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A B S T R A C T

SARS-CoV-2, the virus responsible for COVID-19, triggers the synthesis of full-length genomic 
RNA (gRNA) and subgenomic RNAs (sgRNAs) in host cells upon infection. Traditional PCR aimed 
at targeting gRNA to detect viral presence is insufficient. sgRNAs serve as novel markers for active 
viral replication. However, the utility of reverse transcription-quantitative PCR (RT-qPCR) assays 
targeting sgRNAs as indicators of active viral load and infectivity in rodent models has not been 
validated. We developed four RT-qPCR assays targeting the SARS-CoV-2 genes—ORF1ab, N, E, 
and E-sgRNA and two RT-qPCR assays for housekeeping genes Hamster Gapdh, and Mouse Actb. 
We used serial dilutions to establish standard curves for quantification. These assays demon
strated high amplification efficiency (96%–97 %) and a strong correlation between the cycle 
threshold (Ct) values and logarithmic copy number of the genes (R2 = 0.9933–0.9996). Analyzing 
102 residual rodent lung tissue samples, we compared the viral loads quantified using RT-qPCR 
assays with those determined by viral culture. A strong correlation emerged between the RT-qPCR 
assays’ detection of positivity and the viral culture results. Notably, the quantification of viral 
loads using the E-sgRNA RT-qPCR assay correlated more closely with viral culture outcomes than 
with other targets (r = 0.93, p < 0.001). These results underscore the sgRNA RT-qPCR assay’s 
potential for tracking actively replicating viruses in rodent models infected with SARS-CoV-2, 
offering a reliable alternative to traditional viral culture methods.

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged in late 2019, swiftly sparking a widespread outbreak of 
Coronavirus Disease 2019 (COVID-19) [1]. The SARS-CoV-2 genome, approximately 30,000 nucleotides long, encodes nonstructural 
proteins through two large polyproteins, ORF1a and ORF1b, which assemble into the replication–transcription complex. The genome’s 
final third codes for structural proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N) [2,3]. Reverse transcription 
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polymerase chain reaction (RT-PCR) is considered the gold standard for viral detection [4], using primers targeting ORF1ab, N, and E 
genes to assess pathogen detection reproducibility and sensitivity [5–7].

Upon host cell entry, SARS-CoV-2 begins a subgenome replication strategy, generating complementary negative-sense full-length 
RNA [8,9]. This process amplifies the plus-strand viral genomic RNA (gRNA) and transcribes a set of plus-strand subgenomic RNAs 
(sgRNA) with a common leader sequence fused to the gene sequences at the 5’ end of the structural gene, which is essential for the viral 
replication lifecycle [8,10–12]. Since sgRNAs only form during active viral replication, their RT-PCR detection can reveal virus in
fectious particles.

Syrian golden hamsters and K18 promoter–driven human ACE2–expressing mice (K18-hACE2 mice) have been recognized as 
valuable rodent models for studying SARS-CoV-2 and assessing vaccine and therapeutic efficacies [13,14]. Studies have linked RT-PCR 
assays targeting both gRNAs and sgRNAs with viral culture outcomes in clinical specimens [6,9,11,14–16]. These studies suggest that 
PCR targeting gRNA may usually be insufficient, as gRNA remains detectable through RT-qPCR weeks after symptom onset in 
convalescent patients, even when viral cultures are negative. In contrast, sgRNAs offer more accurate markers of active viral repli
cation. However, the effectiveness of these targets for measuring the viral load in rodents infected with SARS-CoV-2 is yet to be 
comparatively evaluated. Herein, we developed and evaluated novel RT-qPCR assays for quantifying gRNAs, sgRNAs, and rodent 
housekeeping genes to assess viral loads in infected rodents, offering a rapid alternative to traditional viral culture methods for future 
applications.

2. Materials and methods

2.1. Virus and cell culture

Experiments with live SARS-CoV-2 were conducted in a biosafety level 3 and animal biosafety level 3 laboratory at the Institute of 
Preventive Medicine (IPM), approved by the Taiwan Centers for Disease Control and Prevention. SARS-CoV-2 (human/TWN/CGMH- 
CGU-04/2020; GenBank number MT370517) was isolated in March 2020 from a COVID-19 patient in Wuhan, China [17]. It was 
cultured in Vero E6 cells (ATCC CRL-1586, Manassas, VA, USA) and stored at − 80 ◦C in single-use aliquots.

2.2. RNA extraction and RT-qPCR assays

RT-qPCR targeted four SARS-CoV-2 regions: ORF1ab, N, E, and E-sgRNA, as illustrated in Fig. 1, with housekeeping genes Gapdh 
(for hamsters) and Actb (for mice) for normalization. The primers used in this study are listed in Table 1. Fragments were cloned into 
the pGEM-T Easy vector as the manufacturer’s instructions (Promega, Madison, WI, USA), propagated in Escherichia coli DH10B, and 
stored at − 80 ◦C. Plasmids were templates for further PCR amplification using T7 and SP6 primers. Amplified T7–SP6 PCR products 
were quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific) and verified with the Qubit dsDNA HS Assay Kit using 
Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The products were then serially diluted to create a standard 
curve. Total RNA was extracted from homogenized rodent specimens using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, 
USA), and cDNA was synthesized using the SuperScript IV first-strand synthesis system (Thermo Fisher Scientific, Waltham, MA, USA). 
The expression levels of the genes targeting ORF1ab, N, E, and E-sgRNA and the housekeeping genes were quantified using RT-qPCR 
assays on a LightCycler 480 II instrument (Roche Diagnostics GmbH, Mannheim, Germany). The RT-qPCR assays were conducted using 
the PowerTrack SYBR Green Master Mix, following the manufacturer’s instructions. The thermal cycling conditions were as follows: 
initial pre-incubation at 50 ◦C for 2 min, followed by denaturation at 95 ◦C for 2 min; amplification over 45 cycles at 95 ◦C for 15 s, 
56 ◦C for 15 s, and 60 ◦C for 40 s; melting curve analysis at 95 ◦C for 5 s and 65 ◦C for 1 min; and a final cooling step at 40 ◦C for 30 s. A 
standard curve for each target in the RT-qPCR assay was generated using a dilution series of 102–106 copies/reaction of the T7–SP6 
PCR product. Viral load was quantified as viral RNA copies per 105 transcripts of hamster Gapdh or mouse Actb.

Fig. 1. Schematic representation of primer positions on the SARS-CoV-2 genome for RT-qPCR assays. The primer sets for the RT-qPCR assay 
for ORF1ab were designed on the primers for RT-qPCR assays for the E and N genes, which are designed to identify virion RNA, gRNA, and sgRNA. 
The E-sgRNA assay utilizes a forward primer specifically designed to target the leader sequence, thereby preventing the amplification of 
genomic RNA.
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2.3. Reproducibility and limit of detection of RT-qPCR assays

Ten-fold serial dilutions of the reference standard ranging from 106 to 102 copies/μL were performed in triplicate to determine 
intra- and inter-assay reproducibility. The intra-assay reproducibility was evaluated by analyzing triplicate samples within the same 
run, while the inter-assay reproducibility was tested across 3 separate days within a week. The variability in Ct values was assessed to 
determine consistency. A coefficient of variation <5 % indicates high reproducibility [18]. Ten-fold serial dilutions of the reference 
standard, ranging from 106 to 1 copies/μL, were employed in the real-time PCR assay in ten replications to confirm its analytical 
sensitivity [19].

2.4. Viral load detection in rodent lung tissues

The protocol was approved by the Institutional Animal Care and Use Committee of the IPM. Residual lung tissues from 42 Syrian 
hamsters and 60 K18-hACE2 mice infected with SARS-CoV-2 were obtained from the core facility platform for emerging infectious 
disease research at the National Core Facility for Biopharmaceuticals to evaluate the efficacy of our RT-qPCR assays in determining the 
viral load. All samples were obtained from animals used in SARS-CoV-2 challenge experiments, including four mock-infected controls. 
Residual lung tissues were collected and stored at 4 ◦C for processing procedures within 4–10 h. These tissues were placed into screw- 

Table 1 
Primers for RT-qPCR assays.

Target Region Oligonucleotide Sequencce (5′- 3′) Reference

pGEM T plasmid T7_promoter-F TAATACGACTCACTATAGGG ​
SP6_promoter-R ATTTAGGTGACACTATAGAA

ORF1ab SARSCoV2_ORF1ab-F CCCTGTGGGTTTTACACTTAA (5)
SARSCoV2_ORF1ab-R ACGATTGTGCATCAGCTGA

Nucleocapsid (N) SARSCoV2_N-F GCCTCTTCTCGTTCCTCATCAC (7)
SARSCoV2_N-R AGCAGCATCACCGCCATTG

Envelope (E) E_Sarbeco_F ACAGGTACGTTAATAGTTAATAGCGT (6)
E_Sarbeco_R ATATTGCAGCAGTACGCACACA

Subgenomic Envelope (E) sgLeadSARSCoV2-F CGATCTCTTGTAGATCTGTTCTC (6)
E_Sarbeco_R ATATTGCAGCAGTACGCACACA

Gapdh (hamster) Hamster_G3pdhQPCR_F GACATCAAGAAGGTGGTGAAGC (20)
Hamster_G3pdhQPCR_R CATCAAAGGTGGAAGAGTGGGA

Actb (Mouse) Mouse_β_Actin_F GGCTGTATTCCCCTCCATCG (21)
Mouse_β_Actin_R CCAGTTGGTAACAATGCCATGT

Fig. 2. Efficiency and linearity of RT-PCR assays for SARS-CoV-2 and rodent housekeeping genes using T7–SP6 PCR products. (a) ORF1ab, 
(b) N, (c) E, (d) E-sgRNA, (e) Hamster Gapdh, and (f) Mice Actb. The plots show the mean cycle threshold (Ct value) values in relation to logarithmic 
DNA copy numbers (Log DNA copies), complemented by the associated correlation coefficients and regression equations, showcasing the assay’s 
analytical precision.
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capped tubes with silica beads and Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) and 
then homogenized using a Bertin Instruments tissue homogenizer (France). Homogenates underwent viral culture and RNA extraction, 
with cell exposure to serial dilutions in DMEM. Vero E6 cells (4 × 105/well) were seeded in 12-well culture plates. The cells were 
subsequently exposed to serial dilutions of the specimens and incubated in DMEM supplemented with 0.3 % agarose (Invitrogen, 
Waltham, MA, USA) at 37 ◦C in a 5 % CO2 atmosphere. Daily observation of the cytopathic effects continued until the manifestation of 
individual plaques. After a 3-day incubation, the cells were fixed with a 4 % paraformaldehyde solution (v/v) for 1 h at room tem
perature. Staining was then performed using a 0.5 % crystal violet solution (w/v) for 30 min.

2.5. Statistical analyses

Statistical analyses were performed using the SPSS version 27 software package (SPSS Inc., IBM Company, Chicago, IL, USA). The 
diagnostic performance regarding sensitivity, specificity, positive predictive values (PPV), and negative predictive values (NPV) of our 
RT-qPCR assays was determined through comparison, with viral culture as the gold standard. Sensitivity is defined as the proportion of 
true positive results and is calculated by dividing the number of samples positive using RT-qPCR and viral culture by the total number 
of viral culture-positive samples. Specificity is defined as the proportion of true negative results, and it is calculated by dividing the 
number of samples negative using RT-qPCR and viral culture by the total number of viral culture-negative samples. The correlation 
between the RT-qPCR assay outcomes and viral culture results was analyzed using Pearson’s correlation coefficients to detect 
monotonic relationships. Regression lines and violin plot were plotted using GraphPad Prism version 9 (GraphPad Software, San 
Diego, CA, USA) to visualize the data.

3. Results

3.1. Precision of RT-qPCR assays

The amplification efficiencies for the ORF1ab, N, E, E-sgRNA, Hamster Gapdh, and Mice Actb genes were 96 %, 96 %, 97 %, 95 %, 

Table 2 
Intra- and inter-assay reproducibility of the RT-qPCR assays.

Reference standard intra-assay inter-assay

(copies/μL) Ct (mean ± SD) CV% Ct (mean ± SD) CV%

ORF1ab 106 14.14 ± 0.00 0.03 % 13.97 ± 0.15 1.06 %
105 17.54 ± 0.00 0.03 % 17.41 ± 0.19 1.08 %
104 20.92 ± 0.03 0.14 % 20.84 ± 0.16 0.76 %
103 24.46 ± 0.02 0.08 % 24.39 ± 0.14 0.57 %
102 27.85 ± 0.06 0.21 % 27.62 ± 0.03 0.11 %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
N 106 14.92 ± 0.04 0.25 % 14.83 ± 0.23 1.54 %

105 18.98 ± 0.03 0.15 % 18.30 ± 0.30 1.66 %
104 22.67 ± 0.03 0.12 % 21.74 ± 0.29 1.33 %
103 25.75 ± 0.05 0.19 % 25.19 ± 0.28 1.12 %
102 29.31 ± 0.21 0.70 % 28.64 ± 0.38 1.31 %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
E 106 15.19 ± 0.01 0.08 % 15.33 ± 0.17 1.12 %

105 18.67 ± 0.00 0.00 % 18.78 ± 0.13 0.67 %
104 22.08 ± 0.01 0.04 % 22.18 ± 0.19 0.87 %
103 25.57 ± 0.05 0.19 % 25.67 ± 0.13 0.50 %
102 29.18 ± 0.29 1.00 % 29.29 ± 0.29 0.98 %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
E-sgRNA 106 15.08 ± 0.01 0.05 % 15.20 ± 0.07 0.44 %

105 18.63 ± 0.01 0.04 % 18.65 ± 0.12 0.67 %
104 22.04 ± 0.02 0.11 % 22.13 ± 0.13 0.58 %
103 25.60 ± 0.02 0.10 % 25.60 ± 0.08 0.30 %
102 28.87 ± 0.25 0.86 % 29.14 ± 0.29 0.98 %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Hamster 

Gapdh
106 14.28 ± 0.02 0.13 % 14.67 ± 0.22 1.52 %
105 17.70 ± 0.06 0.32 % 17.99 ± 0.23 1.30 %
104 21.06 ± 0.08 0.37 % 21.43 ± 0.28 1.30 %
103 24.55 ± 0.03 0.12 % 24.86 ± 0.24 0.96 %
102 27.97 ± 0.15 0.53 % 28.42 ± 0.31 1.08 %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
MouseActb 106 13.97 ± 0.11 0.82 % 13.36 ± 0.17 1.30 %

105 17.76 ± 0.12 0.69 % 16.97 ± 0.14 0.82 %
104 21.57 ± 0.13 0.63 % 20.74 ± 0.15 0.72 %
103 25.18 ± 0.18 0.72 % 24.57 ± 0.39 1.60 %
102 28.88 ± 0.23 0.79 % 28.25 ± 0.42 1.49 %
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97 %, and 90 %, respectively (Fig. 2). The linear correlation (R2) between cycle threshold (Ct) values and the logarithm of copy 
numbers for these genes ranged from 0.9933 to 0.9996. Intra-assay precision for Ct values demonstrated low variation: ORF1ab 
(0.03%–0.21 %), N (0.12%–0.7 %), E (0.08%–1%), E-sgRNA (0.05%–0.86 %), Hamster Gapdh (0.12%–0.53 %), and Mice Actb (0.63%– 
0.82 %). Inter-assay precision also exhibited minimal variation: ORF1ab (0.57%–1.08 %), N (1.12%–1.66 %), E (0.5%–1.12 %), E- 
sgRNA (0.3%–0.98 %), Hamster Gapdh (0.96%–1.52 %), and Mouse Actb genes (0.72%–1.6 %) (Table 2). The analytical sensitivity of 
the RT-qPCR assay was evaluated by determining the limit of detection (LOD) for each gene target. Across 10 runs, the assays revealed 
a mean LOD of 1–10 copies per microliter (Table 3).

3.2. Performance evaluation of rodent lung tissues

Viral culture outcomes from SARS-CoV-2-infected rodent lung homogenates identified 39 positive and three negative cases in 
hamster samples and 37 positive and 23 negative cases in mouse samples. The median viral loads were 6.1 × 105 pfu/mL in hamster 
samples (range: 3.5 × 102 to 2.7 × 107 pfu/mL) and 6.8 × 103 pfu/mL in K18-hACE2 mice samples (range: 40–2.4 × 106 pfu/mL). 
These results served as benchmarks for assessing RT-qPCR diagnostic efficacy (Tables 4 and 5). In hamsters, the qRT-PCR assays 
demonstrated sensitivities of 1.0 for ORF1ab, N, and E genes, and 0.97 for E-sgRNA, with specificities of 1.0 for ORF1ab, N, and E- 
sgRNA, but 0.67 for E. In K18-hACE2 mice, sensitivities were 1.0 for ORF1ab, N, and E, but 0.92 for E-sgRNA, while specificities were 
0.39 for ORF1ab, 0.61 for N, 0.61 for E, and 0.96 for E-sgRNA.

3.3. Viral load detection performance of RT-qPCR assays

To further evaluate the effectiveness of viral load detection using RT-qPCR assays, the copy numbers quantified using the four RT- 
qPCR assays (ORF1ab, N, E, E-sgRNA) were normalized against cellular transcripts, and the results were compared to plaque-forming 
units from viral cultures (Fig. 3). Viral copies per cellular transcript correlated significantly with culture results, showing R2 values 
between 0.809 and 0.864 (Fig. 3). To quantify the RT-qPCR assay targets within the samples, we analyzed RT-qPCR positive specimens 
from both mice and hamsters for copies of ORF1ab, N, and E-sgRNA, using the E gene as a reference for comparison. The relative 
quantification ratio median for ORF1ab, N, and E-sgRNA were 0.25, 1.0, and 0.12, respectively, normalized against E as the baseline 
(Fig. 4). The analysis indicated a strong correlation between the RT-qPCR detection of the ORF1ab, N, E, and E-sgRNA genes and viral 
culture results, with Pearson’s correlation coefficients ranging from 0.90 to 0.93 (Table 6). Notably, the E-sgRNA RT-qPCR assay 
exhibited the strongest correlation with the viral load among all evaluated targets.

4. Discussion

The accurate quantification of virus levels is essential for SARS-CoV-2 vaccine and therapeutic studies in animal models. While 
plaque assays and TCID50 are standard methods, they are labor-intensive and require BSL-3 laboratories. Quantitative PCR assays, 
which are used to detect viral RNA, offer a more efficient alternative for measuring viral loads. In this study, we developed and 
validated RT-qPCR assays targeting gRNA, sgRNAs, and rodent housekeeping genes suitable for detecting and quantifying SARS-CoV-2 
in rodent lungs. The six primer pairs used for virus detection and cellular housekeeping gene quantification have been widely 
employed in earlier studies targeting these markers, proving their efficacy in SARS-CoV-2 detection in human and primate samples as 
well as in cellular infection assays [5–7,20,21]. We demonstrated that all RT-qPCR assays were capable of detecting as few as 10 
copies/μL of the DNA fragment carrying the target sequence in our study, with a consistent linear detection range spanning 102 to 106 

orders of magnitude (R2 > 0.99 for all).
Quantifying the SARS-CoV-2 viral load is crucial for identifying severe infections, monitoring disease progression, and evaluating 

treatment efficacy [22,23]. Although viral culture is the standard, it is laborious and slow. The Ct value, determined using RT-qPCR 
assays, serves as an efficient alternative to viral load assessment [24,25]. However, the accuracy of the Ct values may be compromised 
by batch conditions and enzyme activity. An interlaboratory survey involving 800 laboratories noted a median Ct value of 14 cycles 
with variations up to three cycles on the same analytical platform [23]. We used serial dilutions of T7–SP6 PCR products to generate a 
standard curve, enabling precise quantification with minimal inter- and intra-run variations. While in vitro-transcribed RNA templates 

Table 3 
Limit of detection of RT-qPCR in each gene target. The results are presented as the number of positive detections out of 10 trials at each concentration 
level.

Positive/tested (%)

Standard sample (copies/μl) Orf1ab N E E-sgRNA Hamster Gapdh Mouse Actb

106 10/10 10/10 10/10 10/10 10/10 10/10
105 10/10 10/10 10/10 10/10 10/10 10/10
104 10/10 10/10 10/10 10/10 10/10 10/10
103 10/10 10/10 10/10 10/10 10/10 10/10
102 10/10 10/10 10/10 10/10 10/10 10/10
10 10/10 10/10 10/10 10/10 10/10 10/10
1 9/10 6/10 6/10 5/10 8/10 9/10
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used for standard curves offer high sensitivity and specificity, their fragility complicates preservation [25]. The T7–SP6 PCR product, 
which is DNA, is more stable than in vitro-transcribed RNA and can be preserved for at least 6 months in a refrigerator. Consequently, 
we recommend the use of DNA templates as a basis for standard curves in RT-qPCR quantification experiments, particularly in the 
absence of internationally recognized quantitative standards.

Various forms of viral RNA are detectable in lung homogenates infected with SARS-CoV-2, including virion-encapsulated genomic 
RNA (virion RNA), positive- and negative-sense genomic RNA (gRNA), and subgenomic RNA (sgRNA) [13,26,27]. Virion RNA/gRNA 
is approximately tenfold more abundant than sgRNA, and the ratio of positive-sense to negative-sense gRNA exceeds 150-fold [26]. In 
our study, the copy number of ORF1ab was about one-quarter that of the E gene, while E-sgRNA constituted only 10 %. The N gene 
copy number was comparable to that of the E gene (Fig. 4). The underlying causes of these ratios merit additional investigation. The 
specificity for detecting gRNA targets, such as ORF1ab, N, and E genes, in K18-hACE2 mice was lower than that in hamsters, possibly 
owing to a higher number of viral culture-negative samples that tested positive for these genes using RT-qPCR (Tables 4 and 5). In 
contrast, RT-qPCR results for sgRNA detection were consistently accurate in hamsters and K18-hACE2 mice. The residual samples used 
for validating RT-qPCR assay performance exhibited varying sacrifice time points post-infection, attributed to differences in study 
design and sample sources. Nevertheless, these findings suggest that the observed discrepancy may result from residual viral RNA in 
K18-hACE2 lung tissue rather than active viral replication.

Combining these assays enhances sensitivity and aids in studying viral pathogenesis and disease severity in infected organs. 
Multiple clinical studies link sgRNA levels with successful viral culture in cell cultures, suggesting that sgRNA is a marker of active viral 
replication [6,9,28,29]. However, this finding is not universally supported, with some studies indicating that sgRNA does not reliably 
indicate active replication [14,30,31]. In clinical specimens, the limited cellular material in the sputum or nasopharyngeal swabs may 
result in a low abundance of sgRNAs. Additionally, the presence of inhibitors can compromise the accuracy of sgRNA detection [14,
32]. To date, the only animal study involving rhesus macaques infected with SARS-CoV-2 has compared the detection efficiencies of 
sgRNA and gRNA. This demonstrated that sgRNA levels decline before gRNA levels do, allowing for a more timely and precise 
measurement of the effectiveness of antibody treatment [6]. Our research marks the first comparison of the quantitative accuracy of 
gRNA target (E) and sgRNA target (Sub-E) assays in a rodent model infected with SARS-CoV-2. Although all four RT-qPCR assays 
demonstrated high sensitivity, our findings suggest that sgRNA measurement may offer a more precise indicator of viral replication in 
rodent models.

To quantify the RT-qPCR analysis of rodent lung samples, instead of directly calculating Ct values, we estimated the viral copies 
using the housekeeping gene normalization method to minimize errors. Normalization based on lung tissue weight for viral load per 
gram (g) can lead to significant inaccuracies because of the small size of lung sections [32]. Therefore, we used the same volume of 
cDNA for the simultaneous viral and housekeeping gene assays (Gapdh for hamsters and Actb for mice), thereby achieving accurate 
copy numbers. Finally, normalization of viral copies against 105 cellular transcripts was performed to represent the viral load in the 

Table 4 
The diagnostic performance of RT-qPCR assays in hamster lung tissue.

RT-qPCR assay
Viral culture Sensitivity (%) 

(95%CIa)
Specificity (%) 
(95%CI)

PPVb (%) 
(95%CI)

NPVc (%) 
(95%CI)

Positive Negative

ORF1ab Positive 39 0 1.0 (0.95–1.0) 1.0 (0.37–1.0) 1.0 (0.95–1.0) 1.0 (0.37–1.0)
Negative 0 3

N Positive 39 0 1.0 (0.95–1.0) 1.0 (0.37–1.0) 1.0 (0.95–1.0) 1.0 (0.37–1.0)
Negative 0 3

E Positive 39 1 1.0 (0.96–1.0) 0.67 (0.66–1.0) 0.98 (0.94–0.98) 1.00 (0.22–1.0)
Negative 0 2

E-sgRNA Positive 38 0 0.97 (0.92–0.97) 1.00 (0.35–1.0) 1.00 (0.95–1.0) 0.75 (0.26–0.75)
Negative 1 3

a CI, confidence interval.
b PPV, positive predictive value.
c NPV, negative predictive value.

Table 5 
The diagnostic performance of RT-qPCR assays in K18-hACE2 mice lung tissue.

RT-qPCR assay
Viral culture Sensitivity (%) 

(95%CI)
Specificity (%) 
(95%CI)

PPV (%) 
(95%CI)

NPV (%) 
(95%CI)

Positive Negative

ORF1ab Positive 37 14 1.0 (0.92–1.0) 0.39 (0.26–0.39) 0.73 (0.67–0.73) 1.0 (0.66–1.0)
Negative 0 9

N Positive 
Negative

37 9 1.0 (0.92–1.0) 0.61 (0.47–0.61) 0.84 (0.73–0.8) 1.0 (0.77–1.0)
0 14

E Positive 37 9 1.0 (0.92–1.0) 0.61 (0.47–0.61) 0.84 (0.73–0.8) 1.0 (0.77–1.0)
Negative 0 14

E-sgRNA Positive 34 1 0.92 (0.92–1.0) 0.96 (0.83–0.96) 0.97 (0.90–0.97) 0.88 (0.87–1.0)
Negative 3 22
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lung tissue, as previously described [33]. In this study, we observed that the four RT-qPCR assay sets exhibited a high correlation 
between gRNA and sgRNA, which is consistent with the findings of previous studies [28,34,35]. Among the four RT-qPCR assay sets, 
E-sgRNA showed the strongest correlation with viral infectivity. We suggest that E-sgRNA offers a more precise depiction of actively 
replicating viruses in viral culture.

In conclusion, four RT-qPCR assays that enable sensitive detection of SARS-CoV-2 were developed and validated in this study. The 
construction of quantitative curves demonstrated that these PCR assays were capable of effectively detecting low viral loads. These RT- 
qPCR assays utilize housekeeping gene normalization, offering a viable alternative to viral culture for quantifying viral release from 

Fig. 3. Linear regression Analysis of RT-qPCR assays and viral loads detected by viral culture. (a) ORF1ab, (b)N, (c) E, and (d) Esg-RNA. The 
graph illustrates the logarithm of pfu/mL values corresponding to normalized copy numbers, along with the respective correlation coefficients and 
regression equations.

Fig. 4. Quantification of viral copy numbers relative to the E gene. The RT-qPCR positive samples from both mice and hamsters were analyzed 
for copies of ORF1ab, N, and E-sgRNA, with comparisons made to E. Statistical analysis was performed using the Kruskal-Wallis test. The asterisk 
indicates a p-value <0.001.
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homogenized tissues in rodent models. While the assay targeting gRNA detected higher copy numbers, our results showed that assays 
targeting E-sgRNA correlated better with the culture results compared with the other targets. Thus, sgRNAs may serve as accurate 
indicators of active viral replication in rodent models.
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