
New Subgenotyping and Consensus Real-Time Reverse
Transcription-PCR Assays for Hepatitis A Outbreak Surveillance

William S. Probert,a Jill K. Hackera

aCalifornia Department of Public Health, Viral and Rickettsial Disease Laboratory, Richmond, California, USA

ABSTRACT Laboratory surveillance plays an important role in the detection and
control of hepatitis A outbreaks and requires the application of rapid and accurate
molecular diagnostic tools for hepatitis A virus (HAV) RNA detection, subgenotype
identification, and sequence-based genotyping. We describe the development and
validation of a triplex real-time, reverse transcription-PCR (triplex rRT-PCR) assay for
the identification and discrimination of HAV subgenotypes IA, IB, and IIIA and a
singleplex rRT-PCR assay designed to detect all HAV genotypes infecting humans.
Overall, the accuracy, sensitivity, and specificity of the new assays were �97% for
serum and plasma specimens collected during unrelated outbreaks of HAV in Cali-
fornia and Michigan compared to a nested RT-PCR genotyping assay and the ISO
15216-1 rRT-PCR method for HAV detection. The new assays will permit the rapid
detection of HAV RNA and discrimination among subgenotypes IA, IB, and IIIA in se-
rum and plasma specimens, which will strengthen public health surveillance efforts
for HAV outbreak detection and response.
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The incidence of hepatitis A virus (HAV) infections has declined significantly in the
United States following the 1996 Advisory Committee on Immunization Practices

recommendation for childhood hepatitis A vaccination (1). However, outbreaks of
hepatitis A are still of public health concern, particularly among the susceptible adult
population. In 2016 to 2019, 22 states reported outbreaks of hepatitis A, primarily
among persons experiencing homelessness and/or users of illicit drugs. Based on
preliminary data, the cumulative impact of these outbreaks will extend to more than
19,000 cases, more than 11,000 hospitalizations, and at least 189 deaths (2) (https://
www.cdc.gov/hepatitis/outbreaks/2017March-HepatitisA.htm). The two earliest states
to report cases, California and Michigan, experienced 708 and 909 outbreak-related
confirmed cases, respectively, with each outbreak attributed to genetically distinct HAV
subgenotype IB strains. The dramatic increase in the number of hepatitis A cases and
outbreaks in the United States underscored the need for more rapid diagnostic tools
and improved surveillance methods for hepatitis A in public health laboratory settings.

HAV, the causative agent of hepatitis A infections, is a quasi-enveloped, icosahedral
virus. The sole human virus within the genus Hepatovirus of the family Picornaviridae,
it has a single-stranded, positive-polarity RNA genome. Humans are the only known
reservoir for virus propagation, and viral transmission occurs via a fecal-oral route. The
incubation period for hepatitis A infections ranges from 15 to 50 days, and patients may
shed virus before and after the onset of symptoms. Symptoms often go unrecognized
until the onset of jaundice and may include fever, malaise, anorexia, nausea, abdominal
pain, and dark urine (3). In young children, hepatitis A infection is typically asymptom-
atic, but in older children and adults, HAV tends to cause a self-limiting, acute disease,
with jaundice present in �70% of patients (4). Illness tends to be more severe in adults
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than in children, and in patients with underlying medical conditions, infection may lead
to more severe disease such as fulminant hepatitis. Risk groups for hepatitis A infections
include international travelers, men who have sex with men, and users of illicit drugs
(1). While infrequent, community-based and common source outbreaks in the United
States have caused significant morbidity and mortality in recent years (5, 6) (https://
www.cdc.gov/hepatitis/outbreaks/2016/hav-strawberries.htm).

Comprehensive laboratory surveillance for hepatitis A outbreak detection includes
serodiagnostics, nucleic acid amplification testing (NAAT), and genotyping through
subgenomic or whole-genome sequencing. Serologic testing can identify recent infec-
tions through the detection of IgM anti-HAV and is often used to help classify cases
for public health reporting and surveillance purposes (https://wwwn.cdc.gov/nndss/
conditions/hepatitis-a-acute/case-definition/2019/). Detection of HAV RNA by NAAT
can confirm an active infection and trigger reflex testing to determine genotype by
Sanger or next-generation sequencing (NGS). The �7.5-kb HAV genome has been fully
sequenced and consists of a 5= untranslated region (5=-UTR) of �735 nucleotides (nt),
followed by structural genes (VP4, VP2, VP3, and VP1), nonstructural genes (P2A-C and
P3A-D), and a 3=-UTR of �63 nt (7). The relatively well conserved 5=-UTR is often
targeted in the design of rRT-PCR assays for detecting HAV RNA, whereas the highly
variable VP1-P2A junction is often selected for HAV genotyping (8). HAV strains have
been classified into six genotypes, genotypes I to VI, based on nucleotide sequence
diversity. Human HAV strains are represented by genotypes I to III, whereas genotypes
IV to VI are simian strains (9). Each human HAV genotype can be further subdivided into
subgenotypes A and B. A third subgenotype, C, has been proposed for genotype I (10).
Nucleotide sequence diversity in the VP1-P2A junction is �15% between genotypes
and �7.5% between subgenotypes (11). Comparison of strain sequences through
phylogenetic analysis can provide useful information about strain relatedness as well as
the possible geographic origin of strains (12). Historically, subgenotype IA has repre-
sented �80% of the HAV strains detected in the United States (1). This dynamic has
changed recently with 15%, 84%, and �1% of the strains genotyped as IA, IB, and IIIA,
respectively (13). Combined with epidemiological data, genotyping can be a powerful
public health tool. Understanding strain similarities and differences among case-
patients can help public health investigators detect new outbreaks, determine the
source of infections, track the modes and chains of transmission, and monitor control
and prevention efforts.

In this report, we describe two new rRT-PCR assays for the detection of HAV RNA: a
triplex rRT-PCR assay that provides subgenotype level identification of IA, IB, and IIIA
strains and a complementary 5=-UTR rRT-PCR assay. This 5=-UTR assay reflects the
expanding number of HAV sequences in GenBank and detects HAV genotypes I to III.
The performance characteristics of these two assays were assessed against both a
nested VP1-P2B RT-PCR genotyping assay and a standardized rRT-PCR assay using a
panel of serum and plasma specimens collected during two unrelated and genetically
distinct HAV outbreaks in the United States.

MATERIALS AND METHODS
Specimens. Serum or plasma specimens were requested and submitted for genotyping as part of a

statewide investigation of an HAV subgenotype IB outbreak among persons experiencing homelessness
and/or using illicit drugs. Criteria for specimen acceptance included but were not restricted to serum or
plasma specimens that were either IgM anti-HAV seropositive or from symptomatic patients with known
risk factors for hepatitis A exposure. Two hundred specimens from California were included in this study.
Additionally, 46 serum specimens from a concurrent, but unrelated HAV subgenotype IB outbreak were
kindly provided by the Michigan Department of Health and Human Services. An exclusivity panel of sera
was also assembled to assess assay specificity and included a hepatitis E seropositive specimen and 17
specimens in which the following viruses had been detected by NAAT: hepatitis B virus (n � 5), hepatitis
C virus (n � 7), human immunodeficiency virus (n � 3), and enterovirus (n � 2). Samples were collected
for public health surveillance and deidentified prior to analysis, and thus are considered exempt from
human subject regulations by the California Health and Human Services Agency Committee for the
Protection of Human Subjects.
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Nucleic acid extraction. Total nucleic acids were extracted and purified from 250 �l of specimen
using the Nuclisens EasyMag system (bioMérieux, Cambridge, MA) and collected in an output volume of
80 �l. The nucleic acid extracts were either tested immediately or stored at �20°C until used.

Nested RT-PCR and Sanger sequencing. Oligonucleotide primer sequences for nested RT-PCR and
DNA sequencing of a 315-nt segment of VP1-P2B were previously described (14). The first round of
RT-PCR utilized the OneStep RT PCR kit (Qiagen Inc., Valencia, CA) with 1� Q solution and primers 2870
and 3381 at a final concentration of 300 nM each. Twenty microliters of total nucleic acids was added to
the reaction mix and amplified in a total reaction volume of 50 �l. Amplification was performed with an
ABI 9700 thermal cycler (Thermo Fisher Scientific, Carlsbad, CA) using the following parameters: a 40-min
hold at 50°C, a 15-min hold at 94°C, 45 cycles with 1 cycle consisting of 95°C for 15 s, 50°C for 20 s, and
72°C for 40 s, followed by a final extension step of 72°C for 10 min. Five microliters of the first-round
product were then amplified in a second round of PCR. The second-round reaction mix consisted of 1�
PerfeCTa SYBR green Supermix (Quantabio, Beverly, MA) and 300 nM concentration of primers 2897 and
3288 in a final volume of 50 �l. Amplification was performed with an ABI 9700 thermal cycler beginning
with a 5-min hold at 95°C, followed by 35 cycles, with 1 cycle consisting of 95°C for 15 s, 50°C for 20 s,
and 72°C for 30 s, and ending with a 10-min hold at 72°C. The final product was purified using the
QIAamp PCR purification kit (Qiagen Inc.) and detected by agarose gel electrophoresis using 2% E-gels
(Thermo Fisher Scientific). Bidirectional dye terminator cycle sequencing of the purified amplicons was
performed by a commercial sequencing service (Sequetech, Mountain View, CA). Sequence assembly and
phylogenetic analysis were performed using MEGA version 5.05. A second nested RT-PCR and Sanger
sequencing assay that targets VP1-P2A was used in a limited capacity to resolve discrepant results (15).
A unidirectional workflow with dedicated workstations was adhered to throughout the nested RT-PCR
process.

rRT-PCR assays. rRT-PCR assay designs were based on 115 complete HAV genomes downloaded
from GenBank (database queried 21 November 2017) and aligned using MEGA version 5.05. The
genomes included 56 IA sequences, 36 IB sequences, one IIA sequence, one IIB sequence, 17 IIIA
sequences, and four IIIB sequences. The aligned sequences were manually screened for regions specific
to IA, IB, or IIIA strains and a region that was broadly conserved among genotypes I to III. A triplex assay
for the subgenotype-specific detection of IA, IB, or IIIA strains and a singleplex assay for genotype I to
III detection were designed using Primer Quest (Integrated DNA Technologies Inc., Coralville, IA). For the
triplex assay, oligonucleotide primer and probe sequences were selected to minimize heterologous
interactions, and the probes were designed to allow discrimination of single nucleotide polymorphisms.
Initial evaluation of the IA primer-probe set indicated that a minor variant (1 of 56 IA genome sequences)
existed in our study population and required the addition of a second probe (HAVIA_P2; Table 1) to
detect this sequence variant. For the 5=-UTR assay, a consensus primer and probe set was selected to
minimize mismatches among the 115 aligned sequences. In silico primer pair specificity analysis was
performed using NCBI Primer BLAST (16). Primer pair specificity was checked by searching selected
organisms in the Refseq representative genome database or the nr database (Rickettsia rickettsii) for
unintended targets using a primer mismatch threshold of �20% and a maximum target length of
1000 nt (17).

The nucleotide sequence, genome location, oligonucleotide modifications, and final assay concen-
trations of the primer and probes used in the triplex and 5=-UTR assays are provided in Table 1. With the
exception of HAV IB_P synthesis (Thermo Fisher Scientific), all other custom oligonucleotides were
synthesized by Biosearch Technologies (Novato, CA). The 25-�l reaction mixtures consisted of 1� qScript
XLT 1-Step RT-qPCR ToughMix L-Rox (Quantabio), 5 �l of total nucleic acids, and either the triplex primer

TABLE 1 Oligonucleotide primer and probe sets for the triplex and 5=-UTR rRT-PCR assays

Assay Oligonucleotide Reference sequence positiona Oligonucleotide sequence and modificationsb Final concn (nM)

Triplex IA HAVIA_F 2616�2639 ATAGAGGACCAYTGGAYTTGACAA 900
HAVIA_P1 2648�2664 FAM-ACAGGAGCCACTGATGT-BHQ1 100
HAVIA_P2 2647�2665 FAM-TCACAGGAGCTACTGATGT-BHQ1 100
HAVIA_R 2712�2733 GCTGAYTYCTTTTCYACCCAAG 900

Triplex IB HAVIB_F 5336�5355 GTTTGGAGTTGGAGAGAAGA 900
HAVIB_P 5430�5449 VIC-AAATTTGAGAAAGATTATGA-MGBNFQ 200
HAVIB_R 5479�5502 CAGCTGAAATTGAATAGTARGTTC 900

Triplex IIIA HAVIIIA_F 4507�4530 TGCATCTGATTATTGGGATGGATA 300
HAVIIIA_P 4575�4596 Q670-TCAGACCAATCCTCATCAGTTG-BHQ2 200
HAVIIIA_R 4612�4632 AAYCTCATTGGACATCCAGAC 300

5=-UTR HAV5UTR_F 249�265 CTAGGCTCTGGCCGTTG 800
HAV5UTR_P 296�322 FAM-TCCCCAATT-NOVA-TAGACTCCTACAGCTCCA-BHQ1 150
HAV5UTR_R 343�362 GCCAAGTTAACACTGCAAGG 800

aGenome position relative to GenBank accession no. M14707 for the 5=-UTR and Triplex IB primer-probe set, GenBank accession no. AB020564 (HAVIA_F, HAVIA_R, and
HAVIA_P1) and AB020568 accession no. (HAVIA_P2) for the Triplex IA primer-probe set, and GenBank accession no. AB279732 for the Triplex IIIA primer-probe set.

bOligonucleotide modifications: BHQ1, black hole quencher 1; MGBNFQ, minor grove binder nonfluorescent quencher; Q670, Quasar 670; BHQ2, black hole quencher
2; NOVA, BHQnova double-quenched probe.
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probe sets (IA, IB, IIIA) or the 5=-UTR primer-probe set. The reactions were amplified using standard
cycling conditions with the ABI 7500 Fast Real Time PCR system (Thermo Fisher Scientific) beginning with
a 20- min hold at 50°C, followed by a 1-min hold at 95°C, and then 40 cycles, with 1 cycle consisting of
95°C for 10 s and 60°C for 30 s. Cycle threshold (CT) values were determined using a manual threshold
setting option with each detector. A no-template control and low-copy-number positive controls were
included in each thermal cycling run. The ISO 15216-1 rRT-PCR method for HAV detection was used as
an additional reference test for the evaluation of the 5=-UTR assay performance (18).

Synthetic and in vitro-transcribed RNA controls. A custom RNA synthesis service (Biosynthesis Inc.,
Lewisville, TX) was utilized to synthesize IA, IB, IIIA, and 5=-UTR RNA target sequences for use as
amplification controls and determine the limit of assay detection. The reference genomes and region
synthesized were GenBank accession no. AB020564 nucleotide positions 2613 to 2736 for IA1, GenBank
accession no. AB020568 nucleotide positions 2614 to 2737 for IA2, GenBank accession no. M14707
nucleotide positions 5332 to 5505 for IB, GenBank accession no. AB279732 nucleotide positions 4504 to
4635 for IIIA, and GenBank accession no. M14707 nucleotide positions 246 to 365 for the 5=-UTR target.

IIA, IIB, and IIIB exclusivity controls for the triplex assay were constructed by concatenating the
corresponding IA, IB, and IIIA target regions derived from IIA, IIB, and IIIB reference genomes. The
concatenated regions consisted of GenBank accession no. AY644676 regions 2558 to 2698, 5270 to 5458,
and 4466 to 4615 for the IIA construct, GenBank accession no. AY644670 regions 2557 to 2697, 5275 to
5463, and 4465 to 4614 for the IIB construct, and GenBank accession no. AB279735 regions 2588 to 2728,
5306 to 5494, and 4496 to 4645 for the IIIB construct. These constructs were designed to include the
5=-UTR target region as an amplification control when tested concurrently with the 5=-UTR assay. The
constructs were synthesized initially as DNA, cloned into a plasmid vector, and transcribed into RNA by
in vitro transcription (Biosynthesis Inc.).

RESULTS

We evaluated the test performance characteristics of a triplex rRT-PCR assay de-
signed for the subgenotype-specific detection of IA, IB, and IIIA strains of HAV and a
5=-UTR rRT-PCR assay designed to detect all human HAV strains. Analytical sensitivity
was assessed by testing in triplicate, serial 10-fold dilutions of synthetic RNA target
sequences ranging from 105 to 0.1 copies per reaction (Table 2). The limit of detection
(LOD) was defined as the lowest concentration of RNA detected in all replicates. A LOD
of 1 RNA copy per reaction was obtained for the triplex IA and 5=-UTR analytes and 10
RNA copies per reaction for the triplex IB and IIIA analytes. No cross-reactivity was
detected with the heterologous analytes at any of the concentrations tested. To
determine whether the triplex assay format influenced the subgenotype target LOD,
the subgenotyping primer-probe sets were also tested in singleplex. No difference in
the LOD was observed for each subgenotype target when tested in the singleplex and
triplex formats (Table 2).

To evaluate assay exclusivity, serum specimens that were nucleic acid amplification
positive for hepatitis B virus, hepatitis C virus, human immunodeficiency virus, or
enterovirus and a specimen that was seropositive for hepatitis E virus were tested by
the triplex and 5=-UTR assays. In addition, in vitro-transcribed RNA constructs repre-
senting the concatenated homologous target sequences from subgenotypes IIA
(reference sequence GenBank accession no. AY644676), IIB (reference sequence Gen-
Bank accession no. AY644670), and IIIB (reference sequence GenBank accession no.
AB279735) were tested at 105 copies per reaction to further assess the specificity of the
triplex assay. No cross-reactivity was observed with any of the serum specimens or the

TABLE 2 Limit of detection titration for the hepatitis A virus IA, IB, IIIA (singleplex and triplex formats) and 5=-UTR rRT-PCR assays

No. of
copies/reaction

IA-1 RNA IA-2 RNA IB RNA IIIA RNA 5=-UTR

Singleplex CT
a Triplex CT Singleplex CT Triplex CT Singleplex CT Triplex CT Singleplex CT Triplex CT Singleplex CT

100,000 19.96 (0.08) 18.51 (0.02) 20.76 (0.06) 19.01 (0.10) 23.03 (0.05) 23.27 (0.08) 20.69 (0.07) 20.13 (0.04) 17.86 (0.03)
10,000 23.30 (0.07) 21.82 (0.12) 24.20 (0.09) 22.59 (0.25) 26.30 (0.22) 26.56 (0.10) 24.02 (0.03) 23.58 (0.10) 21.40 (0.30)
1,000 26.41 (0.16) 25.01 (0.19) 27.45 (0.18) 25.84 (0.39) 29.54 (0.08) 29.47 (0.17) 27.29 (0.09) 27.09 (0.06) 24.40 (0.15)
100 29.39 (0.20) 27.61 (0.32) 30.14 (0.17) 28.52 (0.19) 32.94 (0.66) 32.52 (0.40) 30.60 (0.15) 30.17 (0.10) 27.72 (0.22)
10 32.18 (0.30) 30.44 (0.33) 32.98 (0.13) 31.29 (0.68) 36.65 (0.88) 35.75 (0.33) 34.19 (0.76) 33.91 (0.56) 31.02 (0.27)
1 35.20 (0.18) 34.33 (0.67) 36.71 (0.26) 35.27 (0.21) NDb ND ND 36.2c 34.11 (0.64)
0.1 38.26 (0.08)d 38.12 (0.18)d 39.2c 38.61 (0.50)d ND ND 36.5c ND 36.67 (0.56)d

aCT, average cycle threshold value with standard deviation shown in parentheses.
bND, not detected.
cOne of three replicates detected.
dTwo of three replicates detected.

Probert and Hacker Journal of Clinical Microbiology

September 2019 Volume 57 Issue 9 e00500-19 jcm.asm.org 4

https://www.ncbi.nlm.nih.gov/nuccore/AB020564
https://www.ncbi.nlm.nih.gov/nuccore/AB020568
https://www.ncbi.nlm.nih.gov/nuccore/M14707
https://www.ncbi.nlm.nih.gov/nuccore/AB279732
https://www.ncbi.nlm.nih.gov/nuccore/M14707
https://www.ncbi.nlm.nih.gov/nuccore/AY644676
https://www.ncbi.nlm.nih.gov/nuccore/AY644670
https://www.ncbi.nlm.nih.gov/nuccore/AB279735
https://www.ncbi.nlm.nih.gov/nuccore/AY644676
https://www.ncbi.nlm.nih.gov/nuccore/AY644670
https://www.ncbi.nlm.nih.gov/nuccore/AB279735
https://jcm.asm.org


in vitro-transcribed RNA constructs representing the homologous IIA, IIB, and IIIB target
sequences (data not shown). In silico exclusivity testing was performed using the primer
pair specificity feature of Primer BLAST. No unintended targets were identified with the
triplex and 5=-UTR assay primer sets for the following genome sequences: poliovirus,
enterovirus B, enterovirus C, enterovirus D, encephalomyocarditis virus, Epstein-Barr
virus, cytomegalovirus, herpes simplex viruses 1 and 2, varicella-zoster virus, yellow
fever virus, dengue virus, measles virus, parvovirus B-19, Salmonella enterica serotype
Typhi, Mycobacterium tuberculosis, Brucella melitensis, Coxiella burnetti, Leptospira inter-
rogans, Borrelia burgdorferi sensu lato, Escherichia coli, Klebsiella pneumoniae, Rickettsia
rickettsii, Candida albicans, and Plasmodium falciparum.

Assay performance characteristics were further defined by comparing test results
from the triplex and 5=-UTR assays against genotyping results achieved with a nested
VP1-P2B genotyping assay. The comparison was done using serum and plasma spec-
imens from 200 suspected HAV cases submitted to our laboratory and 46 serum
specimens from a concurrent, but unrelated, Michigan HAV outbreak. Using the nested
VP1-P2B genotyping assay, sequencing results were obtained from 169 of these 246
samples (68.7%), with 71, 93, and 5 specimens classified as subgenotypes IA, IB, and IIIA,
respectively. A total of 48 unique VP1-P2B sequences were identified, encompassing 31
IA sequence types, 13 IB sequence types, and 4 IIIA sequence types (Fig. 1).

When tested with the triplex assay, 169 samples (68.7%) tested positive for HAV
RNA. Four discrepancies were observed for the triplex assay, including two false-
negative results with the IB analyte and two false-positive results with the IIIA analyte.
Repeat testing of the discrepant samples with the triplex assay yielded late CT values
(�38 cycles) in only one of two replicates for both IB specimens and an early CT value
(�25 cycles) and a late CT value (�35 cycles) for the IIIA specimens. The late sporadic
CT values obtained upon repeat testing of the discrepant IB samples suggested that the
viral load in these specimens was at or near the LOD of the triplex assay for the IB
target. To resolve the discrepant IIIA results, the samples were tested with an alternate
nested RT-PCR genotyping assay that utilizes degenerate amplification primer se-
quences for broader HAV coverage. Using this assay, both samples yielded distinct IIIA
sequences (Fig. 1, sequences V18S01374 and V19S00366), confirming the result of
the triplex assay. After discrepancy analysis, the accuracy, sensitivity, and specificity
of the triplex assay were 100%, 100%, and 100% for the IA analyte, 99.2%, 97.8%,
and 100% for the IB analyte, and 100%, 100%, and 100% for the IIIA analyte,
respectively (Table 3).

Comparison of the 5=-UTR assay with the nested RT-PCR genotyping assay yielded
five discrepant results: two false-negative results and three false-positive results. The
false-negative samples included one of the two IB samples that was falsely negative in
the triplex assay. Repeat testing with the 5=-UTR assay produced a CT value of 36 cycles
in one of two replicates, reaffirming that the false-negative sample likely possessed a
low viral load. The other false-negative sample yielded a late CT value for the IIIA analyte
in the triplex assay that was confirmed using the alternate nested genotyping assay. Of
the three false-positive 5=-UTR results, the IIIA discrepancy analysis resolved one of
these false-positive results. Sufficient material for retesting was available for only one
of the two remaining 5=-UTR false-positive samples. Retesting this sample produced a
CT value of 36 for both replicates; however, no amplification was detected with the
alternate nested RT-PCR genotyping assay. The accuracy, sensitivity, and specificity of
the 5=-UTR assay was 98.4%, 98.8%, and 97.3%, respectively, following discrepancy
analysis (Table 3).

The ISO 15216-1 rRT-PCR method for HAV detection was also used as a comparator
test for the 5=-UTR assay using a subset of specimens. Agreement between the two
assays was 100% for the 143 specimens (94 positive specimens and 49 negative
specimens) tested. Two of these specimens had yielded discrepant results (a false-
negative result for a IIIA specimen and a false-positive result) with the 5=-UTR assay and
were also discrepant with the ISO 15216-1 HAV rRT-PCR assay compared to the nested
RT-PCR genotyping assays.
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FIG 1 Phylogenetic relationship of 50 unique HAV VP1-P2B sequences detected in serum and plasma
specimens. HAV reference sequences are indicated by GenBank accession numbers. Sequence align-
ments were performed with ClustalW, and the dendrogram was generated using the neighbor-joining
algorithm and the maximum composite likelihood model. Evolutionary distance is indicated by the scale
at the bottom of the dendrogram. Evolutionary branches corresponding to genotype lineage are labeled.
The Michigan and California HAV outbreak strains are indicated with the brackets to the right of the
dendrogram.
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DISCUSSION

A large outbreak of hepatitis A in California in 2017-2018 highlighted the need for
better diagnostic tools to quickly confirm and prioritize patient specimens for investi-
gation by molecular epidemiology (2). Laboratory confirmation of acute HAV infections
for outbreak investigations has primarily relied upon IgM anti-HAV testing. While highly
sensitive and specific when applied to persons meeting the clinical criteria for acute
viral hepatitis, IgM testing for HAV can have a low predictive value when patients do
not meet those criteria (19, 20). False-positive IgM anti-HAV results may occur through
nonspecific IgM binding or cross-reactivity with other picornaviruses (21, 22). In addi-
tion, the IgM response to HAV may persist for long periods, making interpretation of
recent infections problematic (23). NAAT offers an alternative and complementary tool
for the laboratory confirmation of HAV infections and was recently added as an
acceptable laboratory method for classifying acute hepatitis A cases by the U.S. Centers
for Disease Control and Prevention and the Council of State and Territorial Epidemiol-
ogists (https://wwwn.cdc.gov/nndss/conditions/hepatitis-a-acute/case-definition/2019/).
HAV RNA in serum may be detectable earlier than IgM anti-HAV during the course of
infection and may be detected for weeks to months after symptom onset (24). NAAT
results can also indicate the suitability of a sample for genotyping. However, a FDA-
cleared nucleic acid amplification test is not available, and few commercial laboratories
offer laboratory-developed tests for HAV RNA detection.

We have designed a triplex HAV subgenotyping rRT-PCR assay and a consensus
5=-UTR rRT-PCR assay based on 115 complete genome sequences downloaded from
GenBank and have defined assay performance characteristics for detecting HAV RNA in
serum and plasma specimens. The LOD for each analyte in the triplex assay was �10
copies per reaction and 1 copy per reaction in the 5=-UTR assay. The accuracy,
sensitivity, and specificity of the assays were �97% for all analytes compared to a
nested VP1-P2B RT-PCR genotyping assay. The triplex assay provides subgenotyping
level identification of IA, IB, and IIIA strains. These three subgenotypes represent the
majority of the strains detected in the United States (13). The multiplex format of the
triplex assay offers economical and ease of use advantages over the set of singleplex
subgenotyping assays described by Coudray-Meunier et al. (25). Moreover, the triplex
assay represents a significant improvement in analytical sensitivity compared to these
earlier assays. When performed in parallel with the triplex assay, the 5=-UTR assay
design should permit detection of all genotypes, including the rarely encountered
subgenotype IIA, IIB, and IIIB strains.

The relatively well-conserved 5=-UTR region of HAV has been a common target for
RT-PCR design (26). However, several of these assay designs were based on a limited
number of HAV sequences, and consequently, may not target regions that are highly
conserved across HAV strains. A standardized method, ISO 15216-1, utilizes primer
sequences described in 2006 and targets the region from 68 to 241 nt of HAV strain
HM175 (27). The reverse primer for this assay, HAV240R, has a 3=-terminal G-U nucle-
otide mismatch with all genotype III sequences (27, 28). Mismatches within the 3=-end
primer region may adversely impact the efficiency of PCR (29). The effect of the
HAV240R 3=-terminal mismatch was recently investigated and found to underestimate
IIIA genome concentration by a factor of 2.8 (28). This same study also noted that 54%
of the HAV genome sequences had one or more mismatches with the ISO 15216-1 HAV

TABLE 3 Performance characteristics of hepatitis A virus triplex and 5=-UTR rRT-PCR assays

Assay

Performance characteristic

LOD (no. of copies/reaction) Accuracy (%) Sensitivity (%) Specificity (%)

Triplex IA 1 100 100 100
Triplex IB 10 99.2 97.8 100
Triplex IIIA 10 100a 100 100a

5=-UTR 1 98.4a 98.8a 97.3a

aPerformance characteristic determined after discrepancy resolution.
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primer and probe sequences. In contrast, the region targeted by our 5=-UTR assay is
much more highly conserved, with fewer than 9% of the genome sequences having a
single mismatch with the primer and probe sequences. The assays also differ signifi-
cantly in run time: our 5=-UTR assay takes only 1.25 h compared with 3.25 h for the ISO
15216-1 rRT-PCR. Notably, we found perfect agreement between the two assays for the
detection of HAV in serum and plasma specimens. Sequence conservation, shorter run
time, and compatible amplification parameters with the triplex subgenotyping assay
represent significant advantages to our 5=-UTR assay.

The 5=-UTR and triplex assays were designed to fulfill gaps in our ability to rapidly
respond to and inform a public health response to a large HAV subgenotype IB
outbreak. The ability to run both assays simultaneously provided a rapid and inexpen-
sive method for confirming suspected HAV cases as well as a way to monitor disease
trends through subgenotype identification. During the course of the outbreak, we
found that rapid communication of subgenotype data helped in two ways. Epidemi-
ologists were able to rule out case-patients with subgenotype IA or IIIA strains, which
aided in focusing resource-intensive disease investigation and outbreak mitigation
efforts on subgenotype IB case-patients and their contacts (30). Similarly, based on the
initial subgenotype identification, sequence-based genotyping efforts were prioritized
and expedited for IB cases. We consider these rRT-PCR assays as a complement to, and
not a replacement for, sequence-based genotyping, with the added value of having
actionable results within a shorter time frame. This capacity may be sufficient for
laboratories that may not have the capacity to add the more-expensive and technically
challenging sequence-based approach to HAV detection or that prefer to refer HAV
samples for genotyping. While these assays cannot determine the actual strain in a
given patient, the availability of these rapid, same-day tests strengthen public health
surveillance efforts for HAV outbreak detection and response. Results from rRT-PCR can
be available within a few hours of specimen receipt, whereas sequence-based
genotyping may require several days, or longer if referred, to complete. For HAV
reference laboratories where batching of specimens is a common practice for NGS,
prior knowledge of the subgenotype may help prioritize specimens for sequence-
based genotyping.

There are two notable limitations to our study. First, the specimens included in this
study were collected during two large unrelated outbreaks of HAV subgenotype IB
occurring in California and Michigan, and 54.4% of the positive specimens in our study
are represented by outbreak strains or related variants. Therefore, the diversity of IB
strains analyzed in our study is limited. Likewise, only seven subgenotype IIIA strains
were detected in our study, reflecting the paucity of this subgenotype in the United
States (13). Overall, our panel of specimens likely represents regional strain diversity at
best and does not adequately capture the global diversity of HAV. Additional studies
are needed to assess the performance of these assays against a global collection of HAV
strains. Second, we have not assessed the suitability of testing specimen types other
than sera and plasma with these assays. Stool specimens may also serve as an
acceptable specimen type for the detection of HAV RNA, since HAV may be present at
a higher titer and for a longer duration in stool specimens than in serum specimens
(31). However, stool specimens may contain more substances that can inhibit PCR (32).
Many of these inhibitory substances can be reduced or eliminated by the use of a
magnetic bead-based nucleic acid extraction method coupled with an RT-PCR master
mix that has been formulated to be less susceptible to common PCR inhibitors, similar
to the methodology selected for this study.

The implementation of rapid and sensitive molecular diagnostic tools and assays
has the potential to improve public health laboratory surveillance for HAV outbreak
detection and characterization. Periodic updating of molecular diagnostic assays is
necessary to account for RNA virus diversity and evolution (33). This process is facili-
tated by the increasing availability of whole-genome sequences in public databases.
Using these resources, we have developed and validated both a triplex rRT-PCR assay
for subgenotype IA, IB, and IIIA identification and discrimination, as well as an updated
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5=-UTR rRT-PCR assay with the potential to efficiently detect all genotypes of HAV
infecting humans. These two new HAV assays will enable rapid laboratory confir-
mation and subgenotype identification to help define and stratify case-patients in
support of epidemiological investigations of hepatitis A outbreaks.
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