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Detection of Bovine Leukemia Virus Proviral 
DNA in Individual Cells 

Michael k. Mirsky, 1 Yang Da, 2 and Harris A. kewin 2 

1Department of Veterinary Pathobiology; 2Laboratory of Immunogenetics,  Department of Animal Sciences, University of Illinois 
at Urbana-Champaign,  210 Plant & Animal Biotechnology Laboratory, Urbana, Illinois 61801 

We have developed a method of an- 
alyzing Individual cells to detect pro- 
viral DNA of the bovine leukemia vi- 
ms (BLV) using flow cytometry and 
PCR. Individual cells of the BL3* cell 
line, which contain multiple inte- 
grated copies of the BLV provirus, 
and the uninfected cell line BL3 ~ 
were sorted into wells of a 96-well 
plate. Following cell lysis, portions of 
the BLV envelope (ENV) and cellular 
prolactin (PRL) genes were amplified 
simultaneously using PCR. Viral and 
cellular products of first-round PCR 
were amplified separately in a sec- 
ond round of PCR using "hemin- 
ested" primers. Separation of the 
PCR products by polyacrylamide gel 
electrophoresis yielded distinct frag- 
ments of the predicted sizes. The op- 
erational sensitivity of this method 
for the detection of virus was >90% 
when testing single infected cells. In 
addition, we were able to reliably 
amplify DNA from a single BL3* cell 
among as many as 10 s BL3 ~ cells and 
established that the sensitivity for 
detecting a single Infected cell 
among 20, 100, or 1000 uninfected 
cells was at least 90%. Estimates of 
low percentages of Infected cells 
were obtained by applying probabil- 
it), theory to results of experiments 
conducted on wells containing more 
than one cell. Using these methods, B 
lymphocytes obtained from the pe- 
ripheral blood of BLV-infected cattle 
were tested for proviral DNA. BLV 
ENV was Identified in 7 6 . 9  +. 4.9% of 
single B cells tested from a seroposi- 
tire animal with persistent lympho- 
cytosis (PL), but in only 0.033 +_ 
0.009% of B cells from another serop- 
ositive cow without PL. This method 
of analyzing Individual or small num- 

bers of cells for the presence of spe- 
cific DNA sequences provides a sensi- 
tive and quantitative tool for the 
study of the pathogenesis of infec- 
tious, neoplastic, and hereditary dis- 
eases at the single-cell level. 

S t a n d a r d  methods for the diagnosis of 
retroviral infection, such as serology, tis- 
sue and cell culture assays, electron mi- 
croscopy, and nucleic acid hybridiza- 
tion, have generally lacked the 
sensitivity desired for the very early 
identification of infection and associ- 
ated progression to disease. ~1) With the 
development  of PCR, (2'3) it became pos- 
sible to detect small quantities of viral 
DNA present among large numbers  of 
cells. ~8~ Because of its great sensitivity, 
PCR has been applied to the study of ret- 
roviral disease pathogenesis and estima- 
tion of the quanti ty of both cell-free and 
cell-associated virus. (9-12) Quanti tat ion 
of cells containing virus has been per- 
formed by comparing amplification 
products from test samples with (1) 
products of PCRs from serially diluted 
cells known to harbor a single copy of 
provirus, ~9) (2) PCR products obtained 
from l imit ing dilution of a plasmid con- 
taining virus, ~~ and (3) comparison 
against standard curves generated by 
amplification of controlled quantities of 
DNA from plasmids ~]]) or cells ~lz) con- 
taining virus. Some of the drawbacks to 
these methods include the need to iso- 
late DNA from large numbers  of cells, 
uncertainty as to the identity of specific 
cells containing viral DNA, reliance on 
l imit ing dilution and standard curves, 
and the use of radioisotopes to label the 
amplified products. 

Our laboratory is investigating the 
immunogene t ic  basis of disease patho- 
genesis associated with bovine leukemia 
virus (BLV) infection. BLV is an exoge- 
nous retrovirus infecting cattle and 
sheep, which is related to the h u m a n  
T-cell leukemia viruses (HTLVs). ~13) Un- 
like the HTLVs, the primary cellular tar- 
get of BLV is the B lymphocyte.  ~a4'ls~ In 
some animals,  BLV infection progresses 
to the development  of persistent lym- 
phocytosis (PL), a polyclonal expansion 
of infected B cells, with a smaller num- 
ber of animals  developing mono- or oli- 
goclonal lymphoid  neoplasia/16~ In this 
paper we describe a modified method  of 
single-cell analysis ~7'~s~ that employs 
flow cytometry and PCR to directly test 
individual or mult iple cells for the pres- 
ence or absence of BLV DNA. Our ulti- 
mate goal is to use this method  to quan- 
titate the number  of cells conta ining 
provirus in cattle infected with BLV. De- 
terminat ion of the peripheral blood con- 
centration of BLV-infected leukocyte 
subpopulations in cattle with resistant 
and susceptible genotypes will permit  us 
to distinguish whether  resistant animals  
are able to control the spread of BLV in- 
fection in vivo. This method  provides an 
alternative to other techniques used to 
identify and quantitate retrovirus-in- 
fected ceils and may have applications in 
other areas of research in which the pres- 
ence of specific infectious agents or ge- 
nomic  sequences in individual  cells is 
pert inent to the development  or expres- 
sion of disease. 

MATERIALS AND METHODS 
Cell Lines 

The bovine lymphoblastoid  cell lines 
BL3* and BL3 ~ were main ta ined  as 
described previously and used to es- 
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tablish the optimal conditions for the 
simultaneous amplification of both cel- 
lular and viral templates. BL3* is produc- 
tively infected with BLV, and BL3 ~ is the 
uninfected parental cell line. 

Animals 

Holstein-Friesian cattle mainta ined as 
part of the research herd at the Uni- 
versity of Illinois were bled annually; 
leukocyte counts and differentials were 
evaluated by standard hematological 
techniques. (z~ Sera were tested for pre- 
cipitating antibodies to viral envelope 
and core proteins by agar gel immunod-  
iffusion using a commercial ly prepared 
antigen (Pi tman-Moore,  Atlanta, GA) ac- 
cording to the manufacturer ' s  instruc- 
tions. The prevalence of BLV infection in 
this heard is -75~ (z~ The diagnosis of 
lymphocytosis was based on the Euro- 
pean Communi ty ' s  Leukosis Key, (21) and 
classification as PL was made only if an 
animal was lymphocytotic  upon two 
consecutive bleedings, at least 3 months  
apart. Animals were selected on the basis 
of BLV infection and the presence (PL +) 
or absence (PL-)  of PL. 

Cell Separation and Flow Sorting 

Cultured cells were pelleted and washed 
three times in ice-cold phosphate-buff- 
ered saline (PBS). Cells were resuspended 
in PBS, counted on a hemacytometer ,  
and adjusted to 2 • 106 cells/ml. Cells 
(1 • 106) were aliquoted into 0.75-ml 
microcentrifuge tubes (Robbins Scien- 
tific, Sunnyvale, CA) and held on ice un- 
til cell sorting. For single-cell analysis, a 
laser-based flow cytometer equipped 
with a single-cell deposition device (EP- 
ICS 751 with Autoclone, Coulter Elec- 
tronics, Hialeah, FL) was used to sort sin- 
gle cells into wells of a 96-well microtiter 
plate (Falcon 3911, Becton-Dickinson, 
Oxnard, CA), each containing 5 pA of ly- 
sis solution (200 mM KOH, 50 mM dithio- 
threitol). Cells were sorted on the basis 
of log green fluorescence and 90 ~ light 
scatter. Each plate included two wells 
containing 20 cells (positive control), 
two wells containing no (0) cells (nega- 
tive control), and the remainder  were 
programed to receive 1 cell each. Before 
distributing cells into plates, fixed cells 
or beads stained with propidium iodide 
were sorted individually or in groups of 
10 onto glass slides that  were examined 
to ensure that the appropriate numbers  

of fluorescent particles were present in 
each droplet. After sorting, the plates 
were incubated at 65~ for 15 rain in a 
96-well thermal cycler (M J Research, 
Watertown, MA). Immediately after re- 
moving the plate from the thermal cy- 
cler, the reactions were neutralized with 
5 fzl of 900 mM Tris-HCl, 300 mM KC1, 
and 200 mM HCI and stored at -20~  
until used. 

In experiments to determine sensitiv- 
ity and reproducibility, target sequences 
were amplified in wells containing a sin- 
gle sorted BL3* and varying numbers  of 
sorted (10, 100, 1000) or manual ly  di- 
luted and distributed (104, l0 s, 106) BL3 ~ 
cells. Manual distribution of larger num- 
bers of BL3 ~ cells was required because of 
limitations imposed by reaction and well 
volume. BL3 ~ cells were pelleted, lysed, 
and neutralized in 1.5-ml microcentri- 
fuge tubes as outlined above. Lysates 
were added with other PCR reagents at 
the appropriate concentrations (de- 
scribed below) to wells containing a sin- 
gle previously sorted BL3* cell, and am- 
plification was performed in a final 
volume of 100 V.I. 

BLV-infected animals were bled by ve- 
nipuncture of the coccygeal vein. Blood 
was collected in acid-citrate dextrose 
and maintained on ice before cell isola- 
tion. The buffy coat was harvested after 
centrifugation for 10 rain at 600g, di- 
luted in serum-free L-1S medium, and 
layered over Histopaque (specific gravity 
1.077; Sigma, St. Louis, MO). Peripheral 
blood mononuclear  cells were harvested 
from the His topaque-medium interface, 
washed three times in ice-cold PBS, and 
adjusted to a final concentrat ion of 
2 • 106 cells/ml as described above. B 
cells were directly labeled by incubating 
aliquots of 1 • 106 cells with FITC-con- 
jugated F(ab')2 rabbit anti-bovine IgG 
(heavy and light chains-specific; Cappel, 

Malvern, PA) for 30 min in the dark. Fol- 
lowing staining, cells were washed three 
times in PBS and maintained in the dark 
on ice until cell sorting. 

Amplification of BLV and Cellular 
Prolactin Sequences 

Two separate rounds of PCR were per- 
formed for each sample using the oligo- 
nucleotide primers (Operon Technolo- 
gies, Alameda, CA) listed in Table 1. 
Primers used for the amplification of 
PRL have been described previously, tls) 
Primers for detecting the BLV envelope 
(ENV) gene were designed on the basis of 
published genomic sequences/1322-24) 
In the first PCR, a complete potassium- 
free PCR mixture was added to each well 
providing a final concentrat ion of 50 mM 
KCI, 100 mM Tris-HCI, 2.5 mM MgC12, 
100 p.M each dNTP (U.S. Biochemical, 
Cleveland, OH), 1 unit  of Taq poly- 
merase (Perkin-Elmer Cetus), 0.2 p.M of 
each prolactin (PRL) primer, and 0.4 ~M 
of each BLV ENV primer in a final reac- 
tion volume of 50 pd, except as otherwise 
noted above. To establish op t imum reac- 
tion conditions for detection of small 
numbers  of viral sequences, DNA was 
isolated from cell lines using the proto- 
col of Miller et al. (2s) and diluted with 
sterile ddH20 to concentrat ions ranging 
from 0.0005 to 5 ng/txl. Two microliters 
of DNA dilutions (0.001, 0.01, 0.1, 1.0, or 
10 ng) was added to wells after other  re- 
agents had been aliquoted. The cycling 
parameters used in the first PCR were 3 
min at 92~ 10 cycles of 1 rain at 92~ 
3 min at 57~ 1 min at 72~ 30 cycles of 
1 min at 92~ 2 min at 57~ 1 min  at 
72~ and 4 rain at 72~ Following this 
thermal cycling program, 2 ~.1 of the  
first-round PCR-product was added to 
each of two second-round amplification 
mixtures containing 50 mM KC1, 10 mM 

TABLE 1 Oligonucleotide Primers Used for the Amplification of PRL and BLV 
ENV Sequences 

Number Primer Locus Primer sequence (5' ~ 3') 
Fragment 

Position a length (bp) 

1 HL033 PRL CGAGTCCTTATGAGCTTGATTCTT 233-257 
2 HL034 PRL CTGGCCAAATATCATCTCCATGCC 387-409 
3 HL035 PRL GCCTTCCAGAAGTCGTFTGTI~C 367-390 
4 HL058 ENV CTGAAAGCCTFCAAATGCC 4807-4825 
5 HL059 ENV TGAGCCTCTAGTATTTGGTC 4998-5017 
6 HL060 ENV ACAGGGAGCATCTCCAAGT 4917-4935 

1 + 2 = 1 7 7  
1 + 3 =  156 

4 + 5 = 210 
4 + 6 =  128 

aBase designations are those of Sasavage et al. ~38), for PRL, and Sagata et al. (13~, for BLV ENV. 
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Tris-HC1, 2.5 mM MgCl2, 100 I~M each 
dNTP, 1 unit  of Taq DNA polymerase, 
and 0.2 I~M of each PRL or BLV ENV 
primer in a final volume of 50 i~l. The 
use of primer "hemines t ing  ''(17) in the 
second round of PCR optimized the yield 
of the desired target while minimizing 
the production of nonspecific products 
that may have been generated during 
the less stringent first round of amplifi- 
cation. The cycling parameters used in 
the second PCR were 30 cycles of 1 min 
at 92~ 30 sec at 60~ and 5 min at 
72~ 

The PRL and BLV ENV products of the 
second-round PCRs from each well were 
combined and run in 6% polyacrylamide 
minigels (Hoefer Scientific Instruments,  
San Francisco, CA). The viral envelope 
target sequence was selected to contain a 
HaelII restriction site to confirm the 
specificity of the PCR product. Restric- 
tion enzyme digestion was performed 
using 5 units of HaelII (GIBCO BRL, 
Gaithersburg, MD) and 10 I~l of the sec- 
ond-round PCR product  in a final vol- 
ume of 15 I~l. 

Statistical Analysis 

The operational sensitivity, a measure of 
the efficiency of amplification on a sam- 
ple basis, was defined as the percentage 
of wells containing PRL (PRL§ which 
also contained BLV ENV (ENV +) PCR 
products in reactions starting with a sin- 
gle BL3* cell. Wells negative for PRL 
were not included in this calculation be- 
cause it could not  be determined 

whether  the lack of amplified product 
was caused by the absence of a cell or by 
failure of amplification. Formulas to es- 
t imate the percentage of infected cells 
are based on the probability of observing 
a positive reaction and the true percent- 
age of infected cells. A binomial  distribu- 
tion is assumed for the number  of in- 
fected cells in a well and for the number  
of positive reactions among wells being 
tested. Adiustments for contaminat ion 
were not  considered necessary because 
preliminary data obtained by testing 30 
wells without cells or DNA showed no 
evidence of contamination.  

The maximum likelihood estimate 
for the probability that a well will have a 
positive reaction for BLV ENV is given by 
fv = s/t, where s -- number  of wells with 
a positive reaction for PRL and/or BLV 
ENV, and t = total number  of wells pos- 
itive for PRL. The probability of a well 
being positive for BLV ENV is a function 
of the percentage of infected cells and 
the operational sensitivity. A positive 
well is assumed to be due to the presence 
of at least one infected cell and the de- 
tection of at least one infected cell. Let 
w = probability that a well is positive, 
c i = the probability that an infected cell 
will be detected when i infected cells are 
present, and b i = the probability that a 
well will contain i infected cells. Then, 

W = ~ cibi 
i = l  

(1) 

where 

FIGURE 1 Simultaneous amplification of BLV ENV and bovine PRL from BLV-infected (BL3*) and 
uninfected control (BL3 ~ cell lines. (Lane 1) Marker (MspI digest of pBR322); (lane 2) 1 ng of 
BL3* DNA as starting material; (lane 3) 100 pg of BL3* DNA; (lane 4) 10 pg of BL3* DNA; (lane 
5) BLV ENV gene product cut with HaelII (100-bp fragment confirms product as BLV ENV); (lane 
6) 1 ng of BL3 ~ DNA; (lane 7) no DNA. 

ci = [1 - (1 - a) i] (2) 

bi = {n!/[i!(n - i)!]}pi(1 - p ) , , - i  (3) 

and where i --- number  of infected cells, 
n = number  of cells per well, 
a = operational sensitivity (0 < a ~< 1), 
and p = the percentage of infected cells. 

In equation (2), ( 1 -  a) j becomes 
zero and cj becomes 1 if i is large, for 
example, when i 1> k + 1. Note that 
k + 1 must  be ~<n. Therefore, if i is 
large, equation (1) can be written as 

k 

w = 1 - (1 - p ) n  _ E (1 - a)ibi 
i = 1  

(4) 

The estimate for the percentage of in- 
fected cells, iO, can be obtained by substi- 
tuting ~ for w and solving equation 1 or 
4 for p, but 4 is more efficient when wells 
contain large numbers  of cells. When  
the number  of cells per well is large, 
equations 1 and 4 are both high order 
polynomial  functions of p so that a nu- 
merical method is generally required to 
solve either equation. The standard de- 
viation of ,O is obtained using the for- 
mula ~ = [var p]v2 = {[p(1 - p)]lnt} 1/2. 
Given the percentage of infected cells 
and the number  of cells per well, the 
probability for a given number  of in- 
fected cells in a positive well can be ob- 
tained using equation 3. Computer  pro- 
grams written to perform these 
calculations are available upon request. 

RESULTS 

Amplification of BLV ENV and PRL 
from Isolated DNA 

The conditions necessary for the coam- 
plification of cellular and viral DNAs 
were established using small quantities 
of DNA extracted from cell lines. Ampli- 
fication of PRL (156 bp) and BLV ENV 
(128 bp) products was possible starting 
with as little as 10 pg ( - 1 . 5  haploid ge- 
homes) of DNA isolated from the BL3* 
cell line (Fig. 1). Digestion of the 
BLV ENV PCR product with the restric- 
tion endonuclease HaelII produced 
the expected restriction fragment  pat- 
tern (1322), thus confirming its identity. 
The larger 100-bp restriction fragment  
was visualized after electrophoresis and 
ethidium bromide staining (Fig. 1). The 
28-bp fragment  was not easily distin- 
guished owing to its small size. Reac- 
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FIGURE 2 Simultaneous amplification of PRL and BLV ENV genes in individually sorted BL3* 
(Lane 1) MspI digest of pBR322; (lane 2) 20 BL3*; (lanes 3-8) 1 BL3*; (lane 9) no cell. Cells were 
sorted and amplified as indicated in Materials and Methods. 

tions to which DNA from the uninfected 
BL3 ~ cell line was added yielded only the 
156-bp PRL product. 

Amplification of BLV ENV and PRL 
from Single BL3* Cells 

BL3* cells were sorted individually into 
wells of 96-well plates by flow cytome- 
try. To determine the efficiency with 
which cellular and viral sequences could 
be detected, 65 individual BL3* cells 
were subjected to PCR (Fig. 2; Table 2). 
The PRL product was detected in 93.8% 
(61/65) of the wells. Of these, 91.8% (56/ 
61) contained both PRL and BLV ENV 
PCR products, thus providing an esti- 
mate of the operational sensitivity with 
which the two loci could be coamplified 
from single cells. In reactions containing 
PRL but not  BLV ENV, the lack of the 
viral product could have been caused by 
a failure of amplif ication or by the pres- 
ence of a small uninfected subpopula- 
t ion of cells within the culture. By as- 
suming that  the lack of BLV ENV is the 
result of failed amplif ication rather than 
the absence of virus in the cell, our esti- 
mate of the operational  sensitivity is 
more conservative. BLV ENV was not  

found in any reaction in the absence of 
PRL using either isolated DNA or cells as 
the starting template. 

Amplification of BLV ENV and PRL 
from Single Infected Cells among 
Uninfected Cells 

To establish the sensitivity for detection 
of single infected cells, a single BL3* cell 
was sorted into varying numbers of BL3 ~ 
cells. The BLV ENV sequence from a sin- 
gle BL3* cell was consistently identified 
in wells containing up to l0 s BL3 ~ cells 
in five replicate experiments (Fig. 3a). A 
single infected cell could be identified 
among as many as 1 x 106 uninfected 
cells, a l though the number  of reactions 
in which product was identified was re- 
duced (data not  shown). To estimate the 
operational sensitivity for detecting viral 
sequences among larger cell numbers, a 
single BL3* cell was sorted into 44 wells 
containing 20, 100, or 1000 BL3 ~ cells. 
BLV ENV from a single BL3* was identi- 
fied in 97.6% of reactions containing 20 
uninfected cells and 90.9% of reactions 
containing 100 or 1000 uninfected cells 
(Table 2). 

TABLE 2 Operational Sensitivity for Simultaneous Amplification of BLV ENV and 
PRL from Individually Sorted BL3* Cells 

PCR product Ratio of sorted BL3*/BL3 ~ per well 

detected 1 : 0 1 : 20 1 : 100 1 : 1000 

PRL 93.8% (61/65) a 97.7% (43/44) 100% (44/44) 100% (44/44) 
BLV ENV 91.8% (56/61) b 97.6% (42/43) 90.9% (40/44) 90.9% (40/44) 

aNumber in parenthesis within row is the fraction of the total number of wells receiving a single 
BL3* that tested positive for PRL. 
bNumber in parenthesis within row is the fraction of the wells positive for PRL also testing 
positive for BLV ENV. 

Amplification of BLV ENV and PRL 
from Peripheral Blood B Cells 

To examine the utility of this me thod  for 
the identification of viral sequences in 
BLV-infected animals, B cells from indi- 
vidual cows at different stages of BLV in- 
fection were sorted using a FITC-labeled 
ant ibody against surface immunoglobu-  
lin and subjected to PCR (Table 3). PRL 
was identified in 95.9% (71/74) of reac- 
tions performed using single cells from 
an animal with PL. Products from both  
loci were present in 49 of these 71 reac- 
tions, and it was estimated using equa- 
t ion 1 that 76.9 _+ 4.9% of B cells con- 
tained BLV provirus. To verify this 
estimate of cellular infection, two B cells 
from this animal were sorted per well 
and 88% (34/43) of the reactions con- 
taining PRL were found to contain  BLV 
ENV. Application of equat ion 1 gave an 
estimate of 73.3 + 4.6% infected B cells, 
not  significantly different from the esti- 
mate obtained by testing single cells. 

PRL was present in 92% (54/59) of 
wells into which a single B cell from a 
seropositive non-PL animal was sorted. 
Only one of these 54 wells also yielded 
BLV ENV, providing an estimate of - 2 %  
infected B cells. To obtain a more accu- 
rate estimate of the percentage of in- 
fected cells in this animal, we increased 
the number  of B cells sorted into each 
well. When 20, 100, or 1000 B cells per 
well were tested, BLV ENV was identified 
in 2%, 6.5%, and 26% of the wells 
containing PRL, respectively (Table 3). 
The results obtained from these experi- 
ments provided much  lower estimates 
(0.033%-0.115%) of BLV-infected B cells 
than that  derived from the testing of sin- 
gle cells. For this set of experiments, 
>97% and 92% of the positive reactions 
of BLV ENV obtained from 20 and 100 
cells per well, respectively, and - 7 0 %  of 
the positive reactions obtained from 
1000 cells, are expected to be caused by a 
single infected cell in a well (Table 4). 
The remainder of the positive reactions 
would be caused by the presence of two 
or more infected cells in each well. 

DISCUSSION 

The identif ication of specific parameters 
that  correlate with changes in disease 
status is important  for moni tor ing  and 
predicting disease progression, response 
to therapy, and for studying the dynam- 
ics of the host response to a pathogen.  
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FIGURE 3 (a) Amplification of BLV ENV and PRL from individual BL3* sorted into varying 
numbers of BL3 ~ Ratios given in lanes 2-8 are numbers of BL3* �9 BL3 ~ (Lane 1) MspI digest of 
pBR322; (lane 2) 1 : 106; (lane 3) 1 : 10s; (lane 4) 1 : 104; (lane 5) 1 : 103; (lane 6) 1 : 10z; (lane 7) 
1 : 10; (lane 8) 1 : 0; (lane 9) no cells. (b) Amplification of ENV and PRL from BL3 ~ (Lane 11) MspI 
digest of pBR322; lanes 2-8 contain 106, 105, 104, 103, l02, 10, or 0 BL3 ~ respectively. 

For example,  a n u m b e r  of i m m u n o l o g i c  
parameters  have been  shown  to be use- 
ful in m o n i t o r i n g  and  predic t ing the  de- 
ve lopmen t  of AIDS and  o ther  cond i t ions  
associated wi th  HIV infect ion.  ~z6'27) The 
ut i l i ty of m a n y  of these parameters  is re- 
lated to the deleter ious effects of the  vi- 
rus on  the  CD4 § T cell popu la t ion  in 
c o m b i n a t i o n  wi th  increasing virus pro- 
duc t ion  as in fec t ion  progresses. In com- 
parison, BLV provirus is present  in small  
copy numbers  in each infected cell and 
infec t ion  in mos t  per ipheral  b lood  cells 
is la tent  t h r o u g h o u t  the course of the 
disease. ~28-3~ Therefore,  the means  by 
which  progression of in fec t ion  may  be 

mon i to r ed  are l imited, increasing the 
value of a m e t h o d  that  allows the direct 
ident i f ica t ion of viral genes in host  cells. 

The separat ion of single ceils for PCR 
was original ly performed for the purpose 
of genetic analysis ~31~ and gene map- 
ping. ~32) Flow cytometry  was recently in- 
t roduced by Arnhe im and co-workers to 
facilitate cell separat ion and expedite the 
examina t ion  of larger numbers  of hap- 
loid cells. ~17'1s~ Data ob ta ined  in these 
studies were analyzed using m a x i m u m  
l ike l ihood to est imate r ecombina t i on  
frequencies,  and  models  were val idated 
by • tests. These statistical me thods  
were not, however,  applicable to our  

TABLE 3 Detect ion of PRL and BLV ENV in Sorted B Cells Isolated from Peripheral  
Blood of BLV-infected Cows wi th  and  wi thou t  PL 

Disease Total cells PRL + BLV ENV § Percent infected 
status Cells/well examined wells wells B cells a 

pL § 

PL- 

1 71 71 49 76.9 +- 4.9 
2 86 43 38 73.3 --- 4.6 
1 54 54 1 2.02 - 1.91 

20 900 45 1 0.115 --- 0.113 
100 4,600 46 3 0.075 - 0.040 

1,000 46,000 46 12 0.033 - 0.009 

k 

apercentages determined by solving w = 1 - (1 - p)n _ ~ (1 - ayb~ for p (see text). Values 
i=1 

for operational sensitivity are the corresponding estimates in Table 2. 

studies. In this report  we describe the  ad- 
ap ta t ion  of single-cell PCR m e t h o d o l o g y  
to de tec t ion  of proviral  DNA in individ-  
ual lymphocytes .  To de te rmine  the  fre- 
quency  of infected cells, a probabil is t ic  
statistical tool  was developed tha t  will 
permi t  the  appl ica t ion  of the  m e t h o d  to 
several types of exper imenta l  p rob lems  
for which  the  de tec t ion  of low f requency  
genetic events is required. 

We have shown  tha t  the  percentage 
of cells con t a in ing  virus can be rel iably 
de te rmined  even w h e n  <0.1% are in- 
fected. The use of flow cy tomet ry  pro- 
vides precise cont ro l  over  the  size of the  
popu la t ion  tested, wi th  the  op t ion  of 
test ing as few as one  or as m a n y  as 103 
cells per reaction.  By adjust ing the reac- 
t ion vo lume  and reagent  concen t ra t ions ,  
it should  be possible to sort as m a n y  as 
104 cells in each well and  test up to 106 
cells per plate. The m e t h o d  has the  po- 
tent ial  to est imate frequencies  as low as 
10-  s. For o ther  types of viral infect ions,  
individual  cells tha t  con t a in  in tegrated 
or un in tegra ted  viral DNA shou ld  be de- 
tected easily. Al though  labor intensive,  
the m e t h o d  can be scaled up for cl inical  
m o n i t o r i n g  using cur rent ly  available 
technology.  A person skilled in flow cy- 
tomet ry  and  cell sor t ing is needed,  and  
precaut ions  are required to e l imina te  
sources of DNA c o n t a m i n a t i o n .  (17) From 
the t ime of b lood  sampl ing  t h r o u g h  sort- 
ing, PCR, and  statistical analysis, it takes 
one  skilled person us ing one  96-well 
PCR m a c h i n e  - 3  days to comple te  the  
analysis of one-ha l f  plate (40-40,000 
cells, inc lud ing  controls) .  

W h e n  test ing an an ima l  wi th  large 
numbers  of infected cells (e.g., PL+), a 
single cell per react ion provides a reli- 
able est imate of the  percentage of circu- 
lat ing cells con t a in ing  provirus.  How- 
ever, w h e n  the inc idence  of infected 
cells is low, as observed in the n o n l y m -  
phocyto t ic  animal ,  a large n u m b e r  of 
single-cell wells must  be tested to ob ta in  
a reliable est imate of the  percentage of 
cells con t a in ing  provirus.  The test ing of 
mul t ip le  cells per well is more  effective 
and  possibly the  on ly  realistic m e t h o d  of 
ob ta in ing  estimates in such cases. Com- 
parison of the  variances of the  est imates 
f rom exper iments  using 20, 100, or 1000 
cells per well provided a means  of assess- 
ing the relative accuracy for each esti- 
mate. The low var iance observed w h e n  
testing 1000 cells per well (Table 3) sup- 
ports this as the mos t  accurate est imate 
of the percentage of circulat ing cells 
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TABLE 4 Probabilities for the Number  
of Infected Peripheral Blood B Cells 
from a PL- Animal in Wells Positive 
for BLV ENV 

Number of 
infected 
cells 

Cells sorted per well 

20 100 1000 

1 0.9870 a 0.9591 0.8267 
2 0.0116 0.0388 0.1488 
3 <0.9(10 -4 ) 0.0009 0.0165 
4 <0.5(10 -6 ) 10 -5 0.0014 

aAll probabilities determined from the for- 
mula cibi/w. Values for p are the correspond- 
ing estimates for the PL- animal in Table 3. 

containing provirus. The estimates from 
experiments testing 20 and 100 cells per 
well have 95% confidence intervals that 
overlap with zero. For this non lympho-  
cytotic animal, the 20 and 100 cell ex- 
periments could yield a zero estimate if 
too few wells are tested even though in- 
fection is present. 

The number  of wells required to be 
tested to obtain an accurate estimate of 
the percentage of infected cells can be 
calculated on the basis of the number  of 
cells sorted into each well, the limits for 
a confidence interval or the standard de- 
viation, and a given percentage of in- 
fected cells. As shown in Table 5, an ex- 
periment testing single-cell wells for an 

animal with a low percentage of infected 
cells is generally unrealistic. A 1% infec- 
tion rate would require the testing of 
1585 wells to obtain a 95% confidence 
interval whose lower bound is 50% of 
the percentage of infected cells. Using 
multiple-cell wells, the number  of wells 
required to be tested can be reduced. In 
general, when the number  of cells per 
well (n) is increased by a factor (d) to an 
integer (dn), then the number  of wells 
required is - 1 / d  of that required for sin- 
gle-cell wells. For example, assuming a 
0.01% infection rate, 17 wells would be 
required for lO,OO0-cell wells, whereas 
-160,000 wells would be required for 
single-cell wells (Table 5). It is important  
to note that the percentage of infected 
cells for multiple-cell wells could not be 
estimated if 100~ of the wells have pos- 
itive reactions. Therefore, the expected 
number  of positive reactions must be 
taken into account when designing an 
experiment using multiple cells per well. 
This can be done in two steps. First, for 
an expected percentage of infected cells, 
the number  of cells to be sorted per well 
and the number  of wells to be tested 
should be determined. Second, the num- 
ber of expected positive reactions should 
be obtained using N&, where N is the 
number  of wells to be tested, and & is 
given by equation 1 or 4. As shown in 
Table 5, some designs are not allowed 
even though they require testing very 

TABLE 5 Number  of PCRs Required to Establish a Reliable Estimate of the 
Percentage of Infected Cells 

Number of cells Percentage of cells containing BLV provirus a 

sorted per well 10 5 1 0.1 0.01 0.001 

1 145 305 1585 15,985 159,985 1,599,985 
(14) (14) (14) (14) (14) (14) 

10 15 31 159 1,599 15,999 159,999 
(10) (11) (14) (14) (14) (14) 

20 8 16 80 800 8,000 80,000 
(7) (10) (13) (14) (14) (14) 

100 2 4 16 160 1,600 16,000 
(2) (4) (10) (14) (14) (14) 

1,000 1 1 2 17 161 1,601 
(1) (1) (2) (10) (14) (14) 

10,000 1 1 1 2 17 161 
(1) (1) (1) (2) (10) (14) 

The number of wells required is based on a 95% confidence interval with a lower bound of 50% 
of the percentage of infected cells. The formula to obtain the number of PCR reaction wells is 
N = /NT[1 + 16(1 - p/np)], where INT is an integer operator. 
a(Top number) Number of PCR reaction wells required; (numbers in parentheses) the expected 
number of positive reactions according to the formula N~ (see text). Designs beneath the step 
should not be used. 

few wells, because they would yield 
100%o positive reactions. By varying the 
number  of cells tested per reaction, one 
can accurately quantitate the number  of 
cells containing virus in individuals with 
large numbers  of circulating infected 
cells as well as those with rare infected 
cells in the periphery. 

In testing cells isolated from periph- 
eral blood we demonstra ted that - 7 7 %  
of circulating B lymphocytes (43% of the 
total leukocytes; data not shown) from 
an animal with PL and - 0 . 0 4 %  of B cells 
(0.01% of the total leukocytes; data not 
shown) from the BLV-infected nonlym- 
phocytotic animal  contained BLV provi- 
rus (Table 3). Using liquid hybridization, 
it was previously estimated that  25-40% 
of the circulating leukocytes in cattle 
with PL contain the BLV provirus (33~ and 
that integrated provirus is present in 
<5% of leukocytes in nonlymphocytot ic  
cows (5% was the lower limit for detec- 
tion of viral DNA).(33~ The results that we 
obtained are consistent with these ear- 
lier estimates but demonstrate  the far 
greater sensitivity and accuracy offered 
by combining flow cytometry with PCR 
for the quantitative detection of low 
numbers  of infected cells. In our experi- 
ments, we elected to study B lympho- 
cytes, but by utilizing fluorochrome-la- 
beled monoclonal  antibodies we will be 
able to separate and test a variety of cell 
types for the presence of virus. 

The progression of BLV infection to 
the development  of PL or lymphoid neo- 
plasia has been known for some years to 
be influenced by genetic factors, (34-36~ 
and we have shown recently that resis- 
tance and susceptibility to the develop- 
ment  of PL are closely associated with 
particular alleles of the bovine lympho- 
cyte antigen (BoLA) complex, the bovine 
major histocompatibil i ty system. (37~ Be- 
cause of these associations, we hypothe- 
size that susceptibility and resistance to 
PL are related to the ability of the host to 
recognize and eliminate virus early in 
the course of infection. By determining 
the percentage of infected cells in ani- 
mals of known BoLA haplotypes, our 
goal is to demonstrate  an association be- 
tween intrinsic components  of the host 
immune  system and events early in the 
course of infection that may be impor- 
tant determinants  of resistance or sus- 
ceptibility to disease. Single-cell analysis 
using PCR offers a powerful adjunctive 
tool for studying pathogenesis whenever  
the presence of specific genes or alter- 
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a t ion  in  gene t i c  s e q u e n c e s  c o n t r i b u t e s  to  
the  d e v e l o p m e n t  of  disease,  and  m a y  
also p rove  app l icab le  in t he  s tudy  of  
o t h e r  in fec t ious ,  neoplas t ic ,  or  toxico-  
logic diseases.  
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