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ABSTRACT

Bacteriophages that are routinely used
in cDNA libraries do not require any bio-
logical selection for forming plaques. Thus
parental non-recombinant phages are al-
ways found in variable proportions togeth-
er with recombinant ones in all cDNA li-
braries. The presence of non-recombinants
in significant proportions dilutes the abun-
dance of rare cDNA species and makes li-
brary screening difficult. If the exact pro-
portion of non-recombinants in a library
were known, then one would screen propor-
tionately more plaques to get a positive
clone. In the absence of such information,
screening is conventionally conducted on a
number that is based on the titer of the li-
brary. We have devised a method using the
flanking sequences from either side of the
multiple cloning region (MCR) of all λ
phage vector derivatives as primers for
PCR amplification. A non-recombinant
phage produces a fragment equal to the size
of the MCR, whereas a recombinant phage
produces a fragment larger than the MCR,
which is an MCR+ fragment. All cDNA li-
braries that we have studied show the pres-
ence of the MCR fragment (indicating non-
recombinants) at variable proportions
ranging between 6% and 36% of the total
phages present. We also show that their
presence negatively influences the retrieval
of target cDNA sequences.

INTRODUCTION

Screening of cDNA libraries is very
important for isolating transcripts of
genes that regulate cellular functions
and integrity. Several derivatives of λ
bacteriophage with improved cloning
features have been in use as cloning
vectors for many years (2–4,8,9). In
practice, however, parental non-recom-

binants produce a large number of
plaques (3,6), possibly because of
frame-shift mutations (5). Phage titer-
ing remains the only method for evalu-
ating the strength of a cDNA library, al-
though, in reality, it only displays the
number of plaque-forming bacterio-
phages rather than the actual number of
recombinants in the library. The success
of cloning a desired cDNA species de-
pends directly on the complete repre-
sentation of all mRNAs present at dif-
ferent abundance in the library.
Non-recombinants, if present in signifi-
cant numbers, lower the overall mRNA
representation in the library and may
underrepresent rare mRNA species.
Thus, the total number of plaques to be
screened as calculated by conventional
methods for cloning of a low abundant
cDNA might be less than are actually
required. Consequently, screening of an
inappropriate number of plaques may
lead to confusion, costing more time
and money because of repeated screen-
ings. Therefore, there is a need for an
accurate and convenient method that
can identify and evaluate the exact pro-
portion of non-recombinants in a cDNA
library before it is used for cloning.

MATERIALS AND METHODS

cDNA Library Construction

cDNA was synthesized from the
HeLa cell line and normal human pla-
cental mRNA using a linker-primer
[oligo(dT)-XhoI] from the Zap-cDNA

synthesis kit (Stratagene, La Jolla, CA,
USA). cDNA library construction and
determination of titer was done follow-
ing the manufacturer’s instructions.
Routine blue/white plaque screenings
were conducted to determine the
pfu/µg of vector arms.

Phage-Recombinant and 
Non-Recombinant Control

A 653-bp pBR322 fragment was
cloned into the Zap phage vector
(Stratagene), confirmed by DNA se-
quencing, and used as a phage recombi-
nant control in all multiple cloning re-
gion (MCR)-PCR amplifications. The
parental Zap phage vector was used as
a phage non-recombinant control.

Plasmid-Recombinant and Non-
Recombinant Control

A 560-bp cDNA fragment was
cloned into pGEM-7Zf(-) plasmid
(Promega, Madison, WI, USA), con-
firmed by DNA sequencing, and used
as plasmid recombinant control. The
parental pGEM-7Zf(-) plasmid was
used as non-recombinant control.

MCR-PCR

Aliquots of the cDNA libraries were
boiled for 5 min, cooled on ice, micro-
centrifuged at 14000× g for 10 min, and
the supernatant used for MCR-PCR af-
ter DNA estimation. Plasmid DNA was
used without pretreatment. The reaction
mixture (50 µL) consisted of 10 pmol
each primer, 50 µM each dNTP, 1 U Taq
DNA polymerase (Amersham Bio-
sciences, Piscataway, NJ, USA) in PCR
buffer (20 mM Tris-HCl, pH 8.4, 50
mM KCl, 1.5 mM MgCl2). The PCR
was carried out on a model TC-1 DNA
thermal cycler from Applied Bio-
systems (Foster City, CA, USA) with an
initial denaturation at 94°C for 4 min,
followed by 35 cycles at 94°C for 1 min,
60°C for 1 min, 72°C for 1 min, and a fi-
nal extension at 72°C for 5 min. The
PCR primers used were T3 5′-AATTA-
ACCCTCACTAAAGGG-3′, T7 5′-AA-
TACGACTCACTATAGGGA-3′, and
SP6 5′-AATTAGGTGACACTATA-3′
(Synthetic Genetics, San Diego, CA,
USA and Invitrogen, Carlsbad, CA,
USA). PCR products were analyzed by
electrophoresis through 1.2% agarose
gels, and the images were analyzed by
Kodak EDAS 1D software (Amer-
sham Biosciences). DNA sequencing
was conducted on a manually operated
Macrophor 2010 electrophoresis system
(Amersham Biosciences).

Validation Test

DNA templates from phage-recom-
binant control (MCR+) were mixed
with the HeLa library before MCR-
PCR amplification. Phage-recombinant
control templates were added in in-
creasing amounts of 0, 10, 100, 250,
500, 1000, and 250 ng while keeping
the HeLa transcripts library constant at
50 ng. In the second set, the concentra-
tions were reversed. MCR-PCR ampli-
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fication was done on each of these mix-
tures using T7 and SP6 primers.

Plasmid-recombinant and non-re-
combinant controls were used in a sim-
ilar validation test.

RESULTS AND DISCUSSION

Figure 1 shows the PCR products
from phage-recombinant and non-re-
combinant controls and cDNA libraries

using specific transcription promoter
sequences flanking the MCR as
primers. Both HeLa and placental
cDNA libraries show the 167-bp MCR
fragment that is absent in the phage-re-
combinant control. On the other hand,
the phage-recombinant control shows
the 784-bp MCR+ fragment without
the 167-bp MCR fragment (Figure 1C).
The MCR+ fragments from HeLa and
placental cDNA libraries are seen as
smears along with the 167-bp MCR
fragment following re-amplification
(Figure 1D). Figure 2A shows a pro-
gressive decrease of the 167-bp MCR
fragment from the HeLa cDNA library
with an increase in the 784-bp MCR+
fragment of the phage-recombinant
control. The result was reversed when
the phage recombinant control was kept
constant while varying the concentra-
tion of the HeLa library (Figure 2B).
These results show that, with the in-
crease of phage-recombinant control in
the mixture, the intensity of the 167-bp
MCR fragment from the HeLa library
progressively decreased and vice versa.
Thus, a library without parental non-re-
combinant phages showed only the
MCR+ fragment (Figure 2A, lane 8,
and Figure 2B, lane 1). Similar results
were also obtained when plasmid re-
combinant control was mixed with
varying amounts of plasmid non-re-
combinant control before MCR-PCR
amplification (Figure 2C). Results from
these experiments validated the MCR
fragment as the marker for parental
non-recombinant phages in libraries.

To test the fidelity of the MCR-PCR
method in detecting non-recombinant
parental phages from cDNA libraries,
11 representative cDNA libraries were
tested by MCR-PCR. The intensity of
the MCR fragment from phage non-re-
combinant control was considered as
100%, while compared with the inten-
sity of the MCR fragment that was ob-
tained from the same amount of cDNA
library. Table 1 shows the titer of each
of the cDNA libraries used in this
study. Some of these libraries were ob-
tained commercially, while others were
obtained from different laboratories or
were prepared in-house. The intensity
of the 167-bp MCR-PCR fragment in
these libraries differed considerably
(Figure 3A). It may be noted that the li-
braries in Figure 3A, lanes 1, 3, 5, 7,
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Library Titer % Target Sequence No. Blue % Blue
No. (pfu/mL) % MCR Retrieval (Actin) Plaques Plaques

1 2.1 × 109 30 9 41/450 11

2 1.8 × 109 13 22 22/350 6
3 3.0 × 109 36 18 46/520 9

4 2.8 × 109 12 20 22/220 10

5 2.4 × 109 29 5 25/360 7

6 3.1 × 109 8 22 95/630 15

7 3.6 × 109 20 7 50/420 12

8 2.7 × 109 6 12 25/280 9

9 11 × 109 8 26 40/340 13

10 8 × 109 7 25 10/190 5
11 5 × 109 20 8 34/310 11

Table 1. Eleven cDNA Libraries with Their Respective Titer, Percent MCR, and Percent Retrieved
Actin

Figure 1. MCR-PCR strategy. (A) Non-recombinant parental λ Zap II phage representing the MCR
fragment. (B) Recombinant λ Zap II phage containing a cDNA insert representing the MCR+ fragments.
(C) Placental cDNA library (lane 1) and HeLa cDNA library (lane 2) showing the MCR band at 167 bp,
phage recombinant control showing MCR+ band at 784 bp without any MCR band at 167 bp (lane 4).
PCR molecular weight marker (Amersham Biosciences) (lane 3). (D) Placental cDNA library (lane 1)
and HeLa cDNA library (lane 2) showing MCR+ fragments as smears along with the MCR band at 167
bp. PCR molecular weight marker (lane 3).



and 11, show an MCR band of higher
intensity, indicating the presence of a
larger proportion of parental non-re-
combinant phages. The remaining li-
braries show a relatively smaller pro-
portion of non-recombinant phages
because they produce MCR bands of
lesser intensities. It is noteworthy that a
strict inverse relationship did not exist
between the titer and the intensity of
the MCR band, indicating that high
titer does not always represent a non-
recombinant free library. No significant
relationship was found between the
titer and percent of blue/white plaques
and the percent of MCR (indicating
non-recombinants) in all these libraries.

To show the correlation between the
MCR-PCR fragment intensity and the
level of target sequence retrieval from
cDNA libraries, primers of highly
abundant actin transcripts were used for
PCR amplification. As shown in Figure
3B, the intensity of the 177-bp actin
fragments varied significantly. It is
interesting that the libraries shown in
Figure 3B, lanes 2, 4, 6, 8, 9, and 10,

containing lower amounts of non-re-
combinant phage produced actin frag-
ments of relatively higher intensities
compared to libraries with higher MCR
band intensity (Figure 3B, lanes 1, 5,
and 7). However, blue/white color se-
lection did not seem to be as conclusive
as MCR-PCR as far as the percent of
actin sequence retrieval was concerned.
There was no direct correlation be-
tween the percent of blue plaques and
the MCR band intensity (Figure 3B,
lanes 3, 5, 6, and 9). The results from
this study show that the presence of
high proportions of parental non-re-
combinant phage in the library can neg-
atively influence the level of target se-
quence retrieval. The presence of
EcoRI linkers in multiple copies as in-
serts (Figure 2D) in an IPTG-X-gal-se-
lected white plaque also demonstrates
that non-recombinant phages can ap-
pear white because of false inserts or
sub-optimal levels of IPTG (7). Our
study shows that blue/white color selec-
tion is not always related to recombina-
tion and that libraries with high titer
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Figure 2. MCR-PCR validation. (A) MCR-PCR with increasing amounts of phage-recombinant con-
trol DNA (Ph.R.C.) mixed with HeLa cDNA library (lanes 2–8). PCR molecular weight marker (lane
1). (B) MCR-PCR with increasing amounts of HeLa cDNA library mixed with phage recombinant con-
trol (lanes 1–7). PCR molecular weight marker (lane 8). (C) MCR-PCR with increasing amounts of plas-
mid non-recombinant control (Pl.NR.C.) mixed with plasmid-recombinant control (Pl.R.C.) (lanes 2–7).
PCR molecular weight marker (Amersham Biosciences) (lane 1). (D) Partial DNA sequence of an
IPTG-X-gal-selected white clone showing the presence of four EcoRI (GAATTC) linkers as a false in-
sert in the MCR.



may show a low percent of blue plaques
but have both a high and low percent of
target sequence retrieval (Table 1).

Taking into account the rarity (abun-
dance) of mRNA species to be cloned,
certain statistical considerations have
been practiced for many years for cal-
culating the number of unique clones
that must be screened to ensure the iso-
lation of a particular clone by using the

following equation (1,3).

ln (1 - P)
N =  __________ [Eq. 1]

ln (1 - n)

where N is the number of clones re-
quired, P is the probability of isolating
the clone (usually set at a desired value
of 99%), and n is the fractional propor-
tion of the total mRNA population rep-
resented by a single mRNA species (the
abundance of the desired clone).

As every cDNA library contains
variable proportions of parental non-re-
combinant phage as background, the
equation can be corrected by incorpo-
rating the MCR-PCR data as follows.

ln (1 - P)
N = ___________ (1 + y) [Eq. 2]

ln (1 - n)

where, N, P, and n are the same as in
equation 1, and y equals the  fractional
proportion of non-recombinants (as rep-
resented by the MCR band intensity).

Therefore, the number of plaques to
be screened as calculated by the revised
formula will be proportionately higher
than the number calculated by the exist-
ing method.

To our knowledge, apart from color
selection, this is the first report of a
PCR-based method that can identify
and evaluate the presence of contami-
nating non-recombinants in a cDNA li-
brary. The percent of parental non-re-
combinants calculated by this method
can be accommodated into the existing
calculations for correcting the number
of plaques needed for library screening.
In this report, we have addressed a
problem that is inherently associated
with the construction and screening of a

cDNA library. The MCR-PCR method
has the potential to qualify those phage-
cDNA ligation reactions that do not
show any parental phages at the early
stages of cDNA library preparation.
Thus, by selecting preparations that are
free of parental non-recombinant phage,
one could possibly construct a cDNA li-
brary with ideal mRNA representation.
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Figure 3. Detection of non-recombinants from 11 representative cDNA libraries by MCR-PCR.
Equal amount of template (100 ng) was used for PCR amplification from each library. (A) Relative inten-
sity of the MCR band from each library. (B) Relative intensity of actin band from the respective libraries.
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