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In 2018, pigeon Rotavirus A G18P[17] was identified in Australia as the causative agent of a disease 
outbreak presenting as vomiting and diarrhea, reminiscent of the young pigeon disease syndrome. 
This virus has subsequently been detected in several other countries, including Belgium, Denmark, 
Germany, Great Britain, Poland, and the United States. This study was conducted to determine the 
presence of pigeon Rotavirus A among archived samples collected in Taiwan, and to subsequently 
characterize the whole genome of a local isolate. Two hundred twenty-five pigeon liver samples 
collected from 2018 to 2023 were tested for the presence of pigeon rotavirus A RNA using PCR. A 
sample from 2018 tested positive, and the successful rescue of infective virions was achieved. The first 
coding-complete genome of this virus from Taiwan was successfully sequenced, revealing that isolate 
NPUST-001 belongs to genotype G18P[17]-I4-R4-C4-M4-A4-T4-N4-E19-H4. To date, this is the earliest 
known rotavirus A isolate with this exact genotype constellation recovered from a domestic pigeon 
sample in the Asian region. Phylogenetic analysis of the VP6 segment showed that isolate NPUST-001 
belongs to a distinct lineage of pigeon Rotavirus A which comprises of several other strains reported 
from mainland China and the USA. Although no recent cases were detected, active surveillance 
for rotaviral infection among suspected cases is recommended to gather more information on the 
epidemiology of this virus locally.

In avian species, rotaviruses are considered to be among the most important emerging pathogens of economic 
importance, affecting both domestic or farmed and exotic or wild species of birds1. Rotaviruses belong to the 
genus Rotavirus of the family Sedoreoviridae, order Reovirales characterized by their 11-segment linear double-
stranded RNA genome enclosed in a triple-layer capsid2,3. Rotaviruses have been implicated in clinical conditions 
of poultry species, such as the poult enteritis complex, poult enteritis mortality syndrome, and runting and 
stunting syndrome1,4,5. While there are no direct estimates of the annual losses caused by these viruses, it is 
considered that enteritis accounts for huge economic losses not only due to mortality, but more importantly, due 
to the capacity of these pathogens to cause decreased feed absorption that results in reduced farm productivity1.

While rotavirus infections are well-known among poultry species, there is very limited information about the 
occurrence of rotaviruses in pigeons6. In 2016, an outbreak of cases of vomiting and diarrhea reminiscent of the 
young pigeon disease syndrome (YPDS) was identified in Australia. Reported morbidity and mortality rates of 
up to 45% was noted6,7. Detailed clinical evaluation of the cases involved showed the presence of a novel group 
of Rotavirus A that was found associated with hepatic necrosis in pigeons.

Review of YPDS-related literature pointed to a 2005 epidemiologic report that functionally defined YPDS 
as a “multifactorial disease in which [pigeon circovirus (PiCV)] might be a crucial factor, possibly by inducing 
immunosuppression in infected birds”8,9. It was also commonly described as a combination of clinical signs 
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including anorexia, depression, diarrhea, emaciation or ill thrift, fluid-filled crop, lethargy, poor racing 
performance, polyuria, ruffled feathers, vomiting, and weight loss, among others8,10. However, with the discovery 
of the pigeon-associated Rotavirus A (pRVA) genotype G18P[17] and its experimental infection results in 
pigeons that satisfied Henle-Koch’s postulates, pRVA has been forwarded as the causative agent of “classical” 
YPDS, thereby depreciating the role of PiCV in the etiology of YPDS11–14.

Prompted by the discovery of pRVA during the Australian outbreak, spatiotemporal and retrospective studies 
were conducted uncovering cases of pRVA infections dating back as early as 2001. To date, pRVA has already 
been reported in pigeons in Germany, Belgium, Denmark, Great Britain, Poland, and the United States6,7,14–17. 
An increased likelihood of confirmed rotavirus infection in lofts was observed following introduction of new 
birds, whether from a neighboring loft (within 5.0 km radius) positive for the virus, or from the inadvertent 
importation of infected birds purchased at regional sales, exhibits, or from other sources18,19. Animal exhibitions 
were also identified as a risk factor for the transmission of the rotavirus19,20.

Recognizing the scale of the pigeon racing industry in Taiwan previously estimated to be about 70 billion 
NTD (~ 2.2 billion USD)21 and the threat pRVA may pose, the current study was conducted to determine the 
presence of pRVA among archived samples collected in Taiwan, and to subsequently characterize the whole 
genome of a local isolate.

Results
In total, 225 samples were tested for the presence of pRVA, the majority of which were collected in 2020 (87; 
38.67%) and 2021 (83; 36.89%)  (Supplemental Table 1). The samples tested were mainly liver samples (201; 
89.33%) from apparently healthy volunteered pigeons that were disqualified from pigeon racing competitions, 
primarily from Pingtung County (189; 84.00%) (Supplemental Figure 1).

Out of the 225 samples tested, only one liver sample tested positive using the conventional PCR protocol 
targeting the non-group specific NSP4 segment of the rotaviral genome, producing an amplicon of 630 bp in 
size (Fig. 1A). Amplification of the VP6 segment of the genome using avian RVA-specific primers produced the 
amplicons of around 1000 bp (Fig. 1B).

This liver sample was collected from a dead pigeon submitted by a loft owner from Pingtung County in 
2018. The pigeon was recorded to have been suffering from chlamydial ornithosis. YPDS-like clinical symptoms 
characterized by vomiting and greenish diarrhea were also reportedly observed before death, corresponding to 
known symptoms of pRVA infection.

The sequence of the VP6 gene from the detected rotaviral infection showed high percent nucleotide identity 
(> 95%) with other pRVA sequences publicly available at NCBI, particularly those that were from China and, 
interestingly, the United States.

Successful rescue and propagation of the detected virus was achieved using MARC-145 cell line. Observations 
of the morphology of the cell cultures with and without infection revealed cytopathic effects characterized by 
rounded or spindle-shaped cells indicative of lysis, eventual detachment from the flask, and cell death, similar 
to that of the observations of McCowan, et al.7. Shown above in Fig. 2 are representative images of the observed 
cytopathic effect of pigeon Rotavirus A infection in MARC-145 cells at various times post infection, and at 
different magnifications.

To visually confirm the presence of viral particles, transmission electron microscopy was performed using 
filtered cell culture supernatant as sample, confirming presence of structured particles (Fig. 3). The virions were 
measured to have an average diameter of 81.28 (± 6.01) nm. This measurement closely corresponds with the 
observations reported by McCowan, et al.7 and Blakey, et al.15.

Fig. 1.  Amplification of the (A) partial rotaviral NSP4 segment using non-group-specific primers and (B) the 
partial VP6 segment with avian rotavirus-specific primers from the lone detected local case.
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Next generation sequencing of the genome of the propagated viral isolate recovered all the 11 segments of 
the rotaviral genome. Retrieved sequences ranged from 3280 bases (VP1) to 672 bases (NSP5), with GC content 
ranging from 31.84% (VP3) to 40.19% (NSP4), as shown in Table 1. Comparison of each of the sequences of 
the 11 segments of the retrieved rotaviral genome against publicly available sequences at the NCBI database 
similarly revealed that closest matches are with strains detected in China and the United States (Table 1, left-
hand panel). Particularly, the sequences of the VP1, VP6, NSP1 and NSP4 genes are closest to those of strain 
RVA/pigeon/USA/K1802315/2018/G18P[17] (abbr. K1802315). On the other hand, the VP4, NSP2, NSP3 and 
NSP5 genes are closest to those of strain RVA/pigeon/China/SX-05/2019/G18P[17] (abbr. SX-05). Lastly, the 
VP2, VP3 and VP7 are most similar to those of strain RVA/spotted-dove/China/ARO/2014/G18P[17] (abbr. 
ARO). Percent identity of all 11 segments with the corresponding closest match range from about 98.08 to 
99.55% (Table 1, left-hand panel).

Fig. 3.  Transmission electron micrograph of the virus particles retrieved from the supernatant of infected 
MARC-145 cell culture.

 

Fig. 2.  Cytopathic effect induced by the pigeon Rotavirus A isolate NPUST-001 infection in MARC-145 cell 
line. (A – uninfected control; B – Infected cells, 6 dpi 40×; C – Infected cells, 12 dpi 40×; D – Infected cells, 12 
dpi 10×;).
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Following the classification system of the International Committee on the Taxonomy of Viruses Rotavirus 
Classification Working Group for Rotavirus A, the whole genome sequence of the local isolate was classified as 
G18-P[17]-I4-R4-C4-M4-A4-N4-T4-E19-H4, exactly as other previously reported cases of pigeon infections 
in Australia, Germany, and the United States6,7,15,17. The propagated local isolate of pigeon Rotavirus A was 
designated as RVA/pigeon-tc/TWN/NPUST-001/2018/G18P[17] (abbr. NPUST-001) following the proposed 
nomenclature for rotavirus strains22.

Employing the same approach as Rubbenstroth et al. (2019)6, close inspection of the pigeon RVA VP6 gene 
sequences revealed that the Taiwan isolate NPUST-001 belongs to genotype I4, which includes the Australian and 
European pigeon rotavirus outbreaks, as well as sequences from domestic pigeons in Nigeria, a spotted dove in China, 
and a red fox suffering from encephalitis detected in Italy (Table 1; Fig. 4)6,7,23,24. Furthermore, isolate NPUST-001 was 
found to belong to a distinct lineage within genotype I4 that is only populated by sequences retrieved from China and 
the USA (Fig. 4). Members of this lineage were detected from samples collected from years 2014 up to 2020 spanning 
the entire period previously investigated in Germany6.

While the analysis of the VP6 gene sequences reveals the general spatiotemporal grouping of pRVA lineages, 
VP7 and VP4 have been suggested as potential pRVA virulence factors, as previously demonstrated for other RVA 
lineages13,25. As such, the phylogenetic relationship of Taiwan isolate NPUST-001 based on the sequences of VP7 and 
VP4 genes was also investigated.

Shown in Table 1 (right-hand panel) are the percent identity comparisons of all 11 segments of Taiwan isolate 
NPUST-001 against three isolates with known virulence profiles. These include isolate VIC from the Australian 
outbreak in 2016, isolate GK-684 from a lethal outbreak (~ 17% mortality) in Germany in 2017, and isolate DR-5 
from a non-lethal YPDS outbreak in Germany in 2016 6,7. Results showed that isolate NPUST-001 shares about 
95% VP7 gene sequence identity with isolates VIC and GER-684, but it only shares 90.02% VP7 gene sequence 
identity with isolate DR-5. Furthermore, while isolate NPUST-001 shares about 93% VP4 gene sequence identity 
with isolates VIC and GER-684, it only shares 92.44% VP4 gene sequence identity with isolate DR-5 (Table 1, 
right-hand panel).

In Fig.  5, it was similarly shown in both trees based on the VP7 and VP4 gene sequences that isolate 
NPUST-001, along with the other strains from US and China, grouped more closely with the Australian outbreak 
isolate VIC and the highly virulent German isolate GK-684 than with the non-lethal German isolate DR-5. 
Isolate DR-5 was shown to belong to a separate but sister clade, as previously demonstrated6,13.

Segment 
Number

Protein 
Name

GC 
Content 
(%)

Sequence 
Length 
(bp)

Genbank 
Accession 
Number Genotype

Percent Identity (%ID)

Closest Match Isolates with Known Virulence Profile

USA/
K1802315/
2018 a

CHN/ARO/
2014 b

CHN/SX-
05/
2019 c

AUS/VIC/
2016 d

GER/GER-
684/
2017 e

GER/DR-5/
2016 f

1 VP1 32.50 3280 PP586044 R4 98.08* 97.77 97.59 93.60 93.72 93.72

2 VP2 37.61 2723 PP586045 C4 94.09 99.01* 94.27 93.50 93.28 93.87

3 VP3 31.84 2553 PP586046 M4 96.08 99.10* 96.28 92.99 92.83 93.26

4 VP4 35.07 2341 PP586047 P[17] 98.97 98.63 99.02* 93.72* 93.42 92.44

5 NSP1 34.82 1861 PP586048 A4 98.55* 97.04 97.42 94.95 94.47 94.73

6 VP6 38.77 1336 PP586049 I4 99.02* 98.03 97.82 94.69 95.36 94.51

7 NSP3 37.41 1088 PP586050 T4 93.80 97.15 97.88* 91.24 91.98 93.82

8 NSP2 36.79 1033 PP586051 N4 98.24 96.69 98.54* 96.69 96.78 96.75

9 VP7 36.28 1053 PP586052 G18 98.01 99.14* 98.58 95.16 95.25* 90.02

10 NSP4 40.19 719 PP586053 E19 98.67* 95.66 95.55 93.88 94.85 94.08

11 NSP5 33.63 672 PP586054 H4 99.26 94.63 99.55* 95.39 93.75 92.92

Table 1.  Summary of the sequence characteristics of each segment of Rotavirus a isolate RVA/pigeon/TWN/
NPUST-001/2018/G18P[17] genome, and their comparisons against closely related isolates and against isolates 
with known virulence profile. *Highest percent identity. aHost: Racing pigeon (Columba livia domestica); a 
3-year old pigeon from a series of outbreaks in several squab breeding facilities in the USA15. bHost: 
Spotted dove (Spilopelia chinensis); from China, information retrieved from NCBI Accession KT934648.1. 
cHost: Racing pigeon (Columba livia domestica); from China, information retrieved from NCBI Accession 
MN481633.1. dHost: Racing pigeon (Columba livia domestica); from the Australian outbreak in 2016 7. eHost: 
Ornamental pigeon (Columba livia domestica); with severe hepatic necrosis, died during an outbreak in 
Germany with 17% mortality6. fHost: Homing pigeon (Columba livia domestica); from a pooled fecal sample 
collected from a flock during a non-lethal YPDS outbreak in Germany6.
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Discussions
In 2016 in Australia, an outbreak of cases of vomiting and diarrhea reminiscent of the young pigeon disease syndrome 
(YPDS) that was commonly associated with pigeon circovirus was reported. Histopathologic investigation of the 
samples revealed general presence of hepatic necrosis, hepato-/splenomegaly, and inclusions with virions consistent 
with the morphology of rotaviruses. The whole genome sequence of the viral isolate confirmed the presence of a novel 
group A rotavirus belonging to genotype G18-P[17]-I4-R4-C4-M4-A4-N4-T4-E19-H4. Subsequently, complete 
genome sequences from outbreaks in pigeons in Germany and the United States were found to belong to the same 
genotype constellation6,15,17. Closely matching partial sequences of pRVA were also reported from Belgium, Denmark, 
Great Britain, and Poland6,14,16. Experimental infection of pigeons with pRVA isolates induced an acute and self-
limiting YPDS-like disease in all infected birds, thus satisfying Henle-Koch’s postulate. As such, pRVA has been 
forwarded to be the causative agent of “classical” YPDS, thus depreciating the role of PiCV in the etiology of this 
disease11–14. Earlier studies have recognized pRVA as a significant concern for pigeon breeders and veterinarians, 
posing a potential threat to the health and welfare of domestic pigeon populations globally6,14.

Fig. 4.  Phylogenetic analysis of the pigeon RVA clade based on VP6 gene sequences. The VP6 sequence obtained 
from this study was aligned with other sequences retrieved from NCBI using ClustalW. The tree was created using 
the Neighbor-joining method with bootstrap analysis of 1000 replications. Sequences belonging to genotypes I4 and 
I11 were marked with outer brackets, while the inner bracket identifies the lineage containing the Taiwan isolate 
NPUST-001 (marked with a red circle). The pRVA lineages shown as condensed branches were named similar to 
Rubbenstroth, et al.6. The lineages were labeled by the country and year of first detection, with the durations (years) 
of observation provided in parentheses.
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Fig. 5.  Phylogenetic analysis of the pigeon RVA clade based on (A) VP7 and (B) VP4 gene sequences. The 
VP7 and VP4 gene sequences obtained from this study were each aligned with other sequences retrieved from 
NCBI using ClustalW. The tree was created using the Neighbor-joining method with bootstrap analysis of 1000 
replications. The corresponding genotypes of the sequences were marked with outer brackets, while Taiwan 
isolate NPUST-001 was marked with a red circle. Non-pRVA genotypes were shown as condensed branches.
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In Taiwan, partially owing to the local importance of pigeons and the scale of the pigeon racing industry, 
numerous scientific studies related to this avian species have also been conducted, including works on the 
prevalence and molecular epidemiology of important bacterial and viral pathogens affecting pigeon health26–35. 
However, to the best of our knowledge, no previous study has demonstrated the presence of pRVA in the country. 
In this context, the current study reports the first detection, isolation, and whole genome characterization of a 
local isolate of pRVA in Taiwan. To date, Taiwan isolate NPUST-001, which was recovered from an archived 
sample from 2018, is the earliest known rotavirus A of genotype G18-P[17]-I4-R4-C4-M4-A4-N4-T4-E19-H4 
detected from a domestic pigeon sample in the Asian region.

Although only one positive case was identified among the 225 samples tested, this result cannot be generalized 
to reflect past and current conditions of pRVA epidemiology in Taiwan due to the non-representative nature of 
the samples available. However, since most of the samples (173/225; 76.89%) were collected from apparently 
healthy individuals disqualified from early racing rounds but were not displaying any symptom of any disease, 
it can be hypothesized that asymptomatic pRVA carriage may be rare. Nonetheless, local pigeon breeders and 
veterinarians should be made aware of the presence of this virus, as this may inform the diagnosis and treatment 
of disease cases with clinical presentations similar to pRVA infections6,13–15. Active surveillance is recommended 
to also gather more information on the epidemiology of this virus locally.

Investigation of the relationship of this detected Taiwan isolate relative to the other previously reported 
pigeon rotaviruses based on the VP6 gene sequence revealed a distinct lineage of pigeon rotaviruses circulating 
in Taiwan, mainland China, and the United States. Interestingly, the oldest strain belonging to this clade was 
detected not from a domestic pigeon but from its close relative, the spotted dove (Spilopelia chinensis). The 
sample was collected in 2014, thus predating Australian outbreak in 2016 7. On the other hand, a similar 
retrospective detection work in the California, USA reported detection of rotaviral particles by transmission 
electron microscopy in cases of hepatic necrosis in racing pigeons from samples collected as early as 2001 15. 
However, no sequence data was available. Meanwhile, the most recent strain belonging to this lineage was 
detected from a fatal case of infection in a racing pigeon in Florida, USA in 2020 17. Taken together, these 
observations suggest a sustained circulation of this pigeon Rotavirus A lineage at least from 2014 up to 2020, 
which may have involved spillover or reverse spillover events. If so, this sustained circulation dynamics may be 
different from the hypothesized multiple introductions of pRVA into the German pigeon population that was 
followed by an apparent extinction or replacement of a new lineage6.

Previous reports have suggested the role of genomic reassortment and intercontinental spread in the 
emergence of novel Rotavirus A variants in the US and in Germany6,15. For instance, in Blakey et al.15, isolate 
D172689 was classified in the Chinese clade based on the VP6 gene sequence, whereas the same isolate was 
classified in the Nigerian clade based on its VP7 gene sequence. These findings led the authors to hypothesize that 
genetic drift or reassortment may have given rise to this strain. In the current work, the close similarities between 
the genomic segments of Taiwan isolate NPUST-001 and several different RVA strains from USA and mainland 
China, along with their close grouping into a single clade based on the VP6, VP7 and VP4 phylogenetic trees, 
suggest that a cross-strait and/or intercontinental spread is a more likely scenario than a reassortment event, 
although the latter cannot be excluded. Of note, sequences of VP1, VP6, NSP1 and NSP4 are closer in percent 
identity to US strain K1802315, whereas the rest of the genomic segments are closer in percent identity either 
to Chinese strains SX-05 or ARO (Table 1, left-hand panel). With the above information in consideration, it is 
tempting to hypothesize about a historical circulation of avian Rotavirus A strains within the Asian continent in 
relation to the American and European regions. However, more information would be needed to fill in gaps that 
would link the older strains with the newly identified outbreak strains and lineages.

Meanwhile, current expert opinion holds that pRVA VP4 and VP7 may have potential roles as virulence 
factors13. Previous reports showed that phylogenetic analysis of the VP4 and VP7 sequences placed the low-
virulence pRVA strain in a clade separate from high-virulence, lethal strains. Additionally, comparative 
analyses of the VP4 and VP7 nucleotide and amino acid sequences showed a high degree of homology (≥ 98.3% 
nucleotide and ≥ 98.5% amino acid identity) among virulent pRVA strains6,13. In this work, comparing isolate 
NPUST-001 with these high virulence strains showed a lower degree of homology for both VP4 and VP7 
nucleotide sequences. However, phylogenetic analyses showed that isolate NPUST-001 grouped more closely 
with high-virulence strains than with the low-virulence pRVA strain.

With these observations and given that isolate NPUST-001 was recovered from a pigeon suffering from 
chlamydial ornithosis, the degree to which the pRVA isolate contributed to its death remains unclear. Factors 
other than strain virulence suggested to impact the severity of the RVA-induced disease in pigeons under field 
conditions include the host’s age, immune status and genetic susceptibility, the presence of other infectious and 
non-infectious factors, as well as other environmental conditions13.

In summary, this study reports the first detection, isolation, and whole-genome characterization of a pigeon 
Rotavirus A genotype G18-P[17]-I4-R4-C4-M4-A4-N4-T4-E19-H4 in Taiwan, expanding the known geographic 
and temporal range of this virus in the region. Comparative analysis of the genomic segments revealed high 
percent identity compared to previously reported sequences from USA and mainland China, comprising a 
distinct lineage based on the phylogenetic analysis of the VP6 segment. While only a single case was detected, 
this report is important in informing diagnosis and treatment plans for cases presenting similar symptoms to 
“classical” YPDS or other previously reported pRVA infections6,13–15. Continued surveillance, especially among 
suspected cases, is recommended.

Materials and methods
Ethics statement
Ethics approval for this study, particularly the protocol for and the conduct of the organ sample collections, 
was obtained from the National Pingtung University of Science and Technology – Institutional Animal Care 
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and Use Committee (NPUST–IACUC), with the assigned protocol number NPUST-110-117. All experiments 
conducted in this study were in accordance with the relevant regulations, guidelines, and protocols, as evaluated 
and approved by the NPUST-IACUC.

Samples
Archived liver samples at the Immunology Laboratory, Graduate Institute of Animal Vaccine Technology, 
National Pingtung University of Science (NPUST) were collected from volunteered disqualified, sick, or dead 
pigeons from collaborating lofts from January 2018 to May 2023. The organ samples were packaged in two layers 
of resealable plastic bags before storage at -20.0 °C.

Pooled fecal swab samples from cooperating farms were also collected from lofts/cage floors. The cotton swab 
heads with the samples were placed in 5.0 mL flat-bottomed polypropylene tubes containing 3.0 mL Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco, USA) without serum supplementation, but with 50.0  units/mL 
of penicillin and 50.0 µg/mL of streptomycin (Gibco, USA). After vortex mixing for 1.0 min, 1.0 mL of the 
suspension was passed through a 0.22 μm syringe filter (Merck Millipore, Ltd., Carrigtwohill, Ireland) and used 
for RNA extraction. Otherwise, the samples were stored at -20.0 °C until RNA extraction.

Pigeon Rotavirus A detection and confirmation by sanger sequencing
A ready-to-use reagent for RNA isolation, REzol™ C & T (PROTECH, Taiwan) was used for the RNA extraction 
from the liver (50.0 mg) and filtered fecal swab suspensions (1.0 mL), following the manufacturer’s instructions. 
Complementary DNA was produced using qScript® cDNA Synthesis Kit (Quantabio, USA). Rotaviral detection 
was performed using the conventional PCR targeting assay for the non-group specific NSP4 rotaviral genome 
segment, as indicated by Blakey, et al. (2019).

The primers used were NSP4-F30 (5’-GTG CGG AAA GAT GGA GAA C-3’) and NSP4-R660 (5’-GTT GGG 
GTA CCA GGG ATT AA-3’), which amplifies a 630-base pair amplicon. PCR was performed using a thermal 
gradient cycler (TurboCycler, Blue-Ray Biotech Corp., Taiwan) in a final volume of 10.0 µl containing 5.0 µL of 
Taq DNA Polymerase 2x Master Mix RED (Ampliqon, Denmark), 0.2 µL each of the primers reconstituted at 
10.0 µM, 2.6 µL of nuclease-free water, and 2.0 µL of cDNA. The cycling conditions used for the PCR method 
were as follows: an initial denaturation for 5.0 min at 95.0  °C, 40 cycles of denaturation for 20  s at 94.0  °C, 
annealing for 30 s at 60.0 °C, extension for 20 s at 72.0 °C, and a final incubation of 7.0 min at 72.0 °C. The PCR 
product was visualized by gel electrophoresis at 100 V for 35.0 min on a 1.5% agarose gel.

Confirmation of the positive detection of pRVA was performed by Sanger sequencing of the VP6 segment of 
the rotaviral genome. PCR amplification of the VP6 rotaviral genome segment was performed using the primers 
described by Rubbenstroth et al., (2019): AvRVA_VP6L_F (GGC TCA ACC TTC CAA ACT GG) and AvRVA_
VP6L_R (CGR ATG GAT GCT GCT GTR AAT ATA C), which produced an amplicon of approximately 1000 bp 
in length. PCR was performed in a final volume of 50.0 µl containing 25.0 µL of P Fast-Pfu 2X PCR SuperMix 
(AllBio Science, Inc., Taiwan), 1.0 µL each of the primers reconstituted at 10 µM, 13.0 µL of nuclease-free water, 
and 2.0 µL of cDNA. The cycling conditions used for the PCR method were as follows: an initial denaturation 
for 5.0 min at 94.0 °C, 40 cycles of denaturation for 30 s at 94.0 °C, annealing for 30 s at 58.0 °C, extension for 
1.0 min and 30 s at 72.0 °C, and a final incubation of 10.0 min at 72.0 °C. The PCR product was visualized by gel 
electrophoresis, and amplicons were purified to remove the unused enzymes and dNTPs using PCR Clean-Up 
& Gel Extraction Kit (Bio-Helix, Taiwan) following the PCR Cleanup protocol as directed by the manufacturer. 
Purified amplicons were sent to AllBio Science, Inc. (Taipei, Taiwan) for sequencing.

Virus isolation
A liver sample positive for both the non-group specific NSP4-targetting conventional PCR and the pRVA VP6-
targetting qPCR was used for virus isolation. A 100.0 mg portion of the liver sample was homogenized in 900.0 
µL of DMEM using a sterile micro-pestle, followed by three cycles repeated freezing and thawing. Two hundred 
µL of chloroform was added for every 1.0 mL homogenate, followed by centrifugation at 6000 ×g for 10 min. The 
aqueous phase was passed through a 0.22 μm syringe filter (Merck Millipore, Ltd., Carrigtwohill, Ireland), and 
trypsin (Gibco, USA) was added to a final concentration of 20.0 µg/mL. The mixture was incubated at 37.0 °C 
for 1.0 h, and then diluted with 12.0 mL serum-free DMEM. Four mL of the diluted suspension was used to 
inoculate confluent QT35, Vero, MARC-145, and MDBK cell cultures in T25 flasks. The flasks were incubated 
at 37.0 °C for 1.0 h to allow viral adsorption, and the culture medium was removed afterwards. The cells were 
washed with serum-free DMEM three times and added with fresh serum-free DMEM with 1.0 µg/mL trypsin. 
The flasks were then incubated at 37.0 °C and observed until cytopathic effects were visible, or up to 12 days. 
When cytopathic effects were observed or at day 12 of incubation, the inoculated cell culture was subjected 
to three cycles of freezing and thawing, and the suspension was centrifugated at 300 ×g for 15 min to remove 
cellular debris. The clarified cell lysate was transferred into 1.0 mL tubes as aliquots and stored at -80.0 °C until 
further processing or use.

Transmission electron microscopy
The clarified cell lysate was filtered using a 0. 22 μm filter and the filtrate was used for electron microscopy. The 
filtered cell lysate was allowed to settle onto a formvar/carbon 200-mesh copper grid for 30 s and 2% aqueous 
uranyl acetate was added for 45 s for staining. Virus particles were visualized using an H-7500 transmission 
electron microscope (Hitachi Ltd., Tokyo, Japan).

Whole genome sequencing and assembly
One mL of the clarified cell lysate from passage 2 of MARC-145 cell culture infection was activated and used 
to inoculate a T75 confluent HT29 cell culture, following the same procedure as described above. The flask 
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was incubated at 37.0 °C for 3 days, then subjected to three cycles of freezing and thawing to release the viral 
particles. Ten mL of the clarified culture supernatant was submitted to AllBio Science, Inc. (Taipei, Taiwan) for 
sequencing using the Illumina NovaSeq6000.

Sequence quality control and trimming were performed using FastQC v.0.12.1 and Trimmomatic v.0.38, 
respectively, which were implemented in the Galaxy web platform (usegalaxy.org) using default options36–38. 
Sequence reads were mapped against the genomic sequence of Rotavirus A isolate K1802315 segments 1 to 
11 accessioned in GenBank (MK692877.1-MKK69288.1) using BWA v. 0.7.17-r1188, while aligned reads were 
extracted using SAMtools v. 1.3.1 39. The assembly was performed using SPAdes genome assembler v.3.13.1 
40. Contigs were searched against the nucleotide collection (nr/nt) of the National Center for Biotechnology 
Information (NCBI) using MegaBLAST41. The best matches for each of the relevant contigs were used as the 
reference sequence for a second iteration of mapping and assembly. The assembled sequences of the 11 segments 
of the pRVA from Taiwan recovered in this study were deposited in GenBank (accession no. PP586044-
PP586054).

Phylogenetic analyses
Percent identity of each rotaviral genomic segments was compared to sequences from other materials deposited 
in the GenBank databases of the National Center for Biotechnology Information (NCBI) (Bethesda, MD, U.S.A.) 
using the nucleotide Basic Local Alignment Search Tool (BLASTn) available online. To better determine the 
relationship of the rotavirus isolates with other previously reported strains, corresponding segments of the 
previously reported rotaviral genomes were retrieved from GenBank. Sequences obtained from this study 
and the corresponding retrieved sequences from NCBI were aligned using the ClustalW method in Molecular 
Evolutionary Genetics Analysis (MEGA-X) software42. The Neighbor-joining method43 with bootstrap analysis 
of 1000 replications were used to construct separate phylogenetic trees of the sequenced rotaviral genome 
segments.

Data availability
The generated sequences analyzed in this study are available in the NCBI database under GenBank accession 
numbers PP586044-PP586054. All other data were provided in the manuscript or supplementary materials.
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