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    Chapter 9   

 Molecular Properties of Poliovirus Isolates: Nucleotide 
Sequence Analysis, Typing by PCR and Real-Time RT-PCR       

     Cara     C.     Burns     ,     David     R.     Kilpatrick    ,     Jane     C.     Iber    ,     Qi     Chen    , and     Olen     M.     Kew     

  Abstract 

   Virologic surveillance is essential to the success of the World Health Organization initiative to eradicate 
poliomyelitis. Molecular methods have been used to detect polioviruses in tissue culture isolates derived 
from stool samples obtained through surveillance for acute fl accid paralysis. This chapter describes the use 
of realtime PCR assays to identify and serotype polioviruses. In particular, a degenerate, inosine- containing, 
panpoliovirus (panPV) PCR primer set is used to distinguish polioviruses from NPEVs. The high degree 
of nucleotide sequence diversity among polioviruses presents a challenge to the systematic design of nucleic 
acid-based reagents. To accommodate the wide variability and rapid evolution of poliovirus genomes, 
degenerate codon positions on the template were matched to mixed-base or deoxyinosine residues on 
both the primers and the TaqMan™ probes. Additional assays distinguish between Sabin vaccine strains 
and non-Sabin strains. This chapter also describes the use of generic poliovirus specifi c primers, along with 
degenerate and inosine-containing primers, for routine VP1 sequencing of poliovirus isolates. These prim-
ers, along with nondegenerate serotype-specifi c Sabin primers, can also be used to sequence individual 
polioviruses in mixtures.  

  Key words     Poliovirus  ,   Poliomyelitis  ,   Sequencing  ,   Sanger  ,   Molecular  ,   Polymerase chain reaction  , 
  Molecular serotyping  

1      Introduction 

   Virologic surveillance is essential to the success of the  World Health 
Organization   initiative to eradicate poliomyelitis [ 1 ,  2 ]. Expanded 
surveillance for cases of acute fl accid  paralysis   has been comple-
mented by the development of improved methods for poliovirus 
identifi cation. Two independent approaches were employed for 
routine identifi cation of polioviruses: (1) antigenic characteriza-
tions using cross-adsorbed antisera [ 3 ] or (2) molecular character-
izations using genotype-specifi c probes ([ 4 ,  5 ] Fig.  1 ) or PCR 
primers [ 6 ,  7 ]. Serologic methods can generally differentiate 
vaccine- related isolates from wild polioviruses [ 3 ] but have a 
 limited capacity to differentiate among wild poliovirus genotypes. 
One of the earliest molecular approaches to poliovirus diagnostics 

1.1  Early Poliovirus 
Diagnostics
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was the use of oligonucleotide RNA fi ngerprinting [ 8 ].  RNA fi n-
gerprinting   was once widely used for identifying RNA virus isolates 
by allowing the recognition of viral genetic relationships using a 
two-dimensional pictorial form of the ribonuclease T1 digested 
RNA. As diagnostic technologies improved, additional molecular 
methods were developed which include the use of either probe 
hybridization or RT-PCR in order to directly identify Sabin and/
or some wild genotype viruses. Both of these methods give identi-
fi cations that are in excellent agreement with results obtained by 
the more detailed analyses of genomic sequencing [ 5 – 7 ,  9 ]. In 
addition, restriction fragment length polymorphism assays of PCR- 
amplifi cation products were also developed [ 10 ,  11 ].

   Wild polioviruses could be identifi ed indirectly by their non- 
reactivity with the Sabin-strain-specifi c molecular reagents. Direct 
identifi cation of wild polioviruses was only possible with wild 
genotype- specifi c probes [ 4 ] and PCR primer sets [ 7 ]. At that 
time, the current catalog of wild-genotype-specifi c molecular 
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  Fig. 1    Dot blot hybridization of poliovirus RNA       
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reagents did not cover all of the many different poliovirus geno-
types still in circulation worldwide [ 9 ]. Consequently, identifi ca-
tion of wild polioviruses through the exclusive use of 
Sabin-strain-specifi c molecular reagents is dependent upon the 
accurate typing of virus isolates. The standard methods for poliovi-
rus typing with neutralizing antibodies were comparatively time- 
consuming and laborious [ 12 ]. Poliovirus neutralizing antibodies 
are type specifi c [ 12 ], and no well-characterized poliovirus-specifi c 
group antigen has been described [ 12 – 14 ]. Molecular reagents, in 
the form of nucleic acid probes [ 4 ,  5 ] and PCR primers [ 7 ,  15 ,  16 ] 
targeted to highly conserved nucleotide intervals within the 59 
untranslated region, have been developed for the reliable detection 
of nearly all members of the enterovirus group (including poliovi-
ruses). Other reagents were described which permitted the detec-
tion of some, but not all, polioviruses by PCR [ 17 ,  18 ]. An 
alternate method to screen out nonpolio enteroviruses (NPEVs)    is 
to isolate virus in recombinant murine cells expressing the human 
gene for the poliovirus receptor [ 19 ]. This approach also permit-
ted the detection of underlying polioviruses in virus mixtures, and 
avoided the laborious virus neutralization and recultivation steps of 
standard methods [ 12 ]. To overcome these diagnostic limitations, 
we developed a degenerate, inosine-containing, panpoliovirus 
(panPV) PCR primer set that could be used to distinguish  poliovi-
ruses from   NPEVs.   

2    Materials and Equipment 

   The kit is supplied in one box containing six vials of primers and 
probes in Buffer A (Serotype 1, Serotype 2, Serotype 3, Pan- 
Poliovirus, Pan-Enterovirus, Sabin Multiplex), two vials of Buffer 
B (to which DTT and enzymes should be added prior to the fi rst 
use) and one vial of DTT. The box also contains the appropriate 
positive controls for each primer set, a tube of water and one copy 
of this package insert. Additional required reagent and enzymes, 
not supplied with the kit, are Protector RNase inhibitor, 
Transcriptor Reverse Transcriptase, and Taq DNA polymerase 
from Roche Applied Science. The listed products were used in the 
development and evaluation of this kit and do not constitute a 
specifi c product endorsement. Enzyme availability from manufac-
turers may vary with each laboratory. Therefore, it is the 
 responsibility of each laboratory to fi nd appropriate substitutes 
when necessary.  

   RT-PCR buffer is made at a 10× concentration so that when 
diluted to 1× in a normal PCR reaction, the fi nal concentration of 
the buffer in reaction mixtures is 67 mM Tris (pH 8.0), 17 mM 

2.1  Realtime PCR Kit 
Components

2.2  10× 
RT-PCR Buffer
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NH 4 SO 4 , 6 μM EDTA, 2 mM MgCl 2 , and 1 mM dithiothreitol 
(DTT). Below is the protocol for making 10 ml of 10× RT-PCR 
buffer. To a 15 ml conical tube, add the following:

   0.2 ml MgCl 2  (1 M).  
  6.7 ml Tris, pH 8.8 (1 M).  
  1.7 ml NH 4 SO 4  (1 M).  
  1.2 μl 0.5 M EDTA  
  1.4 ml PCR grade H 2 O (nuclease-free).    

 Mix well and aliquot 1.0 ml of the buffer into 1.5 ml micro-
centrifuge tubes. Freeze the aliquots at −20 °C. Add 5.0 μl of 1 M 
dithiothreitol (DTT) to each 1.0 ml aliquot before using for the 
fi rst time. The buffer + DTT will be stable for at least 1 month after 
the addition of DTT (re-freeze the buffer after each use).  

   Synthetic oligodeoxynucleotides were prepared, purifi ed, and ana-
lyzed as described previously (Yang et al. [ 6 ]). Primer polarities are 
indicated by A (antisense or antigenome polarity) or S (sense or 
genome polarity).  See  Table  2  for a list of poliovirus Reverse 
Transcriptase (RT) PCR and sequence primers

   PCR thermocycler.  
  Certifi ed RNase- and DNase-free 1.5 ml and 200 μl microcentri-

fuge tubes.  
  Sterile nuclease-free H 2 O.  
  Ethanol (96–100 %).  
  QIAamp Viral RNA Mini Kit ( Qiagen, Inc; Cat. # 52906 ); 250 

extractions (smaller kit available).  
  Sharps container.  
  4 mm disposable biopsy punch (VWR 21909-140).  
  Cutting Mat (VWR WB100020).  
  Bleach (for 10 % solution).  
   Optional:  RNase AWAY individual wipes (VWR 89025-862).  
  Tissue wipes (VWR 82003-824).  
  70 °C heat block.  
   Optional:  suitable vacuum manifold dedicated to RNA extraction 

ONLY.  
  Inoculating loop (1 μl) (VWR 90001-096)  or   
  Inoculating needle (VWR 90001-104)  or   
  Disposable tweezers (Enviro Safety Products 77233).  
  TE-1 buffer: 10 mM TRIS–HCl, 0.1 mM EDTA pH 7.6.  
  Glycogen, Nuclease Free (Ambion, AM9510).  
  1 M Dithiothreitol (DTT).  

2.3  Oligonucleotides
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  RNA process buffer (200 μl/sample): 191.6 μl TE-1 buffer, 0.4 μl 
1 M DTT, 8.0 μl 5 mg/ml nuclease-free glycogen.  

  10× PCR Buffer.  
  dNTP mix (concentration of 10 mM each dNTP,  Roche 

#11814362001 ).  
  RNase inhibitor (40 U/μl,  Roche #3335402001 ).  
  Reverse transcriptase (20 U/μl,  Roche #3531287001 ).  
  Taq polymerase (5 U/μl,  Roche #11596594001 ).  
  Gel electrophoresis System (gel tray, sample combs, buffer cham-

ber, power supply leads, and power supply).  
  Agarose gel powder ( GeneMate Gene Pure LE Agarose, BioExpress 

#E-3120-500 ).  
  Electrophoresis buffer (Tris-borate-EDTA = TBE).  
  6× load buffer with bromophenol blue.  
  GelStar, GelRed, or any fl uorescent dye that intercalates with 

DNA.  
  Molecular weight gel marker (such as 100 bp ladder,  Roche 

#11721933001 ).  
  Ethanol (96–100 %).  
  QIAquick PCR Purifi cation Kit ( Qiagen, Inc; Cat. # 28106 ; 250 

extractions (smaller kit available)).  
  QIAquick Gel Extraction Kit (Qiagen, Inc; Cat. # 28706; 250 

extractions).  
  3 M sodium acetate, pH 5.0.  
  ABI Automated DNA sequencer (models 3130, 3130XL).  
  BigDye® Terminator™ v1.1 or v3.1 Cycle Sequencing kit.  
  MicroAmp Optical 96-well Reaction Plates ( Applied Biosystems 

#N801-0560 ).  
  Digital Vortex-Genie 2 or any vortex with shock absorbing feet, 

microplate adapter for automated capillary sequencer plates 
and elastic bands.

Swinging bucket centrifuge (with microplate adapters).  
  Multichannel pipettor (20–200 μl).  
  Troughs (for holding BigDye® Terminator™ reaction mix).  
  MicroAmp clear adhesive fi lm ( Applied Biosystems #4306311 ) or 

PCR cap strips of 8 count ( ABgene #AB-0602 ).  
  Adhesive fi lm applicator ( Applied Biosystems #4333183 ).  
  Wide bore pipette tips (for pipetting BigDye® Terminator™ 

solution).  
  BigDye® Terminator™ purifi cation kit ( Applied Biosystems 

#4376487, processes ~2000 10 μl reactions, smaller sizes 
available ).  

Molecular Properties of Poliovirus Isolates…
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  Swinging Bucket Centrifuge with microplate carriers.  
  Centri-Sep 8-well prehydrated strips ( Princeton Separations, Inc 

#CS-912, box of 12 ) 
  OR   
  Centri-Sep 96-well prehydrated plates ( Princeton Separations, Inc 

#CS-963, 25 plates ).  
  Multichannel pipettor (2–20 μl).  
  Collection plate (deep-well reservoir for effl uent from prehydrated 

columns/plates).  
  PCR tube/plate rack.  
  Hi-Di formamide ( Applied Biosystems, #4311320C ).  
  POP6 or POP7 (depending on the model of sequencer; see Applied 

Biosystems sequence products for order numbers and details).  
  10× Running Buffer (Applied Biosystems part number depends on 

quantity ordered).      

3    Methods 

   The key to developing an assay specifi c for any group of viruses is 
to identify a structural feature unique to that group. The high 
degree of nucleotide sequence diversity among polioviruses 
 presents a challenge to the systematic design of nucleic acid-based 
reagents. Genomic sequences that encode intervals of strong amino 
acid conservation can still be highly degenerate. To accommodate 
this wide variability, degenerate codon positions on the template 
were matched by mixed-base or deoxyinosine residues on the prim-
ers [ 20 ]. In the case of polioviruses, virion surface determinants are 
unsuitable targets because they are type specifi c [ 12 ,  21 ]. Internal 
capsid antigens and nonstructural protein antigens also appear to 
be unsuitable because they tend to be shared among enteroviruses 
[ 13 ,  14 ]. However, polioviruses bind to a cell receptor that is dis-
tinct from those used by other enteroviruses [ 19 ]. The canyon 
structure on the poliovirion surface that is postulated to bind the 
cell receptor is primarily formed from conserved intervals of VP1 
and VP2. Genetic studies have suggested that VP1 residue Met-
132, at the end of the “TYSRFDM” amino acid interval, whose 
codons are targeted by panPV PCR-2, interacts with the cell recep-
tor [ 22 ]. In contrast, the structural role of the highly  conserved 
“NNGHALN” amino acid sequence, whose codons are targeted 
by panPV PCR-1, is unknown. Many different synonymous codon 
combinations could potentially occur within the primer- binding 
sequences (432 for panPV PCR-1 and 512 for panPV PCR-2, 
assuming usage only of the observed codons). If all degenerate 
codon combinations are permitted within both target sequences, 

3.1  Use 
of Deoxyinosine
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these panPV PCR primers would have to match 200,000 different 
sequence combinations. All polioviruses tested with this degener-
ate panPV primer set have been successfully identifi ed..  

   The  approach    taken   for the development of poliovirus serotype- 
specifi c PCR primers followed that taken earlier to develop the panPV 
group primers ([ 23 ]; Fig.  2 ). We fi rst identifi ed amino acid sequences 
that were characteristic for each serotype. We then prepared sets of 
candidate primers for testing against a large collection of wild polio-
virus isolates representing all known contemporary genotypes. The 
primers showing the best specifi cities and sensitivities were used in 
routine characterizations of recent wild isolates from many different 
countries. When a template was ineffi ciently amplifi ed in our PCR 
assays, its target sequences were determined, and the design of the 
primers was further optimized. As with the poliovirus group-specifi c 
primers, the target nucleotide sequences were highly degenerate. 
These new primers fi ll the gap between group-specifi c PCR primers 
that recognize all polioviruses and genotype-specifi c primers that rec-
ognize Sabin vaccine strain- related isolates or particular wild poliovi-
rus genotypes. The typing of polioviruses by PCR offered several 
advantages over typing by the standard serologic methods [ 3 ,  24 ]. 
First, the primers are chemically defi ned reagents having uniform and 
predictable properties. Second, the primers can be prepared in effec-
tively inexhaustible quantities. Third, the PCR typing assays are rapid, 
highly specifi c, and readily standardized. Finally, the exceptional sen-
sitivity of PCR permitted the detection of very low amounts of under-
lying polioviruses in mixtures of  poliovirus or NPEV   serotypes.

3.2  Molecular 
Serotyping

M 1 2 3 4 5 6 7 8 9

RNA           Primers

1        Sab 1           Pan EV

Lane#

2    Sab 2           Pan EV

3     Sab 3           Pan EV

4    Sab 1           Pan PV
5    Sab 2           Pan PV

10     S1+S2+S3     Multiplex
9     Sab 3    Sero-PV3
8     Sab 2           Sero-PV2
7     Sab 1           Sero-PV1
6    Sab 3           Pan PV

10

M= Roche Marker V 

  Fig. 2    RT-PCR of noninfectious poliovirus RNAs with polio diagnostic primers       
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      In order to increase the sensitivity and timeliness of the poliovirus 
group and serotype assays within the  WHO    Global Polio Laboratory 
Network (GPLN)  , these assays were adapted to the Real-time 
TaqMan™ probe platform. To accommodate the wide variability 
and rapid evolution of poliovirus genomes, degenerate codon posi-
tions on the template were matched to mixed-base or deoxyinosine 
residues on both the primers and the TaqMan™ probes [ 25 ]. 
Designing the degenerate TaqMan™ probes (10–20 pmol probe 
for each assay) was especially challenging because of the need to 
use longer sequences to obtain good hybrid stabilities while simul-
taneously compensating for the high level of degeneracy of 
sequences between primer binding sites. Although hybrid stabili-
ties can be estimated by physicochemical calculations [ 26 ], devel-
opment of the optimal primer and probe sets was a highly empirical 
process because variation within the target sequences was not pre-
dictable. All of the TaqMan™ probes contain numerous mixed- 
base and inosine-containing residues to compensate for the high 
levels of variability in capsid region target sequences within and 
across poliovirus serotypes. We also developed a novel Real-time 
run method which takes advantage of the lower anneal tempera-
tures required by the presence of inosine residues which reduce the 
 T  m  of the oligo binding. These lower anneal/extension tempera-
tures were combined with higher anneal/extension temperatures 
(which adds to the increased amplicon yields), all within the same 
amplifi cation run. We have found that this single tube dual-stage 
amplifi cation run method (15 cycles of 95–44–60 °C, followed 
immediately with 40 cycles of 95–47–65 °C) increases the sensi-
tivities of both the inosine- and non-inosine-containing assays 
(Fig.  3 ). These group and serotype intratypic differentiation (ITD) 
Real-time assays are routinely used within  the   GPLN.

          1.    Fill out PCR worksheet with name, date, primers, samples, and 
sample order, as well as thermocycler and program identifi ers.

    (a)     Name wells using thermocycler software for samples and 
controls (positive and reagent).   

   (b)     One positive control: noninfectious control RNA supplied 
with Polio rRT-PCR kit.   

   (c)    One reagent control: Buffer A + B with no template.       
   2.    Thaw virus isolates and PCR reagents at room temperature.   
   3.    Making Buffer B + enzyme mix: The fi rst time a vial of Buffer 

B 1 mL is used, add  2.8 μl 1 M DTT, 27.6 μl 40 U/μl 
RNase inhibitor, 18.0 μl 20 U/μl RT (or 14.4 μl 25 U/μl 
RT), and 54.8 μl 5 U/μl Taq polymerase  ( CAUTION , do 
not use error correcting Taq polymerases like Pfu and Pwo; 
they will not work with inosine primers) and mix. The enzyme 
mix should be stable for 6 months at 4 °C. Once the enzymes 
have been added, mark “+E” on the cap with an indelible 

3.3  Real- 
Time RT-PCR

3.3.1  Real-Time RT-PCR 
Reactions
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marker. For long term storage (>6 months), aliquot and freeze 
Buffer B + E at −20 °C.   

   4.    Making reaction solution: For each primer set, mix 19 μl Buffer 
A ( vortex to resuspend probe before use ) and 5 μl Buffer B + E; 
dispense 24 μl reaction solution into each well. For testing 
large sample numbers, create a master mix of Buffers A + B (i.e., 
8 samples × 19 μl Buffer A = 152 μl; 8 × 5 μl Buffer B = 40 μl), 
and dispense 24 μl of the A + B master mix per reaction well. 
(We recommend using the fi rst well on your 8-well strip to 
make the A + B master mix since some commercial eppendorf 
tubes may bind the probe.)   

   5.    Sample preparation: Take 50 μl virus cell culture and place into 
a tube and spin it (benchtop microcentrifuge at 2000 ×  g  or full 
speed (2000 ×  g ) of Tube-Strip PicoFuge) at room temperature 
for 2 min. ( Once the samples have been spun, they can be 
stored at −20 °C and reused if needed. You need to respin 
the sample after being stored at −20 °C .)   
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  Fig. 3    Specifi cities of poliovirus TaqMan rRT-PCR primers and probes, demonstrated by using Sabin strain RNA 
templates (S1, Sabin 1; S2, Sabin 2; S3, Sabin 3; NTC, no-template control). Individual assays used the follow-
ing fl uorophores: FAM = panEV, panPV, seroPV1, seroPV2, and seroPV3. A multiplex Sabin assay used a combi-
nation of primers/probes for the following assays; CY5 = Sab 1, FAM = Sab 2, and ROX = Sab 3. The no-template 
control was used to manually set the zero baseline fl uorescence emissions. The effi ciency of each assay was 
~90 % or greater, based on tenfold dilutions of control RNAs (10 ng to 1 pg). Cycle threshold values of 30 or 
more were observed to approach the sensitivity limits of the real-time detection system; therefore, cycle 
threshold values of < or =30, were considered positive detections of the target template       
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   6.    Take 1.0 μl of cell culture supernatant (or 1 μl of Control 
RNA) for each sample and add into the appropriate reaction 
strip/plate well. rRT-PCR does  NOT  require a 95 °C heat 
step. One microliter of extracted RNA can be used, but it’s not 
generally required.   

   7.    Place strips in real-time thermocycler and cycle as shown below. 
If using a thermocycler with a rapid ramp speed, program the 
ramp from 44 to 60 °C for 45 s (note for the ABI 7500, you 
can use 25 % ramp speed between the anneal and extension 
temperatures for all assays). Thermocyclers with regular ramp 
speeds can use the default ramp time; Stratagene Mx3000P 
and similar machines do not have adjustable ramp capabilities. 
An additional intermediate step between the lower and higher 
 temperature in the PCR cycle compensates for the inability to 
adjust the ramp time between anneal and extension:

    (a)    RT reaction, 42 °C, 45 min.   
   (b)    Inactivate RT, 95 °C, 3 min.   
   (c)    PCR cycles ( all primer sets ):

    Using a Stratagene MX3000P : 95 °C for 24 s, 44 °C for 24 s, 
52 °C for 30 s, 60 °C for 24 s for  7 cycles , followed by 
Stage 2: 95 °C for 24 s, 47 °C for 24 s, 57 °C for 10 s, 
65 °C for 24 s for  40 cycles.   

   Using an ABI 7500 : Stage 1: 95 °C for 24 s, 44 °C for 30 s, 
then a 25 % ramp speed to 60 °C for 24 s, for  15 cycles , 
followed by Stage 2: 95 °C for 24 s, 47 °C for 30 s, then a 
25 % ramp speed to 65 °C for 24 s for  40 cycles. The end 
point fl uorescent data is collected at the end of the 
Stage 2 anneal step .      

   (d)     Select the appropriate dye fi lter to correspond with the 
assay being used.       

   8.    The dual-stage run method for the VDPV assay is: Stage 1: 
95 °C for 24 s, 44 °C for 30 s, 60 °C for 24 s for  5 cycles , fol-
lowed by Stage 2: 95 °C for 24 s, 50 °C for 30 s, then a 25 % 
ramp speed to 65 °C for 24 s, for  40 cycles . The end point fl uo-
rescent data is collected at the end of the Stage 2 anneal step. 
VDPVs were identifi ed by VP1 sequencing (Burns et al. [ 34 ]).       

   In addition to the ITD Real-time assays, specifi c assays have been 
developed to screen for the presence of vaccine-derived poliovi-
ruses [ 27 ]. Vaccine-related viruses excreted by patients with 
 vaccine- associated paralytic poliomyelitis (VAPP)   show only limited 
sequence divergence from the parental OPV strains. However, 
more highly divergent circulating vaccine-derived polioviruses 
(cVDPVs),    indicative of prolonged replication or circulation, can 
arise in areas with suboptimal vaccine  coverage   ([ 28 ]). New  cVDPV   
outbreaks continue to emerge as vaccine coverage declines in key 

3.4  VDPV 
Dual- Stage Assay
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high-risk countries and population immunity gaps widen, particu-
larly to type 2. In order to develop VDPV screening assays, the 
primary amino acid targets for each serotype were identifi ed by 
sequence analysis as those amino acids which are most likely to 
change in VDPVs, relative to the normal Sabin virus sequences 
[ 29 – 34 ]. Once an isolate appears non-Sabin like by screening with 
these new VDPV assays, they are further analyzed by sequencing 
the VP1 gene to confi rm whether the virus is indeed a VDPV. The 
reaction set up for the VDPV assays is similar to that described in 
Subheading  3.3.1 , with a modifi ed run method. These Real-time 
assays also use a single tube dual-stage run method (5 cycles of 
95–44–60 °C, followed immediately with 40 cycles of 95–50–
65 °C [ 27 ]; Fig.  4 , Table  1 ). These VDPV assays have several 
advantages including (1) sharply reducing the workload to sequence 
vaccine-related isolates to screen for  cVDPVs  ; (2) being more sen-
sitive (at least for detecting S2 VDPVs) than the  ELISA   assay in 
detecting early genetic changes associated with VDPV emergence 
[ 34 ] and (3) yielding accurate results on serotype mixtures without 
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the need for neutralizing one or more of the serotypes in the mix-
ture, as now required when using the ELISA assay.

4         Sequencing 

 Once poliovirus isolates of program importance have been identi-
fi ed through diagnostic testing, additional vital information is 
obtained through sequence analysis of the viruses [ 28 ]. This infor-
mation determines genetic relationships to other wild poliovirus 
isolates or VDPVs to demonstrate chains of transmission, sources 
of imported viruses causing outbreaks, and estimates of the dura-
tion of virus circulation [ 35 ]. To achieve this, VP1 sequences are 
determined for all wild polioviruses and potential VDPVs isolated 
worldwide. Systematic design of nucleic acid-based poliovirus 
diagnostic reagents targeting the  capsid region   (or any coding 
region) is especially challenging because nucleotide sequence diver-
sity among poliovirus isolates is exceptionally high [ 20 ,  23 ] and 
nucleotide intervals encoding conserved amino acid sequences are 
typically highly degenerate. To accommodate the wide variability 
and rapid evolution of poliovirus genomes [ 35 ], degenerate codon 
positions on the template were matched to mixed-base or deoxy-
inosine residues on both PCR primers. A particular challenge is to 
sequence the individual components of isolates containing poliovi-
rus mixtures. The standard method to resolve the mixtures has 
been by blocking the growth of individual components with type-
specifi c neutralizing antibodies followed by limit-dilution culture 
or plaque- purifi cation  , procedures that are both time- consuming 
and laborious. Generic poliovirus specifi c primers, along with 

   Table 1  
  VDPV primers/probes   

 Primer/Probe  Sequence (5′ → 3′)  a    Position  a   

 S1 VDPV-S  CATGCGTGGCCATTATA  2753–2769 

 S1 VDPV-A  TAAATTCCATATCAAATCTA  2902–2883 

 S1 VDPV-Probe  FAM-CACCAAGAATAAGGATAAGC- BHQ-1  2789–2809 

 S2 VDPV-S  GACATGGAGTTCACTTTTG  2890–2908 

 S2 VDPV-A  CTCCGGGTGGTATATAC  2989–2973 

 S2 VDPV-Probe  FAM-CATTGATGCAAATAAC-BHQ-1  2925–2940 

 S3 VDPV-S  CATTTACATGAAACCCAAAC  3276–3295 

 S3 VDPV-A  TGGTCAAACCTTTCTCAGA  3400–3382 

 S3 VDPV-Probe  FAM-TAGGAACAACTTGGAC-BHQ-1  3360–3374 

   a Position relative to the positions reported by Toyoda et al.  S  sense,  A  antisense  
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degenerate and inosine-containing primers are used for routine 
VP1 sequencing of poliovirus isolates (Table  2 ). These primers, 
along with nondegenerate serotype-specifi c Sabin primers, can also 
be used to sequence individual polioviruses in mixtures. By using 
various combinations of these primers, the VP1 regions of >7000 

       Table 2  
  Poliovirus VP1 RT-PCR and sequencing primers   

 Primer  Sequence (5′ → 3′) a   Position b  

 Y7  GGGTTTGTGTCAGCCTGTAATGA  2419–2441 

 Y7R c   GGTTTTGTGTCAGCITGYAAYGA  2419–2441 

 PV1,2S c   TGCGIGAYACIACICAYAT  2459–2477 

 246S-S1  CGAGATACCACACATATAGA  2461–2480 

 247S-S2  CGAGATACAACACACATTAG  2461–2480 

 248S-S3  CGAGACACCACTCACATTTC  2461–2480 

 255S-S1  GGGTTAGGTCAGATGCTTGAAAGCATG  2500–2526 

 256S-S2  GGAATTGGTGACATGATTGAAGGG  2500–2523 

 257S-S3  GGTATTGAAGATTTGATTTC  2500–2519 

 P1-SENSE c   GGICARATGYTIGARAGIATG  2506–2526 

 P2-SENSE c   CTIGGIGAYATIMTIGARGG  2503–2522 

 P3-SENSE c   ACIGARGTIGCICARKGYGC  2515–2535 

 AFRO P3W 6S c   CCIAARCCRCAIAAYRGHC  2531–2549 

 AFRO P1W 2S c   CRGTICAAACYAGRCAYGTYA  2658–2678 

 SOAS P1W 2S  ACRGGRGCYACRAACCCNTT  2624–2643 

 SOAS P3W 6S  GTYRTACARCGRCGYAGYAGRA  2666–2687 

 AFRO P3W 7A c   GAYTCIATKGTIGAYTCBGT  2705–2686 

 AFRO P1W 1A  GMRAAYARYTTRTCYTTRGA  2795–2776 

 SOAS P1W 1A  ACTGARAAYARYTTRTCYYTKGA  2801–2779 

 SOAS P3W 5A c   TCYTTRTAIGTRATGCGCCAAG  2812–2791 

 249A-S1  CACTGTAAATAGCTTATCC  2820–2802 

 250A-S2  AACCGAAAACAATCTGCTG  2820–2802 

 251A-S3  CATGGCAAATAGTTTCTGT  2820–2802 

 PanPV4S c   ACITAYAARGAYACIGTICA  2830–2849 

 PanPV2S c   CITAITCIMGITTYGAYATG  2876–2895 

 PanPV1A c   TTIAIIGCRTGICCRTTRTT  2954–2935 

 SeroP3A c   CCCCIAI P TGRTCRTTIK P RTC  3176–3157 

(continued)
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wild polioviruses, representing all known genotypes were amplifi ed 
and sequenced, including all combinations of serotype mixtures 
(including ternary mixtures), whether wild or vaccine-related [ 36 ]. 
The VP1 regions of separate components of homotypic mixtures 
(e.g, Sabin 1-related poliovirus + type 1 wild poliovirus) can also be 
sequenced. These mixtures are diffi cult to resolve using type-spe-
cifi c polyclonal antisera and may also be diffi cult to resolve using 
highly specifi c neutralizing  monoclonal antibodies   in some situa-
tions because of the rapid antigenic reversion of vaccine-related 
poliovirus isolates [ 3 ].

   The complete VP1 region can be amplifi ed as a single DNA 
amplicon and then sequenced using four primers (sense and anti-
sense). An alternative method is to amplify and sequence two over-
lapping fragments of the VP1 region into a single contig 
representing a consensus sequence; however, the preferred method 
is to amplify the complete VP1 region. 

   Poliovirus sequencing can be broken down into nine basic steps as 
follows:

 ●    RNA extraction from tissue cell culture isolates of poliovirus or 
from an  FTA card   spotted with poliovirus isolate.  

 ●   Reverse transcription of the RNA and PCR amplifi cation of the 
resulting cDNA using the primers Y7R and Q8 (covering the 
entire  VP1 region   of the poliovirus genome).  

 ●   Visualizing the DNA amplicon on an agarose gel.  
 ●   Purifying the DNA amplicon to remove unincorporated nucle-

otides and any nonspecifi c PCR products (optional step).  
 ●   Performing the sequence PCR protocol for automated capil-

lary DNA sequencing using the primers Y7, PV1A, PV4S, and 

4.1  Poliovirus 
Sequencing

Table 2
(continued)

 Primer  Sequence (5′ → 3′) a   Position b  

 252A-S1  ATATGTGGTCAGATCCTTGGTG  3407–3387 

 253A-S2  ATAAGTCGTTAATCCCTTTTCT  3407–3387 

 254A-S3  ATATGTGGTTAATCCTTTCTCA  3407–3387 

 PV8A c   GCYTTRTTITGITGICCRAA  3431–3412 

 PV10A c   GTRTAIACIGCYTTRTTYTG  3440–3421 

 Q8  AAGAGGTCTCTRTTCCACAT  3527–3508 

   a IUB ambiguity codes;  I  inosine,  P , pyrimidine base analog (T + C) 
  b Position relative to the positions reported by Toyoda et al. 
  c Inosine-containing primers, use degenerate PCR conditions  
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Q8 (covering the VP1 region in both sense and antisense 
directions).  

 ●   Removal of unincorporated BigDye terminators from the 
sequence PCR reactions.  

 ●   Analyzing the reactions on the automated capillary sequencer.  
 ●   Viewing and editing the raw sequence data.  
 ●   Construction of contigs and consensus poliovirus VP1 

sequences.    

 A fl ow chart outlining these basic steps can be seen in Fig.  5 .

         1.    Freeze-thaw the tissue cultures twice to release intracellular 
virus. Collect the supernatant after the second freeze-thaw and 
centrifuge at 13,000 ×  g  for 1 min to pellet cell debris. Remove 
the supernatant to a sterile, RNase-free microcentrifuge tube.   

   2.    Follow the QIAamp Viral RNA Mini Spin Protocol or the 
QIAamp Viral RNA Mini Vacuum Protocol.      

       1.    Prepare RNA processing buffer for the FTA cards to be extracted; 
200 μl will be needed per card processed. Aliquot into 1.7 ml 
nuclease-free microcentrifuge tubes and place on ice.   

   2.    Clean the cutting mat with 10 % bleach followed by high qual-
ity DI water and 70 % ethanol OR wipe the mat with an RNAse 
AWAY wipe. Dry the mat with a clean tissue wipe.   

   3.    Take the FTA card with air dried poliovirus isolate and place 
the area to be punched on the cutting mat.   

   4.    Using a 4 mm disposable biopsy punch, cut out 6 punches per 
card and place the punches into a microfuge tube with 200 μl 
of RNA processing buffer. All six punches can be made sequen-
tially and then removed from the biopsy punch with any of the 
following: a sterile disposable inoculating loop (with the end 
removed), a sterile disposable inoculating needle, or sterile dis-
posable forceps.   

   5.    Dispose of the biopsy punch in a sharps container. Use a new 
biopsy punch for each FTA card processed, as well as new inoc-
ulating loop/needle or forceps.   

   6.    If more than one FTA card is processed, always place each card 
on a different spot on the cutting mat to avoid any chance of 
cross contamination between specimens. Repeat  steps 4  and  5 .   

   7.    Vortex the tubes containing the punches in RNA processing 
buffer. Incubate the tubes at 70 °C for 5 min, vortexing at the 
halfway point of the incubation period. Open the tubes during 
the fi rst 2 min of the incubation period to release any pressure 
inside the tube.   

4.1.1  RNA Extraction 
from Cell Culture Isolates

4.1.2  RNA Extraction 
from  FTA Cards   Spotted 
with Poliovirus Isolates
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   8.    After incubation is complete, spin the tubes for 1 min at full 
speed in a microcentrifuge.   

   9.    Remove the  supernatant   after centrifugation and place into an 
appropriate number of labeled microfuge tubes containing 
620 μl of AVL buffer (QIAmp Viral RNA mini kit) plus the 
appropriate amount of carrier RNA according to the QIAmp 
protocol.   

EXTRACT RNA

FROM ��0μl OF CELL CULTURE ISOLATE OR FROM
AN FTA CARD SPOTTED WITH POLIOVIRUS 

REVERSE TRANSCRIPTASE (RT) PCR OF
RNA USING Y�R AND Q� PRIMERS

(AMPLIFIES VP� REGION)

MULTIPLE BANDS FOR ONE AMPLICON; GEL
EXTRACT TO PURIFY DNA

SINGLE BAND FOR ONE AMPLICON; DNA CAN
BE PURIFIED DIRECTLY FROM PCR REACTION

USE ABI RECOMMENDED QUANTITY** OF DNA IN PCR REACTIONS
FOR SEQUENCING.  PRIMERS TO USE IN REACTIONS = Y�, PV�A, PV�S,

AND Q8

VISUALIZE DNA AMPLICON ON AGAROSE GEL

PURIFY SEQUENCE
REACTIONS WITH BDX

PURIFY SEQUENCE
REACTIONS WITH SPIN 

COLUMNS

ANALYZE PURIFIED RXNS ON ABI
AUTOMATED SEQUENCER

EDIT RAW SEQUENCE DATA

CONSENSUS VP� SEQUENCE FROM
CONTIGS

  Fig. 5    Sequence workfl ow diagram       
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   10.    Mix the tubes containing the AVL buffer and supernatant by 
pulse vortexing for 15 s. Briefl y spin the tubes in a microcen-
trifuge to remove any liquid from the cap.   

   11.    Add 620 μl of absolute ethanol to each tube with FTA super-
natant plus AVL buffer. Mix by pulse vortexing for 15 s and 
briefl y spin the tubes in a microcentrifuge as in  step 10 .   

   12.    At this point, follow the QIAamp Viral RNA Mini Spin 
Protocol or the QIAamp Viral RNA Mini Vacuum Protocol at 
the stage of adding the supernatant, AVL buffer, ethanol mix-
ture to the QIAmp columns.   

   13.    Store the extracted RNA at −70 °C (preferred) or at −20 °C 
(~1–2 year storage).      

       1.    Log into a laboratory notebook a record of the RNA samples 
to be used in the PCR run. If RNA was extracted the same day 
of the PCR amplifi cation, keep the tubes containing the RNA 
on ice throughout the procedure. If frozen RNA is used, thaw 
the samples on ice and keep them on ice for the remainder of 
the procedure. DO NOT THAW AT ROOM TEMPERATURE.   

   2.    Remove reagents from the freezer and thaw on ice or place 
into a tube rack (dedicated for PCR reactions) at 4 °C until the 
reagents are thawed; then place the reagents on ice.   

   3.    Take out the required number of PCR tubes needed for the 
PCR run (the number of RNA samples to be processed plus a 
positive and a negative RNA control sample). Label the tubes 
appropriately for cross reference to the lab notebook log of the 
RNA samples to be processed. Place the tubes on ice.   

   4.    Prepare a master mix for the PCR reactions to give a fi nal vol-
ume of 47 μl/PCR tube. Below is an example for making a 
master mix for eight reactions plus two controls. 

 Reagent  Amt/PCR tube  ×10 Rxns 

 PCR water (DNase–RNase free)  37 μl  370 μl 

 10× PCR buffer  5 μl  50 μl 

 dNTPs (10 mM each)  2 μl  20 μl 

 RNase inhibitor (40 U/μl)  0.25 μl  2.5 μl 

 Reverse transcriptase (20 U/μl)  0.25 μl  2.5 μl 

 Y7R primer (40 pmol/μl)  1 μl a   10 μl 

 Q8 primer (10 pmol/μl)  1 μl b   10 μl 

 Taq polymerase (5 U/μl)   0.5 µl    5 µl  

 Total  47 μl  470 μl 

    a Concentrated stock of 40 pmol/ul contains 10 pmol/μl of each primer species 
because of degeneracy. 
  b Concentrated stock of 10 pmol/μl contains 5 pmol/μl of each primer species 
because of degeneracy.   

4.1.3  Degenerate 
RT-PCR for Sequence 
Amplicons
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   5.    Combine the master mix by gently pipetting up and down, 
avoiding formation of air bubbles; centrifuge the tube briefl y. 
Aliquot 47 μl of master mix into each PCR reaction tube kept 
on ice. Keeping the reaction tubes on ice, aliquot 3 μl of the 
sample RNA into each tube and mix by gently pipetting the 
reaction up and down several times. When you have fi nished 
aliquoting all the RNA samples to be tested, store the poliovi-
rus RNA at −20 °C.   

   6.    Place the PCR reactions into the thermocycler and cycle as 
shown below:

    (a)    RT reaction, 42 °C, 45 min.   
   (b)    Inactivate RT, 94 °C, 3 min.   
   (c)     PCR cycle (all primers): 94 °C for 30 s , 42 °C for 30 s, 

ramp at 0.4 °C/s to 60 °C, 60 °C for 2 min for 35 cycles.   
   (d)     Immediately follow the cycle program with a fi nal exten-

sion time of 5 min at 60 °C.       
   7.    At the completion of the PCR run, reaction products may be 

immediately examined by agarose gel or may be frozen at 
−20 °C for later evaluation.      

       1.    Assemble the gel tray into a casting assembly and place a sam-
ple comb with the desired number of sample wells into the gel 
tray.   

   2.    Prepare a 1 % agarose gel by weighing out an appropriate 
amount of agarose powder (e.g., 1.0 g for 100 ml gel) and mix 
with 1× TBE buffer in a glass fl ask. Heat the gel mixture in a 
microwave oven until melted (the agarose is completely dis-
solved), cool to approximately 55 °C, and add fl uorescent dye 
directly to the gel according to the dye manufacturer 
guidelines.   

   3.    Allow the gel to cool slightly, pour into the gel tray and allow 
it to solidify at room temperature or at 4 °C.   

   4.    Place the solidifi ed gel into the electrophoretic buffer cham-
ber. Pour enough 1× TBE buffer into the chamber to cover the 
gel; remove the sample comb at this point and fl ush out the 
sample wells with 1× TBE buffer.   

   5.    Take out enough PCR tubes to account for the number of 
reactions you want to run on the gel. Aliquot 1 μl of 6× load 
dye into each tube and then add 5 μl of each PCR reaction. 
Place the remainder of the PCR reaction either on ice or 
at 4 °C.   

   6.    Load the PCR reaction plus load dye (total 6 μl) into the 
wells made by the sample comb. In the fi rst and last lanes of 
the gel, load the molecular weight marker (with load dye) to 

4.1.4  Visualizing DNA 
Amplicons
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help determine the size of the DNA amplicon of the PCR 
reaction.   

   7.    Close the gel chamber, attach the leads to a power supply and 
apply current (~70 V for 100 ml gel).  DNA will migrate 
towards the positive electrode, which is colored red.  
Continue to run the gel at constant voltage/current.   

   8.    The distance the DNA has migrated through the gel can be 
judged by visually monitoring the migration of the bromophe-
nol blue dye in the load buffer (bromophenol blue migrates at 
about the same rate of double stranded DNA fragments of 
~300 bp). Also note that interference from the blue dye may 
be noticed.   

   9.    After suffi cient migration has occurred, turn off the power 
supply and remove the gel tray (wear disposable gloves while 
handling the gel tray), Place the gel tray on a UV transillumi-
nator with a plexiglass cover and check for PCR amplicons of 
~1.1 kb size ( WARNING: wear proper PPE (personal  protection 
equipment) including protective eye gear and a UV blocking 
face shield to minimize exposure to UV light ). Photograph the 
gel to document the results.   

   10.    There should be only one band per PCR reaction (band size 
is ~1.1 kb). If this is true, then the remaining product 
stored at 4 °C may be column-purified for use in DNA 
sequencing reactions ( see  Subheading  4.1.5 ). If there are 
nonspecific bands in addition to the correct 1.1 kb frag-
ment, the VP1 fragment can be extracted from the gel ( see  
Subheading  4.1.6 ).      

        1.    Remove the correct number of microcentrifuge tubes corre-
sponding to the PCR amplicons to be purifi ed and label the 
tubes accordingly.   

   2.    Using the QIAquick PCR Purifi cation Kit, add 5 volumes of 
PB buffer (with indicator dye added) to each microcentrifuge 
tube for each volume of PCR sample (e.g., a 50 μl PCR reac-
tion would require 250 μl of PB buffer).   

   3.    Add the PCR reaction to the corresponding microcentrifuge 
tube with PB buffer.   

   4.    Mix by vortexing. Check the color of the mixture; it should be 
dark yellow. If the color is orange or violet, add 10 μl of 3 M 
sodium acetate, pH 5.0 (color should now be yellow).   

   5.    Follow the QIAquick PCR purifi cation microcentrifuge proto-
col or the QIAquick PCR purifi cation vacuum manifold proto-
col. Elute the DNA from the column using either the elution 
buffer provided in the kit or with nuclease-free water.   

4.1.5  Direct Purifi cation 
of PCR DNA Amplicon
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   6.    The purifi ed DNA is now ready for sequencing. The DNA may 
be quantifi ed by running a sample adjacent to standards con-
taining known quantities of the same-sized DNA fragment or 
by spectrophotometric analysis for nucleic acids.      

        1.    Make a 1 % agarose gel with an appropriate gel stain as out-
lined in  step 3  of this manual. After the gel has solidifi ed, place 
the gel into the electrophoresis chamber of the gel box and 
add 1× TBE buffer to cover the gel; remove the sample comb 
and fl ush the wells with 1× TBE buffer.   

   2.    Mix 9 μl of 6× load buffer ( see   step 3 ) with the remaining 45 μl 
of PCR product and load into the sample wells of the gel. 
REMEMBER: In the fi rst and last lanes of the gel, load the 
molecular weight marker (with load dye) to help determine the 
size of the DNA amplicon of the PCR reaction.   

   3.    Close the gel chamber, attach the leads to a power supply and 
apply current (~70 V for 100 ml gel). Keep the voltage/cur-
rent constant.   

   4.    The distance the DNA has migrated through the gel can be 
judged by visually monitoring the migration of the bromophe-
nol blue dye in the load buffer (bromophenol blue migrates at 
about the same rate of double stranded DNA fragments of 
~300 bp).   

   5.    After suffi cient migration has occurred (i.e., the bromophenol 
blue dye has migrated ~ halfway through the gel), turn off the 
power supply and remove the gel tray. Place the gel tray on a 
UV transilluminator with a plexiglass cover and check for PCR 
amplicons of ~1.1 kb size ( WARNING: wear proper PPE 
( personal protection equipment) including protective eye gear 
and a UV blocking face shield to minimize exposure to UV light ). 
Photograph the gel to document the results.   

   6.    Wearing proper laboratory PPE, including protective eyewear 
and a protective UV blocking face shield, use a surgical scalpel 
to excise the 1.1 kb bands from the gel. Place each gel piece 
into a separate labeled microcentrifuge tube.   

   7.    Weigh the gel slice in the tube. Use the QIAquick Gel 
Extraction Kit to extract the DNA from the gel slice. Add 3 
volumes of QG buffer from the kit to 1 volume of gel (100 mg 
of gel ~100 μl).   

   8.    Incubate the gel slice + QG buffer at 50 °C for at least 10 min, 
vortexing every 2 min to aid in gel dissolution. If the gel slice 
is not completely dissolved after 10 min, the incubation time 
can be extended for a few minutes. THE GEL SLICE MUST 
BE COMPLETELY SOLUBILIZED.   

   9.    Check the color of the gel solution—it should be the same 
color (yellow) as the as the QG buffer. If the color is orange or 
violet, add 10 μl of 3 M sodium acetate, pH 5.0.   

4.1.6  Gel Extraction 
of PCR DNA Amplicon
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   10.    Add the sample to a labeled QIAquick spin column and follow 
the QIAquick PCR purifi cation microcentrifuge protocol or 
the QIAquick PCR purifi cation vacuum manifold protocol. 
Please allow the PE wash buffer to remain on the column for a 
5 min incubation time prior to removal of the wash.   

   11.    Elute the DNA from the column using either the elution buf-
fer provided in the kit or with nuclease-free water.   

   12.    The purifi ed DNA is now ready for sequencing. The DNA may 
be quantifi ed by running a sample adjacent to standards con-
taining known quantities of the same-sized DNA fragment or 
by spectrophotometric analysis for nucleic acids .       

       1.    Log into a laboratory notebook a record of the DNA samples 
to be used in the PCR run. If the DNA amplicon was purifi ed 
the same day of the sequence PCR amplifi cation, keep the 
tubes containing the DNA on ice throughout the procedure. 
If frozen DNA is used, thaw the samples on ice and keep them 
on ice for the remainder of the procedure. DO NOT THAW 
AT ROOM TEMPERATURE.   

   2.    Take all reagents for the reaction (Ready Reaction Premix, 
primers, and BigDye Sequencing dilution buffer) out of the 
freezer and thaw on ice or place into a PCR reaction dedicated 
tube rack at 4 °C until the reagents are thawed; then place the 
reagents on ice.   

   3.    Take out the required number of PCR tubes needed for the 
PCR run (the number of DNA samples × 4). Label the tubes 
appropriately for cross reference to the lab notebook log of the 
DNA sample/primer to be processed. Place the tubes on ice.   

   4.    For each DNA template there will be a total of four reactions, 
one for each of the following primers: Y7, PanPV1A, PanPV2S, 
and Q8. Oligonucleotide composition and priming position 
on the poliovirus genome for each of these primers are listed in 
Table  2 . Use of four primers ensures coverage of the entire 
VP1 region in both the sense and antisense directions ( see  
Fig.  2 ). The amount of DNA template used in the PCR 
sequence reaction will depend on the method used to purify 
the sequence reaction post thermocycling. The PCR reaction 
(10.0 μl) is prepared as follows: 2.0 μl of Ready Reaction pre-
mix (v1.1 or v3.1), 1.0 μl 5× Big Dye Sequence buffer, 
3.2 pmol primer (dilute from stock as needed to give a fi nal 
added volume of 1.0 μl), 20–40 ng DNA template (sephadex 
column purifi cation) OR 5–10 ng DNA template 
(BDXterminator purifi cation), nuclease-free water added to a 
fi nal volume of 10.0 μl.   

   5.    Mix the PCR reactions by pipetting up and down. If necessary, 
spin the tubes briefl y to remove any bubbles.   

4.1.7  Degenerate 
Sequence PCR Reactions
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   6.    Place the PCR tubes into the PCR thermal cycler and run the 
following PCR program (all primers): 94 °C 20 s, 42 °C 15 s, 
ramp at 0.4 °C/s to 60 °C, 60 °C for 4 min for 25 cycles.   

   7.    At the end of the PCR sequencing program, remove the tubes 
and proceed to Subheading  4.1.8  (Purifying Sequence 
Reactions with BigDye® XTerminator™) or Subheading  4.1.9  
(Purifying Sequence Reactions with Spin Columns).      

        1.    Remove the PCR sequence reactions from the PCR 
thermocycler.   

   2.    Follow the BigDye® XTerminator™ purifi cation protocol as out-
lined in the premix pipetting section of the process. Use a trough 
to hold the fi nal premix solution (SAM + XTerminator™) and a 
multichannel pipettor to aliquot 55 μl to each PCR reaction. 
When pipetting from the trough, keep the premix agitated by 
rocking the trough back and forth lengthwise to create a wave 
motion.   

   3.    After the premix is aliquoted as indicated by the BDXterminator 
protocol, seal the plate using the adhesive fi lm applicator. An 
alternative method of sealing the plate is to cap the plate wells 
with PCR strip caps (rows of 8).   

   4.    Place the sealed plate on the Digital Vortex-Genie 2 and vortex 
for 30 min at 1800 ×  g  at room temperature.   

   5.    After vortexing is complete, spin the plate in a swinging bucket 
centrifuge for 2 min at 1000 ×  g  at room temperature.   

   6.    The samples may now be analyzed on the DNA sequencer 
(Subheading  4.1.10 ) OR you can store the sealed plate for up 
to 48 h at room temperature or up to 10 days at 4 °C.      

        1.    Place a 96-well sequence plate onto a PCR plate rack.   
   2.    Aliquot 15 μl of HiDi Formamide into the wells of the plate 

for the number of sequencing reactions that you have.   
   3.    Remove the number of strips that you will need to purify your 

sequence reactions or take out a Centri-Sep plate.   
   4.    Using a swinging bucket centrifuge, pre-spin the columns or 

Centri-Sep plates into the collection plate according to the 
manufacturer’s specifi cations (2 min at 750 ×  g  for the column 
strips, 1500 ×  g  for the Centri-Sep plate; please  see  the centrifu-
gation notes at the end of this section) to remove the intersti-
tial fl uid present in the columns/plate.   

   5.    After centrifugation, place the columns into the formamide- 
fi lled wells of the 96-well sequence plate OR place the Centri- 
Sep plate above the formamide fi lled 96-well plate.   

   6.    Using the multichanneled pipettor, pipette the 10 μl sequenc-
ing reaction into the center of each well of the Centri-Sep strip/
plate, making sure not to touch the top of the gel in the well.   

4.1.8  Purifying Sequence 
Reactions with BigDye® 
XTerminator™

4.1.9  Purifying Sequence 
Reactions with Spin 
Columns
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   7.    Spin the loaded Centri-Sep column/plate according to manu-
facturer’s instructions. The purifi ed fl uorescently tagged DNA 
will spin through the column directly into formamide in the 
96-well sequence plate.   

   8.    Remove the Centri-Sep columns/ plate from the top of the 
96-well sequence plate. The samples (now in the 96-well 
sequence plate) are ready to be analyzed on the DNA sequencer 
(Subheading  4.1.10 ).      

         1.    Take the 96-well sequence plate containing the purifi ed 
sequence reactions and cover it with a plate septa. Place the 
plate into the plate base /retainer assembly and put it into the 
automated sequencer according to manufacturer 
specifi cations.   

   2.    Prepare 1× Running buffer (dilute 1 part 10× running buffer 
to 9 parts nuclease-free water (PCR grade)). Add the buffer to 
the two buffer chambers in the sequencing instrument accord-
ing to ABI instructions.   

   3.    Prepare a sample sheet according to the user’s guide for the 
automated DNA sequencer, following a logical naming conven-
tion. (Please note that an electronic sample sheet template may 
be imported.) Make sure that the proper instrument/run proto-
cols are chosen based on the version of BigDye used (v1.1 or 
v3.1), the length of the capillary in the machine, and the purifi -
cation method used. ( NOTE: if BigDye XTerminator was used to 
purify the post sequencing PCR reactions, make sure that the proper 
run modules are available on the sequencer. These run protocols are 
freely distributed by Applied Biosystems on their website. )   

   4.    Begin the sequence run. After the run is complete, download the 
sequence data from the data collection software run fi les and edit 
the raw sequence data as described in Subheading  4.2 —Viewing 
and Editing Raw Sequence Data.       

      You will need a software package capable of analyzing trace fi les, 
constructing contigs and editing base pairs. Examples are the 
Sequencher analysis package distributed by Gene Codes 
Corporation Ann Arbor, Michigan; Lasergene distributed by 
DNASTAR Inc. Madison, Wisconsin; and Bionumerics (Applied 
Maths, Inc., Austin, Texas). All subsequent sequence chromato-
grams and contig representation presented in this section are gen-
erated through Sequencher Ver. 4.8  

       1.    The trace data fi les are imported into the Sequencher software, 
and the chromatograms of each fi le are examined for quality. 
Peaks present in the chromatogram should have a good signal 
to noise ratio (distinct with minimal background) and base- 
calling should be clean and concise.   

4.1.10  Analyze Purifi ed 
Sequence Reactions 
on the Automated DNA 
Sequencer

4.2  Viewing 
and Editing Raw 
Sequence Data

4.2.1  Software

4.2.2  Sequence Quality 
and Trimming
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   2.    Trimming—Frequently, the beginning (close to the primer 
read) of the sequence data will have ambiguous base calls (N’s) 
and/or will have a great deal of background noise. Generally, 
the fi rst 15–25 base pairs of the sequence displayed in the 
chromatogram will need to be trimmed. The tail end (3′ end) 
of the sequence will also need to be trimmed; read lengths of 
the sequence will vary based on the following criteria: (1) qual-
ity of the sequence read and (2) the primer used for the 
sequence. As a general rule, more than three ambiguous bases 
and/or a deterioration of sequence quality (i.e., loss of peak 
resolution and base calling accuracy) signals the need to trim 
the end portion of the sequence read.      

   Noisy background and/or trailing peak width early in the sequence 
read could be due to a number of factors including

    1.    Errors generated during sequence run—Check the error log 
and rerun the sample.   

   2.    Polymer bubbles—Check the sequencer to make sure no bub-
bles are present in the line from the polymer supply or in the 
capillary array.   

   3.    High number of sequence runs on the capillary—ABI sequence 
capillaries are guaranteed for 100 sequence runs only. Capillaries 
should be changed between 100 and 150 runs. Please note 
that the capillaries can be run more than 150 runs, but this is 
not recommended because sequence quality may suffer.   

   4.    Impure DNA amplicon—check the starting DNA material on 
a 1 % agarose gel to ensure that only the 1.1 kb Y7/Q8 ampli-
con is present. If other bands can be seen, extract the 1.1 kb 
band from the gel and gel purify the fragment using a kit such 
as the QiaQuik gel purifi cation system from Qiagen. 
Re-sequence the purifi ed DNA.   

   5.    Mixtures of serotypes/genotypes present in the DNA ampli-
con—Check the original PCR result from the diagnostic PCR 
to ensure that no mixture is present such as a wild–sabin mix 
or a wild mixture of different serotypes (e.g., a PV1/PV3 wild 
poliovirus mixture).     

  See  Fig.  6  for examples of unacceptable sequence quality.

             1.    After  sequence   quality is ascertained, the sequences corre-
sponding to the Y7, PV1A, PV4S, and Q8 primers for each 
DNA amplicon analyzed can be assembled into a single contig. 
Minimum contig assembly parameters should be at least 85 % 
base pair match with a 20 base pair overlap between primer 
sequences ( see  Fig.  7 ).

       2.    Good sequence overlap between the sense and the antisense 
primers over the VP1 region is critical to ascertain agreement 

4.2.3  Troubleshooting 
Sequence Quality Issues

4.3  Construction 
of Contigs 
and Consensus 
of Poliovirus VP1 
Sequences

4.3.1  Contig Assembly
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Noisy Background from Q� primer
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  Fig. 6    Examples of unacceptable sequence quality. Panel  a  has high background (a low signal to noise ratio) in 
a portion of the chromatogram, and Panel  b  shows trailing peaks in the Y7 primer sequence       

  Fig. 7    Sequence contig formed using Sequencher software (GeneCodes) demonstrating good overlap with both 
sense primers (Y7 and PV4S shown in  green ) and antisense primers (PV1A and Q8 shown in  red ) in the VP1 
gene region of poliovirus. Primers extend into the VP3 and 2A gene regions to ensure complete coverage of VP1       
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between the sequence strands; each primer provides sequence 
from a different region of VP1 and strengthens the validity of the 
base pair calls. THERE MUST BE COMPLETE COVERAGE 
OF THE VP1 REGION WITH BOTH THE SENSE AND 
ANTISENSE STRANDS OF THE CONTIG. There should be 
no region of single-stranded sequence or absence of a sense or 
antisense strand.      

   Contigs should be checked for ambiguous base pair calls and gaps 
between the assembled sequences. The software package used 
should have the ability to check and to edit any ambiguous base 
call(s) in the contig 

 The chromatograms for bases in the contig should be exam-
ined to get a clear consensus for the proper base pair calls in the 
VP1 region (Fig.  8 ). From the three aligned chromatograms in 
Fig.  8 , the ambiguous base in the PV1A sequence is a ‘T’ in agree-
ment with the other two sequence primer strands. The consensus 
base pair call would be ‘T’. Notice that the location of the base in 
question differs in each of the three primer sequence strands; con-
tig assembly effectively aids in simultaneous editing base calls in all 
sequence strands for a specifi c Y7/Q8 DNA amplicon.

   After all ambiguous base pairs have been resolved, the contig 
should be renamed with a descriptive nomenclature to help iden-
tify the specimen sequenced. An example would be a unique iden-
tifi er such as a Lab Id that is used only once and not rolled over 
from year to year. 

 A consensus sequence may be generated from the edited con-
tig. The consensus sequence should be trimmed to the VP1 region 
(906 base pairs for PV1, 903 base pairs for PV2, and 900 base pairs 
for PV3) (Fig.  9 ).

       When sequencing poliovirus specimens, mixtures of different sero-
types and genotypes are often encountered and can present chal-
lenges in obtaining good sequence data. The degree of diffi culty in 
resolving individual polio serotypes/genotypes depends on the 
type of mixture present in the specimen. Mixture types can be clas-
sifi ed as follows, from the easiest type of mixture to the most 
diffi cult:

    1.    Sabin–Sabin mixtures—The specimen contains combinations 
of the three Sabin strains (Sabin, Sabin2, Sabin3). These are 
the easiest mixtures to resolve due to the availability of Sabin 
specifi c primers that can be used in the initial RT-PCR reac-
tions to produce Sabin-specifi c DNA amplicons and/or used 
in the sequencing PCR reaction.   

   2.    Wild–Wild mixtures—The specimen contains a combination 
of two different serotypes (e.g., PV1 and PV3) but no Sabin or 
Sabin derived polioviruses (VDPVs). Serotype specifi c primers 

4.3.2  Base Pair 
Agreement and Editing

4.4  Sequencing 
Poliovirus Mixtures
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in the initial RT-PCR reaction produce specifi c DNA ampli-
cons, and the primers can also be used in sequencing PCR 
reactions to resolve these mixtures.   

   3.    Wild–VDPV–Sabin mixtures—The specimen contains a com-
bination of wild and at least one Sabin or Sabin derived strain 

  Fig. 8    Alignment of three primer sequences in a single poliovirus VP1 contig. The ambiguous base call in the 
PV1A sequence is a ‘T’ comparing the base calls in the same position in the Y7 and Q8 primer sequences       
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of different serotypes (e.g., PV1 wild–PV2 VDPV–Sabin3). 
Combinations of Sabin specifi c, serotype-specifi c and genotype- 
specifi c primers are used in both RT-PCR reactions (to pro-
duce specifi c DNA amplicons) and in the PCR sequence 
reactions to resolve these mixtures.   

   4.    Homotypic mixtures—The specimen contains a combination 
of wild, Sabin or Sabin-derived strains of the same serotype. 
This is the most diffi cult mixture to resolve, as serotype-spe-
cifi c primers will target both wild and Sabin/VDPVs in the 
mix. Strategies for resolution of these mixtures involve produc-
tion of several DNA amplicons using both serotype- and 
genotype- specifi c primers and also sequencing the amplicons 
with different combinations of these primers ( see  Table  2 ).     

 The genotype- and serotype-specifi c primers used in resolving 
poliovirus mixtures are described in Table  2 . 

 The frequency of each type of mixture encountered is depen-
dent on the specimen type. Poliovirus mixtures from AFP speci-
mens are predominantly Sabin–Sabin mixtures. Environmental 
specimens, which are composite samples from sewage originating 
from many households (as opposed to one single patient), can have 
all four mixture types, particularly in polio endemic regions. 
Strategies for resolving the four mixture types are described in 
detail in the next sections. 

   The following primer pairs may be used in the RT-PCR reaction 
(same PCR conditions as used for the Y7R/Q8 amplifi cation) to 
produce Sabin specifi c DNA amplicons for the VP1 region:

    1.    246S/Q8—Produces Sabin 1 DNA amplicon. Primers amplify 
the end of VP3 and the beginning of 2A to give ~1.1 kb PCR 
product.   

4.4.1  Sabin–Sabin 
Poliovirus Mixtures

  Fig. 9    Alignment of a poliovirus serotype 1 VP1 sequence (generated from the consensus sequence of a VP1 
contig) with the reference Sabin 1 strain sequence for appropriate trim length (906 bp). The consensus 
sequence would be trimmed at the  arrow  points       
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   2.    247S/Q8—Produces Sabin 2 DNA amplicon. Primers amplify 
the end of VP3 and the beginning of 2A to give ~1.1 kb PCR 
product.   

   3.    248S/Q8—Produces Sabin 3 DNA amplicon. Primers amplify 
the end of VP3 and the beginning of 2A to give ~1.1 kb PCR 
product.     

 The Q8 primer is used as the antisense primer with the Sabin- 
specifi c sense primer to produce the full length Sabin VP1 
sequences. A combination of Sabin-specifi c and generic primers 
can be used to sequence the purifi ed DNA amplicon. Figure  10  
gives an overview of the strategies and primers used to resolve 
Sabin–Sabin mixtures.

Sabin/Sabin mixtures

Target Sabin� (S�), Sabin� (S�), Sabin� (S�)

RT PCR 
Reactions

S� Amplicon
S� Amplicon

246S/Q8 248S/Q8247S/Q8

Sequence Primers:
���S

��	A/PV�A
��	S/PV�S
Q�/�
�A

Sequence Primers:
���S

�
�A/PV�A
�
�S/PV�S
Q�/�
�A

S� 

Sequence Primers:
���S

�
�A/PV�A
�
�S/PV�S
Q�/�
�A

  Fig. 10    Sequencing Sabin–Sabin mixtures       
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      The best strategy to resolve wild–wild mixtures is to have serotype- 
and wild genotype-specifi c primers in the RT-PCR reaction to 
 produce single serotype DNA amplicons. The following primers 
are used to resolve each serotype component in the mixture:

    1.    PV1 wild component—generate 2 DNA amplicons.
    (a)     P1 Sense/Q8—Produces a serotype 1-specifi c DNA 

amplicon (~1 kb PCR product).   
   (b)     Y7R/(AFRO P1W 1A or SOAS P1W 1A)—Produces a 

serotype 1/wild genotype-specifi c DNA amplicon 
(~400 bp PCR product). The choice of genotype-specifi c 
primer is dependent upon the suspected wild genotype of 
the sample.       

   2.    PV3 wild component—generate 2 DNA amplicons.
    (a)     P3 Sense/Q8—Produces a serotype 3-specifi c DNA 

amplicon (~1 kb PCR product).   
   (b)     Y7R/(AFRO P3W 7A or SOAS P3W 5A)—Produces a 

serotype 3/wild genotype-specifi c DNA amplicon (~300 bp 
PCR product). The choice of genotype-specifi c primer is 
dependent upon the suspected wild genotype in the 
sample.         

 The P1 and P3 Sense primers amplify the beginning of the 
VP1 region; therefore, in order to obtain a full-length VP1 
sequence on the 5′ end, a second, smaller amplicon is generated 
with Y7R (amplifi es the end of VP3) and a genotype/serotype- 
specifi c primer. The purifi ed DNA amplicons are sequenced accord-
ing to serotype with a combination of serotype/genotype-specifi c 
primers (P1 Sense, P3 Sense, AFRO P1W1A/SOAS P1W 1A, 
AFRO P3W 7A/SOAS P3W 5A, 2952S, and 2922S) and generic 
primers. Figure  11  gives an overview of the strategies and primers 
used to resolve wild–wild mixtures.

      Wild–Sabin mixtures that also have a VDPV component are rarely 
encountered in specimens from AFP cases but are more frequent in 
environmental specimens from polio-endemic areas. The Sabin 
components of the mixture can be resolved by using Sabin-specifi c 
primers, and the wild component is resolved using a combination 
of serotype-specifi c and serotype/genotype-specifi c primers. An 
example of the strategy to resolve a poliovirus mixture that was 
determined by rRT-PCR to be PV1 wild, PV2 discordant, and PV3 
discordant is given below:

    1.    PV1 wild component—generate 2 DNA amplicons.
    (a)     P1 Sense/Q8—Produces a serotype 1 specifi c DNA ampli-

con (~1 kb PCR product).   

4.4.2  P1 Wild–P3 Wild 
Poliovirus Mixtures

4.4.3  Wild–VDPV–Sabin 
Poliovirus Mixtures
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   (b)     Y7R/(AFRO P1W 1A or SOAS P1W 1A)—Produces a 
serotype 1/wild genotype-specifi c DNA amplicon (~400 bp 
size PCR product). The choice of genotype-specifi c primer 
is dependent upon the suspected wild genotype in the 
sample.       

   2.    PV2 Sabin component—generate a PV2 Sabin-specifi c ampli-
con using 247S/Q8.   

   3.    PV3 Sabin component—generate a PV3 Sabin-specifi c ampli-
con using 248S/Q8.     

 Overall, four DNA amplicons will be produced. The P1 DNA 
amplicons are sequenced with a combination of serotype 1, wild 
genotype-specifi c, and generic primers to get a full-length VP1 

Wild/Wild Poliovirus Mixtures

Target 
PV� Wild

� RT-PCR Reactions

P1Sense /Q8 Y�R/AFRO P�W �A
or SOAS P�W �A

Amplicon� Amplicon�

Sequence 
Primers:

P�Sense
PV�A

PV�S/�	
�S
Q� 

Sequence 
Primers:

Y�
AFRO P�W �A

or
SOAS P�W �A

Target
PV� Wild

� RT-PCR Reactions

P�Sense/Q8 Y�R/AFRO P�W �A
or SOAS P�W 
A

Amplicon� Amplicon�

Sequence 
Primers:

P�Sense
PV�A

PV�S/�	��S
Q�

Sequence 
Primers:

Y�
AFRO P�W �A

or
SOAS P�W 
A

  Fig. 11    Sequencing wild–wild mixtures. Primers are color coded as follows; primers in  red  are serotype spe-
cifi c, primers in  blue  are serotype/genotype specifi c, primers in  black  are generic       
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PV1 wild sequence. The PV2 and PV3 amplicons are sequenced 
with a combination of Sabin-specifi c and generic primers to achieve 
full length Sabin VP1 sequences for each serotype. It may be noted 
that if Sabin-specifi c amplicons cannot be achieved using the Q8 
primer on the 3′ end, Sabin-specifi c primers can be used at this 
position (e.g., 247S/253A produce an ~940 bp amplicon). 
However, a full length VP1 sequence may not be obtained with 
complete sequence coverage in the both the sense and antisense 
directions. Figure  12  gives an overview of the strategies and prim-
ers used to resolve wild–VDPV–Sabin mixtures.

      Homotypic poliovirus mixtures refer to specimens that contain 
combinations of wild, VDP, and Sabin genotypes that share the 
same serotype (e.g., PV1 wild and PV1 Sabin). These mixtures are 
by far the most diffi cult to resolve of all the mixture types. Serotype- 
specifi c primers may not be informative because the viruses are of 
the same serotype. Genotype-specifi c primers are helpful, but some 
cross reactivity can occur. Depending on the complexity of the mix-
ture (titer of each component, presence of multiple Sabins of the 
same serotype) only partial VP1 sequences may be obtained. Virus 
 plaque purifi cations   of the mixtures can be done to separate the 
viruses, but this process is time consuming and not done routinely. 

4.4.4  Homotypic 
Poliovirus Mixtures

  Fig. 12    Sequencing components of wild and Sabins (discordant in VDPV assay) from a poliovirus specimen. 
*The Q8 sequence primer listed for the Sabin amplicons will only sequence the amplicons S2amp1 and 
S3amp1       
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Figure  13  gives on overview of a strategy to resolve a PV1 wild, 
PV1 Sabin poliovirus mixture. Overall, at least four RT-PCR reac-
tions with combinations of generic, serotype-, and genotype- 
specifi c primers need to be done to target the wild and Sabin 
components of the mixture. The resulting DNA amplicons are 
sequenced with generic and specifi c (serotype- and genotype-) 
primers to produce VP1 sequences for each genotype.

           1.    Check all kit reagents for expiration dates.   
   2.    All reagents and disposable plastic ware used in the procedure 

should be certifi ed nuclease-free.   
   3.    Check Buffer AVL solution for precipitate. If necessary, redis-

solve precipitate by warming at 80 °C for no more than 5 min.   

4.5  Notes

Resolving PV� WEAF-B/PV� Sabin Poliovirus

� RT-PCR Reactions

Y�R/Q� Y�R/AFRO P�W �A AFRO P�W �S/Q� ���S/Q�

Amplicon� Amplicon� Amplicon� Amplicon �

Sequence
Primers:

���S
��	A/PV�A
��	S/PV�S

Q�

Sequence
Primers:

AFRO P�W �A
AFRO P�W �S

Y�
PV�A

PV�S/����S
Q8

All Sabin�
specificprimers

Sequence
Primers:

Y�
AFRO P�W �A

Sequence
Primers:

AFRO P�W �S
Q�

  Fig. 13    Example of the strategy to resolve a serotype 1 poliovirus homotypic mixture       
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   4.    Make all solutions according to kit instructions and write the 
date of fi rst use on each solution bottle.   

   5.    Perform RNA extractions on a positive poliovirus control and 
negative cell control, preferably from the same cell line as the 
isolates being tested.   

   6.    This protocol assumes that the user has a thorough knowledge 
of how to handle RNA and the hazard to RNA by RNases. All 
reagents and disposable plastic ware used in the procedure 
should be certifi ed RNase-free.   

   7.    Store the RNA at −70 °C (preferable) or at −20 °C (1–2 year 
storage limit). Most viral RNAs are stable for many years 
(≥4 years) at −70 °C.   

   8.    Always wear protective eyewear and a protective UV blocking 
face shield when observing DNA on a transilluminator to pre-
vent damage to the eyes from UV light.   

   9.    Several commercially available kits can be used for DNA puri-
fi cation and extraction from gels; any of these kits may be used 
as long as the purifi ed product is suitable to be used in down-
stream sequence reactions.   

   10.    Thermocycled sequence reactions may be stored dark and fro-
zen at −20 °C for no more than 24 h prior to purifi cation and 
subsequent analysis on the automated sequencer.   

   11.    Purifi ed sequence reactions may be stored according to the 
purifi cation method used:

    (a)     Centri-Sep columns/plates—the purifi ed reactions should 
be dried in a vacuum centrifuge (no heat or low heat) and 
stored dark and sealed (adhesive fi lm) at −20 °C for up to 
10 days. Do not store at temperatures below −20 °C.   

   (b)     BigDye® Terminator™—reactions cleaned with BigDye 
XTerminator in plates sealed with adhesive fi lm can be 
stored as follows: room temperature (20–25 °C) for no 
more than 48 h, 4 °C up to 10 days, or −20 °C for 1 month.       

   12.    The process described for BigDye XTerminator purifi cation of 
sequence reactions assumes that the user will be using an auto-
mated DNA capillary sequencer (ABI 3130 or 3730 instru-
ments) equipped with BigDye XTerminator run modules to 
analyze the fl uorescently tagged PCR product.   

   13.    The process described for purifying sequence reactions with 
spin columns mentions Centri-Sep prehydrated 8-well strips 
(for small numbers of samples) and Centri-Sep prehydrated 
96-well plates (for processing large numbers of samples) but 
any gel purifi cation method specifi cally formulated for sequence 
reaction purifi cation could work just as well.   

   14.    If the RCF (relative centrifugal force) or g force of a centrifuge 
rotor is unknown (i.e., the centrifuge only measures RPM 
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speeds), it can be calculated by the following formula: 
RCF =  r  × 11.18 × (rpm ÷ 1000) 2  where RCF is relative centrifu-
gal force in “ g ,”  r  is the rotor radius in centimeters, and rpm is 
the rotor speed (revolutions per minute).   

   15.    To assist in trimming the VP1 sequence to the proper length, 
the contig assembly parameters in the Sequencher software can 
be adjusted to a 75 % sequence match (Sequencher ver 4.8) 
and the consensus sequence assembled with the reference 
strain VP1 sequences for Sabin1 (AY184219), Sabin2 
(AY184220), or Sabin3 (AY184221) into a single contig. The 
consensus sequence may be trimmed according to the sequence 
length of the reference strain (Fig.  9 ).          
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