
Sequencing and Microbes 

Jonathan A. Eisen



Sequencing and Microbes

• Part 1: Four Eras of Sequencing and Microbes 
 Era 1: rRNA and the Tree of Life 
 Era 2: rRNA from environmental samples 
 Era 3: Genome sequencing 
 Era 4: Genomes from environmental samples 

• Part 2: Evolution of Sequencing 
 Generation 0: Protosequencing 
 Generation 1: Manual Sequencing 
 Generation 2: Automation of Sanger 
 Generation 3: Clusters not clones 
 Generation 4: Single molecule sequencing



Sequencing and Microbes

• Part 1: Four Eras of Sequencing and Microbes 
 Era 1: rRNA and the Tree of Life 
 Era 2: rRNA from environmental samples 
 Era 3: Genome sequencing 
 Era 4: Genomes from environmental samples 

• Part 2: Evolution of Sequencing 
 Generation 0: Protosequencing 
 Generation 1: Manual Sequencing  
 Generation 2: Automation of Sanger 
 Generation 3: Clusters not clones 
 Generation 4: Single molecule sequencing



Sequencing and Microbes

• Part 1: Four Eras of Sequencing and Microbes 
 Era 1: rRNA and the Tree of Life 
 Era 2: rRNA from environmental samples 
 Era 3: Genome sequencing 
 Era 4: Genomes from environmental samples 

• Part 2: Evolution of Sequencing 
 Generation 0: Protosequencing 
 Generation 1: Manual Sequencing  
 Generation 2: Automation of Sanger 
 Generation 3: Clusters not clones 
 Generation 4: Single molecule sequencing

NOTE - New Eras Add On to Past Ones, Past Ones Do Not End



Sequencing and Microbes

• Part 1: Four Eras of Sequencing and Microbes 
 Era 1: rRNA and the Tree of Life 
 Era 2: rRNA from environmental samples 
 Era 3: Genome sequencing 
 Era 4: Genomes from environmental samples 

• Part 2: Evolution of Sequencing 
 Generation 0: Protosequencing 
 Generation 1: Manual Sequencing 
 Generation 2: Automation of Sanger 
 Generation 3: Clusters not clones 
 Generation 4: Single molecule sequencing



http://mcb.illinois.edu/faculty/profile/1204

Carl Woese
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Diversity of Life of Earth
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• ??? 
• Made up of cells 
• Use of DNA as a genetic material 
• Use of ACTG in DNA 
• Use of ACUG in RNA 
• Three letter genetic code 
• Central dogma (DNA » RNA » protein) 
• Use water as a solvent 
• Lipoprotein cell envelope 
• 20 core amino acids in proteins 
• Lives on Earth 
• Ribosome for translation 
• RNA polymerase proteins 
• Acquires energy from environment 
• Store energy in chemicals

Universal Traits
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Not directly - because 
all organisms have 

these, presence is not 
informative

Can we use these to 
infer phylogenetic 

relationships?

But … within some of 
these there is 

variation in structure



The Ribosome
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Ribosomal RNA structure
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Woese Tree of Life

rRNA rRNArRNA

ACUGC 
ACCUAU 
CGUUCG

ACUCC 
AGCUAU 
CGAUCG

ACCCC 
AGCUCU 
CGCUCG

Taxa   Characters
  S  ACUGCACCUAUCGUUCG
  R  ACUCCACCUAUCGUUCG
  E  ACUCCAGCUAUCGAUCG
  F  ACUCCAGGUAUCGAUCG
  C  ACCCCAGCUCUCGCUCG
  W  ACCCCAGCUCUGGCUCG

Taxa   Characters
  S  ACUGCACCUAUCGUUCG

  E  ACUCCAGCUAUCGAUCG

  C  ACCCCAGCUCUCGCUCG



Front Page of the New York Times, 11/3/1977
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Ernst Haeckel 1866

www.mblwhoilibrary.org

Plantae AnimaliaProtista
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Monera



Early 1900s - Two Kingdoms
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Plantae Animalia

From Whittaker 1969 



Copeland Four Kingdoms
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Metaphyta

Metazoa

Protoctista
Monera

From Whittaker 1969 



Whittaker – Five Kingdoms 1969
Plantae Animalia

Protista

Fungi

Monera
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 Still used extensively in 
popular and scientific areas 

 Improved upon two 
kingdoms and four 
kingdoms 

 Overall structure based on 
“levels of organization” and 
“means of nutrition” not 
objective analysis of data 

 What does objective data 
analysis tell us?



EukaryotesProkaryotes

Prokaryotes vs. Eukaryotes (types of organisms)

Interpreted As Implying This Tree  
(e.g. Chatton 1937)
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Woese 1987

18



Slides for UC Davis EVE161 Course Taught by Jonathan Eisen Winter 2014

Simplified, Rooted Tree of Life
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Great Plate Count Anomaly

Problem because 
appearance not 
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is out there?” or 
“what are they 
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CountCount

Solution?

DNA



Collect from 
environment

Analysis of uncultured microbes



DNA 
extraction

PCR Sequence 
rRNA genes

Sequence alignment = Data matrixPhylogenetic tree

PCR
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PCR and phylogenetic analysis of rRNA genes



Eisen et al. 
1992Eisen et al. 1992. J. Bact.174: 3416

Colleen Cavanaugh

rRNA Phylotyping: One Taxon

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC206016/


Major phyla of bacteria & archaea (as of 2002)

No cultures

Some cultures
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PCR Sequence 
rRNA genes

Sequence alignment = Data matrixPhylogenetic tree
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rRNA genes
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rRNA2
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genes in 
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PCR and phylogenetic analysis of rRNA genes

rRNA3  
5’...ACGGCAAAATAGGTGGATT
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rRNA4  
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rRNA Phylotyping: Relative Abundance

DNA

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 AGGGGAGCTCTGCCTCG
  New3 ACTCCAGCTATCGATCG
  New4 ACTGCACCTATCGTTCG

EukaryotesBacteria Archaea

ACTGC 
ACCTAT 
CGTTCG

ACTCC 
AGCTAT 
CGATCG

ACCCC 
AGCTCT 
CGCTCG

AGGGG 
AGCTCT 
CGCTCG

AGGGG 
AGCTCT 
CGCTCG

ACTGC 
ACCTAT 
CGTTCG

Even with 
more taxa it 
still works



DNA DNADNA

ACTGC 
ACCTAT 
CGTTCG

ACTCC 
AGCTAT 
CGATCG

ACCCC 
AGCTCT 
CGCTCG

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 ACGGCAGCTCTGCCTCG

rRNA PCR: Community Comparisons



Limitations of rRNA PCR Surveys

• PCR primer bias 

• Taxa without rRNA 

• Copy number issues 

• rRNA phylogeny imperfect 

• rRNA evolves too slowly 

• Relative abundances usually
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1st Genome Sequence

Fleischmann 
et al. 1995



Methods

• Random (shotgun) sequencing 

• Assembly into contigs and scaffolds 

• Finishing gaps (not done as much these days) 

• Annotation I: Finding genes 

• Annotation II: Predicting gene function 

• Comparative genomics 

• Phylogenomics



Metabolic Predictions
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DNA DNADNA

rRNA PCR: Community Comparisons

Genomes of Uncultured Taxa 

AKA Metagenomics



Delong Lab - Sequencing Large Inserts

Restriction mapping. Large genomic fragments isolated from fosmid clones

were mapped by partial and double digestion with various restriction endonucle-

ases. When the subclone sizes exceeded 10 kb, the F-factor-based vector

pBAC108L (30) was used to accommodate the fosmid subfragments. Partial

digestions were performed by adding 2.5 U of restriction enzyme to 1 ⇥g of

NotI-digested clone DNA in a 30-⇥l reaction mixture. The reaction mixture was

incubated at 37⇤C, and 10-⇥l aliquots were removed at 10, 40, and 60 min.

Restriction digestions were terminated by adding 1 ⇥l of 0.5 M EDTA to the

reaction mixtures and placing the tubes on ice. The partially digested DNA was

separated by pulsed-field gel electrophoresis as described above except using a 1-

to 3-s ramped switch time at 100 V for 16 h. The sizes of the separated fragments

were determined relative to those of known standards. The distances of the

restriction sites relative to the terminal T7 and SP6 promoter sites on the excised

cassette were determined by end labeling 10 pmol of T7- or SP6-specific oligo-

nucleotides with [⌅-
32

P]ATP (7,000 Ci/mmol) and hybridizing with Southern

blots of the gels.

Southern blots of agarose gels containing fosmid and pBAC clones digested

with two or more restriction enzymes were probed with labeled T7 and SP6

oligonucleotides as well as random-prime-labeled subclones and PCR fragments

carrying gene sequences identified from the shotgun sequencing described above.

This information was correlated with the size estimates from the partial diges-

tions to generate physical and genetic maps of the fosmids and their subclones.

Phylogenetic analysis. Sequence alignment and DeSoete distance (9) analyses

were performed on a Sun Sparc 10 workstation using GDE 2.2 and Treetool 1.0,

obtained from the ribosomal database project (RDP) (23). DeSoete least squares

distance analyses (9) were performed by using pairwise evolutionary distances,

calculated by using the correction of Olsen to account for empirical base fre-

quencies (34). Reference sequences were obtained from the RDP, version 4.0

(23). Maximum likelihood analyses (10) of ssu rRNA sequences were performed

by using fastDNAml 1.0 (25), obtained from the RDP. For distance analyses of

the inferred amino acid sequence of EF2, evolutionary distances were estimated

by using the Phylip program (12) Protdist, and tree topology was inferred by the

Fitch-Margoliash method, using random taxon addition and global branch swap-

ping. For maximum parsimony analyses of protein sequences, the Phylip pro-

gram Protpars was used with random taxon addition and ordinary parsimony

options.

Nucleotide sequence accession numbers. Partial sequences reported in Table

1 have been submitted to GenBank under the following accession numbers:

U40238, U40239, U40240, U40241, U40242, U40243, U40244, and U40245. The

nucleotide sequences encoding ssu rRNA and EF2 have been submitted to

GenBank under accession numbers U39635 and U41261.

RESULTS

Figure 1 shows an overview of the procedures used to con-

struct an environmental library from the mixed picoplankton

sample. Our goal was to construct a stable, large insert DNA

library representing picoplankton genomic DNA, in order to

gain information about the genetic and physiological potential

of one constituent group in this community, the planktonic

marine Crenarchaeota. Agarose plugs containing high-molecu-

lar-weight picoplankton DNA were prepared by concentrating

cells from 30 liters of seawater, using hollow fiber filtration.

These agarose plugs, representing picoplankton collected from

a variety of sites and depths in the eastern North Pacific, were

screened for the presence of archaebacteria by using both

eubacterium-biased (to test for positive amplification) and ar-

chaeon-biased rDNA primers. PCR amplification results from

several of the agarose plugs (data not shown) indicated the

presence of significant amounts of archaeal DNA. Quantitative

hybridization experiments using rRNA extracted from one

sample, collected at a depth of 200 m off the Oregon coast,

indicated that planktonic archaea in this assemblage comprised

approximately 4.7% of the total picoplankton biomass (this

sample corresponds to ‘‘PAC1’’-200 m in Table 1 of reference

8). Results from archaeon-biased rDNA PCR amplification

performed on agarose plug lysates confirmed the presence of

relatively large amounts of archaeal DNA in this sample. Aga-

rose plugs prepared from this picoplankton sample were cho-

sen for subsequent fosmid library preparation. Each 1-ml aga-

rose plug from this site contained approximately 7.5 � 10
9

cells; therefore, approximately 5.4 � 10
8

cells were present in

the 72-⇥l slice used in the preparation of the partially digested

DNA.

Recombinant fosmids, each containing ca. 40 kb of pico-

plankton DNA insert, yielded a library of 3,552 fosmid clones,

containing approximately 1.4 � 10
8

bp of cloned DNA. All of

the clones examined contained inserts ranging in size from 38

to 42 kbp (Fig. 2). Both the multiplex PCR (Fig. 3) and the

hybridization experiments suggested that well B7 on microtiter

FIG. 1. Flowchart depicting the construction and screening of an environ-

mental library from a mixed picoplankton sample. MW, molecular weight;

PFGE, pulsed-field gel electrophoresis.

FIG. 2. Pulsed-field gel showing the separation of selected fosmid clones

digested with NotI and BamHI. The pFOS1 vector band is at 7.2 kbp. The top

two bands of clone 4B7 are doublets.
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Delong Lab

tion with multiple sequence alignments, indi-
cates that the majority of active site residues
are well conserved between proteorhodopsin
and archaeal bacteriorhodopsins (15).

A phylogenetic comparison with archaeal
rhodopsins placed proteorhodopsin on an in-
dependent long branch, with moderate statis-
tical support for an affiliation with sensory
rhodopsins (16) (Fig. 1B). The finding of
archaeal-like rhodopsins in organisms as di-
verse as marine proteobacteria and eukarya
(6) suggests a potential role for lateral gene
transfer in their dissemination. Available ge-
nome sequence data are insufficient to iden-
tify the evolutionary origins of the proteo-
rhodopsin genes. The environments from
which the archaeal and bacterial rhodopsins
originate are, however, strikingly different.
Proteorhodopsin is of marine origin, whereas
the archaeal rhodopsins of extreme halophiles
experience salinity 4 to 10 times greater than
that in the sea (14).

Functional analysis. To determine
whether proteorhodopsin binds retinal, we
expressed the protein in Escherichia coli
(17). After 3 hours of induction in the pres-
ence of retinal, cells expressing the protein
acquired a reddish pigmentation (Fig. 3A).
When retinal was added to the membranes of
cells expressing the proteorhodopsin apopro-
tein, an absorbance peak at 520 nm was
observed after 10 min of incubation (Fig.
3B). On further incubation, the peak at 520
nm increased and had a !100-nm half-band-
width. The 520-nm pigment was generated
only in membranes containing proteorhodop-
sin apoprotein, and only in the presence of
retinal, and its !100-nm half-bandwidth is
typical of retinylidene protein absorption
spectra found in other rhodopsins. The red-
shifted "max of retinal ("max # 370 nm in the
free state) is indicative of a protonated Schiff
base linkage of the retinal, presumably to the
lysine residue in helix G (18).

Light-mediated proton translocation was de-
termined by measuring pH changes in a cell
suspension exposed to light. Net outward trans-
port of protons was observed solely in proteor-
hodopsin-containing E. coli cells and only in
the presence of retinal and light (Fig. 4A).
Light-induced acidification of the medium was
completely abolished by the presence of a 10
$M concentration of the protonophore carbonyl
cyanide m-chlorophenylhydrazone (19). Illumi-
nation generated a membrane electrical poten-
tial in proteorhodopsin-containing right-side-
out membrane vesicles, in the presence of reti-
nal, reaching –90 mV 2 min after light onset
(20) (Fig. 4B). These data indicate that proteo-
rhodopsin translocates protons and is capable of
generating membrane potential in a physiolog-
ically relevant range. Because these activities
were observed in E. coli membranes containing
overexpressed protein, the levels of proteorho-
dopsin activity in its native state remain to be

determined. The ability of proteorhodopsin to
generate a physiologically significant mem-
brane potential, however, even when heterolo-
gously expressed in nonnative membranes, is
consistent with a postulated proton-pumping
function for proteorhodopsin.

Archaeal bacteriorhodopsin, and to a less-
er extent sensory rhodopsins (21), can both
mediate light-driven proton-pumping activi-
ty. However, sensory rhodopsins are general-
ly cotranscribed with genes encoding their
own transducer of light stimuli [for example,
Htr (22, 23)]. Although sequence analysis of
proteorhodopsin shows moderate statistical
support for a specific relationship with sen-

sory rhodopsins, there is no gene for an Htr-
like regulator adjacent to the proteorhodopsin
gene. The absence of an Htr-like gene in
close proximity to the proteorhodopsin gene
suggests that proteorhodopsin may function
primarily as a light-driven proton pump. It is
possible, however, that such a regulator
might be encoded elsewhere in the proteobac-
terial genome.

To further verify a proton-pumping func-
tion for proteorhodopsin, we characterized
the kinetics of its photochemical reaction cy-
cle. The transport rhodopsins (bacteriorho-
dopsins and halorhodopsins) are character-
ized by cyclic photochemical reaction se-

Fig. 1. (A) Phylogenetic tree of bacterial 16S rRNA gene sequences, including that encoded on the
130-kb bacterioplankton BAC clone (EBAC31A08) (16). (B) Phylogenetic analysis of proteorhodop-
sin with archaeal (BR, HR, and SR prefixes) and Neurospora crassa (NOP1 prefix) rhodopsins (16).
Nomenclature: Name_Species.abbreviation_Genbank.gi (HR, halorhodopsin; SR, sensory rhodopsin;
BR, bacteriorhodopsin). Halsod, Halorubrum sodomense; Halhal, Halobacterium salinarum (halo-
bium); Halval, Haloarcula vallismortis; Natpha, Natronomonas pharaonis; Halsp, Halobacterium sp;
Neucra, Neurospora crassa.

R E S E A R C H A R T I C L E S
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Shotgun “Metagenomics” - 2004

DNA DNADNA

Environmental Genome Shotgun
Sequencing of the Sargasso Sea
J. Craig Venter,1* Karin Remington,1 John F. Heidelberg,3

Aaron L. Halpern,2 Doug Rusch,2 Jonathan A. Eisen,3

Dongying Wu,3 Ian Paulsen,3 Karen E. Nelson,3 William Nelson,3

Derrick E. Fouts,3 Samuel Levy,2 Anthony H. Knap,6

Michael W. Lomas,6 Ken Nealson,5 Owen White,3

Jeremy Peterson,3 Jeff Hoffman,1 Rachel Parsons,6

Holly Baden-Tillson,1 Cynthia Pfannkoch,1 Yu-Hui Rogers,4

Hamilton O. Smith1

Wehave applied “whole-genome shotgun sequencing” tomicrobial populations
collected enmasse on tangential flow and impact filters from seawater samples
collected from the Sargasso Sea near Bermuda. A total of 1.045 billion base pairs
of nonredundant sequencewas generated, annotated, and analyzed to elucidate
the gene content, diversity, and relative abundance of the organisms within
these environmental samples. These data are estimated to derive from at least
1800 genomic species based on sequence relatedness, including 148 previously
unknown bacterial phylotypes. We have identified over 1.2 million previously
unknown genes represented in these samples, including more than 782 new
rhodopsin-like photoreceptors. Variation in species present and stoichiometry
suggests substantial oceanic microbial diversity.

Microorganisms are responsible for most of the
biogeochemical cycles that shape the environ-
ment of Earth and its oceans. Yet, these organ-
isms are the least well understood on Earth, as
the ability to study and understand the metabol-
ic potential of microorganisms has been ham-
pered by the inability to generate pure cultures.
Recent studies have begun to explore environ-
mental bacteria in a culture-independent man-
ner by isolating DNA from environmental sam-
ples and transforming it into large insert clones.
For example, a previously unknown light-driven
proton pump, proteorhodopsin, was discovered
within a bacterial artificial chromosome (BAC)
from the genome of a SAR86 ribotype (1), and
soil microbial DNA libraries have been construct-
ed and screened for specific activities (2).

Here we have applied whole-genome shot-
gun sequencing to environmental-pooled DNA
samples to test whether new genomic approach-
es can be effectively applied to gene and spe-
cies discovery and to overall environmental

characterization. To help ensure a tractable pilot
study, we sampled in the Sargasso Sea, a nutrient-
limited, open ocean environment. Further, we
concentrated on the genetic material captured on
filters sized to isolate primarily microbial inhabit-
ants of the environment, leaving detailed analysis
of dissolved DNA and viral particles on one end
of the size spectrum and eukaryotic inhabitants on
the other, for subsequent studies.
The Sargasso Sea. The northwest Sar-

gasso Sea, at the Bermuda Atlantic Time-series
Study site (BATS), is one of the best-studied
and arguably most well-characterized regions
of the global ocean. The Gulf Stream represents
the western and northern boundaries of this
region and provides a strong physical boundary,
separating the low nutrient, oligotrophic open
ocean from the more nutrient-rich waters of the
U.S. continental shelf. The Sargasso Sea has
been intensively studied as part of the 50-year
time series of ocean physics and biogeochem-
istry (3, 4) and provides an opportunity for
interpretation of environmental genomic data in
an oceanographic context. In this region, for-
mation of subtropical mode water occurs each
winter as the passage of cold fronts across the
region erodes the seasonal thermocline and
causes convective mixing, resulting in mixed
layers of 150 to 300 m depth. The introduction
of nutrient-rich deep water, following the
breakdown of seasonal thermoclines into the
brightly lit surface waters, leads to the bloom-
ing of single cell phytoplankton, including two
cyanobacteria species, Synechococcus and Pro-

chlorococcus, that numerically dominate the
photosynthetic biomass in the Sargasso Sea.

Surface water samples (170 to 200 liters)
were collected aboard the RV Weatherbird II
from three sites off the coast of Bermuda in
February 2003. Additional samples were col-
lected aboard the SV Sorcerer II from “Hydro-
station S” in May 2003. Sample site locations
are indicated on Fig. 1 and described in table
S1; sampling protocols were fine-tuned from
one expedition to the next (5). Genomic DNA
was extracted from filters of 0.1 to 3.0 !m, and
genomic libraries with insert sizes ranging from
2 to 6 kb were made as described (5). The
prepared plasmid clones were sequenced from
both ends to provide paired-end reads at the J.
Craig Venter Science Foundation Joint Tech-
nology Center on ABI 3730XL DNA sequenc-
ers (Applied Biosystems, Foster City, CA).
Whole-genome random shotgun sequencing of
the Weatherbird II samples (table S1, samples 1 to
4) produced 1.66 million reads averaging 818 bp
in length, for a total of approximately 1.36 Gbp of
microbial DNA sequence. An additional 325,561
sequences were generated from the Sorcerer II
samples (table S1, samples 5 to 7), yielding ap-
proximately 265 Mbp of DNA sequence.
Environmental genome shotgun as-

sembly. Whole-genome shotgun sequencing
projects have traditionally been applied to iden-
tify the genome sequence(s) from one particular
organism, whereas the approach taken here is
intended to capture representative sequence
from many diverse organisms simultaneously.
Variation in genome size and relative abun-
dance determines the depth of coverage of any
particular organism in the sample at a given
level of sequencing and has strong implications
for both the application of assembly algorithms
and for the metrics used in evaluating the re-
sulting assembly. Although we would expect
abundant species to be deeply covered and well
assembled, species of lower abundance may be
represented by only a few sequences. For a
single genome analysis, assembly coverage
depth in unique regions should approximate a
Poisson distribution. The mean of this distribu-
tion can be estimated from the observed data,
looking at the depth of coverage of contigs
generated before any scaffolding. The assem-
bler used in this study, the Celera Assembler
(6), uses this value to heuristically identify
clearly unique regions to form the backbone of
the final assembly within the scaffolding phase.
However, when the starting material consists of
a mixture of genomes of varying abundance, a
threshold estimated in this way would classify
samples from the most abundant organism(s) as
repetitive, due to their greater-than-average
depth of coverage, paradoxically leaving the
most abundant organisms poorly assembled.
We therefore used manual curation of an initial
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Microbial communities are vital in the functioning of all ecosystems; however, most microorganisms are uncultivated, and their
roles in natural systems are unclear. Here, using random shotgun sequencing of DNA from a natural acidophilic biofilm, we report
reconstruction of near-complete genomes of Leptospirillum group II and Ferroplasma type II, and partial recovery of three other
genomes. This was possible because the biofilm was dominated by a small number of species populations and the frequency of
genomic rearrangements and gene insertions or deletions was relatively low. Because each sequence read came from a different
individual, we could determine that single-nucleotide polymorphisms are the predominant form of heterogeneity at the strain level.
The Leptospirillum group II genome had remarkably few nucleotide polymorphisms, despite the existence of low-abundance
variants. The Ferroplasma type II genome seems to be a composite from three ancestral strains that have undergone homologous
recombination to form a large population of mosaic genomes. Analysis of the gene complement for each organism revealed the
pathways for carbon and nitrogen fixation and energy generation, and provided insights into survival strategies in an extreme
environment.

The study of microbial evolution and ecology has been revolutio-
nized by DNA sequencing and analysis1–3. However, isolates have
been the main source of sequence data, and only a small fraction of
microorganisms have been cultivated4–6. Consequently, focus has
shifted towards the analysis of uncultivated microorganisms via
cloning of conserved genes5 and genome fragments directly from
the environment7–9. To date, only a small fraction of genes have been
recovered from individual environments, limiting the analysis of
microbial communities as networks characterized by symbioses,
competition and partitioning of community-essential roles.
Comprehensive genomic data would resolve organism-specific
pathways and provide insights into population structure, speciation
and evolution. So far, sequencing of whole communities has not
been practical because most communities comprise hundreds to
thousands of species10.

Acid mine drainage (AMD) is a worldwide environmental
problem that arises largely from microbial activity11. Here, we
focused on a low-complexity AMD microbial biofilm growing
hundreds of feet underground within a pyrite (FeS2) ore body

12–15.
This represents a self-contained biogeochemical system character-
ized by tight coupling between microbial iron oxidation and
acidification due to pyrite dissolution11,16,17. Random shotgun
sequencing of DNA from entire microbial communities is one
approach for the recovery of the gene complement of uncultivated
organisms, and for determining the degree of variability within
populations at the genome level. We used random shotgun sequen-
cing of the biofilm to obtain the first reconstruction of multiple
genomes directly from a natural sample. The results provide novel
insights into community structure, and reveal the strategies that
underpin microbial activity in this environment.

Initial characterization of the biofilm
Biofilms growing on the surface of flowing AMD in the five-
way region of the Richmond mine at Iron Mountain, California12,
were sampled in March 2000. Screening using group-specific18

fluorescence in situ hybridization (FISH) revealed that all biofilms
contained mixtures of bacteria (Leptospirillum, Sulfobacillus and, in
a few cases, Acidimicrobium) and archaea (Ferroplasma and other
members of the Thermoplasmatales). The genome of one of these
archaea, Ferroplasma acidarmanus fer1, isolated from the Richmond
mine, has been sequenced previously (http://www.jgi.doe.gov/JGI_
microbial/html/ferroplasma/ferro_homepage.html).
A pink biofilm (Fig. 1a) typical of AMD communities was

selected for detailed genomic characterization (see Supplementary
Information). The biofilm was dominated by Leptospirillum species
and contained F. acidarmanus at a relatively low abundance (Fig. 1b,
c). This biofilm was growing in pH 0.83, 42 8C, 317mM Fe, 14mM
Zn, 4mM Cu and 2mM As solution, and was collected from a
surface area of approximately 0.05m2.
A 16S ribosomal RNA gene clone library was constructed from

DNA extracted from the pink biofilm, and 384 clones were end-
sequenced (see Supplementary Information). Results indicated the
presence of three bacterial and three archaeal lineages. The most
abundant clones are close relatives of L. ferriphilum19 and belong
to Leptospirillum group II (ref. 13). Although 94% of the Lepto-
spirillum group II clones were identical, 17 minor variants were
detected with up to 1.2% 16S rRNA gene-sequence divergence from
the dominant type. Tightly defined groups (up to 1% sequence
divergence) related to Leptospirillum group III (ref. 13), Sulfobacillus,
Ferroplasma (some identical to fer1), ‘A-plasma’15 and ‘G-plasma’15

were also detected. Leptospirillum group III, G-plasma and
A-plasma have only recently been detected in culture-independent
molecular surveys. FISH-based quantification (Fig. 1c; see
also Supplementary Information) confirmed the dominance of
Leptospirillum group II in the biofilm.

Community genome sequencing and assembly
In conventional shotgun sequencing projects of microbial isolates,
all shotgun fragments are derived from clones of the same genome.
When using the shotgun sequencing approach on genomes from an
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Other genes can be better  
for phylotyping than rRNA



Shotgun “Metagenomics”

DNA DNADNA

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 AGGGGAGCTCTGCCTCG
  New3 ACTCCAGCTATCGATCG
  New4 ACTGCACCTATCGTTCG

RecA RecARecA

http://genomebiology.com/2008/9/10/R151 Genome Biology 2008,     Volume 9, Issue 10, Article R151       Wu and Eisen R151.7

Genome Biology 2008, 9:R151

sequences are not conserved at the nucleotide level [29]. As a

result, the nr database does not actually contain many more

protein marker sequences that can be used as references than

those available from complete genome sequences.

Comparison of phylogeny-based and similarity-based phylotyping
Although our phylogeny-based phylotyping is fully auto-

mated, it still requires many more steps than, and is slower

than, similarity based phylotyping methods such as a

MEGAN [30]. Is it worth the trouble? Similarity based phylo-

typing works by searching a query sequence against a refer-

ence database such as NCBI nr and deriving taxonomic

information from the best matches or 'hits'. When species

that are closely related to the query sequence exist in the ref-

erence database, similarity-based phylotyping can work well.

However, if the reference database is a biased sample or if it

contains no closely related species to the query, then the top

hits returned could be misleading [31]. Furthermore, similar-

ity-based methods require an arbitrary similarity cut-off

value to define the top hits. Because individual bacterial

genomes and proteins can evolve at very different rates, a uni-

versal cut-off that works under all conditions does not exist.

As a result, the final results can be very subjective.

In contrast, our tree-based bracketing algorithm places the

query sequence within the context of a phylogenetic tree and

only assigns it to a taxonomic level if that level has adequate

sampling (see Materials and methods [below] for details of

the algorithm). With the well sampled species Prochlorococ-

cus marinus, for example, our method can distinguish closely

related organisms and make taxonomic identifications at the

species level. Our reanalysis of the Sargasso Sea data placed

672 sequences (3.6% of the total) within a P. marinus clade.

On the other hand, for sparsely sampled clades such as

Aquifex, assignments will be made only at the phylum level.

Thus, our phylogeny-based analysis is less susceptible to data

sampling bias than a similarity based approach, and it makes

Major phylotypes identified in Sargasso Sea metagenomic dataFigure 3
Major phylotypes identified in Sargasso Sea metagenomic data. The metagenomic data previously obtained from the Sargasso Sea was reanalyzed using 
AMPHORA and the 31 protein phylogenetic markers. The microbial diversity profiles obtained from individual markers are remarkably consistent. The 
breakdown of the phylotyping assignments by markers and major taxonomic groups is listed in Additional data file 5.
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Sargasso Sea Five Other Markers
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Shotgun Metagenomics - Functional Predictions

DNA DNADNA

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 AGGGGAGCTCTGCCTCG
  New3 ACTCCAGCTATCGATCG
  New4 ACTGCACCTATCGTTCG

inputs of fixed carbon or nitrogen from external sources. As with
Leptospirillum group I, both Leptospirillum group II and III have the
genes needed to fix carbon by means of the Calvin–Benson–
Bassham cycle (using type II ribulose 1,5-bisphosphate carboxy-
lase–oxygenase). All genomes recovered from the AMD system

contain formate hydrogenlyase complexes. These, in combination
with carbon monoxide dehydrogenase, may be used for carbon
fixation via the reductive acetyl coenzyme A (acetyl-CoA) pathway
by some, or all, organisms. Given the large number of ABC-type
sugar and amino acid transporters encoded in the Ferroplasma type

Figure 4 Cell metabolic cartoons constructed from the annotation of 2,180 ORFs

identified in the Leptospirillum group II genome (63% with putative assigned function) and

1,931 ORFs in the Ferroplasma type II genome (58% with assigned function). The cell

cartoons are shown within a biofilm that is attached to the surface of an acid mine

drainage stream (viewed in cross-section). Tight coupling between ferrous iron oxidation,

pyrite dissolution and acid generation is indicated. Rubisco, ribulose 1,5-bisphosphate

carboxylase–oxygenase. THF, tetrahydrofolate.

articles
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Shotgun Metagenomics - Community Comparisons

DNA DNADNA

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 AGGGGAGCTCTGCCTCG
  New3 ACTCCAGCTATCGATCG
  New4 ACTGCACCTATCGTTCG
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Sequencing and Microbes

• Part 1: Four Eras of Sequencing and Microbes 
 Era 1: rRNA and the Tree of Life 
 Era 2: rRNA from environmental samples 
 Era 3: Genome sequencing 
 Era 4: Genomes from environmental samples 

• Part 2: Evolution of Sequencing 
 Generation 0: Protosequencing 
 Generation 1: Sanger / Maxam-Gilbert 
 Generation 2: Automation of Sanger 
 Generation 3: Clusters not clones 
 Generation 4: Single molecule sequencing



Sequencing and Microbes

• Part 1: Four Eras of Sequencing and Microbes 
 Era 1: rRNA and the Tree of Life 
 Era 2: rRNA from environmental samples 
 Era 3: Genome sequencing 
 Era 4: Genomes from environmental samples 

• Part 2: Evolution of Sequencing 
 Generation 0: Protosequencing 
 Generation 1: Manual Sequencing 
 Generation 2: Automation of Sanger 
 Generation 3: Clusters not clones 
 Generation 4: Single molecule sequencing

NOTE - New Eras Add On to Past Ones, Past Ones Do Not End



Costs / Mb
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Evolution of Sequencing
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Gen 0: 
Proto  

Sequencing
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Gen 0: Proto-Sequencing
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Generation 1: Manual Sequencing
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Gen 0: 
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Sequencing

Sanger
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Gen 1: 
Manual  

Sequencing
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Gen 0: 
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Sequencing

Sanger

Maxam-Gilbert

Gen 1: 
Manual  

Sequencing

Heather and Chain 2016

Maxam-
Gilbert
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Generation 1: Maxam-Gilbert



Generation 1: Maxam-Gilbert

60
From http://www.pnas.org/content/74/2/560.full.pdf

60
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Generation 1: Sanger Sequencing
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Sequencing

Sanger
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Sanger
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http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC431765/

62

Generation 1: Sanger Sequencing

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC431765/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC431765/


• http://www.annualreviews.org/na101/home/literatum/publisher/ar/journals/content/anchem/2013/anchem.2013.6.issue-1/
annurev-anchem-062012-092628/20130605/images/medium/ac60287.f1.gif63 63

Generation 1: Sanger Sequencing



Nobel Prize 1980: Berg, Gilbert, Sanger

64
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1980/
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Some Key Innovations for Generation 1

• Polyacrylamide gels 

• Nucleotide chemistry 

• Synthesis of primers 

• Chain termination by ddNTPs

65
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Generation 2: Automation of Sanger Sequencing



Automation of Sanger
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Sanger method with labeled dNTPs
The Sanger mehtods is based on the idea that inhibitors can 

terminate elongation of DNA at specific points 
-

Roche 454

ABi SOLiD

HeliScope

Nanopore

Sanger 
method

Illumina GAII
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Many Systems for Sanger Automation

68
Thanks to Robin Coope and Dale Yazuki for comments on 2014 talk 

ABI 3700 ABI 3730 ABI 3730xl

Megabase 1000 Megabase 4000 LiCor

68

http://www.slideshare.net/phylogenomics/evolution-of-dna-sequencing-talk-by-jonathan-eisen-for-the-bodega-workshop-in-applied-phylogenetics


• Fluorescence not radioactivity 

• Capillaries not gels

69

Automation of Sanger Innovations



Other Innovations for Autokation of Sanger
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Some Automated Sanger Highlights

• 1991: ESTs by Venter 

• 1995: H. influenzae shotgun genome 

• 1996: Yeast, archaeal genomes 

• 1998: 1st animal genome - C. elegans 

• 1999: Drosophila shotgun genome 

• 2000: Arabidopsis genome 

• 2000: Human genome 

• 2004: Shotgun metagenomics

71Thanks to Keith Bradnam for C. elegans suggestion    
71

https://twitter.com/kbradnam/status/574618897753620480
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Generation 3: Clusters Not Clones



Generation III = “NextGen”
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Solexa / Illumina 454 / Roche

Ion Torrent ABI Solid
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Solexa / Illumina 454 / Roche

Ion Torrent ABI Solid

Generation III:  Clusters not Clones
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Solexa / Illumina 454 / Roche

Ion Torrent ABI Solid

Generation III:  Clusters not Clones

Clusters on Flowcell Clusters in Beads

Clusters in Beads Clusters in Beads



NextGen Sequencing Outline
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Next-generation sequencing platforms

Isolation and purification of 
target DNA

Sample preparation

Library validation

Cluster generation
on solid-phase Emulsion PCR

Sequencing by synthesis 
with  3’-blocked reversible 

terminators
Pyrosequencing Sequencing by ligation

Single colour imaging

Sequencing by synthesis 
with  3’-unblocked reversible 

terminators
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Four colour imaging

Data analysis

Roche 454Illumina GAII ABi SOLiD Helicos HeliScope

From Slideshare presentation of Cosentino Cristian 
http://www.slideshare.net/cosentia/high-throughput-equencing 
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http://www.slideshare.net/cosentia/high-throughput-equencing
http://www.slideshare.net/cosentia/high-throughput-equencing
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Solexa / Illumina 454 / Roche

Ion Torrent ABI Solid

Generation III:  Dominant Player



Illumina Step 1: Prep & Attach DNA
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ANRV353-GG09-20 ARI 25 July 2008 14:57

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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From Mardis 2008. Annual Rev. Genetics 9: 387.

Step 1: Sample Preparation The DNA sample of interest is sheared to appropriate size (average ~800bp) using a compressed air device known as a nebulizer. The 
ends of the DNA are polished, and two unique adapters are ligated to the fragments. Ligated fragments of the size range of 150-200bp are isolated via gel 
extraction and amplified using limited cycles of PCR



Illumina Step 2: Clusters by Bridge PCR
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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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• From : http://seqanswers.com/forums/showthread.php?t=21. Steps 2-6: Cluster Generation by Bridge Amplification. In contrast to the 454 and ABI methods which 
use a bead-based emulsion PCR to generate "polonies", Illumina utilizes a unique "bridged" amplification reaction that occurs on the surface of the flow cell. 
The flow cell surface is coated with single stranded oligonucleotides that correspond to the sequences of the adapters ligated during the sample preparation 
stage. Single-stranded, adapter-ligated fragments are bound to the surface of the flow cell exposed to reagents for polyermase-based extension. Priming 
occurs as the free/distal end of a ligated fragment "bridges" to a complementary oligo on the surface. Repeated denaturation and extension results in 
localized amplification of single molecules in millions of unique locations across the flow cell surface. This process occurs in what is referred to as Illumina's 
"cluster station", an automated flow cell processor. 

From Mardis 2008. Annual Rev. Genetics 9: 387.

http://seqanswers.com/forums/showthread.php?t=21


Illumina Step 3: Sequencing
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Applied Biosystems SOLiDTM

Sequencer
The SOLiD platform uses an adapter-ligated
fragment library similar to those of the other
next-generation platforms, and uses an emul-
sion PCR approach with small magnetic beads
to amplify the fragments for sequencing. Un-
like the other platforms, SOLiD uses DNA lig-
ase and a unique approach to sequence the am-
plified fragments, as illustrated in Figure 3a.
Two flow cells are processed per instrument
run, each of which can be divided to contain
different libraries in up to four quadrants. Read
lengths for SOLiD are user defined between
25–35 bp, and each sequencing run yields be-
tween 2–4 Gb of DNA sequence data. Once

the reads are base called, have quality values,
and low-quality sequences have been removed,
the reads are aligned to a reference genome to
enable a second tier of quality evaluation called
two-base encoding. The principle of two-base
encoding is shown in Figure 3b, which illus-
trates how this approach works to differenti-
ate true single base variants from base-calling
errors.

Two key differences that speak to the utility
of next-generation sequence reads are (a) the
length of a sequence read from all current next-
generation platforms is much shorter than that
from a capillary sequencer and (b) each next-
generation read type has a unique error model
different from that already established for

b

Laser

First chemistry cycle:
determine first base
To initiate the first
sequencing cycle, add
all four labeled reversible
terminators, primers, and
DNA polymerase enzyme
to the flow cell.

Image of first chemistry cycle
After laser excitation, capture the image
of emitted fluorescence from each
cluster on the flow cell. Record the
identity of the first base for each cluster.

Sequence read over multiple chemistry cycles
Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.

Before initiating the
next chemistry cycle
The blocked 3' terminus
and the fluorophore
from each incorporated
base are removed.

GCTGA...

Figure 2
(Continued )
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From Mardis 2008. Annual Rev. Genetics 9: 387.

From : http://seqanswers.com/forums/showthread.php?t=21. Steps 7-12: Sequencing by Synthesis. A flow cell containing millions of unique clusters is now 
loaded into the 1G sequencer for automated cycles of extension and imaging. The first cycle of sequencing consists first of the incorporation of a single 
fluorescent nucleotide, followed by high resolution imaging of the entire flow cell. These images represent the data collected for the first base. Any signal 
above background identifies the physical location of a cluster (or polony), and the fluorescent emission identifies which of the four bases was incorporated at 
that position. This cycle is repeated, one base at a time, generating a series of images each representing a single base extension at a specific cluster. Base calls 
are derived with an algorithm that identifies the emission color over time. At this time reports of useful Illumina reads range from 26-50 bases. 

http://seqanswers.com/forums/showthread.php?t=21


Illumina Today …
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https://www.illumina.com/content/dam/illumina-marketing/documents/products/

illumina_sequencing_introduction.pdf



Some Key Innovations for Generation 3

• Diverse cluster creation methods 

• Better microscopes, computers to process data 

• Barcoding
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Pacbio

Helicos

Generation 4: Single Molecule
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Single Molecule I: Helicos

84Page 8 Barbara Hutter 3rd Generation Sequencing

Helicos Genetic Analysis System

● Close to 3rd Gen boundary
● First DNA-sequencing instrument to operate by 

imaging individual DNA molecules
● Individual DNA molecules fixed to a surface
● Proprietary Virtual Terminator nucleotides allow for 

step-wise sequencing
● ~ 1 billion molecules sequenced in 8 days ∼

● High raw error rate (over 5%) improved by 
consensus sequencing

● Reads only ~ 32 nucleotides
● Higher costs than 2nd Gen sequencing
● Direct RNA sequencing possible
● Helicos BioSciences have re-focused on molecular 

diagnostics

http://en.wikipedia.org/wiki/Single_molecule_fluorescent_sequencing
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Single Molecule II: Pacific Biosciences
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Mardis ER. Next-generation sequencing platforms. Annu Rev Anal Chem 2013;6:287-303.

Single Molecule II: Pacific Biosciences
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Φ29 polymerase. Each amplified product of a circularized
fragment is called a DNA nanoball (DNB). DNBs are selectively
attached to a hexamethyldisilizane (HMDS) coated silicon chip
that is photolithographically patterned with aminosilane active
sites. Figure 3A illustrates the DNB array design.
The use of the DNBs coupled with the highly patterned array

offers several advantages. The production of DNBs increases
signal intensity by simply increasing the number of hybridization
sites available for probing. Also, the size of the DNB is on the
same length scale as the active site or “sticky” spot patterned on
the chip, which results in attachment of one DNB per site. Since
the active sites are spaced roughly 1 μm apart, up to three billion
DNB can be fixed to a 1 in. by 3 in. silicon chip.51 In addition to
increasing the number of sequencing fragments per chip, the
length scales of the size and spacing of the DNBs maximizes the
pixel use in the detector. This highly efficient approach to
generating a hybridization array results in decreased reagent
costs and increased throughput compared to other second
generation DNA sequencing arrays that have been used to
sequence complete human genomes.19,22,52

Once the DNB array chip is generated, a library of forty
common probes is used in combination with standard anchors
and extended anchors to perform an unchained hybridization
and ligation assay. The forty common probes consist of two
subsets: probes that interrogate 50 of the distinct adapter site in
the DNB and probes that interrogate 30 of the distinct adapter
site in the DNB. In each subset, there are five sets of four
common probes; each probe is 9 bases in length. Each set
corresponds to positions 1 to 5 bases away from the distinct
adapter sites in the sequencing substrate, and within each set,
there are four distinct markers corresponding to each base. The
standard anchors bind directly to the 50 or 30 end of the adapter
site on the DNB and allow for hybridization and ligation of the
common probes. The extended anchor scheme consists of
ligation of a pair of oligo anchors (degenerate and standard) to
expand the hybridized anchor region 5 bases beyond the adapter
sites in the DNB and into the sequencing region. This combi-
natorial probe-anchor ligation (cPAL) method developed by
Complete Genomics extends read lengths from 5 bases to 10
bases and results in a total of 62 to 70 bases sequenced per DNB.
A schematic demonstrating both the standard anchor scheme
and the extended anchor scheme is shown in Figure 3B.

Each hybridization and ligation cycle is followed by fluorescent
imaging of the DNB spotted chip and subsequently regeneration
of the DNBs with a formamide solution. This cycle is repeated
until the entire combinatorial library of probes and anchors is
examined. This formula of the use of unchained reads and
regeneration of the sequencing fragment reduces reagent con-
sumption and eliminates potential accumulation errors that can
arise in other sequencing technologies that require close to
completion of each sequencing reaction.19,52,53

Complete Genomics showcased their DNB array and cPAL
technology by resequencing three human genomes and reported
an average reagent cost of $4,400 per genome.50 The three
genome samples sequenced in this study (NA07022, NA19240,
and NA20431) were then compared to previous sequence
data.54,55 The average coverage of these samples ranged from
45X to 87X, and the percent of genome identified ranged from
86% to 95%. While this technology greatly increases throughput
compared to Sanger/CE and second-generation sequencing
technologies, there are several drawbacks to CompleteGenomics’
approach. First, the construction of circular sequencing fragments
results in an underrepresentation of certain genome regions,
which leads to partial genome assembly downstream. Also, the
size of the circular sequencing fragments (∼400 bases) as well as
the very short read lengths (∼10 bases) prevents complete and
accurate genome assembly, given that these fragments are shorter
than a number of the long repetitive regions.
Just five months after Complete Genomics’ proof-of-concept

study was published, the first externally published application of
Complete Genomic’s sequencing technology was released. A
group at the Institute for Systems Biology in Seattle, Washington
(USA), studied the genetic differences in a human family of
four.56 In the study, whole-genome sequencing was used
to determine four candidate genes responsible for two rare
Mendelian disorders: Miller syndrome and primary ciliary dys-
kinesia. The subjects were a set of parents and their two children
who both suffer from the disorders. This study highlighted the
benefits of whole genome sequencing within a family when
determining Mendelian traits. The ability to recognize inheri-
tance patterns greatly reduced the genetic search space for
recessive disorders and increased the sequencing accuracy. In
the end, sequencing the entire family instead of just the two
siblings affected by Miller syndrome and primary ciliary

Figure 2. Schematic of PacBio’s real-time single molecule sequencing. (A) The side view of a single ZMW nanostructure containing a single DNA
polymerase (Φ29) bound to the bottom glass surface. The ZMW and the confocal imaging system allow fluorescence detection only at the bottom
surface of each ZMW. (B) Representation of fluorescently labeled nucleotide substrate incorporation on to a sequencing template. The corresponding
temporal fluorescence detection with respect to each of the five incorporation steps is shown below. Reprinted with permission from ref 39. Copyright
2009 American Association for the Advancement of Science.

Figure 2. Schematic of PacBio’s real-time single molecule sequencing. (A) The side view of a single ZMW nanostructure containing a single 
DNA polymerase (Φ29) bound to the bottom glass surface. The ZMW and the confocal imaging system allow fuorescence detection only at 
the bottom surface of each ZMW. (B) Representation of fuorescently labeled nucleotide substrate incorporation on to a sequencing 
template. The corresponding temporal fuorescence detection with respect to each of the fve incorporation steps is shown below.

From Niedringhaus et al. Analytical Chemistry 83: 4327. 2011. 

Single Molecule II: Pacific Biosciences
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Single Molecule III: Oxford Nanopores
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This diagram shows a protein nanopore set in an electrically resistant membrane bilayer.  An ionic current is passed through the nanopore 
by setting a voltage across this membrane. If an analyte passes through the pore or near its aperture, this event creates a characteristic 
disruption in current. By measuring that current it is possible to identify the molecule in question. For example, this system can be used to 
distinguish the four standard DNA bases and G, A, T and C, and also modified bases.   It can be used to identify target proteins, small 
molecules, or to gain rich molecular information for example to distinguish the enantiomers of ibuprofen or molecular binding dynamics.

From Oxford Nanopores Web Site
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• Figure6. BiologicalnanoporeschemeemployedbyOxfordNanopore.
(A)SchematicofRHLproteinnanoporemutantdepictingthepositionsofthe cyclodextrin (at residue 135) and glutamines (at residue 139). 
(B) A detailed view of the β barrel of the mutant nanopore shows the locations of the arginines (at residue 113) and the cysteines. (C) 
Exonuclease sequencing: A processive enzyme is attached to the top of the nanopore to cleave single nucleotides from the target DNA 
strand and pass them through the nanopore. (D) A residual current-vs-time signal trace from an RHL protein nanopore that shows a 
clear discrimination between single bases (dGMP, dTMP, dAMP, and dCMP). (E) Strand sequencing: ssDNA is threaded through a 
protein nanopore and individual bases are identified, as the strand remains intact. Panels A, B, and D reprinted with permission from ref 
91. Copyright 2009 Nature Publishing Group. Panels C and E reprinted with permission from Oxford Nanopore Technologies (Zoe 
McDougall).

•
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detected across a metal oxide-silicon layered structure. The
voltage signal is induced across the capacitor by the passage of
charged nucleotides in longitudinal direction.79 A different read-
out approach is optical detection (Figure 5B). A typical optical
recognition of nucleotides is essentially executed in two steps.
First, each base (A, C, G, or T) in the target sequence is
converted into a sequence of oligonucleotides, which are then
hybridized to two-color molecular beacons (with fluorophores
attached).80 Because the four nucleotides (A, C, G, or T) have to
be determined, the two fluorescent probes are coupled in pairs to
uniquely define each base. For example, if the two probes are A
and B, the four unique permutations will be AA, AB, BA, and BB.
As the hybridized DNA strand is threaded through the nanopore,
the fluorescent tag is stripped off from its quencher and an optical
signal is detected. Both protein81 and solid-state nanopores can
be used.80,82 Detailed electronic measurement schemes and
optical readout methods have been reviewed in more detail in
previously published papers.71,83,84

In a 2008 review article,71 Daniel Branton and colleagues
discussed the nanopore sequencing development and the pros-
pect of low sample preparation cost at high throughput. They
estimated that purified genomic DNA sufficient for sequencing
(∼108 copies or 700 μg) could be extracted and purified from
blood at a cost of less than $40/sample using commercial kits. All
existing sequencing techniques require breaking the DNA into
small fragments of ∼100 bps and sequencing those chunks
multiple times to find overlapping regions, so that they can be
reassembled together. Because one of most appealing advantages
of nanopores is achieving long read lengths, the genomic assembly
process should be considerably simplified. In practice, the read
length may be limited only by the DNA shearing that occurs
during pipetting in the sample preparation step. For example,
Meller and Branton85 demonstrated that 25 kb ssDNA could be
threaded through a biological nanopore and 5.4 kb ssDNA

translocated through a solid-state nanopore. In addition, several
groups have shown very high throughput of small oligonucleo-
tides (∼5.8 oligomers (s μM)!1)85 and native ssDNA and
dsDNA (∼3!10 kb at 10!20 nM concentration).86,87

Protein Nanopore Sequencing.Oxford Nanopore Technol-
ogies, formerly Oxford Nanolabs, together with leading academic
collaborators, has addressed some of the aforementioned tech-
nological challenges and implemented the nanopore technology
in a commercial product (GridION system). Oxford Nanopore,
founded by Prof. Hagan Bayley at University of Oxford, aimed at
commercializing the research work on biological nanopores
coming out of his laboratory. The company works in collabora-
tion with Professors Daniel Branton, George Church, and Jene
Golovchenko at Harvard; David Deamer and Mark Akeson at
UCSC; and John Kasianowicz at NIST.
Recently, Gordon Sanghera, CEO of Oxford Nanopore,

announced that the company is preparing to launch the GridION
system88 for direct single-molecule analysis, which would adopt
exonuclease sequencing. The system is based on “lab on a chip”
technology and integrates multiple electronic cartridges into a
rack-like device. A single protein nanopore is integrated in a lipid
bilayer across the top of a microwell, equipped with electrodes.
Multiple microwells are incorporated onto an array chip, and
each cartridge holds a single chip with integrated fluidics and
electronics for sample preparation, detection, and analysis. The
sample is introduced into the cartridge, which is then inserted in
an instrument called a GridION node. Each node can be used
separately or in a cluster, and all nodes communicate with each
other and with the user’s network and storage system in real time.
Although the main application of the platform is sequencing of
DNA, it can be adapted (by proper modification of the RHL
nanopore) for the detection of proteins and small molecules.
Oxford Nanopore’s first-generation systems utilize the hepta-

meric protein R-hemolysin (RHL) (Figure 6A).72,89!91 RHL is

Figure 6. Biological nanopore scheme employed by Oxford Nanopore. (A) Schematic of RHL protein nanopore mutant depicting the positions of the
cyclodextrin (at residue 135) and glutamines (at residue 139). (B) A detailed view of the β barrel of the mutant nanopore shows the locations of
the arginines (at residue 113) and the cysteines. (C) Exonuclease sequencing: A processive enzyme is attached to the top of the nanopore to cleave single
nucleotides from the target DNA strand and pass them through the nanopore. (D) A residual current-vs-time signal trace from anRHLprotein nanopore
that shows a clear discrimination between single bases (dGMP, dTMP, dAMP, and dCMP). (E) Strand sequencing: ssDNA is threaded through a
protein nanopore and individual bases are identified, as the strand remains intact. Panels A, B, and D reprinted with permission from ref 91. Copyright
2009 Nature Publishing Group. Panels C and E reprinted with permission from Oxford Nanopore Technologies (Zoe McDougall).

Figure6. Biological nanopores cheme employed by Oxford Nanopore.(A) Schematic of RHL protein nano pore mutant depicting the positions of the cyclodextrin (at residue 
135) and glutamines (at residue 139). (B) A detailed view of the β barrel of the mutant nanopore shows the locations of the arginines (at residue 113) and the cysteines. (C) 
Exonuclease sequencing: A processive enzyme is attached to the top of the nanopore to cleave single nucleotides from the target DNA strand and pass them through the 
nanopore. (D) A residual current-vs-time signal trace from an RHL protein nanopore that shows a clear discrimination between single bases (dGMP, dTMP, dAMP, and dCMP). 
(E) Strand sequencing: ssDNA is threaded through a protein nanopore and individual bases are identifed, as the strand remains intact. Panels A, B, and D reprinted with 
permission from ref 91. Copyright 2009 Nature Publishing Group. Panels C and E reprinted with permission from Oxford Nanopore Technologies (Zoe McDougall).

From Niedringhaus et al. Analytical Chemistry 83: 4327. 2011. 
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• http://www.nature.com/polopoly_fs/7.15596.1392415346!/
image/image001.jpg_gen/derivatives/landscape_630/
image001.jp

“It’s kind of a cute device,” says Jaffe of the MinION, which is roughly the size and shape of a packet of chewing gum. “It 
has pretty lights and a fan that hums pleasantly, and plugs into a USB drive.” But his technical review is mixed. From http://
www.nature.com/news/data-from-pocket-sized-genome-sequencer-unveiled-1.14724

Single Molecule III: Oxford Nanopores

90

http://www.nature.com/polopoly_fs/7.15596.1392415346!/image/image001.jpg_gen/derivatives/landscape_630/image001.jp
http://www.nature.com/polopoly_fs/7.15596.1392415346!/image/image001.jpg_gen/derivatives/landscape_630/image001.jp
http://www.nature.com/polopoly_fs/7.15596.1392415346!/image/image001.jpg_gen/derivatives/landscape_630/image001.jp
http://www.nature.com/news/data-from-pocket-sized-genome-sequencer-unveiled-1.14724
http://www.nature.com/news/data-from-pocket-sized-genome-sequencer-unveiled-1.14724
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• Multiplexing and barcoding 

• Small amounts of DNA 
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• HiC 

• Modified bases
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Multiplexing
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From http://www.illumina.com/technology/multiplexing_sequencing_assay.ilmn
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Multiplexing
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http://res.illumina.com/documents/products/datasheets/datasheet_sequencing_multiplex.pdf
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Small Amounts of DNA
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http://www.epibio.com/docs/default-source/protocols/nextera-dna-sample-prep-kit-(illumina--compatible).pdf?sfvrsn=4
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Capture Methods

95
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Nature Methods, 2010, 7: 111-118

RainDance
Microdroplet PCR

Roche Nimblegen
Salid-phase capture with custom-

designed oligonucleotide microarray

Reported 84% of 
capture efficiency

Reported 65-90% of capture efficiency

From Slideshare presentation of Cosentino Cristian 
http://www.slideshare.net/cosentia/high-throughput-equencing 
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throughput

Agilent SureSelect
Solution-phase capture with 

streptavidin-coated magnetic beads

Reported 60-80% of capture efficiency

From Slideshare presentation of 
Cosentino Cristian 
http://www.slideshare.net/cosentia/high-
throughput-equencing 

Capture Methods
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Illumina Paired Ends
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Paired-end technology

Paired-end sequencing works into GA and uses chemicals from the PE 
module to perform cluster amplification of the reverse strandSample 

preparation

Clusters 
amplification
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Introduction

Illumina GAII

High 
throughput

From Slideshare presentation 
of Cosentino Cristian 
http://www.slideshare.net/
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Suggested by Carlos Bustamante and Keith Bradnam 
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HiC Crosslinking & Sequencing
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Beitel CW, Froenicke L, Lang JM, Korf IF, Michelmore RW, 
Eisen JA, Darling AE. (2014) Strain- and plasmid-level 
deconvolution of a synthetic metagenome by sequencing 
proximity ligation products. PeerJ 2:e415 http://dx.doi.org/
10.7717/peerj.415

Table 1 Species alignment fractions. The number of reads aligning to each replicon present in the
synthetic microbial community are shown before and after filtering, along with the percent of total
constituted by each species. The GC content (“GC”) and restriction site counts (“#R.S.”) of each replicon,
species, and strain are shown. Bur1: B. thailandensis chromosome 1. Bur2: B. thailandensis chromosome
2. Lac0: L. brevis chromosome, Lac1: L. brevis plasmid 1, Lac2: L. brevis plasmid 2, Ped: P. pentosaceus,
K12: E. coli K12 DH10B, BL21: E. coli BL21. An expanded version of this table can be found in Table S2.

Sequence Alignment % of Total Filtered % of aligned Length GC #R.S.

Lac0 10,603,204 26.17% 10,269,562 96.85% 2,291,220 0.462 629

Lac1 145,718 0.36% 145,478 99.84% 13,413 0.386 3

Lac2 691,723 1.71% 665,825 96.26% 35,595 0.385 16

Lac 11,440,645 28.23% 11,080,865 96.86% 2,340,228 0.46 648

Ped 2,084,595 5.14% 2,022,870 97.04% 1,832,387 0.373 863

BL21 12,882,177 31.79% 2,676,458 20.78% 4,558,953 0.508 508

K12 9,693,726 23.92% 1,218,281 12.57% 4,686,137 0.507 568

E. coli 22,575,903 55.71% 3,894,739 17.25% 9,245,090 0.51 1076

Bur1 1,886,054 4.65% 1,797,745 95.32% 2,914,771 0.68 144

Bur2 2,536,569 6.26% 2,464,534 97.16% 3,809,201 0.672 225

Bur 4,422,623 10.91% 4,262,279 96.37% 6,723,972 0.68 369

Figure 1 Hi-C insert distribution. The distribution of genomic distances between Hi-C read pairs is
shown for read pairs mapping to each chromosome. For each read pair the minimum path length on
the circular chromosome was calculated and read pairs separated by less than 1000 bp were discarded.
The 2.5 Mb range was divided into 100 bins of equal size and the number of read pairs in each bin
was recorded for each chromosome. Bin values for each chromosome were normalized to sum to 1 and
plotted.

E. coli K12 genome were distributed in a similar manner as previously reported (Fig. 1;
(Lieberman-Aiden et al., 2009)). We observed a minor depletion of alignments spanning
the linearization point of the E. coli K12 assembly (e.g., near coordinates 0 and 4686137)
due to edge eVects induced by BWA treating the sequence as a linear chromosome rather
than circular.

Beitel et al. (2014), PeerJ, DOI 10.7717/peerj.415 9/19

Figure 2 Metagenomic Hi-C associations. The log-scaled, normalized number of Hi-C read pairs
associating each genomic replicon in the synthetic community is shown as a heat map (see color scale,
blue to yellow: low to high normalized, log scaled association rates). Bur1: B. thailandensis chromosome
1. Bur2: B. thailandensis chromosome 2. Lac0: L. brevis chromosome, Lac1: L. brevis plasmid 1, Lac2:
L. brevis plasmid 2, Ped: P. pentosaceus, K12: E. coli K12 DH10B, BL21: E. coli BL21.

reference assemblies of the members of our synthetic microbial community with the same
alignment parameters as were used in the top ranked clustering (described above). We first
counted the number of Hi-C reads associating each reference assembly replicon (Fig. 2;
Table S3), observing that Hi-C data associated replicons within the same species (cell)
orders of magnitude more frequently than it associated replicons from diVerent species.
The rate of within-species association was 98.8% when ignoring read pairs mapping less
than 1,000 bp apart. Including read pairs <1,000 bp inflated this figure to 99.97%. Fig. 3
illustrates this by visualizing the graph of contigs and their associations. Similarly, for
the two E. coli strains (K12, BL21) we observed the rate of within-strain association to
be 96.36%. When evaluated on genes unique to each strain (where read mapping to each
strain would be unambiguous), the self-association rate was observed to be >99%.

We observed that the rate of association of L. brevis plasmids 1 and 2 with each other and
with the L. brevis chromosome was at least 100-fold higher than with the other constituents
of the synthetic community (Fig. 2). Chromosome and plasmid Hi-C contact maps show
that the plasmids associate with sequences throughout the L. brevis chromosome (Fig. 4;
Figs. S3–S5) and exhibit the expected enrichment near restriction sites. This demonstrates
that metagenomic Hi-C can be used to associate plasmids to specific strains in microbial
communities as well as to determine cell co-localization of plasmids with one another.

Variant graph connectedness
Algorithms that reconstruct single-molecule genotypes from samples containing two or
more closely-related strains or chromosomal haplotypes depend on reads or read pairs
that indicate whether pairs of variants coexist in the same DNA molecule. Such algorithms

Beitel et al. (2014), PeerJ, DOI 10.7717/peerj.415 11/19

Figure 3 Contigs associated by Hi-C reads. A graph is drawn with nodes depicting contigs and edges
depicting associations between contigs as indicated by aligned Hi-C read pairs, with the count thereof
depicted by the weight of edges. Nodes are colored to reflect the species to which they belong (see legend)
with node size reflecting contig size. Contigs below 5 kb and edges with weights less than 5 were excluded.
Contig associations were normalized for variation in contig size.

typically represent the reads and variant sites as a variant graph wherein variant sites are
represented as nodes, and sequence reads define edges between variant sites observed in
the same read (or read pair). We reasoned that variant graphs constructed from Hi-C
data would have much greater connectivity (where connectivity is defined as the mean
path length between randomly sampled variant positions) than graphs constructed from
mate-pair sequencing data, simply because Hi-C inserts span megabase distances. Such
connectivity should, in theory, enable more accurate reconstruction of single-molecule
genotypes from smaller amounts of data. Furthermore, by linking distant sites with fewer
intermediate nodes in the graph, estimates of linkage disequilibrium at distant sites (from a
mixed population) are likely to have greater precision.

To evaluate whether Hi-C produces more connected variant graphs we compared the
connectivity of variant graphs constructed from Hi-C data to those constructed from
simulated mate-pair data (with average inserts of 5 kb, 10 kb, 20 kb, and 40 kb). To exclude
paired-end products from the analysis, Hi-C reads with inserts under 1 kb were excluded
from the analysis. For each variant graph constructed from these inputs, 10,000 variant
position pairs were sampled at random, with 94.75% and 100% of these pairs belonging to
the same connected graph component of the Hi-C and 40 kb variant graphs, respectively.

Beitel et al. (2014), PeerJ, DOI 10.7717/peerj.415 12/19

Figure 4 Hi-C contact maps for replicons of Lactobacillus brevis. Contact maps show the number of
Hi-C read pairs associating each region of the L. brevis genome. The L. brevis chromosome (Lac0, (A),
Spearman rank correlation) and plasmids (Lac1, (B); Lac2, (C)) show enrichment for local associations
(bright diagonal band). Interactions between Lac1 and Lac0 (D) and Lac2 and Lac0 (E) are shown.
All except Lac0 are log-scaled. Circularity of Lac0 became apparent after transforming data with the
Spearman rank correlation (computed for each matrix element between the row and column sharing
that element) in place of log transformation (A) indicated by the high number of contacts between the
ends of the sequence. In all plots, pixels are sized to represent interactions between blocks sized at 1% of
the interacting genomes. The number of HindIII restriction sites in each region of sequence is shown as
a histogram on the left and top of each panel.

These rates fell to 6.21%, 16.6%, and 32.38% for the 5 kb, 10 kb, and 20 kb mate-pair
variant graphs, respectively (Table 3).

Across conditions, variant graphs diVered in terms of their connectivity, with Hi-C
graphs showing the greatest connectivity. Despite having simulated an equal number of
reads for each mate-pair distance, the numbers of variant positions linked by such reads
was diVerent across conditions. We observed that the variant graph derived from Hi-C
data (>1 kb inserts, no alignment filtering), despite having the lowest number of variant
links, had the lowest mean and maximum path length (5.47, 11; Table 3). Path length
was not correlated with distance within Hi-C variant graphs, in contrast to the mate-pair
conditions (Fig. 5). The lengths of paths between variant pairs in the mate-pair graphs
did increase with distance, reaching maximums of 71, 96, 94, and 111 in the 5 kb, 10 kb,
20 kb, and 40 kb cases, respectively. We further examined the eVect of alignment quality
and completeness filtering and observed that in the latter case such filtering vastly reduced
the rate at which variant positions occur within the same connected graph component.

DISCUSSION
This study demonstrates that Hi-C sequencing data provide valuable information for
metagenome analyses that are not currently obtainable by other methods. By applying
Hi-C to a synthetic microbial community we showed that genomic DNA was associated
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White Paper 
Base Modifications 

Methylation has gathered interest from researchers 
in a variety of disciplines including early 
developmental biology, cancer biology, and 
neurological disorders.  Methylation and de-
methylation help regulate gene expression and have 
been linked to several human diseases through 
mechanisms such as deactivating tumor 
suppressors or activating oncogenes5. 

Other modifications, such as 6-mA in bacteria, have 
been studied with lower resolution methods – such 
as chromatography or through methylation’s 
protective effect against restriction endonucleases –  
because they are not easily accessible with standard 
sequencing techniques.  This modification is 
associated with basic functions such as DNA 
replication and repair6.  It is also common in protists 
and plants, and some studies suggest that it may 
also be present in mammalian DNA7.   

SMRT sequencing is capable of detecting 6-mA as 
well as other common bacterial base modifications. 
As a result, the technology is expected to increase 
our understanding of a broad array of biological 
processes.   

The potential benefits of detecting base modification, 
using SMRT sequencing, include: 

x Single-base resolution detection of a wide 

variety of base modifications (including those in 
Figure 1 and more). 

x Single-molecule resolution over long-read 
distances. 

x Unamplified double-stranded input DNA, which 
means that strand-specific modifications, such 
as hemimethylation, are detectable.  

x Hypothesis-free base detection which allows 
discovery of unknown or unexpected 
modifications through the effects on sequencing 
kinetics (as described below). 

Studying Polymerase Kinetics with 
SMRT® Sequencing 

SMRT Sequencing allows the observation of single 
DNA polymerases reading individual molecules of 
DNA in real time.  Therefore, the kinetic 
characteristics of DNA polymerization are 
observable on a single-molecule basis.  The kinetic 
characteristics, such as the time duration between 
two successive base incorporations, are altered by 
the presence of a modified base in the DNA 
template3.  This is observable as an increased space 
between fluorescence pulses, which is called the 
interpulse duration (IPD), as shown in Figure 2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Principle of detecting modified DNA bases during SMRT sequencing. The presence of the modified base in the DNA 
template (top), shown here for 6-mA, results in a delayed incorporation of the corresponding T nucleotide, i.e. longer 
interpulse duration (IPD), compared to a control DNA template lacking the modification (bottom).3 
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Key Issues

• Cost / bp 

• Read length 

• Paired end approaches 

• Ease of feeding 

• Error profiles 

• Barcoding and multiplexing potential
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