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Parvoviruses are small (20 to 28 nm), nonenveloped icosahe-
dral single-stranded DNA viruses that infect a diverse range of 
vertebrate and arthropod species. Much of what is understood 
about the biology and pathogenesis of autonomous parvoviruses 
has been derived from studies of the original murine parvovi-
ral isolates, particularly the prototypic and immunosuppressive 
strains of mouse minute virus (MMV).9,13,32 Because autonomous 
parvoviruses have a requirement and predilection for proliferat-
ing cells to replicate, they are primarily teratogenic pathogens. In 
contrast, rodent parvovirus infections of older animals are usually 
asymptomatic, because the cells that divide in mature animals, 
such as enterocytes, lymphoreticular cells, and hematopoietic 
cells, are largely spared.2,47,48 The most common parvovirus of 
laboratory mice, mouse parvovirus 1 (MPV1), was first isolated29 
from mouse T-lymphocyte cultures that had lost viability or the 
ability to proliferate when stimulated. In contrast to MMV,10,27,40 
MPV1 has not been shown to cause disease in newborn or immu-
nodeficient mice19,45 but nevertheless has been reported to modu-
late the immune response of infected mice.30,31

Adventitious infections of laboratory mice with MPV1 and 
other parvoviruses continue to occur regularly, despite biosecu-
rity improvements that have successfully excluded once-com-
mon pathogens such as Sendai virus.22,37,39 One reason for the 
continued occurrence of these infections is that nonenveloped 
parvovirus virions are environmentally stable and resistant to 
disinfection.18,49 Furthermore, related to their tendency to persist 
in host tissues even after seroconversion and their predilection 
for dividing cells, parvoviruses have been among the most fre-
quent viral contaminants of transplantable tumor lines and other 
rodent-derived biologic reagents.34,35 Inoculation of parvovirus-
contaminated biologic reagents into experimental animals can 
contribute to the incidence of parvoviral outbreaks. Currently, 
mouse populations typically are housed in microisolation cages 
and are monitored for MPV1 infections through the use of soiled 
bedding sentinels. An MPV1 infection of the principal animals 
may not be transmitted to sentinels when the prevalence of infec-
tion is low, as is often the case after contamination, or when the 
sentinels are comparatively resistant to infection because of their 
genetic background or age.7,16,17 However, a recent study found 
that sentinel age did not affect the likelihood of MPV1 infection.17

The C57BL/6 (B6) mouse strain is popular in biomedical re-
search and is commonly used as the background strain for spon-
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vided ad libitum access to water and feed (Lab Diet 5K52 or Lab 
Diet 5L79, Purina Mills, Richmond, IN). All procedures were ap-
proved by the Charles River IACUC, and all Charles River North 
American sites are AAALAC accredited.

MPV PCR. Two fluorogenic 5′endonuclease TaqMan PCR as-
says (Life Technologies, Carlsbad, CA) were used in this study, 
one targeting viral genomic DNA and the other viral mRNA. The 
template for the genomic assay was a region of the nonstructural 
NS1 gene conserved among parvoviruses of mice. The template 
for the RT–PCR analysis included an intron junction sequence 
unique to the MPV1 mRNA transcripts R1, R2, and R3, which 
are translated into NS1, NS2, and viral coat (VP) proteins, respec-
tively.25 The primers and probes for these assays were synthe-
sized by Sigma–Aldrich (St Louis, MO) and Applied Biosystems 
(Foster City, CA), respectively. The forward and reverse primers 
for the MPV mRNA RT–PCR assay, designated MPVJ2236F and 
MPVJ2409R (Figure 1), are specific to MPV sequences before and 
after the intron junction. The MGB probe (5′ FAM–TCAGGCCT-
TAGTCCAA–BHQ1 3′), designated MPVJ2386P, traverses the 
intron junction region and therefore does not anneal to intact viral 
genomic DNA.

In the infectious dose titrations of the MPV1e inoculum, the 
MPV NS1 PCR analysis was performed as an endpoint assay for 
infection of study mouse mesenteric lymph nodes (MLN). Total 
nucleic acid (that is, RNA and DNA), was isolated from MLN 
by using RNeasy 96 Kit (Qiagen, Valencia, CA) as follows. Ap-
proximately 15 mg MLN was placed in 650 μL of kit lysis buffer 
and homogenized by using a mixer mill (Laboratory Vibration 
Mill Type MM 300, Qiagen) at 25 Hz for 2 min. According to the 
RNeasy Kit instructions, ethanol was added to the homogenate, 
but to promote binding of DNA as well as RNA, 100% ethanol 
was substituted for the 70% ethanol specified in the instructions. 
Homogenates were applied to RNeasy 96 plate wells, which then 
were washed several times with the kit wash buffer to remove 
contaminants. Total nucleic acid was eluted from each well by us-
ing 100 µL molecular-grade water (VWR, Suwanee, GA) treated 
with diethylpyrocarbonate. Eluate containing total nucleic acid 
(5 μL) was added to each of 2 PCR plate wells prefilled with 25 
μL of a 1× TaqMan Universal PCR Master mix (Applied Biosys-
tems) supplemented with 0.01% Tween 20 (Sigma–Aldrich) and 
0.05% gelatin (Sigma–Aldrich). The master mix in one well con-
tained the MPV NS1 primers and probe; master mix in the other 
contained primers and a probe targeting the luciferase gene and 
100 copies of a plasmid construct with a luciferase gene insertion 
(pGEM-luc Promega, Madison, WI). Amplification of the lucifer-
ase gene indicated that the sample did not contain PCR inhibitors 
and therefore was suitable for testing. Each PCR run included 
triplicate tests of a negative template control and a positive tem-
plate control to verify assay performance and to demonstrate that 
the assay reagents were not contaminated with template. The 
negative template control was DNA extracted from uninfected 
Chinese hamster ovary cells; the positive template control was 
100 copies of the MPV1a pV1 plasmid (obtained from Lisa Ball-
Goodrich, Section of Comparative Medicine, School of Medicine, 
Yale University).

Reactions were thermocycled (model 9700, Applied Biosys-
tems) by using the following parameters: 1 cycle of 50 °C for 2 
min and 95 °C for 12 min; 5 cycles of 95 °C for 15 s and 64 °C for 
1 min; and 55 cycles of 95 °C for 15 s and 58 °C for 1 min. The 
fluorescence signals in each test well for the reporter dye FAM 

taneous and genetically engineered mutations. We and others 
have noted that B6 mice are less likely to be MPV1 seropositive 
than are mice of other strains and stocks, even in facilities where 
MPV1 is widespread.44 There has been speculation that B6 mice 
might not seroconvert when infected with MPV1. However, data 
reported here and by others7,15 indicate that B6 mice are less likely 
to seroconvert because they are comparatively resistant to MPV1 
infection; when they become infected, they do seroconvert. The 
current study evaluated whether resistance of B6 mice to infec-
tion with MPV1, as compared with BALB/c (C) mice, varies with 
virus inoculation route and correlates with differences in the time 
course and levels of viral infection, replication, and shedding and 
of humoral immunity.

Most studies of MPV1 in mice have been performed with the 
cultivable MPV1a strain.7,19,30,31,45 Cultivable murine parvoviruses 
are known to differ from wildtype strains genetically and in their 
cell tropisms, pathogenicity, and transmissibility in vivo. For ex-
ample, MPV1d, a noncultivable field isolate, was more readily 
transmitted to sentinels than was MPV1a.11 We therefore chose to 
perform the current experiments with MPV1e,3,4 a representative 
field strain that we originally isolated from an adventitiously in-
fected barrier colony44 and that has been propagated only in mice.

Materials and Methods
Virus. MPV1e (NCBI Tax ID, 402802) was isolated from bar-

rier-reared SPF mice adventitiously infected with MPV1 but no 
other pathogens.44 The DNA sequence for the genome of MPV1e, 
which has been submitted to GenBank and assigned accession 
number DQ898166i, is most closely related to that of the MPV1c 
field strain.3,5 To prepare the study inoculum, 4-wk-old naïve mice 
were orally and parenterally injected with the original MPV1e 
isolate that had been passaged only in mice; spleens and lymph 
nodes collected from the mice at 4 d after inoculation were ho-
mogenized in cell culture medium to a concentration of approxi-
mately10% w/v. Aliquots of the inoculum were stored in liquid 
nitrogen. The inoculum was shown to be sterile and to be free 
of extraneous rodent viruses and mycoplasma by PCR analysis 
and mouse antibody product (MAP) testing8,42 and to contain 107.6 
MPV1 genome copies/mL according to qualitative PCR (qPCR) 
analysis.

Mice. Female BALB/cAnNCrl and C57BL/6NCrl mice (age, 
3 to 5 wk) were obtained from Charles River colonies (Kingston, 
NY, and Raleigh, NC, respectively) demonstrated to be free of 
Sendai virus, pneumonia virus of mice, mouse hepatitis virus, 
minute virus of mice, mouse parvovirus, Theiler mouse en-
cephalomyelitis virus, reovirus type 3, mouse adenovirus, poly-
oma virus, K virus, mouse cytomegalovirus, group A rotavirus 
(epizootic diarrhea of infant mice virus), mouse thymic virus, 
lymphocytic choriomeningitis virus, Hantaan virus, lactate de-
hydrogenase elevating virus, ectromelia, Mycoplasma pulmonis, 
Helicobacter spp., Salmonella spp., Pasteurella spp. (including P. 
multocida and P. pneumotropica), cilia-associated respiratory bacil-
lus, Corynebacterium kutscheri, Citrobacter rodentium, Clostridium 
piliforme, Streptobacillus moniliformis, Streptococcus pneumoniae, 
and endo- and ectoparasites. Mice were housed in individually 
ventilated cages on woodchip bedding (Beta Chip, NEPCO, War-
rensburg, NY). Cages were cleaned and sterilized once weekly. 
Environmental conditions were maintained at 70 ± 3 °F (21 ± 2 
°C) with 50% ± 20% relative humidity and 15 room air-changes 
hourly. Animals were kept on a 12:12-h light:dark cycle and pro-
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determine template copy numbers, which were normalized to 
copies per mg of tissue or feces.

MPV serology. Parvovirus recombinant viral protein antigens 
were developed and expressed in the Baculovirus Expression 
Vector System with Gateway Technology (Invitrogen, Carlsbad, 
CA). The recombinant (r) genes expressed included rVP2 from 
MMVp (VR663, ATCC, Bethesda, MD), rVP2 and rNS1 from the 
MPV1a plasmid clone pV1,1 and rVP2 from MPV2a identified 
in the MLN of a naturally infected mouse. Seeds were prepared 
from plaque-purified recombinant baculovirus clones propagated 
in monolayer cultures of the Spodoptera frugiperda Sf9 insect cell 
line (Invitrogen). The orientations, sizes, and sequences of the 
recombinant genes were confirmed by agarose-gel electrophore-
sis of intact and restriction endonuclease-digested PCR products 
and by comparing gene sequences with those in GenBank. To 
produce a recombinant protein antigen, a suspension culture of 
the ExpresSF+ cell line (Protein Sciences, Meriden, CT) containing 
approximately 2 × 106 cells/mL was inoculated with 0.1 to 5 pfu 
per cell of recombinant baculovirus. SF+ cells were propagated 
in Insect-Xpress protein-free medium with L-glutamine (Cam-
brex, East Rutherford, NJ), 0.25 μg/mL amphotericin B (Fungi-
zone, Invitrogen), and 50 μg/mL gentamicin sulfate (Cambrex). 
The inoculated cultures were harvested after incubation at 27 ± 
2 °C with continuous mixing for 3 to 5 d, by which time SF+ cell 
viability had dropped from 90% or higher to 50% to 80%. Cell 
pellets were lysed with 1% (w/v) CHAPS (Sigma–Aldrich) to 
extract the recombinant viral protein. The lysate was clarified 
by centrifugation at approximately 3700 × g. The rVP2 proteins 
formed virus-like particles that were purified by differential or 
density gradient ultracentrifugation and further detergent treat-
ments. The rNS1 was expressed as His6-tagged fusion protein that 
was purified from the cell lysate by Ni-chelating affinity chroma-
tography described elsewhere.41 To verify antigenic purity and 
potency, recombinant proteins were used as antigens in ELISA or 
multiplexed fluorometric immunoassays (MFIA) of standard se-
rum panels to demonstrate that they reacted positively only with 
the appropriate antisera (data not shown). A detergent extract of 
wild-type baculovirus-infected SF+ cells was used as a sample-
suitability (that is, tissue) control to detect nonspecific binding in 
test serum antibodies.

ELISAs were performed in 96-well polystyrene microplates 
(Immulon 4, Thermo Scientific). To coat plates, 50 μL of antigen 
or tissue control diluted in 0.1 M sodium carbonate–bicarbonate 
buffer, pH 9.6, with 0.5% w/v ovalbumin was dispensed per well 
and the plates were incubated overnight; rVP2 plates were held 
at room temperature, whereas the rNS1 plates were refrigerated. 
After being washed several times, rVP2- and rNS1-coated plates 
were stored at −20 °C and −70 °C, respectively. Before being test-
ed, serum samples were diluted 60-fold in PBS, pH 7.4 (Sigma-
Aldrich) containing 5% w/v nonfat dry milk24 and 15% v/v FBS; 
50 μL of each diluted test or control serum was added to each of 
2 adjacent wells, one coated with antigen and the other with the 
tissue control. After being incubated at 39 ± 2 °C for 40 min, plate 
wells were washed 4 to 5 times with a 0.9% NaCl solution in an 
automatic 96-well plate washer (Biotek, Winooski, VT). Then 50 
μL of horseradish peroxidase-conjugated goat IgG antimouse and 
-rat IgG (Jackson ImmunoResearch Laboratories, West Grove, 
PA) diluted in a 15% v/v solution of FBS in PBS were added to 
every well. Plates were incubated and washed as just described 
and then incubated for 40 min at room temperature with 100 μL 

and reference dye ROX were read by using a fluorometer (As-
cent-Fluoroskan, Thermo Fisher, Waltham, MA). The FAM signal 
was divided by the ROX signal to calculate a normalized reporter 
(Rn) value. A sample reaction was classified as positive when the 
sample net Rn (sample Rn – negative template control Rn) was 
greater than or equal to 20% of the difference between the positive 
and negative control values (positive template control Rn – nega-
tive template control Rn).

In the experiment comparing the courses of MPV1e infection 
in C and B6 mice, the viral genomic DNA and mRNA assays 
were performed as real-time qPCR assays to ascertain the levels 
of viral infection in tissues and shedding in feces and of virus 
replication, respectively. Homogenates of approximately 30 mg 
tissue in 1200 μL of kit lysis buffer were prepared as described for 
MLN. Each homogenate was divided into 2 equal aliquots. RNA 
was isolated from one aliquot by inclusion of a DNase digestion 
step in the isolation protocol. The second aliquot was processed 
without the DNase step, for isolation of total nucleic acid. After 
isolation, RNA from the DNase-treated nucleic acid was reverse-
transcribed to cDNA by the addition of 5 µL RNA eluate to 25 µL 
of GeneAmp RT Master Mix (Applied Biosystems) prepared with 
1mM mixed dNTP, according to the manufacturer’s instructions 
for specific priming of the forward PCR primer. The RT incuba-
tion parameters were 25 °C for 10 min, 48 °C for 30 min, and 95 
°C for 5 min.

DNA was extracted from feces by homogenizing approxi-
mately 75 mg feces in 250 μL PBS, pH 7.2 (Invitrogen, Grand Is-
land, NY) and centrifuging the fecal slurry at 2400 × g for 2 min. 
DNA extracted from 100 μL of supernatant by using MagAt-
tract reagents (Qiagen) on a Kingfisher96 processor (Thermo 
Scientific, Waltham, MA) was eluted in 200 μL of molecular-
grade water. As in the endpoint MPV NS1 PCR assay protocol, 
controls for the qPCR analysis included assaying all samples 
for inhibitors by using the luciferase PCR assay and testing of 
positive and negative template controls in triplicate to verify 
that assay performance was satisfactory. In addition, a sample of 
RNA that had not undergone RT was assayed by the MPV NS1 
qPCR protocol to demonstrate the effectiveness of the DNase 
treatment. The qPCR reaction components and thermocycler pa-
rameters were the same as those already described, except that 
the cycling was performed on an real-time PCR instrument (ABI 
7300, Applied Biosystems). Ten-fold serial dilutions of plasmid 
standards, which contained the assay target sequences, were 
used in triplicate wells for analysis by the ABI 7300 software to 

Figure 1. Location of MPV1 mRNA RT-qPCR assay targets within 
genomic DNA and mRNA. The sequences for the forward primer 
(MPVJ2236F) and reverse primer (MPVJ2409R), which are found in both 
viral DNA and mRNA, are outlined. The sequence (underlined) for the 
MGB probe (MPVJ2386P; 5′ FAM–TCA GGC CTT AGT CCA A–BHQ1 
3′) location traverses the R1, R2, and R3 transcript splice donor and ac-
ceptor sites (arrows). The dashed line indicates the intron excised from 
the mRNA.
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ID50 titration of the MPV1e standard inoculum in B6 and C 
mice. Five serial 0.5 or 1.0 log10 dilutions of the standard of 
MPV1e inoculum were made in HBSS, and 100 μL of each in-
oculum dilution was administered to each of 4 mice by gavage 
or intraperitoneal injection (with the exception that only 3 mice 
were inoculated intraperitoneally with the 10−1 dilution); 4 con-
trol mice were inoculated per strain with HBSS. Four weeks 
postinoculation, animals were euthanized by CO2 inhalation. 
Sera derived from blood samples collected by cardiocentesis 
were diluted 5-fold in PBS and stored at –20 °C or lower un-
til they were tested for MPV antibodies by ELISA. MLN were 
stored at –70 °C or lower; the MPV NS1 PCR was performed on 
DNA extracted from MLNs. By using either the ELISA or PCR 
results, the ID50 for each mouse strain was calculated according 
to the Reed–Muench method.38

Course of MPV1e infection and humoral immunity in B6 and 
C mice. Each of 27 mice per strain was given approximately 100 
μL (B6, approximately 1000 C-mouse ID50; C, approximately 100 
C-mouse ID50) of the MPV1e inoculum by oral gavage. Five ad-
ditional mice of each strain were gavaged with HBSS diluent to 
serve as negative controls. Feces were collected antemortem from 
6 MPV1e-inoculated mice of each strain at 1 and 2 d after inocula-
tion. Three mice of each strain were euthanized by CO2 inhalation 
at 3, 5, 7, 10, 14, 21, 28, 42, and 56 d after inoculation. The mice 
sampled antemortem on days 1 and 2 after inoculation were again 
sampled postmortem on days 42 and 56 after inoculation. Blood, 
fecal pellets, MLN, spleen, and ileum were collected aseptically 
from each euthanized mouse. Serum harvested from the clotted 
blood was diluted 5-fold in PBS. Fecal pellets, MLN, spleen, and, 
ileum were aseptically transferred to individual tubes containing 
RNALater (Life Technologies). All samples were stored at −20 °C 
until analysis.

Statistical analysis Corresponding qPCR and RT-qPCR results 
for the B6 and C mouse tissues were compared by ANOVA; com-
parison of B6 and C fecal qPCR results during the acute phase 
of infection was done by using the Student t test. Multiple com-
parisons of specimen effects were done by using the Tukey test. 
All calculations were performed in R software (http://www.r-
project.org/). A P value less than 0.05 was considered to be statis-
tically significant.

Results
ID50 titrations of an MPV1e inoculum in C and B6 mice. Mice 

of each strain received serial dilutions of a standard MPV1e 
inoculum by gavage (to simulate natural infection) or by intra-
peritoneal injection to determine the effect of inoculation route 
on susceptibility to infection. MPV ELISA and PCR analyses 
were performed on serum and MLN specimens collected at 
28 d after inoculation. After oral gavage, the MPV ELISA- and 
PCR-determined ID50 were both 103.2 in C mice and were 101.2 
and 101.5, respectively, in B6 mice (Table 1). The viral DNA copy 
number was determined by qPCR assay to be approximately 
108 copies/mL, corresponding to 3000 DNA copies/ID50 by ga-
vage in C mice and 190,000 copies/ID50 by gavage in B6 mice.

Compared with oral gavage ID50, those after intraperitoneal 
injection were approximately 70% higher in C mice and slightly 
lower in B6 mice. Therefore, the inoculum ID50 were 50- to 100-
fold higher after gavage and 10-fold higher after intraperitoneal 
injection in C compared with B6 mice. Control mice inoculated 

per well of ABTS peroxidase substrate (KPL, Gaithersburg, MD). 
After 25 µL of 1% SDS stop solution was dispensed per well, the 
optical density of the substrate color development at 405 nm was 
determined by using a 96-well plate reader (Molecular Devices, 
Sunnyvale, CA). Absorbance values were converted to net scores 
by using the formula

		  Score OD OD 13net antigen tissue control= ( )- / .0
 

A net score of 2.5 or greater was classified as positive provided 
that the tissue control score (OD405 of tissue control well / 0.13) 
was less than 2; however, a positive net score was classified as 
nonspecific when the tissue control score was 2 or greater.

MFIA were developed by using xMAP suspension microar-
ray technology (Luminex, Austin, TX). Approximately 200 μg of 
rVP2 or 10 μg of rNS1 protein antigen were covalently coupled 
per 50 million carboxylated polystyrene microspheres by using 
the 2-step carbodiimide method recommended by Luminex.28 
The selectivity and sensitivity of each coupled bead lot was quali-
fied by testing a panel of standard mouse and rat immune and 
SPF sera. Coupled beads were stored individually or in panels 
at 5 ± 3 °C in PBS with 1% w/w BSA (Sigma-Aldrich), 0.02% v/v 
Tween 20, and 0.05% w/v NaN3. MFIA were performed in 96-
well 1.2 μm filter-bottom plates (Millipore, Bedford, MA); 50 μL 
of a suspension of assay and control microbead sets, containing 
2500 microbeads per set, and an equal volume of serum diluted 
25-fold in PBS containing 5% v/v FBS and 0.05% v/v Proclin 300 
preservative (Sigma-Aldrich) were added to a plate well and in-
cubated together for 60 min. This and subsequent incubations 
were completed at 27 ± 2 °C in darkness, with orbital mixing at 
approximately 500 rpm. After the serum incubation, microbeads 
were washed 2 times by the addition and evacuation (through 
the well filter bottom) of PBS containing 1% BSA and 0.05% v/v 
Proclin (that is, wash buffer). Mouse antibodies bound to the mi-
crobeads were detected by consecutive 30 min incubations with 
100 μL per well of biotinylated goat IgG antimouse and antirat 
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) 
and of streptavidin–phycoerythrin conjugate (Invitrogen), with 
wash steps after each incubation. After the final wash was as-
pirated, 100 μL of wash buffer was added to each well, and the 
beads were resuspended by orbital mixing. A BioPlex Suspen-
sion Array Reader System (Bio-Rad Laboratories, Hercules, CA) 
reported the median fluorescence intensity (MFI) for each assay 
and control bead set. MFI readings were converted to scores using 
the following formulas:

		  MFI  MFI MFInet antigen tissue control= -
 

		 If MFI MFI  then net score MFI MFI 3net cutoff net cutoff≤ = ×( ), /
 

		 If MFI cutoff  then net score MFI MFI 1net net cutoff> = ( ), - / 000 + 3
 

Thus, a net MFI equal to the cutoff MFI, which was 3000 for the 
assays reported in this study, always has a net score of 3. A net 
score of 3 or greater indicated a positive result, provided that the 
tissue control test for the sample did not exceed 2.
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plate concentrations per specimen and mouse strain between 
3 and 14 d after inoculation. Peak values were chosen by rank 
rather than time after inoculation to accommodate variations 
by measurement, specimen-type, and mouse strain. Peaks of 
MPV1e shedding, infection, and replication were on average 
3.4 (P = 0.6, Student t test), 4.3 (P < 0.001, ANOVA), and 6.2 (P < 
0.001, ANOVA) times higher in C than in B6 mice, respectively. 
C:B6 ratios of infection and replication were highest in spleen 
and lowest in MLN (P < 0.001, Tukey). The peaks of shedding, 
infection, and replication occurred at a mean of 5.8, 7.8, and 5.3 
days after inoculation, respectively, in C mice and 2 to 3 d later 
in B6 mice.

Changes in the levels of MPV1e replication and fecal shed-
ding followed one another (Figure 2). When the study con-
cluded at 56 d after inoculation, RT-qPCR analysis no longer 
detected replication (that is, viral mRNA transcripts) in tissues 
from either mouse strain; viral shedding in feces as determined 
by qPCR assay was undetectable in B6 mice and had dropped 
in C mice by 3 logs from a peak of approximately 106 genome 
copies/mg feces (Figure 2).

The qPCR plots for tissue specimens in Figure 2 show that 
MPV1e infection levels had dropped substantially from their 
peaks by 28 d after inoculation, but remained stable through the 
study conclusion at 56 d after inoculation. In comparison to the 
peak levels of infection (Table 3), the persistent levels of infection 
(Table 4) were 80% lower in C mice and 88% lower in B6 mice. 
MPV1 copy number data (Table 4) show that infections persisted 
in the tissues of C mice at concentrations that were significantly 
(P < 0.001, ANOVA) higher than those in B6 mice, with the host-
strain differences being most dramatic for ileum. The highest and 
lowest levels of infection occurred in the MLN and spleen, respec-
tively (P < 0.001, Tukey).

Antibodies to MPV1 capsid proteins (that is, VP2) were first 
detected at 7 d after inoculation in 2 of 3 C mice and 3 d later in 

with HBSS were MPV-negative by ELISA and PCR analysis (data 
not shown).

In these titrations, various doses of MPV1e were adminis-
tered to a total of 79 mice (C, 40; B6, 39). Results from ELISA 
and PCR analysis agreed for 78 (99%) of the 79 mice, including 
45 that were MPV-positive and 33 that were MPV-negative by 
both tests. The single discrepancy was for a gavage-inoculated 
B6 mouse that was virus-positive by PCR but ELISA-negative. 
This nearly perfect agreement demonstrates that MPV1e infec-
tion consistently elicited a humoral immune response in B6 as 
well as C mice.

Course of MPV1e infection and humoral immunity in B6 and 
C mice. To investigate the correlation between susceptibility to 
the virus and the course of infection, B6 and C mice were in-
oculated by gavage with approximately 1000 and 100 C-mouse 
ID50 MPV1e, respectively. Feces were collected antemortem from 
6 mice per strain at 1 and 2 d after inoculation. MLN, ileum, 
spleen, feces, and blood were collected postmortem from 3 mice 
per strain at each of 9 time points between 3 and 56 d after in-
oculation. qPCR analysis was used to determine the amount of 
MPV1e genomic DNA in tissues and feces, to demonstrate the 
levels of viral infection and shedding, respectively. RT-qPCR was 
used to measure MPV1e mRNA in tissues to evaluate the amount 
of viral replication. All results were normalized to number of 
nucleic acid copies per gram of tissue or feces. To minimize com-
petition from viral DNA for the primers used to amplify viral 
mRNA-derived cDNA, a DNase digestion step was included 
in the total nucleic isolation protocol, prior to RT-PCR analysis. 
DNase treatment of total nucleic acid extracted from 72 infected 
tissue specimens collected from B6 and C mice between 7 and 21 
d after inoculation reduced the average number of MPV DNA 
copies per gram of specimen by 99.8% ± 3.8%, from 105.5 to 102.9 
(Table 2). The average reduction for every mouse strain–tissue 
combination exceeded 99%.

MPV1e infection, replication, and fecal shedding reached 
their peaks in C mice between 3 and 10 d after inoculation and 
in B6 mice between 5 and 14 d after inoculation (Figure 2). Table 
3 contains the averages of the 9 highest qPCR and RT-qPCR tem-

Table 1. Effect of inoculation route on ID50 of MPV1e inoculum in C 
and B6 mice

Log10 ID50/100 μL

ELISA PCR

Gavage C mice 3.2 3.2
B6 mice 1.2 1.5
Difference 2.0 1.7

Intraperitoneal C mice 2.7 2.7
B6 mice 1.7 1.7
Difference 1.0 1.0

MPV ELISA and PCR were performed on serum and mesenteric lymph 
node specimens collected 4 wk after inoculation; control mice inoculated 
with HBSS were virus-negative by ELISA and PCR analysis (data not 
shown).
Five doses were tested per strain and inoculation route with 4 mice per 
dose (n = 20), except for the B6 intraperitoneal titration, for which the 101 
dose was injected into 3 mice (n = 19). In each titration, 4 control mice of 
each strain were inoculated with HBSS; these mice remained negative 
by PCR analysis and ELISA (data not shown).

Table 2. Efficacy of DNAse digestion of total nucleic acid extracted 
from MPV1e-infected tissues prior to viral mRNA RT-qPCR

Average log10  
copies/mga

Tissue n
Before 
DNAse

After 
DNAse

% Reduction 
± CV

C mice Ileum 12 5.9 3.0 99.9% ± 0.1%
MLN 12 6.1 3.3 100.0% ± 1.2%
Spleen 12 5.5 3.7 99.6% ± 1.5%
All 36 5.8 3.3 99.8% ± 1.2%

B6 mice Ileum 12 5.2 2.2 99.9% ± 0.2%
MLN 12 5.5 2.6 99.9% ± 0.4%
Spleen 12 4.8 2.5 99.4% ± 8.5%
All 36 5.2 2.4 99.7% ± 5.2%

All All 72 5.5 2.9 99.8% ± 3.8%

The probe used is complementary to a sequence that traverses the splice 
junction region and therefore is found only in viral mRNA. The assay 
primers, however, anneal to sequences found in viral DNA as well as 
mRNA. DNAse digestion was used to reduce competition for the 
primers by viral DNA.
aFor specimens collected from 3 mice per strain at 7, 10, 14, and 21 d after 
inoculation.
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all 3 B6 mice (Figure 3). By 14 d after inoculation, all mice of both 
strains were seropositive for MPV1. In comparison, seroconver-
sion to the highly conserved nonstructural NS1 protein did not 
occur until 10 d after inoculation in C mice and 21 d after inocu-
lation in B6 mice. However, once B6 mice seroconverted to NS1, 
their rNS1 MFIA scores between 3 and 8 wk averaged 18, com-

Figure 2. Time course of MPV1e infection, replication, and fecal shedding in C and B6 mice. Infection and fecal shedding were measure by viral 
genomic DNA qPCR; replication was determined by viral mRNA RT–qPCR. The solid and dashed lines connect the time-point averages for C and B6 
mice, respectively.

pared with the average score of 12 for C mice during the same pe-
riod. MPV1 rVP2 and rNS1 MFIA-positive sera were completely 
negative in the MMV rVP2 MFIA; of the 9 sera tested from each 
strain between 28 and 56 d after inoculation, a single C sample 
and 4 B6 sera gave borderline MPV2 rVP2 MFIA results, with an 
average score of 4.6.
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Table 3. Peak levels of MPV1e infection, replication, and fecal shedding in C and B6 mice

No. of template copies (×103) /mg 

C:B6b B6 – Cc

 (no. of days after inoculation)a

Assay Process evaluated Specimen C B6

qPCR for viral DNA Shedding Feces 852 (5.8) 253 (8.3) 3.4d 2.6

Infection Ileum 1801 (7.8) 360 (9.3) 5.0 1.6
MLN 1907 (8.2) 674 (10.1) 2.8 1.9
Spleen 1039 (7.3) 70 (10.3) 14.8 3.0
All tissues 1582 (7.8) 368 (9.9) 4.3e 2.1

RT-qPCR for viral mRNA Replication Ileum 3433 (5.8) 473 (8.3) 7.3 2.6
MLN 4371 (5.0) 837 (8.1) 5.2 3.1
Spleen 782 (5.0) 69 (8.3) 11.3 3.3
All tissues 2862 (5.3) 460 (8.3) 6.2e 3.0

aThe peak no. of template copies/mg specimen are the average of the 9 highest values between 3 and 14 d after inoculation; the values were selected 
by rank rather than from specific days to adjust for variation by measurement, specimen type, and host strain. The numbers in parentheses are the 
average d after inoculation at which the 9 peak template copies/mg specimen.
bThe ratio of C to B6 number of template copies/mg of specimen
cThe difference in the average d after inoculation at which peak template copies/mg of specimen were found in B6 and C mice
dP = 0.06 (Student t test)
eP < 0.001 (ANOVA)

Table 4. Persistence of MPV1e infection in the tissues of seropositive C 
and B6 mice

Average no. viral DNA copies/mg (× 103) Ratio

C B6 C:B6

Ileum 64 2 131.8
MLN 556 121 4.6
Spleen 116 7 16.3
All tissues 312 43 7.2

The average number of viral DNA copies/mg of tissue was evaluated 
by qPCR analysis. Tissues were collected from 3 mice per strain at 4, 6, 
and 8 wk after inoculation (n = 9 per strain), when all mice of both 
strains were seropositive.

Discussion
MPV1 is one of the more common contaminants of laboratory 

mouse colonies,22,37,39 largely because parvoviruses are environ-
mentally stable and resistant to disinfection.12,23 However, even 
in animal facilities where MPV1 is endemic, serology and PCR 
rarely detect the infection in B6 mice.44 B6 mice were thought to 
lack seroconversion when infected with a low dose of MPV1, but 
data reported by others7,15,16 and the nearly perfect correspon-
dence between the MPV ELISA and PCR assay results from the 
MPV1e ID50 titrations we present here provide clear evidence that, 
once infected, B6 mice consistently seroconvert to MPV1.

The main goals of our current experiments were to: 1) corrobo-
rate and quantify the difference between the susceptibilities of B6 
and C mice to MPV1 infection; 2) evaluate whether the route of 
inoculation altered susceptibility; and 3) determine whether the 
difference in susceptibility to MPV1 between C and B6 mice was 
associated with variations in the timecourse and levels of MPV1 
infection, replication, and fecal excretion (that is, shedding) and 
humoral immunity. Rather than the cell-culture-adapted MPV1a 

strain used in many earlier investigations,7,19,30,31,45 our experi-
ments used a standard inoculum of MPV1e, a representative field 
strain propagated only in mice,3,6 To simulate a natural route of 
exposure, we wanted to inoculate mice by oral gavage, but results 
of attempts to thus use MPV1a were inconsistent. We compared 
B6 with C mice because in our experience and in published re-
ports,7,43 C mice are among the strains most susceptible to MPV1 

Figure 3. Antibody response to MPV1e infection in C (upper panel) and 
B6 (lower panel) mice measured by MFIA with recombinant VP2 viral 
capsid protein antigens for MPV1, MPV2, and MMV and the recombi-
nant NS1nonstructural protein antigen. The MPV1 MFIA data points 
denote individual sample results; the other symbols represent the aver-
age for 3 samples per strain.
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absent from the MPV1 humoral immune response or be detected 
later than are viral capsid antibodies.7,16 It is interesting that rNS1 
MFIA scores from 21 to 56 d after inoculation were nearly twice 
as high in B6 as in C mice. Of the 48 sera collected from MPV1e-
inoculated mice over the course of the experiment, 39 (81%) were 
MPV1 MFIA positive; none were MMV MFIA positive, and only 
5 (10%) were MPV2 MFIA positive albeit with borderline positive 
scores (mean, 5). The serotype specificity of ELISA and MFIA us-
ing purified capsid protein antigens (whether virions or recom-
binant virus-like particles) and the delayed or sometimes absent 
antibody response to the conserved NS1 protein antigen under-
score the importance of including capsid antigens representing 
several parvovirus strains in serosurveillance panels.

In the weeks after seroconversion, viral replication and fecal 
shedding decreased rapidly and in concert with one another. By 
the time the last group of mice was sampled at 56 d after inocula-
tion, virus replication was no longer detectable in tissues from 
mice of either strain; virus fecal shedding had dropped to low 
concentrations in C mice and was undetectable in B6 mice. By 28 
d after inoculation, MPV1e infection levels determined by qPCR 
analysis had dropped from their peaks by 74% to greater than 
99%, but they remained stable thereafter for the duration of the 
experiment. As was the case during the acute infection, the lev-
els of persistent infection were significantly higher in C than B6 
mice and (irrespective of mouse strain) were highest in MLN and 
lowest in spleen. Persistent infection with little or no discernible 
replication or cytolysis has been demonstrated for parvovirus 
infections in other host species,20,21 including people,26 and in vi-
tro. The mechanisms by which MPV1 silently persists in mouse 
lymphoid tissues have not been completely defined but one pos-
sibility is that encapsidated viral genome is sequestered in mitoti-
cally inactive cells.12 The adaptive immune response appears to 
be a key factor limiting MPV1 replication and shedding because, 
as suggested in a previously cited study,3 viral mRNA transcripts 
and therefore replication persisted in the tissues of SCID mice for 
as long as 32 wk after inoculation; this point is well beyond the 
time when viral mRNA transcripts were no longer detectable in 
immunocompetent C and B6 mice in this study.

MPV1 transmission studies demonstrated that the period dur-
ing which immunocompetent mice were contagious was limited 
to the first couple of weeks after natural or experimental infec-
tion.3,43 In contrast, neonatally infected immunocompetent mice 
transmit infection intermittently for as long as 6 wk.45 Person-
nel responsible for maintaining SPF mouse colonies have under-
standably been concerned that replicating and shedding of MPV1 
can be reactivated after stress or other factors, such as an antigenic 
stimulus eliciting the mitosis of lymphocytes that sequester virus, 
thereby converting the latent infection of those cells to a produc-
tive one.12,19 However, a case of such conversion has not yet been 
reported. The stress of pregnancy and lactation on persistently in-
fected immunocompetent female mice did not lead to an increase 
in MPV1 shedding or transmission to naïve cagemates or soiled 
bedding sentinels.3

In summary, our data indicate that B6 mice are less susceptible 
to MPV1e infection than are C mice, regardless of the inoculation 
route, and that the lower susceptibility is associated with lower 
levels of viral infection, replication, fecal shedding, and serocon-
version. Taken together, our findings suggest that B6 lymphocytes 
are less permissive for MPV1 replication than are C lymphocytes 
and that susceptible lymphocyte subsets (for example, CD4+ Th 

infection. Moreover, the T lymphocyte subsets of C and B6 have 
been characterized extensively and shown to differ substantially. 
For example, regulatory T lymphocytes in the blood and spleen 
of C mice are mainly CD4+ T helper lymphocytes, whereas CD8+ 
cytotoxic T lymphocytes predominate in B6 mice.36 Helper T 
lymphocytes differentiate into Th1 and Th2 cells, which regulate 
distinct immune responses.14 B6 and C mice are considered the 
prototypical Th1 and Th2 responder strains,36 respectively. Be-
cause lymphoid tissues3,19 and T lymphocytes29 have been shown 
to be targets of MPV1 infection, these established differences be-
tween the percentages of T lymphocyte subsets and the T-cell–de-
pendent immune responses of C and B6 mice provide an avenue 
for investigating the mechanism of genetically based variation in 
susceptibility to MPV1.

The ID50 titration in the current study confirmed that C mice 
were more susceptible than were B6 mice to MPV1e infection, 
regardless of whether the virus was administered by gavage or 
intraperitoneal injection. The ID50 by intraperitoneal injection dif-
fered by 0.5 log10 or less from those by oral gavage, but because 
the titer after intraperitoneal injection was slightly higher in B6 
mice and lower in C mice, the C:B6 ID50 ratio decreased from 50 
to 100 for gavage to 10 for intraperitoneal injection. Therefore, the 
minimal dose to infect a B6 mouse was 10 to 100 times greater 
than that needed to infect a C mouse.

In the time course study, C and B6 mice were inoculated with 
MPV1e by gavage to simulate natural infection. Tissue and fecal 
specimens collected at various times after inoculation were tested 
by qPCR assay to assess levels of viral infection and excretion; 
tissues also were assayed by RT-qPCR to assess viral replication. 
Ours is not the first study in which molecular genetics techniques 
have been used to monitor MPV1 replication. An early study19 
identified sites of MPV1a replication in mouse tissues based on 
detection of mRNA and replicative-form DNA by in situ hybrid-
ization with a minus-sense RNA probe; however, the authors 
noted that the hybridization labeling was “sparse” even during 
the acute infection and suggested that a more sensitive technique 
such as PCR analysis might be preferable to in situ hybridization. 
Other authors3 used a qualitative, gel-based RT-PCR approach to 
demonstrate that MPV1e replication continued in SCID mouse 
tissues for at least 32 wk after inoculation. The RT-qPCR assay 
that we used is more specific than is the qualitative gel-based RT-
PCR test it supplanted, because the assay we used incorporates 
a TaqMan probe that targets an intron junction sequence unique 
to MPV1e RNA. The high sensitivity of this test allowed us to 
detect and track MPV1 replication during the persistent as well 
as the acute phases of infection. The close correlation between the 
concentrations of virus being shed in feces and of viral mRNA 
transcripts in tissues supports the value of the RT-qPCR assay 
results for measuring viral replication in tissues.

The peaks of infection and viral shedding and of replication oc-
curred in C mice between 3 and 10 d after inoculation. In B6 mice, 
these peaks occurred 2 to 3 d later and were significantly lower 
than those in C mice. Similarly, the MFIA detected seroconversion 
to MPV1 capsid at 7 d after inoculation in C mice and several days 
later in B6 mice. All mice of both strains were MPV1 seropositive 
from 14 d after inoculation onward. MFIA detected seroconver-
sion to the nonstructural NS1 protein in C and B6 mice at 10 and 
21 d after inoculation, respectively. The delay in the NS1 anti-
body response compared with the capsid response is consistent 
with other published data showing that NS1 antibodies may be 
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