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ABSTRACT Laboratory surveillance for poliovirus (PV) relies on virus isolation by
cell culture to identify PV in stool specimens from acute flaccid paralysis (AFP) cases.
Although this method successfully identifies PV, it is time-consuming and necessitates
the additional biorisk of growing live virus in an increasingly polio-free world. To reduce
the risk of culturing PV, the Global Polio Laboratory Network (GPLN) must switch to cul-
ture-independent diagnostic methods with sensitivity at least equivalent to that of cell
culture procedures. Five commercial nucleic acid extraction kits and one enrichment
method were tested for PV extraction efficiency. RNA yield was measured using real-
time reverse transcription (RT)-PCR. Based on greater RNA yield, compared with the
other kits, the Quick-RNA viral kit was selected for further testing and was optimized
using an RNA extraction procedure for stool suspensions. RNA extraction was retrospec-
tively tested with 182 stool samples that had previously tested positive for PVs, in paral-
lel with the standard GPLN virus isolation algorithm. After virus isolation or RNA extrac-
tion, real-time RT-PCR assays were performed. RNA extraction was significantly more
sensitive than virus isolation (McNemar’s test, P , 0.001). Thereafter, the RNA extraction
method was tested in parallel for 202 prospective samples; RNA extraction and virus iso-
lation were not significantly different from each other (McNemar’s test, P = 0.13). Direct
RNA extraction was noninferior to current cell culture methods for detecting PV in stool
samples. Our results show that direct RNA extraction can make downstream manipula-
tion safer and can reduce the risk of accidental posteradication viral release. The method
is amenable to implementation in a wide variety of polio laboratories.

IMPORTANCE Successfully identifying poliovirus from acute flaccid paralysis (AFP)
cases is a vital role of the Global Polio Laboratory Network to achieve the goals of
the Global Polio Eradication Initiative. Currently, laboratory surveillance relies on vi-
rus isolation by cell culture to test for PV present in stool samples. Although this
method can identify polioviruses, laboratories must switch to culture-independent
methods to reduce the risk associated with growing live viruses in a soon-to-be
polio-free world. By implementing this streamlined method, in combination with
real-time RT-PCR, laboratories can quickly screen for and type polioviruses of pro-
grammatic importance to support the final stages of global polio eradication.

KEYWORDS poliovirus, culture-independent diagnostics, polio eradication, rRT-PCR,
RNA extraction, direct detection

The Global Polio Laboratory Network (GPLN) is a global surveillance system composed
of 146 laboratories in 92 countries, in each of the six World Health Organization (WHO)

regions (1, 2). Virus isolation, the “gold standard” of poliovirus (PV) diagnostics, is the first
step in identifying PVs, followed by molecular screening using real-time reverse transcrip-
tion-PCR (rRT-PCR) and finally sequencing to identify PVs of programmatic importance
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(e.g., wild, vaccine-derived, or type 2 PVs) (3, 4). PV isolation involves inoculating a 10%
stool suspension into human rhabdomyosarcoma (RD) cells and mouse fibroblast L-cells
genetically engineered to express the human PV receptor (L20B) (5, 6), followed by a series
of cell passages from the R-arm (RD cells) or the L-arm (L20B cells), which can select for PVs
in acute flaccid paralysis (AFP) specimens. Cytopathic effect (CPE)-positive specimens
within the R-arm or the L-arm are then screened by a series of rRT-PCR assays to identify
PVs for sequencing. PV rRT-PCR is a suite of six assays with nine targets for intratypic differ-
entiation (ITD) of PVs according to serotype and vaccine or wild-type status (7). If a virus
isolate is identified as programmatically important, then the VP1 capsid gene is sequenced
for molecular identification (8–10).

Cell culture is affordable and sensitive; its use has contributed to the estimated .99%
reduction in global PV cases (11). However, the PV isolation procedure can be time-con-
suming, and growing PV after eradication is undesirable for maintaining a polio-free world
(12). The virus isolation algorithm can take up to 14 days for negative samples before char-
acterization is completed (13). A simpler, faster method to detect PV is needed. As a result,
cell culture–independent detection of PV, termed “direct detection,” is a major goal of the
GPLN (14). Detection of PV directly from RNA extracted from stool specimens using rRT-
PCR is faster than cell culture and removes the complication of maintaining cell lines and
growing PV. Because the GPLN includes laboratories in low-and middle-income countries,
procedures must be robust; any method should use internationally accessible supplies and
reagents and be reproducible in all laboratories. The purpose of this study was to evaluate
methods using commercial RNA extraction kits to determine the feasibility of a cell culture-
independent method for detecting PV from stool by rRT-PCR and to assess the sensitivity,
compared to virus isolation in culture.

RESULTS
Quick-RNA viral kit yields the most viral RNA. Three Sabin type 1 PV-containing

stool samples were tested with five different RNA extraction kits and one bead enrichment
step (Table 1). All extractions were eluted into 100ml nuclease-free water. The Zymo Quick-
RNA viral kit yielded significantly more viral RNA (Mann-Whitney test, P , 0.001) than the
other RNA extraction kits for all three Sabin type 1 PV-containing stool samples (Fig. 1).

The Quick-RNA viral kit was selected, and the final extraction procedure and rRT-
PCR volumes were determined. A double extraction procedure was chosen based on
ease of use and increased RNA yield. This method uses 400 ml of stool suspension and
elution with 20 ml of nuclease-free water. Each extraction was performed in duplicate,
and the eluates were combined for a final eluate of 40 ml to provide adequate volume
for each ITD rRT-PCR assay. Samples were analyzed with rRT-PCR, and 5 ml of extracted
RNA was used for each reaction.

RNA extraction is more sensitive than virus isolation for detection of PV in
retrospective specimens. Stool suspensions from PV-positive stool samples (n = 182)
that had been previously identified through virus isolation were tested with the stand-
ard virus isolation procedure and the direct RNA extraction method in parallel. Virus
isolates and extracted RNA were tested using the ITD rRT-PCR procedure and testing
algorithm (7). Most samples (122/131 samples) that were positive by virus isolation

TABLE 1 Characteristics of viral NA extraction kits

Kit Manufacturer Extraction method Additional reagents Additional equipment
QIAamp viral RNA mini kit Qiagen Column Ethanol None
Dynabeads SILANE viral NA kit Invitrogen Magnetic beads Isopropanol, ethanol, proteinase K Magnet
PowerViral environmental isolation kit Qiagen Bead beating, columna Ethanol, b-mercaptoethanola Bead beatera

NucliSENS bioMérieux Magnetic beadsb None easyMAG system
Quick-RNA viral kit Zymo Research Column Ethanol, b-mercaptoethanol None
Viraffinity Biotech Support Group Virus enrichment MES, lysis bufferc None
aOptional.
bAutomated extraction.
cAny commonly used lysis buffer (provided in the RNA extraction kit of choice).
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were also positive by RNA extraction in the pan-PV (PanPV) assay. The direct RNA
extraction method identified 31 samples that were negative by virus isolation; the dif-
ferences between the RNA extraction procedure and virus isolation were significant
(McNemar’s test, P , 0.001) (Table 2). Nine samples were identified by virus isolation
but were missed with RNA extraction.

Results were parsed by individual target and were analyzed for statistical signifi-
cance. RNA extraction was significantly more sensitive than virus isolation when tested
with the Sabin type 1 assay (McNemar’s test, P = 0.003). There were 21 concordant-pos-
itive samples and 7 concordant-negative samples for RNA extraction and virus isolation
with the Sabin type 1 assay. One sample was positive by virus isolation and negative
by RNA extraction with the Sabin type 1 assay. Virus isolation failed to detect 13 sam-
ples that were positive by the direct RNA extraction method with the Sabin type 1
assay. There were no significant differences among all other ITD rRT-PCR assays
(McNemar’s test, P. 0.4) (see Table S1 in the supplemental material).

RNA extraction is similarly sensitive, compared to virus isolation, for prospective
samples. A total of 202 stool samples were prospectively tested by RNA extraction and
virus isolation to confirm the procedure with unknown clinical samples. Of the 202 pro-
spectively tested specimens, 195 gave concordant results with both methods in the
PanPV assay (13 concordant-positive samples and 182 concordant-negative samples).

FIG 1 Assessment of viral RNA recovery from three previously reported Sabin type 1 PV-positive stool suspensions, comparing five RNA extraction kits and
one virus enrichment method. Extracted RNA was tested with rRT-PCR assays using Sabin type 1 PV-specific primers and probe. Stool sample 1 (red), stool
sample 2 (blue), and stool sample 3 (green) are represented. Each stool sample was extracted in triplicate and tested in rRT-PCR assays in triplicate. Each
row represents a stool extraction replicate. The box plots show the median, lower quartile, and upper quartile of the data points for each stool.
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Virus isolation detected one more Sabin type 1 PV than did RNA extraction, and six
specimens were positive by RNA extraction but negative by virus isolation; however,
the differences were not significant (McNemar’s test, P = 0.13) (Table 3).

The six samples that were positive by RNA extraction but negative by virus isolation
were investigated by cloning and sequencing of the PCR amplicons. The analysis veri-
fied two Sabin type 1 PVs and four Sabin type 3 PVs detected by RNA extraction. Four
of the 182 negative samples were identified as indeterminate (pan-enterovirus [PanEV]
positive, PanPV positive, and all other assays negative) with RNA extraction and nega-
tive with virus isolation. No PVs were detected by sequencing; however, sequencing
results and BLAST analysis identified species C enteroviruses (nonpolio enterovirus
[NPEVs]), i.e., three coxsackieviruses A13 (CVA13s) and one coxsackievirus A24 (CVA24),
which are close relatives of PV in the same species. Additionally, the direct RNA extrac-
tion method identified 43 NPEVs that were not detected using the virus isolation
method. Virus isolation identified eight NPEVs that the direct method did not detect.
(Fig. 2).

DISCUSSION

As polio eradication nears, polio diagnostic laboratories need molecular methods to
replace cell culture-dependent diagnostics (3, 13, 15, 16). Culture-independent detec-
tion of PV must be noninferior to virus isolation, as well as robust, rapid, and widely ac-
cessible. The RNA extraction procedure uses internationally available materials and
reagents. Parallel testing indicated that the direct RNA extraction method was more
sensitive than virus isolation when tested with the Sabin type 1 assay. This is critical to
detect low-titer PVs in stool. Prospective testing of clinical samples showed that the
RNA extraction procedure was similarly sensitive, compared to virus isolation, and
detected PV-positive samples that virus isolation did not identify. Sequencing showed
that potential false-positive samples with the direct RNA extraction method were true-
positive samples. Identification of PV through molecular methods means faster results
and obviates the need to grow PV to high titers, which poses a risk for laboratory-
acquired infections or unintended release of an eradicated agent.

PV can be reliably detected independent of cell culture through RNA extraction by
using the standard ITD rRT-PCR kit. Preliminary testing with Sabin type 1 PV-positive
stool samples showed that the Zymo Quick-RNA viral kit recovered more viral RNA
than the other five commercial RNA extraction methods tested.

Retrospective results showed that the Zymo Quick-RNA viral kit direct extraction
method is more sensitive than virus isolation for detection of PV. The discrepancy

TABLE 2 Retrospective testing results with the direct RNA extraction method and virus
isolation for the PanPV assay

RNA extraction result

No. with virus isolation result of:a

Total no.Positive Negative
Positive 122 31
Negative 9 20
Total 182
aMcNemar’s test, P, 0.001.

TABLE 3 Prospective testing results with the direct RNA extraction method and virus
isolation for the PanPV assay

RNA extraction result

No. with virus isolation result of:a

Total no.Positive Negative
Positive 13 6
Negative 1 182
Total 202
aMcNemar’s test, P = 0.13.
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between historical and parallel testing results is expected, since those samples were
from 2014 and before and the virus could have lost viability. Virus isolation results
from parallel testing were considered the true results for our analysis. Prospective test-
ing showed equivalent results for RNA extraction and virus isolation. Preliminary pilot
testing results show advantages of the new method, such as quicker turnaround time,
compared to virus isolation (C. Harrington, E. Vega, & N. Gerloff, unpublished observations).

Using the commercially available Zymo Quick-RNA viral kit has advantages in terms
of quality control, compared to preparing in-house extraction reagents, which is impor-
tant for reproducibility. Commercial reagents are prepared in controlled environments
and distributed worldwide, as opposed to in-house reagents that may vary from labo-
ratory to laboratory. Additionally, a desirable characteristic of an RNA extraction kit is
the ability to concentrate samples. This is important to improve the limit of detection
of the molecular assays, since one limitation of molecular assays, compared to cell cul-
ture, is the amount of sample that can be analyzed.

A challenge to broad implementation of culture-independent detection will be con-
verting established PV isolation laboratories to molecular laboratories. In many labora-
tories, personnel may need to be recruited or retrained, and laboratory space may
need to be renovated or identified, since cell culture laboratories may not have the
appropriate work areas for molecular procedures such as RNA extraction and rRT-PCR
(17, 18). Additionally, a working algorithm and threshold cycle (CT) cutoff value would
have to be implemented in case the integrity of the RNA from the direct method is not
as optimal as a virus isolate. The limitation of both the retrospective analysis and the
prospective analysis was the small number of PV-positive samples. Each analysis was
performed with the most recent result of virus isolation and the direct RNA extraction
method for a head-to-head comparison. The NPEVs that were missed by virus isolation
were likely viruses that do not grow well in RD or L20B cells; however, this is difficult to
confirm, since these samples were not sequenced and the isolation algorithm is not
designed to detect NPEVs. During prospective testing, the four samples with indeter-
minate results were species C enterovirus by the direct RNA extraction method and

FIG 2 Virus isolation identified PV-positive samples that RNA extraction did not (indicated by circles). The direct RNA extraction method identified PV-
positive samples that virus isolation did not (indicated by squares). RNA extraction method results are shown on the x axis, and virus isolation results are
shown on the y axis. Each point represents a separate result. SL, Sabin-like; NEG, negative. Virus mixtures are indicated as SL11SL3.
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sequencing but were negative by virus isolation. In addition, there is a limit on the
number of stool suspensions that can be processed at one time with the direct RNA
extraction method. Because the RNA extraction procedure is column based, the num-
ber of samples that can be centrifuged at one time may create a bottleneck. The cur-
rent recommendation is to process 10 stool suspensions at one time. The RNA extrac-
tion procedure increases hands-on time and, if samples are processed incorrectly, also
increases the possibility of cross contamination. Automated procedures are being vali-
dated for high-workload laboratories to mitigate these issues.

This study is not the first to attempt to increase the sensitivity of molecular meth-
ods, compared to virus isolation, for PV detection (3, 19). A bead-based approach
developed by Arita et al. uses an efficient method to amplify the entire PV capsid
region with virus concentrated from stool extracts using PV receptor linked to mag-
netic beads (3). The method is sensitive but not commercially available and would
require in-house production of reagents. Production of receptor-coupled magnetic
beads would be costly and time-consuming and would require extensive quality assur-
ance and quality control procedures to minimize lot-to-lot variation. Nevertheless, the
capture procedure is efficient and sensitive; although both procedures are viable
options for detection of PV, the double extraction was selected because of simplicity
and cost.

The modification of the Quick-RNA viral kit for cell culture-independent detection of
PV is a major but incremental step in the transition from cell culture to complete mo-
lecular detection. Identification of additional manual extraction kits and an automated
procedure is necessary to implement direct detection across the entire GPLN. It is nec-
essary to have multiple validated kits, since not all countries have access to the same
RNA extraction reagents/kits, due to import restrictions or the lack of vendor support
within the country. An additional manual procedure will ensure that all laboratories
have access to a validated procedure for detecting PV from stool specimens. An auto-
matic extraction method is desirable for high-workload laboratories or those that al-
ready use automated methods in their workflows. Additionally, the Quick-RNA viral kit
does not completely inactivate PV during the 1-min incubation period. A 5-min incuba-
tion period is necessary to inactivate the virus prior to extraction of RNA, to avoid any
risk of exposure or viral release (20). The Zymo Quick-RNA viral kit direct extraction
method, in combination with the WHO-recommended ITD rRT-PCR kit, can rapidly
screen and type PV in support of the final stages of global polio eradication.

MATERIALS ANDMETHODS
Specimen selection and preparation. Three Sabin type 1 PV-confirmed stool samples were

selected for initial evaluation of commercial RNA extraction kits and method optimization; 10% stool
suspensions were prepared following the GPLN protocol (21, 22). Briefly, ;1 g of stool was added to 0.5
g of glass beads, 0.25 ml of chloroform, and 5 ml of minimum essential medium (MEM) in a conical tube.
The suspension was shaken for 30 min in a vertical shaker and then centrifuged at 3,000 � g for 30 min
at 4°C. The clarified supernatant was then transferred to a 2-ml cryovial and stored at 270°C for subse-
quent direct RNA extraction independent of virus isolation.

Evaluation of commercial RNA extraction kits. Sabin type 1 PV RNA transcripts were quantitated
on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and used as
RNA standards (10). Briefly, a 10-fold standard RNA ladder, in 5-step serial dilutions in triplicate, were set
up for each rRT-PCR run to create a standard curve. The extracted RNA was tested in rRT-PCR assays and
compared to the RNA ladder on the same run. Copy number was determined based on the linear rela-
tionship between the dilution factor and the CT value. Five nucleic acid (NA) extraction kits were selected
for evaluation, namely, QIAamp viral RNA mini kit (catalogue number 52906; Qiagen, Germantown, MD),
Dynabeads MyOne SILANE viral NA kit (catalogue number 37011D; Thermo Fisher Scientific, Waltham,
MA), PowerViral environmental isolation kit (catalogue number 28000; Qiagen), NucliSENS easyMAG sys-
tem (catalogue number 280130; bioMérieux, Marcy l’Etoile, France), and Quick-RNA viral kit (catalogue
number R1035; Zymo Research, Irvine, CA). The QIAamp viral RNA mini kit is routinely used for RNA
extraction for sequencing in the GPLN and was used as the baseline for all results. In order to directly
compare all kits, sample volume was adjusted to 200 ml, with elution into 100 ml using nuclease-free
water. Extracted RNA was quantitated by rRT-PCR with the ITD rRT-PCR kit, using 1 ml of sample for each
assay (10). Briefly, the ITD rRT-PCR kit is made of six assays with nine targets that work as a single algo-
rithm to screen for PVs. The nine targets are PanEV, PanPV, PanPV Type 2, Sabin 1, Sabin 2, Sabin 3, wild
PV 1 (WPV1), WPV3-I, and WPV3-II. Isolates of programmatic importance are then referred for sequencing
as part of the standard GPLN procedure.
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Viraffinity (catalogue number V1062; Biotech Support Group, Monmouth, NJ), a virus enrichment
method, was tested in conjunction with the QIAamp viral RNA mini kit to enrich virus prior to RNA
extraction. Briefly, 1 volume (400 ml) of 60 mM 2-(N-morpholino)ethanesulfonic acid (MES), 150 mM NaCl
(pH 6.5), was added to 400 ml stool suspension. A 1:4 volume ratio of Viraffinity sample, as recom-
mended by the manufacturer for enterovirus-picornavirus samples, was mixed and incubated at room
temperature for 5 min (23). After incubation, the beads were pelleted at 1,000 � g for 10 min. The super-
natant was discarded, and the pellet was washed three times with 800 ml of 60 mM MES, 150 mM NaCl
(pH 6.5). To recover viral NAs, the pellet was resuspended in 200 ml of lysis buffer, and viral RNA was
extracted with the QIAamp viral RNA mini kit and eluted into 100 ml water. All experiments were per-
formed in triplicate, and viral RNA was quantitated by rRT-PCR with the EV-Sabin rRT-PCR assay (10).

Cell culture-independent detection of PV. The Quick-RNA viral kit was selected for optimization
based on viral RNA recovery from the three Sabin type 1 PV-containing stool samples (Fig. 1). To opti-
mize workflow and RNA recovery, two RNA extractions were run from the same sample in parallel (two
extractions per sample). Briefly, 400 ml of stool suspension was added to a microcentrifuge tube. Viral
RNA buffer (1,200 ml) was added to the aliquoted stool suspension in the microcentrifuge tube, briefly
vortex-mixed, incubated at room temperature for 1 min, and then centrifuged at 10,000 � g for 1 min.
Then, 800 ml of stool suspension and viral RNA buffer mixture was removed from the tube and loaded
onto a column, which was centrifuged at 10,000 � g for 1 min. The column matrix was reloaded until
the entire sample-viral RNA buffer suspension (1,600 ml) was centrifuged through the matrix. Five hun-
dred microliters of viral wash buffer was added to the column, the column was centrifuged 10,000 � g
for 2 min, and the flowthrough fraction was discarded. Nuclease-free water (20 ml) was added to each
column for final elution. After a 1-min incubation at room temperature, the column was centrifuged for
30 s to elute the RNA. The spent column was then discarded and replaced with the second column used
for RNA extraction. This column was recentrifuged. The method yields a final volume of 40 ml viral RNA,
i.e., 20 ml from each column.

Retrospective parallel testing. Stool suspensions were prepared as described above, divided into
two equal aliquots, and stored at 270°C until needed. The panel consisted of 182 previously reported
PV-positive stool specimens from the African, Eastern Mediterranean, and European WHO regions. Virus
isolates following the WHO standard procedures with CPE were harvested and assayed using the ITD
rRT-PCR with 1 ml clarified cell culture supernatant per reaction (5, 22, 24, 25). The RNA extracted via the
Quick-RNA viral kit, as described above, was tested using standard ITD rRT-PCR assays and conditions (7)
with 5 ml RNA. Virus isolation by cell culture and PV detection by direct RNA extraction followed by rRT-
PCR were compared.

Prospective parallel testing. Stool suspensions were prepared, as described above, from 202 stool
samples received from AFP cases in Yemen and were divided into two aliquots for RNA extraction and
virus isolation, as described above.

Resolution of discordant results. Discordant results between virus isolation and RNA extraction
were resolved by sequencing the ;900-nucleotide VP1 capsid region using the standard GPLN protocol
(26). If standard sequencing was unsuccessful, then amplicons were generated with serotype-targeted
primer and probe mixes from the ITD rRT-PCRs. Briefly, the TOPO TA cloning kit (Invitrogen, Carlsbad,
CA) was used to clone ITD rRT-PCR amplicons into the TOPO TA plasmid using the manufacturer’s rec-
ommended procedure, and M13 primers were used to sequence the insert using the Sanger method
(27, 28). Contigs were assembled using Sequencher v5.4.6, and their identities were determined by
BLAST (29).

Data management and statistical and visual analyses. CT values were recorded for each sample
and target. Results were compiled, edited, and merged using R (30). RNA yields for different RNA extrac-
tion kits were compared by using the Mann-Whitney U test (Wilcoxon rank sum test) (31). McNemar’s
chi-square test with continuity correction was used for parallel testing analysis using the gmodels pack-
age (32). Data visualizations were made using the ggplot2 package in R (33).

Ethical considerations. The CDC internal program for research determination deemed that this
study is categorized as public health nonresearch.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.05 MB.
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