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The Use of Hybrid-selected Template 
Increases the Specificity of the Polymerase 

Chain Reaction 
William T. Lucas and Julius S. Youngner 

Department of Molecular Genetics and Biochemistry, University of Pittsburgh, School of Medicine, 
Pittsburgh, Pennsylvania 15261 

An efficient method for generating 
full-length DNA sequences from ap- 
parently unsuccessful polymerase 
chain reactions (PCR) has been de- 
veloped. In cases where nonspecific 
background interferes with detec- 
tion of the PCR product, a second am- 
plification is performed using a 
nested set of primers. The internal 
fragment of DNA amplified in this re- 
action is then blotted to a membrane 
and used to hybrid-select the desired 
DNA from the initial amplification. 
This DNA is eluted and used as the 
template for a third round of PCR. 
The re-use of the original primers 
from the initial reaction enables the 
final PCR to generate full-length 
DNA. This technique was used to 
clone a full-length gene segment 8 
from a mutant influenza A/WSN/33 
(HI  N1) virus after initial PCR at- 
tempts had failed. 

Enr ichment ,  cloning, and analysis of 
DNA sequences has been greatly facili- 
tated by the development of the poly- 
merase chain reaction (PCR)/1) Unfortu- 
nately, the PCR can be complicated by a 
number of variables that may cause less 
than desired results. Problems with the 
specificity of the reaction often occur 
when the ratio of the desired sequence 
to other DNA is very low. In this case, a 
preferential build-up of nonspecific DNA 
may account for a major portion of the 
product because generation of specific 
sequences begins from only a few mole- 
cules. This situation permits any undes- 
ired DNA that is produced from a 
mispriming event early in the reaction 
to be amplified to a concentration equal 
to or greater than the desired product/2~ 

Primer design can also contribute to 
unacceptably high background in PCR. 
Short primers necessarily require a lower 
primer-template annealing tempera- 
ture, which more readily permits 
mispriming to take place. These primers 
also have less inherent selectivity be- 
cause they contain fewer nucleotides 
that can hybridize to the template DNA. 
The use of degenerate primers con- 
structed from reverse translation of 
amino acid sequences frequently pro- 
duces a high background. In this in- 
stance, the problem stems from the re- 
dundancy of the genetic code, which 
uses 61 nucleotide triplets to encode 
only 20 amino acids. While the degener- 
acy of primers constructed in this fash- 
ion can be reduced through careful se- 
lection of amino acid sequence and 
codon utilization probabilities for a 
given species, ~3~ attempts at PCR with 
this type of primer are often unsuccess- 
ful. Other factors, such as excess primers 

or excess polymerase, have also been 
suggested as possible causes of failure 
with PCR. 

To circumvent the problem of speci- 
ficity of amplification with PCR, several 
methods have been developed. Altered 
reaction parameters such as reduced po- 
lymerization cycle time, increased 
primer annealing temperature, and de- 
creased concentration of MgC12 have all 
been used to reduce nonspecific ampli- 
fication. Recently, an improved method 
of PCR that adds the nucleotide mix to 
an already denatured reaction, which is 
held at 80~ has been reported. (2) Detec- 
tion of specific amplification has also 
been achieved by the use of nested 
primer PCR/4) This technique makes use 
of a second round of PCR using the prod- 
uct of the initial reaction to provide the 
template for a second set of primers that 
are located internally to the primers used 
in the first reaction. The major drawback 
for this method is that the final product 
is shorter than the full-size DNA pro- 
duced with the external primers. In this 
report, a method is described that uses 
the product of nested primer PCR to hy- 
brid-select the full-length product of the 
initial reaction for amplification with 
the external primers. This hybrid-selec- 
tion method has an advantage over 
nested primer PCR, namely, it produces 
the full-size DNA fragment rather than a 
reduced-size product. Additional varia- 
tions of this technique that do not re- 
quire nested primer PCR are also dis- 
cussed. 

MATERIALS AND METHODS 

A mutant virus of A/WSN/33 (H1N1), 
WSN-PI, was isolated from a long-term 
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persistent infection initiated in this lab- 
oratory. (s) Influenza viruses A/Washing- 
ton/897/80 (H3N2) and the 6 + 2 reas- 
sortant A/Washington/897/80 (H3N2) 
CR-48 were obtained from Dr. Brian 
Murphy (NIH). The plasmid pAPR801 
containing the cloned segment  8 of in- 
fluenza A/PR/8/34 (HIN1) was kindly 
provided by Dr. Peter Palese (Mt. Sinai 
School of Medicine). External primers 
for segment 8 (NS gene) were NS1-AG- 
CAAAAGCAGGGTGAC, which  hybridizes 
to nucleotides 874-890 of the virion 
RNA, and NS4-AGTAGAAACAAGGGTGT, 
which corresponds to nucleotides 1- 
17. (6~ External primers for segment  7 (M 
gene) were M1-GAGCTCAGCAAAAG- 
CAGGTAG, which  hybridizes to nucle- 
otides 1013-1027 and M2-GAGCTCAG- 
TAGAAACAAGGTA, corresponding to 
nucleotides 1-15 of virion RNA. (7~ The 
nested set of primers for segment  8 
consisted of NS2-CCCTAAGAGGAAGA, 
which hybridizes to nucleotides 151- 
164, and NS3-CTCATTACTGCTTC, 
which corresponds to the region 
604-616. ~6~ All primers were made by the 
Pittsburgh DNA Synthesis Facility. 

RNA isolation from virions or persis- 
tently infected cells was performed using 
hot phenol  extraction, as described. (8~ 
cDNA synthesis was carried out using the 
RiboClone cDNA synthesis system 
(Promega, Madison, WI) with 20 nM of 
M1 or NS1 pr imer  added. PCR was per- 
formed with the GeneAmp system (Per- 
kin-Elmer Cetus, Norwalk, CT) under  the 
following conditions: annealing,  2 min  
at 45~ extension, 1 m i n  at 72~ dena- 
turation, 1 m i n  at 94~ 30 cycles. 

PCR products were analyzed by elec- 
trophoresis on 1% agarose-TAE (40 mM 
Tris-acetate, 1 mM EDTA) gels. (9~ DNA 
was visualized by staining the gels with 
e thidium bromide  (1 mg/ml)  and expos- 
ing the gels to UV light. DNA was excised 
from the gel band  with the USBioclean 
glass powder DNA elution kit (United 
States Biochemical Corporation, Cleve- 
land, OH). 

Blotting and hybrid-selection were ac- 
complished as follows. The gel-purified 
400-bp band  produced by PCR using the 
nested set of primers for segment  8 was 
denatured in 0.2 M NaOH for 10 min.  
Four volumes of 10 • SSC (1 • SSC is 
0.15 M NaC1, 0.015 M sodium citrate) 
were added and the solution was placed 
on ice. This solution was then spotted 
onto an approximately 0.25-cm 2 piece of 
GeneScreen membrane  (DuPont-NEN, 

Boston, MA) which had been presoaked 
in 2 x SSC for 15 min.  After allowing the 
filter to air dry, the DNA was cross-linked 
to the membrane  with UV light. Prehy- 
bridization and hybridization were car- 
ried out in a microtube using a modifi- 
cation of the Church and Gilbert 
procedure. (1~ Final concentrations were 
50% deionized formamide,  0.25 M 
NaHPO4 (pH 7.2), 0.25 M NaC1, 1 mM 
EDTA, 100 i~g/ml denatured salmon 
sperm DNA, and 7% SDS. Prehybridiza- 
tion and hybridization were carried out 
at 43~ for 1 hr and 16 hr, respectively. 
Two washes of 15 min  at 50~ were per- 
formed with 1 ml each of the following 
three solutions: (1) 2x  SSC, 0.1% SDS; 
(2) 25 mM NaHPO 4 (pH 7.2), 1 mM EDTA, 
0.1% SDS; (3) 25 mM NaHPO4 (pH 7.2), 1 
mM EDTA, 1% SDS. DNA was eluted from 
the filter by boil ing in TE (1 mM Tris, pH 
8.0, 1 mM EDTA) for 2 min.  

RESULTS 

Initial Amplification 

Studies were undertaken to clone RNA 
segment 8 from a mutant  of influenza 
A/WSN/33 (HIN1) virus, WSN-PI. This 
gene segment had undergone an inter- 
nal deletion as described in a previous 
report. ~11~ Because the WSN-PI virus is 
defective for replication, only a very 
small amount  of viral RNA is produced 
during infection. Cloning through the 
use of PCR was used to overcome this 
obstacle. Total RNA isolated from virus- 
infected cells was used along with 
primer NS 1 to synthesize the first strand 
of cDNA. This primer, which hybridizes 
to the extreme 3' end of segment 8, 
should allow synthesis of a full-length 
cDNA copy of the gene. After first-strand 
synthesis, PCR was carried out with 
primers NS1 and NS4, which should am- 
plify the entire NS segment. It was ex- 
pected that the final product of this 
reaction would be a dsDNA of approxi- 
mately 800-bp. PCR was also performed 
with cDNA generated from segment 7 of 
viruses A/Washington/897/80 and 
A/Washington/897/80 CR-48 using prim- 
ers M1 and M2. These reactions were 
used to control for cDNA synthesis and 
PCR amplification; in addition, the use 
of different viruses and primers avoided 
possible contaminat ion of the segment 8 
reaction. When  the reaction products 
were examined on a gel, only a nonspe- 
cific smear could be detected in the am- 

plification of segment  8 with primers 
NS1 and NS4 (Fig. 1, lane 3), while  dis- 
tinct bands were present in the control 
reactions (Fig. 1, lanes 1 and 2). Ream- 
plification of the original segment  8 re- 
action with the same primers was again 
plagued by background problems and 
produced only a suggestion of the ex- 
pected band at about 800-bp (Fig. 2, lane 
1). Attempts at amplif icat ion of DNA iso- 
lated from lane 3 of the gel shown in 
Figure I yielded equally unacceptable re- 
sults. 

Nested Primer PCR 

Since the initial rounds of PCR using the 
external primers NS1 and NS4 did not 
provide a single species of DNA, it was 
decided that amplif icat ion with a nested 
set of primers could be used to insure 
that segment  8 DNA was present. It had 
been shown previously that amplifica- 
tion with an internal  or nested set of 
primers greatly increases the level of 
product detected by PCR. (4~ W h e n  a 
nested set of primers (NS2 and NS3) was 
used to amplify the original WSN-PI re- 
action, a strong band at approximately 
400-bp was seen (Fig. 2, lane 2). This 
band was smaller than  the one generated 
when  full-length segment  8 cDNA from 
the plasmid pAPR801 was amplif ied with 
the internal primers (Fig. 2, lane 4). This 

FIGURE 1 Original PCR amplification of in- 
fluenza segments 7 and 8 using external prim- 
ers. (M) Markers; (lane 1) segment 7 of 
A/Washington/897/80; (lane 2) segment 7 of 
A/Washington/897/80 CR-48; (lane 3) seg- 
ment 8 of WSN-PI mutant. 
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FIGURE 2 PCR amplification of segment 8 
using both internal and external primers. (M) 
Markers; (lane 1) reamplification of initial 
PCR of segment 8 from WSN-PI with external 
primers; (lane 2) reamplification of PCR of 
WSN-PI using internal primers; (lane 3) PCR 
of pAPR801 using external primers; (lane 4) 
PCR of pAPR801 using internal primers. 

evidence of an internal deletion con- 
firmed that the cDNA of viral RNA seg- 
ment  8 from the mutant  WSN-PI was 
present in the initial amplif icat ion and 
that the product was not  due to contam- 
ination. 

Hybrid-Selected PCR 

Since the goal of these experiments was 
to  clone and sequence the mutan t  seg- 
ment  8 from WSN-PI, it was necessary to 
purify this DNA away from the back- 
ground found in the initial PCR. Because 
the nested primer amplif icat ion yielded 
a single product consisting of an internal 
region of the desired cDNA, an attempt 
was made to purify a full-length copy of 
the mutant  segment 8 from the initial 
amplification by hybridizat ion to the 
DNA generated in the nested primer re- 
action. The 400-bp band seen in Figure 2 
(lane 2) was cut from the gel and puri- 
fied by glass powder binding.  This puri- 
fication was used to remove the remain- 
ing internal primers so that they would 
not interfere with the selection process. 
This DNA was then denatured with 
NaOH, spotted onto a nylon  membrane ,  
and cross-linked to the membrane  with 
UV light. An aliquot of the initial PCR 

that had used the external primers was 
then hybridized to this blot overnight. 
Following stringent washings, the hy- 
brid-selected product of the initial reac- 
tion was eluted from the membrane  by 
boil ing and was used as template for PCR 
with the external primers NS1 and NS2. 
The DNA amplified by this hybrid-se- 
lected reaction appeared as a single band 
of approximately 800-bp when  run on 
an agarose gel (Fig. 3, lane 2). When  the 
mutan t  segment 8 was amplif ied with 
the external primers, the DNA product 
was smaller than the product generated 
by a reaction using external primers and 
a full-length segment 8 cDNA template 
(Fig. 3, lane 1). Again the presence of this 
internal  deletion in the hybrid-selected 
amplif icat ion product suggested that the 
mutan t  segment 8 cDNA had been am- 
plified correctly and that the band pro- 
duced was not due to inadvertent con- 
taminat ion with a clone of the wild-type 
segment 8. The identity of the 800-bp 
product as a mutant  form of segment 8 
was confirmed by subsequent cloning 
and sequencing procedures (data not 
shown). 

DISCUSSION 

The hybrid-selected PCR method pre- 
sented in this report (Fig. 4) was de- 
signed to circumvent a problem c o m -  

FIGURE 3 PCR using hybrid-selected tem- 
plate.(M) Markers; (lane 1) PCR of pAPR801 
using external primers; (lane 2) PCR of DNA 
hybrid-selected from the initial segment 8 re- 
action using external primers. 

mon ly  encountered with PCR, namely,  
nonspecific amplif icat ion of irrelevant 
DNA. In cases where an initial amplifica- 
tion fails to produce a specific DNA se- 
quence, hybrid-selected PCR can be used 
to isolate and then amplify the desired 
sequence. This procedure can be readily 
performed because it introduces no new 
or u n c o m m o n  techniques or reagents. 
Additionally, hybrid-selected PCR has a 
major advantage over methods  such as 
nested primer PCR: a full-length product 
is produced. 

In cases where reverse translation of 
amino acid sequences is used to produce 
primers for PCR, degenerate primers are 
the rule. These degenerate primers often 
cause amplifications to fail due to 
high background. Hybrid-selected PCR 
should be especially useful in these situ- 
ations. The use of an internal  set of de- 
generate primers in the second amplifi- 
cation gives a much  greater probabil i ty 
of amplifying a specific sequence, which  
can then be used for selection. In cases 
where very little amino  acid sequence is 
known, the second amplif icat ion can be 
carried out with one internal primer and 
one of the external primers used in the 
initial reaction. While  this three-primer 
method would not be as selective as the 
four-primer method, it may be sufficient 
in some instances. 

The use of a nested primer amplifica- 
tion step is not an essential part of hy- 
brid-selected PCR. Any nucleic acid that 
will hybridize specifically to the se- 
quence of interest could in theory be 
used. However, it is essential that if the 
selecting nucleic acid is DNA it should 
not contain sequences that will hybrid- 
ize to the primers used in any further 
reactions. This precaution will prevent 
the introduction of contamina t ion  from 
the selecting process. Because any hy- 
bridizable nucleic acid can serve as a se- 
lector, this method  may be applicable to  

cloning gene families or related genes 
from different species. And because 
these sequences are often cross-hybridiz- 
ing, once one is isolated it can be used to 
select other related sequences. By using 
low anneal ing temperatures in the first 
several cycles of the initial reaction, the 
same primer sequences may  be "forced" 
into a related DNA that in actuality has 
mismatches in the primer region. The re- 
moval of nonspecific background by hy- 
bridization to a related sequence should 
then create the ideal template for an ad- 
ditional amplif icat ion under  stringent 
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FIGURE 4 Schematic of the method of hybrid-selected polymerase chain reaction using the 
product of a nested primer PCR for the selection process. 

annea l ing  condi t ions .  The use of this  
m e t h o d  shou ld  great ly  ease the  c lon ing  
process in  these  s i tua t ions  a n d  increase 
the range of PCR appl icat ions .  
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