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genomes primarily in the NS2
region of the viral genome
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Bovine viral diarrhea virus (BVDV) is a significant economic concern for the global
cattle industry. This is attributed to the increased risk of transplacental BVDV infection
during pregnancy, before sufficient maturation of the fetal immune system. This
results in significant reproductive losses via spontaneous abortion as well as the
birth of offspring that are persistently infected and immunotolerant to the non-
cytopathic BVDV strain. These persistently infected cattle act as reservoirs and are
the major source of BVDV transmission within the herd. Previously, we reported
bioinformatic analyses showing that BVDV1a and 1b genotypes generate distinct
sets of diverse deletion viral genomes (DelVGs) during the natural viral life cycle.
DelVGs are generated by skipping events that occur during genome synthesis by
the error-prone viral replication machinery. These replication-deficient genomes
play many roles in host—pathogen interactions, contributing to the establishment of
viral persistence. A total of 21 field isolates of the BVDV2 genotype were analyzed
for the presence and characterization of DelVGs using Illumina MiSeq BVDV?2
genome sequencing reads. BVDV? strains generate significantly more Nonstructural
protein 2 (NS2) DelVGs than any other region of the genome, with over 90% of
those deletions having both 5° and 3 junctions within the NS2 region. BVDV2c
strains produce approximately 150 times as many DelVG reads as BVDV2a strains.
Of the BVDV2a isolates queried, cytopathic BVDV2a strains generated two times
as many NS2 DelVG reads as compared to non-cytopathic BVDV2a strains.

KEYWORDS

bovine viral diarrhea virus 2, pestivirus, non-standard viral genomes, deletion viral
genomes, viral evolution

Introduction

Bovine viral diarrhea virus (BVDV) is a positive-sense single-stranded RNA virus of the
Pestivirus genus of the Flaviviridae family. BVDV causes substantial economic losses in the
cattle industry due to reproductive failure and is a known contributor to the bovine respiratory
disease complex, which presents as bacterial and viral pneumonia (1-6). BVDV
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immunosuppresses the host, predisposing the animal to secondary
infections and worse symptoms. Most consequentially, transplacental
infection often results in abortion, resorption, or the generation of
persistently infected (PI) calves. PI calves arise when a transplacental
non-cytopathic (NCP) BVDV infection occurs during approximately
25-125 days of gestation when the fetal immune response is in an
immature state that allows for tolerization to the virus but not
termination of the fetus or clearance of the virus (2, 7-9).

Pestivirus is a genus of 11 viral species that primarily infect
mammals, including major livestock species such as Bos taurus, Sus
scrofa domesticus, and Bison bison (10). The approximately 12.3-
kilobase BVDV genome is encoded as a single open reading frame
that is post-translationally cleaved, lacks a 5* cap and poly-A tail, and
encodes 5 and 3" untranslated regions (UTRs). The genome encodes
four structural proteins, including a capsid/core (C) protein and three
envelope (E) glycoproteins—E1, E2, and a unique to pestivirus, E™
protein. The non-structural proteins (NS) encoded include the unique
N-terminal autoprotease NPro, p7, NS2-3 proteases, NS4A, NS5A,
and the RNA-dependent RNA polymerase NS5B (10-14). BVDV
exhibits high genetic diversity, generating quasispecies. It is currently
divided into two genotypes or species, BVDV1 and BVDV2, and 25
subgenotypes, BVDV1a-u and BVDV2a-d, respectively (15-17). Two
biotypes of BVDV exist, cytopathic (CP) and NCP. Only NCP viral
strains establish persistent infections during transplacental infection
(18). In addition to quasispecies, we recently reported that BVDV1a
and BVDV1b strains generate diverse sets of deletion viral genomes
(19). This was the first reporting of DelVGs being generated by
a pestivirus.

DelVGs are a form of non-standard or defective viral genome
(NSVG/DVG). NSVGs are a naturally occurring phenomenon in both
positive- and negative-sense RNA viruses. During viral replication,
genomic variants are generated with internal truncations that render
the nascent genome deficient in self-propagation without the presence
of a helper standard virus (20). Although the mechanism of DelVG
generation is an area of active research, and many proteins are
involved, the RNA-dependent RNA polymerase and its intrinsic error-
prone nature and varying degrees of fidelity are central to this process.
During replication, DelVGs are generated when the polymerase
separates from the RNA genome, skips over a region, then reassociates
downstream of the separation point, and continues to generate the
now truncated daughter strand (20, 21). DelVGs are packaged into
defective interfering particles (DIPs) and are known to modulate
virulence by competing with standard functional viral genomes for
replication machinery, stimulating the interferon response, and aiding
in the establishment of persistence (20-26). BVDV1a and BVDV1b
genotypes generate distinct sets of DelVGs, with BVDV1a strains
generating significantly more C region deletions than BVDV1b strains
(19). The study reports that BVDV2 strains, including subgenotypes
BVDV2a, 2b, and 2¢, produce their own unique profiles of DelVGs.

Materials and methods
Virus field isolates and RNA extraction
A total of 21 BVDV?2 field isolates (16 BVDV2a, 1 BVDV2b, and

4 BVDV2c) obtained from clinical samples submitted to the National
Animal Disease Center were selected for this analysis. BVDV2 strains
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were isolated from serum, buffy coat, or tissue homogenate samples
(27). These samples were inoculated onto Madin-Darby bovine
kidney (MDBK) cells in minimal essential medium (MEM) [Gibco
MEM 11095 supplemented with 10% filtered and heat-inactivated
BVDV antigen-free and BVDV antibody-free fetal bovine serum
(HI-FBS)] for 1 h at 37 °C and 5% CO,. The inoculum was washed off
the cells, and fresh media containing 10% BVDV and BVDV antibody-
free FBS was added to the cells before returning to 37 °C and 5% CO,
for 4-5 days prior to collection. In the absence of cytopathic effect
(CPE), cells were fixed and stained (19, 28). Viral RNA was extracted
using QiaCube Viral RNA kits (Qiagen, Valencia, CA, USA) according
to the manufacturer’s instructions (29). Genomic sequences of
BVDV2a, BVDV2b, and BVDV2c were obtained from NCBI GenBank
as references for phylogenetic comparison.

Determination of cytopathic effect

Whether a BVDV strain is CP or NCP is determined by the
visualization of CPE that alters cell morphology upon infection in cell
culture. Confluent plates of MDBK and bovine turbinate (BTu) cells
in a 12-well plate were inoculated with 200 pL of each viral isolate or
cell control and rocked on a shaker for 1 h at 37 °C. MEM (Gibco
MEM 11095 supplemented with 10% filtered and HI-FBS) was added
to each well and incubated at 37 °C and 5% CO,. The presence or
absence of CPE was checked at 24-, 48-, 72-, 96-, and 120-h post-
inoculation. The biotype was confirmed at the 120-h time point.

Whole-genome sequencing and
phylogenetic analyses

For whole-genome sequencing, cDNA was synthesized from viral
RNA using 20-base primers of known sequence with eight random
bases at the 3'-end of the primer to produce barcode-identifiable
cDNAs, which were then amplified via primer-specific polymerase
chain reaction (27). Sequencing was completed using the MiSeq
platform (Illumina, Inc., San Diego, CA, USA). BVDV genomes were
assembled via reference-assisted and de novo assembly using
SeqManNGen Version 12 (LaserGene, Inc., Madison, WI, USA). The
initial classification was completed by aligning the 5° UTR sequences
of the assembled viruses, as is common practice (28, 30). Phylogenetic
analysis for relatedness within the BVDV2 genotype was conducted
by alignment of the entire genome. The Molecular Evolutionary
Genetics Analysis version 12 (MEGA12- iGEM, Temple University,
Philadelphia, PA, USA) software’s ClustalW alignment tool and
UPGMA method were used to generate phylogenetic dendrograms
with branch support estimated via 1,000 bootstrap replicates and the
Poisson correction method to calculate evolutionary distance (31).

Viral Opensource DVG Key Algorithm 2
(VODKA2)

The Viral Opensource DVG Key Algorithm 2 (VODKA?2)
bioinformatic pipeline was conducted in the local runtime
environment (32). The VODKA2 workflow requires a specified
reference sequence to analyze the DelVGs. For this study of BVDV2,
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we used the McCart_c complete genome (NCBI GenBank
MH806438.1) as the reference genome. The genome was formatted
into a VODKA2-specific large Bowtie2 database via the “genomefa_
to_newfasta_del v2.p]” VODKA2 script using the following
parameters: length of the reference genome in base pairs (bp),
sequencing read length of 151 bp, and gap size of 10 bp. After
generating the Bowtie2 database, the paired-end Illumina MiSeq reads
for each field isolate genome were analyzed against the reference
database via the VODKA2_analysis_setup.sh script. Deletion viral
genome “species” consists of reads with the same theoretical deletion
size but with 5* and 3" junctions within a range of +5 nucleotides. For
each field isolate sample analyzed, DelVG “species” with only a single
(non-normalized) read were excluded from the analysis. “Read
coverage” denotes the normalization of DelVG reads per one million
standard viral reads sequenced. The comparison of normalized
non-standard reads has been previously described in the
literature (33).

Statistical analyses

Statistical analyses were performed via GraphPad Prism
(GraphPad Software, Inc. Version 10.2.0, Boston, MA, USA). For the
analysis of deletion species size and DelVG read coverage per species
across viral isolates, two-way ANOVA with Tukey’s multiple
comparison test was performed. For analysis of deletion read coverage
per strain across subgenotype and biotype, unpaired t-test was
performed. For comparison of 5* and 3" junction read coverage per
viral strain across subgenotype and biotype, two-way ANOVA with
Sidék’s multiple comparison test was performed. For analysis of
deletion read coverage per strain, delineated by biotype and
subgenotype, an ordinary one-way ANOVA with Tukey’s multiple
comparison test was performed.

Results

BVDV2 strains generate different quantities
and sizes of DelVGs

To characterize the profile of DelVGs generated by BVDV2
strains, 21 BVDV?2 viral isolates were selected for analysis. Of these,
15 strains were previously sequenced (27, 34, 35). The viral isolates
were mapped against a known BVDV2 genome to confirm sequence
fidelity ahead of VODKA2 NSVG analysis. The phylogenetic
relationship between the analyzed strains and subgenotypes was
confirmed by whole-genome sequence alignment of all experimental
strains with verified BVDV2a, 2b, and 2¢ sequences obtained from
GenBank. 16 of the selected experimental isolates were identified as
BVDV2a strains, one was BVDV2b, and four were BVDV2c by
phylogenetic analysis (Figure 1A). A full list of GenBank accession
numbers for experimental and comparative viral strains is presented
in Supplementary Table 1. Of the 21 BVDV2 isolates, 19 generated
DelVG species. Only BVDV2a strains WiscA and 277 did not generate
DelVGs (Figure 1B). There were no significant differences in the
generated DelVG species size among BVDV2 strains (Figure 1C).
Read coverages for the DelVG species were variable across BVDV2
strains. The major deletion species in BVDV2c strains was a
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particularly predominant DelVG generated by virus B69519,
exhibiting significantly greater read coverage than that observed in 11
other BVDV2 strains (Figure 1D). BVDV2c strains generated an
average of 32,034 deletion reads per million standard viral reads,
whereas BVDV2a strains generated only 210 deletion reads per
million standard viral reads per strain (Figure 1E).

BVDV 2a and 2c DelVG hotspots are
primarily generated in the NS2 region

BVDV2 isolates generate DelVGs across the entire length of the
genome. For BVDV2 strains, especially BVDV2c strains, there is a
strong hotspot in the 5,000-6,000-bp region. The sole BVDV2b
strain analyzed had an additional hotspot for a 5' junction at
approximately 7,000-bp, and a 3' junction at approximately
10,000-bp (Figure 2A). The DelVG hotspots observed along the
BVDV2 genome primarily occur in the NS2 region of the viral
genome. For BVDV2a and BVDV2c strains, this translates to
approximately 73% of 5* and 3" junctions for 2a and 98% of 5* and
3" junctions for 2c¢, respectively. The only other region with greater
than 10% of DelVG reads for either BVDV2a or 2c¢ was
approximately 14% of BVDV2a reads corresponding to deletions in
the NS4B region (Figures 2B-D). Within the BVDV2a set, three
common deletions were observed in at least two strains, with two
(NS2-NS2 4,978-5,296 and NS3-NS3 6,072-6,187) found in five
viral isolates each (33%). Within the BVDV2c set, three common
deletions were observed (NS2-NS2 5,266-5,306, NS5A-NS5B
8,988-12,135, and NPro-NPro 548-566). The NS2-NS2 5,266
5,306 DelVG was observed in three of four isolates (75%) and
accounted for 99.5% of NS2 DelVGs in the set. A NS5A-NS5B
8,988-12,135 DelVG was present in all four BVDV2c isolates
(100%), and an NPro-NPro 548-566 was also present in three of
four (75%) BVDV2c isolates (Table 1). The single BVDV2b isolate
queried had no NS2 DelVG junctions. The DelVG species generated
by the BVDV2b strain, accounting for 98.26% of reads, had a 5°
junction point in the NS3 region and 3" junction point in the NS5B
region (Figures 2B-D). Observing where 5* and 3" junctions occur
for BVDV2a and 2c subgenotypes (BVDV2b was excluded from this
comparison for only having a single isolate), we found that the
increase in DelVGs generated by BVDV2c strains in comparison to
BVDV2a is attributable to the amount of NS2 deletions generated
by BVDV2c strains (Figures 2E,F). The majority of BVDV2a DelVG
reads were in the NS2 region. Four BVDV2c strains generated
significantly greater DelVG read coverage in the NS2 region than
BVDV2a isolates.

BVDVZ2a cytopathic strains generate more
NS2 deletions than non-cytopathic strains

We sought to distinguish whether any of the differences in
DelVG generation or species characterization were correlated with
biotype. From the dual infection of MDBK and BTu cells, four of
16 (25%) BVDV2a strains analyzed were of the CP biotype, and
two of four (50%) BVDV2c strains were of the CP biotype. The
remaining 15 strains, including the single BVDV2b strain, did not
elicit CPE (Figure 3A). Comparing the total read coverage of
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FIGURE 1

Phylogenetic DelVG analysis of BVDV2 strains. (A) Phylogenetic dendrogram of BVDV2 strains. Comparative genomes for subgenotyping are
highlighted. BVDV2a (Red), BVDV2b (Gray), BVDV2c (Blue). (B) Total strain DelVG read coverage per 1 million standard viral reads. BVDV2 strains are
ordered along the x-axis by full-genome ClustalW phylogenetic analysis using MEGA12 software. BVDV2a (red), BVDV2b (Gray), and BVDV2c (Blue).
(C) Strain-specific DelVG species sizes (bp). BVDV2 strains are ordered along the x-axis by full-genome ClustalW phylogenetic analysis using MEGA12
software. BVDV2a (Red), BVDV2b (gray), and BVDV2c (Blue). There were no significant differences. (D) Strain-specific read coverage per DelVG species
per 1 million standard viral reads. BVDV2 strains are ordered along the x-axis by full-genome ClustalW phylogenetic analysis using MEGA12 software.
BVDV2a (red), BVDV2b (Gray), and BVDV2c (Blue). Ns: p > 0.05, *: p < 0.05, **: p < 0.005, ***: p < 0.0005. (E) Total deletion reads (read coverage per 1
million standard viral reads) among BVDV2 strains. ***: p < 0.0005.

BVDV2aand BVDV2c¢ CP and NCP strains, we observed that the  strains in the amount and location of 5° and 3" junction read
BVDV2c NCP strains generated more DelVGs than either  coverage (Figures 3E,F).

BVDV2a CP or NCP strains, and BVDV2c CP strains generated

more DelVGs than BVDV2a NCP strains (Figure 3B). Comparing ) )

where junctions occur between biotypes, BVDV2a CP strains Discussion

generate greater DelVG read coverage in the NS2 region than NCP

strains for both 5° and 3" junctions (Figures 3C,D). In contrast, BVDV is a virus with substantial genomic diversity across its
for BVDV2c strains, there was no difference between CP and NCP  two genotypes and 25 subgenotypes (16). Recently, the first
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BVDV2 DelVG species and regional hotspots. (A) 5 and 3 junction point analysis for all BVDV2 strains. The area of each data point correlates to the
read coverage per 1 million standard viral reads. Distribution of 5 DelVG junction points (B) and 3 DelVG junction points (C) per gene feature for
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Locations of the 5 (E) and 3 (F) junction points of BVDV2a and BVDV2c DelVG reads (read coverage per 1 million standard viral reads. Ns: p > 0.05,
**x%: p < 0.0001).

TABLE 1 Most common deletion species (n > 2 strains).

Feature 5'-3’ Number of 5" Junction point 3’ Junction point peletion size (bp) ~ Read coverage
junctions strains present in (bp locus) (bp locus)

BVDV2a (n=16)

NS2-NS2 5 1978 5,296 318 1413
NS2-NS2 2 4,978 5,300 322 979
NS3-NS3 5 6072 6187 115 72
BVDV2c (n = 4)

NS2-NS2 3 5,266 5,306 40 168,997
NS5A-NS5B 4 8988 12,135 3,147 1,814
NPro-NPro 3 548 566 18 529

Common DelVG species were determined by the presence in two or more of the BVDV2a and BVDV2c analyzed strains. From left to right: gene feature where 5' and 3" junctions occur;
Number of strains DelVG species is present in; 5* junction point base pair locus in genome; 3 junction point base pair locus in genome; size of DelVG in base pairs; sum of read coverage
across all strains present, normalized per 1 million standard viral reads.

BVDV1b. However, it was a small subset of BVDV viral diversity.
This study sought to continue this analysis of BVDV DelVGs in
BVDV?2 with the goal of characterizing deletion profiles to better

identification and characterization of DelVGs by BVDV or any
other pestivirus was reported (19). Holthausen et al. (19) focused
on the most prevalent and closely related genotypes, BVDV1a and
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understand their potential roles in pestivirus biology and reveal
new targets for intervention strategies.

Here, the DelVGs generated by 16 BVDV2a, one BVDV2b, and
four BVDV2c strains were assessed. An acutely different profile than
that of BVDV1 viral strains was found. These differences included
unique hotspots for deletions. For the 41 BVDV 1a strains, hotspots
for deletions were observed in the 900-, 4,500-, and 9,000-bp regions,
which correlated with the C, NS2, and NS5A genome regions. For 33
BVDV1b strains, a 5° junction hotspot at 8,000 bp and 3" junction
hotspot at 9,000 bp were identified, which correlated with NS4B and
NS5A regions (19). In contrast, for BVDV?2 strains, there was a strong
hotspot in the 5,000-6,000-bp region, especially for BVDV2c strains,
which correlated with the NS2 and NS3 genome regions. Unlike
BVDV2a and BVDV2c strains, the sole BVDV2b strain analyzed had
a hotspot for the 5° junction at approximately 7,000 bp in the NS3
region and the 3" junction at approximately 10,000 bp in the NS5B
region. The analysis of BVDV1a vs. BVDVI1b found that 52% of
DelVGs were generated in the C region by BVDVla strains, in
contrast to 8% in BVDV1b strains. The profile among the BVDV2
strains queried differed greatly. NS2 and NS3 deletions comprise the
majority (90%) of BVDV2 DelVG reads, in contrast to 52% of
BVDV1a DelVG reads being in the C region and 34% of BVDV1b
DelVG reads being NS4B-NS5A deletions. Research into other virus
species in Flaviviridae have demonstrated that viruses with deletions
within the C region can still generate and package recoverable virus,
however with varying levels of attenuation (36-38). Future research
is needed to determine why these profiles differ and what the
implications are for BVDV replication dynamics and pathogenesis.
The reduction in C deletions seen in BVDV?2 strains and BVDV1b
strains in comparison to BVDV1a strains suggests an evolutionary
advantage to not producing C deletion genomes, as circulating
BVDVa strains have reduced in comparison to other genotypes (39,
40). The reduced immune induction likely afforded by BVDV1a
strains from generating these C deletion genomes does not outweigh
the attenuation, making alternative deletions, such as the NS2 and
NS3 deletions found in BVDV2 strains, more advantageous.

Frontiers in Veterinary Science

Unlike the C protein that is critical for viral structure and
assembly, NS2 is not a structural element of the virus. The BVDV NS2
protein has cysteine autoprotease functionality (41, 42). As an
autoprotease, NS2 self-cleavage of separate NS2 and NS3 proteins
from the NS2-NS3 precursor of the BVDV polyprotein is critical for
the generation of infectious viruses, viral replication, and virion
morphogenesis in CP strains (43). Unlike the C protein, there is no
reporting of internal NS2 or NS3 deletions producing recoverable
attenuated virus. The NS2 region accounted for 73% of BVDV2a and
98% of BVDV2c DelVG read coverage. One caveat of the NS2
function is that the effective cleavage of the NS2-3 junction by NS2 is
linked with the determination of biotype (41). CP BVDV strains are
associated with the functional cleavage of the NS3 product, whereas
NCP BVDV strains generate uncleaved NS2-NS3 (44, 45). When CP
and NCP virus strains were compared among queried BVDV2
isolates, a significant difference was observed between BVDV2a
strains for NS2 DelVGs, with CP viruses generating more NS2
DelVGs. As DelVGs are known to stimulate the interferon response,
these NS2 DelVGs may be acting in a cytopathogenic accessory role.
In the small sample size (n = 4) of BVDV2c strains, no difference was
observed. Whether a larger set of BVDV2c strains would produce
differences between CP and NCP viruses requires further
investigation. Holthausen et al. (19) found that no difference was
observed between paired CP and NCP viruses for BVDV1 strains;
however, NS2 deletions were not the predominant species generated
by those strains. As only infection with NCP BVDV strains generates
PI animals, the difference in NS2 DelVGs between CP and NCP
BVDV2a strains may impact infection-derived cellular immune and
survival signaling pathways that shape virulence and pathogenesis.
Whether PI-derived BVDV generates unique DelVG profiles and
what role those genomes have on viral fitness and persistence should
be studied further.

For the sole BVDV2b strain examined, 98% of DelVG reads had a
5" junction in NS3 and a 3" junction in NS5B. The NS3 protein has two
domains with separate serine protease and RNA helicase functionalities,
which cleave the viral polyprotein and aid in RNA viral genome
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replication, respectively (46-48). Beyond cleavage in NS3, this DelVG
species generates genomes that delete the entirety of NS4A, a cofactor
for NS3 activity; NS4B, an integral membrane protein with viral
replication and immune evasion activity; and NS5A, a phosphoprotein
critical for viral replication, with the 3* cleavage occurring in the
RNA-dependent RNA polymerase (13). DelVGs are packaged into
DIPs, replacing full-length functional viral genomes in newly generated
viral particles. As DelVGs are shorter than standard length viral
genomes, they are faster and more efficient to replicate (25, 49, 50). This
predominant DelVG generated by the BVDV2b strain deletes most of
the non-structural proteins of BVDV and produces a genome that is
32% (3,915 bp) shorter than the standard viral genome, which likely
replicates in a more efficient manner than the standard-length virus.
The main functions of DelVGs and DIPs during infection are to
sequester replication machinery from the standard virus, interfere with
standard viral replication, stimulate the interferon response, and
promote cellular pro-survival signals that stimulate viral persistence
(20, 25, 26). While this predominant DelVG species in the BVDV2b
strain could be an anomaly among 2b strains, and further analysis of
isolates is needed, the pattern of NS2 deletions among the 20 BVDV2a
and 2c isolates suggests that generating these DelVGs is beneficial to
the virus.

Single-point mutations in the BVDV NS2 protein are
associated with viral attenuation, viability, and cytopathogenicity
(51, 52). Based on the prevalence of NS2 DelVGs among BVDV2
strains observed in this study, they likely play a substantive role in
BVDV2 viral pathogenesis, moderating viral infection and
shaping host cellular responses. Given that DelVGs have been
associated with influencing virulence, the establishment of viral
persistence, and interferon stimulation in other members of
Flaviviridae (20, 22, 24, 26, 53), hotspots for viral DelVG
generation such as the C region in BVDV1 and now the reporting
of NS2 for BVDV2 in this study become targets of interest for
understanding virus-host interactions, viral evolution, as well as
antiviral and vaccine development.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

DH: Validation, Methodology, Formal analysis, Visualization,
Data curation, Writing - review & editing, Supervision, Investigation,
Conceptualization, Writing - original draft. DB: Validation,
Methodology, Writing — review & editing, Formal analysis, Data
curation, Investigation. JN: Writing - review & editing, Investigation,
Validation, Formal analysis, Data curation, Resources, Methodology.
RD: Writing - review & editing, Investigation, Resources,
Methodology. SF: Methodology, Investigation, Resources, Writing —
review & editing. DN: Validation, Writing — review & editing, Data
curation. AG: Writing - review & editing, Data curation, Investigation.
HM: Writing - review & editing, Investigation. EC: Resources, Project
administration, Supervision, Writing - review & editing.

Frontiers in Veterinary Science

10.3389/fvets.2025.1686098

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported
by funding through internal USDA research funds (USDA/
Agricultural Research Service, Project 5030-32000-229-000D). The
funder had no role in the study, design, data collection, analysis,
decision to publish or preparation of this manuscript.

Acknowledgments

The authors gratefully acknowledge Patricia Federico and Kathryn
Bickel for their technical support at the USDA National Animal
Disease Center, and Emna Achouri at Washington University in St.
Louis for assisting with the VODKA2 bioinformatic pipeline. The
mention of trade names, proprietary products, or specified equipment
does not constitute a guarantee or warranty by the USDA and does not
imply approval to the exclusion of other products that may be suitable.
USDA is an Equal Opportunity Employer.

Conflict of interest

The authors declare that this research was conducted in the
absence of any commercial or financial relationships that could
be construed as conflicts of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material
The Supplementary material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1686098/

full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fvets.2025.1686098
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1686098/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1686098/full#supplementary-material

Holthausen et al.

References

1. Riley JM, Peel DS, Raper KC, Hurt C. Invited review: economic consequences of
beef cow-calf disease mismanagement: bovine viral diarrhea virus. Appl Anim Sci. (2019)
35:606-14. doi: 10.15232/aas.2019-01861

2. Grooms DL. Reproductive consequences of infection with bovine viral diarrhea
virus. Vet Clin North Am Food Anim Pract. (2004) 20:5-19. doi:
10.1016/j.cvfa.2003.11.006

3. Bell RL, Turkington HL, Cosby SL. The bacterial and viral agents of BRDC: immune
evasion and vaccine developments. Vaccines. (2021) 9:337. doi: 10.3390/vaccines9040337

4. Richter V, Lebl K, Baumgartner W, Obritzhauser W, Kasbohrer A, Pinior B. A
systematic worldwide review of the direct monetary losses in cattle due to bovine viral
diarrhoea virus infection. Vet J. (2017) 220:80-7. doi: 10.1016/j.tvj1.2017.01.005

5. Buczinski S, Broes A, Savard C. Frequency of bovine respiratory disease complex
bacterial and viral agents using multiplex real-time qPCR in Quebec, Canada, from 2019
to 2023. Vet Sci. (2024) 11:631. doi: 10.3390/vetscil 1120631

6. Fritzen JTT, Yasumitsu CY, Silva IV, Lorenzetti E, Alfieri AE, Alfieri AA. Respiratory
illness in young and adult cattle caused by bovine viral diarrhea virus subgenotype 2b
in singular and mixed bacterial infection in a BVDV-vaccinated dairy herd. Braz J
Microbiol. (2024) 55:4139-46. doi: 10.1007/s42770-024-01476-x

7. Rodning SP, Givens MD, Marley MS, Zhang Y, Riddell KP, Galik PK, et al.
Reproductive and economic impact following controlled introduction of cattle
persistently infected with bovine viral diarrhea virus into a naive group of heifers.
Theriogenology. (2012) 78:1508-16. doi: 10.1016/j.theriogenology.2012.05.031

8. Pang F, Long Q, Wei M. Immune evasion strategies of bovine viral diarrhea virus.
Front Cell Infect Microbiol. (2023) 13:1282526. doi: 10.3389/fcimb.2023.1282526

9. Khodakaram-Tafti A, Farjanikish GH. Persistent bovine viral diarrhea virus
(BVDV) infection in cattle herds. Iran ] Vet Res. (2017) 18:154-63.

10. Simmonds P, Becher P, Bukh J, Gould EA, Meyers G, Monath T, et al. ICTV Virus
Taxonomy Profile: Flaviviridae. ] Gen Virol. (2017) 98:2-3. doi: 10.1099/jgv.0.000672

11. Tautz N, Tews BA, Meyers G. The molecular biology of Pestiviruses. Adv Virus Res.
(2015) 93:47-160. doi: 10.1016/bs.aivir.2015.03.002

12. Neill JD. Molecular biology of bovine viral diarrhea virus. Biologicals. (2013)
41:2-7. doi: 10.1016/j.biologicals.2012.07.002

13. Chi S, Chen S, Jia W, He Y, Ren L, Wang X. Non-structural proteins of bovine viral
diarrhea virus. Virus Genes. (2022) 58:491-500. doi: 10.1007/s11262-022-01914-8

14. Al-Kubati AAG, Hussen J, Kandeel M, Al-Mubarak AIA, Hemida MG. Recent
advances on the bovine viral Diarrhea virus molecular pathogenesis, immune response,
and vaccines development. Front Vet Sci. (2021) 8:665128. doi: 10.3389/fvets.2021.665128

15. Collins ME, Desport M, Brownlie J. Bovine viral diarrhea virus quasispecies
during persistent infection. Virology. (1999) 259:85-98. doi: 10.1006/vir0.1999.9697

16. Yesilbag K, Alpay G, Becher P. Variability and global distribution of subgenotypes
of bovine viral Diarrhea virus. Viruses. (2017) 9:128. doi: 10.3390/v9060128

17. Chernick A, Ambagala A, Orsel K, Wasmuth JD, van Marle G, van der Meer F.
Bovine viral diarrhea virus genomic variation within persistently infected cattle. Infect
Genet Evol. (2018) 58:218-23. doi: 10.1016/j.meegid.2018.01.002

18. Peterhans E, Bachofen C, Stalder H, Schweizer M. Cytopathic bovine viral diarrhea
viruses (BVDV): emerging pestiviruses doomed to extinction. Vet Res. (2010) 41:44. doi:
10.1051/vetres/2010016

19. Holthausen DJ, Bayles DO, Neill JD, Dassanayake RP, Falkenberg SM, Menghwar
H, et al. Deletion viral genome diversity among bovine viral diarrhea virus (BVDV) la
and 1b strains. Virol J. (2025) 22:237. doi: 10.1186/s12985-025-02773-z

20. Vignuzzi M, Lopez CB. Defective viral genomes are key drivers of the virus-host
interaction. Nat Microbiol. (2019) 4:1075-87. doi: 10.1038/s41564-019-0465-y

21. Poirier EZ, Mounce BC, Rozen-Gagnon K, Hooikaas PJ, Stapleford KA, Moratorio
G, et al. Low-Fidelity polymerases of alphaviruses recombine at higher rates to
overproduce defective interfering particles. J Virol. (2015) 90:2446-54. doi:
10.1128/JV1.02921-15

22. Noppornpanth S, Smits SL, Lien TX, Poovorawan Y, Osterhaus AD, Haagmans BL.
Characterization of hepatitis C virus deletion mutants circulating in chronically infected
patients. J Virol. (2007) 81:12496-503. doi: 10.1128/JV1.01059-07

23. Mandl CW, Holzmann H, Meixner T, Rauscher S, Stadler PE, Allison SL, et al.
Spontaneous and engineered deletions in the 3" noncoding region of tick-borne
encephalitis virus: construction of highly attenuated mutants of a flavivirus. J Virol.
(1998) 72:2132-40. doi: 10.1128/JV1.72.3.2132-2140.1998

24.Brinton MA. Characterization of West Nile virus persistent infections in
genetically resistant and susceptible mouse cells. I. Generation of defective nonplaquing
virus particles. Virology. (1982) 116:84-98. doi: 10.1016/0042-6822(82)90405-6

25. Brennan JW, Sun Y. Defective viral genomes: advances in understanding their
generation, function, and impact on infection outcomes. MBio. (2024) 15:e0069224. doi:
10.1128/mbi0.00692-24

26.Lin MH, Li D, Tang B, Li L, Suhrbier A, Harrich D. Defective interfering particles
with broad-acting antiviral activity for dengue, zika, yellow fever, respiratory syncytial

Frontiers in Veterinary Science

10.3389/fvets.2025.1686098

and SARS-CoV-2 virus infection. Microbiol Spectr. (2022) 10:€0394922. doi:
10.1128/spectrum.03949-22

27. Neill JD, Workman AM, Hesse R, Bai J, Porter EP, Meadors B, et al. Identification
of BVDV2b and 2c subgenotypes in the United States: genetic and antigenic
characterization. Virology. (2019) 528:19-29. doi: 10.1016/j.virol.2018.12.002

28. Ridpath JE, Bolin SR, Dubovi EJ. Segregation of bovine viral diarrhea virus into
genotypes. Virology. (1994) 205:66-74. doi: 10.1006/viro.1994.1620

29. Falkenberg SM, Dassanayake RP, Walz P, Casas E, Neill D, Ridpath JF. Frequency
of bovine viral diarrhea virus detected in subpopulations of peripheral blood
mononuclear cells in persistently infected animals and health outcome. Vet Immunol
Immunopathol. (2019) 207:46-52. doi: 10.1016/j.vetimm.2018.11.015

30. Bauermann FV, Flores EF, Ridpath JE. Antigenic relationships between bovine viral
diarrhea virus 1 and 2 and HoBi virus: possible impacts on diagnosis and control. ] Vet
Diagn Invest. (2012) 24:253-61. doi: 10.1177/1040638711435144

31. Kumar S, Stecher G, Suleski M, Sanderford M, Sharma S, Tamura K. MEGA12:
molecular evolutionary genetic analysis version 12 for adaptive and green computing.
Mol Biol Evol. (2024) 41:263. doi: 10.1093/molbev/msae263

32. Achouri E, Felt SA, Hackbart M, Rivera-Espinal NS, Lopez CB. VODKAZ2: a fast
and accurate method to detect non-standard viral genomes from large RNA-seq data
sets. RNA. (2023) 30:16-25. doi: 10.1261/rna.079747.123

33. Felt SA, Achouri E, Faber SR, Lopez CB. Accumulation of copy-back viral genomes
during respiratory syncytial virus infection is preceded by diversification of the copy-
back viral genome population followed by selection. Virus Evol. (2022) 8:veac091. doi:
10.1093/ve/veac091

34.Mosena ACS, Falkenberg SM, Ma H, Casas E, Dassanayake RP, Walz PH,
et al. Multivariate analysis as a method to evaluate antigenic relationships between
BVDV vaccine and field strains. Vaccine. (2020) 38:5764-72. doi:
10.1016/j.vaccine.2020.07.010

35. Mosena ACS, Falkenberg SM, Ma H, Casas E, Dassanayake RP, Booth R, et al. Use
of multivariate analysis to evaluate antigenic relationships between US BVDV vaccine
strains and non-US genetically divergent isolates. J Virol Methods. (2022) 299:114328.
doi: 10.1016/j.jviromet.2021.114328

36. Schlick P, Taucher C, Schittl B, Tran JL, Kofler RM, Schueler W, et al. Helices
alpha2 and alpha3 of West Nile virus capsid protein are dispensable for assembly of
infectious virions. J Virol. (2009) 83:5581-91. doi: 10.1128/JV1.02653-08

37.He Y, Wang X, Guo J, Mao L, Zhang S, Hu T, et al. Replication/assembly defective
avian flavivirus with internal deletions in the capsid can be used as an approach for
living attenuated vaccine. Front Immunol. (2021) 12:694959. doi: 10.3389/fimmu.
2021.694959

38. Kofler RM, Heinz FX, Mandl CW. Capsid protein C of tick-borne encephalitis
virus tolerates large internal deletions and is a favorable target for attenuation of
virulence. J Virol. (2002) 76:3534-43. doi: 10.1128/JV1.76.7.3534-3543.2002

39. Ridpath JE Lovell G, Neill JD, Hairgrove TB, Velayudhan B, Mock R. Change in
predominance of bovine viral diarrhea virus subgenotypes among samples submitted to
a diagnostic laboratory over a 20-year time span. J Vet Diagn Invest. (2011) 23:185-93.
doi: 10.1177/104063871102300201

40. Walz PH, Chamorro MFE, S ME, Passler T, van der Meer F, A RW. Bovine viral
diarrhea virus: an updated American College of Veterinary Internal Medicine consensus
statement with focus on virus biology, hosts, immunosuppression, and vaccination. J Vet
Intern Med. (2020) 34:1690-706.

41.Lackner T, Muller A, Pankraz A, Becher P, Thiel HJ, Gorbalenya AE, et al.
Temporal modulation of an autoprotease is crucial for replication and pathogenicity
of an RNA virus. J Virol. (2004) 78:10765-75. doi: 10.1128/JV1.78.19.10765-
10775.2004

42, Walther T, Bruhn B, Isken O, Tautz N. A novel NS3/4A protease dependent
cleavage site within pestiviral NS2. ] Gen Virol. (2021) 102:666. doi: 10.1099/jgv.0.001666

43. Agapov EV, Murray CL, Frolov I, Qu L, Myers TM, Rice CM. Uncleaved NS2-3 is
required for production of infectious bovine viral diarrhea virus. J Virol. (2004)
78:2414-25. doi: 10.1128/JV1.78.5.2414-2425.2004

44. Tautz N, Thiel HJ. Cytopathogenicity of pestiviruses: cleavage of bovine viral
diarrhea virus NS2-3 has to occur at a defined position to allow viral replication. Arch
Virol. (2003) 148:1405-12. doi: 10.1007/s00705-003-0106-9

45. Darweesh MF, Rajput MK, Braun LJ, Ridpath JE Neill JD, Chase CC.
Characterization of the cytopathic BVDV strains isolated from 13 mucosal disease cases
arising in a cattle herd. Virus Res. (2015) 195:141-7. doi: 10.1016/j.virusres.2014.09.015

46. Wiskerchen M, Collett MS. Pestivirus gene expression: protein p80 of bovine viral
diarrhea virus is a proteinase involved in polyprotein processing. Virology. (1991)
184:341-50. doi: 10.1016/0042-6822(91)90850-B

47. Tamura JK, Warrener P, Collett MS. RNA-stimulated NTPase activity associated
with the p80 protein of the pestivirus bovine viral diarrhea virus. Virology. (1993)
193:1-10. doi: 10.1006/viro.1993.1097

48. Warrener P, Collett MS. Pestivirus NS3 (p80) protein possesses RNA helicase
activity. J Virol. (1995) 69:1720-6. doi: 10.1128/jvi.69.3.1720-1726.1995

frontiersin.org


https://doi.org/10.3389/fvets.2025.1686098
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.15232/aas.2019-01861
https://doi.org/10.1016/j.cvfa.2003.11.006
https://doi.org/10.3390/vaccines9040337
https://doi.org/10.1016/j.tvjl.2017.01.005
https://doi.org/10.3390/vetsci11120631
https://doi.org/10.1007/s42770-024-01476-x
https://doi.org/10.1016/j.theriogenology.2012.05.031
https://doi.org/10.3389/fcimb.2023.1282526
https://doi.org/10.1099/jgv.0.000672
https://doi.org/10.1016/bs.aivir.2015.03.002
https://doi.org/10.1016/j.biologicals.2012.07.002
https://doi.org/10.1007/s11262-022-01914-8
https://doi.org/10.3389/fvets.2021.665128
https://doi.org/10.1006/viro.1999.9697
https://doi.org/10.3390/v9060128
https://doi.org/10.1016/j.meegid.2018.01.002
https://doi.org/10.1051/vetres/2010016
https://doi.org/10.1186/s12985-025-02773-z
https://doi.org/10.1038/s41564-019-0465-y
https://doi.org/10.1128/JVI.02921-15
https://doi.org/10.1128/JVI.01059-07
https://doi.org/10.1128/JVI.72.3.2132-2140.1998
https://doi.org/10.1016/0042-6822(82)90405-6
https://doi.org/10.1128/mbio.00692-24
https://doi.org/10.1128/spectrum.03949-22
https://doi.org/10.1016/j.virol.2018.12.002
https://doi.org/10.1006/viro.1994.1620
https://doi.org/10.1016/j.vetimm.2018.11.015
https://doi.org/10.1177/1040638711435144
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.1261/rna.079747.123
https://doi.org/10.1093/ve/veac091
https://doi.org/10.1016/j.vaccine.2020.07.010
https://doi.org/10.1016/j.jviromet.2021.114328
https://doi.org/10.1128/JVI.02653-08
https://doi.org/10.3389/fimmu.2021.694959
https://doi.org/10.3389/fimmu.2021.694959
https://doi.org/10.1128/JVI.76.7.3534-3543.2002
https://doi.org/10.1177/104063871102300201
https://doi.org/10.1128/JVI.78.19.10765-10775.2004
https://doi.org/10.1128/JVI.78.19.10765-10775.2004
https://doi.org/10.1099/jgv.0.001666
https://doi.org/10.1128/JVI.78.5.2414-2425.2004
https://doi.org/10.1007/s00705-003-0106-9
https://doi.org/10.1016/j.virusres.2014.09.015
https://doi.org/10.1016/0042-6822(91)90850-B
https://doi.org/10.1006/viro.1993.1097
https://doi.org/10.1128/jvi.69.3.1720-1726.1995

Holthausen et al.

49. Von Magnus P. Studies on interference in experimental influenza. I. Biological
observations. Ark Kemi Mineral Geol. (1947) 24:6.

50. Huang AS, Baltimore D. Defective viral particles and viral disease processes.
Nature. (1970) 226:325-7. doi: 10.1038/226325a0

51. Pankraz A, Preis S, Thiel HJ, Gallei A, Becher P. A single point mutation in
nonstructural protein NS2 of bovine viral diarrhea virus results in temperature-sensitive
attenuation of viral cytopathogenicity. J Virol. (2009) 83:12415-23. doi: 10.1128/JVI1.01487-09

Frontiers in Veterinary Science

09

10.3389/fvets.2025.1686098

52. Kummerer BM, Meyers G. Correlation between point mutations in NS2 and the
viability and cytopathogenicity of bovine viral diarrhea virus strain Oregon analyzed
with an infectious cDNA clone. ] Virol. (2000) 74:390-400. doi: 10.1128/JV1.74.
1.390-400.2000

53.Li D, Lott WB, Lowry K, Jones A, Thu HM, Aaskov J. Defective interfering viral
particles in acute dengue infections. PLoS One. (2011) 6:e19447. doi: 10.1371/journal.
pone.0019447

frontiersin.org


https://doi.org/10.3389/fvets.2025.1686098
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1038/226325a0
https://doi.org/10.1128/JVI.01487-09
https://doi.org/10.1128/JVI.74.1.390-400.2000
https://doi.org/10.1128/JVI.74.1.390-400.2000
https://doi.org/10.1371/journal.pone.0019447
https://doi.org/10.1371/journal.pone.0019447

	Bovine viral diarrhea virus 2 strains generate deletion viral genomes primarily in the NS2 region of the viral genome
	Introduction
	Materials and methods
	Virus field isolates and RNA extraction
	Determination of cytopathic effect
	Whole-genome sequencing and phylogenetic analyses
	Viral Opensource DVG Key Algorithm 2 (VODKA2)
	Statistical analyses

	Results
	BVDV2 strains generate different quantities and sizes of DelVGs
	BVDV 2a and 2c DelVG hotspots are primarily generated in the NS2 region
	BVDV2a cytopathic strains generate more NS2 deletions than non-cytopathic strains

	Discussion

	References

