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Abstract

Here we describe a high-throughput method for determining reverse transcriptase (RT) fidelity
using next-generation sequencing (NGS) technology. This method integrates 12 randomized
bases of barcodes in the primers for cDNA synthesis. This barcoding strategy was used to
filter out PCR amplification and sequencing errors from those generated during the reverse
transcription reaction, making the detection of reverse transcription mutations more accurate
and reliable than previously established techniques. The error rates of DNA polymerase and
MMLV RT detected by our NGS method were comparable to previous reports using similar
approaches. This method was used to compare the fidelity of six commonly used RT Kits.
Our results demonstrate that the Bio-Rad iScript Select cDNA Synthesis Kit has the highest
fidelity of the RT kits examined, making it ideal for applications such as cloning, sequencing,

and RNA-Seq.

Introduction

Reverse transcriptases (RTs) transcribe RNA into cDNA and
play an important role in molecular biology research because
they enable applications such as gene expression analysis,
cloning, and RNA-Seq. RTs from Moloney murine leukemia
virus (MMLV) and avian myeloblastosis virus (AMV) are
commonly used in cDNA synthesis. Because RTs lack 3' to &'
proofreading capability, they can introduce errors during cDNA
synthesis (Menendez-Arias 2009). Additionally, because the
relative error rate of RTs is much higher than the error rate of
DNA polymerases, it is especially important to choose a high-
fidelity RT for RT-PCR applications requiring high fidelity. RT
fidelity defines the extent of mutations/errors introduced during
cDNA synthesis and is quantified as the number of errors per
total number of bases transcribed (error rate). High-fidelity/

low error rate is a highly desirable feature for RTs used in
cloning, cDNA library preparation, cDNA probe preparation for
microarray experiments, sequence validation, and RNA-Seq
applications, as even single base errors could have dramatic
effects on downstream analyses.

One of the traditional assays used to quantify RT error rate

is the M13 lacZ forward mutation assay (Menendez-Arias
2009, Roberts et al. 1988). In this assay, gapped duplex
DNA is generated by an RT from a single-stranded M13mp2
template. Errors that occur during this process are quantified
by analyzing the phenotypical color change of plaques
generated after infection of host bacteria. This phenotypic
assay is tedious, as it is low throughput and dependent on
phenotypical plaque counting. Additionally, silent mutations
that do not result in a plaque color change are not detected
by this assay. It is also a challenge to achieve a large number
of white/blue plaques that can be counted reproducibly and
reliably. Therefore, we sought to develop a new, more accurate
and higher throughput approach to assess RT fidelity.

NGS is widely used to identify rare mutations in genomes and
misincorporation during DNA synthesis as it can generate a
large number of sequence reads rapidly (Ellefson et al. 2016,
Lee et al. 2016). We adapted a DNA polymerase fidelity assay
(Lee et al. 2016) to generate a faster and high-throughput
approach to determine RT fidelity using NGS. Our results
demonstrate that the iScript Select Kit is highly accurate,
making it ideal for applications that require high fidelity.
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Materials and Methods

RNA transcribed from a plasmid containing a 217 bp DNA
template of the ampicillin resistance gene with a T7 promoter
was used to synthesize cDNA. Primers containing barcodes of
12 randomized bases were used for cDNA synthesis (Figure 1,
Figure 2). Bio-Rad'’s iScript Select Kit, containing a
recombinant enzyme with a proprietary reaction buffer,

was compared to five RT kits from other vendors, including

a wild-type MMLV RT, in NGS-based fidelity assays. One
microgram of RNA was used in a 20 pl reverse transcription
reaction using 250 nM of gene-specific primers following
manufacturer protocols. Four replicate reverse transcription
reactions were performed. The resulting cDNA templates
were used for primer extension using a high-fidelity DNA
polymerase (Bio-Rad’s iProof™ High-Fidelity Master Mix) and
primers containing barcodes of another 12 randomized bases,
and the resulting products were used for lllumina sequencing
library preparation. iProof High-Fidelity Master Mix was used
for library ampilification for at least 20 ampilification cycles to
ensure enough reads with over three replicates. Fidelity of

DNA template

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNNNNN

iProof DNA Polymerase was also determined using the same
template of DNA to validate our sequencing results and to
remove mutations generated by PCR from the calculated RT
error rate. After sequencing with a MiSeq Desktop Sequencer
(llumina) using the MiSeq V2 PE2x150 300 Cycle Kit, the
paired-end FASTQ sequencing reads were analyzed using
sequencing analysis software developed in-house. After
removing reads that failed QC and sequence alignment,

reads with the same unique barcodes successfully obtained
at least three times were counted (these were called valid
reads) and mutations were scored as RT error only when the
unique reads all had the same mutations. The errors from
PCR amplification and sequencing were filtered out through
this step. Mutation types, such as substitution, insertion, and
deletion, were also analyzed. The calculation of total errors
divided by total valid bases resulted in the error rate, and
fidelity was calculated as the inverse of error rate. Means and
standard errors from four replicates were used to compare the
error rate and fidelity of all results.

cagaagtaagttggccg

cagtgttat cactcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagtt

gctcttgceeggce gtcaacacgggataat
CATACGGCAGAAGACGAAC

Gene-specific primers used for cDNA synthesis and primer extension
5'-TCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNNN
5'-ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNNNNN

Primers for lllumina library construction

NNNNNNNNNNNNTCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGNNNNNNTAGAG

-3'

P5-RD1: 5'-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3'
P7-index-RD2: 5'-CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGT TCAGACGTGTGCTCTTCCGATCT-3'

Fig. 1. DNA template sequence, lllumina sequencing template, and primer sequences. Sequence used for error rate determination (=); target sequences for

gene specific primers (

); sequencing adaptors are capitalized; The 177 bp sequence excluding the primer target sequence is the template used for sequencing

alignment; 12 bp N barcodes (—); 6 bp N index barcode (—); lllumina P5-RD1 complementary sequence and P7-index-RD2 complementary sequence (—).
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Fig. 2. Workflow diagram for RT fidelity determination. Sequencing reads with the same barcodes are binned to identify the same errors and filter out
sequencing errors. Only errors from reads with the same barcodes found in three replicates are used to calculate RT error rates.
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Results

We developed a fast and high-throughput method to quantify
RT fidelity using NGS (Figure 2). RNA templates were reverse
transcribed into cDNA by RTs using primers containing

12 bp molecular barcodes to tag each strand of cDNA with a
unique barcode. This unique barcode allowed identification of
mutations generated during the cDNA synthesis when more
than three sequencing reads had the same barcode and
mutations, as determined by NGS. This method allowed us to
calculate error rates for different RTs.

Table 1 compares fidelity results obtained in these experiments
as well as published fidelity results for similar enzymes.
Bio-Rad'’s iProof High-Fidelity Master Mix DNA Polymerase
demonstrated an error rate of 2.70 x 1078, in line with the
published error rate of New England BiolLabs’ Q5 High-Fidelity
DNA Polymerase. Furthermore, the MMLV RT error rates
obtained using the method described here are comparable

to those previously reported (Ellefson et al. 2016, Lee et al.
2016, Mclnerney et al. 2014). Taken together, the comparable
error rates observed across the different experiments support

Table 1. Comparison of RT and DNA polymerase error rates.

the validity of the fidelity experiment described here. The
small standard errors obtained in our experiments indicate
the high reproducibility of these assays. An additional benefit
to this fidelity assessment is that our approach also provides
accurate information for all different mutation types.

The fidelity of the Bio-Rad iScript Select Kit was then
compared to several commonly used RT kits. The results
demonstrated that Bio-Rad’s iScript Select Kit had the lowest
error rate of all the RT kits studied (Table 2, Figure 3). Our
data also revealed that the majority of mutations in samples
generated using the iScript Select Kit were substitutions,
while other RT kits had a high occurrences of insertions

and deletions (Table 2). High occurrences of insertions and
deletions are more likely to result in changes at the protein
level, a serious problem when cloning cDNA into expression
cassettes. These results confirm that Bio-Rad’s iScript Select
Kit is a high-fidelity RT kit that is suitable for applications

that require high accuracy, such as cloning, cDNA library
preparation, and RNA-Seq.

Enzymes Data Sources Method Total Bases Total Errors Substitutions Insertions Deletions Error Rate, bp SE

iProof DNA Polymerase Our data NGS 12,294,720 33 33 0 1 2.70x 10°¢ 1.02 x 107
Q5 DNA Polymerase Lee et al. 2016 NGS 15,347,568 46 45 0 1 3.00 x 106 Not reported
MMLV RT Our data NGS 18,466,230 18,693 2,669 15,996 28 1.01x 102 8.90 x 10-°
MMLV RT Ellefson et al. 2016 NGS 1,120,000 543 536 7 (Indel) Not reported  4.86 x 104 Not reported

SE, standard error.

Table 2. Error rates of different reverse transcriptases detected by NGS.

Reverse Overall Error Total Valid Bases
Transcriptase Kits  Rate, bp SE Sequenced Total Errors  Substitutions Insertions Deletions Sub% Ins% Del%
iScript Select 2.47 x 10~ 3.38x10-° 9,768,480 2,634 2,509 21 4 99.05% 0.74%  0.21%
RT1 2.73x 1073 3.65x10-° 13,905,420 37,910 29,548 8,194 169 77.87% 21.68% 0.44%
RT2 2.33x 10 6.92x 10 12,111,540 28,420 20,024 8,115 281 72.26% 26.81% 0.93%
RT3 2.05x 108 6.12x10°% 12,186,930 25,243 19,687 5,242 314 77.64% 2112% 1.24%
RT4 1.46x 102 3.44x10* 13,141,290 24,265 814 23,443 8 4.84%  9512% 0.04%
MMLV 1.01 x 108 8.90x 10-° 18,466,230 18,693 2,669 15,996 28 14.56% 85.30% 0.15%
SE, standard error; Sub, substitution; Ins, insertion; Del, deletion.
5
4— -|—
;,C)j\ 3 Fig. 3. iScript Select Kit demonstrates superior fidelity. A partial
E fragment of the ampicillin resistance gene was reverse transcribed using
% o] gene-specific primers with barcodes and one of six different commonly used
[ reverse transcriptase kits according to manufacturer’s instructions. PCR
was performed using Bio-Rad’s iProof High-Fidelity Master Mix. Resulting
19 T ™ amplicons were sequenced using the lllumina MiSeq platform. For each
- - = sample, approximately 10 million bases of valid reads with three or more
0 ! repeats were obtained. Fidelity of each reverse transcriptase was determined
iScript RT1 RT2 RT3 RT4 MMLV by taking the inverse of the error rate. Mean fidelity of four replicates is shown
Select on the y-axis. Error bars are standard errors. Reverse transcriptase kits

Reverse Transcriptase Kit

are indicated on the x-axis.
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Conclusion

We developed a rapid, accurate, and high-throughput
approach to determine RT fidelity using NGS. This approach
can reliably detect mutations from cDNA synthesis. Our
fidelity results are comparable to those obtained in other
independent reports, which validates the method used for
these experiments. We show that Bio-Rad’s iScript Select

Kit has the highest fidelity and lowest insertion and deletion
occurrences among the RT kits assessed. This suggests that
pairing the iScript Select cDNA Synthesis Kit with a high-
fidelity DNA polymerase, such as the iProof High-Fidelity
Master Mix Polymerase, enables researchers to minimize error
rates when generating cDNA for downstream studies.
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Visit bio-rad.com/fidelity for more information.

MiSeq is a trademark of lllumina, Inc. Q5 is a trademark of New England
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