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Sequence-specific nanoparticle barcode
strategy for multiplex human
enterovirus typing

Zecheng Zhong1,2,3,8, Xiaosong Su4,8, Kunyu Yang1,2,3,8, Weida Huang1,2,3,
Jin Wang1,2,3, Zhihao Zhuo1,2,3, Jiyu Xiang1,2,3, Lesi Lin1,2,3,5, Shuizhen He6,
Tingdong Li 1,2,3,7, Jun Zhang 1,2,3,7, Shengxiang Ge 1,2,3,7 ,
Shiyin Zhang 1,2,3,7 & Ningshao Xia 1,2,3,5,7

Human enteroviruses (HEV) can cause a range of diseases from mild to
potentially life-threatening. Identification and genotyping of HEV are crucial
for disease management. Existing typing methods, however, have inherent
limitations. Developing alternative methods to detect HEV with more virus
types, high accuracy, and sensitivity in an accessible manner presents a tech-
nological and analytical challenge. Here, a sequence-specific nanoparticle
barcode (SSNB) method is presented for simultaneous detection of 10 HEV
types. This method significantly increases sensitivity, enhancing detection by
10-106 times over the traditional multiplex hybrid genotyping (MHG) method,
by resolving cross-interference between the multiple primer sets. Further-
more, the SSNB method demonstrates a 100% specificity in accurately distin-
guishingbetween 10differentHEV types andother prevalent clinical viruses. In
an analysis of 70 clinical throat swab samples, the SSNBmethod shows slightly
higher detection rate for positive samples (50%) compared to the RT-PCR
method (48.6%). Additionally, further assessment of the typing accuracy for
samples identified as positive by SSNB using sequencing method reveals a
concordance rate of 100%. The combined high sensitivity and specificity level
of themethodology, togetherwith the capability formultiple type analysis and
compatibility with clinical workflow, make this approach a promising tool for
clinical settings.

The enterovirus genus is one of the most common in the family
Picornaviridae and includes four HEV species (EV-A, B, C, andD)1. More
than 300 different enterovirus serotypes have been identified2, that
cause a variety of diseases, including respiratory, skin, neurologic, and

gastrointestinal3. Each year, there are over one billion estimated new
enterovirus infections; some of these, such as EV71 and CVA16, have
been responsible for multiple outbreaks of hand, foot, and mouth
disease (HFMD) in Asia and Europe4–6, while an EV-D68 epidemic has
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been associated with severe respiratory disease, occasionally leading
to acute flaccid myelitis, in Northern America and Europe7–9. The
widespread prevalence of HEV and their ability to cause severe infec-
tions urgently necessitate monitoring and characterization of the HEV
types associated with these similar or different clinical manifestations.

Various technologies have been developed for HEV genotyping;
however, these have limitations. Virus-neutralization assay10,11 is time-
consuming, labor-intensive, and unable to identify and characterize
some of the novel clinical isolates of HEV. RT-PCR offers a rapid and
sensitive detection method for HEV, which have been reported to be
capable of detecting multiple HEV types12,13 and higher-throughput
HEV detection. However, this method is inherently limited as with an
increasing number of primers in the multiplex reaction, the chance of
primer dimer formation rises, which subsequently influences detec-
tion sensitivity. Furthermore, a small number of PCR fluorescence
channels is not suitable formulti-type detectionmethoddevelopment.
Although nucleic acid hybridization is able to achieve detection of a
higher number of targets based on the characteristics of a highly
specific gene sequence among different HEV types14,15, the sensitivity
and specificity of this method are poorer than that of RT-PCR.
Sequencing part of theVP1 capsid protein gene is the gold standard for
HEV typing16; this technique is, however, relatively expensive with long

turn-around times, requires a dedicated bioinformatics facility and
personnel with high-level expertise, which is not generally available in
clinical settings for HEV detection. Thus, the development ofmultiplex
methods,with high accuracy andhigh sensitivity forHEVgenotyping is
still challenging.

Here, we show a SSNB platform that capable of detecting and
typing 10 HEV in a single tube with high sensitivity. This HEV geno-
typing platform comprises a barcode that is encoded by sequence-
specific nanoparticles, and involves particle phase surface amplifica-
tion and amplicon-mediated dual-labeled probe decoding for achiev-
ing multiplex, in situ HEV genotyping (Fig. 1). Unlike conventional free
state primers in liquid phase amplification, type-specific primers are
conjugated covalently to distinct nanoparticles. These spatially fixed
primersgreatly reduced the possible of primer-dimer formationdue to
free-state primer interaction, thus giving SSNB multiple amplification
ability while maintaining exceptionally high sensitivity. Because of the
sequence-specific nature of DNA-templated reactions, the covalently
linked primers bind to the capture strand and trigger subsequent
amplification reactions only in the presence of a perfectly matched
target. On the one hand, the nanoparticles marked with dual-labeled
probe only in the presence of amplicon on their surface. Because of
dually sequence-specific DNA binding reactions, SSNB shows excellent
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Fig. 1 | Schematic overview of SSNB for HEV genotyping. a The VP1 gene of HEV
was selected and pre-enriched to serve as template. b Schematic illustration of the
encoding process: type-specific primers coated on different nanoparticles, and
mixed together to form a component of the barcode. c The particle phase surface
amplification process: enrichedVP1 gene products hybridizewith specific barcode,

and then the particle phase surface amplification is performed on the surface of
nanoparticles. d Schematic illustration of the decoding process: The probes are
hybridized with the amplification products, and the barcode is identified and
decoded through two types of fluorescence.
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specificity. The nanoparticles we use have unique fluorescence prop-
erties, the fluorescence signal of the nanoparticles itself and that on
their surface can be identified by a commonly used clinimetric
instrument produced by Luminex, and up to 500 nanoparticles17

paired with an instrument at a time allow accurate recognition, theo-
retically enabling the genotyping of 500differentHEV types. The SSNB
platform offers the advantages of sensitivity, specificity, multiplex
ability, and compatibility with clinical routine instruments advantages,
which provide the basis for rational decisions in the diagnosis and
treatment of HEV andmonitoring of infected populations at a regional
level; it is therefore of great significance in epidemic control and epi-
demiological investigation.

Results
Design of SSNB platform
A schematic mechanism for the SSNB platform is shown in Fig. 1.
The VP1 gene of HEV was selected to design primer pairs, the enri-
ched VP1 gene products were serve as template (Fig. 1a). The
encoding process requires a pair of type-specific primers and a
fluorescent nanoparticle for HEV genotyping of each target gene.
We designed the primers for each type of HEV to capture the VP1
gene sequence, each of which is incorporated into a distinct nano-
particle, with multiple primers immobilized in a compartmentalized
manner within particles. Different types of primer-labeled nano-
particles were mixed and defined as the barcode (Fig. 1b). The bar-
code was put into a single reaction tube that contained the enriched
VP1 gene products, and the products were recognized by the coding
nanoparticles, particle phase surface amplification start from primer
extension reaction. The extension products hybridize with immobi-
lized reverse primers after denaturation and annealing; two des-
cendant chains generate from the surface of nanoparticles through
the action of DNA polymerase; then, tens of thousands of descendant
chains are produced on nanoparticles following multiple rounds of
amplification (Fig. 1c). In the decoding process, double fluorescent-
labeled probes hybridize with the amplicon from particle phase
amplification on the surface of nanoparticles. We employ the auto-
signal of nanoparticles and HEV type-specific hybridization signal
to translate the encoded barcode. HEV-ID is identified by two
fluorescence signals: one identifying nanoparticles, and the
other recognizing the hybridization signal on the surface of nano-
particles (Fig. 1d). The unique paired relationship between hybridi-
zation probes, the products of particle phase amplification, and
nanoparticles, guarantees the accuracy and precision of HEV geno-
typing detection.

Validation of reproducibility of SSNB
We assessed the reproducibility of this platform by performing SSNB
for tenHEV RNA samples in three different batches. Heatmap showing
the results of the strongest fluorescence signals stand for indicating

correct correspondence between HEV and primer-coded nano-
particles and three biological replicates (Fig. 2a–c), demonstrating the
high reproducibility and repeatability of the SSNB.

Sensitivity of SSNB in detecting 10 HEV
The sensitivity of the 10-plex SSNB was determined and compared to
that of the traditional MHG 10-plex method. The primers and probes
used in the MHG and SSNB methods were share the same sequence
albeit with different modifications (Supplementary Tables S1 and S2).
HEV RNA was analyzed by SSNB and MHG for detecting a ten-fold
serially diluted template, separately. The results indicated that the
lower limits of detection for SSNB was higher than that of the MHG.
Specifically, the sensitivity of SSNB was 10 times higher than that of
MHG for CVA10 detection (Fig. 3b), and 1000 times higher than that of
MHG for EV71 (Fig. 3d). However, for CVA6, CVA16, CVB1, CVB3, CVB5,
E25, E30 and EV-D68, the first gradient template was no detectable
using the MHG method (Fig. 3a, c, e–j); thus, we speculate that the
sensitivity of SSNB was at least 100 times higher than MHG for CVA6,
CVA16, CVB1, at least 104 times higher thanMHG for CVB5, at least 105

times higher thanMHG forCVB3, E25, E30, and at least 106 times higher
than MHG for EV-D68.

In order to further compare the sensitivity of the MHG and SSNB
methods, as previously described for the MHG method18, primers
targeting seven viruses including HEV were synthesized (Supple-
mentary Table S3) and used to establish a 7-plex MHG detection
method (Supplementary Fig. S1). Subsequently, the aforementioned
ten HEV RNA samples were subjected to detection. The sensitivity of
SSNB was 10 times higher than that of MHG for CVA6, CVA10 and
CVB1 detection (Supplementary Fig. S2a, b, e); 100 times higher than
that of MHG for CVB3 and CVB5 (Supplementary Fig. S2f, g); and
1000 times higher than that of MHG for EV71 and E25 (Supplemen-
tary Fig. S2d, h). However, for CVA16, E30 and EV-D68, the first gra-
dient template was no detectable using the MHG method
(Supplementary Fig. S2c, i, j); thus, we speculate that the sensitivity
of SSNB was at least 100 times higher than MHG for CVA16, at least
105 times higher than MHG for E30, and at least 106 times higher than
MHG for EV-D68. The decreased sensitivity observed in the 10-plex
MHG compared to the 7-plex MHG can be attributed to the increase
in primer sets from seven to ten within the multiplex liquid-phase
PCR. This variation may result in more frequent formation of primer
dimers or nonspecific amplification products between primers
or between primers and templates in traditional MHG method
(Supplementary Fig. S3).

10HEV standardswere constructed to verify the detection limit of
the 10-plex SSNB method. The findings indicated that the detection
limits for CVA6, CVA10, CVA16, EV71, CVB1, CVB3, CVB5, E25, E30, and
EV-D68 were 8.10 × 100, 1.25 × 101, 8.10 × 101, 8.10 × 100, 3.94 × 100,
4.30 × 101, 1.14 × 101, 2.70 × 101, 1.27 × 101, and 2.68 × 101 copies/μL,
respectively (Supplementary Fig. S4).
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Fig. 2 | Validation of reproducibility and repeatability of SSNB for ten HEV types. a–c Experiments were repeated three independent times at different time points for
CVA6, CVA10, CVA16, EV71, CVB1, CVB3, CVB5, E25, E30, EV-D68 detection. Source data are provided as a Source Date file.
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Validation of SSNB specificity
For verification of the specificity of this platform, we performed 10-
plex SSNBassayswith 10different serotypes ofHEVand6other viruses
that cause similar clinical symptoms as enteroviruses (Fig. 4a).
The results showed that the positive fluorescence signal of 10 HEV
types corresponded to their respective specific primer-coded nano-
particles. There was no crosstalk between the 10 types of HEV, or the
other 6 viruses, when detectionwas performed using the 10-plex SSNB
system (Fig. 4b). These results suggest a superior detection specificity
of SSNB.

Cross infection identification by SSNB
To further evaluate the ability of SSNB to discriminate HEV co-infec-
tion, themost commonHEV types in clinical settings were selected for
pairwise combinations or three combinations to simulate the possible
infection conditions. Thirteen dual or triple virus combinations were
set and detected by SSNB. The results revealed that for either dual or
triple virus combinations, the positive fluorescence signals appeared
in only the encoded nanoparticles corresponding the given template
(Fig. 5a, b), which suggested that SSNB has excellent capability of
discrimination for co-infection.

Validation of the SSNB for use with clinical specimens
The final step in demonstrating the clinical relevance of SSNB
involved the use of clinical throat swab samples. The assay results
of clinical samples were compared between qRT-PCR19 and the
SSNB method (Fig. 6a). qRT-PCR combined with sequencing is
necessary to identify the HEV subtype, while the subtype infor-
mation can be obtained directly by SSNB. A total of 70 clinical
throat swab samples were obtained; of these, 35 were positive for
HEV infection and 35 were negative for enterovirus infection
according to SSNB (Fig. 6b, c). By qRT–PCR testing, enterovirus
infection was detected in 34 of 70 patient swab samples, and 36
were tested as negative (Fig. 6d). The positive predictive agree-
ment and negative predictive agreement values of SSNB relative
to the qRT–PCR assay were 100% and 97.22% (Supplementary
Table S4), respectively.

Among these positive specimens detected by SSNB, 8 samples
were typed for CVA6, 22 samples were typed for CVA16, 2 samples
were typed for EV71, and 3 samples were typed for CVB3. All of these
positive specimens were confirmed by Sanger sequencing, and
the results indicated a 100% successful genotyping rate achieved by
the SSNB (Supplementary Table S5).
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Discussion
The natural host for all HEV types is the human20: each year, there are
over one billion estimated new enterovirus infections. HEV can cause
severe neurological and respiratory infections21, resulting in significant
morbidity and mortality as previously seen with EV71 and EV-D6822–24.
Genotyping detection of HEV is an effectivemethod to prevent against
HEV outbreaks and reduce HEV infection-associated diseases.

Existing HEV genotyping strategies typically utilize neutralization
assay, RT-PCR, nucleic acid hybridization or sequencing25–28. These
programs provide accurate validation but have disadvantages, such as
the need for complex procedures, inadequate specificity and sensi-
tivity, lack of multiplex detection capability, or need for dedicated
bioinformatics facility. In this study, we demonstrate a SSNB platform
based on nanoparticle-coded barcode, particle phase surface amplifi-
cation, and amplicon-mediated dual-labeled probe decoding that
offers efficient multiplex HEV genotyping detection capability, high
sensitivity and accurate genotyping.

The key challenge in developing a high-multiplex amplification
platform is preventing excessive off-target priming by the many pri-
mers in the reaction. This study uses surface immobilization of primer
pairs to separate reactions and thereby limit primer-dimer formation;
as a result, the enhanced multiple detection capability of the SSNB
platform does not affect its specificity and sensitivity. This platform
has highdetection performance: 10differentHEV canbedetected via a
single sample and reaction, compared with a single sample and reac-
tion detect 1 HEV mode, which improves the convenience of the
operation and offers high cost-effectiveness.

In contrast to RT-PCR-based typing methods, the SSNB method
offers several advantages, including enhanced detection multiplicity
and more efficient utilization of templates. Currently, RT-PCR-based
HEV typing methods primarily consist of multiplex RT-PCR and RT-
PCR combined with Sanger sequencing. HEV genotyping detection
based onmultiplex RT-PCR in one-tube typically achieves only 3-4 plex
without compromising analytical sensitivity and specificity13,29. Devel-
oping a method that achieves greater HEV detection multiplicity
similar to that of SSNB presents significant challenges due to con-
straints related to primer dimer formation and limitations of fluores-
cence channels. Some RT-PCR based methods also require individual
single-tubedetections for variousHEV types, potentially increasing the
risk of false negative HEV infection due to inaccurate template dis-
tribution across tubes when target concentrations are low. In contrast,
the SSNB method enables simultaneous detection of all targets within
a single tube, thereby eliminating the risk of missed detections. Fur-
thermore, the RT-PCR and Sanger sequencing hybrid method intro-
duces complexity and extends the detection period30,31. When testing
clinical samples by RT-PCR and SSNB, the PPA and NPA of SSNB were

100% and 97.22%, respectively. However, one clinical sample was
detected as positive by SSNB but negative by RT-PCR negative, which
illustrated that SSNB may be superior to or comparable to RT-PCR in
terms of clinical specimen detection sensitivity.

Although the MHG method18 surpasses single-tube multiplex RT-
PCR in achieving greater detection multiplicity, covering up to seven
virus including HEV, it exhibits lower sensitivity and specificity com-
pared to the SSNB method. Different from SSNB platform that uses
surface immobilization primer for particle phase surface amplification,
MHG involves multiplex liquid phase amplification before multiplex
hybrid reaction. Primer-dimers generated duringmultiplex liquid phase
amplification have a strong influence on the sensitivity, causing
the sensitivity of MHG to be fundamentally lower than that of SSNB.
Furthermore, when compared with MHG, alongside the sequence-
specific DNA-templated reactions, sequence-specific reactions between
amplicon and dual-labeled probe are also included, thus giving SSNB
excellent specificity performance.

Relative to next generation sequencing (NGS) techniques, the
SSNB technique offers a more cost-effective, quicker turnaround
time (less than 5 h), without the requirement for specialized bioin-
formatics analyses, and is easily generalizable because of the uni-
versality of clinical detection instruments than sequencers. While
NGSholds an advantage in uncovering novel HEV types and remains a
gold standard for HEV identification and typing16. The SSNB method
can effectively complement NGS practices and be adeptly applied
across diverse clinical contexts for HEV detection (Supplementary
Table S6). For the 35 HEV positive clinical specimens (include 4
types), there was 100% concordance between the gold standard
sequencing and SSNB.

It is essential to recognize the limitations of the SSNB typing
method, such as the need for multiple liquid transfers and manual
processes. Future improvements aimed at refining the SSNB method,
along with developing fully automated testing procedures, are
expected to mitigate these concerns, making the SSNB method more
suited to routine clinical practice.

Together, our results indicate that the SSNB HEV genotyping
detection method has good potential for clinical application.
We hope to extend SSNB to numerous other HEV genotyping detec-
tion platforms in the future, providing evidential basis for rapid
and accurate HEV diagnosis, appropriate treatment, and epidemiolo-
gical investigation.

Methods
Primer and probe design
Given the widespread use of the poliovirus vaccine, the incidence of
polio has markedly decreased. However, certain HEVs capable of
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causing severe illnesses, including CA6, CA10, CA16, and EV71, which
are linked to serious HFMD cases, still lack vaccines. The alternating
pattern of infection and seasonal outbreaks typical of HEVs necessi-
tates enhanced surveillance. Considering the epidemiological char-
acteristics, pathogenicity, and surveillance requirements of HEVs, we
conducted a careful selection of 10 HEV types for the development of
the SSNB system. All nucleotide sequences were obtained from the
National Center for Biotechnology Information (NCBI) nucleotide
sequence database (GenBank). The VP1 region of coxsackievirus A6

(CVA6), coxsackievirus A10 (CVA10), coxsackievirus s A16 (CVA16),
enterovirus 71 (EV71), coxsackievirus B1 (CVB1), coxsackievirus B3
(CVB3), coxsackievirus B5 (CVB5), echovirus E25 (E25), echovirus
E30 (E30), and enterovirus D68 (EV-D68) were aligned using ClustalW
(http://www.ebi.ac.uk/clustalw/) in order to identify conserved
sequences and specific regions for primer design. Nucleotide-BLAST
fromNCBI was used to test for homologywithin the database. All type-
specific primer sequences were 5′-amine-C36modified for subsequent
coupling to nanoparticles. Oligonucleotide probes were chosen in
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polymorphic sequences amplified by primers and the highly specific
section for the particular enterovirus type were selected. 5′ and 3′ ends
of probes were modified with 6-carboxytetramethylrhodamine
(TAMRA) for compatibility with the detector (Luminex Corporation)
and to improve detection sensitivity. All primers and probes (Supple-
mentary Table S1) were purchased from Sangon, China.

Coupling primers to nanoparticles
Fluorescent nanoparticles (Luminex Corporation) were coded by
primers. The 5′-amine-C36-modified primers of 10 different HEV
types were covalently linked to 10 unique fluorescent nanoparticles,
according to the manufacturer’s instructions. Using the primer
coupling process of one type of HEV as an example: In a reaction
volume of 25 μL, 0.8μM primers and 1 × 105 particles/reaction
nanoparticles are included. Next, 1.25μL of fresh 20mg/mL EDC is
added and the mixture is thoroughly mixed and incubated in dark-
ness for 30min. The EDC activation coupling step is then repeated.
Subsequently, 0.5mL of 0.02 % Tween-20 is introduced, mixed
thoroughly, and the solution is centrifuged at ≥8000 × g for 2min to
remove the supernatant. This is followed by the addition of 0.5mL of
0.1% SDS, thoroughmixing, and centrifugation at ≥8000 × g for 2min
to eliminate the supernatant. After that, 50μL of TE buffer (pH 8.0) is
added, mixed thoroughly, and the solution is centrifuged at
≥8000 × g for 2min to remove the supernatant. Finally, 200μL of TE
buffer (pH 8.0) is added, the solution is thoroughly mixed, and
stored at 4 °C protected from light.

Multiple particle phase amplification
External universal primers were used to enrich the target sequences
(Supplementary Table S1). PCR was performed in a 25 µL reaction
system, which contained 50mM Tris-HCl (pH 8.5), 2mM MgSO4,
70mM CH3COOK, 200 µM dNTPs, 2 U Taq HS DNA polymerase
(TaKaRa), 4 U TransScript Reverse Transcriptase (TransGen Biotech),
0.4 µM of universal primers, and 5 µL of template. Thermal cycling
consisted of the reverse transcription step at 50 °C for 10min, an
enzyme activation step at 95 °C for 5min, followed by thirty cycles of
95 °C for 15 s, and 55 °C for 45 s. PCRwas performed on a T100 thermal
cycler (Bio-Rad). The products were ligated into a TA cloning vector
and verified by Sanger sequencing.

10-plex SSNB was performed on a T100 apparatus (Bio-Rad) for
the purpose of generating PCR amplicons on the surface of nano-
particles. DNA amplification was initiated on the nanoparticle surface
with a PCR mix containing 1× PCR buffer (TaKaRa), 200 µM dNTPs, 2.5
U SpeedSTAR® HS DNA Polymerase (TaKaRa), 10 different primer-
coded nanoparticles (about 3.125× 103 particles/reaction for each
nanoparticle, and 3.125× 104 particles/reaction for total nanoparticles),
and 5 µl of pre-amplification DNA template. PCR was carried out as
follows: reactions were heat-denatured at 95 °C for 5min followed by
sixty cycles of 95 °C for 20 s, 60 °C for 30 s, and 72 °C for 30 s and a
final 5min extension step at 72 °C.

Double TAMRA labeled fluorescent probes (0.04 µM for each
probe)were hybridizedwith PCRamplicons.Hybridizationprocedures
consisted of an initial step of 95 °C for 5min, followed by 55 °C for
5min. Then, 125 µL of 1× PCR buffer (TaKaRa) was added to each well
and the nanoparticles were analyzed by a detector (Luminex 200).
The median reporter fluorescence intensity (MFI) of detected
nanoparticles was computed for each bead set in the sample. The
cutoff value for a positive result was set as twice the MFI value of the
negative control.

Enterovirus virus isolation culture
Virus isolation was undertaken in cell culture using human rhabdo-
myosarcoma or human laryngeal carcinoma (Hep-2) cells (conserved
by the National Institute of Diagnostics and Vaccine Development in
Infectious Diseases/NIDVD).

Clinical samples
This study was approved by the Ethics Committee of the National
Institute of Diagnostics and Vaccine Development in Infectious Dis-
eases (NIDVD). For suspected HFMD patients who visited the Xiamen
Haicang Hospital within 1–4 days after symptom onset, samples were
collected with throat swabs, eluted into viral transport medium and
stored at −80 °C. All patients provided written informed consent.

RNA extraction
For virus-containing cell culturemedium, viral RNAwas extracted from
200 µL of cell culture supernatant using a magnetic bead nucleic acid
extraction kit (GenMagBio) following the manufacturer’s instructions.
For clinical specimens, throat swab specimens were vortexed and the
cotton stick removedbefore centrifuging for 15min at 10,000 × g. Viral
RNA was extracted from 200 µL of throat swab supernatants using a
magnetic bead nucleic acid extraction kit (GenMagBio) according to
the manufacturer’s instructions. RNA was eluted with 50 µL of DEPC-
treated water and the Multiskan Spectrum spectrophotometer
(Thermo Fisher Scientific) was used to determine the concentrations
and the quality of the RNA. The RNA was stored at −20 °C before use.

Traditional MHG method
In the MHGmethod, sequences of primers and probes consistent with
SSNB were employed to detect 10 types of HEV. The differences are in
the labeling groups of the primers and probes (Supplementary
Table S2) as well as the amplification and detection modalities. cDNA
was produced using reverse specific primers extracted RNA in a 20μL
reaction mixture containing 4 U TransScript Reverse Transcriptase
(TransGen Biotech), 1× PCR buffer (TaKaRa), 200 µM dNTPs, and the
temperature conditions were optimized as 50 °C for 15min. Multiplex
liquid-phase PCR was performed with the Qiagen multiplex PCR plus
kit (Qiagen, Hilden, Germany) in a 50μL reaction mixture containing
25μL 2× Multiplex PCR Master Mix, 10 different HEV primers, 5μL
cDNA, and the temperature conditions were 95 °C for 15min, 45 cycles
of 94 °C for 30 s, 57 °C for 90 s, 72 °C 30 s, with a final extension step at
72 °C for 10min. Biotin-labeled PCR products were hybridized with
probe-coupled beads under the hybridization condition at 95 °C
for 3min followed by 53 °C for 60min. The products were then
detected after incubation with 5μg/mL streptavidin-R-phycoerythrin.
The cutoff value for a positive result was set as twice the MFI value of
the negative control.

Additionally, biotinylated primers and amine-modified probes
reported in previous study was used to verify the detection sensitivity
of the traditional MHG method for 10 HEV18. The reaction conditions
and detection process were consistent with those mentioned above.
The multiplex liquid-phase PCR assay involves a combination of seven
primer pairs (Supplementary Table S3), one of which can detect all
types of HEV.

TaqMan real time RT-PCR reaction
TaqMan real-time RT-PCR reaction was performed by the one step
method (25 µL PCR reaction system). Each reaction mixture consisted
of 50mM Tris-HCl (pH 8.5), 2mMMgSO4, 70mM CH3COOK, 200 µM
dNTPs, 2 U TaqHSDNApolymerase (TaKaRa), 8 U TransScript Reverse
Transcriptase (TransGen Biotech), 0.4 µM each of EntV-F/R and EntV-
P19 (Supplementary Table S7), and 5 µL template. The thermal cycling
protocol comprised the reverse transcription step at 50 °C for 10min,
an enzyme activation step at 95 °C for 5min, followed by 40 cycles of
95 °C for 15 s and 55 °C for 45 s. PCR was performed on CFX96TM Real-
Time System (Bio-Rad).

HEV RNA standards
Plasmids containing the VP1 gene of HEV along with a T7 promoter
sequence were constructed. Single-stranded RNA was generated from
the T7 promoter using T7 RNA
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polymerase (NEB, USA). Next, plasmid DNA was removed from
RNA samples using RNase-free DNase I (Takara, Dalian, China), and the
RNA quantified was utilized in subsequent analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the main text and
Supplementary Information. Source data are provided with this paper.
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