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Abstract

We present an automated, high throughput library construction process for 454
technology. Sample handling errors and cross-contamination are minimized via end-
to-end barcoding of plasticware, along with molecular DNA barcoding of constructs.
Automation-friendly magnetic bead-based size selection and cleanup steps have been
devised, eliminating major bottlenecks and significant sources of error. Using this
methodology, one technician can create 96 sequence-ready 454 libraries in 2 days, a

dramatic improvement over the standard method.



Background

The emergence of next-generation sequencing technologies, such as the Roche/454
Genome Sequencer, the Illumina Genome Analyzer, the Applied Biosystems SOLiD
sequencer and others, has provided the opportunity for both large genome centers and
individual labs to generate DNA sequence data at an unprecedented scale [1].
However, as sequence output continues to increase dramatically, processes to generate
sequence-ready libraries lag behind in scale. The minimum unit of sequence data
(e.g., lane or channel) already exceeds the amount required for small projects, such as
viral or bacterial genomes, and will continue to increase. As a result, projects with
large numbers of samples but small sequence per sample requirements become

increasingly challenging to undertake in a cost-effective manner.

The 454 Genome Sequencer uses bead-in-emulsion amplification and a
pyrosequencing chemistry to generate DNA sequence reads by synthesis [2]. Longer
reads and shorter sequencing run times make the 454 platform a powerful tool for de
novo assembly of small genomes, metagenomic profiling and amplicon sequencing
compared with other next-generation sequencing platforms. However, these types of
applications pose a challenge in that they require a relatively small number of reads
from large numbers of samples. For example, for viruses such as HIV, the small
(~10kb) genome size means that a single sample on even the smallest scale 454
picotiter plate (PTP) configuration (1 region of a 16 region gasket) would yield over
1500-fold coverage, vastly more coverage than required for genome assembly.
Further, the standard 454 library construction protocol is not easily scalable and
becomes a major cost driver relative to sequencing when modest numbers of reads are

required from each sample. In addition, when sequencing large numbers of isolates of



the same organism, the sequence identity between samples makes cross-
contamination virtually impossible to detect without a molecular (sequence-based)
tag. We set out to devise a laboratory process for high-throughput 454 sequencing that
is able to generate large numbers of sequence-ready libraries at low cost per sample.
Opportunities for sample mix-up errors or cross contamination must be minimized
and the process must also support efficient pooling of samples to avoid the cost of
over-sequencing. Key requirements for this process include: plate-based processing of
samples to enable handling by automation; redesign of process steps to be amenable
to automation, particularly sample cleanup and size-selection steps; end-to-end
barcoding, including barcoded input sample tubes and microtiter plates to support
comprehensive sample tracking; molecular barcodes added to each DNA sample
during library construction, which is read out as sequence, to support pooling before
and sorting of reads after sequencing as well as easy identification of sample cross-
contamination; automated construction of both fragment-read and paired (jumping)

library types, low input DNA library construction; very limited human labor.

We have addressed each of these specifications in development of a high-throughput
library construction process to support 454 sequencing. We were motivated by two
key applications in particular, assembly of bacterial genomes and assembly and
diversity analysis of small viral genomes, but the process is amenable to virtually any

sequencing project with large numbers of samples.

Results and Discussion

High-throughput library construction



We comprehensively redesigned the standard 454 library construction process for
large-scale implementation of both fragment and 3-kb paired read library types. Table
1 describes the steps in the process, the scaling challenges of each step, the
modifications that we have put in place for the high-throughput process and the
benefits that each modification provides. This system utilizes a standard 96-well plate
format and operates on the Velocity 11 Bravo, a small-footprint, liquid handling
platform (see Additional file 1 and Additional file 2 and Additional file 3 for process
maps; a link to the Bravo automation protocol files can be found in Materials and
Methods), but can be implemented on many commercially available liquid handlers.
The process is fully scalable and greatly decreases the potential for sample swaps and
cross-contamination as well as operator-to-operator variability. We note that this

process can also be carried out by hand (see Materials and Methods).

Samples are tracked end-to-end through the use of barcoded plasticware so that each
step is captured in a Laboratory Information Management System (LIMS). Since
individual samples can come from many sources and sometimes in small batches,
each sample enters the process in a 2D-barcoded microtube. The 2D-barcoded tubes
(Thermo Matrix) are placed on the deck in racks of 96 where they are scanned for
tracking in the LIMS. Samples are then transferred by the robot into 96-well plates
labelled with standard code 128 barcodes for all downstream steps. Each sample also
receives a unique, molecular barcode that is added at the adapter ligation step that
allows for sample multiplexing and for downstream contamination checks (described

below).



Implementation of automated library construction enables a single technician to
produce 96 fragment libraries in 2 days or 24 3-kb jumping libraries in 3 days. This
compares to an average throughput of six fragment libraries or four jumping libraries
in the same time span using the standard method. The jumping library construction
throughput has been kept lower to make cross-contamination even more unlikely,
specifically because there are a large number of steps prior to adapter ligation and
consequently more opportunity for sample cross-contamination. In this case, 24
samples in the 96 well plate are surrounded on all sides by either empty wells or an
edge. The same sample layout scheme can be used for fragment library construction
with smaller numbers of samples. Fragment library yield variation across a 96 well
plate containing 24 samples is also shown in Additional file 4. See Additional file 5

for the layout of 24 samples in a 96 well plate.

Reproducible, plate-based DNA shearing

The first step of the process is to shear DNA to a size range suitable for sequencing.
Our goal was to implement a shearing method that would operate in a 96-well format
with maximal yield of DNA fragments in the desired size range and with minimal
process variability. Standard shearing methods using a nebulizer [3] are cumbersome,
not well suited to high-throughput or automated genomic library construction and are
prone to sample loss in tubes or vessels. Instead, we utilized the Covaris™ system for
shearing, a method based on Adaptive Focused Acoustic (AFA) technology (see
O’Brien et al. for an introduction [4]). AFA has been successfully employed to
fragment DNA for next-generation sequencing applications [5-8]. Compared with
other methods, the Covaris system offers several major advantages for

implementation in a high-throughput process. First, it is compatible with a 96-well



format. Second, because as is performed in sealed wells with no contact between the
device and the sample, cross-contamination is virtually eliminated and recovery of
input volume is 100% (compared with as low as 50% using a nebulizer due to loss in
the tubing and chamber). Third, the process is fully automated, so a full plate of
samples can be sheared in a walk-away, pushbutton process. See Materials and

Methods for Covaris settings.

The Covaris shearing process was extensively optimized for size range and yield in
96-well polypropylene plates using human genomic DNA (Figure 1a). We observed
that duration of shearing has a predictable effect on the shear size profile. We have
therefore used this as the primary variable in the optimization of shearing. Our current
default conditions yield fragments ranging from 100 bp to over 1000 bp but with a
large proportion of the fragments in the 400-800-bp range, which is ideal for 454
FLX-Titanium read lengths (~450b). Though nebulization can produce fragments in a
tighter fragment length distribution, the above-described benefits of acoustic shearing
make it an ideal method for a scalable process. Fragments outside the desired size
range can be removed with subsequent size-selection steps (described below).
Although we have observed a large fraction of fragments in the desired size range are
seen with the standard settings for >90% of genomic DNA samples (See Figure 1bi),
under-shearing is occasionally evident (Figure 1bii), so it is important to assess the
fragment size distribution (for example, with the Agilent BioAnalyzer). When the
post-shear size distribution indicates incomplete shearing, samples can be re-sheared
under standard conditions without apparent over-shearing, although some sample loss

may be incurred (Figure 1biii).



Fully automated sample cleanup and size selection

Column-based reaction clean-ups and gel-based size selection steps are labor-
intensive and resistant to automation. To make these processes scalable and amenable
to automation, we redesigned these steps based on para-magnetic bead-based Solid
Phase Reversible Immobilization (SPRI) of DNA. Binding of nucleic acids to
carboxyl-para-magnetic microparticles can be made selective for molecular weight by
manipulating concentrations of polyethylene glycol and salt to alter the ionic strength
in solution [9]. Taking advantage of this we use SPRI for three applications during
library construction: as a buffer-exchange mechanism for washing in sample cleanup
(without size selection) after fragment polishing and adapter ligation; as a low cutoff
size selection to remove small (<300 bp) fragments after shearing; and as a high-and-
low cutoff size selection, removing fragments outside the desired size range on both
the low (<300 bp) and high (>1000 bp) ends. We employ the latter method after
library amplification in the 3-kb protocol and to remove fragments outside the desired
size range from completed libraries (see Materials and Methods for more details on

SPRI).

For each application we have optimized the ratio of beads and buffer in the reaction.
For buffer exchange, conditions include a higher bead to sample ratio, which ensures
biding of nearly 100% of fragments. For low cutoff size selection, fragments >300 bp
are bound to the beads and fragments <300 bp are removed in the supernatant. To
perform accurate and scalable selection of DNA fragments in the desired size range
(300-1000b), a modified version of the low cutoff method is employed. First,
fragments >1000bp are preferentially bound to beads and removed, and then the low

cutoff size selection is applied as above. This provides a method to replace size



selection by agarose gel that is accurate, scalable and amenable to automation (Figure

lc).

Molecular barcoding

Molecular barcodes (also known as tags, indexes or multiplex identifiers) are short
DNA sequences that appear at the ends (5' or 3') of every sequencing read, and
function to link a read to its library source [10-14]. Read barcoding facilitates sample
multiplexing [12-14] while increasing the ability to error-proof a sequencing process
against cross-contamination events between libraries. The basic strategy for designing
DNA barcodes has been to employ error correcting codes [5,14-17] and base selection
filters (e.g., limits to homopolymer length and terminal base restraints) that promote
relatively short indices (<20 bases) with sufficient redundancy. Several effective

barcoding schemes have been described (e.g., [5][12-14] and [18]).

To support efficient pooling of samples, we have incorporated molecular barcodes
into the 454 library construction process by adding them to the 3' end of the 454 A
adapter (Figure 2). To maximize the likelihood that identifiers can be called and
compared accurately, the base sequences were defined using a linear ternary code [15]
that is detected in 10 nucleotide flows (the 454 nucleotide flow order is TACG). By
exploiting the native format of 454 data, ‘flow-space’, this approach reduces the
effects of hompolymer content on barcode sequence identification and trimming
precision while striking a balance between keeping barcode sequences short to limit
the fraction of total read bases lost to the barcode, and making them long enough to
encode sufficient information content. The barcodes have a Hamming-distance [14-

17] of three meaning that three discrete sequencing errors must occur in the barcode



portion of a read for it to be incorrectly identified as a separate, valid barcode.

Candidate barcode sequences were filtered to remove any with homopolymer runs
longer than two bases and sequences starting with a G (the last base in the sequencing
‘key’)[12], giving a set of theoretical barcodes that passed the filtering step. A
cytosine residue was added to the end of each barcode to separate it from the insert
sequence, resulting in a set of barcodes that are exactly 11 flows long. 454 adapters
bearing a subset of 144 filtered barcode sequences were synthesized and validated via
representation in 454 shotgun libraries. In practice, we find that >97% of reads
contain perfect barcodes. Therefore, though the design allows for it, in practice no
additional error-correcting algorithms to recover miscalled barcodes has been
implemented. We provide a full list of our validated barcodes as well as the ordering

and annealing protocols in Additional file 1.

Sample multiplexing

As discussed above, the increasing data yields of next-generation sequencers make it
increasingly difficult to operate cost-efficiently on projects with large numbers of
samples but small sequence-per-sample requirements. The standard 454 sequencing
process allows for limited sample multiplexing; that is, running more than one sample
at a time through physical separation of samples. Using a rubber gasket, the PTP can
be divided into 2, 4, 8 or 16 regions. This provides facile multiplexing but is
inefficient, since as much as 50% of the PTP is covered by the gasket, reducing the
number of reads and thus increasing the cost per read. A much more efficient and
flexible way to support sample multiplexing is to insert a molecular barcode sequence

into each construct during library construction so that it can be read out in the



sequence flowgram of each read. This not only enables straightforward multiplexing
of any number of samples at any ratio, it also provides powerful quality control data,
so that errors, mix-ups and contamination can be tracked to the level of the individual

read.

Two molecular barcode-based multiplexing strategies have been validated using the
in-house designed panel described above. The first approach, termed Library Pooling,
provides a simple, accurate means of multiplexing for small-to-medium numbers of
samples (e.g. 20-40 libraries). In this method, plate-based library construction
proceeds to completion as described above. Completed libraries are quantified using
gPCR (see below), and then equal numbers of molecules from each library are pooled
together. The pooled library molecules are then handled as a single sample through
the emulsion PCR and sequencing processes. In this case the costs associated with
emulsion PCR, breaking and enrichment of each library individually are reduced to

the cost of processing a single tube through these steps.

The second approach, called Adapted Fragment Pooling, is appropriate for projects
with large numbers of samples that require relatively small numbers of reads. To
maximally reduce costs, pooling should take place as early in the library construction
process as possible. The earliest opportunity for pooling is immediately after adapter
ligation. In this protocol up to 96 ligation reactions are pooled (10 pl each) into a
single tube, which then proceeds through the final steps of library construction
(Immobilization, Fill-in, and Melt). One challenge with multiplexing at this stage
arises from the presence of both active ligase and unincorporated adapters in the pool,

which could result in the addition of a barcoded adapter to any unadapted fragments



of a sample in the pool. To eliminate this possibility we added a heat-inactivation step
(10 minutes at 65°C) directly after barcoded-adapter ligation, to eliminate ligase
activity. Using this scheme we are able to pool samples immediately after ligation
without any fragments being coupled to an incorrect barcode (see Additional file 1 for

details of validation).

Both multiplexing strategies yield tight distributions of read representation across
pooled samples, with 93% of barcodes returned within a 2-fold spread of the mean
sequence coverage. Using our automated, plate-based library construction process we
have reduced the reagent cost per library from between 10-fold (non-mulitplexed) to

40-fold (multiplexed).

Library quantification

Standard protocols for the quantitation of 454 libraries (RiboGreen Assay, Life
Technologies) cannot reliably detect library DNA concentrations below 0.1 ng/pl.
Since only picogram amounts of material are required for the subsequent emulsion
PCR, the implementation of a qPCR-based method to measure library concentration
allows library construction from nanogram amounts of starting material (see Meyer et
al. for a detailed protocol) [19, 20]. For viral RT-PCR products, for example, we
routinely perform production library construction from 100-200 ng of starting

template per sample, and successful libraries have been made with as little as 1ng.

Conclusions

High-throughput DNA sequencing technologies from companies like Roche/454,

[llumina, and ABI, have made it possible to carry out large-scale sequencing projects



such as the Thousand Genomes project [21,22], The Cancer Genome Atlas [23], and
other projects requiring many gigabases of sequence to reveal patterns in human-scale
genomes. There are, however, many questions relevant to genomic aspects of human
health and disease that can be answered without tens of millions of DNA sequence
reads per sample, but rather where sequencing a large number of input samples is the
key to biological discovery. Many projects require sequencing of many samples of
very small genomes (for example the Human Microbiome Project [24] or studies of
viruses such as HIV and Dengue) or sequencing of large numbers of amplicons. For
projects with modest sequence-per-sample requirements, technology development is
required to support greater sample processing throughput and increased multiplexing
to take best advantage of massively parallel sequencing technology. This report
describes fully automated, highly scalable and cost-efficient methods for preparing

sequence-ready libraries for the Roche/454 platform.

Substantial redesign of the sample preparation process was carried out to make it fully
amenable to automation, a requirement for handling large numbers of samples. Some
key innovations include: (i) Comprehensive barcoding. Samples enter the process in
individual 2D barcoded microtubes, and all steps from sample entry to sequencing are
tracked by barcoded plasticware. This virtually eliminates sample handling errors; (ii)
DNA shearing is done in 96 well format. Wells are sealed so that sample recovery is
maximized; (ii1) Automated sample cleanup. Columns have been replaced by bead-
based liquid handling steps; (iv) Automated size selection. Agarose gels have been
replaced by bead-based liquid handling steps. These last two steps were critical to
removing manual steps and making the process compatible with automation. The full

process has been implemented on a standard robotic liquid handling platform.



Molecular barcodes are incorporated into every sample, as an integral part of the
library construction process. These are read out in the sequence reads, enabling facile
creation and straightforward sorting of complex pools of samples for sequencing
while at the same time providing a powerful and granular tool for quality assessment
of the overall process. Our automated protocol is compatible with virtually all
available barcoding schemes. For our process we designed and validated (via
successful synthesis, ligation, sequencing and sorting) a new set of error-correcting

barcodes that are encoded in 454 flowspace.

In addition to scalability and barcoding, the automated process offers additional
advantages. Process steps are standardized by automation, eliminating operator-
introduced variability. A range of library types can be constructed, including ~400-
800bp fragments and ~3kb ‘jumping’ constructs. Very little human labor is required,
with the human labor component reduced by 10 fold or more, depending on library
type. Finally, our approach is effective even with limiting amounts (<1ng) of starting

DNA.

As data yields from DNA sequencing platforms continue to grow, it becomes
increasingly important to devise impedance-matched and cost-effective processes for
preparation of sequence-ready libraries. This is particularly pressing for projects that
call for sequencing of large numbers of samples each requiring a modest amount of
data, such as small genomes or amplicons. We have addressed this need by

developing sample preparation methods that are scalable, efficient and cost effective.

Materials and Methods



Automated Library Construction Protocols

Details of key plate configurations, labware definitions and aspirate/dispense
conditions for the automated steps are available [25]. These files contain all the
information required to operate our protocols on the Bravo platform, in the
proprietary Velocity 11 format. In addition we have included the protocol for carrying
out the plate-based library construction by hand, using a multi-channel pipette, for

those without access to the liquid handling automation.

Molecular Barcode Synthesis

All adapter oligonuceotides were ordered from Integrated DNA Technologies,
(Coralville, IA) with four phosphorothioate groups at both the 5’ and 3’ end to protect
from nuclease digestion. Additionally the B adapter contains a BioTEG group at the
5’ end to facilitate adapted molecule immobilization in subsequent steps. All
oligonucleotides were HPLC purified. The adapter oligo annealing and barcode

validation methods are available in Additional file 1.

Adaptive Focused Acoustic Shearing of DNA

We use the Covaris E210 from Covaris Inc. (Woburn, MA) and 96-well Optical
Reaction Plates (ABI Cat. #4306737) for our plate-based shearing protocols. For
automated transfers into and out of the unskirted optical reaction plate we used a
standard 96 well PCR plate (Eppendorf Cat. # 951020401) as a holder into which the
optical plate can sit and be defined on the deck of any automation.

Settings used for plate-based shearing of DNA are: Duty Cycle of 5; Intensity of 5;

Cycle per Burst of 500; Seconds of 120; Well Plate of ‘96 well offset + Smm’.



It is important to avoid droplets being splashed and held at the top of the well during
shearing as this will result in a population of unsheared fragments in the sample. To
avoid this we have found that use of optical stripcaps (ABI Cat. # 4323032) reduces

the empty space inside the well and cuts down on splashes.

Solid Phase Reversible Immobilization (SPRI)

For low cutoff size selection we optimized the ratio of AMPure beads (Agencourt
Biosciences) and buffer to 0.7 times the volume of the DNA solution (that is, 70 ml
beads added to 100 ml DNA) to remove fragments <300 bp. For buffer exchange, an
excess of beads and buffer will ensure binding of nearly 100% of DNA fragments in
solution. In our current production process we use 1.8 times the reaction volume or
1.8X, however in practice values above 1X appear to be effective. For both of these
implementations of SPRI, the DNA and bead solution are incubated for 5 minutes at
room temperature. The magnetic beads with the DNA fragments reversibly bound to
their surface are collected using a magnetic base station on the automation deck.
Buffers and/or smaller fragments are removed with the supernatant. Beads are washed
with 70% ethanol while still immobilized by the magnetic field. Ethanol is removed
and the plate is moved from the magnet to another position on the deck to allow the
beads to dry. Low ionic strength solution is added (10 mM Tris-Cl, pH 8.5) to dried
beads to elute the DNA from the beads. DNA is then collected by returning the plate
to its magnetic base and aspirating the eluate. Two different magnetic base stations
are employed. In general, for wash steps in which DNA fraction remains on the beads,
side magnets are used (DynaMag-96 Side; Invitrogen #123.31D) as they maximize
the amount of supernatant that can be removed. For elutions steps in which the DNA

is removed in the supernatant, flat magnets are used (DynaMag-96 Bottom; Invitrogen



#123.32D) as they maximally retain the beads. The exception is when reaction
volumes are low (such as after fragment polishing) in which cases the bottom magnet

is also used for washes.

A modified version of the low cutoff method is used to perform accurate and scalable
selection of DNA fragments in the desired size range (300-1000b). First, beads and
buffer are added in a ratio (0.5 times the reaction volume) that promotes high-affinity
binding of only large fragments. Fragments above 800 bp in size will preferentially
remain bound to the bead fraction. The supernatant is then collected and added to a
second reaction with beads and buffer at a higher ratio (0.7 times the reaction
volume). From this mixture the eluate is collected as described above, removing
fragments below the desired range (<300 bp) in the supernatant. This provides a
method to replace size selection by agarose gel that is accurate, scalable and amenable

to automation.
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System; PTP: Picotiter Plate; SPRI: Solid Phase Reversible Immobilization.
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Figure legends

Figure 1 - Robust, optimized plate-based acoustic shearing of genomic DNA.
(a) Effect of time on shearing profile. Agilent Bioanalyzer traces of 3pg human
genomic DNA (Promega) diluted in 100ul, aliquoted into an ABI PRISM™ Optical
Reaction plate and sheared in the Covaris™™ E210 under standard plate conditions

(duty cycle = 5, intensity = 5, cycles per burst = 500) for increasing amounts of time

25

(n=3 for each timepoint). (b) Incomplete shears recovered by re-shearing. (i) Average

shearing distribution (n=27) of samples sheared for 100 seconds under standard
conditions. (i1)) An example of incomplete shearing seen in three attempts under
standard conditions. (iii) Resultant fragment pattern after reshearing from (i1) with

standard conditions. Each shear profile signal is plotted normalized to the maximum

ladder fluorescence for the Bioanalyzer chip upon which the sample was run. (¢) Dual

high and low cutoff size-selection using para-magnetic beads (SPRI). 3ug of human
genomic DNA was sheared under standard conditions, producing fragments ranging
in size from less than 100bp to ~4kb (i). This shear product then underwent a 0.5X
Solid Phase Reversible Immobilization (SPRI) reaction in which high molecular
weight fragments were preferentially bound (ii). The supernatant was removed to a
second tube and underwent a second 0.7X SPRI reaction where fragments below
300bp were removed in the supernatant (iii). Fragments in the desired size range of

300bp to 1000bp were eluted from the beads (iv).

Figure 2 - Barcode adapter design. Validated barcode sequences are added to the

end of the 454 A adapter via DNA synthesis (Integrated DNA Technology). The
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lengths of each portion of the adapter and the approximate length of the insert are

indicated. Validated barcodes are exactly 11 flows in length and range from 5-8 bases.



Tables

Table 1 — Improvements to library construction process
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Process DNA Size Selection/ - . . Library
Step Fragmentation Clean-ups Adapter Ligation Multiplexing Quantification
Un-tagged or one of Up to 12 samples
Standard Nebulization Column-based; 12 Multiplex pooled after Library Ribogreen
Method Agarose gel cuts Identifiers (MIDs) in Construction ssDNA assay
tubes process
Not easily .
. Limited
Low throughput; automated; Limited pool
Drawback Reduced yield Opportunity for Low throughput complexity accuracy _and
. sensitivity
sample mix-up
Solid Phase Up to 120 samples
Modified Acoustic Shear Reversible 120 bar_coded pooled after adapter
! R adapters in plate - gPCR
method in 96-well plate Immobilization in format ligation or
96-well plates enrichment step
Im?r:(;\r/:;jsyélgld; Amenable to Cross-contamination Increased flexibility Increased
Benefit throuahout: automation; Less checks; High order and pool complexity;  sensitivity; Less
Autor?1aFt)ed, opportunity for multiplex within single  decreased usage of input DNA
sample mix-up region of PTP LC reagents required

setup
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Additional files

Additional file 1 — Supplementary Information

Additional file 1 contains details and methods referred to but not described in the text.

Additional file 2 — Figure S1

Figure S1 contains a Process Map for plate-based fragment library construction with

details of automation used for each step.

Additional file 3 — Figure S2

Figure S2 contains a process map for plate-based 3kb jumping library construction

with details of automation used for each step.

Additional file 4 — Figure S3

Figure S3 illustrates variation in library yield across the plate.

Additional file 5 — Figure S4

Figure S4 illustrates the layout of 24 samples in a 96 well plate.



Fluorescence

Figure 1

100

501

100

501

100

501

100

501

100

501

80s

90s

100s

110s

N\

120s

0.1 0.5 1 3

Size, log-scale (kb)

Normalized Fluorescence

Fluorescence

1.5

N
-~ o

-

30t
20t
10+t

20}

20t
10+

__M

0.3 05 07 1 3 7
Size, log-scale (kb)

0.1 0.3 05 07 1 3
Size, log-scale (kb)



Lennon et al.

Figure 2
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