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Use of second generation sequencing (SGS) technologies for transcriptional profiling (RNA-Seq) has revolutionized
transcriptomics, enabling measurement of RNA abundances with unprecedented specificity and sensitivity and the
discovery of novel RNA species. Preparation of RNA-Seq libraries requires conversion of the RNA starting material into
cDNA flanked by platform-specific adaptor sequences. Each of the published methods and commercial kits currently
available for RNA-Seq library preparation suffers from at least one major drawback, including long processing times, large
starting material requirements, uneven coverage, loss of strand information and high cost. We report the development
of a new RNA-Seq library preparation technique that produces representative, strand-specific RNA-Seq libraries from
small amounts of starting material in a fast, simple and cost-effective manner. Additionally, we have developed a new
quantitative PCR-based assay for precisely determining the number of PCR cycles to perform for optimal enrichment of
the final library, a key step in all SGS library preparation workflows.

Introduction

Transcriptional profiling using second generation sequencing
(SGS) (i.e., RNA-Seq) is a powerful tool for quantitatively char-
acterizing the transcriptome of any organism or cell type."* RNA-
Seq enables measurement of relative abundances of transcripts,
discovery of novel coding and non-coding transcripts, identifica-
tion of splice junction sites and alternative splicing events and
identification of sequence polymorphisms that differentiate RNA
samples.>* The utility of RNA-Seq depends upon preparation
of representative cDNA libraries for sequencing. Production of
strand-specific RNA-Seq libraries involves reverse transcription
of RNA to generate complementary single-stranded cDNA, syn-
thesis of the second cDNA strand by PCR and addition of SGS
platform-specific adaptors to the ends of the cDNA molecules,
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either during cDNA synthesis or afterwards via ligation. Strand
specificity is maintained either through addition of directional
non-identical sequence tags at the 5' and 3' ends during cDNA
synthesis, or by incorporating dUTP (instead of dTTP) into the
second ¢cDNA strand prior to tag ligation and then degrading
this stand with uracil-DNA glycosylase (UDG).>¢ Alternatively,
sequence adaptors can be ligated onto RNA molecules for direct
RNA sequencing, but this leads to inherent biases toward shorter
insert lengths and higher sequence error rates.” Given that rRNA
(rRNA) typically comprise > 90% of the total RNA population,
strategies to deplete it have been implemented in most RNA-Seq
library preparation protocols, providing more efficient access to
the full diversity of transcriptome constituents.*’® Each of the
published methods and commercially available products for
RNA-Seq library preparation suffers from at least one of the
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following disadvantages: Requirement for large amounts of RNA
starting material, long processing times, labor intensive process-
ing and high cost.>*

We have developed a simple and cost-effective technique
for preparing representative, strand-specific RNA-Seq librar-
ies. In this technique, called “Peregrine,” short, non-identical
tag sequences are incorporated at the 5" and 3' ends of the first
strand of cDNA during its synthesis. These tags preserve strand
specificity information, and are used as primer binding sites for
incorporation of full-length SGS adaptors and barcodes dur-
ing second strand synthesis. In the initial cDNA synthesis step,
Peregrine produces cDNA bearing short tag sequences (-20 bp)
that do not interfere with downstream annealing reactions, such
as those central to duplex-specific nuclease (DSN) mediated nor-

malization'"'?

and other molecular suppression techniques for
depletion of unwanted high-abundance sequences, including
rRNA. The much longer SGS-compatible adaptors (-60 bp),
which can interfere with annealing reactions, are added at a sub-
sequent step.

Additionally, we have developed a qPCR-based assay for
precisely determining the number of PCR cycles to perform
for optimal enrichment of the final RNA-Seq library. In all
other library preparation techniques, the number of PCR cycles
used for library enrichment is chosen on the basis of the input
amount (a rough estimate), or empirically determined by sub-
jecting replicate libraries to different cycling regimes (labor-
intensive and costly). Our qPCR-based assay is a more direct
and precise means of maximizing amplification of the library
while minimizing biases imposed by over-cycling. The assay is
simple and fast, and can be easily integrated into any RNA-Seq
library preparation protocol to maximize the quality and yield
of final product.

In this study, we demonstrate the capabilities of the Peregrine
RNA-Seq library preparation technique, as well as our qPCR-
based assay for optimizing the final enrichment step in library
preparation. To test its performance in supporting analysis of
transcriptomes of different complexity, we used Peregrine to
generate RNA-Seq libraries from total RNA extracted from
bacterial cells as well as from human primary cells. To evaluate
its compatibility with molecular suppression methods, we used
DPeregrine to generate libraries from total RNA extracts that had
been depleted of rRNA via Ribo-Zero (Epicentre), and in other
experiments, libraries generated from total RNA were depleted
of rRNA-derived cDNA via DSN-mediated normalization. To
determine the minimum amount of starting material required
for preparation of representative RNA-Seq libraries, we used
DPeregrine to generate libraries from varying amounts (1-100 ng)
of total RNA extracted from a human cell line. We also directly
compared the performance of Peregrine to that of ScriptSeq
(Epicentre), a commercially available product that is commonly
used for preparation of strand-specific RNA-Seq libraries.!*!*1¢
We found that our Peregrine RNA-Seq library preparation
method produced representative, strand-specific cDNA libraries
from = 10 ng of RNA starting material, in < 5 h, at a per-sample
cost (- $5) significantly lower than offered by commercially avail-
able products.”®
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Results

Peregrine RNA-Seq library preparation method: Design con-
siderations and mechanics. The Peregrine method was designed
to minimize the time, cost and number of sample manipula-
tions required for preparation of representative RNA-Seq librar-
ies. As illustrated in Figure 1, the RNA starting material is first
chemically fragmented to ensure production of cDNA that is of
appropriate size for SGS. The RNA fragments are then used as
templates for synthesis of the first cDNA strand by the Moloney
murine leukemia virus (MMLV) reverse transcriptase. First
strand cDNA synthesis is primed using PP_RT, a random hex-
amer sequence preceded by a 22 nt tag. As the MMLYV reverse
transcriptase reaches the 5' end of the RNA template, the
enzyme’s terminal transferase activity adds three cytosine deoxy-
ribonucleotides (5'-CCC-3") to the 3' end of the first strand of
c¢DNA, and this sequence serves as the binding site for PP_TS, a
primer comprised of a complementary sequence of three guanine
ribonucleotides (5'-ggg-3") preceded by a 19 nt tag. The resulting
DNA:RNA hybrid facilitates a template switching reaction,” in
which the reverse transcriptase further extends the first strand
of ¢cDNA to incorporate the entire sequence complementary to
primer PP_TS. This generates a first-strand ¢cDNA product that
reflects the full length of its RNA template, and which is flanked
by short, non-identical tags in known orientation relative to the
5"and 3' ends of its template; the latter feature preserves strand
specificity information. The tags also serve as priming sites for
second strand synthesis and PCR amplification of the double-
stranded (ds) cDNA. The tag-flanked ds cDNA can be depleted
of highly abundant species through DSN-mediated normaliza-
tion. In the final step of RNA-Seq library preparation, primers
PP_A and PP_I are used to incorporate the full-length terminal
adaptors necessary for Illumina sequencing.

qPCR assay for optimization of second strand cDNA syn-
thesis and library enrichment. A critical step in any SGS library
preparation is the selective PCR enrichment of DNA molecules
that bear the correct adaptor sequences at their 5' and 3" ends.'®
Under-amplification at this stage leads to low yields, whereas
over-amplification can lead to primer concatemers and non-
representative libraries. To address this problem, we have devel-
oped a qPCR assay for determining the number of PCR cycles
required for optimal amplification of a library. In this method,
first strand cDNA synthesis products are combined with primers
complementary to the short tags incorporated at their ends, and
an EvaGreen-based qPCRY is performed for 25 cycles (-35 min).
Results from a representative experiment are shown in Figure 2.
As expected, with increasing numbers of PCR cycles the over-
all yield of library products increased (Fig. 2A). Optimal library
enrichment was achieved at cycle 11, the determined thresh-
old cycle [C(v)]. Additional cycling was counterproductive:
By cycle 13, unusually large products (= 1 kb) were generated
with greater frequency, and by cycle 15, the majority of products
were = 200 bp larger than those observed at cycle 11 (Fig. 2B).
The over-cycled libraries contained high levels of primer con-
catemers, and yielded greater numbers of reads that failed to
pass the quality filter (data not shown). Results from a second,
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independent experiment (Fig. SI)
show that cycling for the determined
C(t) (in this case, 12 cycles) gener-
ated a library in which long inserts
predominate (79% of reads included
> 30 bp of insert sequence). While
less cycling (eight cycles) generated
a library with a higher proportion of
long inserts (94% = 30 bp), there was
~15-fold less product than generated in
cycling to the C(t) (data not shown).
Additional cycling (16 cycles) yielded
a library with a markedly lower pro-
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analysis on any SGS platform.

Peregrine library preparation

reproducibility and  compatibil-
ity with rRNA depletion methods.
To evaluate the performance of the
DPeregrine library preparation tech-
nique, we first used it for analysis of
transcripts expressed by the well-
characterized E. coli K-12 strain.?®
In these experiments, we assessed
Peregrine’s compatibility with two
methods for depleting rRNA. Since

Figure 1. Overview of the Peregrine RNA-Seq library preparation technique. Chemically fragmented
RNA anneals with the random hexamer end of the primer PP_RT, and MMLYV reverse transcriptase
polymerizes the first cDNA strand. Upon reaching the end of the RNA template, the enzyme adds the
untemplated sequence CCC to the 3' end of the new cDNA strand. This serves as the annealing site for
the complementary ribonucleotide sequence (ggg) of oligonucleotide PP_TS. At this point, the en-
zyme switches templates, extending the first cONA strand to incorporate sequence complementary to
the PP_TS template. A qPCR assay can be performed to determine the number of PCR cycles required
for optimal second strand synthesis and library amplification. During second strand synthesis, lllumina
sequencing adaptors (one including a barcode) are incorporated at the ends of the cDNA. Depletion of
rRNA-derived sequences may be performed prior to RNA fragmentation (Ribo-Zero) or following PCR
(DSN-mediated normalization).

total RNA extracts are dominated by
rRNA species, it is a widely adopted
practice to deplete rRNA, or their ¢cDNA products, during
library preparation, in order to increase the coverage of other,
more informative constituents of the transcriptome. For instance,
Yi et al. demonstrated the use of DSN-mediated normaliza-
tion to deplete RNA-derived cDNA species for analysis of the
E. coli transcriptome.?? Additionally, Epicentre’s Ribo-Zero kit is
designed to remove rRNA prior to library preparation. Thus, in
these experiments, we prepared E. coli K-12 cDNA libraries using
DPeregrine, alone or in combination with an rRNA depletion step
(DSN-mediated normalization, or Ribo-Zero) for transcriptome
analysis. These libraries were directly compared with ones gener-
ated from the same starting material using ScriptSeq (Epicentre),
a commercially available product commonly used for preparation
of strand-specific RNA-Seq libraries.*!31¢

Our results demonstrate that the majority of reads from

Peregrine-prepared cDNA libraries could be mapped with high
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confidence to the reference E. coli genome (Table S1). In absence
of an rRNA depletion step, ~96% of the mapped reads were
assigned to rRNA, consistent with observations made in other
studies (e.g., ref. 22). As expected, the use of DSN or Ribo-
Zero to deplete rRNA reduced the proportion of mapped reads
assigned to rRNA (to ~40% or ~-23% of mapped reads, respec-
tively), and increased those of reads mapping to transcriptome
constituents other than rRNA (Fig. 3; Fig. S2A and Table S1).
Aside from these differences, the untreated and rRNA-depleted
libraries strongly resembled one another, as evident from their
high coefficient of determination (R?) and Spearman rank cor-
relation coefficient (p) values (Fig. S2A). Technical replicates of
Peregrine library preparation, with or without rRNA depletion,
showed a high degree of similarity, as evident in small standard
deviation values (£ 6%) in read mapping statistics (Table S1)
and high coefficient of determination (R?) values (= 0.92) in
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Figure 2. gPCR assay for optimizing second-strand synthesis and library enrichment. The final PCR
step of library preparation must generate sufficient yield for SGS, yet avoid biases associated with
over-amplification. (A) Amplification curves from gPCR test performed in quadruplicate. First strand
cDNA products generated from human PBMC total RNA served as template in gPCR reactions. The
horizontal line indicates the detection threshold. The green vertical bar indicates the cycle number
at which fluorescence intensity exceeded the detection threshold [i.e., the cycle threshold, C(t)]; in
this experiment, the C(t) is cycle 11. The gray vertical lines and horizontal arrow indicate the range
within which the C(t) typically falls. The colored vertical bars [including the green one marking C(t)]
indicate the cycle numbers selected for testing in the (B) experiment. (B) Second strand synthesis
yields and product sizes. The first strand cDNA products described above served as template in PCR
reactions, the products of which were assessed using a DNA High Sensitivity chip on a Bioanalyzer
machine. The colored traces indicate the quantity and size of reaction products generated through
use of cycle numbers selected as described above. Note that as cycle number surpassed C(t), prod-
uct sizes increased (particularly evident at = 1,000 bp).

Strand specificity of Peregrine RNA-
Seq libraries. Studies of prokaryotic and
eukaryotic transcriptomes have revealed
a wide variety of RNA species, includ-
ing regulatory noncoding RNA that are
antisense to mRNA.?3° Proper char-
acterization of transcriptome diversity
requires methods that reliably distin-
guish sense from antisense RNA mol-
ecules. The Peregrine library preparation
method is designed to support accu-
rate strand assignment, as each cDNA
molecule that it generates is flanked by
non-identical tags in known orienta-
tion relative to the 5' and 3" ends of its
RNA template (Fig. 1). To verify that
Peregrine preserves strand specificity
information, we analyzed strand assign-
ment for reads derived from libraries
generated from E. coli K-12 RNA. In
libraries that were not depleted of rRNA,
we found that > 99% of the reads that
mapped to rRNA genes were assigned to
the sense strand (as defined by the ref-
erence genome annotation) (Table 1).
This result is consistent with expecta-
tions, as there is no evidence of anti-
sense transcription from bacterial IRNA
genes. Approximately 95% of the reads
that mapped to CDS were assigned to
the sense strand. The level of antisense
assignment (~-5%) is comparable to those
seen in libraries prepared by other strand-
specific methods,” and is thought to
reflect the fact that many CDS in E. coli
are transcribed from both the sense and
antisense strands.?** Consistent with
this interpretation, we found that for 90
CDS previously shown to support robust
antisense transcription (see Table S3
in ref. 24), only ~87% of the mapping
reads were assigned to the sense strand
(Table 1). ScriptSeq libraries that were
not depleted of rRNA showed simi-
lar trends in strand specificity. Taken
together, these results indicate that the
DPeregrine library preparation method
successfully preserves strand specificity
information.

We had anticipated that inclusion

scatter plots (Fig. S3A). By these standards, the reproducibility of
DPeregrine library preparation was comparable to that of ScriptSeq
(Fig. S3 and Table S1). In summary, our results indicate that
the Peregrine library preparation method consistently generated
high-quality RNA-Seq libraries from E. coli K-12 total RNA, and
was compatible with two different methods for rRNA depletion.

www.landesbioscience.com

of an rRNA depletion step would not appreciably affect strand
specificity in Peregrine library preparation, and indeed we found
this to be the case for DSN-mediated normalization (Table 1).
On the other hand, inclusion of Ribo-Zero treatment gener-
ated libraries in which the vast majority of reads mapping to
rRNA were assigned to the antisense strand. Presumably these
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reads derived from the Ribo-Zero probe (sequences comple-
mentary to tRNA) rather than from endogenous rRNA, as
reads assigned to antisense rRNA were extremely rare in
untreated and DSN-normalized libraries. Ribo-Zero treat-
ment also affected strand assignment for reads mapping to
CDS (only ~87% assigned to the sense strand, as compared
with 94-95% for untreated and DSN-normalized libraries).
Libraries prepared using ScriptSeq showed similar trends,
including a dramatic increase in antisense rRNA assign-
ments upon inclusion of Ribo-Zero treatment. However,
Ribo-Zero had no detectable effect on strand assignment for
ScriptSeq reads mapping to CDS. In summary, our results
indicate that Peregrine library preparation successfully pre-
served stand specificity information when used in isolation
or in combination with DSN-mediated normalization, but
suffered noticeable loss of strand specificity when combined
with Ribo-Zero treatment.

Uniformity of transcriptome sampling in Peregrine
RNA-Seq libraries. Effective RNA-Seq library preparation
methods provide access to the broad diversity of RNA spe-
cies comprising the transcriptome, and preserve the rela-
tive abundances of those species in representative libraries.
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Figure 3. Categorization of Peregrine and ScriptSeq library reads mapping
to different RNA species comprising the E. coli K-12 transcriptome. Libraries
were prepared from E. coli K-12 total RNA. Each library was sequenced, and
reads aligning to the reference E. coli genome were categorized according to
the type of RNA species to which they mapped. Additional read statistics for
the libraries are included in Table 1; Tables S1 and S2. Left panel: Peregrine
libraries were untreated (two replicates), normalized via DSN treatment (four

Both of these functions depend upon the uniformity with
which transcriptome constituents are sampled during library

replicates) or prepared from Ribo-Zero-treated RNA (four replicates). Right
panel: ScriptSeq libraries were untreated (three replicates) or prepared from
Ribo-Zero-treated RNA (three replicates).

preparation. To assess transcriptome sampling in Peregrine
library preparation, we first compared the transcriptional
profiles represented in Peregrine libraries to those represented in
ScriptSeq libraries that were generated from the same starting
material (E. coli K-12 RNA depleted of rRNA via Ribo-Zero).
We found that while the transcriptional profiles represented in
the libraries roughly resembled one another at a gross level (R* =
0.61, Spearman rank correlation coefficient = 0.82), the Peregrine
libraries supported sequencing of a greater number of transcrip-
tome constituents (163 detected in Peregrine but not ScriptSeq
libraries, vs. seven detected in ScriptSeq but not Peregrine librar-
ies) (Fig. 4A). Similarly, the Peregrine libraries yielded fewer
reads that mapped to CDS (1.2 M, compared with 1.5 M for
ScriptSeq), yet these were distributed across a greater fraction of
CDS in the genome (99%, compared with 97% for ScriptSeq)
(Table S3). Moreover, the distributions of mean coverage levels
for operons represented in the libraries indicate that Peregrine
produced a narrower range of coverage levels across operons
(mean + standard deviation of the Log,, distribution: 1.16 +
0.43 and 0.82 + 0.79 for Peregrine and ScriptSeq, respectively)
(Fig. 4B). These observations suggest that Peregrine sampled the
transcriptome constituents at least as uniformly as did ScriptSeq.

Continuity and uniformity of transcript coverage in
Peregrine RNA-Seq libraries. RNA-Seq library preparation
methods that provide uniform, full-length sequence coverage
of expressed transcripts are particularly useful when character-
izing transcription start sites,’ 5'-/3"-untranslated regions,*%
splicing variants,*** operon organization® and pathogen tran-
scriptomes.”’? Thus, in evaluating the performance of Peregrine
library preparation, it was important to characterize the sequenc-
ing coverage provided in terms of its distribution along the
length of individual transcripts. Additionally, it was important
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Table 1. Strand specificity of Peregrine and ScriptSeq libraries prepared
from E. coli RNA

Prep & treatment rRNA CDs CDS w/known
as RNA
Peregrine untreated  99.77 £0.01 94.77 £ 0.04 86.97 £0.35
Peregrine DSN 99.86 £0.01 94.20 £ 0.23 8717 £0.19
Peregrine Ribo-Zero  2.21 £ 0.09 8715+ 1.28 81.72 £ 1.51
ScriptSeq untreated  99.53 £0.10  97.85 £ 0.19 94.04 + 1.24
ScriptSeq Ribo-Zero  22.33+4.27 97.87 +£0.30 93.11 £0.92

Peregrine and ScriptSeq libraries were prepared from the same sample
of E. coli K-12 total RNA, sequenced and aligned to the reference E. coli
genome. Read statistics for the libraries analyzed are included in
Tables S1 and S2. Reads mapping to rRNA genes, CDS or a subset of
90 CDS from which robust antisense transcription has been observed
(ref. 24, see their Table S3) were assessed for strand specificity. Values
indicate the proportion of reads mapping to the sense strand (mean +
standard deviation).

to determine whether uniformity of coverage across operons (i.e.,
uniformity in transcriptome sampling) is consistently associated
with uniformity of coverage within operons. For these analyses,
we once again directly compared Peregrine vs. ScriptSeq librar-
ies prepared from the same starting material (£. coli K-12 RNA
depleted of rRNA via Ribo-Zero).

To assess continuity of sequence coverage along transcript
length, we counted the number of coverage gaps (= five con-
tiguous bases without coverage) for each operon represented in
the library, normalized the counts for operon length and plot-
ted them as a function of each operon’s average coverage depth.
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Figure 4. E. coli K-12 operon coverage provided by reads from Peregrine and ScriptSeq librar-
ies. Read statistics for the library sub-samples analyzed are included in Tables S3 and S4. (A)
Scatter plot of Log,, of FPKM values for each operon. Points on the axes represent transcripts
with zero coverage in one of the two libraries. The number of data points in the diagonal
cloud and on the axes is indicated. The coefficient of determination (R?) value, as calculated
for all transcripts represented in the libraries, is indicated as well. The coverage levels provided

data. Indeed, the slope of the Peregrine fit
(-1.15) was almost twice that of the ScriptSeq
fit (-0.65), despite the fact that the libraries
yielded similar numbers of reads mapping
to operons (1.7 M and 1.8 M for Peregrine
and ScriptSeq, respectively). Additionally,
we determined that the coverage-weighted
average number of segments into which each
operon’s coverage was broken (calculated for
each operon as one plus the number of gaps)
was 1.55 for Peregrine and 2.27 for ScriptSeq.
These values compare well to those reported
for other methods (see Fig. 5A in ref. 5),
such that by this measure, Peregrine ranks
as the top performing method and ScriptSeq
as among the better ones. In summary, our
results indicate greater continuity of cover-
age, and imply greater uniformity in distri-
bution of coverage depth, along transcript

expression operons.

by Peregrine and ScriptSeq libraries are correlated, but ScriptSeq has lower coverage values
for low-expression operons and somewhat higher values for high-expression operons. The
Spearman rank correlation coefficient between the two methods is 0.819 for operons with
mean coverage > 1 in both sets of libraries. (B) Histograms of Log, , of mean coverage levels

of operons, with Peregrine in red and ScriptSeq in blue. Mean (standard deviation) of each
distribution is 1.16 (0.43) and 0.82 (0.79). Quartile divisions for mean coverage (not Log, ) are
(7.02128, 11.2367, 22.5935) and (1.67284, 7.17042, 23.0521), indicating a disparity of coverage for
low-expression operons that is compensated by high coverage of a small number of high-

length in Peregrine libraries, as compared
with ScriptSeq libraries.

To directly measure the uniformity of
sequence coverage provided by Peregrine
and ScriptSeq, for each method we calcu-
lated the coefficient of variation (CV) for
distribution of coverage depth along operon
length, limiting analysis to the top 50%
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Figure 5. Continuity of transcript coverage in Peregrine and ScriptSeq
libraries prepared from E. coli K-12 RNA. Plot of the Log,  number of
coverage gaps per kilobase of operon as function of the Log,  coverage
depth of the operon. A gap is defined as > five contiguous bases with
zero coverage. Linear regression of the gap counts corresponding to
coverage values from three to 30 yielded a slope + standard deviation
of -1.15 + 0.058 and -0.64 + 0.043 for Peregrine and ScriptSeq, respec-
tively, showing empirically that number of gaps fell twice as fast with
increasing coverage for Peregrine libraries. Read statistics for the library
sub-samples analyzed are included in Tables S3 and S4.

As expected, operons with low-average coverage depth generally
showed many gaps in coverage, whereas those with high-average
coverage depth showed greater continuity of coverage (Fig. 5).
The trend was more pronounced in Peregrine libraries than in
ScriptSeq libraries, as indicated by empirical linear fits of the

www.landesbioscience.com

of operons with respect to average cover-
age depth. The distribution of CV values
for each method is shown in Figure 6A. The average CV for
the Peregrine and ScriptSeq distributions were 0.82 and 1.46,
respectively. These values are comparable to those reported for
other methods (ref. 5, see their Fig. 4A). However, one cannot
properly estimate the statistical significance of differences in
average CV, because CV are not bounded and are non-linearly
sensitive to outliers, and because the distributions of CV values
themselves are highly tailed even when low-coverage operons
are excluded from analysis. It is also possible that differences
in the average CV overemphasize rare spikes in coverage. For
these reasons, we also computed for each operon the Gini coef-
ficient (GC), a bounded and robust non-parametric statistical
measure of inequality among values of a frequency distribution.
The distribution of GC values for each method is shown in
Figure 6B. We found that the mean + standard deviation of GC
for all non-zero-coverage operons was 0.41 + 0.09 for Peregrine
and 0.63 = 0.13 for ScriptSeq, where smaller GC values indi-
cate greater uniformity of coverage within the operon. Student’s
t-test for the null hypothesis that the means of the distribu-
tions are the same yielded a p value of 1.4 x 1023 Moreover,
the mean + standard deviation GC values are robust to cov-
erage level: Limiting analysis to the top 50% operons ranked
by coverage (as for calculation of CV values) produces mean +
standard deviation GC values of 0.40 + 0.10 for Peregrine, and
0.59 + 0.12 for ScriptSeq. Together, these results indicate that
distribution of coverage depth along the length of the operon
was significantly more uniform in Peregrine libraries than in
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ScriptSeq libraries, at all levels of operon | A
coverage, consistent with our interpreta-
tion of the results shown in Figure 5.
As a further means of assessing the
uniformity of sequence coverage along
transcript length, we measured the
depth of coverage for each percentile of
length for each operon represented in the
library, then calculated the mean cover-
age depth at each length percentile for
the library as a whole. We found that in
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(Fig. 7A) comparable to those reported

for other methods (see Fig. 4B in ref. 5).
Relative to Peregrine libraries, ScriptSeq
libraries showed greater variation in cov-
erage depth along transcriptlength (range
of 0.25-2.18% at each length percentile)
(Fig. 7A). Both sets of libraries showed
reduced coverage depth at the length per-
centiles corresponding to the 3' ends of
the operons. This result was expected,

Figure 6. Statistical analysis of transcript coverage uniformity in Peregrine and ScriptSeq libraries
prepared from E. coli K-12 RNA. Read statistics for the library sub-samples analyzed are included

in Tables S3 and S4. (A) Distribution of coefficient of variation (CV) values describing uniformity

of coverage depth within each operon. Analysis was limited to the top 50% of operons ranked by
average coverage. Mean CV values are 0.82 and 1.46 for Peregrine and ScriptSeq, respectively. (B)
Distribution of Gini coefficient (GC) values describing uniformity of coverage depth within each

operon. For reference, lower Gini coefficients indicate greater uniformity. Mean + standard devia-
tion GC values for all non-zero-coverage operons are 0.41 + 0.09 and 0.63 + 0.13 for Peregrine and
ScriptSeq, respectively. Student'’s t-test for the null hypothesis that the means of the distributions
are the same yielded a p value of 1.4 x 10238

given that both methods depend upon
random priming for reverse transcription
(synthesis of the first cDNA strand), which typi-
cally leads to reduced coverage at the 3' end.” To
more precisely measure coverage bias at the ends
of transcripts, we analyzed the coverage of 23S
and 16S rRNA, which have well-defined 5" and
3" ends* and are highly abundant in untreated
libraries. As anticipated, we found that in both
Peregrine and ScriptSeq libraries, coverage depth
dropped at the 3' end of each transcript, over
the final 90-160 nt (Fig. 7B). In summary, our
results indicate that Peregrine, with or without an
rRNA depletion step, provides sequence coverage
of high continuity and uniformity along the full
length of the transcript, with a coverage drop at
the 3' end that is comparable to that of ScriptSeq
and other library preparation methods that rely
upon random priming of reverse transcription.’
Use of Peregrine for RNA-Seq analysis of
human PBMC transcriptome. Peripheral blood
mononuclear cells (PBMC) are comprised of
diverse cell types (lymphocytes, monocytes,
macrophages, dendritic cells) that play vital
roles in both innate and adaptive immunity.
Due to their importance to immunity, PBMC
are commonly studied primary cells and often
the focus of transcriptional profiling studies,
including those using RNA-Seq.” We used the
Peregrine method, alone or in combination with
DSN-mediated normalization, to prepare librar-
ies from human PBMC for RNA-Seq analysis.
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Figure 7. Uniformity of coverage along length of transcripts in Peregrine and Script-
Seq libraries prepared from E. coli K-12 RNA. Read statistics for the library sub-samples
analyzed are included in Tables S3 and S4. (A) Average coverage at each percentile

of length for all operons. Coverage depth was tabulated at each nucleotide position
within each operon of > 1,000 bp. Each operon was length-normalized by percentile,
and coverage was calculated as the total number of sequenced bases in each percentile
divided by the total number of sequenced bases. The first percentile represents the 5'
end and the 100th percentile represents the 3' end of the operon. (B) Average coverage
at each nucleotide within the 23S (left panel) and 16S (right panel) rRNA, which have

well-defined 5'and 3' ends.
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requirements. Methods that generate representative libraries
from little starting material are particularly useful, because
they allow analysis of small, precious samples, such as those
collected in animal and clinical studies. To determine the
starting material requirements of Peregrine, we created a
dilution series of fragmented total RNA derived from the
well-characterized human lung carcinoma cell line A549,%
and prepared libraries from each dilution using Peregrine in
combination with DSN-mediated normalization. We found
that libraries prepared from 100, 50 or 10 ng of total RNA
were essentially indistinguishable from one another, with
respect to the results generated from their analysis by SGS
(Fig. 9; Table S6). In cach case, ~80% of the reads passed
the quality filter criteria, ~88% of those reads mapped to the
reference human genome, and < 15% of those were assigned
to rRNA. Indeed, the only noticeable trend in the results
from these libraries was that those generated from smaller
amounts of starting material yielded fewer reads assigned to
rRNA, suggesting that DSN was more effective in depleting
rRNA when smaller amounts of starting material were used.
In contrast, libraries prepared from 1 ng of fragmented total

RNA were of poor quality: Only ~16% of the reads passed

ing the human PBMC transcriptome. Peregrine libraries were prepared from
human PBMC total RNA; two control libraries were untreated and four were
normalized via DSN. Each library was sequenced, and reads aligning to the
reference human genome were categorized according to the type of RNA
species to which they mapped. Additional read statistics for these libraries
are included in Table 2; Table S5.

Figure 8. Categorization of reads mapping to different RNA species compris-

the quality filter, fewer than half of those (-45%) mapped
to the reference human genome and > 25% of the mapped
reads were assigned to rRNA. This difference in library
quality was reflected in the genome coverage provided by
the libraries: Those generated from > 10 ng of starting
material yielded reads mapping to ~66% of human exons,

As with our E. coli K-12 transcriptome analysis, we found that
the majority of reads from Peregrine-prepared PBMC libraries
mapped with high confidence to the reference human (hgl9)
genome (Table S5). In absence of rRNA depletion, ~81% of the
mapped reads were assigned to rRNA (Fig. 9; Table S5). DSN
treatment led to markedly reduced numbers of rRNA reads (to
~8% of mapped reads), and concomitant gains in numbers of
reads mapping to other constituents of the transcriptome (Fig. 8;
Fig. S5 and Table S4). Technical replicates of Peregrine library
preparation, with or without DSN treatment, showed strong
similarity, as seen in small standard deviation values (typically
< 2%) in read mapping statistics (Table S§5) and high R? values
(= 0.95) in scatter plots (Fig. S5). Strand specificity values were
comparable to those seen in Peregrine and ScriptSeq libraries
generated from E. colif RNA (Tables 1 and 2). The uniformity
of coverage depth along transcript length was comparable as well,
though negative bias at the 3' end was less pronounced (Fig. S6).
These results indicate that Peregrine consistently generated high-
quality libraries from human primary cells, and that its use in
combination with an rRNA depletion method (DSN-mediated
normalization) favored sequencing of non-rRNA constituents of
the transcriptome.

RNA-Seq analysis of the human carcinoma cell line (A549)
transcriptome, using Peregrine libraries prepared from reduced
amounts of starting material. An important consideration for
any SGS library preparation method is its starting material

www.landesbioscience.com
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at an average coverage depth of = 34 reads/exon; whereas
those generated from 1 ng of starting material yielded reads
mapping to fewer than half as many exons (29%), at an average
coverage depth of only two reads/exon. These results, together
with those from libraries, generated from a variety of other start-
ing materials (data not shown), indicate that as little as 10 ng of
fragmented total RNA is sufficient starting material for repro-
ducible preparation of high-quality RNA-Seq libraries using the
Peregrine method.

Discussion

In this study, we evaluated Peregrine, a new technique for fast,
simple and cost-effective preparation of RNA-Seq libraries from
small amounts of starting material. In this method, reverse tran-
scription is initiated by a random priming event that incorporates
a short tag sequence at the 5' end of the first strand of cDNA.
Through use of the MMLYV reverse transcriptase in combina-
tion with an oligo that promotes template switching, a differ-
ent tag is incorporated at the 3' end of the cDNA strand. This
produces cDNA fragments flanked by short, non-identical tags
that preserve strand specificity information and are compatible
with DSN-mediated normalization. The tags serve as primer
binding sites for incorporation of full-length Illumina adaptors
and barcodes during second strand synthesis. Adaptor incorpo-
ration via MMLV reverse transcriptase and SMART technol-
ogy"” was first implemented for the SOLID platform by Cloonan
et al.,*® and modified for Illumina sequencing by Levin et al’
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Peregrine improves upon these predecessor methods
by: (1) Using shorter tag sequences, which prevents
interference with annealing reactions, such as those
required for normalization; (2) Introducing the tem-
plate-switching oligo at initiation of second strand
synthesis (rather than late in the process), which
greatly improves reaction efficiency and (3) Using
a custom read primer that directs the sequencer to
begin reads at the 5" end of the cDNA (rather than
within the adaptor) ensures that sequence diversity
is high during the cluster-calling stage, thereby pre-
venting the problem of “monotemplate sequencing.”
Another key innovation is use of a novel qPCR assay
to precisely determine the number of cycles required
for optimal amplification in the final library enrich-
ment step. We have found this assay to be especially
useful in enabling comparison of samples that have
yielded dramatically different amounts of first strand
cDNA synthesis product. In these cases, it is partic-
ularly important keep the balance between cycling
enough (to generate sufficient product for sequenc-
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ing) but not too much (to prevent over-cycling effects

such as primer concatemers), to ensure comparison
of high-quality libraries. Our qPCR assay enables
this balance to be kept with precision, with little time
invested (~35 min).

To demonstrate the versatility of the Peregrine
method, we used it to prepare RNA-Seq librar-
ies from total RNA extracts from a bacterial strain
(E. coli K-12), human primary cells (PBMC) and a
human cell line (A549). In each case, we found that

Figure 9. Categorization of reads mapping to different RNA species comprising the
human carcinoma cell line (A549) transcriptome, as a function of starting material
quantity. Peregrine libraries were prepared from 100, 50, 10 or 1 ng of A549 total RNA,
normalized via DSN treatment and sequenced. Reads were aligned to the reference
human genome, and categorized according to the type of RNA species to which

they mapped. Reads failing to pass the quality filter criteria were rejected (dark gray).
Reads that passed the quality filter but failed to align to the genome were catego-
rized as unmapped (light gray). Aligned reads were categorized according to the type
of RNA species to which they mapped. Additional read statistics for these libraries are
included in Table S6.

the Peregrine method consistently generated repre-
sentative, strand-specific libraries yielding high-qual-
ity sequence data. For direct comparison with Peregrine, we used
ScriptSeq to prepare libraries from the same E. coli RNA start-
ing material. We found that Peregrine sampled the diversity of
transcriptome constituents at least as uniformly as did ScriptSeq.
Both methods provided less sequence coverage, to comparable
degrees, at the 3" end (90-160 nt) of transcripts, which is typi-
cal for library preparation methods that rely upon random prim-
ing of reverse transcription.’ Analysis of overall coverage within
transcripts revealed that Peregrine provided more continuous and
uniform coverage than did ScriptSeq and, in these respects, per-
formed as well as the top ranked methods tested by Levin et al.’
Inclusion of an rRNA depletion step (DSN-mediated nor-
malization, or Ribo-Zero treatment) facilitated sampling of the
other, less abundant constituents of the transcriptome. However,
in-depth analysis of the E. coli sequencing results revealed that
use of Ribo-Zero with Peregine led to increased numbers of
reads mapping to antisense IRNA (> 99% sense in untreated and
DSN-normalized libraries vs. ~2% sense in Ribo-Zero treated
libraries). These antisense rRNA reads presumably derived from
inadvertant sequencing of the Ribo-Zero probe. We also detected
an increase in reads mapping to antisense CDS in these librar-
ies. ScriptSeq libraries prepared from the same starting mate-
rial showed the former, but not the latter, effect. These results
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Table 2. Strand specificity of Peregrine libraries prepared from human
PBMC RNA

Treatment rRNA CDS
Untreated 99.50 + 0.28 96.37 £ 0.00
DSN 99.71 £ 0.15 97.03 + 0.00

Peregrine libraries were prepared from human PBMC total RNA,
sequenced and aligned to the reference human genome. Read statistics
for the libraries analyzed are included in Table 2; Table S5. Reads map-
ping to rRNA genes or CDS were assessed for strand specificity. Values
indicate the proportion of reads mapping to the sense strand (mean +
standard deviation).

indicate that use of Ribo-Zero can affect measurement of strand
specificity in RNA-Seq libraries, in ways that may differ depend-
ing upon the library preparation method.

It should be noted that while short RNA species such as tRNA
and miRNA were represented in the Peregrine libraries analyzed,
their levels were lower than expected (data not shown). This is
likely due to the fact that the method we used for size selection
during library preparation (Agencourt AMPure XP beads) is not
recommended for recovery of fragments < 100 bp. It is possible
that use of alternative size selection methods favoring recovery of
shorter fragments would be sufficient to enable analysis of short
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RNA species via Peregrine. For the library preparation pipeline
described herein, however, we recommend a lower size limit for
RNA species of = 200 nt to ensure robust and consistent recovery
for analysis.

In summary, we have found that Peregrine libraries can be
reliably prepared from as little as 10 ng of total RNA, in as few
as 5 h, at a per-sample cost (-$5) significantly lower than that
of ScriptSeq (= $100/sample) and other commercially avail-
able products.”®
advantages over other cDNA library preparation methods, and

The Peregrine method offers several important

holds great promise for adding value to a wide variety of RNA-
Seq studies.

Materials and Methods

Samples and RNA extraction. Escherichia coli strain K-12 was
obtained in lyophilized form from ATCC. Bacteria were revived
with the addition of 300 ! of LB broth (Difco) followed by plat-
ing on LB agar (Difco) and incubation at 37°C overnight. Four
individual colonies were used to inoculate separate tubes of 5 ml
fresh LB broth, and grown at 37°C with shaking for 3 h. The
four cultures were then combined, and 1 ml of the mixture was
centrifuged at 5,000 rpm at 4°C for 5 min. RNA was extracted
from the cells using the RNeasy Protect Bacterial Mini Kit with
on-column DNase treatment (Qiagen) following the manufac-
turer’s protocol.

Human peripheral blood mononuclear cells (PBMC) were
obtained from Astarte Biologics (lot #515SE10), and human
A549 cells were purchased from ATCC. Five to 10 million cells
were centrifuged at 1,000 rpm at 4°C for 5 min, and re-suspended
in 1 ml of RNAzol (Molecular Research Center), followed by
addition of 400 Wl of sterile nuclease-free water. Following incu-
bation at room temperature (RT) for 15 min, the tubes were cen-
trifuged at 16,000 rpm at 4°C for 15 min, and ~800 pl of the
aqueous phase from each tube transferred to a new 2-ml tube and
mixed 1:1 with 100% nuclease-free ethanol (Sigma). RNA was
extracted using the Direct-zol kit (Zymo Research), following
the manufacturer’s instructions; total RNA was eluted in sterile
nuclease-free water, and stored at -80°C.

The concentration and purity of each RNA sample was
measured using a NanoDrop 2000 (Thermo-Fisher). In all
cases, the A, /A, and A, /A . ratios were > 2.0, indicating
a pure RNA product. To assess the RNA integrity and popula-
tion size, samples were run on a BioAnalyzer (Agilent) using
the RNA Nano 6000 chip; the human samples were analyzed
using the total eukaryotic RNA program, while the bacterial
samples were analyzed using the total prokaryotic RNA pro-
gram. In all cases, the RNA integrity numbers (RIN) were = 9,
indicating negligible degradation during RNA extraction and
purification.

Preparing RNA for cDNA synthesis. £. co/i RNA samples
were separated into two aliquots, and one was depleted of rRNA
via Ribo-Zero treatment using the “Gram-Negative Bacteria” kit
(Epicentre); RNA samples from human PBMC or human cell
line A549 were not treated with Ribo-Zero. In all cases, 200 ng
aliquots of RNA (total or rRNA-depleted via Ribo-Zero) were
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subjected to random fragmentation in 20 wl reactions, through
addition of 2 ul of 10X NEBNext RNA fragmentation buf-
fer (New England BioLabs) and incubation at 94°C for 3 min,
followed by immediate cooling on ice and addition of 2 pl of
NEBNext RNA fragmentation stop solution (New England
Biolabs). Fragmented RNA was purified using the Zymo RNA
Clean and Concentrator-5 system (Zymo Research), following
the manufacturer’s general procedure (= 17 bp) and eluting in
6 pl of nuclease-free water. RNA concentrations were deter-
mined by NanoDrop 2000 (Thermo-Fisher). RNA integrity and
fragment size distribution were assessed by BioAnalyzer (Agilent)
using the RNA Nano 6000 chip, as described in the previous
section; in all cases, RIN were = 9, and fragment sizes averaged
200-500 nt. For experiments evaluating the starting material
requirements of the Peregrine library preparation method, ali-
quots of total RNA from the human cell line A549 were diluted
to 100 ng, 50 ng, 10 ng and 1 ng, in duplicate.

First strand ¢cDNA synthesis. An amount of 3.5 pl (10—
200 ng) aliquots of fragmented RNA (total or Ribo-Zero treated)
were mixed with 1 pl of 25 mM primer PP_RT (5-CAGACG
TGTGCTCTTCCGATCTNNNNNN-3"), incubated at 65°C
for 2 min and then immediately cooled on ice. While on ice,
4.5 l of a master mix containing 2 wl of SMARTScribe 5X
First-Strand Buffer, 0.25 pl of 20 mM DTT, 1 pl of 10 mM
dNTP mix, 0.25 pl of RiboGuard RNase inhibitor and 1 pl of
SMARTScribe Reverse Transcriptase (all products from Takara)
were added, and the mixture incubated at 25°C for 3 min fol-
lowed by 42°C for 1 min. At this point, 1 ul of 12 mM tem-
plate-switching oligo PP_TS (5-CAGGACGCTGTTCCGTTC
Tauggg-3") (lower-case letters indicating ribonucleotides) were
added while the reaction mixture remained in the thermocycler,
and incubation continued at 42°C for 1 h. The reaction was then
terminated through incubation at 70°C for 10 min. The reaction
products (first strand of cDNA) were purified using 18 wl (1.8X
volumes) of AMPure XP beads (Beckman Coulter Genomics)
and eluting in 25-50 pl of nuclease-free water, following the
manufacturer’s protocol.

Quantification of cDNA libraries for second strand synthesis.
A new qPCR-based assay was used to determine the number of
PCR cycles needed for production and optimal amplification
of high-quality double-stranded (ds) cDNA libraries from first
strand cDNA synthesis reaction products. After diluting the first
strand cDNA 1:10 in nuclease-free water, 1 Wl of the dilution
was combined with 5 wl of SsoFast EvaGreen SuperMix (Bio-
Rad), 3 pl of nuclease-free water, 0.5 pl of 10 mM primer PP_P1
(5-CAGGACGCTGTTCCGTTCTATGGG-3") and 0.5 pl of
10 mM primer PP_P2 (5-CAGACGTGTGCTCTTCCGATC
T-3"). The assays were run in quadruplicate on a CFX96 qPCR
machine (Bio-Rad), using the following cycle parameters: 95°C
for 45 sec, followed by 25 cycles of 95°C for 5 sec and 60°C
for 30 sec. The cycle number at which fluorescence intensity
exceeded the detection threshold [i.e., the cycle threshold (Ct)]
was identified as optimal (maximum yield of SGS-ready cDNA
with minimal over-amplification bias) for production of ds
cDNA libraries from the undiluted first strand cDNA synthesis
reaction products.
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Second strand synthesis and PCR amplification to prepare
ds ¢cDNA for DSN-mediated normalization. To generate the
second strand of cDNA for normalization treatment, 10 .l of
the first scrand cDNA synthesis reaction products were mixed
with 1 pl of 10 mM primer PP_PI1, 1 pl of 10 mM primer
PP_P2, 12.5 pl of water, 25 pl of Premix E from the Failsafe
PCR system and 0.5 wl of FailSafe Enzyme mix (all products
from Epicentre) and subjected to the following PCR conditions:
94°C for 1 min, followed by 10-14 cycles (determined by qPCR
result) of 94°C for 30 sec, 55°C for 30 sec and 68°C for 3 min.
After a final extension at 68°C for 7 min, the reaction products
(ds cDNA libraries) were purified using the Zymo DNA Clean
and Concentrator-5 kit and eluting in 10 pl of nuclease-free
water. The concentration of each ¢cDNA library was measured
by Nanodrop 2000.

DSN-mediated normalization was performed using the
Trimmer kit (Evrogen), following the manufacturer’s protocol.
Briefly, the cDNA library concentration was adjusted to 20 ng/
wl using nuclease-free water, its ds cDNA species denatured at
98°C for 3 min in the presence of hybridization buffer [50 mM
HEPES (pH 7.5), 0.5 M NaCl] and the cDNA strands allowed
to re-anneal at 68°C for 5 h. At this point, a master buffer was
added to each hybridization reaction, followed by 1.5 wl of DSN
enzyme, and incubation at 68°C continued for 25 min. After
adding 2 pl of stop solution (100 mM EDTA) to each reaction,
the products (predominantly single-stranded cDNA) were puri-
fied using 1.6X volumes of AMpure XP beads and eluted in 25 pl
of nuclease-free water. An aliquot of each purified product was
diluted 1:10 in nuclease-free water for gPCR-based quantitation,
as described above.

Second strand synthesis, PCR amplification and size selec-
tion to prepare SGS-ready ds cDNA. To generate the second
strand of cDNA and add adaptors that support SGS analysis,
10 pl of the first strand cDNA synthesis reaction products were
mixed with 1 pl of 10 mM PP_A (5-"AATGATACGGCGACC
ACCGAGATCTACACTTCGCTACAGGACGCTGTTCCG
TTCTATGGG-3'), 1 pl of 10 mM ScriptSeq Index PCR
Primer (PP_I) (5-CAAGCAGAAGACGGCATACGAGAT-
BARCODE-GTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT-3', where BARCODE signifies one of several specific
6-mer sequences) (Epicentre), 12.5 wl of water, 25 pl of Premix
E from the Failsafe PCR system and 0.5 pl of FailSafe Enzyme
mix, and subjected to the following PCR conditions: 94°C for
1 min, followed by 10-14 cycles (determined by qPCR result)
of 94°C for 30 sec, 55°C for 30 sec and 68°C for 3 min, and
a final extension at 68°C for 7 min. The reaction products (ds
cDNA libraries) were purified using 0.8X volumes of Agencourt
AMPure XP beads, which enriched for PCR products of 200—
500 bp as previously described;' each size-selected cDNA library
was eluted in 20 pl of nuclease-free water. As an exception, the
Ribo-Zero treated E. coli libraries were size selected using a DNA
300 chip on a LabChip XT machine (Caliper Life Sciences), col-
lecting a 250 bp = 15 bp fraction. To assess size distribution and
concentration, a 1:3 dilution of each size-selected library was run
on a DNA High Sensitivity chip on the Bioanalyzer (Agilent
Technologies).
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Peregrine library multiplexing and sequencing. Four to eight
cDNA libraries bearing different barcodes were mixed in equal
molar ratios, based on the concentration measurements made
using the DNA High Sensitivity chip on the Bioanalyzer; to
maximize the sequence diversity of the mixtures, each included
both human and E. coli ¢cDNA libraries. Each library mix-
ture was then concentrated using the Zymo DNA Clean and
Concentrator-5 system, eluting in 20 pl of nuclease-free water,
and its final concentration measured using the Kapa qPCR assay
(Kapa Biosystems).

Each library mixture was loaded into a lane of a HiSeq 2000
(Illumina) at 10 pM concentration, for a 100 bp single-end run.
Note that although all of the SGS data generated in this study
were from single-end runs, there is no impediment to using our
methods for paired-end SGS, and indeed we have done so suc-
cessfully (data not shown). The custom read 1 primer PP_RI
(5'-ACACTTCGCTACAGGACGCTGTTCCGTTCTATG
GG-3'") was used instead of the standard Illumina read primer
HP1. Note that the underlined nucleotides drive annealing to
the adaptor/cDNA junction site, directing the sequencer to begin
reads at the 5' end of the cDNA, rather than within the adap-
tor; this ensures sufficient sequence diversity in the initial stages
of sequencing to enable accurate cluster calling, thereby circum-
venting the problem of “monotemplate sequencing.” The stan-
dard Illumina index read primer was used.

ScriptSeq library preparation and sequencing. One hundred
nanograms of E. coli K-12 total RNA, or RNA that had been
depleted of rRNA using Ribo-Zero, were used as starting mate-
rial for ScriptSeq mRNA-Seq library preparation (Epicentre).
The two sets of libraries were prepared in triplicate, following
the manufacturer’s instructions. Following purification and size
selection via AMPure XP beads (as described above), each set of
three indexed libraries was pooled to generate two multiplexed
libraries. The final concentrations of the multiplexed libraries
were measured using Kapa qPCR, and 8 pM of each were loaded
onto a MiSeq (Illumina) for a 300 bp single-end run using V2
chemistry.

Sequence data pre-processing. Raw FASTQ sequence files
from HiSeq and MiSeq runs were demultiplexed using CASAVA
v1.8 and MiSeq Reporter, respectively. The sequence files were
further processed with our custom qfilter.pl perl script, which
trims low-quality bases, detects and trims internal barcodes and
primer fragments, masks low-complexity sequence and removes
any sequence with an overall quality or length below acceptable
thresholds. First, internal barcodes and 3" and 5' tails with min-
imal quality scores were trimmed off. At this and subsequent
trimming steps, a length test was applied; sequences below a
minimum length (default 30 bp) were rejected. Each remain-
ing unique sequence was passed through three filters that do
not query quality. In the first filter, sequences of primers used
in library construction were identified and trimmed in the fol-
lowing way. Primer “parts” of length 14 nt were collected, first
taking the 14-mer DNA oligo sequence from both the 3" and 5'
end of each primer, unless this sequence was homopolymeric,
in which case it was substituted with the 14-mer taken from an
internal position such that only 6 nt of the homopolymer were
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included. The reverse complement of each 14-mer was then
added to the primer part list. In the second filter, sequences
with any remaining positions uncalled (i.e., called as “N”) were
rejected. Then, in the final filter, dustmasker (from the NCBI
C++ Toolkit) was used to identify low-complexity sequences;
sequences were rejected when masking left less than 30 bp,
otherwise, low-complexity sequences were allowed to remain.
Returning to individual reads and their quality strings, the
quality markings were converted to a 2—40 score scale, the aver-
age score for all remaining positions was calculated and the read
was rejected if the average was below a default threshold of 30.
The gfilter.pl script is available from the authors by request.
Tables S1-6 summarize the total number of reads, and the
proportion of reads passing gfilter, for each set of libraries
analyzed.

Although the Peregrine and ScriptSeq data sets were analyzed
in full for some analyses, we also sub-sampled both data sets to
permit meaningful direct comparisons. To do this, we combined
the quality-filtered reads for all replicates within each prepara-
tion/treatment, discarded all reads shorter than 100 bp, trimmed
all reads down to a maximum length of 100 bp and randomly
sampled 2 million reads from each preparation/treatment type.
These comparable data sets are referred to as the “sampled data.”
Table S3 summarizes the total number of reads, and the pro-
portion of reads passing gfilter, for each sub-sampled library
analyzed.

Bioinformatic analysis of RNA-Seq data. E. coli K-12
reads were aligned to the MG1655 genome (accession number
NC_000913.2) using Bowtie2® (v 2.0.6). For human reads,
alignment was first performed against a Bowtie2 index com-
posed of just the four ribosomal subunit sequences (5S, 5.8S,
18S and 28S) to provide accurate quantification of rRNA. Next,
TopHat™ (v 2.0.4) was used to map remaining non-rRNA reads
to the human genome, using the Ensembl GRCh37.68 assem-
bly and annotation. For both Bowtie2 and TopHat, reads were
mapped using default parameters; in particular, the default set-
ting of zero mismatches for the seed of length 22 bp was used.
Mapped reads were assigned to genome compartments by using
the “intersect” command from BEDTools’ to count intersec-
tions between alignment BAM files and a set of non-overlapping
BED files; in this way, each read was assigned to one, and only
one, of the following categories: For E. coli, tRNA, CDS, inter-
genic and tRNA; and for human, rRNA, mtRNA, lincRNA,
exon, intron and intergenic. Cufflinks*? (v.2.0.2) was used to
estimate transcript abundance [i.e., fragments per Kilobase of
exon model per million mapped reads (FPKM)], and to assess
sample-to-sample variability. Tables S1-6 summarize the
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