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The development of DNA amplification 
by PCR homology methods has led to 
the isolation of a number of DNA frag- 
ments from many cell lines and species. 
The partial DNAs obtained can then be 
used to quantify and localize the corre- 
sponding mRNA but are too small for 
fusion protein production and most 
functional studies. Furthermore, Ther- 
mus aquaticus (Taq) DNA polymerase is 
known to introduce mutations, both in- 
sertional and substitutional, to the PCR 
product. (1-3) For these reasons, it is nec- 
essary to isolate clones encoding the pro- 
tein of interest from libraries. Usually, 
hybridization of a radiolabeled probe to 
phage plaques, immobilized on a filter, 
is employed. Unfortunately, this tech- 
nique is often ineffective with small 
DNA probes. Recently, a PCR-based 
method, efficient for screening genomic 
DNA libraries, has been described. (4) The 
method is based on PCR screening using 
two oligonucleotide primers specific for 
the desired gene. A third oligonucleotide 
labeled with 3ap is used to confirm the 
specificity of the PCR products by hy- 
bridization. Here, we describe a simple 
and efficient technique that uses no ra- 
dioactivity and requires only two spe- 
cific oligodeoxynucleotide primers. By 
utilizing the speed, specificity, and sen- 
sitivity of PCR we are able to screen sev- 
eral libraries simultaneously. Once the 
best possible library is identified, pure 
cDNA encoding the clone of interest can 
be in hand in 6 days. To illustrate this 
method, we describe the isolation of 
DNAs encoding the amphibian integrin 
e~v-subunit. 

MATERIALS AND METHODS 

Preparation of Phagemid and 
Plasmid Libraries 

Four amphibian (Pleurodeles waltl) cDNA 
libraries were analyzed. They were con- 
structed in the k Zap II vector (Strata- 
gene, La Jolla, CA) from ovaries (gift of 
Drs. Bellini and Lacroix, Unit6 Associ6e 
CNRS 1135, Paris, France) and dorsal and 
ventral blastomeres of eight-cell-stage 
embryos (gift of Dr. Cayrol, Unit~ Mixte 
de Recherche, CNRS 9925, Toulouse, 
France), and tailbud-stage embryos. (s) 
Phagemid libraries were generated by in 
vivo excision. (6) Briefly phages of the li- 
braries (107 PFU) were mixed with 107 
helper phages (R408) and incubated 
with 1 ml of freshly prepared Escherichia 

coli strain XL1-Blue (108 cells, Strata- 
gene) for 30 rain at 37~ The mixture 
was then diluted in 10 ml of super broth 
(SB) media and grown for 3 hr at 37~ 
Phagemids were released by heating at 
70~ for 20 rain. Bacterial debris was 
eliminated by centrifugation at 2500g for 
10 rain. Phagemid libraries were stored 
at 4~ for further use. 

Plasmid libraries were prepared by in- 
cubating 1 ml of each phagemid library 
combined with 1 ml of E. coli strain XL1- 
Blue (108 cells) at 37~ for 30 rain. In- 
fected bacteria were grown in 50 ml of 
Luria broth containing 50 ~g/ml of 
ampicilin (LBA) overnight at 37~ Plas- 
mids were recovered using alkaline lysis, 
phenol chloroform extraction, and eth- 
anol precipitations. DNA was suspended 
in 100 ~l of 10 mM Tris, 1 mM EDTA (TE) 
containing 10 ~g/ml of RNase A (TER). 
Aliquots of these plasmid libraries were 
then used as templates for PCR to deter- 
mine the presence of the cDNA of inter- 
est and consequently to select the ph- 
agemid library to be screened. 

Titration of the Desired cDNA 

To evaluate the abundance of the desired 
cDNA clone in the selected phagemid li- 
brary, 10-fold serial dilutions were made 
(1-10s). Each dilution of the phagemid 
library (100 ~l) was used to infect 107 
host bacteria (100 ~l) for 30 min at 37~ 
These mixtures were then diluted in LBA 
(5 ml) from which 50 ~l was spread on 
LBA plates. After growth overnight, col- 
onies were counted to determine the 
number of colony forming units (CFU). 
In parallel, plasmids were prepared from 
each dilution, and PCR was performed as 
described below. The minimal number 
of colonies that yielded the expected 
PCR product defined the frequency of 
the cDNA of interest in the library and 
therefore the working dilution of the ph- 
agemid library used for the screen. 

Screening Procedure 

The phagemid library at the working di- 
lution was used to infect E. coli strain 
XL1-Blue. Bacteria were seeded in 96- 
well plates in 300 ~l of LBA, which cor- 
responds to 40 CFU. After overnight 
growth, 100 ~l of liquid culture from the 
12 wells across each lane was pooled. 
Plasmid extractions were performed by 
the alkaline lysis method giving 8-lane 
plasmid pools (Lpps) for each plate (Fig. 
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1). Then, one-tenth of each Lpp was 
mixed creating plate plasmid pools 
(Ppps). The Ppps (10 izl) were used as 
templates for PCR. The presence of the 
expected PCR product identifies the 
plate containing the desired cDNA. PCR 
was performed on each Lpp from posi- 
tive plates. To identify positive wells, 

plasmids extracted from each of the 12 
wells in the positive lanes were analyzed 
by PCR. Bacteria from the positive well 
were diluted and spread on an LBA plate. 
Following overnight growth, single col- 
onies were picked and seeded in a 96- 
well plate. A second screen was then per- 
formed exactly as described before. To 

Isolation of positive clones 
FIGURE 1 Schematic diagram of the PCR screening procedure. Once the dilution of the 
phagemid library containing the cDNA of interest was determined, infected bacteria were diluted 
and seeded in 96-well plates. After overnight growth, 100 ~1 of culture from 12 wells across each 
lane of each plate was pooled. The 96 wells were therefore reduced to eight pools per plate. For 
each pooled lane, plasmid extraction was performed (Lpp) and one-tenth of each Lpp was mixed 
to serve as templates for the plate screen. Once positive plates were identified, PCR screening was 
done for positive lanes on aliquots of the Lpp. Each well within positive lanes was then tested by 
PCR. Finally, individual clones from the positive well were submitted to PCR, resulting in the 
isolation of the cDNA of interest. Negative controls for PCR specificity were done by reactions 
lacking the template, and positive controls by amplifications with the cDNA obtained by ho- 
mology PCR. Finally, the reaction product was tested for restriction digestion with BgllI gener- 
ating one 48-bp and one 174-bp fragment. 

avoid contaminat ion  artifacts, bacteria 
from the positive well of the second 
screen were diluted and spread on an 
LBA plate. Ten isolated colonies were 
randomly picked and grown in 12-ml 
culture tubes. Plasmids were extracted 
and aliquots used as templates for PCR. 

PCR 

The 5' pr imer (5'-TCTGTGGCTGCCACT- 
3' and 3' pr imer (5'-GTCAAGGTCAC- 
CAAG-3') were synthesized based on the 
sequence of the partial cDNA encoding 
P. waltl integrin r v subuni t  obtained by 
PCR homology.  (7) PCR was performed in 
a reaction volume of 100 ~1 in buffer 
containing 2.3 mM MgC1 z, 0.1 mM of 
each dNTP, 0.2 ~M of each primer, and 
0.5 units of Taq DNA polymerase (Appli- 
gene). The reaction was done with an 
initial denaturation of 5 m i n  followed by 
35 cycles (94~ sec; 55~ sec; 72~ 
20 sec) and a final extension step of 10 
m i n  at 72~ in a thermal  cycler (Hybaid). 
Reaction products (10 ~1) were electro- 
phoresed through a 2% agarose/TAE gel 
(40 mM Tris acetate, 2 mM EDTA) and 
visualized with e th id ium bromide stain- 
ing. 

RESULTS 

Using homology PCR targeted at inte- 
grin a subunits, we previously obtained 
315-bp DNA fragment. Sequence analy- 
sis of this DNA using the Genetics Com- 
puter Group (GCG) software package, (8) 
shows 70% identity with h u m a n  inte- 
grin av subunit.  To obtain full-length 
cDNAs, a library screening was per- 
formed by plaque hybridizat ion using 
the PCR 3zP-labeled probe. (9) This 
method  was ineffective in isolating the 
desired cDNA clone. To overcome this 
problem, another screening strategy was 
designed using sensitivity and specificity 
of PCR. The primer set used was based on 
sequence obtained from the partial 
cDNA encoding the homolog  of the in- 
tegrin o~ subunit.  Use of these primers 
results in a 222-bp amplif icat ion product 
that contains an internal  BglII restriction 
site located 174 bp from the 5' primer. 
To determine which  library would be 
screened, aliquots of the four plasmid li- 
braries were analyzed by PCR. Results in- 
dicate that the 222-bp reaction product 
was amplif ied from each library (Fig. 2A) 
With the same PCR conditions, the high- 
est intensi ty of the 222-bp band was ob- 
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FIGURE 2 Analysis of amplification products of the first-round screening. (A) Determination of 
the library to be screened. Aliquots of the PCR product from ovaries (lane 1), ventral (lane 2), and 
dorsal (lane 3) blastomere of eight-cell stage embryos, and tailbud stage embryo (lane 4) libraries. 
The 222-bp reaction product (arrow) was amplified from each plasmid library. (Lane T) Positive 
control; (lane ST) DNA molecular weight markers VI (Boehringer). (B) Determination of the 
working dilution. Serial 10-fold dilutions of the dorsal library were tested by PCR. The 222-bp 
amplified product was found for 10-1 (lane 1) and 10 -2 (lane 2) but not for subsequent dilutions 
of 10 -3 (lane 3), 10 -4 (lane 4), 10 -s (lane 5). (C) Lane screening. Bacteria from each well of the 
same lane were pooled. Plasmids were extracted from these pools. Aliquots of each lane pool were 
used as templates for amplification reactions. Reaction products were electrophoresed through a 
2% agarose gel. Amplifications with the starting clone in pBluescript (lane T) and with no 
template (lane O) were used, respectively, as positive and negative controls. The expected band 
at 222 bp (arrows) is found only in lane H. (D) Well screening. Plasmids extracted from each well 
of the positive land H were used as templates for amplification. The products of the 12 reactions 
were electrophoresed. The amplification products of the starting clone were electrophoresed as 
controls (lanes T). In the last lane, a negative control was done by reaction lacking the template. 
The expected band (arrow) is detected in the reaction product from plasmid pool of well 4. 

served when  plasmids from the dorsal 
blastomere and tailbud libraries were 
used as template. The dorsal blastomere 
library was chosen for further screening. 

Serial 10-fold dilutions of the dorsal 
blastomere phagemid  library were used 
to infect 107 bacteria/l~l. Aliquots (1/100 
of each dilution) were spread on LBA 
plates, and the rest was grown overnight. 
The colonies were counted for each di- 
lution to determine the number  of CFUs. 

In parallel, plasmids were extracted from 
overnight cultures, and used as tem- 
plates for PCR. Reaction products were 
analyzed by gel electrophoresis. Results 
show that the 222-bp band is still present 
in the 10-2-fold dilution (Fig. 2B). On 
LBA plates, the bacteria count indicates 
that this dilution corresponds to 20,000 
CFU. Therefore, the cDNA of interest was 
present in at least 1 of every 20,000 in- 
serts in the dorsal blastomere library. 

Thus, the starting phagemid  library was 
diluted 100-fold and used to seed each 
well of five 96-well plates with 40 CFU. 
Following overnight  culture, PCR 
screening was performed for plates, 
lanes, and wells exactly as described in 
Figure 1. The Ppps from plate 2 produced 
the expected PCR band  (not shown). 
PCR was then  done on the 8 lanes (Lpp) 
of plate 2 (Fig. 2C). The amplif icat ion 
product of plasmids pooled from lane H 
contained the expected 222-bp band. 
Each well of lane H was then screened by 
PCR. Only well number  4 produced the 
222-bp amplif icat ion product (Fig. 2D). 
To isolate positive clones, the bacterial 
mixture of well number  4, which  con- 
tains - 4 0  distinct CFU, was spread on 
LBA plates. Following overnight  growth, 
isolated colonies were picked and seeded 
in a 96-well plate. After culture, the sec- 
ond-round screen was performed on 
plasmids pooled by lanes and then, from 
wells of positive lanes (Fig. 1). The am- 
plified product of 222 bp was detected in 
one well (not shown). The correspond- 
ing bacteria were spread on LBA plates. 
After growth, plasmids were extracted 
from 10 randomly  selected colonies and 
analyzed by PCR. Three of the 10 colo- 
nies shown an amplif icat ion poduct of 
222 bp. Each of these three were cleaved 
by BgllI, conf i rming their identity. One 
of these clones was selected for further 
analysis. Restriction mapping,  and se- 
quencing indicates that the plasmids 
contain a 3.2-kbp insert that encodes the 
amph ib ian  integrin 0~v-SUbunit. (6) 

DISCUSSION 

By PCR homology,  we previously iso- 
lated a 315-bp fragment of DNA encod- 
ing the amph ib i an  homolog  of the inte- 
grin o~ subunit.  To obtain full-length 
clones, we have screened a cDNA library 
by the filter hybridizat ion technique us- 
ing PCR generated 32p-labeled probes. (8~ 
A screen of 106 phages was unsuccessful 
even though clones were present in the 
library based on the PCR homology  re- 
sults. To circumvent  this fruitless ap- 
proach, we have developed a simple and 
nonradioactive PCR-based method  by 
which cDNA clones may  be isolated 
from a ~ Zap library. To illustrate this 
cloning technique,  we have described 
the isolation of a 3.2-kbp cDNA encod- 
ing the amph ib i an  integrin ~v-subunit. 

The sequence of the partial ~v cDNA 
isolated by PCR homology was used to 
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generate specific oligodeoxynucleotide 
primers. To have an efficient control of 
the specificity of the amplification reac- 
tions, they were designed to generate an 
amplified f ragment  containing a unique 
and easily detectable restriction site. Al- 
ternatively, if no restriction site is avail- 
able, an internal oligodeoxynucleotide 
could be used to confirm identity of PCR 
products. To increase the selectivity, we 
have found that  it is important  to estab- 
lish the optimal amplification reaction 
conditions before screening. These con- 
ditions are easier to determine if longer 
primers are used (20--30 bases); however, 
primers as small as 15 bases have been 
successfully employed in our study. We 
have also observed that  it is important  to 
keep the number  of colony forming 
units per well low because competi t ion 
for growing in small volumes can result 
in the loss of the clone. 

Prior to screening, we had evidence 
that our desired cDNA would be abun- 
dant in libraries constructed from RNA 
isolated from early stage embryos. Be- 
cause we had several libraries available, 
we wished to select the optimal one. To 
do this, a prel iminary PCR screen was 
performed. Templates from the dorsal 
blastomere library resulted in the most  
intense amplification product  and was 
therefore selected for further screening. 
In many  instances, this additional step 
could be omitted giving a more rapid 
cloning procedure. 

When the reaction conditions are 
identified, the amplification reactions 
are completed within 2 hr, depending on 
the length of the fragment  to be ampli- 
fied. Therefore, the entire screening pro- 
cedure can be completed within 1 week. 
A step-by-step screening plan is sug- 
gested in Table 1. 

The method  we have described pro- 
vides an alternative to plaque hybridiza- 
tion for screening cDNA libraries. In our 
hands, the PCR technique was more ef- 
fective than the filter hybridization tech- 
nique with PCR-generated 32p-labeled 
probes. With the plaque hybridization 
method  we unsuccessfully screened 106 
colonies. Conversely, 2x  104 colonies of 
the same library were screened to isolate 
the desired cDNA with the described PCR 
procedure. 

This protocol is also inexpensive. For 
each amplification reaction, we have 
used the Taq DNA polymerase at low 
concentrations,  which brings the price 
of each reaction lower than a restriction 
digestion. The complete screening pro- 
cedure to isolate the clone of inquiry had 
used <200 units of the enzyme. Further- 
more, hybridization membranes,  X-ray 
films and 32p-labeled nucleotides are un- 
necessary. 

While this paper was in preparation, a 
similar method  was described/1~ The 
method  used PCR screening directly on 
phages. We have found that  amplifica- 
tion on unpurified phage DNA was not  

TABLE 1 Proposed Step-by-step Procedure for Screening 

Day Procedure 

1 I. Mass in vivo excision: Construction of a phagemid library; 
107 library phage + 107 helper phage + 108 bacteria. 
Mass in vivo excision to obtain the phagemid library. 

II. Determination of the working dilution: 
Tenfold dilutions of the phagemid library + 107 bacteria. 
Liquid culture for PCR. 
Solid culture for evaluation of the number of colonies forming units. 

III. First-round screen: 
Bacteria seeding with the phagemid library at working dilution in 96 

wells plates (no more than 50 colonies/well). 
Overnight growth. 
Plasmid extraction and PCR for plate/lane/wells. 
Spreading of bacteria from the positive wells on LBA plates. 

IV. Second-round screen: 
Seeding single colonies in 96-well plate. Overnight growth. 
Plasmid isolation and PCR for plate/lane/well. 
Spreading of bacteria from the positive wells on LBA dishes. 

V. Isolation of cDNA clones 
Insemination of 10 single colonies from the positive wells. 
Overnight growth. 
Plasmid isolation and controls by PCR. 

as efficient as that  using purified plas- 
mids. However, both techniques are 
nonradioactive and emphasize the need 
for various rapid and efficient screening 
procedures. 
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