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Cloned cDNA derived from the genome of the virulent type 2 bovine viral diarrhea virus (BVDV) strain
NY’93/C was sequenced and served for establishment of the infectious cDNA clone pKANE40A. Virus recovered
from pKANE40A exhibited growth characteristics similar to those of wild-type BVDV NY’93/C and proved to
be clinically indistinguishable from the wild-type virus in animal experiments. A virus mutant in which the
RNase residing in the viral glycoprotein Erns was inactivated, revealed an attenuated phenotype. The plasmid
pKANE40A represents the first infectious cDNA clone established for a type 2 BVDV and offers a variety of new
approaches to analyze the mechanisms of BVDV-induced disease in cattle.

Bovine Viral Diarrhea Virus (BVDV) is a member of the
genus Pestivirus within the family Flaviviridae (62). The genus
also includes Classical Swine Fever Virus (CSFV) and Border
Disease Virus (BDV) of sheep. The pestiviral genome consists
of a single-stranded positive-sense RNA of about 12.3 kb that
contains one open reading frame (ORF) coding for a polypro-
tein of about 4,000 amino acids (38). The ORF is at both ends
flanked by untranslated regions (UTR) (2, 6, 29, 40). The 5�
UTR serves as an internal ribosomal entry site (34–36, 42). The
viral polyprotein is co- and posttranslationally processed by
both viral and host proteases into at least 11 mature proteins
arranged in the polyprotein in the order NH2-Npro, C, Erns, E1,
E2, p7, NS2-3, NS4A, NS4B, NS5A, and NS5B-COOH (7, 8,
12, 14, 44, 48, 50, 64).

The nucleocapsid protein C and the glycoproteins Erns, E1,
and E2 are structural components of the virion (52). Both Erns

and E2 are found on virions (61), induce neutralizing antibod-
ies (11, 59, 60), and elicit protective immunity in their natural
host (16, 19, 44, 56). A considerable amount of Erns is also
secreted from infected culture cells (44); the mechanism by
which this protein is bound to the virion has yet to be eluci-
dated. This protein is particularly interesting, since it exhibits
an intrinsic RNase activity (18, 47, 63). Abrogation of the
RNase activity by point mutations resulted in fully viable virus
mutants for CSFV (17, 25). Infection of pigs with the RNase-
negative CSFV strain Alfort/Tübingen revealed that inactiva-
tion of the RNase is correlated with clinical attenuation (25).
However, the pathogenetic mechanism behind the attenuation
remains to be solved, and whether the attenuation would be
restricted to the particular virus strain or to the swine as a host
could not be ruled out.

BVDV induces a variety of symptoms upon infection of its
natural host, including fever, leukopenia, respiratory problems,

and diarrhea (1, 30, 51). The clinical picture is variable, and in
many cases, the infection remains unnoticed. Therefore, diffi-
culties were encountered in reproducing disease by experimen-
tal infection with BVDV, and in consequence, it was not pos-
sible to clearly define attenuating mutations in the BVDV
system for quite a long time. Some years ago, a new type of
BVDV infections causing severe thrombocytopenia and hem-
orrhages in calves and adult cattle was described in North
America and, sporadically, Europe (13, 33, 37, 41). Virus iso-
lates from these outbreaks were antigenically and genetically
distinct from the known BVDV strains. This group of viruses,
which also comprises less-pathogenic viruses, was classified as
BVDV type 2 (BVDV-2). The classification was based on
nucleotide sequence characteristics of different parts of the
genome (3, 33, 41). Although only some of the type 2 strains
induce fatal clinical symptoms, they are a major threat to the
cattle industry. Vaccines against the classical BVDV-1 provide
only partial protection from BVDV-2 infection, and vaccinated
dams may produce calves that are persistently infected with
BVDV-2 (5, 41). This problem is probably due to the great
antigenic diversity between type 1 and type 2 strains, which is
most pronounced in the glycoprotein E2, the major target for
pestivirus neutralizing antibodies (53, 55, 60). As a conse-
quence of the antigenic variation, most monoclonal antibodies
specific for BVDV-1 fail to bind to type 2 viruses (41).

The highly virulent isolate New York ’93 (32) (in our case
field isolate VLS 399) provided the basis for establishing the
first BVDV-2 infectious cDNA clone. Strain NY’93/C was re-
isolated from the blood of a calf that had been infected with
BVDV New York ’93 and developed fatal disease. RNA was
prepared from cells infected with NY’93/C from the first tissue
culture passage and directly used for subsequent work. North-
ern blot analysis showed that, contrary to BVDV-2 strain 890
(40), the genome of NY’93/C contains no large insertions or
deletions (data not shown). A cDNA library was established in
phage lambda ZAPII and screened as described before (27).
The cDNA synthesis was primed with BVDV-specific oligonu-
cleotides with sequences deduced from published genomic se-
quences (Ol-BVD13, Ol-BVD14, and Ol-BVD15) (27) and the
following oligonucleotides in the 5� to 3� orientation: Ol-
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B22.1R (GTTGACATGGCATTTTTCGTG), Ol-B12.1R (CC
TCTTATACGTTCTCACAACG), Ol-BVD33 (GCATCCAT
CATXCCRTGDAT), Ol-N7-3-7 (CAAATCTCTGATCAGT
TGTTCCAC), Ol-B23-RII (TTGCACACGGCAGGTCC),
and Ol-B-3� (GTCCCCCGGGGGCTGTTAAGGGTTTTCC
TAGTCCA). BVDV-specific clones were identified by plaque
hybridization (probe: XhoI-AatII insert of full-length cDNA
clone pA/BVDV; GenBank accession no. U63479) (28). Nu-
cleotide sequence analysis of positive clones revealed that the
complete viral genome had been cloned, except for the ex-
treme 5�-terminal part and a region covering the sequence
coding for the E2 protein. Apparently, the latter sequence was
unstable in the vector system employed and was therefore
analyzed from cDNA amplified by reverse transcription-PCR
(RT-PCR [Titan One Tube RT-PCR System; Boehringer
Mannheim, Germany]), with 2 �g of total RNA from cells
infected with field isolate VLS 399 and primers CM29 (GAT
GTAGACACATGCGACAAGAACC) and CM51 (GCTTCC
ACTCTTATGCCTTG). The amplified RT-PCR products
were purified by preparative agarose gel electrophoresis and
elution with the Nucleotrap kit as recommended by the man-
ufacturer (Macherey-Nagel, Düren, Germany).

The 5� UTR (positions 1 to 385) was determined by rapid
amplification of cDNA ends (RACE) technology. Single-
stranded (�) DNA from the 5� end of the virus genome was
generated with displayThermo-RT reverse transcriptase (Dis-
play Systems Biotech, Copenhagen, Denmark) by using 2 �g of
total RNA from infected cells and 100 pmol of primer CM79
(CTCCATGTGCCATGTACAGCAGAG), following the
manufacturer’s instructions (reaction of 65°C for 10 min, 42°C
for 40 min, and 65°C for 15 min). The DNA was purified by two
sequential phenol-chloroform extractions and ethanol precip-
itations with 1/4 volume of 10 M ammonium acetate (46). A
poly(dA) tail was added to the first cDNA strand with terminal
transferase (TdT; Roche Molecular Biochemicals, Mannheim,
Germany) with 50% of the “first-strand” product, 50 U of TdT,
6.25 �M dATP, and 1.5 mM CoCl2 in 50 �l of TdT buffer as
recommended by the manufacturer. After incubation at 37°C
for 30 min, the product was purified by phenol-chloroform
extraction and ethanol precipitation. Subsequently, two rounds
of PCR were conducted with Tfl polymerase (Promega, Mann-
heim, Germany) under the conditions recommended by the
supplier and primers T25V primer (Display Systems Biotech,
Copenhagen, Denmark) plus either CM79 or CM86 (CTCGT
CCACATGGCATCTCGAGA; nested PCR primer). The se-
quence of the PCR products revealed that the 5�-terminal
region of the genome was identical to the New York ’93 5� end
published by Topliff and Kelling (54), except for position 21. In
contrast to other known type 2 genomes (40, 54), strain
NY’93/C has adenosine at this position instead of uridine.
According to the structure predicted for this region, the nu-
cleotide at position 21 would be located in the loop of the
stem-loop structure Ia. Mutagenesis experiments showed that
exchanges of nucleotides in this region had no or minor effects
on virus translation or replication activity (66). However, the
presence of adenosine instead of uridine at position 21 in the
RNA of NY’93/C could result in elongation of the stem by
interaction of residues U11/A21 and U12/G20 and thus should
lead to a more stable secondary structure.

Sequences derived from the utmost 3�-terminal end of the

BVDV genome were represented in the cDNA library, since a
specific primer covering the genomic 3� end was included dur-
ing cDNA synthesis. To verify the 3�-terminal sequence, a
DNA oligonucleotide was ligated to the viral RNA and served
in a second step as a template for a primer in 3�-end-specific
RT-PCRs. The DNA primer (10 �g of Ol-nls�; CCTAAAA
AGAAGCGGAAAGTC) was phosphorylated at the 5� end
with T4 polynucleotide kinase (New England Biolabs, Schwal-
bach, Germany) according to standard procedures, passed
through a Sephadex G-50 spin column, and further purified by
phenol-chloroform extraction and ethanol precipitation (45).
Ligation was carried out with 5 �g of total RNA prepared from
infected culture cells and 150 pmol of the phosphorylated
primer with 20 U of T4 RNA ligase (New England Biolabs) in
50 �l of ligase mix (50 mM Tris-HCl [pH 7.8], 10 mM MgCl2,
10 mM dithiothreitol, 1 mM ATP, 40% polyethylene glycol, 50
U of RNA Guard [Amersham, Freiburg, Germany]) for 16 h at
17°C. The product was purified by phenol-chloroform extrac-
tion and ethanol precipitation. The 3� end was amplified by two
rounds of PCR conducted with primer Ol-nls� (GACTTTCC
GCTTCTTTTTAGG) and either CM46 (GCACTGGTGTCA
CTCTGTTG) or CM80 (GAGAAGGCTGAGGGTGATGC
TGATG; nested PCR primer) and subsequently sequenced.
Similar to other pestivirus RNAs, the NY’93/C genome ends
with the sequence. . .GCCCC. The length of the oligo(C)
stretch at the end, which represents a single-stranded region in
the predicted secondary structure (65), shows some variation
among different pestiviruses, but this feature has apparently no
influence on the infectivity of the RNA (26, 28).

The NY’93/C genome is 12,332 nucleotides long (GenBank
accession no. AF502399). The complete sequence was deter-
mined from at least two independent cDNA clones or cDNA
fragments. Exonuclease III and nuclease S1 were used to es-
tablish deletion libraries of cDNA clones (15). Nucleotide se-
quencing of double-stranded DNA was carried out with the
BigDye Terminator Cycle Sequencing kit (PE Applied Biosys-
tems, Weiterstadt, Germany). Both DNA strands of the cDNA
clones were sequenced. Sequence analysis and alignments
were done with Genetics Computer Group software (10). In
total, about 47,000 nucleotides were analyzed, which equals an
overall coverage of about 3.8 for the entire genome. The viral
RNA contains one long ORF encoding a polyprotein of 3,913
amino acids.

The strain NY’93/C is the second BVDV-2 for which the
genome has been fully sequenced. As expected, the degree of
sequence homology with regard to BVDV-1 isolates is rather
low (about 70%). In contrast, the sequence determined shows
96% homology to that of BVDV strain 890 (accession no.
U18059) (40), the other BVDV-2 that was fully sequenced.
Such a high level of similarity indicates that the two viruses,
which were isolated at different times and places (4, 32), have
evolved from a common ancestor only recently. The most ob-
vious differences were found in the genomic region coding for
NS2. BVDV 890 contains a large duplication of about 230
nucleotides (positions 3866 to 4093; reference for nucleotide
positions, BVDV-1 SD1 [9], a virus without duplications or
deletions in its RNA) in this region of the genome. This du-
plication is absent from the NY’93/C genome. However, the
NY’93/C RNA contains a small insertion of 48 residues located
rather close to the 3� end of the NS2-coding region between
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residues 4987 and 4988 (positions corresponding to BVDV
SD1). The inserted sequence shows no significant homology to
BVDV sequences, and a GenBank search did not reveal any
obvious similarity to known sequences. A variety of insertions
within the NS2-coding regions of BVDV genomes have been
correlated with the cleavage of NS2-3 into NS2 and NS3 and
the exhibition of a cytopathogenic phenotype of the viruses
(for review, see references 21 and 24). However, BVDV
NY’93/C is noncytopathogenic, and protein analyses revealed
that NS2-3 is not processed into the smaller products (data not
shown). The same is true for the type 2 strain 890, so that, for
the time being, no function can be assigned to the presence of
the additional sequences in the viral genomes.

Construction and analysis of an infectious cDNA clone for
NY’93/C. Although a number of infectious cDNA clones have
been established for CSFV and BVDV-1 (20, 23, 26, 28, 31, 43,
57), this is the first report of an infectious clone from a
BVDV-2 strain. The clone was designed for runoff transcrip-
tion with T7 RNA polymerase, resulting in a genome-like
RNA without any heterologous additions.

The full-length clone was constituted from five cDNA plas-
mids selected from the initial phage library and one RT-PCR
product encompassing the region between positions 2265 and
4301. At the 5� end, the sequence of the T7 promoter was
added for in vitro transcription, and an SrfI site was introduced
at the 3� end for plasmid linearization (Fig. 1). The assembly of
the different cDNA fragments in plasmid pACYC177 (New
England Biolabs) was done according to standard procedures;
details of the cloning strategy are available from the authors
upon request. The full-length clone was named pKANE40A.

MDBK cells were transfected with RNA generated from the
linearized pKANE40A template by in vitro transcription. A
runoff transcript from plasmid pKANE28AII, which termi-
nates 19 codons upstream of the NS5B coding region, served as
a negative control. Three days posttransfection, immunofluo-
rescence staining was conducted with a mix of monoclonal

antibodies raised against BVDV E2 (58) as described before
(28), and BVDV-specific signals were detected in cells trans-
fected with RNA from pKANE40A, but not in the control. The
virus recovered from pKANE40A was termed BVDV
XIKE-A. The recovered virus was passaged twice, and the
stock of the second passage was used for all further experi-
ments. A pKANE40A specific nucleotide exchange from C to
T at position 1630 was demonstrated by sequencing of an
RT-PCR fragment and taken as proof of the identity of
XIKE-A.

The specific infectivity of the RNA derived from
pKANE40A (4.32 � 102 PFU/�g) was demonstrated to be very
similar to that of BVDV NY’93/C (4 � 102 PFU/�g, deter-
mined with RNA from infected cells), and the growth charac-
teristics of the two viruses were found to be equivalent (Fig. 2).

FIG. 1. Construction of the infectious cDNA clone. The upper part sketches a BVDV genome with a scale in kilobases (kB) and the encoded
polyprotein. The middle part shows the cDNA clones (white), the RT-PCR product (light gray), and the PCR products (dark gray) used for
engineering the infectious cDNA clone. The lower part depicts the ends of the genomic cDNA sequences (underlined) and the sequences added
at the 5� and 3� ends for in vitro transcription.

FIG. 2. Growth curves of the recombinant virus XIKE-A and the
wild-type BVDV isolate NY’93/C. MDBK cells were infected with the
viruses at an MOI of 0.1 and harvested by freezing and thawing at the
indicated time points. Titers were determined after infection of
MDBK cells by immunofluorescence staining 72 h p.i.
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Thus, the nucleotide exchanges identified in pKANE40A with
regard to the consensus sequence (Table 1) had no significant
influence, and XIKE-A was deemed suitable for further exper-
iments.

Animal experiment with XIKE-A and NY’93/C. Some of the
BVDV-2 isolates are known to be considerably more virulent
than standard BVDV-1 (4, 13, 32, 39). The purpose of the
animal experiment was to test the virulence of our reisolated
virus, BVDV NY’93/C, and to compare its pathogenicity with
that of the recombinant virus, XIKE-A, derived from the in-
fectious cDNA clone. Two groups of three calves (8- to
9-month-old flecked cattle female calves, free of BVDV-spe-
cific antibody or antigen, with each group housed in a separate
isolation unit) were infected intranasally with 105 50% tissue
culture infective doses (TCID50) of either XIKE-A or NY’93/C

per animal. Body temperatures and clinical signs were re-
corded daily; blood samples (stabilized with ca. 35 IU of hep-
arin/ml) were taken on days 0, 2 to 16, and 21 postinfection
(p.i.) for leukocyte counts and detection of viremia. Sera from
all calves were collected for detection of neutralizing antibod-
ies against NY’93/C on days 0, 7, 14, 21, 29, and 35 p.i. Nasal
swabs for virus isolation were taken on days 0, 2 to 16, and
21 p.i.

All animals in both groups developed fever (Fig. 3) and a
broad spectrum of clinical signs, including respiratory symp-
toms and gastrointestinal disorders. Animal 091 was eutha-
nized on day 13 p.i. for welfare reasons. All calves in both
groups showed leukopenia starting on day 3 p.i. and persisting
up to day 15 p.i. (Fig. 4). For detection of viremia, buffy coats
were prepared by addition of 5 ml of ice-cold lysis buffer (150
mM NH4Cl, 10 mM KHCO3, 1 mM EDTA [pH 7.4]) to an
aliquot of heparin-stabilized blood (containing ca. 107 leuko-
cytes) and incubation on ice for 10 min, followed by centrifu-
gation. The pellet was washed once with lysis buffer and twice
with ice-cold PBS-A (phosphate-buffered saline [PBS] without
Ca2� and Mg2�) before it was resuspended in 2 ml of PBS-A.
MDBK cells seeded in 24-well plates were inoculated with 200
�l of the buffy coat preparations (106 cells) and incubated for
5 days. Virus was detected by immunofluorescence in buffy
coat preparations from animals infected with NY’93/C for 5
days and with XIKE-A for 7 days (Table 2). The identity of the
viruses reisolated from the animals was verified by nucleotide
sequencing of RT-PCR products from RNA isolated from
buffy coat preparations from all animals.

FIG. 3. Body temperatures of animals infected with NY’93/C (animals 275, 612, and 1610 [broken lines]) or XIKE-A (animals 615, 377, and
091 [solid lines]).

TABLE 1. Sequence differences between the full-length cDNA
clone pKANE40A and the BVDV NY’93/C consensus sequence

Nucleotide
position Exchange Amino acid

substitution
Protein

coded for

1630 C3T Silent Ems

2410 C3A Silent E1
4081 G3A Silent NS2
4698 T3C Val 3 Ala NS2
7648 A3G Silent NS4B
11671 G3A Silent NS5B
11868 A3C Asp 3 Ala NS5B
11898 A3C Asn 3 Thr NS5B
11941 A3G Silent NS5B
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To detect virus in nasal discharge, nasal swabs were taken at
the time points mentioned above, diluted in 2 ml of transport
buffer (PBS supplemented with 5% fetal calf serum [FCS], 100
IU of penicillin G per ml, 0.1 mg of streptomycin per ml, and
2.5 �g of amphotericin B per ml), and passed through a 0.2-
�m-pore-diameter filter. MDBK cells were inoculated in 24-
well plates with 100 �l of these preparations and analyzed by

indirect immunofluorescence microscopy after 5 days. Nasal
shedding was found for 1 or 2 days (Table 2).

The presence of virus-neutralizing antibodies was tested in
serum samples that had been inactivated by incubation at 56°C
for 30 min. The sera were diluted in steps of 1:2 on 96-well
microtiter plates and inoculated with a suspension of strain
NY’93/C (100 TCID50 per well) for 1 h at 37°C. A total of 1.75

FIG. 4. Leukocyte (WBC) counts of animals infected with NY’93/C (animals 275, 612, and 1610 [broken lines]) or XIKE-A (animals 615, 377,
and 091 [solid lines]).

TABLE 2. Virus isolation from buffy coat preparations and nasal swabs of animals infected with the wild-type virus NY’93/C (animals 615,
377, and 091) or with the recombinant virus XIKE-A (animals 275, 612, and 1610)

Day p.i.

Virus isolation from animala:

Buffy coat preparations Nasal swabs

275 612 1610 615 377 091 275 612 1610 615 377 091

�26 � � � � � � � � � � � �
0 � � � � � � � � � � � �
2 � � � � � � � � � � � �
3 �� � � �/� �� �� � � � � � �
4 �/� �� �� �� �� �/� � � � � � �
5 �� �� �/� �� �� �� � � � � � �
6 �� �� �� �� �� �� � � � � � �
7 �� �/� �� �� �� �� � � � � � �
8 �� � � �� �� �� � � � � � �
9 � � � � �� � �� �/� � �� �� ��
10 � � � � � � bac � � �/� bac �/�
11 �� � � � � � bac � � � � �
12 � � � � � � � � � � � �
13 � � � � � �� � � � � � �
14 � � � � � eu � � � � � eu
15 � � � � � eu � � � � � eu
16 � � � � � eu � � � � � eu
21 � � � � � eu � � � � � eu

Total 7 4 4 6 7 7 1 1 0 2 1 2

Avg 5 6.7 0.7 1.7

a Each sample was tested twice. ��, virus detected; �, no virus detected; �/� only one of the duplicate wells positive; bac, bacterial contamination; eu, animal
euthanized on day 13 p.i.

                           
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� 104 MDBK cells were added to each well, incubated for 5
days, and analyzed by indirect immunofluorescence. Neutral-
ization titers were calculated by the method of Kaerber (22)
and expressed as the endpoint dilution that neutralized ca. 100
TCID50. Neutralizing antibodies were found in the serum of all
calves starting on day 14 p.i.

The results of this study demonstrated that the recombinant
virus XIKE-A is highly similar to the wild-type virus NY’93/C
with regard to both pathogenicity and induction of an immune
response in the natural host. It is therefore plausible to assume
that any deviation from this clinical picture that might be
observed in a virus mutant generated on the basis of the in-
fectious clone pKANE40A would indeed be caused by the
desired mutation.

Construction and analysis of Erns mutants. Previous exper-
iments with CSFV had shown that the RNase activity of the
glycoprotein Erns is destroyed by substitution or deletion of
histidine 297 or 346 (the numbers represent the residue posi-
tions in CSFV strain Alfort/Tübingen) (25). Viruses recovered
from the mutated full-length clones were clinically attenuated.
In BVDV strain NY’93/C, the two histidine residues are lo-
cated at positions 300 and 349, respectively. To test whether
the effects of mutations at these positions would be similar to
those of CSFV in a BVDV-2 genome, two infectious clones
were engineered with either a deletion of codon H349 or a
substitution of codon H300 by leucine. The mutants were gen-
erated with the QuikChange site-directed mutagenesis kit
(Stratagene, Amsterdam, Netherlands) according to the man-
ufacturer’s instructions. The plasmid used for introducing mu-
tations into the region coding for Erns was cDNA clone C5/9
(insert corresponding to positions 100 to 2400 of the genome).
The oligonucleotides used to generate mutant H346� were
CM126 (GAGTGGAATAAAGGTTGGTGTAAC) and
CM127 (GTTACACCAACCTTTATTCCACTC), and those
used to generate mutant H297L were CM128 (AACAGGAG
TCTATTAGGAATTTGGCCA) and CM129 (TGGCCAAAT
TCCTAATAGACTCCTGTT). The presence of the desired
mutations and the absence of second-site mutations were ver-
ified by nucleotide sequencing. Fragments with the desired
mutations cut with EagI and PshAI were inserted into
pKANE40A restricted with the same enzymes. The resulting
recombinant virus mutants were named BVDV XIKE-B
(H349�) and BVDV XIKE-C (H300L).

Both mutants were stable for at least five passages in MDBK
cells. With regard to the growth characteristics, the two mutant
viruses exhibited no significant differences compared with virus
XIKE-A (Fig. 5), indicating that also in the BVDV system, the
RNase function of Erns is dispensable for tissue culture prop-
agation. Hulst et al. reported for the noncytopathogenic CSFV
C strain that inactivation of the RNase activity of Erns resulted
in a cytopathogenic virus (17). In contrast to these results, but
similar to the data obtained for CSFV Alfort (25), the cells
infected with the mutant viruses XIKE-B or XIKE-C did not
show any signs of a cytopathic effect. Thus, it is very likely that
the effect observed by Hulst and coworkers represents a special
feature restricted to their individual virus or infectious clone,
and not a general characteristic of RNase-negative pestivi-
ruses.

The RNase activity of XIKE-A, XIKE-B, and XIKE-C was
determined in crude cell extracts as established before for

CSFV (25). Cells were infected with the same multiplicity of
infection (MOI) of either virus and lysed at 2 days p.i. Cell
extracts were purified by centrifugation, and aliquots of the
preparations were tested for their ability to convert poly(U) to
acid-soluble low-molecular-weight RNA measured by photo-
metric analysis as described before (25). High RNase activity
was found in the NY’93/C and XIKE-A samples, whereas the
two mutants XIKE-B and XIKE-C were in the same range as
the negative control (Fig. 6). Thus, the enzymatic activity of
Erns is obviously not restored in the recovered viruses and
therefore seems to have no advantage for virus propagation in
tissue culture. These results are in agreement with the data
observed for CSFV before.

Animal experiment with XIKE-B. In a second animal exper-
iment, the clinical and immunological characteristics of the
RNase-negative mutant XIKE-B were analyzed in comparison
with XIKE-A. The H349� mutant was given precedence over
the H300L mutant to minimize the danger of a genomic re-
version to wild type.

Two groups of three calves (7- to 10-week-old Holstein and
Holstein-cross calves) each were inoculated intranasally with a
dose of 5 � 105 TCID50 of either XIKE-A (group 1) or

FIG. 5. Growth curves of the recombinant virus XIKE-A and the
Erns mutants XIKE-B (H349�) and XIKE-C (H300L) (see Fig. 2).

FIG. 6. Determination of RNase activity of the recombinant vi-
ruses XIKE-A (wild-type sequence), XIKE-B (H349�), and XIKE-C
(H300L) in comparison with the wild-type strain NY’93/C from crude
cell extracts of MDBK cells infected with the respective viruses.
MDBK cells that were not infected (n.i.) served as a negative control.
The enzymatic degradation of poly(U) was determined by measuring
the optical density at 260 nm (OD260) as a marker of the release of
small RNA fragments into the supernatant (25, 47).
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XIKE-B virus (group 2). The groups were housed in separate
isolation units. Rectal temperatures and clinical symptoms
were monitored daily; nasal swabs and blood samples were
taken on days �8, 0, 2 to 14, 17, and 21. Serum samples were
collected on days 0, 8, 12 or 14, 21, 28, and 38.

Nine to 10 days p.i., the calves of group 1 developed fever for
up to 4 days (Fig. 7), which was accompanied by diarrhea and
respiratory symptoms. Calf 388 showed convulsions. The group
was euthanized for welfare reasons on day 12 p.i. because they
were in a state of marked depression and anorexia. None of the
calves from group 2 had body temperatures above 39.5°C (Fig.
7). No diarrhea was detected, and only mild respiratory symp-
toms were observed for up to 6 days, which might, however, be
of secondary origin due to bacterial infection. Antibiotic treat-
ment of animal 417 on day 10 p.i. resulted in a considerable
improvement in the symptoms. Respiratory symptoms were
not detected in further animal experiments with XIKE-B (data
not shown).

Leukopenia was detected in all calves; however, in contrast
to the calves infected with XIKE-A, the animals from group 2
showed an early recovery of leukocyte numbers starting at day
7 p.i. that finally stabilized after day 13 p.i. (Fig. 8). Neutral-
izing antibodies were first detected on day 12 p.i. in the serum
of the calves infected with XIKE-A and on day 14 p.i. in the
serum of calves infected with the Erns mutant (Table 3).

Virus was found in buffy coat preparations of all calves
starting for all but one animal on day 4 p.i.; however, viremia
was briefer for the Erns mutant (average, 4 days) than for
XIKE-A (average, 8 days). Nasal shedding of virus was ob-
served for up to 8 days (average, 4.7 days) with XIKE-A ani-
mals, but for a maximum of 1 day (average, 0.7 day) with
XIKE-B animals (Table 4). Again, nucleotide sequencing of
RT-PCR products encompassing the entire Erns coding region

was used to confirm the presence of XIKE-A or B in buffy coat
preparations from animals of group 1 or 2, respectively. Inter-
estingly, an additional point mutation was found in RT-PCR
products from two animals from group 2 (no. 415 and 419):
nucleotide position 1246 of the RNA genome was changed
from guanosine to uridine, resulting in the amino acid substi-
tution Q287H within the Erns sequence. It is difficult to guess
the effect of this mutation—especially since no three-dimen-
sional structure of Erns is known. However, Erns belongs to the
group of T2 RNases, and based on a three-dimensional model
for this class of enzymes, Q287 is located at considerable dis-
tance from the active center of the enzyme. It therefore can be
expected that the Q287H mutation has no influence on the
enzymatic activity of Erns, and indeed an RNase test conducted
with the reisolated viruses revealed that the mutation did not
restore the RNase activity (data not shown). Taking together
the results of the animal experiments, two important points
have to be mentioned. First, BVDV-2 NY’93/C represents a
highly pathogenic virus that consistently induces severe disease
in infected animals. This was also shown in further animal
experiments, not only with calves, but also with adult animals
(data not shown). Thus, NY’93/C can be used as a standard
challenge virus for experiments in which a stringent BVDV-2
challenge is needed. Alternatively, BVDV XIKE-A could be
used for this purpose, since it also proved to be highly patho-
genic in our experiments. Having established an infectious
clone from which a pathogenic BVDV can be recovered, new
approaches to the analysis of BVDV-induced disease, BVDV
pathogenicity markers, and identification of mutations leading
to virus attenuation can be pursued. Such analyses were simply
not possible before, since the available infectious cDNA clones
for BVDV were all derived from BVDV-1, which usually in-
duces only variable mild symptoms or no symptoms at all.

FIG. 7. Body temperatures of animals infected with XIKE-A (animals 387, 388, and 418 [broken lines]) or XIKE-B (animals 415, 417, and 419
[solid lines]).
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Thus, pKANE40A could be a starting point for the identifica-
tion of attenuating mutations and the development of live
marker vaccines against BVDV. As a first step, virus mutants
were generated with changes abrogating the RNase activity
residing in the glycoprotein Erns. Equivalent mutations have
recently been tested for CSFV (25; M. von Freyburg, C. Meyer,
and G. Meyers, unpublished results.). Even though some dif-
ferences were observed with regard to individual clinical pa-
rameters, a clear correlation between RNase inactivation and
virus attenuation was observed for both CSFV and BVDV.
This finding raises questions about the attenuating principle of
the RNase-negative mutants. Specific reduction of B-cell num-
bers, which represents a well-known characteristic of CSFV
infection in pigs (49), was not observed in an experiment with
CSFV mutant H346� (25). However, prevention of B-cell re-
duction most likely represents a characteristic of the type of
mutant tested in this experiment and not a general feature of
RNase-negative mutants, since it was not observed for another
CSFV mutant (von Freyburg et al., unpublished). Moreover,

induction of a specific drop in B-cell numbers has not been
described for BVDV and could also not be identified in our
experiments with either wild-type or mutant viruses (data not
shown). Thus, the function of the RNase, and therefore also

TABLE 3. Neutralizing antibody titers determined in serum
samples of all calves after experimental infection with XIKE-A

(wild-type sequence) or XIKE-B (H346�)

Day p.i.
Neutralizing antibody titer in serum samplea

387 388 418 415 417 419

0 �2 �2 �2 �2 �2 �2
8 �2 �2 �2 �2 �2 �2
12 or 14 20 8 128 51 203 64
21 eu eu eu 512 1,024 406
28 eu eu eu 2,048 1,024 4,096
38 eu eu eu 8,182 4,096 4,096

a Results are expressed as the reciprocal of the serum BVDV-specific neutral-
izing antibody titers against NY’93/C (101.7 TCID50). eu, animals euthanized on
day 12.

TABLE 4. Virus isolation from buffy coat preparations and nasal
swabs of animals infected with the recombinant virus XIKE-A

(animals 387, 388, and 418) or the Ems mutant XIKE-B (animals
415, 417, and 419)

Day
p.i.

Virus isolation from animala

Buffy coat preparations Nasal swabs

415 417 419 387 388 418 415 417 419 387 388 418

�8 � � � � � � � � � � � �
0 � � � � � � � � � � � �
2 � � � � � � � � � � � �
3 � � � � � � � � � � � �
4 �/� �/� � �� �� �� � � � � � �
5 �� �/� �/� �� �� �� � � � � � �/�
6 �� �/� �� �� �� �� � �/� � � � �/�
7 �� �� �� �� �� �� � � �/� �/� � �/�
8 � �/� � �� �� �� � � � � � �/�
9 � � � �� �/� �� � � � �� �� �/�
10 � � � �� �/� �/� � � � �/� �/� ��
11 � � � �� �/� �� � � � �/� � �/�
12 � � � � � � � � � � � ��
13 � � � eu eu eu � � � eu eu eu
14 � � � eu eu eu � � � eu eu eu
17 � � � eu eu eu � � � eu eu eu
21 � � � eu eu eu � � � eu eu eu

Total 4 5 3 8 8 8 0 1 1 4 2 8

Avg 4 8 0.7 4.7

a Each sample was tested twice. ��, virus detected; �, no virus detected; �/�,
only one of the duplicate wells positive; bac, bacterial contamination; eu, animals
euthanized on day 12 p.i.

           

FIG. 8. Leukocyte (WBC) counts of animals infected with XIKE-A (animals 387, 388, and 418 [broken lines]) or XIKE-B (animals 415, 417,
and 419 [solid lines]).
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the molecular basis of attenuation of RNase-negative viruses,
remains obscure for the moment. However, a role of the
RNase in suppression of the host’s immune response repre-
sents a fascinating hypothesis that fits well with the data ob-
tained in our experiments. Further analyses are necessary to
provide more data on the nature of the attenuation principle
and to establish more defined hypotheses on the function of
the RNase. The now established BVDV-2 infectious clone
allows such studies to be conducted with the bovine system and
thus offers the opportunity of comparative analyses for two
different pestiviruses that both express the curious structural
glycoprotein Erns, which has RNase activity.
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