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ABSTRACT Cowpox virus (CPXV) is a zoonotic orthopoxvirus (OPV) that causes
spillover infections from its animal hosts to humans. In 2009, several human
CPXV cases occurred through transmission from pet rats. An isolate from a dis-
eased rat, RatPox09, exhibited significantly increased virulence in Wistar rats and
caused high mortality compared to that caused by the mildly virulent laboratory
strain Brighton Red (BR). The RatPox09 genome encodes four genes which are ab-
sent in the BR genome. We hypothesized that their gene products could be major
factors influencing the high virulence of RatPox09. To address this hypothesis, we
employed several BR-RatPox09 chimeric viruses. Using Red-mediated mutagenesis,
we generated BR-based knock-in mutants with single or multiple insertions of the
respective RatPox09 genes. High-throughput sequencing was used to verify the
genomic integrity of all recombinant viruses, and transcriptomic analyses confirmed
that the expression profiles of the genes that were adjacent to the modified ones
were unaltered. While the in vitro growth kinetics were comparable to those of BR
and RatPox09, we discovered that a knock-in BR mutant containing the four
RatPox09-specific genes was as virulent as the RatPox09 isolate, causing death in
over 75% of infected Wistar rats. Unexpectedly, the insertion of gCPXV0030 (g7tGP)
alone into the BR genome resulted in significantly higher clinical scores and lower
survival rates matching the rate for rats infected with RatPox09. The insertion of
gCPXV0284, encoding the BTB (broad-complex, tramtrack, and bric-à-brac) domain
protein D7L, also increased the virulence of BR, while the other two open reading
frames failed to rescue virulence independently. In summary, our results confirmed
our hypothesis that a relatively small set of four genes can contribute significantly to
CPXV virulence in the natural rat animal model.

IMPORTANCE With the cessation of vaccination against smallpox and its assumed
cross-protectivity against other OPV infections, waning immunity could open up new
niches for related poxviruses. Therefore, the identification of virulence mechanisms
in CPXV is of general interest. Here, we aimed to identify virulence markers in an ex-
perimental rodent CPXV infection model using bacterial artificial chromosome (BAC)-
based virus recombineering. We focused our work on the recent zoonotic CPXV iso-
late RatPox09, which is highly pathogenic in Wistar rats, unlike the avirulent BR
reference strain. In several animal studies, we were able to identify a novel set of
CPXV virulence genes. Two of the identified virulence genes, encoding a putative
BTB/POZ protein (CPXVD7L) and a B22R-family protein (CPXV7tGP), respectively,
have not yet been described to be involved in CPXV virulence. Our results also show
that single genes can significantly affect virulence, thus facilitating adaptation to
other hosts.
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Citation Tamošiu�naitė A, Weber S, Schippers T,
Franke A, Xu Z, Jenckel M, Pfaff F, Hoffmann D,
Newell M, Tischer BK, Beer M, Osterrieder N.
2020. What a difference a gene makes:
identification of virulence factors of cowpox
virus. J Virol 94:e01625-19. https://doi.org/10
.1128/JVI.01625-19.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Martin Beer,
martin.beer@fli.de, or Nikolaus Osterrieder,
no.34@fu-berlin.de.

Received 27 September 2019
Accepted 27 September 2019

Accepted manuscript posted online 23
October 2019
Published

PATHOGENESIS AND IMMUNITY

crossm

January 2020 Volume 94 Issue 2 e01625-19 jvi.asm.org 1Journal of Virology

6 January 2020

 on January 10, 2021 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1128/JVI.01625-19
https://doi.org/10.1128/JVI.01625-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:martin.beer@fli.de
mailto:no.34@fu-berlin.de
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01625-19&domain=pdf&date_stamp=2019-10-23
https://jvi.asm.org
http://jvi.asm.org/


Cowpox virus (CPXV) is a model orthopoxvirus (OPV) for several reasons. First, CPXV
has the broadest host range of all known orthopoxviruses and is capable of

productively infecting various species, including humans (1–4). Second, rising numbers
of CPXV infections in humans and animals have been reported over the last few years
and have resulted in CPXV being considered a (re)emerging virus with increasing
epizootic and zoonotic potential (5–11). It is important to note that the name “cowpox”
is a misnomer, since wild rodents, specifically, voles, represent the main reservoir host
for the virus (12, 13). However, spillover infections from accidental hosts, including cats
and pet rats, to humans occur frequently, mostly through skin lesions (14–19). The
resulting human infections are generally self-limiting with typical pox lesions at the site
of virus entry. However, the virus can also cause systemic and fatal disease in immu-
nocompromised patients (20, 21). CPXV possesses the largest genome and the most
complete genetic repertoire of all known OPVs (22–25), and the remarkable set of host
range and immunomodulatory genes, in particular, might allow the virus to evolve and
increase its virulence (21, 22).

It is becoming increasingly clear that CPXV is polyphyletic with several distinct
clades (12, 26, 27). The frequent isolation of new strains and accessibility to whole-
genome sequencing data (currently, more than 80 strains are deposited in GenBank)
have increased the complexity of the CPXV phylogenetic tree and also demonstrate the
close genetic relationship to human smallpox virus (13, 28, 29). However, despite the
impressive number of field isolates sequenced, only rarely were CPXV strains compared
with each other regarding their pathogenicity in experimental animal models. Inter-
estingly, different CPXV strains resulted in quite variable mortality rates ranging from
0% to 100% in mice and rats, despite similar growth kinetics in vitro, and increased
virulence did not correlate with stronger cytopathic effects (CPE) in cell culture (30, 31).
It seems, therefore, that the variation of in vivo virulence is a direct effect of genetic
differences among the strains, and it is tempting to speculate that the presence or
absence of single virulence factors is responsible for different disease outcomes.
However, such factors can be reliably identified only using in vivo studies, since even
three-dimensional (3D) skin cultures that should represent a more natural model of
infection failed to recapitulate the differences in virulence detected in the animal model
(32).

CPXV Brighton Red (BR) is a commonly used laboratory strain that was originally
isolated in 1937 from the finger of a cowman and maintained by serial passage, first in
guinea pigs and rabbits and later in cell culture (33, 34). Despite the clear genomic
adaptations to cell culture conditions that laboratory strains of many viruses usually
undergo, CPXV BR is still considered a CPXV reference strain.

In 2009, a new strain was isolated from a diseased pet rat, which had bitten and
infected two girls (13, 35). The isolate was named RatPox09 and exhibited in vitro viral
growth characteristics similar to those of the reference strain, CPXV BR (31, 32). In vivo
experiments using Wistar rats and pet rats demonstrated, however, that animals
infected with RatPox09 developed severe and often fatal disease, whereas the infection
of mice or rats with CPXV BR resulted in no or very mild clinical symptoms (31, 35, 36).
RatPox09 is an ideal example of a CPXV strain which adapted after spillover infection
to rats and causes severe clinical disease. The complete genomic sequence of RatPox09
was determined by high-throughput sequencing and compared with that of BR, which
revealed a nucleotide sequence identity of 92% (31). Inspection of the sequences
revealed four unique open reading frames (ORFs) which are present in the RatPox09
genome but absent in the BR genome (31). These genes were named gCPXV0002,
gCPXV0003, gCPXV0284, and gCPXV0030 after their relative position in the genome (31),
but information on the encoded gene products is still scarce. gCPXV0002 shares 99%
nucleotide sequence identity with the CPXV gene encoding the N-methyl-D-aspartate
(NMDA) receptor-like protein, and we refer to this gene as gNMDAr here. The function
of the protein in CPXV infection is unknown (12), but the NMDAr protein sequence has
98% amino acid identity with vaccinia virus (VACV) Golgi apparatus antiapoptotic
protein (vGAAP) (37). GAAPs are highly conserved and resident in the Golgi apparatus.
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They inhibit apoptosis induced by intrinsic and extrinsic stimuli and, in addition, form
cation-selective ion channels that regulate Ca2� levels and fluxes that participate in cell
adhesion and migration (37, 38). NMDAr has a high amino acid sequence identity with
different lifeguard (Lfg) proteins in cattle (78% identity), mice (74% identity), and rats
(74% identity). Members of the Lfg family are widely distributed in eukaryotes, and
some of them have been reported to play a cytoprotective role during apoptosis (39).
In the VACV infection model of mice, the loss of vGAAP was associated with increased
virulence (37). gCPXV0003 has 99% identity with the VACV gene encoding the cytokine
response modifier E (CrmE), a known virulence factor of VACV (40). CrmE is a secreted
molecule, belongs to the tumor necrosis factor (TNF) receptor superfamily, and blocks
the binding of TNF to high-affinity TNF receptors on the cell surface (40). gCPXV0284
shares 92% nucleotide sequence identity with the gene that encodes D7L, a broad-
complex, tramtrack, and bric-à-brac (BTB) domain protein of CPXV strain GRI-90 (D7L).
However, the function of the D7L protein is unknown (25). gCPXV0030 has 99%
nucleotide sequence identity with the gene encoding the CPXV 7-transmembrane G
protein-coupled receptor-like protein (7tGP) (12). Despite its misleading name, multiple
structure analysis tools predict only one transmembrane domain and two poxvirus
B22R-like domains between amino acids (aa) 10 and 777 as well as aa 786 and 1053 (41).
B22 proteins are conserved in representatives of most poxviruses, which may indicate
a long evolutionary history and host adaptation. In fact, some poxviruses contain
multiple copies of genes encoding these proteins (42). Monkeypox B22 proteins directly
inhibit T cells by rendering them unresponsive to stimulation by the T cell receptor and
major histocompatibility complex (MHC)-dependent antigen presentation or to MHC-
independent stimulation (43). Deletion of the B22 homolog in ectromelia virus (ECTV)
resulted in a significant reduction of virulence in the relevant mouse model (42). In
addition, two ORFs, gCPXV158 (gATI) and gCPXV159 (gp4c), were markedly different in
the RatPox09 and BR genomes (31). The amino acid sequence of RatPox09 p4c (A26)
has a 59-aa truncation at the N terminus, which likely is responsible for its failure to
direct intracellular mature virions (IMVs) in acidophilic-type inclusion bodies (ATI) (31),
while the BR p4c gene is disrupted due to a premature stop codon introduced by a
frameshift mutation (44). Furthermore, CPXV BR and RatPox09 ATI-encoding genes
show modifications in length and sequence, particularly in the repeat regions, even
though the translational initiation and stop codons of these two ORFs are identical. The
overall nucleotide sequence identity of CPXV BR and RatPox09 ATI-encoding genes is
87%. Both ATI and p4c are vital for incorporation of IMVs into A-type inclusion bodies
(44–46). It is assumed that ATIs are proteinaceous matrices which shield infectious
particles after they are released into the environment (47). Moreover, genome com-
parison also revealed many single nucleotide polymorphisms (SNPs) that were scat-
tered all over the genome of RatPox09 (31). The impact of these SNPs on the coding
potential of the virus is currently unclear.

We hypothesized that the additional full-length gene products of RatPox09 rather
than individual SNPs would significantly contribute to the increased virulence observed
in previous infection studies using Wistar rats (31, 35), in which the virulence would
simulate the real-world situation previously observed in pet rats in the field (48).

In order to test our hypothesis, we inserted individual RatPox09 genes as well as
combinations thereof into the CPXV BR genome by Red mutagenesis of BR cloned into
a bacterial artificial chromosome (BAC). To address the impact of the minor sequence
polymorphisms that are spread all over the genome, we also generated BR-RatPox09
chimeric viruses with large genomic segments exchanged between the two strains. This
allowed us to screen for potential additional virulence factors in an unbiased fashion.
To exclude the possibility of any secondary-site mutations introduced during the
mutagenesis, the genomic integrity of all viruses was verified by whole-genome
sequencing and comprehensive transcriptomic analyses. Finally, animal experiments
conducted in infected rats allowed the analysis of the generated hybrid viruses and
comparison with the parental BR and RatPox09 viruses.
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RESULTS
Generation of CPXV BR knock-in mutants. First, we generated BR-based mutant

viruses that harbored the unique RatPox09 ORFs (gD7L, gCrmE, gNMDAr, g7tGP) either
individually or as multiple gene knock-ins at their original loci (Fig. 1A). Mutant viruses
were constructed using the full-length pBRF BAC clone. Moreover, a CPXV BR mutant
virus harboring both RatPox09 gATI and gp4c was generated. After Red recombination,
all final BACs were verified by restriction fragment length polymorphism (RFLP) analysis
and Sanger sequencing of the modified genomic loci (data not shown). Virus mutants
were reconstituted on Vero cells from the modified BAC clones, and the genomic
integrity of the viruses was verified by whole-genome sequencing (data are available by
request). Apart from the desired modifications, no secondary mutations or rearrange-
ments were present in the genomes of the final mutant viruses (data not shown).
Furthermore, transcriptomic analysis confirmed all of the mRNA transcripts of the
inserted sequences and unchanged transcription levels of the respective adjacent
genes (Fig. 2).

Generation of CPXV BR-RatPox09 chimeric viruses. In order to identify additional
virulence genes in RatPox09, we swapped large genomic segments of the low-virulence
strain BR with the corresponding regions of RatPox09. For this purpose, we divided the
RatPox09 genome into seven segments of 20 to 40 kb in size and named the fragments
A to G. To allow homologous recombination, the sequence of each segment was
chosen such that it contained at least 800 bp of overlapping, identical sequences
between the two strains. In order to generate the chimeras, we first deleted the
respective genome regions in pBRF by Red mutagenesis. This step was necessary to
avoid homologous recombination events during reinsertion of the segments. We
confirmed successful deletion from pBRF of the segments in question by RFLP analysis
and sequencing (data not shown). In a second step, we amplified the RatPox09-derived
regions of interest by high-fidelity PCR and again used Red recombineering to reinsert
segments at the deletion sites of pBRF. Using this strategy, we generated chimeric
viruses containing segments B and C or segments D, E, and F in combination (chimeras
BR_sB/C and BR_sD/E/F, respectively) (Fig. 1B).

In vitro characterization of the mutants and chimeras does not reveal growth
differences. All CPXV chimeras or CPXV knock-in mutants were compared to the
respective reference strains, BR and RatPox09, by single and multistep growth kinetics
in cell culture. In four independent experiments using technical duplicates as internal
controls, growth kinetics were determined in Vero 76 cells using a multiplicity of
infection (MOI) of 0.01 or an MOI of 3.

FIG 1 Schematic illustration of newly generated BAC knock-in mutants (A) and the generated chimeric
viruses (B). Gray boxes, BR sequences; black boxes, RatPox09 sequences.
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BR and RatPox09 exhibited similar viral titers with no significant differences
(P � 0.05 in all cases). The differences in the viral titers detected from any of the tested
knock-in mutants or chimeric viruses did not exceed 1 order of magnitude (data not
shown). At 24 h postinfection (hpi), titers of �105 50% tissue culture infective doses
(TCID50) ml�1 (MOI, 0.01) or �106 (MOI, 3) were determined, regardless of whether the
cells were infected with BR, RatPox09, or any of the mutants or chimeras. There were
also no significant differences between the titers at 48 hpi, regardless of whether an
MOI of 0.01 or an MOI of 3 was used (data not shown).

In vivo characterization of mutants and chimeras. In order to explore any gain of
function of the different mutants and chimeras in vivo, we inoculated Wistar rats and
used the experimentally well-defined virus isolates BR, BAC-derived BR (vBR), and
RatPox09 as controls.

Clinical signs: high clinical scores for rats infected with BR_7tGP and BR_D7L/
CrmE/NMDAr/7tGP. After intranasal infection, the first clinical signs were respiratory in
nature and included a prominent nasal discharge at 3 to 7 days postinfection (dpi),
regardless of the virus used for infection. The higher clinical scores presented in Fig. 3
over this time span are attributed to respiratory symptoms. In addition, pox-like lesions
on the skin and mucous surfaces were observed, typically at later time points during
the infection (�8 dpi). As expected, the BR strain caused no or only mild symptoms of
nasal discharge, decreased activity, and rough fur but no skin lesions, resulting in
clinical scores ranging from 1 to 2 throughout the animal experiment (Fig. 3A and B).
As seen in earlier studies (35, 49), RatPox09 caused severe symptoms that included
inflated stomachs, moderate to severe respiratory distress, loss of body weight, and pox

FIG 2 Transcriptomic analysis. The normalized gene count for CPXV BR is compared to the normalized gene count for the knock-in mutant CPXVs.
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lesions on the skin (�8 dpi). Clinical scores (Table 1) reached a peak of approximately
4 at 8 dpi (Fig. 3B).

In particular, infections with the BR_7tGP virus and the BR_D7L/CrmE/NMDAr/
7tGP virus (referred to as the BR_Quad virus from here on) resulted in clinical scores
at earlier time points even higher than those achieved by infection with reference
strain RatPox09 (Fig. 3B). This observation was also correlated to increased mortality
(see “Mortality: BR_7tGP and BR_Quad are highly virulent and lethal” below).
Nevertheless, animals that recovered from infection with BR_Quad or BR_7tGP did
not exhibit skin lesions.

The scores induced by the BR knock-in mutants BR_ATI/p4C and BR_D7L exhibited
a peak at about 7 dpi, which clustered with those induced by RatPox09, while the
scores induced by BR_NMDAr were almost similar to those induced by RatPox09 at later
time points (11 dpi to 17 dpi). Reflecting the delayed onset of respiratory symptoms,
only a minority of animals developed skin lesions.

All tested recombinant viruses caused severe symptoms, as evidenced by the
accumulation of high clinical scores (Fig. 3B). However, the clinical scores induced by
chimeric viruses in the Wistar rat model did not exceed the clinical scores induced by
RatPox09 infection (Fig. 3A). In order to analyze the kinetics of the clinical signs induced
by the recombinant knock-in viruses, we calculated the start, the time point of the peak,
and the duration of the observed clinical signs as well as the peak scores and the scores
at the beginning and the end of the symptomatic period (Tables 2 and 3). While the
duration of clinical signs was not significantly different between the groups, the
maximum values of the clinical scores induced by the different viruses exhibited
significant differences when comparisons between BR and RatPox09 and between BR
and BR_Quad were made (Table 4).

Mortality: BR_7tGP and BR_Quad are highly virulent and lethal. Two mutant
viruses led to a dramatic reduction in the survival of infected Wistar rats, namely,
BR_7tGP and BR_Quad, where survival rates of only 20% to 35% were recorded. These
rates were comparable to those observed after RatPox09 infection. Interestingly,
the mortality in the BR_Quad-infected group was the highest, and only 20% of the
inoculated animals survived. However, the differences in survival rates between the
groups inoculated with the mutant and RatPox09 were not significant (P � 0.05).
Nevertheless, RatPox09 and BR_Quad resulted in survival rates significantly lower than
those achieved with the vBR control (P � 0.05) in all instances (Table 4). All other
chimeras and mutant viruses caused mortalities that matched the mortality after

FIG 3 Rat CPXV infection clinical score over time. Rats infected with 105.5 TCID50 per animal were clinically evaluated semiquantitatively on a daily basis in
experimental setup 1 (A), while in experimental setup 2, evaluation by a quantitative clinical score system was used (B).
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infection with BR (approximately 72 to 100% survival) (Fig. 4). Since the Wistar rats used
in the different experiments were outbred and therefore not genetically identical, a
certain level of variation of survival rates between the experiments was to be expected
and also recorded. The survival rates of animals infected with BR varied from 75% in the
first experimental setup to 100% in the second one. Similarly, rats infected with
RatPox09 had a survival rate of 29% in experimental setup 1 and 36% in the second
setup. Most importantly, however, virus mutants that caused low survival rates similar
to or even lower than those caused by RatPox09, namely, BR_7tGP and BR_Quad (also
containing the gene for 7tGP), always produced clinical scores that matched the
highest clinical scores evaluated (Fig. 3B).

Finally, one mock-infected animal was euthanized due to malocclusion of the
dentition. The virus genome was not detectable in either buccal swab or organ tissue
samples in that case (Fig. 4A).

Virus shedding: no enhanced shedding of recombinant CPXV. Oropharyngeal
shedding was detected in all groups (Fig. 5). Generally, the first excretion of virus was
recorded at between 3 and 5 dpi, and most rats showed positive buccal swab samples
between 5 and 7 dpi (Tables 2 and 3). Generally, animals infected with RatPox09 shed
more virus than the animals in all other groups (103.1 TCID50/ml at 7 dpi). Interestingly,

TABLE 1 Clinical scores used to evaluate CPXV-infected rats

Clinical parameter No. of points

Body temp
Above 36°C 0
35–36°C 1
34–35°C 2
Below 34°C 3

Activity
Normal 0
Moderate 1
Inactive 2

Nasal discharge
Absent 0
Doubtful 1
Clearly present 2

Body wt loss
Absent 0
�10% 1
�20% 2

Respiratory distress
Normal breathing 0
Light 1
Moderate 2
Severe 3

Wheezing
Absent 0
Present 1

Pox lesions
Absent 0
Present 1

Inflated stomach
Absent 0
Present 1

Rough fur
Absent 0
Present 1
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albeit the mutant viruses BR_7tGP and BR_Quad induced excessive mortality rates of up
to 80% (Fig. 4), viral shedding was within the range of that achieved with BR, with virus
titers being between 100.74 and 101.5 TCID50/ml (at 5 to 7 dpi) (Fig. 5). This was
confirmed by the statistical evaluation of shedding kinetics (Table 5): comparison of
viral excretion titers (determined as the time of peak shedding [Tmax], the time at the
start of the shedding period [Tstart], and the time at the end of virus shedding [Tend]) of
RatPox09 with those of BR, BR_Quad, and BR-7tGP displayed highly significant differ-
ences.

Viral load in organ samples. The distribution of viral DNA in various organs was
determined by quantitative PCR. All rats that succumbed to CPXV infection scored
positive for virus DNA in turbinate samples, regardless of which virus mutant or chimera
was used for inoculation. Turbinate samples taken from Wistar rats euthanized at 5 dpi
were positive as well. Other organs scored positive only when animals succumbed or
were examined at 5 dpi (data not shown).

Serology. Blood serum samples from all rats that succumbed to infection or animals
dissected on day 5 postinfection (p.i.) were negative for antibodies, while antibodies
against the mutants or chimeras were detectable in all serum samples obtained on 21
or 28 dpi (data not shown).

DISCUSSION

With the eradication and subsequent cessation of vaccination against smallpox,
zoonotic OPV infections are on the rise due to waning immunity in the human
population, and an increasing number of humans are becoming susceptible to poxvirus
infections every year. Such infections include those caused by monkeypox virus (MPXV)
in Central/West Africa, CPXV in Europe, and VACV in Brazil and India (50–54). Molecular
characterization of OPVs isolated from different geographic locations or hosts is
therefore of high importance for understanding their geographic distribution, variabil-
ity, and evolution, as well as for monitoring the emergence of atypical OPV strains with
enhanced virulence.

It has been documented that CPXV strains vary significantly regarding their viru-
lence in rodent models, with mortality rates ranging from 0 to 100% (31, 35, 36, 49). Our
studies and those of other laboratories have shown that these in vivo differences

TABLE 4 Statistical evaluation of median parameters for the vBR-inoculated group in comparison to those for single- and multiple-knock-
in mutants

aEach cell contains the P value. The P values are color coded in the key at the bottom.
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cannot be recapitulated by in vitro assays that focus exclusively on cytopathic effects in
cell culture. Similarly, a three-dimensional (3D) skin model as a possible replacement for
animal experiments for the identification of CPXV virulence factors failed to address the
virulence of individual mutants: The histopathological and immunohistochemical stud-
ies showed that the 3D model reflected the development of pox lesions in normal skin
very well, but it did not allow the differentiation between virulent and avirulent CPXV
strains (32). Two lessons could be learned from that study. First, in vivo experiments still
present the gold standard for the identification of CPXV genes that control virulence.
Second, and more importantly, virulence factors appear to have important functions
that impact the viral replication cycle only in complex and diverse multicellular organ-
isms. These functions include diversions of host defense mechanisms, particularly
evasion of the immune system, and, hence, can currently be identified only in vivo. In
addition, the role in countering host defenses exerted by certain proteins should be
studied in relevant animal host models to avoid incompatibilities, as was demonstrated
for CPXV studies in laboratory mice and subsequent studies using ECTV in the mouse
footpad model (42, 55). Therefore, a matching pair of virus and host species should be
evaluated. This goes hand in hand with the claim of biological congruence between the

FIG 4 Rat survival over time in two experiments. Rats were infected with 105.5 TCID50 per animal of wtBR,
RatPox09, chimeric viruses, and the D7L knock-in virus (A), and in the final two experiments, rats were
infected with 105.5 TCID50 per animal of wtBR, vBR, RatPox09, BR_ sF, and the knock-in mutants (B).
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properties of the test population and those of the target population as a central part
of the construct validity proposed for the explanatory value of experimental findings
(56). We contend that the use of the established CPXV-Wistar rat model provides a
unique possibility to study pathogen determinants in a spillover animal model which
closely mimics the situation in the field. However, this is connected to further chal-
lenges, like the variation of the noninbred animals themselves, but this, again, is likely
a scenario that is much closer to that in the real world and reflects the field situation
better than any inbred, and thus somewhat artificial, mouse model.

FIG 5 Viral shedding patterns of infected Wistar rats. In the initial two experiments, rats were infected with 105.5 TCID50 per animal of wtBR, RatPox09, chimeric
viruses, and the D7L knock-in virus (A), and in the two follow-up experiments, rats were infected with 105.5 TCID50 per animal of wtBR, vBR, RatPox09, and the
knock-in mutants (B).

TABLE 5 Statistical evaluation of median parameters for the RatPox09-inoculated group in comparison to those for the single- and
multiple-knock-in mutants

aEach cell contains the P value. The P values are color coded in the key at the bottom.
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In the study presented here, we show that recombineering of avirulent CPXV BR
represents a workable platform to identify novel virulence genes of CPXV field isolates
in the Wistar rat model. We employed two different approaches in our study. (i) En
passant Red recombination was used to introduce six specific RatPox09 genes of
interest into the BR genome. (ii) Furthermore, since whole-genome sequencing re-
vealed small genetic mutations of unknown impact scattered all over the RatPox09
genome, we used an unbiased approach to generate BR-RatPox09 chimeric viruses in
which combinations of multiple genome segments from RatPox09 replaced the au-
thentic BR sequences. The introduced mutations were verified by whole-genome
sequencing and further by complete transcriptomic analysis of the different recombi-
nant viruses to ensure that the knock-in genes and neighboring genes were correctly
transcribed. In each of the animal experiments, groups of rats infected with wild-type
BR (wtBR), vBR, and RatPox09 served as controls and defined the virulence threshold
ranging from low to high.

From our in vivo data, we can conclude that the gene encoding the protein 7tGP is
responsible for a significant increase in the virulence of an avirulent CPXV laboratory
strain. Reintroduction of the gene into the BR genome resulted in virulence levels that
matched those of the highly virulent field isolate RatPox09. Moreover, the so-called
quadruple mutant BR_Quad (BR_D7L/CrmE/NMDAr/7tGP), whose genome also en-
codes the 7tGP gene, caused significantly lower survival rates in infected rats than vBR
or wtBR (P � 0.05, analysis of variance [ANOVA]). The protein encoded by the g7tGP
gene has some similarity to poxviral proteins of the B21R/B22R family (41). Previous
reports have suggested that the B21/B22R proteins of MPXV and CPXV render human
T cells unresponsive to stimulation both by MHC-dependent antigen presentation and
by MHC-independent stimulation (43, 55). However, the detailed functions of the
B21/B22R protein MPXV197 and its CPXV homologue (CPXV219) have not yet been
elucidated (43, 55). It is tempting to hypothesize that CPXV 7tGP might have an
immunomodulatory function similar to that which is pivotal for the significantly in-
creased virulence of BR_7tGP, and we are currently further investigating this hypoth-
esis.

Nevertheless, the notion that a single gene in RatPox09 might be sufficient to
transform a CPXV strain from a low-virulence to a high-virulence phenotype was
unexpected. However, viral shedding, detected by the collection of buccal swab
samples from animals infected with BR_7tGP, did not reach the levels seen in rats
infected with RatPox09. The induction of clinical disease and lethal infection is therefore
linked to CPXV 7tGP, while shedding in oral secretions is probably not. This leads to one
speculative explanation: the mortality caused by 7tGP-positive orthopoxviruses could
be related to less functional T cells in infected animals. In addition, the quadruple
mutant BR_Quad also was not excreted as RatPox09 was, and thus, the insertion of
gD7L, gCrmE, gNMDAr, and g7tGP increased the virulence significantly but not the
excretion levels. The in vivo-detected viral replicative fitness of BR_7tGP and BR_Quad
was clearly similar to that of RatPox09 (e.g., as measured by the organ viral load in the
diseased rats).

Therefore, CPXV 7tGP is most likely a relevant virulence factor in our in vivo model.
It is responsible for the observed highly virulent phenotype of CPXV in Wistar rats,
consisting of (i) a prominent viral replication fitness in the animal, while (ii) excretion is
impaired in this model. This is contrary to the findings for other animal viruses, where
in vivo increases in virulence often lead to prominent viral shedding (57). The increased
virulence and shedding are therefore related to the effects of multiple genes and,
possibly, epistatic interactions between these genes.

The individual insertion of the two remaining unique RatPox09 genes, gCrmE and
gNMDAr, resulted in only a nonstatistically significant increased virulence of BR. How-
ever, the rate of mortality in rats infected with BR_CrmE or BR_NMDAr was higher than
that in rats infected with BR. The respective clinical scores were in the intermediate
range, with an obvious and peculiar shift of the peak scores at late time points of the
animal experiments. Homologues of both proteins in VACV have been the focus of
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studies in the past: VACV CrmE is a soluble tumor necrosis factor alpha (TNF-�) receptor
with both soluble and membrane viral tumor necrosis factor alpha receptor (vTNFR)
activity and was shown to bind to rat, mouse, and human TNF-� and to protect against
human, but not mouse or rat, TNF-mediated cytolysis in vitro (40, 58, 59). As expected,
CPXV BR with RatPox09 CrmE inserted induced stronger symptoms than wtBR, a finding
that is in full agreement with previous publications describing the effects of VACV
infection. Deletion of gCrmE in the VACV strain USSR in an intranasal mouse infection
model resulted in marked attenuation of the virus, whereas overexpression of the
protein led to increased virulence (59). Nevertheless, all recorded symptoms were of a
more general nature: severe clinical signs, such as pox skin lesions, were not detected
in animals infected with wild-type or mutant viruses. Furthermore, the NMDAr homolog
in VACV, viral GAAP (vGAAP; 98% similarity with RatPox09 NMDAr), and a human
orthologue, human GAAP (hGAAP), were shown to protect cells from apoptosis derived
from both intrinsic and extrinsic pathways (37).

The single insertion of the RatPox09 gene for D7L increased the virulence of BR to
higher levels in one animal experiment, whereas BR_D7L did not cause mortality in the
second experimental setup. As mentioned previously, we believe that the outbred
status of animals could explain these differences. Depending on the function of the
protein under investigation, the different genetic background could potentially influ-
ence the impact of certain virulence genes but not others. By the use of independently
repeated experiments, this drawback was minimized. Generally, the use of outbred
animals is admissible in the context of dominant factors to be evaluated. Nevertheless,
we are currently exploring the function of D7L in CPXV virulence. The protein contains
a predicted, N-terminally located BTB (broad-complex, tramtrack, and bric-à-brac)/POZ
(for poxvirus and zinc finger) domain between amino acids 31 and 131 (41). BTB
domain-encoding genes are found among eukaryotic and poxvirus genomes (60), and
the domain itself functions as a docking station for protein-protein interactions (61).
Unlike many poxviral BTB proteins, the BTB-only protein D7L misses a C-terminally
located kelch domain, a protein interaction domain that mediates the proteasomal
degradation of cellular substrates by ubiquitin ligase complexes. Mammalian BTB
proteins were found to have diverse functions, from playing a part in embryogenesis to
fulfilling important roles in the development of specialized lymphocyte effector cells. In
many cases, they function as transcriptional suppressors (62–67).

Interestingly, none of the tested BR-RatPox09 chimeric viruses exhibited any signif-
icant increase in virulence above the BR baseline virulence, as measured by mortality
(Fig. 4). We swapped the sequences of the genes for ATI and p4c in BR for the RatPox09
ATI and p4c gene sequences. However, BR_ATI/p4c failed to reach virulence levels
comparable to those of RatPox09 (Fig. 3B and 4B).

In conclusion, proteins with putative immunomodulatory functions are potent
virulence genes in many different viruses, including CPXV. Here, we identified CPXV
7tGP especially to be a novel relevant factor modifying virulence in the well-established
Wistar rat model. Interestingly, virulence was not linked to the levels of virus excretion.
Our study also underlines the value of BAC mutagenesis when comparing highly
adapted standard lab strains like BR—in the case of CPXV—to rodent-borne isolates.
The targeted engineering of mutant viruses is easy and fast and, most importantly, has
a low error rate, as confirmed by whole-genome sequencing. The seamless introduction
of almost any desired modification, e.g., whole genes or even large fragments, allows
the straightforward screening and identification of relevant virulence markers and
fitness-related genes by in vivo animal model studies. Future studies will surely benefit
from this versatile platform.

MATERIALS AND METHODS
Cell lines and viruses. African green monkey cells (Vero 76 cells; Collection of Cell Lines in Veterinary

Medicine, Friedrich-Loeffler-Institut, Greifswald-Insel Riems, Germany) were grown and maintained in
Eagle’s minimal essential medium (MEM; Biochrom, Berlin, Germany) supplemented with 10% fetal calf
serum (FCS; Biochrom) and kept at 37°C under a 5% CO2 atmosphere. Chicken embryo cells (CECs) were
prepared fresh from 10-day-old specific-pathogen-free (SPF) White Leghorn chicken embryos (Valo;
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BioMedia GmbH, Osterholz-Scharmbeck, Germany) by a standard protocol (68). Cells were cultured in
MEM containing 10% FCS and 100 U/ml penicillin (Fisher Scientific, Schwerte, Germany), 100 U/ml
streptomycin (AppliChem GmbH, Darmstadt, Germany) and kept at 37°C under a 5% CO2 atmosphere.
CPXV strain Brighton Red (strain AF482758, kindly provided by Philippa Beard, University of Edinburgh,
Edinburgh, UK), was cloned as a bacterial artificial chromosome (BAC) and termed pBRF (69). The CPXV
rat isolate (RatPox09) was obtained in 2009 from a diseased pet rat in southern Germany. All CPXVs used
in this study were propagated and titrated on Vero 76 cells or CECs. Fowlpox virus (FWPV; Nobilis-PD
strain, kindly provided by D. Lüschow, Freie Universität Berlin, Berlin, Germany) was grown on CECs and
used as the helper virus for the reconstitution of CPXVs. Virus stocks were prepared as described by Xu
et al. (70).

Plasmid, mutant, and chimeric virus construction. The sequences of RatPox09 genes gCPXV0002
(gNMDAr), gCPXV0003 (gCrmE), gCPXV0284 (gD7L), and gCPXV0030 (g7tGP) and the combination of
CPXV158 (gATI) and CPXV159 (gp4c), including the predicted promoter sequences, were amplified from
CPXV RatPox09 viral DNA using PrimeSTAR GXL polymerase (TaKaRa, Clontech Laboratories, Inc., USA).
The g7tGP sequence was cloned into the SacI and PstI unique restriction sites of the pUC19 plasmid (New
England Biolabs, Frankfurt am Main, Germany). A kanamycin resistance cassette and an adjoining I-SceI
site were amplified by PCR and inserted into unique restriction sites of the corresponding plasmid. The
gD7L, gCrmE, and gNMDAr sequences were cloned into the BamHI and KpnI sites of the pEP-kanS2
high-copy-number plasmid containing an aphAI-I-SceI cassette (71, 72). In the case of gATI-gp4c, an SbfI
restriction site upstream and a HindIII site downstream of the gene were used. Duplicate sequences for
removal of the aphAI cassette were added to the transfer construct through 5-prime extensions of the
primers. The transfer constructs were then used to insert the sequences of interest into the desired target
sequences present in pBRF using a two-step Red recombination as described earlier (71, 72).

Red recombination was also used for the generation of chimeric viruses. For deletion of the segments
of interest from pBRF and recovery of the segments of interest from RatPox09, PCR primers were
designed to amplify the aphAI cassette from recombinant plasmid pEP-kanS2. Besides the marker
cassette, the PCR fragments contained at each end 40 bp of sequences that were homologous to the
target locus in the CPXV sequence. LongAmp Taq DNA polymerase (New England Biolabs) was used for
this purpose. Plasmid and BAC DNAs were extracted by alkaline lysis and verified by restriction fragment
length polymorphism (RFLP) analysis. PCR products overlapping the modified loci were confirmed by
agarose gel electrophoresis, purified using a GF-1 AmbiClean nucleic acid extraction kit (Vivantis
Technologies, Subang Jaya, Malaysia), and sequenced to verify the correct modification of the genome.

Reconstitution of infectious virus from BAC DNA. For virus reconstitution, Vero cells seeded in
6-well plates (1 � 106 cells per well) were transfected with 2 �g of purified plasmid or BAC DNA and 4 �l
the FuGENE HD transfection reagent (Promega, Mannheim, Germany) according to the manufacturer’s
instructions. Chimeric viruses were generated by cotransfection of 1 �g of pBRF deletion mutant DNA
diluted in 2 �l TE (Tris-EDTA) buffer together with 1 �g of RatPox09 segment-of-interest DNA diluted in
2 �l TE buffer. Transfected cultures were infected with 500 PFU of FWPV at 2 h after transfection. Since
the BAC DNA used for virus reconstitution encodes the green fluorescent protein (GFP) under a late 4b
FWPV promoter (69), virus reconstitution was monitored by examining GFP expression using an Axiovert
S100 fluorescence microscope (Carl Zeiss, Jena, Germany). Newly reconstituted virus was than passaged
not less than four times, in order to remove the helper virus. Later, mini-F vector sequences present in
pBRF were removed and the thymidine kinase (TK) gene was repaired by transfection with a TK-
containing plasmid.

High-throughput sequencing of full-length CPXV genomes. Full-genome sequencing of CPXV
isolates was conducted as previously described (31). In brief, DNA was extracted from infected cell
cultures using a High Pure PCR template preparation kit (Roche, Mannheim, Germany), and 0.5 to 1 �g
of DNA was fragmented to approximately 300 bp using a Covaris M220 ultrasonicator (Covaris, Brighton,
UK). Illumina-compatible sequencing libraries were prepared using NEXTflex DNA barcodes (Bioo Scien-
tific, Austin, TX, USA) and SPRI works Fragment Library Cartridge II (Beckman Coulter, Fullerton, CA, USA)
on a SPRI-TE library system (Beckman Coulter). Size exclusion of the library was done manually using
AMPure XP magnetic beads (Beckman Coulter) and was controlled on a Bioanalyzer 2100 instrument
(Agilent Technologies, Böblingen, Germany) using a high-sensitivity DNA chip and corresponding
reagents. A Kapa library quantification kit (Kapa Biosystems, Wilmington, DE, USA) was further used for
quantification of the final libraries. Sequencing was performed on an Illumina MiSeq sequencer using the
MiSeq reagent kit, versions 2 and 3 (Illumina, San Diego, CA, USA).

De novo assembly and genome annotation of full-length CPXV genomes. Raw reads were quality
trimmed and assembled de novo using 454 sequencing system software (version 2.8; Roche, Mannheim,
Germany), and the resulting contigs were arranged in order to match the CPXV genome. Draft CPXV
genomes were further confirmed by reference-guided mapping (454 sequencing system software) using
the –rst 0 parameter with respect to their repetitive genomic termini. The mean genomic coverage of
each full-length CPXV sequence exceeded the minimal acceptable coverage of 20. Full-length CPXV
sequences were annotated analogously to the nomenclature of the CPXV BR reference strain (strain
AF482758) as described elsewhere (31).

Transcript expression analyses of CPXV knock-in mutants. Total RNA was extracted from Vero
cells infected with CPXV BR or CPXV knock-in mutants using the TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) in combination with an Agencourt RNAdvance tissue kit (Beckman Coulter, Krefeld,
Germany) on a KingFisher 96 Flex magnetic particle processor (Thermo Fisher Scientific Inc., Schwerte,
Germany). During extraction, DNA was digested on-bead using an RNase-free DNase set (Qiagen, Hilden,
Germany). Subsequently, the polyadenylated RNA fraction was extracted from a mixture of 5 �g total
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RNA and a supplemented internal control (ERCC ExFold RNA spike-in mix 1; Invitrogen, Carlsbad, CA,
USA) using a Dynabeads mRNA Direct microkit (Invitrogen). The quantity and quality of the RNA were
observed at each step using a NanoDrop 1000 spectrophotometer (Peqlab, Erlangen, Germany) and an
Agilent 2100 bioanalyzer (Agilent Technologies, Böblingen, Germany). Strand-specific Ion Torrent-
compatible libraries were constructed using an Ion Total RNA-Seq kit (version 2; Life Technologies)
following the manufacturer’s instructions. After quantification using a Kapa Ion Torrent library quantifi-
cation kit (Kapa Biosystems, Wilmington, MA, USA), the libraries were sequenced on an Ion Torrent S5XL
system (Life Technologies) using appropriate sequencing reagents.

For data analysis, raw reads were quality trimmed, and the remaining adapters were cut using 454
sequencing system software (version 3.0; Roche; Mannheim, Germany). Trimmed reads were then
mapped against 233 coding DNA sequences (CDSs) from CPXV BR and the CDSs of RatPox09 genes
gCPXV0002 (gNMDAr), gCPXV0003 (gCrmE), gCPXV0284 (gD7L), and gCPXV0030 (g7tGP) using the Bowtie2
program (version 2.3.5.1) (73). The matching reads were then quantified and transformed using Salmon
software (version 0.14.1) (74) running in strand-specific alignment-based mode with 100 bootstrap
replicates. The transformed read counts for each gene were then compared between the CPXV BR
reference strain and the CPXV knock-in mutants using R (version 3.6.0) (75) and R studio (version
1.2.1335) software.

In vitro characterization: replication kinetics. Vero cells from overnight cultures were infected with
CPXV chimeras or CPXV knock-in mutants at a multiplicity of infection (MOI) of either 0.01 or 3. CPXV
RatPox09, wtBR and BAC-derived BR (vBR) were used as references. After infection, cells were incubated
for 60 min at 37°C. Afterwards, the cells were washed three times with phosphate-buffered saline (PBS),
and then fresh culture medium was added. Samples were obtained at 6 different time points (0 h, 6 h,
12 h, 24 h, 48 h, and 72 h) as biological duplicates. Virus titers from the different time points were
determined by an endpoint dilution assay with two technical replicates. The virus titers were calculated
as the number of TCID50 per milliliter using the Spearman-Kärber algorithm (76, 77).

In vivo characterization of chimeras and mutants. The animal protocols were evaluated by the
responsible ethics committee of the State Office for Agriculture, Food Safety and Fishery in
Mecklenburg-Western Pomerania, Germany, and approval was obtained (approval number LALFF
M-V 7221.3-1-020/13).

The animal numbers and the design of all experiments are summarized in Table 6. Initially, we
inoculated 8 mixed-sex Wistar rats (outbred; Charles River, Sulzfeld, Germany) at 6 weeks of age with the
double chimera BR_sB/C, the triple chimera BR_sD/E/F, or the BR_D7L knock-in mutant virus (experi-
mental setup 1). The dose of the inoculum was 105.5 TCID50 per animal and was applied intranasally. CPXV
RatPox09 and wtBR were used as controls. Over a period of 21 days, the animals were clinically evaluated
on a daily basis and buccal swab specimens (Bakteriette; EM-TE Vertrieb, Hamburg, Germany) were taken
every second day. At day 5 postinfection (p.i.), 2 rats per group were humanely killed. Individual organ
tissue samples (turbinates, trachea, lung, liver, spleen, skin) were taken. Serum was sampled from the
surviving animals at day 28 p.i., when the animals were humanely killed for autopsy and individual organ
tissue samples were collected: rhinarium, trachea, lung, liver, spleen, kidney, skin, and bladder.

The experimental design of the animal studies performed here exactly followed that published
previously for infection experiments with CPXV BR and RatPox09 in Wistar rats (31, 35, 49). This initial
animal experiment had a duration of 28 days (experimental setup 1); since there was no change in the
development of disease seen at 20 dpi, the following two animal experiments were conducted for only
21 days (experimental setup 2).

In the second experimental setup, we infected 10 Wistar rats (per virus) either with the single-gene-
knock-in mutants (BR_D7L, BR_CrmE, BR_NMDAr, BR_7tGP) or with the multiple-gene-knock-in mutants
(BR_ATI/p4c, BR_D7L/CrmE/NMDAr/7tGP). In addition to CPXV RatPox09, wtBR and BAC-derived BR were
included as controls. Moreover, we developed a quantitative clinical score point system, which allowed
for an objective evaluation of the clinical status of the individual infected animals (Table 1) and analysis
of the kinetics of the symptomatic period (Tables 2 and 3). Animals that reached the experimental
endpoint were euthanized. Buccal swab specimens were taken every other day, and the rats were

TABLE 6 Design of animal experimentsa

Expt Group
No. of
animals/group Virus strain

Duration of
experiment (dpi) Tissues sampled at autopsy

1 Inoculated 8 Chimera BR_sB/C, chimera BR_sD/E/F,
or BR_D7L

28b Turbinates, trachea, lung, liver, spleen, skin, bladder

Control 4 wtBR or RatPox09 28b Turbinates, trachea, lung, liver, spleen, skin, bladder

2A Inoculated 10 BR_CrmE or BR_NMDAr 21 Turbinates, trachea, lung, liver, spleen, skin
Control 8 wtBR, vBR, or RatPox09 21 Turbinates, trachea, lung, liver, spleen, skin

2B Inoculated 10 BR_D7L, BR_7tGP, BR_ATI/p4c,
or BR_ Quad

21 Turbinates, trachea, lung, liver, spleen, skin

Control 6 vBR or RatPox09 21 Turbinates, trachea, lung, liver, spleen, skin
aAll animals were inoculated with the virus at a dose of 105.5 50% tissue culture infective doses (TCID50) intranasally when they were 6 weeks of age, and buccal swab
specimens were collected every 2 days. dpi, days postinoculation.

bTwo animals from both the inoculated and the control groups were euthanized and autopsied at 5 dpi.
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humanly euthanized at day 21 p.i. for autopsy and sampling (rhinarium, trachea, lung, liver, spleen,
kidney, skin, serum). The clinical score point system was used only for experimental setup 2.

Determination of viral loads from buccal swab and organ tissue samples. Buccal swab samples
were resuspended in 2 ml cell culture medium containing antibiotics (enrofloxacin, 1% [Bayer, Le-
verkusen, Germany]; amphotericin-gentamicin, 0.2% [Thermo Fisher Scientific Inc., Schwerte, Germany];
lincomycin, 0.5% [WDT, Garbsen, Germany]). The organ samples were transferred into 1 ml cell culture
medium supplemented with 10% fetal calf serum (FCS) and antibiotics (1% penicillin-streptomycin;
Biochrom GmbH, Berlin, Germany). The reaction tubes also contained stainless steel beads (diameter,
5 mm), which allowed mechanical homogenization (TissueLyser II; Qiagen, Hilden, Germany). Viral DNA
was extracted from all buccal swab and organ tissue samples by using a BioSprint 96 instrument and a
NucleoMag Vet kit (Macherey-Nagel, Berlin, Germany). OPV-specific DNA was detected by quantitative
PCR (31). In addition, the viral loads of the samples were determined by an endpoint dilution assay and
are given as the number TCID50 per milliliter, calculated using the Spearman-Kärber algorithm (76, 77).
The serum samples were analyzed by an indirect immunofluorescence test (31).

Bioinformatics and statistical analysis. Analysis of homologous poxvirus sequences, as well as the
prediction of protein domains and functions, was performed using the NCBI BLAST, PFAM (Protein
Families Database; http://pfam.xfam.org), and VectorNTI (version 9.1; Invitrogen, Darmstadt, Germany)
software packages and was based on the OPV sequences available at the NIAID Virus Pathogen Database
and Analysis Resource (ViPR) (78) through the website http://www.viprbrc.org/ and GenBank (79).
GraphPad Prism software (GraphPad Software, La Jolla, CA, USA) was used for statistical evaluation. To
describe the viral shedding kinetics in the Wistar rat model, we used median parameters in temporal
units to determine the time of the start of the shedding period (Tstart), the time of peak shedding (Tmax),
and the time of the end of virus shedding (Tend) (80). We also ascertained the initial virus titer shed (Vstart),
the peak viral titer shed (Vmax), and the final virus titer shed (Vend) and characterized the viral shedding
period as that time when viral titers of �1.625 log10 TCID50 ml�1 were detected. For clinical scoring, we
determined Tstart, Tmax, and Tend (in temporal units), as well as the clinical score (CS) units at the start of
the shedding period (CSstart), at the time of peak shedding (CSmax), and at the end of virus shedding
(CSend). The data were truncated to keep virus-positive samples as well as CS-positive animals. Survival
data were screened for the number of days that animals survived an infection (Smax) and the clinical
scores when the animals left the experiments (Send). We tested the association of individual parameters
between the groups and animals infected with vBR or RatPox09.

One-way ANOVA with the Bonferroni correction (P � 0.05) was performed to determine whether the
results were significantly different between the groups.
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