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ABSTRACT. In 2013, the first case of Taiwan ferret badger rabies virus (RABV-TWFB) infection 
was reported in Formosan ferret badgers, and two genetic groups of the virus were distinguished 
through phylogenetic analysis. To detect RABV-TWFB using a sensitive nucleic acid-based method, 
a quantitative real-time reverse transcription polymerase chain reaction targeting the conserved 
region of both genetic groups of RABV-TWFB was developed. This method had a limit of detection 
(LOD) of 40 RNA copies/reaction and detected viral RNA in brain and ear tissue specimens of 
infected and dead Formosan ferret badgers and mice with 100% sensitivity and specificity. The 
mean viral RNA load detected in the ear tissue specimens of ferret badgers ranged from 3.89 × 108 
to 9.73 × 108 RNA copies/g-organ, which was 111-fold to 2,220-fold lower than the concentration 
detected in the brain specimens, but 2,000-fold to 5,000-fold higher than the LOD of the assay. 
This highly sensitive technique does not require facilities or instruments complying with strict 
biosafety criteria. Furthermore, it is efficient, safe, and labor-saving as only ear specimens need 
be sampled. Therefore, it is a promising technique for epidemiological screening of Taiwan ferret 
badger rabies.
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Rabies is a major and lethal zoonotic disease that is spread mainly through bites inflicted by rabid animals. The etiological 
agents responsible are rabies viruses, which belong to the family Rhabdoviridae, and the genus Lyssavirus. In developed 
countries, rabies prevention strategies have been introduced, and public health awareness has improved, but the threat has not been 
eliminated. Recent cases of human rabies in developed countries have been attributed to bats and wild carnivores, such as foxes 
and raccoon dogs in Europe, or raccoons and skunks in North America [6, 9].

The first rabies case reported in Formosan ferret badgers (Melogale moschata subaurantiaca) in Taiwan was in 2013 [23]. Since 
then, the rabies status in Taiwan has changed, and the Taiwan government has implemented a program of constant surveillance 
and diagnosis. From 2013 until the end of 2016, of 6,626 tested animals (including 1,869 wild carnivores), 553 Formosan ferret 
badgers (553/561, 98.57%), 6 Formosan gem-faced civets (Paguma larvata taivana), a dog (Canis familiaris) and a shrew (Suncus 
murinus) from nine Taiwanese counties were identified as being rabies-positive [3]. Phylogenetic studies have inferred the presence 
of two major genetic groups of the virus at different geographical locations in Taiwan; the TW-I group in the western part, and the 
TW-II group in the eastern part, with the 3,000-m high Central Mountain Range acting as a natural barrier [18].

Accurate diagnostic techniques are essential tools for the surveillance and control of rabies. An ideal diagnostic technique should 
have satisfactory sensitivity and specificity. The sensitivity of the fluorescent antibody test (FAT), for example, can be as high as 
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99% in laboratories with experienced personnel [14]. The other two conventional reference diagnostic methods, which are based 
on virus propagation and isolation, are the mouse inoculation technique (MIT) and the rabies tissue culture infection test (RTCIT) 
[12, 22, 24]. Although viral amplification can facilitate downstream molecular analyses, a definitive diagnosis is generally time-
consuming [10, 14]. In addition, to apply these diagnostic techniques, laboratories must be equipped with cell culture facilities, 
fluorescent microscopy instruments, necropsy facilities, or animal housing resources that meet biosafety criteria.

Diagnostic techniques based on nucleic acid amplification and detection have various advantages over conventional rabies 
diagnostic techniques like FAT, MIT, and RTCIT, with the most prominent advantage being higher sensitivity [14, 15, 20]. For 
example, it was previously reported that viral titers as low as 10−5.93 mouse intracranial median lethal dose (MICLD50) or 0.02 
median tissue culture infectious dose (TCID50/ml) were detectable [2, 16]. Low detection thresholds increase the potential nucleic-
acid amplification based techniques, enabling the analysis of samples containing a small quantity of viral RNA for peripheral 
diagnosis by using fluid samples such as saliva, cerebrospinal fluid, tears, and urine, and avoiding the need to open the skull 
[2, 8, 17, 19, 20].

In the present study, we developed a TaqMan real-time reverse transcription-polymerase chain reaction (RT-PCR) assay to 
detect Taiwan ferret badger rabies virus (RABV-TWFB) in the ear tissues of infected ferret badgers. Our primers and probes were 
designed to target the conserved region of the nucleoprotein (N) gene of RABV-TWFB in both the TW-I and TW-II groups. Our 
main aim was to develop and validate a technique using peripheral tissues such as ear tissue, thus avoiding the need to sample 
the ferret badger brains, thereby facilitating a primary screening method applicable to epidemiological surveys. The results 
demonstrated that this real-time RT-PCR assay was extremely sensitive, and should benefit the epidemiological screening of 
RABV-TWFB in Taiwan ferret badgers.

MATERIALS AND METHODS

Animal specimen sources and ethics statements
The animal sources for all the specimens used in the current study were not collected exclusively for this study, but were 

originally used for semi-lethal dose titration, pathogenicity research, or vaccine evaluation of RABV-TWFB. To remain compliant 
with the Three Rs concept (i.e., replacement, reduction, and refinement), paired ear and brain tissues of euthanized field animals 
from the aforementioned experiments were collected for further evaluation in the current study. All the animal experiments and 
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Animal Health Research Institute, 
Taiwan (permit nos. IACUC# A03031, A04019 and A05005).

Formosan ferret badgers weighing approximately 1 kg each were captured in Miaoli County, Taiwan, which is a rabies-free 
zone. Before the experiments, each ferret badger was micro-chipped for individual identification and isolated for more than six 
months for observation to confirm the absence of rabies; the absence of rabies virus-neutralizing antibodies was confirmed by using 
a fluorescent antibody virus neutralization test [5]. The mice used for this study were specific pathogen free BALB/c mice aged 
3–4 weeks from National Laboratory Animal Center, Taipei City, Taiwan.

All inoculations were conducted when the animals were effectively anesthetized to suitably levels using isoflurane at 1–4% by 
inhalation. Respiration, heart rate, and pain reflexes were monitored during the virus inoculations. At the onset of clinical signs 
indicating rabies, or at the end of the experiments, all the mice and ferret badgers were humanely euthanized using 5% isoflurane 
for 1 min after the heart beating and breathing had stopped. It was decided that animals would be euthanized at the onset of clinical 
signs suggestive of rabies in order to prevent unnecessary animal suffering.

Rabies virus inoculations
Thirty mice and 14 ferret badgers were experimentally infected with TW-II RABV-TWFB (TW-II-mice and TW-II-FB, 

respectively). Fourteen mice were infected with TW-I RABV-TWFB (TW-I-mice). Ten uninfected mice and ten uninfected ferret 
badgers served as negative controls for evaluation of the specificity of the assay. The two stains of RABV-TWFB used for animal 
inoculations were salivary gland preparations derived from rabid ferret badgers collected in 2014 from Western or Eastern Taiwan, 
and assigned as RABV-TWFB-I and RABV-TWFB-II, respectively. The sequencing results confirmed that both viruses had 
identical nucleotide sequences to the primers and probe designed in the current study. RABV-TWFB-I was intracranially inoculated 
into the mice at a dose of 101.2 (n=6), 100.7 (n=5) or 100.2 (n=3) MICLD50. RABV-TWFB-II was intracranially inoculated into 
the mice at a dose of 102.7 (n=6), 101.7 (n=6), 101.4 (n=7), 101.1 (n=7) or 100.7 (n=4) MICLD50. RABV-TWFB-II was injected 
intramuscularly into the Formosan ferret badgers at 103.9 (n=4), 103.1 (n=3), 102.3 (n=4) or 101.5 (n=3) MICLD50.

Tissue suspensions and RNA preparation
In total, 54-mouse and 24-ferret badger brain and ear specimens were each collected. To obtain the ear specimens, bilateral 

whole-ear tissues from each mouse and a specimen piece of approximately 1 × 1 cm from the apical margin of one ear from each 
ferret badger were collected. The tissues were minced using sterile scissors. After the tissue samples had been ground and prepared 
as 10% tissue suspensions in Dulbecco’s modified Eagle’s medium (Gibco, Grand island, NE, U.S.A.), the RNA was extracted 
using an automatic nucleic acid extraction system (tacoTM; GeneReach, Taichung, Taiwan R.O.C.) with a taco Preloaded DNA/RNA 
Extraction Kit (GeneReach). Briefly, after clarification of the tissue suspension by full-speed centrifugation for 10 min at 4°C, 140 µl 
of the supernatant was used for extraction. The RNA elution samples (200 µl) were recovered and stored at −80°C until analysis.
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Primers and probe designs
The N gene sequences for ten RABV-TWFB strains, according to the whole-genome sequences first reported in 2013 [1], were 

used to design gene-specific primers and the probe. The N gene sequences of the ten strains, with accession numbers KF501180, 
KP881353, KF501181, KP881355, KF501182, KF501183, KP881354, KP881356, KF501184 and KF501185, were extracted from 
GenBank. Of these sequences, KF501180 and KP881353 belonged to the TW-II group isolated from Eastern Taiwan, whereas the 
remaining eight were from the TW-I group isolated from Western Taiwan [18]. Three identical stretches of nucleotide sequence were 
identified among the N gene sequences of the ten virus strains. These sequences were used for the primer set and the probe used to 
generate and screen for the amplicon of 201 nucleotides, using the TaqMan real-time RT-PCR assay. The two strains of viruses used 
for animal inoculations were demonstrated to have the same nucleotide sequences as the primers and probe. The probe was labeled 
with fluorescent reporter dye 6-carboxy-fluorescein (FAM) at the 5′-end, and 6-carboxytetramethylrhodamin at the 3′-end (Biosearch, 
Novato, CA, U.S.A.). Table 1 shows the detailed sequence information for the primers and probe used. The identities of the N gene 
sequences derived from 63 RABV-TWFB strains published by Chiou et al. [4] and Tsai et al. [18] were compared in the regions of our 
primers and the probe by using the multiple-alignment functions of DNASTAR® software (DNASTAR, Madison, WI, U.S.A.).

Plasmid construction and generation of RNA standards
The sequences of the ten RABV-TWFB strains were all identical to our primer set and probe. To produce a plasmid for use in 

the generation of standard control RNA, DNA fragments spanning within the target amplicon defined by the primers TW-RAV-F 
and TW-RAV-R were produced using the SuperScript® III One-Step RT-PCR System (Invitrogen, Waltham, MA, U.S.A.) with one 
of the viral RNA samples (strain KF501185), and the primer pair (TW-RAV-F and TW-RAV-R) according to the manufacturer’s 
instructions. The thermal cycling profile was comprised of one cycle of 50°C for 20 min; 35 sequential cycles of 94°C for 10 
sec, 50°C for 20 sec, and 68°C for 1 min, followed by a final extension at 68°C for 10 min. The recovered PCR products were 
cloned to a pCRII-TOPO® vector (Invitrogen) as per the manufacturer’s instructions. The clone possessing the target sequence in 
the orientation of the minus strand downstream from the T7 promoter was selected, based on sequencing results. To ensure the 
subsequent linearization process, an optimizing fragment amplified using the primer pair TW-RAV-F-Hind III and TW-RAV-R-Spe I 
was cloned into the aforementioned plasmid downstream of the fragment amplified by the TW-RAV-F and TW-RAV-R primers. After 
mini-preparation using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany), the plasmid was further double-cut by digestion 
using Hind III and Spe I to generate a fully linearized plasmid. Following linearization, electrophoresis was used to separate the 
linearized plasmid from the optimizing fragment, and gel extraction used to isolate the fully linearized plasmid. The linearized 
plasmid fragment served as the template for generating the minus-stranded RNA standard using the T7 RiboMAXTM Express Large 
Scale RNA Production System Kit (Promega, Fitchburg, MA, U.S.A.). After DNase treatment and purification with RNeasy® 
MinElute® Cleanup (Qiagen), the RNA concentration was quantified using a NanoPhotometer (Implen, Munich, Germany).

Detection and quantification of RABV-TWFB RNA using a one-step real-time RT-PCR
Nucleic acid was amplified using real-time RT-PCR on a Roche LightCycler® 480 II (Roche, Basel, Switzerland) using a KAPA 

PROBE FAST Universal One-step qRT-PCR Kit (Kapa, Cape Town, South Africa). A 20 µl reaction mixture composed of 0.4 µl 
of KAPA RT Mix (50 ×), 10 µl of KAPA Probe Fast qPCR Master Mix (2×), 3 µl of RNA sample, 400 nM final concentrations 
of each primer and 500 nM of probe. The thermal cycling profile was as follows: a single stage for reverse transcription at 42°C 
for 20 min and reverse transcriptase inactivation at 95°C for 5 min, followed by 50 sequential cycles of 95°C for 3 sec and 
60°C for 35 sec. Fluorescent signals were detected at the end of the elongation phases. According to the automatic calculation 
by the LightCycler® 480 software, based on the second derivative maximum method, the time when the fluorescence curve of 
sample RNA turned sharply upward was automatically recorded as the crossing point (Cp) for a specific RNA concentration. 
Ten-fold serial dilutions of the RNA standard with a 10-log range of concentration from 9.6 × 1010 to 96 copies/reaction in 
diethylpyrocarbonate (DEPC)-treated water were used as template. The measurement of the Cp values were performed in 
quintuplicate and used to create a dedicated standard curve. To determine whether the standard curve was appropriate for 
quantifying the RNA copy numbers extracted from the brain and ear specimens (where the presence of RNA inhibitors was a 
concern), four regression lines were created. In these, the T7 RNA transcripts were separately suspended in a background of RNA 
extracted from the brain or ear emulsions of rabies-negative mice or ferret badgers. Briefly, 10-fold serial dilutions of the RNA 
standards with a 10-log range of concentration (9.6 × 1010 to 96 copies/reaction) were mixed with the extracted RNA prepared from 
rabies-negative specimen mixtures of 15 ferret badger brain samples, 15 ferret badger ear samples, eight mouse brain samples, or 

Table 1. Detailed information on the primers and probe used

Primer/
probe Name Application in this study Sequence (5ʹ→3ʹ) Genome 

position
Primer TW-RAV-F Real-time RT-PCR GATGCTATATGGGTCAAGTCAGATCTC 1,017–1,043

TW-RAV-R Real-time RT-PCR CTGCCAATGCCACATCAG 1,217–1,200
TW-RAV-F-Hind III Optimization for complete plasmid linearization AATTCAAGCTTGATGCTATATGGGTCAAGT Artificial
TW-RAV-R-Spe I Optimization for complete plasmid linearization TTAAGACTAGTCTGCCAATGCCACATCAGT Artificial

Probe TW-RAV-FAM Real-time RT-PCR FAM-ATGTCTGTTCTGGGAGGCTA-BHQ-1 1,082–1,101
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eight mouse ear samples. These samples were then submitted for Cp measurement in quintuplicate to create the regression lines for 
statistical comparison with the dedicated standard curve. Each RNA sample was analyzed in triplicate, and in every independent 
analysis run, a standard RNA sample, of a known concentration was included (also in triplicate) and served as a calibrator. 
Quantifications and concentration calculations for the RNA samples extracted from the brain and ear specimens of rabies-positive 
ferret badgers were conducted based on the standard curve and the built-in function of the LightCycler® 480.

Data analysis
The standard curve was estimated according to the error value and efficiency (E), E=10(−1/slope), which was automatically 

calculated by the LightCycler® 480 software. To determine the limit of detection (LOD), 10-fold RNA standards at 10–100 copies/
reaction were analyzed in at least 20 replicates to assess the positive detection rate for each concentration. An LOD was assigned 
as the concentration with a Cp at which ≤5% of the true-positive standard RNA was found to be negative. To compare the four 
regression lines (generated from the T7 RNA transcripts suspended and diluted in the background of extracted RNA derived from 
the brain or ear emulsions of the rabies-negative mice or ferret badgers) with the dedicated standard curve (T7 RNA transcripts 
suspended in RNase-free water), an analysis of covariance (ANCOVA) with a 95% confidence interval was conducted using SAS 
9.4 software (SAS, Cary, NC, U.S.A.). An RNA sample was considered positive if fluorescent signals were detected in all three 
wells, and the average Cp of the triplicate values was less than the upper limit Cp of the LOD (average value added to 1.96 × 
standard deviations). Sensitivity and specificity were compared with FAT results, which were set as the gold standard. Statistical 
comparisons of the RNA copy numbers extracted from ferret badgers receiving different virus dilutions were first analyzed using 
the Shapiro-Wilk test to confirm distribution normality, and then the mean or median RNA copy numbers detected were compared 
using one-way analysis of variance (ANOVA) or the Kruskal–Wallis test using the SAS 9.4 software.

RESULTS

Multiple alignments of published sequences
Out of 63 published N gene sequences derived from RABV-TWFB, 54 had completely identical nucleotide sequences in the regions 

of the primers and probe used in this study (54/63, 85.7%). Six TW-I-group viral strains possessed one nucleotide difference in the 
forward primer region (6/63, 9.5%), while one TW-II-group viral strain had one nucleotide mismatch in the reverse primer region 
(1/63, 1.6%). One TW-II-group viral strain had two nucleotide differences in the reverse primer region (1/63, 1.6%). Only one viral 
strain (KP860178, TW-II group) was shown to carry three nucleotide mismatches, with one each being located in the two primer 
regions, and the third being within the region of the probe (1/63, 1.6%). The alignment results are displayed in Fig. 1.

Generation of the standard curve, LOD determination, and comparison of the dedicated standard curve with the regression 
lines from template in a background of potential PCR inhibitors

The standard curve regression analyzed using the LightCycler®480 showed satisfactory results, with the error value being 0.0181 
(below 0.2, which is acceptable according to the LightCycler®480’s test criteria), and an E value of 1.981, indicating that this assay 
was suitable for quantifying RABV-TWFB RNA samples (Fig. 2).

The LOD tests revealed that concentrations >40 copies/reaction resulted in ≥95% positive detection. Thus, our assay had a LOD 
of 40 RNA copies/reaction or 13.33 RNA copies/µl of RNA sample, which is equivalent to approximately 1.90 × 105 RNA copies/g 
of organ tissue. This indicated a Cp of 38.49 was an appropriate cut-off point for determining whether a sample was positive or 
negative (Table 2).

To clarify whether the RNA copy number of the RNA samples extracted from the brain and ear specimens could be calculated 
based on the standard curve created with the T7 RNA transcript suspended in the RNase-free water, ANCOVA tests were 
performed. The results revealed no significant differences in the comparisons of the slopes between the standard curve and the four 
regression lines (P=0.97, 0.98, 0.98 and 0.98; Fig. 3), or between the Y intercepts of the standard curve and the four regression 
lines (P=0.76, 0.84, 0.94 and 0.77; Fig. 3). This indicated that no concerns existed regarding the effects of any PCR inhibitors 
present in the samples extracted from the brain or ear specimens on the accuracy of RNA quantitation.

Fig. 1. Comparison of nucleotide mismatches in the primer and probe regions. The consensus sequences denote identity with our primer or probe 
sequences; 54 of the 63 published strains are denoted with dots (•). Of the 63 published strains, KP860141, KP860143, KP860145, KP860146, 
KP860160, KP860161, KP860181, KP860162 and KP860178 showed mismatches in the primer and probe regions. Among these nine strains, 
KP860141, KP860143, KP860145, KP860146, KP860160 and KP860161 were classified as the TW-I group, while KP860181, KP860162, and 
KP860178 were classified as the TW-II group.
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Sensitivity and specificity of the real-time RT-PCR assay
Brain and ear specimens from 54 mice and 24 ferret badgers experimentally infected with either TW-I or TW–II RABV-TWFB, 

or non-infected controls, were analyzed using the real-time RT-PCR assay. We observed 100% positive detection rates for both the 
brain and ear specimens derived from the TW-II-FB, TW-I-mice, and TW-II-mice, consistent with the FAT results, thus indicating 
that the assay was 100% sensitive. In addition, the real-time RT-PCR results of both the brain and ear specimens derived from all 
FAT-negative mice and ferret badgers were also negative, indicating 100% specificity as well (Table 3).

Quantification and comparison of RNA copies of RABV-TWFB derived from brain and ear specimens from rabies-positive 
ferret badgers

To determine whether the ear tissue samples from ferret badgers were able to serve as the target specimens for rabies diagnosis, 
the viral RNA copies extracted from the brain and ear tissue samples were quantified and compared. To determine the exact viral 
RNA copies extracted from the brains and ears of ferret badgers infected with RABV-TWFB-II, viral RNA copies were quantified 
using the real-time RT–PCR assay developed and described herein (Fig. 4). The Kruskal–Wallis and ANOVA analyses with a 
95% confidence interval demonstrated that there were no significant differences in the viral RNA copy-number detected in either 
brain or ear specimens from ferret badgers receiving different virus doses (MICLD50 titers of 103.9, 103.1, 102.3 and 101.5; P=0.69 
and 0.60, respectively). The highest viral RNA load detected from ferret badger brain and ear was 5.35 × 1011 and 1.90 × 109, 
respectively, and the lowest was 1.50 × 1010 and 6.76 × 106 RNA copies/g-organ, respectively (Fig. 4A and 4B). The median 
viral RNA copy-number detected from ferret badger brain samples was in the range of 1.21 × 1011 (interquartile range, 8.67 × 
1010–1.32 × 1011) to 2.80 × 1011 (range, 1.48 × 1011–4.08 × 1011) RNA copies/g-organ. The mean viral RNA copy-number detected 
from ferret badger ears was in the range of 3.89 × 108 ± standard deviation (SD) 5.66 × 108 to 9.73 × 108 ± SD 7.47 × 108 RNA 
copies/g-organ (Fig. 4A and 4B).

The detected viral RNA load ratios of brain:ear (viral RNA copies in the brain:viral RNA copies in the ear) are displayed in 
Fig. 4C. The Kruskal–Wallis test also revealed no significant differences in the ratios between ferret badgers receiving virus at 
MICLD50 titers of 103.9, 103.1, 102.3, and 101.5 (P=0.27); therefore, when ferret badgers were intramuscularly infected with RABV-
TWFB-II with 101.5–103.9 MICLD50, the median ratio of viral RNA copies brain:ear was in the range of 111 (range, 75.40–1,630) 
to 2,220 (range, 1,370–2,270; Fig. 4C).

Fig. 2. Generation of the standard curve. A 10-log range of concentrations provided a satisfactory stan-
dard curve with an error value of 0.0181 and E value of 1.981.

Table 2. Real-time RT-PCR assay limit of detection determination

Standard RNA concentration, 
copies/reaction (copies/g-organ)

Well numbers of tested positive/
replicates of well numbers (%) Upper value of Cp

100 (4.76 × 105) 20/20 (100) -a)

90 (4.29 × 105) 20/20 (100) -
80 (3.81 × 105) 20/20 (100) -
70 (3.33 × 105) 30/30 (100) 37.55
60 (2.86 × 105) 40/40 (100) 37.60
50 (2.38 × 105) 38/40 (95.0) 37.88
40 (1.90 × 105) 39/40 (97.5) 38.49
30 (1.43 × 105) 43/50 (86.0) 38.21
20 (9.52 × 104) 30/40 (75.0) 38.64
10 (4.76 × 104) 23/40 (57.5) 38.92

a) Not calculated.
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Fig. 3. Analysis of covariance between the standard curve and the regression line in the background of potential PCR inhibitors. The analysis 
of covariance was determined by evaluating the slopes (A) to (D) and Y intercepts (E) to (H) between the standard curve and the individual 
regression lines created using a background of RNA derived from ferret badger brains, ferret badger ears, mouse brains, or mouse ears. All 
analyses revealed insignificant differences with P values of 0.97, 0.98, 0.98, 0.98, 0.76, 0.84, 0.94 and 0.77 for (A) through (H), respectively. 
RNA/ddW, RNA/FB-brain, RNA/FB-ear, RNA/mouse-brain, and RNA/mouse-ear, represent the RNA transcripts suspended and serially diluted 
in DEPC water, RNA extraction of ferret badger brain specimens, RNA extraction of ferret badger ear specimens, RNA extraction of mouse brain 
specimens, and RNA extraction of mouse ear specimens, respectively.

Table 3. Real-time RT-PCR assay sensitivity and specificity evaluation

Brain specimens Ear specimens
Number of PCR positive/ 

number of FAT positive (%)
Number of PCR negative/

number of FAT negative (%)
Number of PCR positive/

number of FAT positive (%)
Number of PCR negative/

number of FAT negative (%)
TW-II-FB 14/14 (100) - a) 14/14 (100) -
TW-I-mice 14/14 (100) - 14/14 (100) -
TW-II-mice 30/30 (100) - 30/30 (100) -
Negative ferret badgers - 10/10 (100) - 10/10 (100)
Negative control mice - 10/10 (100) - 10/10 (100)

a) Not applicable.
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DISCUSSION

When rabies infections in Formosan ferret badgers were first discovered 
in Taiwan in 2013, a huge number of animals had to be tested within a short 
period. The rabies diagnosis workload ballooned to between 5-fold and 10-fold 
the average from the decade preceding the discovery [3]. A proposal was made 
to develop effective and accurate screening tests that do not need instruments 
and facilities requiring strict compliance with biosafety criteria, and then to 
appoint certain competent laboratories to conduct the primary screening. In 
the current study, a highly sensitive real-time RT-PCR assay based on easily 
collectable peripheral tissues of ferret badgers (i.e., ear tissue) was thus 
developed. It has been demonstrated in this study that the amount of viral 
RNA detected in brain tissues was several hundred-fold to a thousand-fold 
higher than that detected in ear tissues. Therefore, if peripheral tissues such as 
skin or ears can provide an accurate diagnosis compared with conventionally 
tested brain specimens, the diagnostic technique should be considered 
sufficiently sensitive. As shown in this study, the mean concentration of viral 
RNA detected in ear specimens from the TW-II-FB group using the TaqMan 
real-time RT-PCR was 3.89–9.73 × 108 RNA copies/g-organ, which was 
approximately 2,000-fold to 5,000-fold higher than the LOD of the assay.

Studies have been used to developed efficient nucleic acid-based 
techniques for human rabies diagnosis using saliva and nuchal skin biopsy 
specimens [7, 8, 13], which are useful for special purposes such as ante-
mortem examination before administering treatments, or for screenings 
associated with organ transplantation. These techniques are also applicable 
to several animal species such as dogs, cats, mongooses, and goats [25]. 
The current study is the first to demonstrate that ferret badger ear tissue, a 
peripheral tissue, is suitable for rabies diagnosis using a nucleic acid-based 
technique, which was validated to have a sensitivity and a specificity of 
100% each compared with FAT as a reference method. A higher sensitivity 
was obtained in this study compared to previous studies using nucleic acid 
detection to test human skin biopsies [8, 13] or the muzzle skin of different 
animal species [25]. Although we did not investigate the performance of 
this real-time RT-PCR on ferret badgers infected by RABV-TWFB-I, the 
sensitivity evaluation on the ears of TW-I-mice also attained 100%, so this 
technique may be applied to both RABV-TWFB genetic groups in Taiwan.

A key factor affecting the sensitivity of a real-time RT-PCR assay is the 
identity between the primer or probe sequences and that of the target nucleic 
acid. Some previous studies have demonstrated that the inconsistencies 
between tested sequences and primers or probes might affect the amplification 
efficiency or the sensitivity of detection [11, 21]; however, the exact 
number and positions of mismatches leading to detection failure has not 
been determined [21]. The likelihood of a detection failure is highest if the 
mismatch is at the center of the probe or if a total of four mismatches are 
present in the primer or probe [11]. Thus, when considering the design of 
an ideal primer or probe, it may be beneficial to optimize the primer and 
probe sequences according to those of the major endemic strain populations, 
which was the approach taken in this study. The selected primer and probe 
sequences showed complete identity with 85.7% of the sequences from the 
published strains; only 11.1% of the sequences possessed one mismatch in the 
primers. Of all the published RABV-TWFB N gene sequences [4, 18], only 
the KP860178 sequence had a mismatch at the center of the probe, which may 
or may not have affected the nucleic acid detection of this strain using our 
platform.

According to phylogenetic analysis, RABV-TWFB may have been 
present in Taiwan for many decades [4]; however, no human cases were 
ever reported. Nevertheless, it is necessary to develop sensitive diagnostic 
techniques based on the detection of conserved nucleic acid sequences of 
locally endemic viruses as a public health precaution, in case a human case 
should be reported. Early diagnosis from peripheral tissues will alleviate the 

Fig. 4. Quantification and comparison of viral 
RNA concentrations extracted from brain and 
ear specimens from ferret badgers. Viral RNA 
concentrations derived from brain (A) and ear (B) 
specimens of ferret-badgers and the ratio of viral 
RNA concentration in brain/ear samples (C) were 
compared according to the amount of virus used 
to inoculate the ferret badgers (103.9, 103.1, 102.3 
and 101.5 MICLD50 of RABV-TWFB). The X-axis 
represents the groups receiving a different virus 
load. The line in each group is the median (A) and 
mean (B) value of the RNA copy-number con-
centration, or median ratio (C). The solid circle, 
square, triangle, and reverse triangle icons are the 
values from each animal in each group. The statis-
tical analysis revealed no significant differences in 
either median RNA concentrations derived from 
brain specimens or mean RNA concentrations 
derived from ear specimens. In addition, no sig-
nificant differences were observed in the ratios of 
viral RNA concentration from brain/ear samples 
for groups of animals that received different virus 
loads of 101.5–103.9 MICLD50.
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concern of accidental exposure of medical personnel, and may also be used as a screening test prior to organ transplantation.
The present study revealed significant RNA disparities between the LOD of our technique and viral loads from the ear specimens, 

which clearly displayed satisfactory sensitivity for rabies diagnosis. This method may replace other post-mortem diagnostic techniques 
for Taiwan ferret badger rabies after further reliable and extensive evaluations on field samples are completed. The use of ear tissues 
associated with nucleic acid-based diagnostic techniques would greatly simplify procedures and avoid the need of highly specialized 
facilities for rabies diagnosis. We hope that this study will stimulate innovative thinking for rabies diagnosis based on ear sampling 
and nucleic-acid detection as an alternative to the post-mortem examination currently used for rabies diagnosis.
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