DNA damage induced in cancer cells. Moreover,
SMRT sequencing instruments are not limited to studying DNA
alone, as other molecules, such as ribosomes, can be tethered
to the bottom of the ZMW and monitored at single-molecule
resolution (Uemura et al., 2010).

Oxford Nanopore Technologies
Nanopore-based sequencing is an emerging single-molecule
strategy that has made significant progress in recent years,
with Oxford Nanopore Technologies leading the development
and commercialization of this method. Nanopore sequencing
can take a variety of forms, but it principally relies on the transi-
tion of DNA or individual nucleotides through a small channel
(Wang et al., 2015). In Oxford Nanopore’s current technology,
a sequencing flow cell comprises hundreds of independent
micro-wells, each containing a synthetic bilayer perforated by
biologic nanopores. Sequencing is accomplished by measuring
characteristic changes in current that are induced as the bases
are threaded through the pore by a molecular motor protein
(Figure 3B). Library preparation is minimal, involving frag-
mentation of DNA and ligation of adapters. Much like SMRT
sequencing, this library preparation methodology can be done
with or without PCR amplification. The first adaptor is bound
with a propriety motor enzyme as well as a molecular tether,
whereas the second adaptor is a hairpin oligonucleotide that is
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real-time from the fluorescent signals recorded in a video (Eid
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Released in 2010, the RS II remains Pacific Biosciences only
commercially available machine. However, altering the chemis-
try and doubling the number of ZMWs to 150 k per SMRT cell
have greatly enhanced performance. Using the latest chemistry,
each SMRT cell produces !50 k reads and up to 1 Gb of data in
4 hr. The average read lengths are >14 kb, but individual reads
can be as long 60 kb. As with most single-molecule sequencing
platforms, high error rates (!11%) are evident for single pass
reads, and these errors are dominated by indels. Sequencing
errors, however, are distributed randomly, allowing accurate
consensus calls with increasing coverage or multiple passes
around the same template, so-called circular consensus se-
quences (Carneiro et al., 2012; Koren et al., 2012). By avoiding
clonal amplification, SMRT sequencing is also much less sensi-
tive to GC sequence content than other platforms (Loomis et al.,
2013). This suite of characteristics makes SMRT sequencing
particularly useful for projects involving de novo assembly of
small bacterial and viral genomes as well as large genome
finishing (English et al., 2012). Reconstructing structural variation
(SV) in the genome (Chaisson et al., 2015) and isoform usage
in the transcriptome (Sharon et al., 2013) are also key areas
where SMRT sequencing has clear advantages over short read
technologies. However, lower throughput and higher per base
sequencing costs currently limit the scope of most genome-
wide studies.
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sequencing method. DNA templates are first
clonally amplified on the surface of a glass flow
cell. Sequencing occurs via successive rounds
of base incorporation, washing, and imaging. A
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fluorescent dye and regenerates the 30 OH for the
next cycle. Analysis of four-color images is used to
determine base composition.
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method. Emulsion-PCR is used to clonally amplify
DNA templates on the surface of beads, which are
subsequently placed into microwells. pH changes
induced by the release of hydrogen ions during
DNA extension are detected by a sensor posi-
tioned at the bottom of the microwell. These pH
changes are converted into a voltage signal, which
is proportional to the number of nucleotides added
by the polymerase.

In addition to providing long, unbiased
reads, another distinguishing character-
istic of SMRT sequencing is that the poly-
merization reaction is monitored in real-
time, allowing data pertaining to both
base composition and enzymatic kinetics
to be collected. Distinct kinetic profiles
are produced as the polymerase encoun-

ters various types of DNA methylation (Flusberg et al., 2010).
These kinetic signatures have been utilized to map sites of po-
tential 6-methyladenine and 5-methylcytosine genome wide in
bacteria (Fang et al., 2012). It is possible that these approaches
will be extended to map other types of DNA modifications,
including DNA damage induced in cancer cells. Moreover,
SMRT sequencing instruments are not limited to studying DNA
alone, as other molecules, such as ribosomes, can be tethered
to the bottom of the ZMW and monitored at single-molecule
resolution (Uemura et al., 2010).

Oxford Nanopore Technologies
Nanopore-based sequencing is an emerging single-molecule
strategy that has made significant progress in recent years,
with Oxford Nanopore Technologies leading the development
and commercialization of this method. Nanopore sequencing
can take a variety of forms, but it principally relies on the transi-
tion of DNA or individual nucleotides through a small channel
(Wang et al., 2015). In Oxford Nanopore’s current technology,
a sequencing flow cell comprises hundreds of independent
micro-wells, each containing a synthetic bilayer perforated by
biologic nanopores. Sequencing is accomplished by measuring
characteristic changes in current that are induced as the bases
are threaded through the pore by a molecular motor protein
(Figure 3B). Library preparation is minimal, involving frag-
mentation of DNA and ligation of adapters. Much like SMRT
sequencing, this library preparation methodology can be done
with or without PCR amplification. The first adaptor is bound
with a propriety motor enzyme as well as a molecular tether,
whereas the second adaptor is a hairpin oligonucleotide that is
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bound by a second so-called HP motor protein (Quick et al.,
2014). This library design allows sequencing of both strands of
DNA from a single molecule, which increases accuracy (Ashton
et al., 2015; Quick et al., 2014).
The first commercially available device for nanopore

sequencing is the MinION, a USB-powered portable sequencer,
which Oxford Nanopore Technologies released in early 2014 as
part of an early access program. A single 18 hr run can produce
>90Mb of data from around 16,000 total reads, with median and
maximum read lengths of !6 kb and >60 kb, respectively (Ash-
ton et al., 2015). As with all single-molecule sequencing method-
ologies, error rates are high. Jain and colleagues most recently
reported insertion, deletion, and substitution rates of 4.9%,
7.8%, and 5.1%, respectively (Jain et al., 2015). Presently, it
also has a very high run failure rate. Despite the high error rates,
MinION reads have been successfully used to determine the po-
sition and structure of a bacterial resistance island in combina-
tion with Illumina-derived reads (Ashton et al., 2015) and resolve
an assembly gap on human Xq24 (Jain et al., 2015). Given
the relatively high error rates and low throughput, nanopore
sequencing is unlikely to overtake current sequencing platforms
in the near future; however, the combination of size, speed, read
lengths, and machine cost hold promise for the future.

The Development and Use of HTS Applications
As sequencing costs have fallen, HTS machines have become
widely present in university core facilities and even individual
labs. Decreasing costs and increased accessibility have enabled
researchers to develop a rich catalog of HTS applications
(Figure 4; Table 1). Some of these technologies were initially
developed using DNA microarrays, but many are enabled only
by using sequencing. HTS offers many advantages over DNA
microarrays. In particular, it is more precise and not subject to
cross-hybridization, thereby providing higher accuracy and a
larger dynamic range (>105 for DNA sequencing versus 102 for
DNA microarrays) (Wang et al., 2009). Similar to microarrays,
however, HTS-based applications can be biased by a number
of variables, such as sequencing platform and library preparation
method. The Sequencing Quality Control Consortium and similar
initiatives are designed to study these biases and develop ap-
proaches to control for them, as has been recently demonstrated
for RNA-seq (Su et al., 2014).
As HTS-based applications have become more robust, they

have not only enabled individual researchers but also a variety
of consortia-based projects. These large-scale projects have
both provided valuable resources to the community and also
have addressed questions that would be difficult for individual

Figure 3. Single Molecule Sequencing Platforms
(A) Pacific Bioscience’s SMRT sequencing. A single polymerase is positioned at the bottom of a ZMW. Phosphate-labeled versions of all four nucleotides are
present, allowing continuous polymerization of a DNA template. Base incorporation increases the residence time of the nucleotide in the ZMW, resulting in a
detectable fluorescent signal that is captured in a video.
(B) Oxford Nanopore’s sequencing strategy. DNA templates are ligated with two adapters. The first adaptor is bound with a motor enzyme as well as a tether,
whereas the second adaptor is a hairpin oligo that is bound by the HPmotor protein. Changes in current that are induced as the nucleotides pass through the pore
are used to discriminate bases. The library design allows sequencing of both strands of DNA from a single molecule (two-direction reads).
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The Development and Use of HTS Applications
As sequencing costs have fallen, HTS machines have become
widely present in university core facilities and even individual
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larger dynamic range (>105 for DNA sequencing versus 102 for
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proaches to control for them, as has been recently demonstrated
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present, allowing continuous polymerization of a DNA template. Base incorporation increases the residence time of the nucleotide in the ZMW, resulting in a
detectable fluorescent signal that is captured in a video.
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part of an early access program. A single 18 hr run can produce
>90Mb of data from around 16,000 total reads, with median and
maximum read lengths of !6 kb and >60 kb, respectively (Ash-
ton et al., 2015). As with all single-molecule sequencing method-
ologies, error rates are high. Jain and colleagues most recently
reported insertion, deletion, and substitution rates of 4.9%,
7.8%, and 5.1%, respectively (Jain et al., 2015). Presently, it
also has a very high run failure rate. Despite the high error rates,
MinION reads have been successfully used to determine the po-
sition and structure of a bacterial resistance island in combina-
tion with Illumina-derived reads (Ashton et al., 2015) and resolve
an assembly gap on human Xq24 (Jain et al., 2015). Given
the relatively high error rates and low throughput, nanopore
sequencing is unlikely to overtake current sequencing platforms
in the near future; however, the combination of size, speed, read
lengths, and machine cost hold promise for the future.

The Development and Use of HTS Applications
As sequencing costs have fallen, HTS machines have become
widely present in university core facilities and even individual
labs. Decreasing costs and increased accessibility have enabled
researchers to develop a rich catalog of HTS applications
(Figure 4; Table 1). Some of these technologies were initially
developed using DNA microarrays, but many are enabled only
by using sequencing. HTS offers many advantages over DNA
microarrays. In particular, it is more precise and not subject to
cross-hybridization, thereby providing higher accuracy and a
larger dynamic range (>105 for DNA sequencing versus 102 for
DNA microarrays) (Wang et al., 2009). Similar to microarrays,
however, HTS-based applications can be biased by a number
of variables, such as sequencing platform and library preparation
method. The Sequencing Quality Control Consortium and similar
initiatives are designed to study these biases and develop ap-
proaches to control for them, as has been recently demonstrated
for RNA-seq (Su et al., 2014).
As HTS-based applications have become more robust, they

have not only enabled individual researchers but also a variety
of consortia-based projects. These large-scale projects have
both provided valuable resources to the community and also
have addressed questions that would be difficult for individual

Figure 3. Single Molecule Sequencing Platforms
(A) Pacific Bioscience’s SMRT sequencing. A single polymerase is positioned at the bottom of a ZMW. Phosphate-labeled versions of all four nucleotides are
present, allowing continuous polymerization of a DNA template. Base incorporation increases the residence time of the nucleotide in the ZMW, resulting in a
detectable fluorescent signal that is captured in a video.
(B) Oxford Nanopore’s sequencing strategy. DNA templates are ligated with two adapters. The first adaptor is bound with a motor enzyme as well as a tether,
whereas the second adaptor is a hairpin oligo that is bound by the HPmotor protein. Changes in current that are induced as the nucleotides pass through the pore
are used to discriminate bases. The library design allows sequencing of both strands of DNA from a single molecule (two-direction reads).
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Nanopore Sequencing
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of the relationship between genomic variation and phenotype
[34]. In addition, WGS is being increasingly used for transla-
tional research, such as forensic genetics [35], agrigenomics
(agricultural genomics) [36,37], and clinical diagnostics. An

example of the latter is genetic disease diagnosis. WGS has
the potential for simultaneous and comprehensive diagnostic
testing of likely monogenic illnesses, which accelerates mo-
lecular diagnosis and minimizes the duration of empirical
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Figure 1. Evolution of high-throughput sequencing platforms. (A) Blue bars: maximum read length of the first commercially available sequencing instruments by 454,
Illumina/Solexa, SOLiD, Ion Torrent, and Pacific Biosciences (PacBio). Orange bars indicate the maximum read length that can be obtained with these technologies today;
dark orange stands for the large instruments of the different technologies, whereas light orange indicates the bench-top versions. (B) Maximum throughput of the first
commercially available sequencing instruments (blue bars) and the current maximum throughput (dark orange bars). Note that, for a given technology, current maximum
read length and throughput are not necessarily obtained with one and the same instrument. For example, Illumina’s bench-top sequencer, the MiSeq, generates the longest
reads but the large HiSeq X Ten has the highest throughput. (C) Graph showing the evolution of the cost of sequencing a human genome from 2001 until today. Costs have
sharply decreased over the recent years thanks to the appearance of next-generation sequencing (NGS) technologies and their subsequent upgrades. Very recently, the
milestone of the US$1000 genome has been reached with Illumina’s HiSeq X Ten system. (D) Times to complete a typical run to sequence a bacterial genome using the
large instruments of the various manufacturers (dark orange bars) or their new bench-top machines (light orange bars). For both 454 instruments, a 400 nt run was
considered. For Illumina’s HiSeq1000 and MiSeq, 100 nt and 150 nt paired-end runs were considered, respectively. For SOLiD’s 5500W Series Genetic Analyzer, a 50 nt
paired-end run was considered, and for Ion Torrent’s large Proton and the bench-top PGM a 200 nt run was considered. For PacBio, run time rather than length is set, and a
3 h ‘movie’ is sufficient for bacterial genome sequencing. For SOLiD and PacBio, no bench-top machines are available. Although run time is an important factor for clinical
applications such as bacterial genome sequencing, other important parameters include purchase pricing, costs per run, and error rates, which are not discussed here. For a
comprehensive comparison of bench-top NGS platforms see [79].
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large instruments of the various manufacturers (dark orange bars) or their new bench-top machines (light orange bars). For both 454 instruments, a 400 nt run was
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paired-end run was considered, and for Ion Torrent’s large Proton and the bench-top PGM a 200 nt run was considered. For PacBio, run time rather than length is set, and a
3 h ‘movie’ is sufficient for bacterial genome sequencing. For SOLiD and PacBio, no bench-top machines are available. Although run time is an important factor for clinical
applications such as bacterial genome sequencing, other important parameters include purchase pricing, costs per run, and error rates, which are not discussed here. For a
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  Data	
  for	
  Molecular	
  Phylogenetics
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  or	
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Whole	
  Genomes

Maybe	
  somewhere	
  in	
  the	
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  Representation	
  sequencing



Reduced	
  Representation	
  Sequencing	
  for	
  
Molecular	
  Phylogenetics

• Transcriptome	
  Sequencing	
  (RNA)

• Restriction	
  Site	
  Associated	
  DNA	
  (RAD)	
  Sequencing

• Ultra	
  Conserved	
  Element	
  (UCE)	
  Sequencing

• Anchored	
  Hybrid	
  Enrichment	
  (AHE)	
  Sequencing



Rowe	
  et	
  al.	
  (Mol Ecol,	
  2011)

Restriction	
  Site	
  Associated	
  DNA	
  (RAD)	
  Sequencing

For	
  review,	
  also	
  see:
Andrews	
  et	
  al.	
  (Nat	
  Rev	
  
Genet,	
  17:	
  81-­‐92,	
  2016)



RAD-­‐seq for	
  phylogenomics

Wagner	
  et	
  al.	
  (Mol Ecol,	
  22:787-­‐798,	
  2013)

support for the reciprocal monophyly of these species
is expected given previous data showing that their
divergence at neutral markers is very weak. Microsatel-

lite data reveal a barely significant FST value of 0.01
(Magalhaes et al. 2012).
The high resolution of morphologically identified spe-

cies in the trees produced in this study is remarkable
given the very recent divergence between these species,
and the inability of previous individual-based genetic
studies to differentiate species in this group (Nagl et al.
1998; Samonte et al. 2007). Whereas several previous
studies on selected sympatric species pairs rejected the
null hypothesis of genetic panmixis using allele fre-
quency data (AFLPs: Konijnendijk et al. 2011; microsat-
ellites: Magalhaes et al. 2009; mitochondrial sequences:
Mzighani et al. 2010; microsatellites: Seehausen et al.
2008), none of these studies were able to recover species
structure in individual-based trees, clustering, or assign-
ment tests. Microsatellite-based studies generally show
small but significant FSTs between the species pairs that
have been studied, speaking to the very recent diver-
gence of these species (Seehausen et al. 2008; Magalhaes
et al. 2009, 2012). Although studies of larger numbers of
species using AFLPs suggest that significant genetic
variation within the Lake Victoria radiation is explained
by phenotypically defined species (Bezault et al. 2011),
no prior phylogenetic studies have produced evidence
for species monophyly within the Lake Victoria radia-
tion. The difficulty of the phylogenetic problem at hand
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Fig. 3 The phylogeny produced based on the largest supermatrix analysed, which contains a minimum of 15 individuals out of the
total 156 with sequence data per locus (‘min individuals 15′; Table 1g).
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Ultra	
  Conserved	
  Element	
  (UCE)	
  for	
  Phylogenetics

• 481	
  regions	
  perfectly	
  conserved	
  over	
  200bp	
  or	
  more	
  between	
  human,	
  
mouse,	
  and	
  rat

• 20-­‐fold	
  fewer	
  SNPs	
  than	
  the	
  human	
  average
• Most	
  are	
  in	
  non-­‐coding	
  regions,	
  but	
  some	
  in	
  exonic regions
• May	
  be	
  enhancer	
  sequences,	
  control	
  gene	
  expression
• The	
  exonic UCEs	
  tend	
  to	
  overlap	
  with	
  alternative	
  spliced	
  exons

Bejerano et	
  al.	
  (Science	
  2004)



Human Genome Ultraconserved
Elements Are Ultraselected
Sol Katzman,1* Andrew D. Kern,2* Gill Bejerano,2† Ginger Fewell,3 Lucinda Fulton,3
Richard K. Wilson,3 Sofie R. Salama,2,4 David Haussler1,2,4‡

Unexpectedly long regions of extremely
conserved DNA, known as ultracon-
served elements, were first found by com-

paring the human, mouse, and rat genomes (1).

Most are non–protein-coding regions, unique
to vertebrates, and have undergone little or no
evolutionary change since mammal and bird
ancestors diverged about 300 million years ago.
Many may function as distal enhancers for
neighboring developmental genes (2). However,
the reason for their extreme conservation remains
a mystery. They could be unusually large patches
of sites under weak levels of negative selection
(3, 4) or simply mutational cold spots.

We measured the derived (new) allele frequen-
cy (DAF) spectrum for the segregating human
polymorphisms in the ultraconserved regions. It
is markedly shifted toward rare derived alleles, as
is characteristic of regions under negative selection
in which introduced mutations are unlikely to
spread to high frequencies within populations.

We analyzed genomic DNA sequences in
72 individuals (a mixture of European Amer-
icans and African Americans) spanning 315 of
the ultraconserved elements and found 134
segregating sites. We compared the DAFs for
these sites with those in 314 segregating non-
synonymous sites in 211 genes obtained from
47 individuals of similar background available
from the SeattleSNPs consortium (5).

Although the DAF spectrum of the nonsyn-
onymous sites is consistent with that observed pre-
viously, the spectrum for the ultraconserved sites is
qualitatively different (Fig. 1). Large fractions of

both the segregating ultraconserved sites (55%)
and the nonsynonymous sites (41%) are present in
only one allele in one sample. However, only 3%
of the segregating ultraconserved sites exhibit
DAFs of more than 25%, compared with 14% of
the segregating nonsynonymous sites (c2 P value
of 0.002), even after performing a normalization to
a common sample size of 80 chromosomes (6).

To estimate the distribution of selection coeffi-
cients from these DAF spectra, we applied a hierar-
chical Bayesian model in which the mean selection
coefficient for a set of bases is a random variable
whose distribution we estimate via Markov chain
Monte Carlo (MCMC) methods (6). Negative val-
ues imply that derived alleles are deleterious. A
comparison of the posterior distributions (Fig. 1)
shows that the ultraconserved sites are, on average,
under purifying selection that is three times greater
than that acting on nonsynonymous sites. The 95%
credible intervals do not overlap at all.

Such estimates are subject to ascertainment bias,
both in the selection of segregating sites (a bias we
avoid by completely resequencing the entire re-
gion) and implicit in the definition of the ultra-
conserved regions themselves. A region of the
genome containing a segregating site with high

DAF is likely to show a difference between the
reference human genome and the reference ge-
nomes of mouse and rat and hence be excluded
from study. Our probability model compensates for
such bias (fig. S1), which also applies to poly-
morphism studies of other conserved regions. In
addition, a separate analysis shows that our results
are not influenced by different strengths of linkage
between sites within the separate classes analyzed
(6). We can rule out other regional effects because
the bases immediately flanking the ultraconserved
regions have a much lower mean selection co-
efficient (fig. S3).

Previous studies have indicated that con-
served noncoding regions can exhibit selection

coefficients comparable to those
of protein-coding regions (7).
Our analysis shows that selec-
tion in the vertebrate-specific
ultraconserved noncoding regions
is in fact much stronger. These
data argue that ultraconserved
elements are currently, as well
as historically, strongly con-
strained functional elements.
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Fig. 1. Ultraconserved elements are under stronger selection than protein-coding regions. (Left and center) Histo-
grams of the derived allele frequency counts for segregating sites in the indicated categories. In each histogram the first
bar, corresponding to singleton heterozygotes (DAF count = 1), is truncated. (Right) The Bayesian posterior distributions
for the mean selection coefficient. The x axis is given in units of a = 2Nes, where Ne is the effective population size and s
is the fitness parameter.
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Human Genome Ultraconserved
Elements Are Ultraselected
Sol Katzman,1* Andrew D. Kern,2* Gill Bejerano,2† Ginger Fewell,3 Lucinda Fulton,3
Richard K. Wilson,3 Sofie R. Salama,2,4 David Haussler1,2,4‡

Unexpectedly long regions of extremely
conserved DNA, known as ultracon-
served elements, were first found by com-

paring the human, mouse, and rat genomes (1).

Most are non–protein-coding regions, unique
to vertebrates, and have undergone little or no
evolutionary change since mammal and bird
ancestors diverged about 300 million years ago.
Many may function as distal enhancers for
neighboring developmental genes (2). However,
the reason for their extreme conservation remains
a mystery. They could be unusually large patches
of sites under weak levels of negative selection
(3, 4) or simply mutational cold spots.

We measured the derived (new) allele frequen-
cy (DAF) spectrum for the segregating human
polymorphisms in the ultraconserved regions. It
is markedly shifted toward rare derived alleles, as
is characteristic of regions under negative selection
in which introduced mutations are unlikely to
spread to high frequencies within populations.

We analyzed genomic DNA sequences in
72 individuals (a mixture of European Amer-
icans and African Americans) spanning 315 of
the ultraconserved elements and found 134
segregating sites. We compared the DAFs for
these sites with those in 314 segregating non-
synonymous sites in 211 genes obtained from
47 individuals of similar background available
from the SeattleSNPs consortium (5).

Although the DAF spectrum of the nonsyn-
onymous sites is consistent with that observed pre-
viously, the spectrum for the ultraconserved sites is
qualitatively different (Fig. 1). Large fractions of

both the segregating ultraconserved sites (55%)
and the nonsynonymous sites (41%) are present in
only one allele in one sample. However, only 3%
of the segregating ultraconserved sites exhibit
DAFs of more than 25%, compared with 14% of
the segregating nonsynonymous sites (c2 P value
of 0.002), even after performing a normalization to
a common sample size of 80 chromosomes (6).

To estimate the distribution of selection coeffi-
cients from these DAF spectra, we applied a hierar-
chical Bayesian model in which the mean selection
coefficient for a set of bases is a random variable
whose distribution we estimate via Markov chain
Monte Carlo (MCMC) methods (6). Negative val-
ues imply that derived alleles are deleterious. A
comparison of the posterior distributions (Fig. 1)
shows that the ultraconserved sites are, on average,
under purifying selection that is three times greater
than that acting on nonsynonymous sites. The 95%
credible intervals do not overlap at all.

Such estimates are subject to ascertainment bias,
both in the selection of segregating sites (a bias we
avoid by completely resequencing the entire re-
gion) and implicit in the definition of the ultra-
conserved regions themselves. A region of the
genome containing a segregating site with high

DAF is likely to show a difference between the
reference human genome and the reference ge-
nomes of mouse and rat and hence be excluded
from study. Our probability model compensates for
such bias (fig. S1), which also applies to poly-
morphism studies of other conserved regions. In
addition, a separate analysis shows that our results
are not influenced by different strengths of linkage
between sites within the separate classes analyzed
(6). We can rule out other regional effects because
the bases immediately flanking the ultraconserved
regions have a much lower mean selection co-
efficient (fig. S3).

Previous studies have indicated that con-
served noncoding regions can exhibit selection

coefficients comparable to those
of protein-coding regions (7).
Our analysis shows that selec-
tion in the vertebrate-specific
ultraconserved noncoding regions
is in fact much stronger. These
data argue that ultraconserved
elements are currently, as well
as historically, strongly con-
strained functional elements.
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FIGURE 2. The number of UCE-anchored loci found in different
amniote groups including birds (Gallus gallus and Taeniopygia guttata),
reptiles (Crocodylus porosus and Anolis carolinensis), mammals (Mon-
odelphis domestica, Homo sapiens, Mus musculus, and Ornithorhynchus
anatinus), and one amphibian outgroup (Xenopus tropicalus).

searches to identify regions homologous to 2030 UCE
loci in nine primate genomes (Supplementary Table 3),
whose relationships are not controversial as well as one
rodent outgroup (Mus musculus). We aligned enrich-
ment probes targeting each UCE to primate genomes,
removed all duplicate matches, and excised the match
location ± 200 bp of sequence flanking for each match,
which we then assembled back into the UCE loci from
which we designed the probe(s). We refer to these as-
semblies as loci. After aligning loci among the primates
and mouse outgroup, we trimmed unalignable 5′ and
3′ regions, resulting in an average locus length of 432
bp. We confirmed that variable sequence exists in the
flanking regions and, to a limited degree, within the core
UCE (Fig. 3a). As predicted, variability increased with
increasing distance from the center of the UCE.

We used a Bayesian analysis of concatenated data cre-
ated from 2030 UCE-anchored loci to recover the es-
tablished phylogeny of these primate species with 1.0
posterior probability for every node (Fig. 4a). We re-
covered the same phylogeny with high bootstrap sup-
port using two methods of species tree analysis, a
technique which estimates a species history from in-
dependent, often discordant, gene histories (Edwards
2008) (Fig. 4b). To evaluate whether UCE loci fol-
low neutral coalescent processes similar to other types
of molecular markers, we determined whether UCE-
anchored loci showed discordance in gene histories
at levels similar to those previously described for the
divergence between human, chimpanzee, and gorilla
(Chen and Li 2001). Of 2030 gene trees, 777 (38%)
showed a monophyletic group containing only hu-
man, gorilla, and chimpanzee. Of these 777 gene trees,

FIGURE 3. Variability increases in the regions immediately flank-
ing the core of UCE-anchored loci in (a) primates and (b) birds.
We have removed data points having no variability and outliers for
clarity of presentation. Note different scales of axes between figure
panels. The variability in avian flanking regions reflects the deeper
divergences among bird taxa.

560 had unresolved relationships among human, chim-
panzee, and gorilla. Of the 217 resolved gene trees, 152
(70%) supported the species tree grouping human and
chimpanzee as sister species, 36 (17%) grouped human
and gorilla as sister species, and 29 (13%) grouped go-
rilla and chimpanzee as sister species. These are very
similar proportions to those described by Chen and Li
(2001) (72% human/chimp, 21% human/gorilla, and 7%
chimp/gorilla), suggesting that UCE-anchored loci fol-
low coalescent processes.

UCE-Anchored Loci Recover the Phylogeny of Several
Non-Model Birds

To test whether in vitro target-enrichment and assem-
bly of UCE-anchored loci enable recovery of an estab-
lished phylogeny, we used a slightly modified version
of a commercially available target enrichment protocol
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FIGURE 1. Workflow for using UCE-anchored loci in conjunction
with target enrichment for phylogenomics. Note: probes = 120 bases.

they have few retroelement insertions (Simons et al.
2006); and the assumption of increasing variability in se-
quence flanking each UCE suggests that they might be
a kind of “molecular fossil,” retaining a signal of evolu-
tionary history at many time depths, depending on dis-
tance from the core UCE region. For simplicity, we refer
to all classes of DNA sequence having high sequence
similarity (!80% identity over !100 bp) across diver-
gent taxa as UCEs.

Here, we identify UCEs shared among amniotes, and
we design enrichment probes targeting thousands of
these UCEs. We demonstrate the practical utility of these
markers for phylogenomics using a combination of in
silico and in vitro target enrichment experiments that
make use of variation in sequences flanking UCEs to
capture thousands of independent orthologous nuclear
loci suitable for downstream phylogenomic analysis.

METHODS

Identification of UCEs
We identified UCEs by screening whole genome

alignments of the chicken (Gallus gallus) and Carolina

anole (Anolis carolinensis) prepared by the UCSC
genome bioinformatics group using a custom Python
(http://www.python.org/) script to identify runs of at
least 60 bases having 100% sequence identity. We then
aligned each conserved region from the chicken–lizard
alignments to the zebra finch (UCSC taeGut1) genome
using a custom Python program and BLAST (Altschul
et al. 1997), and we stored metadata for matches having
an e value " 1 × 10−15 in a relational database (RDB)
along with the initial screening results. We removed du-
plicates from the group of matches containing data from
chicken, lizard, and zebra finch, and we defined the re-
maining set of 5599 unique sequences as UCEs. We es-
timated the average distance (±95% CI) between each
of these UCEs using positions in the chicken genome
(UCSC galgal3) because the chicken genome is currently
the most complete and best assembled avian or reptile
genome.

Design of Probes from UCEs
We designed target enrichment probes by selecting

UCEs from the RDB, adding sequence to those UCEs
shorter than 120 bp in length by selecting equal amounts
of 5′ and 3′ flanking sequence from a repeat-masked
chicken genome assembly, and recording the length of
flanking sequence, if any, added to each. We masked all
buffered UCEs containing repeat-like regions using Re-
peatMasker (http://www.repeatmasker.org/) prior to
probe design. If UCEs were >180 bp, we tiled 120 bp
probes across target regions at 2× density (i.e., probes
overlapped by 60 bp). If UCEs were <180 bp total
length, we selected a single probe from the center of
the UCE. We used LASTZ (available at http://www.bx.
psu.edu/miller lab) to align probes to themselves and
to identify and remove duplicates arising as a result of
probe design. We inserted these 5561 probes into the
RBD, and we updated each probe record with addi-
tional data indicating if probes contained ambiguous
(N) bases, the Tm and GC content of the probe, the num-
ber of bases added to buffer a particular UCE to probe
length (120 bp), the number of masked bases within
designed probes, and the types of mismatches we ob-
served for each probe’s parent UCE when BLASTing
chicken-anole UCEs against zebra finch.

Alignment of Designed Probes to Ten Amniote Genomes
We aligned 5561 probes to ten amniote genomes us-

ing a Python wrapper-program around LASTZ to facil-
itate parallel data processing. We retained only those
matches having !92.5% identity across !100 bp of
the 120 bp (83%) probe sequence. We used a custom
Python program to screen LASTZ matches for recip-
rocal and non-reciprocal duplicates, and we also ex-
cluded matches where the observed number of matches
was less than the number of designed probes. For ex-
ample, if we tiled two probes across a UCE locus, but
LASTZ only matched a single probe to the genome se-
quence, we dropped the parent UCE locus from further
consideration.
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FIGURE 2. The number of UCE-anchored loci found in different
amniote groups including birds (Gallus gallus and Taeniopygia guttata),
reptiles (Crocodylus porosus and Anolis carolinensis), mammals (Mon-
odelphis domestica, Homo sapiens, Mus musculus, and Ornithorhynchus
anatinus), and one amphibian outgroup (Xenopus tropicalus).

searches to identify regions homologous to 2030 UCE
loci in nine primate genomes (Supplementary Table 3),
whose relationships are not controversial as well as one
rodent outgroup (Mus musculus). We aligned enrich-
ment probes targeting each UCE to primate genomes,
removed all duplicate matches, and excised the match
location ± 200 bp of sequence flanking for each match,
which we then assembled back into the UCE loci from
which we designed the probe(s). We refer to these as-
semblies as loci. After aligning loci among the primates
and mouse outgroup, we trimmed unalignable 5′ and
3′ regions, resulting in an average locus length of 432
bp. We confirmed that variable sequence exists in the
flanking regions and, to a limited degree, within the core
UCE (Fig. 3a). As predicted, variability increased with
increasing distance from the center of the UCE.

We used a Bayesian analysis of concatenated data cre-
ated from 2030 UCE-anchored loci to recover the es-
tablished phylogeny of these primate species with 1.0
posterior probability for every node (Fig. 4a). We re-
covered the same phylogeny with high bootstrap sup-
port using two methods of species tree analysis, a
technique which estimates a species history from in-
dependent, often discordant, gene histories (Edwards
2008) (Fig. 4b). To evaluate whether UCE loci fol-
low neutral coalescent processes similar to other types
of molecular markers, we determined whether UCE-
anchored loci showed discordance in gene histories
at levels similar to those previously described for the
divergence between human, chimpanzee, and gorilla
(Chen and Li 2001). Of 2030 gene trees, 777 (38%)
showed a monophyletic group containing only hu-
man, gorilla, and chimpanzee. Of these 777 gene trees,

FIGURE 3. Variability increases in the regions immediately flank-
ing the core of UCE-anchored loci in (a) primates and (b) birds.
We have removed data points having no variability and outliers for
clarity of presentation. Note different scales of axes between figure
panels. The variability in avian flanking regions reflects the deeper
divergences among bird taxa.

560 had unresolved relationships among human, chim-
panzee, and gorilla. Of the 217 resolved gene trees, 152
(70%) supported the species tree grouping human and
chimpanzee as sister species, 36 (17%) grouped human
and gorilla as sister species, and 29 (13%) grouped go-
rilla and chimpanzee as sister species. These are very
similar proportions to those described by Chen and Li
(2001) (72% human/chimp, 21% human/gorilla, and 7%
chimp/gorilla), suggesting that UCE-anchored loci fol-
low coalescent processes.

UCE-Anchored Loci Recover the Phylogeny of Several
Non-Model Birds

To test whether in vitro target-enrichment and assem-
bly of UCE-anchored loci enable recovery of an estab-
lished phylogeny, we used a slightly modified version
of a commercially available target enrichment protocol
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To test the effects of removing distantly related sawfly
lineages on the topology and support inferred across the
UCE data, we constructed a new UCE data set lacking
sawfly lineages because the sawfly data were the most
incomplete, with respect to counts of recovered loci
across all taxa (see Fig. S4, Supporting information and
below), and the inclusion of sawflies had the largest

effect on the size of our incomplete matrix. This new data
set (75% complete) included 638 UCE loci, contained an
average of 37.2 taxa (95 CI: 0.2), and had an average
alignment length of 737.1 bp (95 CI: 46.4). The superma-
trix contained 470 258 bp, 469 081 total nucleotide char-
acters and 310 253 (+27 280) informative sites. Following
inference from this updated data set with RAXML using

Apocrita

“sawflies”

Aculeata

Apoidea

Formicidae

Fig. 1 Maximum-likelihood phylogeny inferred from a 75% complete supermatrix containing data from 14 genome-enabled taxa (iden-
tified by double-asterisks) and 30 taxa from which we enriched and assembled (Trinity) ultraconserved element loci. We show bootstrap
support values only where support is <100%, and the single asterisk beside Stenamma megamanni denotes that this sample represents a
different population of the same species.

© 2014 The Authors. Molecular Ecology Resources Published by John Wiley & Sons Ltd.
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Figure 1 | Phylogeny of birds. Time-calibrated phylogeny of 198 species of
birds inferred from a concatenated, Bayesian analysis of 259 anchored
phylogenomic loci using ExaBayes17. Figure continues on the opposite page
from green arrow at the bottom of this panel. Complete taxon data in
Supplementary Table 1. Higher taxon names appear at right. All clades are
supported with posterior probability (PP) of 1.0, except for the Balaeniceps–
Pelecanus clade (PP 5 0.54; clade 109). The five major, successive, neoavian

sister clades are: Strisores (brown), Columbaves (purple), Gruiformes (yellow),
Aequorlitornithes (blue), and Inopinaves (green). Background colours mark
geological periods. Ma, million years ago; Ple, Pleistocene; Pli, Pliocene;
Q., Quaternary. Clade numbers refer to the plot of estimated divergence
dates (Supplementary Fig. 7). Fossil age-calibrated nodes are shown in grey.
Illustrations of representative bird species30 are depicted by their lineages. See
Supplementary Information for details and further discussion.
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maximum likelihood analysis recovered a single topology that was
identical to the Bayesian tree except for three clades, all of which are
far from the base of Neoaves: the relationships among pigeons; among
skimmers, gulls, and terns; and among pelicans, shoebill, and waders
(Supplementary Fig. 1). Almost all clades in the maximum likelihood

tree were maximally supported with bootstrap scores (BS) of 1.00, but
nine clades within Neoaves (including four of the most inclusive
neoavian clades) received support ,0.70 (Supplementary Fig. 1).
Coalescent species tree analyses produced substantially different
hypotheses for neoavian relationships (Supplementary Fig. 3), but
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Figure 1 | Continued.
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Which	
  method	
  to	
  use?	
  	
  (Caution)

A	
  few	
  mitochondrial	
  or	
  nuclear	
  genes

Whole	
  Genomes

Reduced	
  Representation	
  sequencing
UCE,	
  AHE,	
  transcriptome,	
  RADseq

**	
  Method	
  used	
  could	
  result	
  in	
  different
Tree	
  toplogy
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