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Abstract 

Coronaviruses frequently cause epidemics of respiratory or enteric disease in humans and livestock. 
CoVs generate a nested set of subgenomic messenger RNAs (sgmRNAs) through discontinuous 
transcription mediated by transcription regulatory sequences (TRSs). We previously developed a 
porcine epidemic diarrhea virus (PEDV) mutant, RMT, by remodeling TRS-core sequences (TRS-
CSs). Unexpectedly, plasmid mutagenesis introduced a 189-nucleotide insertion upstream of the E 
gene TRS-CS and a guanine deletion in the N gene TRS-CS. RMT displayed markedly increased 
sgmRNA-E transcription, which is normally the least abundant in wild-type PEDV. To assess the 
effects of TRS remodeling and the additional mutations, we generated PEDV mutants with various 
modification combinations and characterized them in vitro. TRS-CS remodeling alone impaired 
replication, reduced sgmRNA-N abundance, and increased non-canonical transcription, which 
correlated with strong interferon responses. The insertion upstream of E gene TRS-CS enhanced 
sgmRNA-E transcription in a size-dependent manner, with the 189-nt insertion more effective than 
94-nt insertion. The 189-nt insertion also boosted other canonical sgmRNA transcription, reduced 
transcriptional noise and partially restored replication, while the 94-nt insertion did not. These results 
demonstrate that TRS-CSs and their flanking sequences critically regulate CoV transcription, 
replication, and immune responses, providing insights for designing recombination-resistant live 
attenuated vaccines through TRS remodeling. 

Keywords: coronavirus; porcine epidemic diarrhea virus; nidovirus; transcriptional regulatory 
sequence; subgenomic RNA; sgmRNA; discontinuous transcription; interferon 
 

1. Introduction 

Coronaviruses (CoVs), members of the Coronavirinae subfamily within the Coronaviridae family 
in the Nidovirales order, are enveloped, positive-sense RNA viruses that infect a wide range of host 
species, including mammals and birds [1,2]. Over the past two decades, multiple highly pathogenic 
CoVs, such as severe acute respiratory syndrome coronavirus (SARS-CoV) [3], Middle East 
respiratory syndrome coronavirus (MERS-CoV) [4], and potentially SARS-CoV-2 [5–7], have 
emerged from wildlife reservoirs, leading to epidemics/pandemics in humans with considerable 
morbidity, mortality, and economic impact. These viruses spread rapidly, cause substantial disease, 
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and can cross species barriers, emphasizing the critical need for deeper insights into CoV replication 
and its life cycle [8]. Porcine epidemic diarrhea virus (PEDV), a member of the Alphacoronavirus 
genus, is a major enteric pathogen of pigs [9–11]. It infects pigs of all ages and causes porcine epidemic 
diarrhea (PED) characterized by acute diarrhea, vomiting, dehydration, and even death. Neonatal 
piglets are most susceptible to PEDV with up to 100% mortality [11–19]. During the early stages of 
infection, innate immune responses, particularly interferons (IFNs), play a critical role in controlling 
viral infections by initiating antiviral signaling pathways and shaping the host’s defense. A deeper 
understanding of the molecular mechanisms governing CoV transcription and replication, as well as 
their interaction with host IFN responses, is essential for informing the development of effective 
antiviral therapeutics and vaccines. In this study, we used PEDV as a model to study the conserved 
mechanisms of CoV replication and transcription [20]. 

Similar to other CoVs, the 28-kb long PEDV genome is arranged in the order of 5′ untranslated 
region (UTR)-ORF1a-ORF1b-ORF of spike (S) protein -ORF3-ORF of envelop (E) protein-ORF of 
membrane (M) protein-ORF of nucleocapsid (N) protein-3′UTR-polyA [21–24]. ORF1a and ORF1b 
encode polyproteins that are cleaved into 16 nonstructural proteins (nsp1 - nsp16). The remaining 
ORFs encode four structural proteins (S, E, M, and N proteins) and one accessory protein ORF3. Like 
other CoVs, PEDV utilizes a unique discontinuous transcription mechanism to generate a nested set 
of 5′- and 3′-co-terminal negative-sense (-) subgenomic (sg) RNAs [25–28]. These (-) sgRNAs serve as 
templates for the transcription of positive-sense subgenomic messenger RNAs (sgmRNAs) that 
encode structural and accessory proteins (Figure 1A). 

Discontinuous transcription is regulated by transcription regulatory sequences (TRSs), 
composed of a conserved core sequence (CS) flanked by variable flanking sequences [29–32]. A single 
leader TRS (TRS-L) is located at the 5′ UTR, while body TRSs (TRS-Bs) are positioned upstream of 
each structural or accessory gene. During negative-strand synthesis, when the RNA-dependent RNA 
polymerase (RdRp) reads through the PEDV genomic RNA (gRNA), it may transiently pause at TRS-
B. At this point, the polymerase either continues reading through to the next gene or switches 
templates to the TRS-L, generating a shorter (-)sgRNA. These (-)sgRNAs serve as templates for the 
production of canonical sgmRNAs (Figure 1A). In addition to these canonical sgmRNAs, deep 
sequencing data has revealed the existence of numerous non-canonical transcripts with unclear 
functions [33–35]. 

Previously, our lab has generated an infectious clone for PEDV strain PC22A [22] and replaced 
the ORF3 of PC22A with the enhanced green fluorescent protein (EGFP) gene and generated an 
infectious clone-derived reporter virus, dORF3-EGFP [21]. Recently, we used dORF3-EGFP as the 
backbone and engineered a recombination-resistant mutant, called RMT (Figure 1B), carrying 
recoded TRS-CSs in front of all ORFs except for EGFP [36]. The rewired TRS-CS in RMT is 
incompatible with the wild-type TRS-CS in all field PEDV strains, preventing the generation of 
recombined infectious progeny between RMT and any wild-type PEDV. However, two unexpected 
mutations were identified in the rescued RMT virus: 1) a 189-nucleotide (nt) insertion containing four 
repetitive sequences upstream of the E gene TRS-CS, and 2) a guanine (G) deletion in the 5′-end of N 
gene TRS-CS (Figure 1B). These mutations were introduced during plasmid mutagenesis. RNA 
sequencing (RNA-seq) of the total RNA extracted from the small intestinal contents (SIC) of the RMT-
infected gnotobiotic pigs uncovered a notable alteration in the sgmRNA transcription profile, with 
sgmRNA-E surpassing sgmRNA-N abundance, deviating from the typical transcription profile of 
wild-type PEDV. In a more recent study, we fixed these two unexpected mutations in RMT and 
further deleted the EGFP gene to generate RMTv1 mutant [37]. We found that RMTv1 replicated less 
efficiently in vitro and induced significantly higher IFN responses than dORF3-EGFP, likely due to 
TRS-CS remodeling. However, it remained unclear whether these changes in viral transcription and 
replication and in host IFN responses are caused by the TRS-CS remodeling or by the unintended 
mutations. 

To address this, we engineered a series of PEDV mutants by stepwise correction of the 
unexpected mutations in RMT. To examine whether the effects of the 189-nt insertion are size-
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dependent, we also generated a PEDV mutant with a 94-nt insertion, which is half of the 189-nt 
insertion and contains two 47-nt repeats upstream of E gene TRS-CS. Comprehensive analyses via 
RNA-seq and real-time reverse transcription-PCR (RT-qPCR) demonstrated that the sgmRNA 
transcription was significantly altered by the TRS mutations. These changes further impacted viral 
replication kinetics and host type I and type III IFN responses. While previous studies have 
engineered recombination-resistant, live-attenuated vaccines (LAVs) by introducing TRS mutations 
in viruses within the order Nidovirales [36–39], this is the first study to systematically quantify how 
such mutations alter the viral transcription profile and viral replication, and subsequently impact 
host IFN responses in vitro. Moreover, we demonstrate that a structured insertion in the sequence 
flanking the TRS-CS can significantly compensate for the transcriptional disruptions caused by TRS-
CS remodeling. Our results provide insights into designing recombination-resistant, live attenuated 
vaccines by TRS remodeling. Beyond PEDV, these findings are broadly relevant to human and animal 
CoVs and other nidoviruses that rely on TRS-driven transcription. 

 

Figure 1. (A) Diagram of PEDV genomic RNA and a set of sgmRNAs generated by discontinuous transcription. 
Leader TRS and Body TRS are indicated as green bars. (B) The diagram of genome organization of RMT mutant 
with the location of wild-type (green) and remodeled TRSs (blue). A 189-nt insertion in front of E gene TRS-CS 
and a missing “G” were detected in RMT mutant. The locations of these two mutations are indicated with black 
arrows, and the exact double-stranded DNA sequences in the plasmid of our reverse genetic system are shown 
in the left bottom box. The 189-nt insertion includes three 47-nt and one 48-nt repeats of viral sequences from 
the primer-pair used for plasmid mutagenesis during TRS-remodeling using reverse genetic system. The reverse 
and forward primer sequences are indicated with green and red arrows, respectively. The extra “t” in the 48-nt 
repeat was shown in pink color. The remodeled TRS-CS “GTGAAT” both in positive sense and negative sense 
are highlighted in yellow. The EGFP and E gene ORFs are indicated by claret arrow bars. The actual N gene TRS-
CS sequence and the designed N gene TRS-CS sequence are shown in the right bottom box, with a red box 
indicating the missing “G”. 

2. Materials and Methods 

2.1. Cells and Reagents 

Vero cells (ATCC CCL-81TM) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Thermo Fisher Scientific, Waltham, MA, USA) in the presence of 5% fetal bovine serum (FBS, 
Hyclone, Logan, UT, USA) and antibiotic-antimycotic (100 U/ml penicillin, 100 μg/ml streptomycin, 
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and 250 ng/ml amphotericin B, Thermo Fisher Scientific). LLC porcine kidney (LLC-PK1) cells (ATCC 
CL-101) were cultured in modified Eagle’s medium (MEM, Thermo Fisher Scientific) supplemented 
with 5% FBS, 1% nonessential amino acids (NEAA, Thermo Fisher Scientific), 1% antibiotic-
antimycotic, and 1% HEPES (Thermo Fisher Scientific). For PEDV propagation, Vero cells were 
maintained in DMEM supplemented with 0.3% tryptose phosphate broth (TPB, Sigma-Aldrich, St. 
Louis, MO, USA), antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin, Thermo Fisher 
Scientific), and 10 μg/ml trypsin (Thermo Fisher Scientific) as described previously [40]. LLC-PK1 
cells were maintained in MEM supplemented with 1% antibiotic-antimycotic, 1% NEAA, 1% HEPES, 
and 10 μg/mL trypsin after the viral inoculation [36,41]. 

2.2. Generation of PEDV Mutants 

The PEDV mutants (Figure 2) were rescued based on the full-length cDNA clone of PEDV strain 
PC22A as described previously [42]. Briefly, the point mutations were introduced into the plasmid 
pUC19 carrying the gene fragment of icPC22A (GenBank # KY499262) via NEB Q5® Site-Directed 
Mutagenesis Kit (NEB, Ipswich, MA). The large piece of gene was inserted or deleted using 
NEBuilder HiFi DNA Assembly Cloning Kit (NEB). Then the sequence of plasmids was confirmed 
by Whole Plasmid Sequencing service at Plasmidsaurus (Eugene, OR, USA) using Oxford Nanopore 
Technology. After digestion of plasmids by restriction enzymes, the appropriately sized cDNA 
inserts were purified using the QIAquick gel extraction kit (Qiagen, Hilden, Germany). All five 
fragments (A, B, C, D, and E) were ligated with T4 ligase (NEB) at 4°C overnight in an equal molar 
ratio for full-length cDNA. The ligated full-length cDNAs were purified by chloroform extraction 
and used as templates for in vitro transcription using mMessage mMachine T7 transcription kit 
(Ambion, Austin, CA, USA). The polyadenylated PEDV N gene transcript was generated using 
HiScribe T7 ARCA mRNA kit (NEB) and co-electroporated into the Vero cells with the full-length 
transcripts at 450 V and 50 μF using a Gene Pulser II electroporator (Bio-Rad, Hercules, CA, USA). 
At 6-8 hours after electroporation, the growth medium was discarded, and Vero cells were cultured 
in maintenance medium in the presence of 10 μg/ml trypsin. Cells were monitored for cytopathic 
effect (CPE) following infection. In some cases, CPE was not visible within 3 days, requiring a 
medium change and extended incubation time before harvesting. Once CPE was observed, the virus 
was harvested and designated as P0 virus. The P0 virus was then subjected to plaque assay, where 
five individual plaques per virus were initially picked and propagated. The whole genomes of well 
replicating ones with clear CPE were sequenced by Linear/PCR Sequencing service at Plasmidsaurus. 
The clone with correct genome sequence was selected for further characterization. 

2.3. RNA Secondary Structure Prediction Using mFold 

The RNA secondary structure of the 189-nt insertion upstream of the remodeled E gene TRS-CS 
was predicted using the mFold Web Server [43]. The input sequence was prepared in FASTA format 
and submitted with default settings for folding temperature (37 °C), ionic conditions (1 M Na+, no 
Mg2+), and maximum base pairing distance. The output included the minimum free energy (MFE) 
structure and a set of suboptimal folding ranked by stability. 

2.4. Plaque Assay 

Monolayers of Vero cells in twelve-well plates were incubated with 10-fold serially diluted 
PEDV mutants for one hour. After that, the inoculum was removed, and cells were washed with PBS. 
Then cell monolayers were covered with overlay containing 0.5% agarose in MEM supplemented 
with 10 μg/ml trypsin and 0.3% TPB [40,44]. At 4 dpi, the cells were fixed with 10% PBS-buffered 
formalin for 15 minutes and stained with 0.2% crystal violet. 
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Figure 2. (A) Schematic diagram of the genome organization of infectious clone-derived (ic) PC22A, dORF3-
EGFP, RMT, RMT-d2rep, RMT-CI, and RMT-CID. Two unexpected mutations (a 189-nt insertion in front of E 
gene TRS-CS, and a dG in the TRS-CS of N gene) in the RMT mutant are indicated by red arrows. The table on 
the right summarizes the mutations harbored in each mutant, with “x” for absent and “√” for present. The 
predicted secondary structures for the (B) wild-type TRS region of E gene, and the remodeled TRS region of E 
gene with (C) no insertion, (D) 94-nt insertion, and (E) 189-nt insertion. The TRS-CSs are marked by red lines. 
Gibbs free energy for each structure is presented. 
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2.5. Growth Kinetics for PEDV Mutants 

Vero or LLC-PK1 cell monolayers in twelve-well plates were infected with the corresponding 
viruses at a MOI of 0.01. After the one-hour adsorption, cell monolayers were washed with PBS (-) to 
remove those unbound virions and cultured in maintenance medium. Both cells and supernatants 
were collected at multiple time points and titrated in 96-well plates for 50% tissue culture infective 
doses (TCID50) by the Reed-Muench method [45]. 

2.6. The Detection of PEDV Genomic and sgmRNA by Reverse Transcription-Quantitative PCR (RT-qPCR) 

For the detection of genomic RNA and sgmRNA, Vero cells or LLC-PK1 cells were inoculated 
with individual PEDV mutants at a MOI of 1. After the 1 h adsorption, the virus inoculum was 
removed, and the cells were washed with PBS (-). At the indicated hpi, supernatants were discarded, 
and total cellular RNA was extracted with TRIzol reagent (Thermo Fisher Scientific). Genomic RNA 
levels were determined by one-step RT-qPCR using the OneStep RT-PCR kit (Qiagen) with forward 
and reverse primers and a probe targeting nsp1 gene (Table 1). All the sgmRNA levels were 
determined by two-step RT-qPCR using the same OneStep RT-PCR kit but only adding reverse 
primer during reverse transcription, then adding forward primer and probe for PCR. Copy numbers 
of each amplicon were determined by standard curves. Relative sgmRNAs level were expressed as 
the ratio of sgmRNA to gRNA. 

Table 1. RT and qPCR primer and probe sequences for PEDV genomic RNA and sgmRNA detection. 

Target Forward primers (5′-3′) Reverse primers (5′-3′) Probes (5′-3′) 

gRNA 
(nsp1) 

TGAAGCCGTCTCATACTATTCTG 
AATCCCTCAACAGTGTC

AGC 

FAM-
TGCAATGCCGTTTCGTGTCCTT

C-BHQ 

sgmRN
A-S 

CTATCTACGGATAGTTAGCTC 
GAACCGCCTAAAATTAG

TGT 

FAM- 
CCACAAGATGTCACCAGGTGC

TCAGCT -IBFQ 

sgmRN
A-E 

CTATCTACGGATAGTTAGCTC  
AGGTGTGTAAACTGCGC

TATTA 

FAM- 
TCTGTGCTTCACTTGTCACCGG

TTGT-IBFQ 

sgmRN
A-M 

CTATCTACGGATAGTTAGCTC 
TATCGTCAGTATGATAT

TCCATG 

FAM- 
ATTCAAGTGAATGAAATATGT

CTAACGG -IBFQ 

sgmRN
A-N 

CTCTTGTCTACTCAATTCAACTAAA
CAGAAAC 

CCAGTATCCAATTTGCT
GGTCC 

FAM-
TCAGGATCGTGGCCGCAAAC-

BHQ 

2.7. The Detection of PEDV RNA Junction by RNA-seq 

RNA-seq was performed by CD Genomics (Shirley, NY, USA). The cDNA library was prepared 
from total RNA extracted from the PEDV mutant infected Vero cells following ribosome RNA 
depletion. A target amount of 100 million 150 base pair paired-end reads per sample was sequenced 
on an Illumina NovaSeq 6000. Raw reads were trimmed using Trim Galore version 0.6.10 
(https://github.com/FelixKrueger/TrimGalore) with option --trim-n and otherwise with default 
parameters. Trimmed reads were pooled and aligned to the reference genome of the corresponding 
PEDV mutant using ViReMa version 0.25 [46] with options: -BED --Pad 200 --MicroInDel_Length 5 -
-Defuzz 0 -FuzzEntry and otherwise with default parameters. 
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2.8. Interferon Induction Assay 

The LLC-PK1 cells were inoculated with individual PEDV mutants at an MOI of 1. After the 1 h 
adsorption, the virus inoculum was removed, and the cells were washed with PBS (-). At 12 hpi, the 
supernatants were collected to titrate viral infectious titer by TCID50, and the total cellular RNA was 
extracted with TRIzol reagent (Thermo Fisher Scientific). Then, cellular DNA was removed by 
treating with DNase I (Qiagen). Viral total N gene RNA levels were determined by PEDV-specific 
reverse transcription-quantitative PCR (RT-qPCR) using the OneStep RT-PCR kit (Qiagen) with 
forward and reverse primers (forward, 5`-CGCAAAGACTGAACCCACTAAC-3`; reverse, 5`-
TTGCCTCTGTTGTTACTTGGAGAT-3`) and a probe (5`-FAM-
TGYYACCAYYACCACGACTCCTGC-BHQ-3`) [42]. The copy number was determined by standard 
curves. One microgram of total RNA was reverse transcribed using SuperScript™ IV Reverse 
Transcriptase and random hexamers (Thermo Fisher Scientific). The cDNA was subjected to 
quantitative PCR using SYBR green PCR mix (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. Primers for IFN detection were described previously [47]. The β-actin 
gene was used as an internal control. The threshold cycle (CT) values for target genes and the 
differences in their CT values (ΔCT) were determined. Relative transcription levels of target genes 
are presented as fold changes relative to the mock controls using the 2-ΔΔCT threshold method [48]. 

2.9. Statistical Analysis 

The statistical analyses were performed using GraphPad Prism 10.3. Data in Figures 3, 4, 6, and 
7 are shown in Mean ± standard deviation (SD) and analyzed by one-way analysis of variance 
(ANOVA) followed by Tukey’s multiple-comparison test. Groups with significant difference (P < 
0.05) were indicated with different letters. 

 

Figure 3. Characterization of the infectious clone-derived PEDV mutants’ replication in Vero cells. (A) Multi-
step growth kinetics of the PEDV mutants in Vero cells infected with the individual virus at a multiplicity of 
infection of 0.01. (B) Plaques of recombinant PEDV mutants in Vero cells with 0.5% final concentration of agarose 
overlay. The cells were fixed and stained at 4 days post-inoculation. The inset shows the diameters of 15 plaques, 
with the mean shown as a line. Results are presented as mean ± SD in the table. Groups with significant 
differences (p < 0.05) are indicated with different letters. 
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Figure 4. Relative sgmRNA abundance analysis of PEDV mutants in Vero cells using RT-qPCR. (A) Genomic 
RNA gene copies and (B) sgmRNA-S, sgmRNA-E, sgmRNA-M, and sgmRNA-N were normalized to genomic 
RNA levels at early (2 and 4 hpi) and late (9 and 12 hpi) time points of one cycle of virus replication. Results are 
presented as mean ± SD. Groups with significant differences (p < 0.05) are indicated with different letters. 
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3. Results 

3.1. A Series of PEDV Mutants Were Rescued Using Reverse Genetics 

We identified two unexpected mutations in the TRS regions of the RMT mutant [36], including 
an 189-nt insertion upstream of E gene TRS-CS and a missing “G” in the N gene TRS-CS. The 189-nt 
insertion includes three 47-nt and one 48-nt tandem repeats of viral sequences (Figure 1B), originating 
from the primer-pair used during plasmid mutagenesis for TRS-remodeling in our reverse genetics 
system [21]. In this system, the full-length PEDV genome cDNA is assembled from five plasmids and 
transcribed in vitro to generate viral genomic RNA for transfection into Vero cells and subsequent 
virus rescue. The site-directed plasmid mutagenesis used for TRS remodeling involved PCR 
amplification from the plasmid for assembling dORF3-EGFP, phosphorylation, ligation, and plasmid 
amplification in E. coli. The 189-nt insertion, which consists of repeated sequences derived from PCR 
primers used in the mutagenesis process, was detected in both the mutated plasmid and the rescued 
RMT virus. However, the precise mechanism underlying this insertion remains unknow and is 
beyond the scope of this study. 

To further investigate the effects of these mutations, we designed and rescued three more mutant 
viruses in addition to the previously reported two mutants, using reverse genetics of PEDV PC22A 
strain (Figure 2A). The icPC22A was the infectious clone-derived highly virulent PEDV PC22A strain 
with intact ORFs and wild-type TRS [21]. The dORF3-EGFP was generated by replacing the ORF3 
with EGFP and was a reporter virus [36]. The RMT was constructed from dORF3-EGFP by 
remodeling all TRS-CS except for the one in front of EGFP and carries both the 189-nt insertion and 
“G” deletion [36]. The RMT-d2rep was created from RMT by deleting two of the four tandem repeats 
and has 94-nt insertion. The RMT-CI was the “corrected insertion” version of RMT. Finally, RMT-
CID was the “corrected insertion and deletion” version of RMT. The RNA secondary structure 
prediction demonstrated significant structural changes due to the insertions (Figure 2B–E). The 
remodeled TRS-CS with the surrounding sequences in front of the E gene was predicted to have low 
stability (ΔG = -7.5 kcal/mol, Figure 2C), similar to wild-type E gene TRS-CS (ΔG = -2.5 kcal/mol, 
Figure 2B). However, the 94-nt and 189-nt insertions notably increased structural complexity, 
resulting in moderate (ΔG = -76.6 kcal/mol, Figure 2D) and high stability (ΔG = -116.9 kcal/mol, Figure 
2E), respectively. These structural changes likely interfere with viral transcription. 

3.2. The Mutations in the TRS Region Changed PEDV Replication Kinetics and Plaque Morphology in Vero 
Cells 

To determine the impact of these TRS mutations on viral replication, multi-step growth kinetics 
of the PEDV mutants were performed in Vero cells with a multiplicity of infection (MOI) = 0.01 
(Figure 3A). RMT-d2rep, RMT-CI and RMT-CID reached the peak infectious titers at 72 hours post-
inoculation (hpi), which were slower than RMT and dORF3-EGFP (60 hpi). In addition, RMT-CID 
replicated to a lower peak infectious titer (5.80 ± 0.24 TCID50/mL) than dORF3-EGFP (7.95±0.18 
TCID50/mL), indicating that remodeling the TRS-CS suppressed viral replication. RMT-CI and RMT-
CID replicated to similar peak infectious titers, indicating that the “G” deletion in N gene TRS-CS 
had no obvious impact on viral replication. Moreover, the RMT replicated to a higher peak infectious 
titer (7.1 ± 0.23 TCID50/mL) than RMT-d2rep (6.42 ± 0.16 TCID50/mL) and RMT-CI (6.18 ± 0.16 
TCID50/mL), indicating that the 189-nt insertion partially compensated the suppressive effects on viral 
replication of the remodeled TRS-CS but the 94-nt insertion did not. Interestingly, RMT-d2rep 
replicated as efficiently as RMT before 48 hpi, but its replication efficiency was subsequently reduced 
for unknown reasons. 

Correspondingly, plaque assays revealed significant differences in plaque sizes among the 
mutants (Figure 3B). dORF3-EGFP produced the largest plaques (1.031 ± 0.165 mm in diameter), 
whereas RMT, RMT-d2rep, RMT-CI, and RMT-CID formed significantly smaller plaques. RMT-CID 
(0.446 ± 0.080 mm) and RMT-CI (0.460 ± 0.085 mm) had the smallest plaques with no significant 
difference between them. RMT produced significantly larger plaques (0.568 ± 0.093 mm) than RMT-
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CID and RMT-CI. The plaque size of RMT-d2rep (0.544 ± 0.054 mm) was between those of RMT and 
RMT-CI, without statistical differences. These findings indicate that the remodeled TRS-CS 
suppressed viral replication and cell-to-cell spread in Vero cells. The 189-nt insertion in the TRS 
flanking region partially compensated this negative impact, while the 94-nt insertion and “G” 
deletion did not. 

3.3. TRS Mutations Disrupted the Subgenomic RNA Transcription of PEDV in Vero Cells 

TRS is essential for CoV discontinuous transcription, which generates a nested set of sgmRNAs. 
Previously, an unusual transcriptional profile of RMT was observed, in which sgmRNA-E surpassed 
sgmRNA-N in abundance, deviating from the canonical hierarchy observed in PEDV carrying wild-
type TRS (dORF3-EGFP) [36]. To further investigate how TRS mutations in RMT affect PEDV 
transcription, we quantified the genomic RNA and the relative levels of four structural protein gene 
sgmRNAs (sgmRNA/gRNA) in Vero cells infected with equal MOI of 1 at early (2 hpi and 4 hpi) and 
late (9 hpi and 12 hpi) stages of one viral replication cycle using RT-qPCR (Figure 4). At both early 
and late time points, similar trends were observed where dORF3-EGFP, RMT and RMT-d2rep 
showed the highest gRNA levels, while RMT-CID and RMT-CI showed reduced gRNA 
accumulation, consistent with their impaired replication phenotypes. 

The relative sgmRNA abundance showed intriguing patterns (Figure 4B). Compared with 
dORF3-EGFP, RMT-CID had significantly lower levels of sgmRNA-S and sgmRNA-N, but similar 
levels of sgmRNA-M and sgmRNA-E, at both early and late time points. These results were caused 
by the remodeled TRS-CS in RMT-CID and in agreement with its impaired replication and smaller 
plaques (Figure 3), since the N protein is essential for viral gene replication [24,49–51] and the S 
protein is involved in cell-to-cell spread [40,52,53]. RMT-CI and RMT-CID showed generally similar 
sgmRNA profiles, with a few exceptions, indicating that the “G” deletion in the N gene TRS-CS had 
minimal impact on transcription and replication. Among RMT, RMT-d2rep and RMT-CI, at late time 
point 12 hpi, RMT had the highest level of sgmRNAs for all the four structural proteins, while RMT-
d2rep only significantly increased the sgmRNA-E level compared with RMT-CI. These results 
suggest that the 189-nt insertion significantly enhanced the transcription of all four structural protein 
sgmRNAs, while the shorter 94-nt insertion (RMT-2rep) selectively enhanced only sgmRNA-E, 
resulting in an insertion-size-dependent effect on sgmRNA-E levels. Interestingly, at early time 
points (2 hpi and 4 hpi), RMT and RMT-d2rep both showed significantly elevated levels of sgmRNA-
S, -E, -M, and -N compared with RMT-CI, suggesting that the 94-nt insertion can also enhance early-
stage overall structural protein sgmRNA transcription like the 189-nt insertion. However, only the 
189-nt insertion (RMT) maintained enhanced transcription throughout the infection cycle. This early 
but transient transcriptional boost by the 94-nt insertion may explain RMT-2rep initial replication 
kinetics being similar to RMT (Figure 3A), despite lower replication efficiency at later stages. 
Together, these findings demonstrate that TRS-CS remodeling disrupted the PEDV sgmRNA 
transcription profile, while the 189-nt insertion in front of E gene TRS-CS acts as a compensatory 
enhancer of sgmRNA transcription in an insertion size-dependent manner. 

3.4. Canonical and Non-Canonical sgmRNA Syntheses Were Altered in TRS Mutants in Vero Cells 

To comprehensively characterize both canonical structural protein sgmRNAs and non-canonical 
transcriptional products of PEDV, we performed RNA-seq on Vero cells infected with dORF3-EGFP, 
RMT-CID, RMT-CI, or RMT and harvested at 8 hpi. RNA-seq analysis provided deeper insights into 
the transcriptional accuracy change due to TRS-CS remodeling. Junction-spanning reads 
corresponding to template switch events were identified and mapped to the viral genome (Figure 
5A) [46]. These included canonical sgmRNAs derived from the template switching of each structural 
protein genes’ TRS-B to TRS-L, as well as diverse non-canonical junctions likely resulting from 
aberrant template switching. 

Quantification of canonical sgmRNA junctions revealed distinct transcriptional profiles among 
the mutants (Figure 5B). dORF3-EGFP exhibited the highest and lowest proportion of canonical 
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sgmRNAs and other defective viral RNA reads (68.988% and 31.012%, respectively, of total viral RNA 
reads), consistent with its robust TRS-dependent transcription. In contrast, RMT-CID and RMT-CI 
showed markedly reduced levels of canonical sgmRNAs and an increased proportion of defective 
viral RNA (64.292% and 71.596%, respectively), indicating impaired discontinuous transcription 
accuracy. RMT maintained intermediate levels of canonical sgmRNAs (51.121%), with notably 
elevated sgmRNA-E frequency (14.868%), further supporting the compensatory effects of the 189-nt 
insertion upstream of the E gene TRS-CS. 

 
Figure 5. Mapping of template switches in the dORF3-EGFP-, RMT-CID-, RMT-CI- or RMT-infected Vero cells. 
(A) Schematic of the strategy used to detect junction reads with RNA sequencing. The NGS reads are represented 
as blue bars, and the template switches are represented by curved dashed lines and identified by junctions in 
NGS reads. The start position and stop position of template switch are indicated with a black arrow. (B) Relative 
frequencies of canonical sgmRNAs and other viral RNAs detected in cells infected with each PEDV mutant. 
Frequencies are shown as the percentage of total viral RNA reads. Darker green indicates higher frequency; 
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white indicates the lowest detected levels. (C-F) Intra-genomic template switch junctions are mapped according 
to their genomic position and colored according to their log-scaled frequency in the population of all junctions 
in the cells infected with dORF3-EGFP (C), RMT (D), RMT-CID (E) or RMT-CI (F). The highest frequency 
junctions are red and completely opaque. The lowest frequency junctions are blue and the most transparent. 
Lower panels show the distribution of junction stop positions for junctions initiating from the leader TRS (TRS-
L), plotted as relative frequency of total viral RNA reads. Annotated viral ORFs are shown for reference. 

Genome-wide mapping of junctions revealed broad changes in template switching activity 
across the mutants (Figure 5C–F). In dORF3-EGFP-infected cells, junctions were concentrated at 
canonical TRS-CS positions, whereas in RMT-CID and RMT-CI, non-canonical junctions were 
dispersed throughout the genome (upper panels), with increased frequency at internal genomic sites. 
The different genome positions jumping to TRS-L junction frequency plots (lower panels) confirmed 
that dORF3-EGFP produced a typical sgmRNA hierarchy dominated by sgmRNA-N and lowest in 
sgmRNA-E, while mutants with remodeled TRS-CS showed disrupted transcription profiles with 
reduced level of canonical sgmRNAs but “noisier” non-canonical sgmRNAs. Notably, although RMT 
also had an inaccurate template switch due to the remodeled TRS-CS with “noisy” non-canonical 
sgmRNAs, the ratio of canonic sgmRNAs abundance were higher than RMT-CI, due to the 189-nt 
insertion. 

Taken together, these data demonstrate that remodeling the TRS-CS impairs canonical template 
switching and increases transcriptional “noise”, while the 189-nt insertion in RMT increased 
canonical sgmRNA levels and partially restored the transcription accuracy, emphasizing the complex 
interplay between leader and body TRS-CS base pairing and the structure of TRS flanking sequences 
on RNA transcription accuracy and viral fitness. 

3.5. Effects of TRS Mutations on Type I and Type III IFN Responses, Viral Replication and sgmRNA 
Abundance in Porcine LLC-PK1 Cells 

We further investigated how the TRS mutation-induced inaccurate transcription influences host 
immune responses in porcine LLC-PK1 cells (Figures 6 and 7). First, we examined the replication 
efficiency and sgmRNA abundance of the PEDV mutants in LLC-PK1 cells. Viral growth kinetics 
(Figure 6A) demonstrated the same replication patterns of the mutants to those in Vero cells, with 
dORF3-EGFP reaching the highest peak infectious titer at 48 hpi (6.05 ± 0.35 TCID50/mL), indicating 
the highest replication efficiency. RMT-CID (4.72 ± 0.12 TCID50/mL) and the RMT-CI (4.58 ± 0.07 
TCID50/mL) reached lower peak titers at 72 hpi, displaying most reduced viral replication efficiency. 
The RMT (5.14 ± 0.23 TCID50/mL) reached higher peak infectious titer at 48 hpi that was earlier than 
RMT-CID and RMT-CI. Interestingly, the RMT-d2rep (4.47 ± 0.23 TCID50/mL) replicated similarly to 
RMT at early stage but less efficiently at later stages, particularly after 36 hpi. 

Further, quantification of gRNA and sgmRNA abundance using RT-qPCR in LLC-PK1 cells, 
which is an IFN-sufficient cell line (Figure 6), revealed results comparable to those observed in Vero 
cells (Figure 4). The gRNA level (Figure 6B) at 12 hpi was consistent with the replication efficiency 
observed in growth kinetics (within 24 hpi), following the trend: dORF3-EGFP > RMT and RMT-
d2rep > RMT-CI and RMT-CID. The sgmRNA-E gene level was significantly elevated following TRS-
CS remodeling, as demonstrated by the comparison between RMT-CID and dORF3-EGFP (Figure 
6D). As expected, sgmRNA-E levels followed the trend of RMT > RMT-d2rep > RMT-CID and RMT-
CI, correlating with the size of the insertions upstream of the E gene TRS-CS. The most dramatic 
reduction was observed for sgmRNA-N transcripts (Figure 6F). The sgmRNA-N levels were most 
reduced in the RMT-CID, RMT-CI, and RMT-d2rep mutants, followed by RMT, when compared to 
the parental dORF3-EGFP. This suggests that the 189-nt insertion in RMT partially compensates for 
the reduction. Unlike the significant differences observed in Vero cells, the sgmRNA-S levels in RMT-
infected cells were slightly but not significantly higher than the others (Figure 6C). The RMT had 
significantly higher sgmRNA-M level than RMT-d2rep and RMT-CI, due to the 189-nt insertion 
(Figure 6E). 
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The RMT-CID mutants induced significantly higher IFN-β and IFN-λ1 responses in the LLC-
PK1 cells than the parental dORF3-EGFP mutant, due to the remodeled TRS-CS (Figure 7A,B). The 
RMT-CI, RMT-d2rep and RMT-CID induced similarly high levels of IFNs, suggesting the missing 
“G” or the 94-nt insertion did not affect the IFN responses. Compared with RMT-CI, the RMT induced 
significantly lower levels of IFNs, which were still slightly higher than the parental dORF3-EGFP 
mutant with no significant difference. Additionally, PEDV total RNA shedding targeting N gene 
(including all genomic and sgRNA) and infectious titer were significantly lower in RMT-CID 
compared to that in dORF3-EGFP at 12 hpi, while both RNA and infectious titers of RMT were similar 
to dORF3-EGFP (Figure 7C,D). These data suggest that remodeling the TRS-CS enhanced innate 
immune responses, and that the 189-nt insertion may counteract this effect by increasing sgmRNA 
level and reducing the proportion of defective viral RNA. 

 

Figure 6. Viral replication kinetics and sgmRNA abundance of PEDV mutants in LLC-PK1 cells. (A) Multi-step 
growth kinetics of PEDV mutants in LLC-PK1 cells. Cells were infected at MOI = 0.01, and viral titers were 
quantified at the indicated time points by TCID50 assay. (B-F) Quantification of genomic RNA and individual 
sgmRNAs in infected LLC-PK1 cells at 12 hpi. Total RNA was extracted and analyzed by RT-qPCR. Genomic 
RNA is presented as copies per μg total RNA (B), and sgmRNA-S (C), sgmRNA-E (D), sgmRNA-M (E), and 
sgmRNA-N (F) abundance is shown as the ratio of sgmRNA to genomic RNA copies. Data represent mean ± SD. 
Groups with significant differences (p < 0.05) are indicated with different letters. 
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Figure 7. Induction of type I and type III IFN mRNAs by the PEDV mutants in LLC-PK1 cells. The cells were 
inoculated with each virus at a MOI of 1 or medium (mock) or stimulated with poly I:C as a positive control. At 
12 hpi, the supernatants were collected for testing viral infectious titers, and cells were lysed for measuring IFN 
mRNA levels, including IFN-β (A) and IFN-𝜆1 (B). The PEDV total N gene RNA levels (C), and viral infectious 
titers in TCID50 (D) are shown. Groups with significant differences (p < 0.05) were indicated with different 
letters. 

4. Discussion 

CoVs transcribe a nested set of sgmRNAs through a discontinuous transcription mechanism 
regulated by TRSs. In this study, we dissected how the engineered mutations in the TRS region of 
PEDV—including the remodeled TRS-CS, a 189-nt insertion upstream of E gene TRS-CS, and a 
guanine deletion within N gene TRS-CS—modulate viral transcription, replication efficiency, and 
host innate IFN responses. Our findings highlight that the architecture of TRS regions—beyond core 
sequence identity—also plays an important role in governing template-switching events during CoVs 
transcription. This expands our understanding of the fundamental mechanisms of CoV gene 
transcription regulation and may have broader relevance to other viruses in the order of Nidovirales 
that also use TRS-mediated discontinuous transcription, such as porcine reproductive and 
respiratory syndrome virus (PRRSV) in Arteriviridae [20,38]. It also informs rational strategies for 
development of attenuated CoV vaccines [36,37,39,54,55]. 

TRS-CS is a concept identified in CoVs, referring to a conserved nucleotide motif located 
upstream of each ORF which shares the highest sequence complementarity with the leader TRS-CS. 
This complementarity facilitates accurate template switching during the synthesis of (-) sgRNAs, 
ensuring that only the minimal necessary amount of (-) sgRNA intermediates is produced. These 
limited (-)sgRNA templates support efficient synthesis of abundant sgmRNAs for each ORF, making 
the process streamlined and resource-efficient for viral replication. Additionally, because the 
resulting capped (+) sgmRNAs resemble host mRNAs, they are more likely to evade detection by 
innate immune sensors. Limiting the production of (-) sgRNA also helps reduce the risk of triggering 
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host immune responses. Consequently, in nature, the most efficient and exclusive TRS-CS 
combinations are positively selected, outcompeting less optimal variants. However, when we 
remodeled the PEDV TRS-CS to “GTGAAT”, this finely tuned balance was disrupted. The remodeled 
TRS-CS cannot competitively block other pairing events, weakening its ability to dominate template 
switching and resulting in the accumulation of aberrant non-canonical transcripts. 

In CoVs, the leader TRS-CS is conserved within genera but varies between genera, with the 
exception of Embecoviruses where the leader TRS-CS is similar to Alphacoronavirus [56]. The body TRS-
CS is typically identical to the leader TRS-CS within a given genome or differs by only one nucleotide 
in most CoVs, including SARS-CoV-2, SARS-CoV, MERS-CoV, Swine Acute Diarrhea Syndrome 
Coronavirus (SADS-CoV), and HCoV-HKU1 [56]. However, in PEDV, the body TRS-CS can differ by 
more than two nucleotides from the leader TRS-CS [36], a unique feature whose evolutionary 
significance remains unclear. One hypothesis is that the greater TRS-CS diversity in PEDV may 
enhance its potential to recombine with CoVs from other genera, thereby facilitating gene exchange 
and accelerating viral evolution. For example, a novel swine enteric coronavirus resulting from 
recombination of PEDV in Pedacovirus and transmissible gastroenteritis virus (TGEV) in Tegacovirus 
has been identified [57]. 

Although the TRS-CS for canonical sgmRNAs is generally conserved and rarely mutated in 
CoVs, the emergence of novel TRS-CS motifs has been observed during SARS-CoV-2 evolution. For 
example, a novel TRS-CS in the B.1.1 lineage of SARS-CoV-2 enabled the expression of a truncated 
C-terminal N protein, which functioned as a type I IFN antagonist and enhanced viral replication in 
vitro [58,59]. Moreover, researchers successfully rescued a reporter HCoV-OC43 virus by inserting 
an artificial TRS sequence identical to the N gene TRS-CS and its flanking sequence 
(GAAAUAAUAUCUAAAUUUUAAGG) upstream of a reporter gene ORF, enabling production of 
the reporter protein from a novel sgmRNA without disrupting the viral transcription and replication 
[60]. These examples highlight how natural evolution and artificial manipulation of TRS-CSs can 
modify sgmRNA expression and viral behavior. 

In our study, remodeling TRS-CSs across PEDV genome significantly impaired canonical 
sgmRNA production, reduced replication efficiency in Vero and LLC-PK1 cells, and increased IFN-
β and IFN-λ1 induction. RNA-seq analysis revealed widespread transcriptional “noise” in these 
mutants, with an elevated proportion of non-canonical transcripts and reduced canonical junctions. 
These data confirm that even perfectly matched TRS-CSs, when placed into a foreign sequence 
context, disrupt template switching accuracy, suggesting that both flanking sequence composition 
around TRS-CS and local RNA secondary structure are determinants for template switching 
associated with viral sgmRNA transcription. This is further supported by our observation that the 
single nucleotide mismatch caused by “G” deletion in N gene TRS-CS did not affect sgmRNA-N gene 
abundance. Additionally, when generating the RMT mutant, we introduced a silent mutation to 
modify a pre-existing “GTGAAT” sequence within the E gene ORF (naturally present in the wild-
type PEDV genome) to “GCGAGT” to prevent unintended template switching within the E gene [36]. 
However, RNA-seq data in this study demonstrated that it did not abolish template switching at that 
locus (Table S1). In addition, the set of TRS-CS in wild-type PEDV is not identical but still conducts 
very accurate TRS-B to TRS-L template switch. Overall, these data suggest that partial mismatches 
within the TRS-CS do not necessarily prevent TRS-B and TRS-L template switching and that the 
surrounding sequences or RNA structure may contribute significantly to TRS recognition. This 
tolerance for TRS-CS mismatch might explains the transcriptional “noise” in PEDV mutants carrying 
the remodeled TRS-CS. Although there is no identical “GTGAAT” in the PEDV genome besides the 
remodeled TRS-CSs, we cannot prevent the pairing at sequences with one- or two-nucleotide-
mismatch. Furthermore, base-pairing involves more than just the strongest A-U and G-C Watson-
Crick interactions. G-U wobble pairs are common in RNA, and U-U has also been observed [61]. In 
addition, template switching efficiency should not be assessed solely based on the 6–8-nucleotide 
conserved TRS-CS but should also consider the overall binding efficiency across flanking sequence 
surrounding the leader and body TRS-CSs. A recent study of HCoV-OC43 [62] analyzed sequence 
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similarity between 20-nt regions of TRS-B and TRS-L including flanking sites beyond the most 
conserved TRS-CS “AUCUAAAC” in Embecovirus [56], and revealed that non-canonical transcripts 
generally had weaker similarity between their TRS-B and TRS-L than canonical sgmRNAs, consistent 
with their lower abundance. Notably, there were exceptions: the TRS-B of HE gene showed less 
similarity to TRS-L than some non-canonical TRS-B sites, indicating that factors beyond simple 
sequence similarity influence template switching efficiency. These observations underscore the 
importance of flanking sequences and structural elements, setting the stage for our analysis of how 
flanking sequence insertions modulate discontinuous transcription. Modification of RNA structure 
surrounding TRS-L has been reported to affect its binding with TRS-B and impact viral replication in 
TGEV [63], and the 189-nt insertion in this study supported that significant alteration of the RNA 
structure surrounding TRS-B can influence viral fitness. 

This 189-nt insertion partially restored canonical sgmRNA synthesis, improved viral replication 
and counteracted the enhanced IFN responses due to reduced accuracy in discontinuous 
transcription. The repetitive sequence of the 189-nt insertion forms a large and stable secondary 
structure that acts as an “obstacle” to the replicase complex during its transcription of the PEDV 
genome. It potentially causes the replicase complex to pause and increases the frequency of template 
switching to the TRS-L. The sgmRNA accumulation due to complex RNA secondary structure 
upstream of TRS is not limited to CoVs. A recent study of PRRSV [64] demonstrated that a stable 
RNA secondary structure upstream of N gene TRS significantly enhanced not only downstream 
sgmRNA-7, but also upstream sgmRNA-2 and -6 accumulation and promoted viral replication, 
further supporting the broader role of RNA structures in Nidovirus transcriptional regulation. In 
addition, the 189-nt insertion includes four reverse complementary sequences of the TRS-CS motif 
“ATTCAC”, which may promote long-distance RNA-RNA interactions, increase the proximity or 
accessibility of TRS-L to the 3′-end of the genome, and further enhance its base-pairing with all TRS-
Bs. Similar findings were reported for SARS-CoV-2 [65,66], where long-distance RNA-RNA 
interactions involving the 5′ and 3′ UTRs regulate template switching. The 189-nt insertion may 
mimic such long-distance base-pairing and enhance all canonical sgmRNA transcription in PEDV. In 
TGEV, similar long-distance RNA-RNA interactions pulled TRS-B and TRS-L into proximity and 
further enhanced sgmRNA transcription [28]. Moreover, tandem repeat sequence has been reported 
as gene expression enhancer in DNA virus. In duck circovirus, a unique quadruple tandem repeat 
sequence between its rep and cap genes enhanced the viral mRNA stability and increased viral gene 
expression [67]. Interestingly, the enhancement of sgmRNA-E transcription appears to be size- or 
structure-dependent, with the strongest effect observed in RMT, followed by RMT-d2rep (moderate) 
and RMT-CI (lowest). Notably, while the shorter 94-nt insertion in the RMT-d2rep initially enhanced 
overall sgmRNA transcription and viral replication at earlier stages like 189-nt insertion, this broad 
enhancement for all sgmRNA was not sustained at later stages for unknown reasons (Figures 3, 4 and 
6). 

The first possible reason for the increased IFN induction in the mutant virus-infected cells is 
likely elevated production of aberrant (-)sgRNA intermediates, which potentially activated pattern 
recognition receptors such as RIG-I and MDA5 [68–70]. Consistent with this, several previous studies 
reported that the accumulation of (-)sgRNAs in SARS-CoV-2 infection correlated with increased IFN 
expression [71,72]. In our study, the restoration of sgmRNA hierarchy by the 189-nt insertion 
correlated with reduced IFN induction, supporting the idea that transcriptional accuracy helps 
suppress excessive innate immune responses. Alternatively, the translation of certain non-canonic 
sgmRNAs may be possible and the synthesized peptides can stimulate strong IFN responses. For 
example, we identified two abundant non-canonical sgmRNAs in all PEDV mutants carrying the 
remodeled TRS-CS with junctions near nucleotide 21111 and nucleotide 21166 (Table S1). This raises 
the possibility that remodeling the TRS-CS may inadvertently enable the translation of novel or 
frameshifted proteins. The third possible factor contributing to the increased IFN responses is the 
significantly reduced expression level of structural proteins after TRS remodeling, especially N 
protein, as suggested by transcription levels. With the 189-nt insertion, the reduced levels of S, M, N 
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gene were compensated, and the E gene level was significantly enhanced. Notably, PEDV E protein 
have been implicated in IFN antagonism, and previous work showed that a PEDV mutant with an 
incomplete E protein induced higher IFN responses in vitro [73]. CoV N protein is also well known 
for suppressing host IFN responses [49,74,75]. This mechanistic link between TRS mutations, altered 
sgRNA/sgmRNA transcription profile, and IFN induction has potential pathophysiological 
significance, as IFNλ signaling is known to contribute to intestinal chloride dysregulation and 
diarrhea during viral enteritis [76]. And the diarrhea induction regulated by IFN signaling was 
suggested as an active host defense strategy to expel and eliminate the pathogen. Indeed, our 
previous in vivo data showed that both RMT and dORF3-EGFP exhibited similarly attenuated 
phenotypes in gnotobiotic (Gn) pigs, with generally moderate diarrhea [36]. Notably, some RMT-
infected piglets still had transient severe diarrhea, whereas those infected with dORF3-EGFP did not. 
However, another study showed that the RMTv1 mutant, which was derived from RMT-CID with 
the EGFP gene deleted and induced similar IFN levels to RMT-CID in vitro (Figure S1), caused severe 
diarrhea in 100% Gn pigs [37]. These findings suggest that transcriptional inaccuracy and the 
resulting immune dysregulation may be associated with the elevated PEDV-induced diarrhea in this 
model. 

Beyond transcriptional regulation, these findings have important implications for the 
development of live attenuated vaccines (LAVs) against CoVs and other nidoviruses [36–38,54,77]. 
Remodeling TRS-CSs can increase resistance to recombination but may result in potential 
transcriptional dysregulation and increased IFN responses. Incorporation of structured regulatory 
elements, such as the 189-nt insertion, may mitigate these drawbacks by enhancing sgmRNA 
expression while preserving attenuation. Moreover, although the 189-nt insertion enhanced all the 
structure protein sgmRNA transcription, it had the greatest effects on sgmRNA-E, whose ORF is 
immediately downstream of the insertion. While the PEDV E protein is less immunogenic [78], 
strategically positioning such regulatory elements upstream of highly immunogenic genes (e.g., S or 
N) could boost antigen expression and immunogenicity, improving vaccine efficacy. Additionally, 
the overexpression models provided by RMT or RMTd2rep offer novel platforms to study CoV E 
protein function, complementing prior loss-of-function approaches [73,79–81]. 

5. Conclusions 

In summary, our study demonstrates that remodeling of the TRS-CS of PEDV impairs 
transcriptional accuracy, alters sgmRNA profiles and viral replication dynamics, and enhances IFN 
responses. The 189-nt insertion upstream of the E gene TRS-CS mitigates these detrimental defects, 
likely by promoting TRS pairing through structure-mediated mechanisms. These findings highlight 
the importance of incorporating both structural and functional considerations into TRS engineering 
for the development of recombination-resistant LAVs. Moreover, they provide new insights into the 
regulation of discontinuous transcription in CoVs and other nidoviruses that rely on TRS-regulated 
mechanisms. 
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The following abbreviations are used in this manuscript: 

CoV coronaviruses 
PEDV porcine epidemic diarrhea virus 
TRS-CS transcription regulatory sequences- core sequences 
gRNA genomic RNA 
sgmRNA subgenomic messenger RNA 
RMT ReModel-Trs mutant 
RMT-CI RMT-Corrected Insertion 
RMT-CID RMT- Corrected Insertion and Deletion 
RMT-d2rep RMT-delete 2 repeats 
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