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Construction of DNA fragment libraries for next-generation sequencing can prove challenging, especially for
samples with low DNA yield. Protocols devised to circumvent the problems associated with low starting
quantities of DNA can result in amplification biases that skew the distribution of genomes in metagenomic
data. Moreover, sample throughput can be slow, as current library construction techniques are time-consum-
ing. This study evaluated Nextera, a new transposon-based method that is designed for quick production of
DNA fragment libraries from a small quantity of DNA. The sequence read distribution across nine phage
genomes in a mock viral assemblage met predictions for six of the least-abundant phages; however, the rank
order of the most abundant phages differed slightly from predictions. De novo genome assemblies from Nextera
libraries provided long contigs spanning over half of the phage genome; in four cases where full-length genome
sequences were available for comparison, consensus sequences were found to match over 99% of the genome
with near-perfect identity. Analysis of areas of low and high sequence coverage within phage genomes indicated
that GC content may influence coverage of sequences from Nextera libraries. Comparisons of phage genomes
prepared using both Nextera and a standard 454 FLX Titanium library preparation protocol suggested that the
coverage biases according to GC content observed within the Nextera libraries were largely attributable to bias
in the Nextera protocol rather than to the 454 sequencing technology. Nevertheless, given suitable sequence
coverage, the Nextera protocol produced high-quality data for genomic studies. For metagenomics analyses,
effects of GC amplification bias would need to be considered; however, the library preparation standardization

that Nextera provides should benefit comparative metagenomic analyses.

The extensive availability and low cost of high-throughput
DNA sequencing (HTS) has revolutionized the life sciences,
enabling the sequencing of large genomes and opening entirely
new approaches to gene expression analysis, mutation map-
ping, and analysis of noncoding RNAs (15-17, 21). In micro-
biology, HTS has given rise to the new subdiscipline of met-
agenomics, which utilizes sequence information to explore the
ecology and functional capabilities of entire microbial commu-
nities. By avoiding cultivation or enrichment, metagenomics
allows relatively unbiased assessment of the taxonomic com-
position and genetic content of an autochthonous microbial
community (27).

Methodological requirements for any metagenomic analysis
include (i) confirmation that the original sample is free from
contamination with allochthonous or nontarget microorgan-
isms; (ii) unbiased isolation of nucleic acids from all popula-
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tions of microorganisms within a sample; and (iii) isolation of
enough nucleic acid to meet the requirements of a given HTS
platform (e.g., Illumina or 454). In particular, obtaining suffi-
cient amounts of nucleic acid has been a challenge for those
environments where microbial density is low or for microor-
ganisms with small genome sizes such as viruses. While 454
sequencing of genomes from cultivated viruses can be achieved
using as little as 1 ng of DNA (11), sequencing of larger
genomes or viral metagenomes from environmental samples
requires a larger amount of starting template.

To date, issues of yield have been addressed by strategies
designed to nonselectively amplify environmental DNA. For
example, the linker adapter shotgun library (LASL) protocol
involves shearing of environmental DNA followed by ligation
of adapter sequences and subsequent PCR amplification of
DNA fragments by the use of primers targeted to the adapter
sequences (5, 25) (Fig. 1). Despite the success of this approach,
the protocol is time-consuming and contains several indepen-
dent steps, some of which (e.g., shearing and gel purification of
fragments) can pose risks for cross-sample contamination (5).
An alternative and simpler approach to amplification of envi-
ronmental DNA has been to use commercially available whole-
genome amplification kits, e.g., REPLI-g (Qiagen) or Genomi-
phi (GE Healthcare) (9, 23). These kits utilize the highly
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FIG. 1. Overview of sequencing strategies used to prepare viral
genomic DNA samples for 454 sequencing.

processive, strand-displacing DNA polymerase of bacterio-
phage phi29 to produce microgram quantities of DNA from as
little as 10 ng of initial DNA template (8) (Fig. 1). Despite the
efficiency and ease of use of multiple-displacement amplifica-
tion (MDA) procedures in metagenomics, this approach can
introduce significant bias in downstream sequence libraries.
For example, circular genomes are preferentially amplified
over linear ones (24); moreover, as a consequence of strand
displacement and the formation of multiple replication forks,
chimeric sequences can occur within metagenome libraries
created from MDA-treated environmental DNA, making com-
parisons between metagenomes prepared using this protocol
essentially nonquantitative (14, 20, 28). Thus, an easy and
quick protocol that produces sufficient high-quality fragmented
DNA for HTS from small starting quantities of initial sample
DNA is highly desirable for those researchers interested in
applying metagenomic approaches to the study of microorgan-
isms within environmental samples.

Nextera is a new product developed by Epicentre Biotech-
nologies (Madison, WI) that performs fragmentation and bar-
coding of DNA libraries for the 454 and Illumina sequencing
platforms. The Nextera kit prepares DNA for sequencing in
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two main steps (Fig. 1). First, 50 ng of starting DNA is frag-
mented by a transposome (transposase and transposon end
complex), with simultaneous addition of a 19-bp inverted re-
peat to each end of the fragment during the reaction. In the
second step, the fragmented DNA is amplified by limited-cycle
PCR, using primers targeted to the transposon sequence.
These primers add the specific adapters and bar codes (if
desired) to the fragments. After DNA purification, about 500
ng of sheared and adapter-ligated DNA is isolated and ready
for sequencing. The Nextera technology provides advantages
compared to the LASL and MDA approaches, as it is less
time-consuming, requiring around 2 h to prepare fragmented
and amplified DNA; also, because the kit does not utilize the
phi29 polymerase for amplification (as in the MDA approach),
it avoids the amplification biases inherent in the use of that
enzyme.

A series of in vitro experiments were designed to evaluate
the ability of the Nextera protocol to provide sequence data
suitable for both de novo genome assembly and metagenomic
analyses of microbial community composition. In these exper-
iments, double-stranded DNA (dsDNA) viruses were utilized
as a model system, as the small genome size allowed for high-
coverage sampling with relatively small amounts of raw se-
quence data. Although these experiments were restricted to
454 pyrosequencing and bacteriophage DNA, these evalua-
tions of Nextera performance should be broadly applicable to
other next-generation DNA sequencing platforms (e.g., Illu-
mina and Ion Torrent) and other scientific applications (e.g.,
environmental metagenomics) that are challenged by low
DNA yields.

MATERIALS AND METHODS

Creation of mock metagenome. A mock metagenome sample composed of
nine genome-sequenced phages, enterobacteriophage T4 (GenBank accession
no. NC_000866), mycobacteriophages Catera (NC_008207), Fruitloop (NC_
011288), Gumball (NC_011290), Omega (NC_004688), Porky (NC_011055), So-
lon (NC_011267), and cyanophages P-SS2 (NC_013021) and S-SM1
(GUO071094.1), was constructed to assess the ability of the Nextera kit to provide
data on the frequency distribution of viral genotypes within environmental sam-
ples. These phages are considered “known,” as reference genome sequences
were available for comparative analyses. Genome equivalents of phage DNA
were calculated from the molecular weight of each complete genome. Phage
genomic DNA (gDNA) was mixed in differing proportions to simulate the un-
equal distribution of viruses within a natural sample (see Table 3). Phage gDNA
was diluted in TE buffer (10 mM TRIS-HCI, 1 mM EDTA, pH 8) and quantified
using a Qubit Quant-iT dsDNA high-sensitivity (HS) assay kit (Invitrogen; Carls-
bad, CA) according to manufacturer’s protocol. These concentrations were used
to calculate the volume of each phage gDNA dilution needed for addition to the
mock metagenome sample. The sample mixture was brought to a final volume of
200 pl and a final concentration of 26 ng/ul. Predicted coverage for each phage
in the mock community was calculated as the average read length multiplied by
the target number of reads for each genome divided by the genome size.

Preparation of Nextera libraries for 454 sequencing. Bar-coded DNA frag-
ment libraries were prepared using a (Roche 454-compatible) Nextera DNA
sample preparation kit (Epicentre Biotechnologies, Madison, WI). Fifty nano-
grams of sample DNA was fragmented utilizing 1 .l of transposome with 4 .l of
high-molecular-weight buffer. Tagmentation reactions (i.e., DNA fragmentation
and addition of the 19-bp inverted repeat to the fragment ends) were performed
by incubation for 5 min at 55°C followed by purification of the tagmented DNA
by the use of the brief Zymo protocol outlined in the Nextera protocol for use
with a Clean and Concentrator-5 kit (Zymo Research, Orange, CA). Purified
DNA was eluted from the column with 11 ul of nuclease-free water. Purified
DNA (5 pl) was used as the template in a 50-wl volume for limited-cycle PCR (15
cycles) and processed as outlined in the Nextera protocol. Amplified DNA was
purified using a Zymo Clean and Concentrator-5 kit according to the manufac-
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TABLE 1. DNA yields and fragmentation results after completion of the Nextera protocol

Concn fragments

Fragment size of Avg read length

Phage Types Final DNA Total DNA of 300-800 bp* % total DNA reatest for 454
¢ P conen (ng/pl) (ng)” (ng/pl) P (300-800 bp)d abungdance" (bp) sequences (bp)°
Angelica M 12 307 9 79 569 373
Athena M 33 858 27 81 1,402 382
Avrafan M 21 322 11 49 843 355
Blue7 M 13 332 9 68 398 336
Wee M 19 482 12 65 529 348
TUSD 1 Cy 34 915 20 58 1,392 320
TUSD 14 Cy 21 571 11 51 1,348 307
TUSD 20 Cy 20 536 10 52 732 317
TUSD 21 Cy 29 778 11 39 1,359 315
Mock metagenome 22 708 12 55 1,151 349

“ M, mycobacteriophage; Cy, cyanophage.

bx = SD = 581 = 226 ng.

¢ Data were determined using an Agilent Bioanalyzer.
4x = 60%.

¢ The average read lengths were calculated after removal of sequences of less than 100 bp.

turer’s protocol, and the resulting DNA concentration was measured using a
Qubit fluorometer (Invitrogen Corp., Carlsbad, CA). The fragment size distri-
bution of the tagmented DNA was analyzed utilizing a 2100 Bioanalyzer with a
7500 DNA assay kit (Agilent Technologies, Santa Clara, CA).

Sequencing. 454 Titanium sequencing (with 9.6 million capture beads in total)
was performed at the Institute for Genome Sciences at the Maryland School of
Medicine. Samples were sequenced on half of a 454 sequencing plate.

Bioinformatic analysis. Assembly of phage genomes from sequence libraries
prepared using the Nextera system was performed using Geneious 5.0.4 bioin-
formatics software (Geneious version 5.1, 2010; A. J. Drummond). Assembly
analyses included the nine known phages in the mock metagenome (see refer-
ence 3), four unknown cyanophages for which no reference genome sequence
was available (see Table 2), and eight mycobacteriophage sequence libraries (see
Fig. 5b) prepared using the standard Roche 454 sequence library preparation
protocol. Details of the Roche protocol are provided by the manufacturer of the
454 instrument. Phage genomes prepared for sequencing using the LASL tech-
nique (11) were assembled using Geneious 5.4.5 software (2011; A. J. Drum-
mond). After preparation performed using the Nextera system, sequences that
contained any error in the expected 5’ transposon sequence were removed using
a custom Perl script (http://sourceforge.net/projects/readfilter/). The transposase
linker and adaptor sequences were removed using the Trim Vector feature in
Geneious, and sequences were quality trimmed at a base call error probability
limit of less than 0.01. Reads shorter than 100 bp after quality trimming were not
included in the assembly. For the TUSD phages (cyanophage), host DNA con-
tamination was screened out using cross_match (http://www.phrap.org/), with a
value of 30 for the minimum match and 10 for the minimum score. The original
and cleaned files were used for assembly to determine the importance of the
transposon quality screening step for de novo assembly (see Table 2).

Assembly and recruitment. Recruitment of the mock-metagenome reads to a
reference set of concatenated phage genome sequences was processed using
Geneious software with the following custom parameters: word length, 10; index
word length, 10; maximum gap size, 100; maximum gaps per read, 20%; maxi-
mum mismatches, 5%; maximum ambiguity, 16. Unassembled reads reflected
sequences that did not recruit to any of the reference genomes in the concate-
nated reference sequence. Mock-metagenome sequences that recruited to each
genome within the concatenated reference sequence were extracted and re-
aligned individually to calculate coverage and read frequency statistics. De novo
assemblies of the four unknown cyanophages and the mycobacteriophage se-
quence libraries were performed using the Geneious assembler using the “High-
est Sensitivity/Slow” setting (word length, 10; index word length, 10; maximum
gap size, 100; maximum gaps per read, 20%; maximum mismatches, 20%; max-
imum ambiguity, 16). Contig lengths were adjusted for genomes with redundancy
at the terminal ends, denoting a circular genome or a genome with circular
characteristics (sticky ends). N50 and N90 contig length values (defined as the
smallest assembled contig representing greater than 50% or 90% of the com-
bined contig lengths) were calculated for the assembled phage genomes. The
major contig for each assembly was extracted as a BAM file, and a custom Perl
script was used to generate the average percent GC and coverage over 50-bp
sliding windows. Regions of each assembly with coverage above or below 1.5
standard deviations from the average coverage of a particular genome were

further examined. These regions were extracted and analyzed for variations in
GC content. Only regions = 50 bp in length were included in calculating average
GC content and standard deviation values.

Statistical analysis. Linear regression analysis was performed using Aabel
software (version 2; Gigawiz Ltd. Co., Tulsa, OK). Wilcoxon and Kruskal-Wallis
tests were performed to determine whether there was a statistical difference
between the GC contents of regions of high and low coverage for genomes
prepared using Nextera and Roche library preparations using JMP (version 8.0.2;
SAS, Cary, NC). Statistical tests where P values were <0.05 were considered
significant.

RESULTS AND DISCUSSION

Nextera protocol. For each of the samples, the recom-
mended starting quantity of 50 ng of DNA was utilized in the
transposase tagmentation reaction. The high-molecular-weight
buffer was used to generate 500- to 1,100-bp fragments. After
the limited-cycle PCR and cleanup, total DNA quantities of
the samples ranged from 306.8 ng to 915.3 ng, with an average
of 580.8 ng (Table 1). The majority of Nextera library frag-
ments (mean = 59.7%) fell between 300 and 800 bp, slightly
lower than the range predicted in the manufacturer’s protocol.
However, peak DNA abundance occurred at longer fragment
lengths for samples with higher final DNA concentrations (e.g.,
Athena and TUSD 1; Table 1). This was likely a result of frag-
ment “nesting,” which occurs as DNA concentrations increase
during limited-cycle PCR; fragments form noncovalently bound
chains through homologous base pairing of adaptor sequences.
Bioanalyzer results from fragmented mycobacteriophage Athena
gDNA represent a particularly good example of this phenomenon
(see Fig. S1 in the supplemental material). It is likely that a
majority of the long fragments actually represented shorter,
nested fragments. While “nesting” makes accurate estimation of
fragmentation length distribution difficult, it did not seem to have
an effect on the quality of the 454 pyrosequencing results.

Effects on sequence read length. The average 454 sequence
read length was most strongly associated with the GC content
of the input DNA and not with the final DNA concentration
after Nextera preparation. For the nine de novo-assembled
phages and the nine phages in the mock metagenome, average
read length and GC content were positively correlated (* =
0.81) (Fig. 2). This trend was also observed when genomes
within the mock metagenome were analyzed individually (see
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FIG. 2. Linear regression analysis of the percent GC content of the largest contig versus average read length for nine unknown genomes and
the mock metagenome. The percent GC content for the mock metagenome represents the collective percent GC for all nine reference genomes.

Fig. S2 in the supplemental material). Transposase fragmen-
tation is a possible explanation for this trend. Most trans-
posases do not integrate randomly but choose sites based on a
particular nucleotide frequency or DNA structure (7). The
Nextera transposase is based on a mutated form of Tn5 that
exhibits increased insertion frequency in comparison to wild-
type Tn5 (22). The consensus target sequence of Tn5 gives a
slight bias toward AT-rich sequences (10). Examination of
read length histograms for nine phage genomes indicated that
genomes with higher GC content tended to have a greater
proportion of sequences in the third and fourth quartiles of
read lengths, whereas genomes with lower GC content had a
greater proportion of reads in the first and second read length
quartiles, with the majority of reads occurring in the third
quartile (see Fig. S3 in the supplemental material). However,
analysis of raw reads indicated that only 1.5% to 4.5% of reads
represented full fragments (i.e., fragments consisting of the
span from the 454A adapter to the 454B adapter). So, the
finding of possibly longer fragments coming from genomes
with high GC content does not seem to explain the longer
reads coming from these genomes. Instead, the differences in
the distribution of read lengths for genomes with high and low
GC content may be a function of the processivity of the 454
sequencing reaction, which can vary depending on the GC
content of the fragment. As a surprising consequence, frag-
ments with higher GC content resulted in longer sequence
reads.

Quality screening of 454 sequence reads. The importance of
sequence quality in generating accurate alignments has been
appreciated since the development of automated DNA se-
quencing (6). While trimming and removal of poor-quality
sequences usually result in the loss of data, they also result in
increased alignment accuracy (16). The 19-bp transposon se-

quence inserted during the Nextera tagmentation reaction al-
lowed assessment of sequencing quality. A script was devel-
oped to remove sequences with any error in the transposon
sequence, as such errors might have been indicative of poor
overall read quality. After transposon sequence screening, the
percentages of identical sites and pairwise identity values of
short reads (<100 bp) recruiting to the T4, Catera, Gumball
and P-SS2 reference genome sequences were similar to those
of longer sequences (>500 bp). This result indicated that even
the small fragments were of good quality. Thus, the shorter
reads likely represented smaller fragments produced by Nex-
tera library construction rather than poor-quality reads (see
Table S1 in the supplemental material). Comparison of de
novo assemblies showed a significant decrease in the number of
contigs after quality screening despite the loss of reads from
the screening step (Table 2). Therefore, it is recommended
that a similar screening of sequences according to the quality
of the transposase sequence be performed for all libraries that
utilize a 454 Nextera Kkit.

De novo assembly of phage genomes. In the genome assem-
blies with large numbers of contigs (e.g., the TUSD phages),
the majority of contigs consisted of only a few reads (Table 2).
The small contigs may have represented sequences that were
too degenerate to assemble with the major contig or fragments
at the extreme terminal ends of the genome, where sequencing
coverage is expected to be low. Some of the small contigs from
the TUSD genomes resulted from contaminating bacterial
DNA, since many of these small contigs had strong hits with
respect to known Prochlorococcus host strains. Nevertheless,
the extent of coverage for the largest contig for each of the
cyanophages (the TUSD phages) was greater than the 13-fold
coverage needed for the generation of single-contig genomes
(11). Phage TUSD 1 assembled into 158 separate contigs, with
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130 of these contigs containing only two or three sequences.
The two major contigs from TUSD 1 could not be connected
due to either a gap in sequence coverage or a nonclonal phage
lysate. A similar phenomenon was also seen with TUSD 21 and
Angelica (Table 2). However, the two major contigs from An-
gelica were segments of the same genome, as verified by re-
cruitment to the reference genome (see Table S2 in the sup-
plemental material).

TUSD 20 and 21 phages were prepared for sequencing using
both the LASL and Nextera protocols. For TUSD 20, LASL
genome assembly resulted in shorter contig lengths than Nex-
tera genome assembly, despite the generation of fewer contigs
overall. For TUSD 21, the lengths of the two major contigs
generated from the assembly of the LASL and from the Nex-
tera preparations were similar. In the largest LASL contig,
however, there was a ~600-bp region exhibiting unusually high
coverage (Table 2). The same region in the Nextera assembly
was not found to have abnormal coverage. While it remains
unclear why this region was so highly covered in the LASL
assembly, it is possible that preferential amplification of this
segment occurred during the linker amplification (Fig. 1).
While the LASL technique has been shown to be an effective
method for the preparation of sequence libraries (11), these
results indicate that for cyanophages TUSD 20 and TUSD 21,
genomic library preparation using Nextera resulted in better
assemblies.

The best de novo genome assemblies occurred for mycobac-
teriophages Blue7, Avrafan, Athena, and Wee, for which five
or fewer contigs were constructed (Table 2). Over the course of
this study, full-length genome sequences of Athena, Avrafan,
Blue7, and Wee were released through an independent project
(http://phagesdb.org/). Consensus sequences from the Nextera
libraries were compared to those genome sequences by the use
of Blast-2 (3), and the comparison showed greater than 99%
coverage and near-perfect identity between the reference ge-
nomes and the assemblies, with length differences occurring at
the ends of genomes. For Blue7 and Wee, which had consensus
sequences shorter than the genome length, small regions at the
terminal ends were missing (see Table S2 in the supplemental
material). Overall, these results indicate that Nextera library
construction followed by 454 pyrosequencing appears to be a
reasonable approach for de novo assembly of microbial ge-
nomes.

Mock metagenome analysis. Metagenomic approaches have
provided an unprecedented opportunity to explore the com-
position of viral assemblages within natural environments.
However, accurate prediction of the frequencies of viral taxa
and overall viral diversity depends on maintaining the relative
ratios of viral genomes derived from DNA isolation through
sequencing (4). Because amplification procedures can intro-
duce bias into metagenomic sequencing data, their use should
be minimized or at least carefully evaluated. For instance,
multiple-displacement amplification approaches utilizing the
phi29 DNA polymerase are known to result in chimeric se-
quences and preferential amplification of circular single-
stranded DNA (ssDNA), which can skew the distribution of
viral sequences within metagenomic libraries (4, 14, 20, 28).
Ideally, procedures that amplify isolated DNA for library prep-
aration should do so without altering the distribution of geno-
types in the original sample.
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TABLE 3. Predicted versus experimental coverage and percent abundance of reads for each phage in the mock metagenome

Predicted result

Experimental result

. GC Recruitment to reference sequence Mock assembly
Virus Genome
Phage P content
type”  size (bp) % Abundance b Abundance Longest ~ N50
(%) No. of Ie f read No. of Coverage f read No. of . . .
reads overage  of reads reads (= SD) of reads 0. of contigs contig  contig
(%) (%) (bp) (bp)
T4 C 166,000 35 20,000 47 28.1 31,049 61.6 (14.6) 48.2 3 169,170 169,170
Catera M 153,766 65 14,000 36 19.7 7,592 18.0 (8.6) 11.8 4 85,298 85,298
Fruitloop M 58,471 62 12,000 82 16.8 8,745 53.3(18.9) 13.6 1 58,308 58,308
Gumball M 64,807 60 10,000 62 14.0 9,999 56.4 (18.8) 15.5 1 64,807 64,807
Omega M 110,865 61 8,000 29 11.2 3,362 10.9 (5.2) 52 6 41,626 20,153
Porky M 76,312 63 4,000 21 5.6 2,038 9.7 (5.8) 32 7 34,434 17,944
Solon M 49,487 64 2,000 16 2.8 715 52(34) 1.1 12 10,570 7,363
P-SS2 Cy 107,530 52 1,000 3.7 14 757 25(22) 1.2 81 2,924 1,313
S-SM1 Cy 174,079 41 200 0.5 0.3 205 0.4 (0.9) 0.3 50 915 463
Total 71,200 64,718 (257 unassigned, 172 (6 unassigned,

64,462 assigned) 166 assigned)

@ C, coliphage; M, mycobacteriophage; Cy, cyanophage.

> Coverage is defined as number of bases per position in the consensus sequence.

A mock viral metagenome sample was constructed from
viral genomic DNA to test the applicability of Nextera library
construction for shotgun metagenomic analysis of microbial
community structure (Table 3). Of the 64,718 reads that re-
mained after quality screening, only 0.4% (257 sequences) did
not recruit to one of the phage genomes in the mock meta-
genome community. The experimental rank distribution of se-
quence coverage indicated that the order of the six least abun-
dant phages was conserved, while the order of the three most
abundant phages was shuffled in comparison to the predicted
ranking, with phage T4 moving from the third to the first rank
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(Fig. 3). Discounting possible errors in DNA quantification
during construction of the mock metagenome, it is possible
that T4 genomic DNA, with its lower GC content, was prefer-
entially amplified in the Nextera procedure. The ranking with
respect to abundance of phages with similar levels of GC con-
tent (e.g., the mycobacteriophages) was preserved. Thus, for
natural viral communities, the rank abundance of member
viruses with similar levels of GC composition would be pre-
served in the Nextera procedure. In contrast, virus genomes
with low GC content could be overrepresented in viral com-
munities where viruses with high GC content are also present.

[ Coverage (Experimental)
[l Coverage (Predicted)
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Phage

FIG. 3. Comparison of the predicted sequence coverage of each member of the mock metagenome to the experimental coverage (£ SD). The
predicted coverage was normalized to the experimental average read length and the number of sequence reads obtained after quality screening.
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FIG. 4. Box-and-whisker plots of the sequence coverage range as a function of phage genome GC content. Phage names are provided above
each panel. (a) The Roche GS FLX Titanium general library preparation method. (b) The Nextera method with high-GC-content phage. (c) The
Nextera method with low-GC-content phage. Whiskers represent the S5th and 95th percentiles; open diamonds represent mean values.

The results of assembly of all sequences within the mock
metagenome met expectations in that, with a decreasing rank
abundance of a given virus, contig number increased and con-
tig size decreased (Table 3). These expectations match the
assumptions behind the approaches, such as that represented
by Phage Communities from Contig Spectrum (PHACCS)
software (4), that use whole-metagenome assembly statistics to
estimate viral diversity. Whole-genome assembly was achieved
only for three phages with sequence coverage greater than 50X
(Table 3). The requirement of such high levels of coverage for
whole-genome assembly in the mock metagenome is a conse-
quence of the short read length of the 454 sequences as well as
the lack of paired-end sequences, both of which are well known
to improve genome assembly.

An important scientific goal of metagenomic analyses is to
compare the composition and diversity characteristics of mi-
crobial communities across environments. However, a continu-
ing challenge is that of minimizing the influence of method-
ological differences between studies on the outcome of
comparative analyses. The impact of sample processing meth-
odology on subsequent comparative analyses of microbial com-
munities by the use of shotgun metagenome sequence data can
be substantial. A recent study found that the rank frequency of

microbial species within a simulated microbial community (as
determined from sequence reads) varied significantly with the
DNA extraction procedure (18). Across the experimental tri-
als, the best agreement between replicated metagenome sam-
ples was seen for protocols that more readily standardized the
treatment of samples, such as kit-based methods for extracting
DNA. Because every methodological step in preparing an en-
vironmental sample for metagenomic sequencing (e.g., DNA
isolation, shearing, ligation, and amplification) can potentially
introduce bias into the frequency distribution of sequence
reads within a metagenome library, comparative metagenomic
analyses are advisable only for libraries obtained using identi-
cal sample-processing protocols. While use of the Nextera li-
brary construction did not result in a perfect frequency distri-
bution of reads predicted for each genome, the kit does
provide a readily available means for standardizing shotgun
metagenome library construction across laboratories, thus con-
straining the overall methodological bias from field sample to
sequence library. Ultimately, it is this quality of standardiza-
tion that may be the most important contribution of Nextera to
metagenomic studies.

Analysis of low- and high-coverage regions. Assembly data
from Nextera libraries revealed opposing trends in compari-



8078 MARINE ET AL.

ApPL. ENVIRON. MICROBIOL.

Il Low Coverage (% GC)
[ High Coverage (% GC)

a.
80 —
70—
60 —
0]
ES
40—
30—
20—
N A A A D N S DS
Q"‘ Qﬁ. Q@. Q«. Q«. @Q. Q R Q b - @ b 3 .
T ST T E
< .
$ F L S & & P S

Phage Genome

80 —

70 —

60 —

50 —

% GC

40 —

30

N ) A A AN A N =N
& & & I~ & & A" &
3
o(\\ é@ ¢~°° ég; ) Q°° 5) . &\\o 8\,,(\
¥ & & & o S 9 2
@ & £ & Py [N
o$
S
(4
<

Phage Genome

FIG. 5. Average GC content (= SD) of regions with low or high coverage in comparisons of individual phage genomes. (a) Phage comprising
the mock metagenome and unknown phage genomes prepared using the Nextera protocol. (b) Mycobacteriophage genomes prepared using the
Roche GS FLX Titanium general library preparation method. Values in parentheses after the phage name indicate the average % GC content of
the genome. Classification of the results into low- and high-coverage areas corresponded to the regions above or below 1.5 standard deviations from
the average coverage. Genomes with at least 5 regions of low and high coverage of 50 bp or longer were included in the analysis.

sons of sequence coverage and GC content. Genomes with
high GC content tended to exhibit a decrease in mean cover-
age with increasing GC content (Fig. 4b), while genomes with
low GC content tended to exhibit an increase in mean coverage
with increasing GC content (Fig. 4c). However, the large range
of coverage values for a given level of GC content suggests that
there is not a strong correlation between percent GC and
sequence coverage.

To further assess whether percent GC composition varied
with the level of coverage, regions of each phage genome that
fell 1.5 standard deviations (SD) away from the mean of the
coverage values were extracted and analyzed. For genomes
with intermediate coverage in the mock metagenome (Catera,
Fruitloop, Gumball, Omega, and Solon), the level of GC con-
tent appeared to have an effect. Areas of high coverage had
lower GC content than areas of low coverage (Fig. 5a). The
same trend occurred for the de novo-assembled mycobacterio-
phage genomes Athena and Wee. An opposing trend was seen
for genomes with low GC content, such as T4 and the TUSD
phages. For all genomes, differences in GC content determi-
nations between high- and low-coverage regions were found to
be significant (Kruskal-Wallis test; P < 0.03) (Fig. 5).

The coverage biases may have partly resulted from the PCR
amplification step (1, 12). For example, recent reports have
shown that GC-rich and GC-poor areas are generally under-
represented in [llumina sequencing data due to the PCR en-
richment step (2, 13). Omitting the limited-cycle PCR step

reduced GC coverage bias in Nextera sequence libraries of an
E. coli genome (1). Therefore, it is possible that amplification
biases from the Nextera limited-cycle PCR step or the 454
preparation protocol contributed to GC coverage bias. To ad-
dress this issue, sequence data from mycobacteriophages pre-
pared using a 454 pyrosequencing library preparation method
developed by Roche (in which the only amplification step uses
emulsion PCR [em-PCR]) were compared to data prepared
using Nextera libraries. As with the Nextera libraries, the
Roche libraries showed decreases in mean coverage with in-
creasing GC content (Fig. 4a). Once again, a large range of
coverage values within a given range of percent GC was ob-
served. Lower-coverage regions tended to exhibit higher GC
content results for genomes prepared using the Roche proto-
col compared to Nextera (Fig. 5b). However, this trend was not
found to be statistically significant.

It is possible that events that occur during the 454 sequenc-
ing process itself, including the em-PCR step or even physical
fragmentation that is not completely random (19, 26), may
slightly contribute to coverage trends (Fig. 4a). However, our
data suggest that the GC coverage trend observed in Nextera
libraries was likely due to amplification bias that occurred
during Nextera limited-cycle PCR rather than to the 454 se-
quencing technology. For metagenomic analyses in which read
frequency is used as a measure of the prevalence of a biological
feature (e.g., taxonomic origin or gene function), such biases
can influence analytical outcomes.
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From these experiments, it is evident that the Nextera 454
library preparation procedure can provide high-quality se-
quence data from small quantities of starting dsDNA, with a
substantial reduction in processing time. While coverage may
be influenced by GC content, this protocol was successful in
the de novo assembly of phage genomes. In metagenomic stud-
ies, where small starting quantities of DNA generally make
amplification procedures unavoidable, all extant library prep-
aration procedures likely cause some measure of percent GC
sampling bias in the resulting sequence library. To date, no
other in vitro studies have systematically examined sources of
bias in the preparation of viral metagenome libraries. While
the Nextera protocol is not bias-free, it provides a rapid means
of generating libraries as well as standardization and consis-
tency in library construction that should improve comparative
metagenomic analyses across and between laboratories (18).
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