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Abstract

The rise of Next Generation Sequencing (NGS) technologies has transformed de novo genome sequencing into an accessible
research tool, but obtaining high quality eukaryotic genome assemblies remains a challenge, mostly due to the abundance
of repetitive elements. These also make it difficult to study nucleotide polymorphism in repetitive regions, including certain
types of structural variations. One solution proposed for resolving such regions is Sequence Assembly aided by Mutagenesis
(SAM), which relies on the fact that introducing enough random mutations breaks the repetitive structure, making assembly
possible. Sequencing many different mutated copies permits the sequence of the repetitive region to be inferred by
consensus methods. However, this approach relies on molecular cloning in order to isolate and amplify individual mutant
copies, making it hard to scale-up the approach for use in conjunction with high-throughput sequencing technologies. To
address this problem, we propose NG-SAM, a modified version of the SAM protocol that relies on PCR and dilution steps
only, coupled to a NGS workflow. NG-SAM therefore has the potential to be scaled-up, e.g. using emerging microfluidics
technologies. We built a realistic simulation pipeline to study the feasibility of NG-SAM, and our results suggest that under
appropriate experimental conditions the approach might be successfully put into practice. Moreover, our simulations
suggest that NG-SAM is capable of reconstructing robustly a wide range of potential target sequences of varying lengths
and repetitive structures.
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Introduction

Thanks to the increased throughput provided by Next

Generation Sequencing technologies [1], de novo genome sequenc-

ing and resequencing are now widely accessible research tools,

significantly contributing to the advancement of many fields of

biology and with many important applications. However, at least

in the case of second generation technologies, the length of the

obtained reads is below that provided by ‘‘traditional’’ Sanger

sequencing. Read length is critical for obtaining high-quality

genome assemblies, as longer reads are more likely to capture the

context of repetitive units (see later). For this reason, genome

assembly is more difficult when using NGS technologies [2,3] and

so, despite the increase in sequencing throughput, obtaining

‘‘finished’’ assemblies of eukaryotic genomes remains a challenge

that requires laborious experiments to resolve the problematic

regions on a case-by case basis [4,5].

One of the main causes of assembly difficulties is the structure of

the eukaryotic genome itself, and more precisely the abundance of

repetitive elements (e.g. transposons), which leads to fragmented

assemblies or complex misassemblies depending on the approach

taken by the assembler [2,3]. Moreover, repetitive regions are

frequently structural variation hotspots [6], further complicating

their assignment and assembly. We illustrate the assembly

problems caused by repeats by a hypothetical example targeting

the assembly of the genomic region with the structure shown in

Figure 1A. The region has seven units, four being unique (light

blue, green, dark blue and yellow units), and three being copies of

the same unit (red). The red units can be considered to be

completely identical, but this is not necessary for assembly

problems to present themselves.

The pool of fragments from which the sequenced reads

originate (the sequencing ‘‘library’’) is produced by random

fragmentation of many identical copies of the target region.

NGS sequencing of the target region provides a set of short reads

covering it multiple times (Figure 1B). The reads are obtained by

sequencing a fixed number of consecutive bases from one or both

ends of fragments sampled from the library. Sequencing both ends

of the fragments (‘‘paired-end sequencing’’, [2]) yields ‘‘read

pairs’’, which in combination with the distribution of the fragment

lengths are informative about the relative position and orientation

of the two reads in the genome of origin.

During the sequencing procedure, each read loses all informa-

tion about its exact position and orientation (Figure 1C). However,

some reads span more than one unit and these reads are exploited

by assembly methods to reconstruct the order and orientation of
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the units [3] and hence the structure of the genomic region. There

is a variety of assembly methods using different algorithms and

data structures to assemble reads into contigs [3,7–9] but they are

all conceptually based on detecting overlaps between reads.

In the case of regions harbouring repetitive units that are longer

than the read length, no read can capture flanking sequence from

both sides of a repeat unit. For this reason, read overlaps do not

confer enough information on the context of the repetitive units to

allow the recovery of their exact order and orientation [2,3]. In

these cases, the output of the assembly is usually a graph structure

summarizing the uncertainty about the structure of the assembled

region (Figure 1D). Even if the copy number of the repetitive unit

is estimated from the multiplicity (depth) of coverage, the exact

order and orientation will remain unknown as the assembly graph

has multiple conflicting resolutions (Figure 1E). In the absence of

further information, such as a physical map or longer reads, the

assembly graph is left unresolved and it is broken down to

contiguous sequence stretches (‘‘contigs’’). Problematic regions like

this can be created by tandem gene duplications or repeated

insertions of transposons, events that occur relatively frequently

during the evolution of eukaryotic genomes [10,11].

Repetitive regions can also cause problems in the context of

genome resequencing as well, when the goal is not the assembly of

the genome itself but the assessment of the differences compared to

a known ‘‘reference’’ genome sequence [12]. For example,

consider the simple case of a young tandem duplication: after

aligning the reads back to the reference genome (‘‘mapping’’), the

number and orientation of the units might be inferred based on

the paired-end end signatures (the orientation of the mapped reads

in a pair) and the depth of coverage [13]. However, when the units

are very similar to each other, there is no hope of reconstructing

their exact sequence by short read sequencing, as the reads cannot

be assigned to their originating units. This makes it very difficult to

study natural variation in these regions. A notable case where this

issue might hinder the in-depth study of SNPs (single nucleotide

polymorphisms) inside duplicated regions by short read sequenc-

ing is the CCL3L1 gene, which modulates susceptibility to HIV

infection and progression to AIDS, and is highly variable in copy

number due to a hot-spot of segmental duplications [14,15].

There are techniques to improve the quality of the assemblies of

repetitive regions [2]. One of them is to obtain longer reads, which

is subject to budget trade-offs and strongly depends on the

development of sequencing technologies. The other is to use

paired-end sequencing with (possibly multiple) libraries of tight

fragment size distributions, which can be exploited by advanced

assembly methods to resolve repetitive regions that are not

significantly longer than the fragment length [16]. Both of these

approaches involve significant cost and are limited by the

feasibility of the library construction step.

A conceptually elegant and simple alternative approach

proposed by Keith et al. [17,18], known as ‘‘Sequence Assembly

aided by Mutagenesis’’ (SAM), can in principle solve the problems

described above. The essence of the strategy is to sequence

randomly mutated copies of the original problematic region.

Figure 1. Assembly problems caused by the presence of repeats. A. The structure of the target region. Red units are identical or near-
identical; other colours are unique. B. Fragments ordered by their origin. C. Pool of reads obtained by short read sequencing. Note that in this
example the full length of the fragments is sequenced. D. A graph structure summarizing assembly uncertainty. The thickness of the arrows
representing the units is indicative of the depth of coverage. E. The two possible resolutions of the assembly graph, given that the copy numbers of
all of the units are estimated correctly.
doi:10.1371/journal.pone.0043359.g001
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Introducing enough mutations eliminates the undesirable features

of the target region (e.g. repetitiveness). The original sequence

information is not destroyed, it is just distributed between the

variants generated via mutagenesis, and hence the original

sequence can be inferred by consensus [17]. In other words, if

the number of random mutations introduced is high enough, then

individual mutated copies are no longer repetitive and can be

assembled without any ambiguity. After sequencing many

independently mutated copies, the original sequence can be

reconstructed by aligning the mutant sequences and calling a

consensus using a simple voting scheme [19] or more advanced

probabilistic algorithms [20,21]. The accuracy of the reconstruc-

tion can be increased by simply generating and sequencing

additional mutants. Keith et al. [21] provide a way to calculate the

number of mutants needed to achieve a desired accuracy given the

characteristics of the mutation process.

Keith et al. successfully used the SAM approach in a proof-of-

concept wetlab study [17] using Sanger sequencing technology on

regions that were otherwise difficult to sequence. In a later paper,

they used a computer simulation to explore the usefulness of the

SAM approach when combined with short read rather than

Sanger sequencing [19], including the simulated assembly of a

complete Mycoplasma genitalium genome (0.58 Mbp). Based on the

results of their simulations, Keith et al. concluded that the SAM

approach combined with NGS technologies could be more cost

effective than traditional approaches. They also developed

advanced algorithms for reconstructing the target sequence from

the mutated sequences, even taking into account the effects of

sequence alignment uncertainty [21].

The crucial steps in the original SAM protocol are the

amplification of the target genomic region using a mutagenic

PCR protocol and Sanger sequencing of the generated variants.

The detailed experimental steps needed for the SAM protocol can

be summarized as follows: use mutagenic PCR relying on special

bases (base analogues [22] available as a commercial kit [23]) to

introduce mutations; clone the products and isolate plasmids from

individual colonies; use the isolated plasmids as templates for

Sanger sequencing [17]. The mutagenic PCR protocol itself

consists of two rounds of amplification and a dilution/sampling

step. The first PCR is performed in the presence of dNTPs with

base analogues serving the purpose of introducing mutations [22].

The goal of the second ‘‘cleanup’’ PCR, performed without special

dNTPs added, is to remove the base analogues which might cause

problems during the downstream experiments.

It is important to note that the SAM approach requires

independently mutated copies in order to be able to call an

unbiased consensus. The product of the mutagenic PCR is a

population of potentially unique mutant molecules, but many of

their mutations are related by their ancestry. However, under

realistic experimental protocols, the high number of starting

molecules relative to the number of the sampled molecules makes

it very unlikely that sampled mutants will carry mutations sharing

common ancestry [17].

The original SAM protocol makes use of molecular cloning [17]

in order to isolate and amplify individual mutant types serving as

template for sequencing. Cloning is a laborious and costly

procedure and this makes it impractical to use the SAM approach

with NGS technologies, which have been enabled by high-

throughput ‘‘clonal’’ amplification in the absence of a vector or

live cell.

We propose a modified SAM protocol, NG-SAM (for ‘‘NGS-

coupled SAM’’), that omits the cloning step and relies solely on

PCR and dilution and so has considerably more potential for

scaling up. We demonstrate the feasibility of this approach using

realistic simulation of the protocol and provide an analysis of the

benefits and shortcomings of the SAM approach.

The NG-SAM Protocol
The protocol we propose, NG-SAM, can be summarized as

follows:

1. Use a mutagenic PCR protocol [23], similar to the original

SAM approach, in order to generate mutated copies of the

target region. The mutagenic PCR protocol itself involves two

PCRs: a mutagenic one (step A in Figure 2) and a normal,

cleanup PCR (step C in Figure 2). It also requires a dilution

of the product of the mutagenic PCR (step B in Figure 2).

Applying this mutagenic protocol is necessary to ensure the

success of the short read assembly by making the target sequence

less repetitive.

2. Reduce the number of mutant types present in the sample by

diluting the product of the mutagenic PCR protocol.

3. Perform a final, normal PCR to amplify the remaining

individual mutant molecules and then fragment to create a

library with the coverage necessary for de novo assembly. Note

that the use of proof-reading polymerase is not strictly

necessary at this stage, as the errors introduced in the late

PCR cycles would be simply discarded during the assembly

process, while early errors will be corrected when calling the

consensus.

4. Sequence the library using a standard NGS sequencing

protocol.

5. Perform short read assembly, resulting in distinct DNA

segments (contigs) for each mutant present in the template.

6. Align the contigs and reconstruct the target region by calling a

‘‘majority-vote’’ consensus (or any other effective method).

The NG-SAM approach uses dilution and PCR amplification to

obtain many copies of an individual mutant type. This is fairly

similar to the original SAM protocol, which implicitly uses dilution

to sample mutant types during the molecular cloning step.

It should be noted that direct short read sequencing of the

products of the mutagenic PCR protocol is not sufficient even after

dilution: every mutant molecule is present in only one copy and we

would not have the coverage necessary for de novo assembly, which

can be created only by fragmenting a large pool of identical

molecules. After performing a third PCR, the assembly of the

pooled mutant types is possible, although this problem is harder

than assembling a single mutant as it is necessary for every

repeated unit present in the mixture (each repeat of each mutant

type) to be distinguishable following the mutagenic process.

Results

We simulated experiments in two different settings, each aiming

to explore different properties of NG-SAM. The goal of the first

simulation setting was to study whether a single, well-tuned set of

experimental conditions is able to reconstruct a wide range of

target sequences. The second simulation studied the robustness of

NG-SAM to fluctuations in the dilution factors, parameters that

are the most likely to influence the success of a wetlab NG-SAM

experiment.

An NG-SAM experiment has many parameters to be tuned, the

most important being S0, the number of starting molecules, the

dilution factors d1 and d2 – parameters that in combination with

the PCR efficiencies ultimately determine the distribution of the

The NG-SAM Protocol for Sequencing Repetitive DNA
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number of mutant types in the sequenced mixture – and the

number of mutations introduced by the mutagenic PCR (Figure 2;

see also Materials and Methods). Appropriate values are needed in

order to prevent assembly failure by reducing the number of

mutant types, while still retaining enough of them in order to

obtain high accuracy after consensus calling.

Instead of trying to calculate exactly the number of molecules in

the sample generated by the NG-SAM protocol, we approximated

it by using the expected number of molecules after each

experimental step as input for the next step. For example, in

order to approximate the number of molecules after the first

dilution we took the expected number of molecules after the first

PCR (S0(1zp)n1 , p being the amplification efficiency) and divided

it by the first dilution factor (d1). Given values of S0, the numbers

n1–n3 of PCR cycles and the amplification efficiencies, this

approximation makes it possible to tune d1 and d2 and obtain a

number of mutant types close to a desired value. However, the

variance of the distribution of the mutant types cannot be

controlled independently from the expected value and it is also

hard to predict the optimal number of mutant types for a given

mutation intensity and target region. As a consequence, the

parameters of the protocol may still require further tuning via

simulations and trial and error.

The first setting consists of simulated NG-SAM experiments

(Figure 2) targeting a range of sequences with varying length and

repetitive structure under a fixed set of experimental conditions.

The target sequences used in the simulations were created by

concatenating randomly generated sequence units with lengths

ranging from 4 up to 4,000 (step size 5). The number of repetitive

units varied from 4 up to 100 (step size 4). Five target sequences

were generated for each unit length/unit number combination if

the total length was less or equal than 30 kb and independent

experiments were simulated for each.

We used the tuning approach described above to choose

parameters for our simulations. The most important ones are

summarized in Table 1 (for the other parameters see the Materials

and Methods section). The expected number of sites mutated was

approximately 10%, as extrapolated from the calibration of the

mutation process (see in the Materials and Methods section). We

believe that this mutation rate should be sufficient to enable the

reconstruction of most target regions of size 10 kb.

The simulated experiments can fail at various stages, either

during the simulation of the NG-SAM protocol itself (e.g. if there

are no molecules left after the second dilution), or during the

processing of simulated reads. We consider a simulated experi-

ment to be ‘‘successful’’ if no failures occurred and the called

Figure 2. Overview of the simulated NG-SAM protocol. The numbering corresponds to the steps enumerated above in the main text. The
trapezoids shaded in light blue represent PCR amplifications (with n1–n3 being the number of cycles), while the rectangles shaded in yellow represent
sampling of molecules by dilution. S0–S4 are the number of molecules present in the various stages of the simulated experiment, with unique
variants symbolised by different coloured dots. d1 and d2 are the dilution factors corresponding to the first and second dilution steps. The black lines
represent the ‘‘lineages’’ of the molecules sampled by the second dilution, traced back to the initial molecule pool of size S0 . The steps A–C
correspond to the mutagenic PCR, dilution and cleanup PCR steps of the mutagenic protocol. simNGS [35] is a software for simulating Illumina
sequencing and Velvet [8] is a short read assembler.
doi:10.1371/journal.pone.0043359.g002
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consensus sequence aligned unambiguously to the original target

sequence; hence the percentage of recovered sequence length and

identity can be calculated. The percentage of successful simula-

tions turned out to be the most informative metric to assess the

performance of NG-SAM under different conditions. For the

successful experiments, the percentage of recovered sequence

length and the percentage identity with respect to the target

sequence provide further metrics for evaluating performance.

In the first simulation setting all but a few failures were caused

by the inability to determine the strandedness of the assembled

contigs relative to the longest contig, meaning that the failed

experiments never reached the multiple alignment stage.

The distribution of the number of mutant types (S4 in Figure 2)

from all successful simulated experiments – influenced by virtually

all parameters in the simulation – had a mean of 21.79 and a

standard deviation of 4.16 (Figure S1). The moderate mean and

the relatively low variance of this distribution indicates expected

good performance for recovering the sequence of the target region.

The results of the first simulated settings showed that even

under the single set of experimental conditions used, there is a

‘‘safe’’ space of unit number/length combinations in which the

great majority of simulated NG-SAM experiments succeed (red/

orange region, Figure 3A). This safe region includes all target

sequences with a length less than or equal to the maximum length

which we believe can be handled in an actual wetlab NG-SAM

experiment (*10 kb). It is also worth mentioning that the safe

region also includes the target sequences having four units with the

length in the range 1,000–4,000 bp, which means that the

approach has indeed the potential to sequence young tandem

gene duplications. From the percentage of correctly reconstructed

bases (a product of percent sequence identity with respect to the

target sequence – Figure S2C – and proportion of recovered target

sequence length – Figure S2D) shown in Figure 3B we can

conclude that the accuracy of reconstruction is high for all

successful simulated experiments. More importantly, the percent-

age identity of the aligned portion of the called consensus

sequences as compared to the target sequence is always higher

than 99%.

The second simulation setting aimed to study the robustness of

NG-SAM to fluctuations in the dilution factors, the most

important experimental parameters determining success. Values

for the first dilution factor (d1) were taken across the range 17,000–

280,000 (step size 20,000), and the values for the second dilution

factor (d2) were taken across the range 2|106–128|106 (step size

200,000). For each combination of dilution factors, five indepen-

dent experiments were simulated with the rest of the parameters

set identically to the ones used in the first simulation setting

(Table 1).

In this second simulation setup we used as a target sequence

three concatenated copies of the sequence of the eater gene of

Drosophila melanogaster, without any ‘‘linker’’ sequences. The eater

gene itself has a repetitive structure [24,25] due to the presence of

domain repeats (Figure S3). The length of one unit is 3,813 base

pairs, so the length of the target region was 11,439 base pairs. A

single mutation was introduced at a random position in every

repeat unit for tracking purposes. The presence of this mutation

did not make the assembly appreciably easier, but facilitated the

assessment of whether the repetitive units were recovered in the

correct order and orientation.

The simulations suggest that NG-SAM is relatively robust, as

there is a large region close to the dilution factors chosen for the

first simulation setting in which the great majority of the simulated

experiments succeeded (Figure 3C). The ‘‘safe region’’ is

approximately delineated by the product of the two dilution

factors: if the overall dilution is not high enough, assembly is likely

to fail (bottom left corner), on the other hand if the overall dilution

is too extreme, the experiments might fail because too few

molecules are sampled (upper right corner).

The safe region coincides with experiments recovering the

target region with high accuracy in terms of percentage correctly

reconstructed bases (Figure 3D; cf. Figure 3C). This metric shows

a similar behaviour to the percentage of successful simulations in

the case of experiments with extreme (too low or too high) overall

dilutions. However, in this case we can interpret this behaviour as

the superposition of opposing trends in terms of percentage

identity and percentage reconstructed length. For successful

simulations, the percentage identity is decreasing as the overall

dilution increases (Figure S4C), which is most likely due to the

decreasing number of mutant types used for calling the consensus.

On the other hand, the percentage reconstructed sequence length

for successful simulations remains high as the overall dilution

increases (Figure S4D), as potentially even a single mutant type is

enough to recover the length of the target region.

Discussion

Despite constantly–increasing sequencing throughput, obtaining

high-quality eukaryotic genome assemblies remains a challenge

due to the presence of repetitive elements longer than the reads

provided by second generation sequencing technologies. A

promising approach pioneered by Keith et al. [17,21] known as

‘‘Sequence Assembly aided by Mutagenesis’’ (SAM) exploits the

fact that the sequencing of highly mutated copies of the

problematic genomic regions is usually possible, which in turn

allows the recovery of the unmutated sequences from several

independently mutated ones. However, the original SAM protocol

relies on molecular cloning, which has a negative impact on the

scalability of this approach when combined with high throughput

sequencing technologies.

As a solution, we propose a new approach, NG-SAM, which

relies solely on PCR and dilution steps, thus having more potential

for automation and scaling–up. We built a pipeline performing

realistic simulations of the NG-SAM protocol in order to assess its

feasibility. We simulated two settings addressing different proper-

ties of the proposed protocol. The results of the first simulated

setting raise the hope that by in silico and wetlab optimisation, it

may be possible to find sets of experimental conditions by which

NG-SAM is able to reconstruct most of the targets of interest

which can be amplified through PCR. Moreover, the second

simulation set suggests that these results are robust to variations in

the all-important dilution factors.

Table 1. The chosen values of the most important
parameters used in the first simulation setting.

Name Parameter Value

S0 No. initial molecules 5,000

n1 No. cycles – mutagenic PCR 20

d1 Dilution factor – first dilution 70,000

n2 No. cycles – cleanup PCR 20

d2 Dilution factor – second dilution 166106

n3 No. cycles – final PCR 30

See Figure 2 for a summary of the NG-SAM protocol.
doi:10.1371/journal.pone.0043359.t001
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Besides demonstrating the viability of the NG-SAM approach,

the simulation pipeline can be useful in the future to aid in the

design of actual experiments by allowing the selection of

reasonable initial experimental conditions. It is also worth

mentioning that the de novo assembly method used was successful

in distinguishing and recovering a reasonable number of pooled

mutant copies. Pooling many mutant types makes the assembly

task harder, but to do so enhances the practicality of the proposed

protocol. The number of libraries which can be barcoded and

multiplexed on a single Illumina lane is limited. Pooling together

fragments originating from distinct but related mutant types allows

for a more efficient utilization of the coverage provided by the

sequencing machines and also eliminates the difficult step of

isolating individual mutant molecules.

As discussed below, NG-SAM is limited by the capabilities of

PCR amplification; hence it is unlikely that the approach could

benefit from more coverage than that provided by one Illumina

lane. On the contrary, it would even be wasteful to spend the

coverage provided by one lane on a single target region; however,

this could be avoided by barcoding [26], which allows for using

one lane for reconstructing multiple target regions or to perform

NG-SAM experiments by making use of the ‘‘spare capacity’’ of a

different experiment. Although we have used the Illumina

platform in our simulations, the basic idea behind NG-SAM is

not dependent on the sequencing technology and it should be

straightforward to adapt it for other short read sequencing

platforms such as Ion Torrent, which could offer further increase

in cost effectiveness. Also, a straightforward way to increase the

Figure 3. Performance of NG-SAM in simulated experiments. The hexagons are colored according to the mean of the metrics from all
covered simulated experiments. White areas represent unexplored parameter space. A. The percentage of successful simulated experiments in the
first simulation setting, as a function of length and number of repetitive units. The black circle [at the point (3813, 3)] marks the repetitive structure of
the target region used in the second simulation setting. The dashed line corresponds to target regions with a total size of 10 kb. B. Percentage of
correctly reconstructed bases in the successful experiments from the first simulation setting, as a function of length and number of repetitive units in
the target sequence (black circle and dashed line as in A). C. The percentage of successful simulated experiments in the second simulation setting, as
a function of the dilution factors (d1 and d2 in Figure 2). The black circle corresponds to the dilution factors used in the first simulation setting. D.
Percentage of correctly reconstructed bases in the second simulation setting as a function of the dilution factors. Black circle as in C; see text for
further details.
doi:10.1371/journal.pone.0043359.g003
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performance of the approach would be to use a short read

platform offering longer read lengths, such as the recently–

announced Illumina MiSeq.

The SAM approach is conceptually simple and appealing, and

in principle could be used even to sequence microsatellites and

other low complexity regions. The proposed NG-SAM protocol

removes an important factor hindering scalability (molecular

cloning) but there are still other factors limiting its use it in

practice. These arise because of difficulties in performing PCR

amplification of large DNA fragments. This is of particular

concern in the case of the first, mutagenic, PCR but we believe

that by using an enzymatic mixture containing a mutagenic

polymerase and a polymerase with high processivity the

mutagenesis of a fragment of length 10–15 kb should be possible.

This would enable NG-SAM to target a significant portion of

structural variations of interest, although this may need sophisti-

cated laboratory optimization.

NG-SAM requires the knowledge of the sequence portions

flanking the target region required for designing the primers used

in the PCR reactions. There might be example use cases – e.g.

large gaps in genomic sequence – where the approach cannot be

used due to the absence of this information. Nevertheless, we

believe that our approach has the potential to address many highly

relevant use cases. These include, for instance, filling gaps in the

human reference genome due to the tandem duplications with

high sequence identity, an example where the knowledge about

the flanking regions is available to enable the design of primers.

The other factor is the cost associated with performing ‘‘few

molecule’’ PCR (the third PCR in the NG-SAM protocol), which

is in itself laborious and risky in terms of contamination.

Nevertheless, this procedure is more scalable than molecular

cloning due to the recent developments in microfluidics technol-

ogies which enable the manipulation of reactants in very small

volumes and might offer a practical solution for performing single

molecule PCR in a safe and high-throughput way [27].

Microfluidics platforms such as that marketed by RainDance

Technologies are already used to perform single molecule PCR

experiments to amplify short fragments on a large scale as a part of

NGS library construction procedures [28].

Conclusions
Based on our simulated experiments, we conclude that under

carefully chosen experimental conditions, the proposed NG-SAM

approach based on PCR and dilution steps coupled with NGS

technologies might be successfully put into practice. Having the

practical hindrances removed, we believe that the NG-SAM

approach has the potential to yield sequences as long as the

emerging third generation sequencing platforms with the accuracy

of established short read technologies.

Materials and Methods

In the following sections we describe in detail the components of

the simulation pipeline summarized in Figure 2. The most

important parameters are summarized in Table 1. In accordance

with the MIASE guidelines [29], the simulation pipeline has been

made available online [30].

Simulating PCR
The simulated experimental set-up involves three PCR steps

(Figure 2): two are part of the mutagenic PCR protocol and a third

provides coverage for short read sequencing. Although the forward

simulation of PCR experiments is conceptually simple, it is not

practical to carry out with a large number of starting molecules

and many cycles: the number of molecules to keep track of

increases exponentially and eventually requires too many resourc-

es in terms of CPU time and memory usage.

Fortunately our design does not require the simulation of every

replication event, just those that involve one of the molecules that

will be sampled after the second PCR or their ‘‘ancestors’’, and the

total number of molecules after amplification. Thus, we were able

to use the coalescent-based ‘backward’ simulation method

developed by Weiss and von Haeseler [31], which we re-

implemented in the pcrcoal R package [32]. This approach

simulates a coalescent genealogy of the sampled molecules

conditional on the number of starting molecules and the per-cycle

PCR efficiencies. The sampled genealogy accounts for the

relatedness of the sampled molecules, the branch lengths being

the number of replications occurring on the respective lineages.

In all of the simulated PCR experiments we set the per-cycle

efficiencies to 0.75, in line with previously published estimates

[31]. In the case of the first (mutagenic) PCR and the second

(cleanup) PCR we simulated 20 cycles (n1~n2~20 in Figure 2).

We simulated 30 cycles in the case of the final PCR (n3~30).

Simulating Molecule Sampling by Dilution
The sampling of molecules by dilution was modelled by taking

random samples from Poisson distributions [33] with a mean equal

to the expected number of molecules after dilution (the number of

molecules in the original solution divided by the dilution factor).

The simulated dilution factors were 70,000 for the first dilution

(d1; S1?S2 transition in Figure 2) and 16|106 for the second

dilution (d2; S3?S4 transition) in the first simulation setting. In the

second simulation setting a range of dilution factors was explored

as described in the Results section.

Simulating Mutagenic PCR
In the first (mutagenic) PCR step we had to simulate the

mutation intensity and spectrum in addition to accounting for the

potential relatedness of the sampled molecules. The mutation

spectrum (Figure S5A) produced by the mutagenic protocol has

been reported [22] and we constructed a general non-reversible

(UNREST) substitution model [34] to match this (Figure S5B),

leaving only the rate of mutation per cycle of PCR to be

calibrated.

We simulated many mutagenesis experiments using our model,

starting with the same sequence as that on which the mutation

spectrum was observed, and then picked a branch length scaling

factor in order to match the reported average of 5% mutations

after 10 cycles of mutagenic PCR [22]. This calibration procedure

makes the assumption that no mutations are introduced during the

cleanup PCR. Mutations on the genealogies were simulated under

the inferred scaling factor and the general non-reversible

substitution process constructed as described above.

The molecules sampled by dilution from the first PCR serve as

initial molecules for the second PCR (Figure 2). The number of

mutant types after the second dilution (S4) has an upper bound

much smaller than the number of molecules sampled by the first

dilution (S2). To save computing time we restricted the simulation

of the genealogy to a sample size which is likely to be greater than

the number of the molecules sampled after the second dilution

(S4), rather than simulating the full genealogy of all molecules

present after amplification. As we assume that there are no

mutations introduced in the second PCR, there was no need to

simulate the genealogy in this case, just the number of molecules

after amplification.
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PLOS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e43359



We used S0~5,000 identical template molecules as an input for

simulating mutagenic PCR reactions using the method described

above.

Simulating Illumina Sequencing
The molecules sampled after the second PCR serve as templates

for the final PCR (Figure 2). We simulated sequencing with a total

coverage of 4,000x, which provides approximately a 200x

coverage per mutant type. This level of coverage can be easily

obtained on one lane of an Illumina HiSeq sequencer for all

simulated target region sizes. The exact coverage of the individual

mutant types is proportional to the number of their descendants

after the final PCR; thus we take into account the fluctuation in

coverage due to the amplification.

We simulated Illumina sequencing by using the simNGS

package version 1.5 [35], with default parameters and trained

on intensity data produced by a paired-end run with a read length

of 101 on an Illumina HiSeq sequencer. The simNGS package

simulates the construction of sequencing libraries by random

fragmentation as well as the ligation of adapter sequences. The size

of the simulated fragments was sampled from a log-normal

distribution with reasonable parameters: a mean of 400 (implying

a mean insert size of 198) and a coefficient of variation of 0.055.

Reconstructing the Consensus
We used Velvet [8] to assemble the simulated reads (develop-

ment version aeb11f80). We instructed Velvet to estimate the

expected coverage from the data (-exp_cov auto), and set the

minimum contig length to 400. We used a long k-mer length (90)

in order to increase the accuracy of the assembly on the expense of

required coverage. We set the -max_divergence parameter to 0.1,

preventing the simplification of ‘‘bubbles’’ in the assembly graph

formed by sequences more diverged than 10%, in order to

facilitate the recovery of the mutant types as individual contigs.

We used exonerate [36] v2.2.0 (with parameters -m affine:local -

e 2100 -o 2100) to align the contigs to the longest one, and

reverse complemented them to correct differences in orientation if

necessary, used muscle [37] version 3.8.31 (with parameters: -

maxiters 1 -diags 2) to perform multiple sequence alignment. We

used the resulting alignment to call a ‘‘majority vote’’ consensus

and aligned the consensus to the original target region using

exonerate (parameters as above) in order to assess the accuracy of

the reconstruction.

Supporting Information

Figure S1 Distribution of the number of molecules in
the simulated samples after the second dilution (S4)
from all simulated experiments in the first setting.
(TIFF)

Figure S2 Performance of NG-SAM in the first simula-
tion setting. The hexagons are colored according to the mean of

the metrics from all covered simulated experiments. White areas

represent unexplored parameter space. The black circles at (3813,

3) mark the repetitive structure of the target region used in the

second simulation setting. The dashed lines corresponds to target

regions with a total size of 10 kb. A. The percentage of successful

simulated experiments, as a function of the length and number of

repetitive units in the target sequence. B. Percentage of correctly

reconstructed bases in successful experiments, as a function of the

length and number of repetitive units in the target sequence (a

product of percentage sequence identity with respect to the target

sequence – C – and proportion of recovered target sequence

length – D). C. Percentage sequence identity with respect to the

target sequence in successful experiments, as a function of the

length and number of repetitive units. D. Percentage recovered

sequence length in successful experiments as, a function of the

length and number of repetitive units in the target sequence.

(TIFF)

Figure S3 Schematic representation of the repetitive
structure of the eater target region as a dot plot. The dot

plot of a single the D. melanogaster eater sequence against itself was

constructed with the dotPlot method from the seqinr R package

(http://cran.r-project.org/web/packages/seqinr) with parame-

ters: wsize = 4, wstep = 4, nmatch = 4.

(TIFF)

Figure S4 Performance of NG-SAM in the second
simulation setting. The hexagons are colored according to

the mean of the metrics from all covered simulated experiments.

The black circles corresponds to the dilution factors used in the

first simulation setting. A. The percentage of successful simulated

experiments, as a function of the dilution factors. B. Percentage of

correctly reconstructed bases in successful experiments, as a

function of the dilution factors (a product of percentage sequence

identity with respect to the target sequence – C – and proportion

of recovered target sequence length – D). C. Percentage sequence

identity with respect to the target sequence in successful

experiments, as a function of the dilution factors. D. Percentage

recovered sequence length in successful experiments, as a function

of the dilution factors.

(TIFF)

Figure S5 Properties of the mutation process used in
the NG-SAM simulations. A. The mutation spectrum

observed in the mutagenic PCR experiments performed by

Zaccolo et al. (J. Mol. Biol., 1996). B. A ‘‘bubble plot’’ of the

general non-reversible (UNREST) substitution process used in the

NG-SAM simulations, constructed using the mutation spectrum

shown in A.

(TIFF)
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