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Inactivated poliomyelitis vaccine made from Sabin strains (sIPV) has been encouraged to introduce in the
‘‘Global Polio Eradication & Endgame Strategic Plan” and increasingly used worldwide. Attenuated Sabin
strains used in manufacture of oral poliovirus vaccine (OPV) and sIPV may regain full or partial neurovir-
ulence during growth in vaccine recipients and the vaccine manufacturing processes. Ensuring the molec-
ular consistency of sIPV batches and that no mutation accumulates beyond the level present in past
batches are important for quality control of vaccine manufacture process. Direct deep-sequencing allows
the construction of a library of virus RNA and the detection of genetic mutations throughout the viral
genome. In the present study, direct deep-sequencing was conducted to detect molecular mutations in
virus passages, multiple sIPV monovalent lots, and virus monovalent lots from different polio type III
strains. The results indicated that direct deep-sequencing can be used to identify and quantify small
amounts of mutant viruses in vaccine preparations, trace the source of a specific virus seed, and monitor
the batch-to-batch consistency of vaccines, suggesting that this technique could be suitable for the qual-
ity control and consistency monitoring of sIPV production.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Polio is expected to be the second infectious disease eradicated
after smallpox due to the use of vaccines. Large efforts have been
undertaken by the World Health Organization (WHO) Global Polio
Eradication Initiative to obtain new vaccines that are safe and
available at low cost [1]. The use of alternative strains to produce
inactivated poliomyelitis vaccines, such as the attenuated Sabin
strain (sIPV), is encouraged by the WHO [2]. sIPV was licensed in
2015 and is widely used in China, becoming one of the best tools
in the ‘‘Global Polio Eradication & Endgame Strategic Plan” with
increasing usage [3].

Attenuated Sabin strains have been used in the manufacture of
oral poliovirus vaccine (OPV) and sIPV. It may regain full or partial
neurovirulence during growth in vaccine recipients and vaccine
manufacturing processes [4–6]. Because of this genetic instability,
every batch of OPV must be tested for neurovirulence by the Mon-
key Neurovirulence Test (MNVT) [7] or through the use of trans-
genic mice [8,9]. A highly sensitive molecular method of mutant
analysis by polymerase chain reaction (PCR) and restriction
enzyme cleavage (MAPREC) is currently recommended by the
WHO for screening during OPV production before this vaccine
can be released for use in humans [7]. Despite the high sensitivity
and accuracy of MAPREC, this method can only monitor mutations
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at a few genomic loci, thereby missing mutations at other sites that
could adversely affect vaccine quality [10].

Massively Parallel Sequencing (MPS), also known as Deep
Sequencing or Next Generation Sequencing (NGS), is a large-scale
high-throughput gene analysis technology based on DNA sequenc-
ing that has been developed in recent years [11]. Identifying the
sequence of nucleotides by capturing newly synthesized terminal
labels, MPS requires no electrophoresis and is simple to conduct.
MPS has been used to sequence and detect various viral genes
[12–15]. In 2010, Neverov et al. [10] detected and quantified muta-
tions in the whole viral genome of OPV through MPS and con-
firmed that the results of MPS were consistent with those of the
MAPREC test.

Ensuring the molecular consistency of sIPV batches and that no
mutation accumulates beyond the level present in past batches
could be useful for quality control of the vaccine manufacture pro-
gress. In the present study, direct deep-sequencing, a MPS using
RNA sequencing directly was conducted to detect the molecular
mutation of viral passages, multiple sIPV monovalent lots, and
virus monovalent lots from different polio type III strains. We
demonstrated that direct deep-sequencing was able to identify
and quantify small amounts of mutant viruses in vaccine prepara-
tions. Moreover, this technique was also able to identify specific
virus seeds during the vaccine manufacture process, suggesting
that direct deep-sequencing will be suitable for quality control
and consistency monitoring of sIPV production.
2. Materials and methods

2.1. Preparation of serial virus passages from Sabin strains

The sub-master virus seeds of type I Sabin SO + 2, type II Sabin
SO + 2, and type III Pfizer RSO2 were obtained from the WHO and
cultured on Vero cells to prepare working seeds (type I Sabin SO
+ 3, type II Sabin SO + 3, type III Pfizer RSO3). Both the sub master
and working seeds passed the MNVT.

The sIPV monovalent lots (type I and type II Sabin SO + 4, type
III Pfizer RSO4) were prepared as previously reported [16]. Briefly,
Vero cells were scale-up in culture on microcarriers in 7, 75 and
550 L bioreactors. Three types of working virus seeds were inocu-
lated into 550 L bioreactors after the cells reached a certain con-
centration. The viral suspension was incubated at 33–34 �C for
2–3 days and subsequently harvested.

In the present study, Vero cells were cultured in culture flasks
and then inoculated with the vaccine lot virus (SO + 4, RSO4) at a
multiplicity of infection (MOI) of 0.01 and cultured at 33 ± 0.5 �C
to obtain fifth passage polioviruses (type I and type II Sabin SO
+ 5, type III Pfizer RSO5) and sixth passage polioviruses (type I
and type II Sabin SO + 6, type III Pfizer RSO6).

2.2. Preparation of the virus monovalent bulk using the Zhong-3 strain

The Zhong-3 strain is a plaque purification strain that belongs to
poliovirus type III, which was established by Institute of Medical
Biology, Chinese Academy of Medical Sciences in 1961 and
approved for use in OPV production in China since 1971 [7]. Vero
cells were inoculated with Type III Zhong-3 working seed lots (2
passages from primary seed) at a MOI of 0.01, and the virus bulk
was harvested.

2.3. RNA extraction and sequencing

Viral RNA was extracted from each sample using the QIAamp
Viral RNA Mini Kit (Qiagen, Hilden, Germany). For each sIPV virus
sample, the extracted RNA was purified using a RNeasy MinElute
Cleanup Kit (Qiagen, Hilden, Germany) and then quantified by
using a Qubit RNA HS Assay Kit (Thermo Fisher Scientific, Wal-
tham, USA). The purified viral RNA was used to prepare an
mRNA-Seq library with a KAPA Stranded mRNA-Seq Kit (KAPA
Biosystems, Boston, Massachusetts, United States) according to
the manufacturer’s instructions. Briefly, the following seven major
steps were performed: (1) 5 ng of purified viral RNA, KAPA Frag-
ment, Prime and Elute Buffer (2�) were mixed and incubated at
94 �C for 6 min, immediately followed by incubation on ice to frag-
ment RNA. (2) KAPA 1st Strand Synthesis Buffer was added to syn-
thesize first-strand cDNA by incubating at 25 �C for 10 min, 42 �C
for 15 min, and 70 �C for 15 min. (3) KAPA 2nd Strand Marking Buf-
fer and KAPA 2nd Strand Synthesis EnzymeMix were added to syn-
thesize second-strand cDNA at 16 �C for 1 h. 4) After purification
using Agencourt AMPure XP Beads (Beckman Coulter, California,
USA), KAPA A-Tailing Buffer (10�) and A-Tailing Enzyme were
added for terminal repair and the addition of A-Tailing. The reac-
tion was incubated at 30 �C for 30 min and 60 �C for 30 min. (5)
Adaptor, KAPA Ligation Buffer (5�) and KAPA DNA Ligase were
subsequently added to start adapter ligation with incubation at
20 �C for 15 min. (6) Ligated cDNA between 200 and 300 bp in
length was obtained after two-step AMPure XP Bead purification
involving the addition of KAPA HiFi HotStart Ready Mix (2�) and
KAPA Library Amplification Primer Mix (10�) to induce PCR ampli-
fication under the following conditions: pre-denaturation at 98 �C
for 45 s, denaturation at 98 �C for 15 s, annealing at 60 �C for 30 s,
and extension at 72 �C for 30 s. (7) AMPure XP Beads were added at
a ratio of 1:1 to purify the material, and a library ready for
sequencing was obtained. Finally, the established library was
sequenced on a HiSeq X Ten (Illumina, San Diego, CA) with a read
length of 150 bp.
2.4. Statistics analysis

Paired-end reads from each sample were first pre-processed
using sickle software v1.200 with argument-t Sanger-q30-l50
parameters (https://github.com/najoshi/sickle). The filtered data
were then aligned to the poliovirus genome by Bowtie2 v2.1.0 with
default parameters [17]. Samtools v0.1.16 was used to further filter
aligned reads on the basis of the mapping quality with the -q20
parameter [18]. SNP callings of each sample were conducted by
VarScan 2.3.7 and in-house PerlScripts [19]. Finally, SNP statistics
were performed via in-house R scripts.

A total of 3 batches of type I, 6 batches of type II, and 5 batches
of type III monovalent vaccine lots of sIPV were sequenced, and the
mean value, standard deviation (SD), and 2- and 3-fold SD of per-
cent mutants at critical virulence sites were calculated using Excel
to analyse the genetic stability of the batches.
3. Results

3.1. Sequencing of working seeds and reliability analysis

To assess the reliability of the direct deep-sequencing method,
RNA from three types of working seeds (type I Sabin SO + 3, type
II Sabin SO + 3, and type III Pfizer RSO3) was extracted, and each
sample was sequenced three times. The average length was
150 bp, number of sequences (pair-end) was approximately
31 � 106, total nucleotides read was approximately 9266 � 106,
average coverage per nucleotide was approximately 16 � 104, site
mutation rate was 0.04%, and percentage of insertions and dele-
tions was approximately 0.003%. The detailed sequence results
for the 9 samples are shown in Table 1.

The repeatability of the direct deep-sequencing method was
evaluated by comparing the sequencing results for 3 types of work-
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Table 1
Direct deep-sequencing results of sIPV working seeds.

sample Average
length

Number of sequences
(pair-end), 103

Total nucleotides
read, 106

Average coverage
per nucleotide

% mutations
(substitutions)

% insertions and
deletions

I SO + 3-1 150 35,749 10,725 101,056 0.0443 0.0059
I SO + 3-2 150 37,021 11,106 118,183 0.0449 0.0055
I SO + 3-3 150 35,294 10,588 111,612 0.0451 0.0058
II SO + 3-1 150 29,462 8839 104,667 0.0388 0.0027
II SO + 3-2 150 28,071 8421 87,145 0.0396 0.0031
II SO + 3-3 150 32,816 9845 105,959 0.0399 0.0028
III RSO3-1 150 27,648 8295 258,139 0.0385 0.0015
III RSO3-2 150 24,818 7446 275,801 0.0372 0.0015
III RSO3-3 150 27,099 8130 275,711 0.0367 0.0015
Average 150 30,886 9266 159,808 0.0405 0.0033
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ing seed lots 3 times. The comparison of the mutation rates of 3
type I Sabin strain samples is shown in Fig. 2. The R2 values for
the type I Sabin strain, type II Sabin strain and type III Pfizer strain
Table 2
R2 of deep direct deep-sequencing in sIPV working seeds.

1 vs 2 1 vs 3 2 vs 3

I SO + 3 0.9765 0.9804 0.9765
II SO + 3 0.9932 0.9922 0.9941
III RSO3 0.9882 0.9922 0.9891

1 vs 2, the first mutation rate versus the second mutation rate.
1 vs 3, the first mutation rate versus the third mutation rate.
2 vs 3, the second mutation rate versus the third mutation rate.

Fig. 1. Repeatability analysis of direct deep-sequencing using Sabin I SO + 3. Sabin I SO +
+ 3-2 compared to SO + 3-3 (C).

Fig. 2. Patterns of mutations at neurovirulence determinan
were 0.97–0.98, 0.99, and 0.98–0.99 (Table 2), respectively, indi-
cating that the direct deep-sequencing method has high repeata-
bility (Fig. 1).

3.2. Virus genetic stability after passaging

Three types of serial passages of viruses, including sub-master
seeds, working seeds, monovalent lots, and passage 5 and 6 polio-
virus were sequenced through direct deep-sequencing, and then,
the mutation rates for each viral gene passage were compared.

3.2.1. Mutations in type I Sabin strain after passaging
The two major attenuation determinants of neurovirulence in

the 50NCR, G480A and U525C increased after passaging (Fig. 2). The
3-1 compared to SO + 3-2 (A); Sabin I SO + 3-1 compared to SO + 3-3 (B); Sabin I SO

ts of the type I Sabin strain of passage SO + 2 to SO + 6.
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mutation content at 480-A for SO + 2 was 0.24% and increased to
1.98% and 7.79% for SO + 5 and SO + 6, respectively; at position
525-C, the mutation content for SO + 2 was 0.33% and increased
to 2.35% and 7.70% for SO + 5 and SO + 6, respectively. Mutations
in the coding region, including U935G in VP4, A2438C in VP3,
A2795C and U2879G in VP1, and C6203A in 3D, showed no significant
Fig. 3. Mutation contents at neurovirulence determinants of the type II Sabin strain
of passage SO + 2 to SO + 6.

Fig. 4. Mutation contents of neurovirulence determinants of the type III Pfizer
strain of passage SO + 2 to SO + 6.

Fig. 5. Mutant trend analysis of multiple sIPV monovalent batches. Sum of the mutants of
Mutants of A481G for type II Sabin strain in six batches of the monovalent bulk (B); Mut
difference between different passages, with approximately 0.1%
mutations at all nucleotide positions (Fig. 2).

3.2.2. Mutations in type II Sabin strain after passaging
The mutant A481G, a major attenuation determinant of neu-

rovirulence in the 50NCR of type II Sabin, gradually increased with
the number of passages (Fig. 3). The mutation content at 481-G
increased from 0.29% for SO + 2 to 1.07% for SO + 6. At A2908G,
the mutation content increased from 0.09% (SO + 2) to 0.81% (SO
+ 6), and at U2909C in VP1, the mutation content increased from
0.09% (SO + 2) to 1.50% (SO + 6) (Fig. 3).

3.2.3. Mutations in type III Pfizer strain after passaging
The critical important 472-C mutation in the 50NCR, which

determines the neurovirulence of type III virus, mutated from
0.07% at RSO2 to 2.02% at RSO6. In the coding region, the neurovir-
ulence determinants U2034C in VP3 showed almost no difference
between different passages, which was approximately 0.01%; how-
ever, the mutation frequency at C2493U in VP1 increased from
0.21% (RSO2) to 78.62% (RSO6) (Fig. 4).

3.3. Genetic consistency of multiple sIPV monovalent batches

Direct deep-sequencing was used to analyse the genetic consis-
tency of sIPV. A total of 3 batches of type I, 6 batches of type II, and
5 batches of the type III monovalent bulk of sIPV were sequenced.
The nucleotide mutation frequency showed no significant differ-
ence between batches of each type, particularly for the critical
mutants G480A and U525C of type I, A481G of type II, and U472C of
type III, suggesting that the batch difference was relatively small.
The average content of the 480A and 525C mutations in 3 batches
was 1.45 ± 0.04%, while the content of 481G mutations in 6
batches was 0.74 ± 0.08% and the content of 472C mutations in 5
batches was 0.43 ± 0.07% (Fig. 5).

3.4. Comparison of the patterns of mutations between Pfizer and
Zhong-3

To distinguish the patterns of mutations that were characteris-
tic for specific virus seeds, the monovalent bulks produced from
Pfizer and Zhong-3 were sequenced and their genomic mutations
were compared.

In the 50NCR, the monovalent bulk prepared using Pfizer or
Zhong-3 showed no significant difference in genomic mutations,
and the mutation frequencies at U472C were all lower than 0.5%
(Fig. 6A). In the coding region, the mutation frequency at U2034C
showed almost no significant difference, remaining at a relatively
low level of 0.02%. However, at the unstable genomic position
2493, the frequency was 13.46% for Pfizer and as high as 99.95%
for Zhong-3 (Fig. 6B). A significant difference in the mutation
480-A and 525-C for type I Sabin strain in three batches of the monovalent bulk (A);
ants of U472C for Pfizer strain in five batches of the monovalent bulk (C).



Fig. 6. Mutation contents in virus harvests prepared from different virus seed strains. Frequency of mutations of different virus seeds at important determinant sites (A);
Frequency of mutations in the 50NCR (B); Frequency of mutations in the 3D region (C); Mutation sites of different virus harvests that showed significant differences (D).
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frequency was also observed at C6421U and U6505C, and the muta-
tion frequencies at C6421U and U6505C of Pfizer were 0.09% and
0.03%, respectively, while those of Zhong-3 were both 99.95%
(Fig. 6C).

At other genomic loci, a significant difference in the mutation
content at G1699A in VP2, U3353C and A3357G in VP1, C3700U in 2A,
U5767C and U5832C in 3C was observed. These positions contained
0.5% mutations for Pfizer, but reached 99.91% mutations for
Zhong-3 (Fig. 6D).
4. Discussion

Direct deep-sequencing, which was initially used to examine
mammalian transcriptomes, revolutionized the study of transcrip-
tomics and has been extended to sequencing the viral RNA genome
[20–22]. Due to the low-fidelity viral polymerase used for genomic
replication, RNA viral genomes, although small, undergo a high
level of evolution and diversity, resulting in multiple slightly dif-
ferent viral variant quasispecies [23]. The information for viral qua-
sispecies relies on obtaining single nucleotide variations of viral
genomes. Genome walking was traditionally used to produce a
virus sequence [24,25], and recently, Massively Parallel Sequencing
(MPS) has been widely used for virus sequencing [26–28]. A recent
study verified the viral genetic consistency and stability of OPV
through DNA sequencing, indicating that MPS could be a useful
tool for monitoring the genetic consistency of live viral vaccines
[10,29,30].

In the present study, we used direct deep-sequencing, a MPS
method using RNA directly to monitor genomic variations of three
types of serial passages of viruses from sIPV production. Unlike tra-
ditional DNA-sequencing methods, direct deep-sequencing
directly constructs virus RNA libraries, which can reduce muta-
tions derived from PCR amplification prior to cDNA library con-
struction. Sarcey E et al. [30] detected OPV III type virus using a
DNA-sequencing method and found that the 472C mutation rate
in the plasmid was 0.02% without using PCR, but reached approx-
imately 0.10% after using PCR. In studies of deep sequencing of OPV
using DNA-sequencing, Neverov et al. [10] found that with an aver-
age base read of 56,659 times, the base insertion and deletion rates
were 0.01%, while in the present study using direct deep-
sequencing, the base read increased to 159,808 times on average
and the insertion and deletion rates were only approximately
0.005%. The only disadvantage in the present study was that a
higher sequencing coverage of virus RNA was required due to host
cell-derived RNAs, which increased sequencing costs. However,
with increasing sequencing throughput, additional costs could be
ignored.
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During virus culture for sIPV production, the accumulation of
genomic mutations may result in neurovirulence reversion [5,6].
To examine the effect of virus passage on genetic stability, 5 pas-
sages of viruses were tested. Mutations of neurovirulence determi-
nants in all of the tested viruses increased with the number of
passages, and the mutation rate of critically important positions
in virus seed and vaccine lots were consistent with the WHO rec-
ommended specifications (the sum of the mutation rate of 480-A
and 525-C for type I was lower than 2.0%, and the mutation rates
of 481-G for type II and 472-C for type III were lower than 1.5%
and 1.0%, respectively) [31]. However, the sum of the mutation rate
of 480-A and 525-C for type I was 4.33% for SO + 5 and 15.49% for
SO + 6, while that of 472-C for type III was 2.02% for RSO6; these
values were beyond the WHO recommended specifications. There-
fore, strict control of virus passaging is important to ensure the
attenuated character of Sabin strain poliovirus.

From the perspective of biosafety, sIPV, a vaccine that is inacti-
vated and produced by the Sabin strain, maintains the attenuation
characteristic of vaccine viruses. Additionally, controlling the
molecular consistency of monovalent bulk production is critical
for quality control during sIPV manufacture. According to the
WHO Expert Committee on Biological Standardization of IPV, the
mutation contents should be tested from batch-to-batch [31]. We
used direct deep-sequencing to perform deep sequencing of mono-
valent bulks from different production batches of sIPV. The results
indicated that the mutation rates at neurovirulence determinants
in both the 50NCR and coding regions were maintained at relatively
stable levels. The two-fold and three-fold standard deviations of
the average major attenuated determinants of neurovirulence
mutation rates of the three virus types in every batch met the
WHO recommended qualified range, indicating that the viruses
have good genetic consistency among batches of sIPV and maintain
stable virulence. In the future, direct deep-sequencing methods
should be used to sequence a certain number of batches of vaccines
annually, and the trend of mutation rates of major attenuated
determinants of neurovirulence should also be plotted. Further-
more, more data on the batch-to-batch consistency are needed to
establish and improve the alert limit.

Direct deep-sequencing can also be used to identify seed
viruses. To date, the Sabin origin seed plaque-purified rederived
Sabin original seed (RSO, or Pfizer) and Zhong-3 seed have been
widely used in vaccine production. As a marker of a seed virus,
the mutant C2493U has shown a significant difference between
Sabin and Pfizer strains: The Sabin-derived seed contains 30%-
90% of this mutant, while the Pfizer seed only contains 1–4% of
2493-U [10,32]. In the present study, the contents of the mutant
C2493U in Pfizer and Zhong-3 were 13.46% and 99.95%, respectively,
indicating that Zhong-3 is significantly different from Pfizer but
more similar to the Sabin strain. Using NGS through a DNA-
sequencing method, Neverov et al. [10] showed different mutant
rates for A5467G, U5473C, and U5476C in the 3C region in vaccines
using different virus seeds produced by different manufacturers.
In the present study, we did not identify the above three muta-
tions, but other mutations, including G1699A in VP2, U3353C and
A3357G in VP1, C3700U in 2A, U5767C and U5832C in 3C, and C6421U
and U6505A in 3D, were different between Pfizer and Zhong-3.
The mutation rates at over 8 sites in the Pfizer strain ranged from
0.01 to 0.50%, whereas those in the Zhong-3 strain were as high as
99.85–99.97%. The present results suggested that these 8 genomic
sites may possess strain specificity and could be used in future
identity tests.

Direct deep-sequencing is able to quickly and sensitively detect
genetic mutations of poliovirus and can be used in the genetic sta-
bility test of sIPV virus seeds and serial passages as well as for the
monitoring of the batch-to-batch consistency of vaccines. Since the
WHO recommends performing viral mutation assays of purified
bulks with a high virus concentration and low interference from
host cells, we will focus on exploring mutation differences
between the viral harvest and purified bulk of sIPV to establish a
novel and routine RNA-Seq method to improve quality control dur-
ing sIPV manufacture.
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