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In this study we amplified virtually the entire genomes of hepatitis A virus (a member of the Picornaviridae
family), hepatitis B virus (a member of the Hepadnaviridae family), and hepatitis C virus (a member of the
Flaviviridae family) by using the recently described technique of long PCR. In order to do this, we first
demonstrated, using the l phage, that long PCR can be made highly sensitive and that the sensitivity can be
further enhanced by nested long PCR. We also showed, using tobacco mosaic virus as a model, that a reverse
transcriptase reaction can be linked to a long PCR, enabling the nearly full-length amplification of the genomes
of RNA viruses. We then applied these techniques to serial dilutions of titrated stocks of well-characterized
strains of hepatitis A, B, and C viruses. We amplified the nearly full-length sequence of each of these viruses
from a small number of viral genomes, demonstrating the sensitivity of the process.

Recent studies (1, 5) have shown that the technique of PCR
can be improved to permit the synthesis of amplicons of up to
40 kb. In principle, this would greatly benefit the field of virol-
ogy by enabling the amplification of greater fractions of viral
genomes and in many cases virtually the entire genome.
This technique could be especially useful for the study of

viruses such as hepatitis C virus (HCV), a single-stranded
RNA virus of positive polarity, which exhibits an extensive
genetic heterogeneity (2). However, HCV is generally present
in patients’ sera in low titers and cannot replicate efficiently in
cell culture. Consequently, for long PCR to be useful, it must
be optimized to a high degree of sensitivity and efficiency.
Furthermore, efficient reverse transcription (RT) of long frag-
ments of RNA followed by long PCR (long RT-PCR) must be
achieved in order to amplify the genomes of RNA viruses. In
this study we showed that long PCR could be optimized to a
high degree of sensitivity (for some templates it was within 1
order of magnitude of that of short PCR protocols), that the
strategy of nested PCR was applicable and resulted in higher
yields and sensitivity, and that long RT-PCR for the amplifi-
cation of RNA viruses was feasible and highly sensitive. We
applied these techniques to the nearly full-length amplification
of the genomes of hepatitis A virus (HAV), hepatitis B virus
(HBV), and HCV, using titrated stocks of well-characterized
viral strains.

MATERIALS AND METHODS

Virus stocks. Purified DNA of the l phage was purchased from Promega
(Madison, Wis.). Purified RNA from the vulgare strain of tobacco mosaic virus
(TMV) was purchased from Boehringer Mannheim (Indianapolis, Ind.). Strain
HM175/24a (15), a cytopathogenic mutant of HAV that is well adapted to cell
culture, was used in this study. The stock used for the extraction of viral RNA
contained 4.4 3 107 radioimmunofocus units (RFU) per ml (29). We used a
serum containing the adr subtype of HBV with an infectious titer of 108 50%
chimpanzee infectivity doses (CID50) per ml (28). Plasma containing strain H-77
(genotype 1a) of HCV (8, 21) was used in this study. It had an infectivity titer of
106.5 CID50 per ml (8, 24a).
DNA purification. The HBV DNA was purified from serum by treatment with

proteinase K and sodium dodecyl sulfate followed by phenol-chloroform extrac-
tion and ethanol precipitation, as previously described (14).
RNA purification. The HAV RNA was purified from cell lysate and HCV

RNA was purified from plasma or serum with TRIzol (GIBCO BRL, Gaithers-
burg, Md.), according to the manufacturer’s recommendations, except that all
mixing steps were performed by repeated inversion or tapping of the tube to
prevent RNA shearing. In each case the RNA pellet was resuspended in 10 ml of
10 mM dithiothreitol containing 5% (vol/vol) RNasin (20 to 40 U/ml) (Promega).
Aliquots of RNA were stored at 2808C.
Serial dilutions of nucleic acid stocks. Serial 10-fold dilutions were prepared

from the purified nucleic acids. The l phage DNA and the HBV DNA were
diluted in double-distilled H2O, and the aliquots were stored at 2208C. The
RNAs of TMV, HAV, and HCV were diluted in 10 mM dithiothreitol containing
5% (vol/vol) RNasin (20 to 40 U/ml) (Promega); aliquots of diluted RNA were
stored at 2808C.
Primers. The primers were synthesized in a 392 DNA/RNA synthesizer (Ap-

plied Biosystems, Foster City, Calif.) for the l phage, TMV, HAV, and HCV;
they were supplied by an outside contractor for HBV.
Primers specific for l phage were deduced from the complete l DNA se-

quence (GenBank accession number J02459) or taken from reference 1. The
sense primer lS17K (59 CGATGTTATTGAAATCTGCGATGATGACTAT
GC 39) and the antisense primer MBL002 (1) (59 GCAAGACTCTATGAGAA
GCAGATAAGCGATAAG 39) constituted one pair and bracketed a genome
fragment of approximately 11 kb. The sense primer lS19K (59 GTGGTCCGG
CAGTACAATGGATTACCGTAAGA 39) and the antisense primer lRS24K
(59GTACAGTCATAGATGGTCGGTGGGAGGTGGTAC 39) constituted an-
other pair and bracketed a genome fragment of approximately 5 kb internal to
the 11-kb fragment mentioned above.
Primers specific for TMV were deduced from the sequence of the vulgare

strain of TMV (GenBank accession number J02415) The sense primer TMVS
(59 ACAATTACAATGGCATACACACAGACAGCTACC 39) and the anti-
sense primer TMVRS (59 GATCCAAGACACAACCCTTCGATTTAAGTG
39) bracketed a nearly full-length fragment (approximately 6.24 kb) of the ge-
nome.
Primers specific for HAV were deduced from the sequence of HAV strain

HM175/24a (15) (GenBank accession number M59810) supplemented, for the
termini of the genome, by the sequence of the wild-type strain HM175 (7) (Gen-
Bank accession number M14707). The sense primer HAVLA1 (59 TGCAGGT
TCAGGGTTCTTAAATCTGTTTCTC 39) and the antisense primer HAVLA2
(59 CAAATCATGAAAGGTCACAAATGAAACACTGG 39) bracketed a near-
ly full-length fragment (approximately 7.2 kb) of the genome. The antisense
primer HAVRS (59 TATTTACTGATAAAAGAAATAAAC 39) was located at
the very end of the 39 terminus of the genome, immediately before the poly(A)
tail.
Primers specific for HBV were deduced from the consensus sequence of an

alignment of the sequences of 33 strains of HBV (22). The sense primer (relative
to the negative strand) HBVLA1 (59 TTAACCTAATCTCCTCCCCCAACTC
CTCCC 39) and the antisense primer HBVLA2 (59 ACCTCTGCCTAATCAT
CTCATGTTCATGTC 39) constituted one pair and bracketed a nearly full-
length fragment (approximately 3.15 kb) of the genome. The sense primer
HBVL1 (59 CCAACTCCTCCCAGTCTTTAAACAAACAGTC 39) and the an-
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tisense primer HBVL2 (59AATCATCTCATGTTCATGTCCTACTGTTCAAG
39) bracketed a genome fragment of approximately 3.12 kb internal to the
fragment of 3.15 kb mentioned above.
Primers specific for HCV were deduced from the sequence of HCV strain H (13

[GenBank accession number M67463], 21 [GenBank accession numbers
M62381, M62383, and M62385]). Whenever possible we have used the sequence
determined by Ogata et al. (21), who directly sequenced the H-77 strain of HCV
extracted from the plasma stock used in this study. Several primers were used in
different combinations, as detailed in Results. The sense primers were UNI 40
(primer a1 in reference 3) (59 ACTGTCTTCACGCAGAAAGCGTCTAGC
CAT 39), UNI 49 (primer a3 in reference 3) (59 ACGCAGAAAGCGTCTAG
CCATGGCGTTAGT 39), HUT 3364S (59 AGGAGATACTGCTTGGGCCAG
CCGACGGAATG 39), HUT 4326S (59 ATCGGCACTGTCCTTGACCAAGC
AGAGACTGCG 39), and HUT 5244S (59 GTCACCCTGACGCACCCAATC
ACCAAATACATC 39). The two primers UNI 40 and UNI 49 are located in a
highly conserved domain of the 59 end of the 59 noncoding region (59 NC) of the
HCV genome, with UNI 40 being the most external (3, 4). The antisense primers
were HUTLA2 (59 GGGCCGGGCATGAGACACGCTGTGATAAATGTC
39), HUTLA4 (59 AAATGTCTCCCCCGCTGTAGCCAGCCGTGAACC 39),
UNI 311R (primer a2 in reference 3) (59 CGAGACCTCCCGGGGCACTCGC
AAGCACCC 39), and UNI 304R (primer a4 in reference 3) (59 TCCCGGGG
CACTCGCAAGCACCCTATCAGG 39). The primers HUTLA2 and HUTLA4
are at the 39 end of the sequence coding for the polyprotein, in a region
conserved as shown by an alignment of multiple strains of HCV (2). The primers
UNI 311R and UNI 304R are located in a highly conserved domain of the 39 end
of the 59 NC of the HCV genome (3).
Long PCR with the KlenTaq LA-16 (KLA-16) polymerase mix. The reactions

were performed in a total volume of 50 ml with final concentrations of 20 mM
Tris-HCl (pH 8.55 at 258C), 150 mg of bovine serum albumin per ml, 16 mM
(NH4)2SO4 and 3.5 mM MgCl2 (PC2 buffer [1] and 250 mM each deoxynucleo-
side triphosphate (dNTP). Each reaction contained 20 pmol of each primer and
0.4 ml of the KlenTaq LA-16 (KLA-16) enzyme mix (1). This enzyme mix was
prepared in a proportion of 15 ml of KlenTaq1 (25 U/ml) (Ab Peptides, St. Louis,
Mo.) to 1 ml of cloned Pfu (2.5 U/ml) (Stratagene, La Jolla, Calif.). Reactions
were performed in thin-walled PCR tubes (Stratagene). Each reaction mixture
was overlaid with exactly 40 ml of mineral oil (Sigma, St. Louis, Mo.). The PCR
was performed in a Robocycler thermal cycler (Stratagene) with the following
cycling parameters: denaturation at 998C for 35 s, annealing at 678C for 30 s, and
elongation at 688C for durations that depended on the application (see Results).
Different numbers of cycles were studied (see Results). Stringent precautions
were observed to prevent cross-contamination, as previously described (3).
Long PCR with the Advantage KlenTaq polymerase mix. The reactions were

performed essentially as described above, except that the buffer supplied with the
kit was used instead of the PC2 buffer, and 1 ml of the Advantage KlenTaq
polymerase mix (Clontech, Palo Alto, Calif.) (a mixture of KlenTaq1, Deep
Vent, and TaqStart anti-Taq antibody) per reaction was used instead of the
KLA-16 mix.
Nested PCR.When a second round of PCR was performed, 5 ml (10%) of the

first-round PCR mixture was added to 45 ml of the second-round PCR mixture,
prepared as described above except for the amount of buffer, which took into
account the contribution from the first round. The contributions of dNTPs and
primers were considered negligible. The pair of primers used in the second round
of long PCR was always internal to the pair used in the first round.
RT. An RNA aliquot was thawed on ice, incubated for 2 min at 658C, and

chilled on ice. To the RNA was added, from a master mix, 0.5 ml of RNasin (20
to 40 U/ml) (Promega), 1 ml of 100 mM dithiothreitol (Promega), 1 ml of a 10
mM stock solution of dNTPs (Pharmacia, Piscataway, N.J.), 2.5 ml of a 10 mM
primer stock solution, 1 ml (200 U) of Superscript II reverse transcriptase
(GIBCO BRL), and 4 ml of 53 1st Strand Synthesis Buffer (GIBCO BRL). In
initial experiments the reaction mixture was incubated at 508C for 1 h. In
subsequent experiments the reaction mixture was incubated at 428C for 1 h, 1 ml
of RNase H (1 to 4 U/ml) (GIBCO BRL) and 1 ml of RNase T1 (900 to 3,000
U/ml) (GIBCO BRL) were added, and the reaction mixture was incubated at
378C for 20 min.
Purification of the cDNA after RT. Different methods of purification of the

cDNA prior to the PCR were studied.
(i) Sodium acetate precipitation. One-tenth volume of 3 M sodium acetate

(pH 5.2) and 2 volumes of isopropanol were added to the RT mix; mixing steps
were performed by repeated inversion or tapping of the tube to prevent cDNA
shearing. The solution was left to precipitate overnight at 2208C. The pellet was
recovered by centrifugation, washed with 70% ethanol, resuspended in 10 ml of
double-distilled H2O, and transferred to the long PCR reaction mix.
(ii) DNA Clean Sweep kit. A DNA Clean Sweep Kit (Amresco, Solon, Ohio)

was used essentially according to the manufacturer’s recommendations except
that 20 mg of glycogen (Boehringer Mannheim) was used as a carrier instead of
the supplied yeast tRNA, and mixing was performed as described above. The
cDNA pellet was resuspended in 10 ml of double-distilled H2O, incubated at
958C for 3 min, and added to the long PCR reaction mix.
(iii) Transfer method (19). In the transfer method procedure 2 ml (approxi-

mately 10%) of the unpurified RT mixture was transferred directly to the long
PCR reaction mix.

Nested PCR of the 5* NC of HCV.We used Taq polymerase and the procedure
described by Bukh et al. (3), using the primer pairs UNI 40-UNI 311R (outer
pair) and UNI 49-UNI 304R (inner pair). To determine the PCR titer of the
H-77 stock, the RT was performed within the 59 NC with the antisense primer
UNI 311R, and transfer to the PCR mixture was as previously described (3). To
optimize the RT with Superscript II, we used the HUTLA2 primer. After the RT,
the cDNA was precipitated with sodium acetate essentially as described above
but with the addition of glycogen (20 mg) as a carrier and then transferred into
the PCR mixture (see Results).
Analysis of PCRs. After completion of the PCRs, 10 ml of the PCR mix was

loaded on an agarose gel, and DNA bands were separated by electrophoresis.
The bands were visualized by staining with ethidium bromide and UV transillu-
mination. The specificity of selected amplicons was confirmed by direct sequenc-
ing or restriction enzyme digestion.

RESULTS

In preliminary experiments we synthesized amplicons of 28
and 35 kb from 1.0 ng of lDNA by using exactly the procedure
and primers described by Barnes (1). However, since the ge-
nomes of the various hepatitis viruses studied in our laboratory
are all less than 10 kb, we were interested in optimizing the
long PCR for templates of such length. We were especially
interested in achieving a high degree of sensitivity, since our
ultimate goal was to amplify the entire genomes of these vi-
ruses, many of which are available only in low titer. We set the
basic parameters of the protocol as outlined in Materials and
Methods and optimized the procedure.
We first attempted to increase the sensitivity of the long

PCR procedure in amplifying the l phage template. Using the
primer pair lS17K-MBL002, the KLA-16 enzyme mix, and an
elongation time of 13 min, we readily obtained the expected
amplicon of 11 kb. The minimum amount of l DNA template
required to obtain this amplicon depended on the number of
cycles in the PCR round, as follows: 1021 ng with 19 cycles,
1022 ng with 25 cycles, and 1024 ng with 35 cycles (occasion-
ally, a small amount of amplicon could even be synthesized
from 1025 ng after 35 cycles). For this reason the PCR rounds
consisted of 35 cycles in all other experiments. For experiments
with the KLA-16 enzyme mix we used exclusively mixes that
would pass the quality test of synthesizing the 11-kb amplicon
from 1024 ng of l phage DNA. Such a KLA-16 mix retained
this sensitivity for at least 6 months. However, occasionally we
had difficulty in preparing a mix that would perform at the
required sensitivity.
Next, we used the primer pair lS19K-lRS24K to synthesize

a 5-kb amplicon from the l DNA. Using the same elongation
time of 13 min for 35 cycles, we obtained this amplicon with as
little as 1024 ng of template, albeit with significant size heter-
ogeneity. We tried shorter durations for the elongation step,
which resulted in a lowered sensitivity. However, we reproduc-
ibly obtained the amplicon of 5 kb from 1024 ng by using an
elongation time of 6 min 30 s for the first 25 cycles and an
elongation time of 13 min for the last 10 cycles.
It is well established that the use of nested PCR with Taq

polymerase can increase the sensitivity, specificity, and yield.
Therefore, we next performed a nested long PCR procedure
with the l DNA. We used the primer pair lS17K-MBL002 for
the first round of PCR, transferred 5 ml from the reaction mix
to a new PCR mix with the primer pair lS19K-lRS24K (in-
ternal to the first pair), and performed a second round of PCR.
We obtained an amplicon from as little as 1026 ng of l DNA
following nested PCR. Further, the yield from the higher di-
lutions of template was much improved.
Finally, we performed long PCR with the Advantage Klen-

Taq polymerase mix. With the primer pair lS17K-MBL002
and an elongation time of 13 min for 35 cycles, we reproducibly
obtained amplicons of 11 kb from as little as 1025 ng of l
DNA, a sensitivity 10-fold greater than that with the KLA-16
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mix. The use of this mix for a nested PCR, as described above,
yielded a sensitivity of 1026 ng, unchanged from that obtained
previously. Overall, we could amplify large fragments from a
very small number of genome copies of l phage (Table 1).
On the basis of the results obtained with the l phage tem-

plate, we attempted to amplify the genome of HBV. We used
a serial dilution of HBV DNA obtained from a serum sample
with a known infectious titer (28). With the primer pair
HBVL1-HBVL2 and the KLA-16 mix, we could reproducibly
obtain an amplicon of the expected size (approximately 3.12
kb), with a sensitivity varying with the different elongation
times we tested. Our best results were obtained with an elon-
gation time of 6 min for the first 25 cycles and 12 min for the
last 10 cycles, which reproducibly gave a sensitivity of 102

CID50. Using the latter parameters, we also obtained an am-
plicon of the expected size (approximately 3.15 kb) with the
primer pair HBVLA1-HBVLA2, with the same sensitivity of
102 CID50. Since the primer pair HBVLA1-HBVLA2 is exter-
nal, we could perform a nested PCR by transferring 5 ml of the
PCR mixture into a new PCR mix with the primer pair
HBVL1-HBVL2. As expected, we obtained a greater yield; the
sensitivity was improved to 101 CID50 of HBV. To illustrate the
general usefulness of such a procedure, we tested DNAs ex-
tracted from the sera of eight patients chronically infected with
HBV. In all cases, we obtained the expected 3.15-kb amplicon
after one round of amplification.
Using the Advantage KlenTaq polymerase mix, with the

primer pair HBVLA1-HBVLA2 and with the same parameters
as described above, we achieved the same sensitivity of 102

CID50 after one round of PCR. Thus, we could amplify nearly
full-length amplicons from a small number of genome copies
of HBV (Table 1).
It is noteworthy that with both l and HBV templates and

with both enzyme mixes, we observed minor amplicons of
different molecular sizes in addition to the expected amplicon.
We speculate that they constitute a PCR artifact, most prob-
ably arising from false priming events. Consistent with this
hypothesis is the observation that these amplicons increased in
diversity and quantity when the initial amount of template was
increased or when the second round of a nested long PCR was
performed.
With the exception of HBV, all of the known human hepa-

titis viruses are single-stranded RNA viruses; long PCR for

these agents would therefore initially require an efficient RT
step and a method to link the RT reaction and the PCR. As a
model to study the feasibility of the long RT-PCR, we used
TMV, an RNA virus whose genome is commercially available
in great quantity and purity.
In a first series of experiments with TMV, the RT reactions

were performed at 508C for 1 h with the antisense primer
TMVRS, after which the cDNA was purified by sodium ace-
tate-isopropanol precipitation. Long PCR was then performed
with the KLA-16 enzyme mix and the primer pair TMVS-
TMVRS, with an elongation time of 13 min for 35 cycles. We
obtained an amplicon of the expected size (6.2 kb) from as
little as 1024 ng (and occasionally 1025 ng) of TMV RNA.
Since this result demonstrated a high degree of sensitivity of

long RT-PCR, we attempted to amplify long segments of the
HCV genome. We used serial dilutions of RNA extracted from
a plasma stock of known infectious titer containing isolate
H-77 (8, 21) of HCV; its titer in genome equivalents (GE), as
measured by nested RT-PCR on the 59 NC with the primer
pairs UNI 40-UNI 311R and UNI 49-UNI 304R, was found to
be 108 GE/ml.
Using the primer pairs HUT5244S-HUTLA2, HUT4326S-

HUTLA2, and HUT3364S-HUTLA2 and several elongation
times, we obtained the expected amplicons of 4, 5, and 6 kb,
respectively, from 105 GE of HCV. However, the quantity of
PCR product was low, and artifactual amplicons were present
in comparable amounts. Further, these results proved to be
difficult to reproduce, and we could not amplify larger frag-
ments of the HCV genome.
A low yield of nearly full-length cDNA from the RT would

decrease the sensitivity. Therefore, we studied how to improve
the yield of long cDNA by performing the RT, with various
modifications, from the 39 end of the genome (with the
HUTLA2 primer) on a serial dilution of HCV RNA. This was
followed by sodium acetate precipitation and nested PCR on
the 59 NC, which would yield a signal only from virtually full-
length cDNA. The procedure used as described above for the
RT yielded a signal with 103 GE of HCV. We improved this
result to 102 GE by incubating the RT reaction mixture at 428C
instead of 508C. However, additional improvements were not
obtained by denaturing the RNA longer or at a higher tem-
perature prior to cDNA synthesis or by performing the cDNA
synthesis with a higher concentration of Superscript II or with

TABLE 1. Summary of the most sensitive results of long PCR with DNA viruses

DNA virus Polymerase
mix

Amplicon size (kb)
(primer pair)

Duration of elongation step
in PCR (no. of cycles)

Endpoint sensitivity
(approx no. of
genome copies)

l phage KLA-16a 11 (lS17K-MBL002) 13 min (35) 1024 ng (2,000)
5 (lS19K-lRS24K) 6 min 30 s (25), 13 min (10) 1024 ng (2,000)
Final product, 5 (first round, lS17K-
MBL002; second round, lS19K-
lRS24K)

First round, 13 min (35); second
round, 6 min 30 s (25), 13 min (10)

1026 ng (20)

Advantage KlenTaq
polymerase mixa

11 (lS17K-MBL002) 13 min (35) 1025 ng (200)
Final product, 5 (first round, lS17K-
MBL002; second round, lS19K-
lRS24K)

First round, 13 min (35); second
round, 6 min 30 s (25), 13 (10)

1026 ng (20)

HBV KLA-16 3.15 (HBVLA1-HBVLA2) 6 min (25), 12 min (10) 102 CID50 (10
3)b

Final product, 3.12 (first round, HB-
VLA1-HBVLA2; second round,
HBVL1-HBVL2)

Each round, 6 min (25), 12 min (10) 101 CID50 (10
2)

Advantage KlenTaq
polymerase mix

3.15 (HBVLA1-HBVLA2) 6 min (25), 12 min (10) 102 CID50 (10
3)

a See Materials and Methods
b 1 CID50 ' 10 genome copies.
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a longer incubation time. In subsequent experiments cDNA
synthesis was performed at 428C for 1 h.
Next, we speculated that residual RNA from the RT mixture

could interfere with the long PCR by binding to the template.
To address this potential problem, we treated the mixture from
the completed RT reaction with RNase H and RNase T1 in all
subsequent experiments. Last, we hypothesized that false prim-
ing events during RT could generate short cDNAs that would
be amplifiable, since they incorporated the antisense primer.
We therefore removed the unused primers by purifying the
cDNA with the DNA Clean Sweep kit, and we performed the
PCR with an antisense primer that was internal to the primer
used in the RT. With these two modifications, upon reverse
transcribing HCV RNA with HUTLA2 as the primer and
performing nested PCR on the 59 NC, we still obtained a signal
with 102 GE. After employing this modified RT procedure, we
proceeded with long PCR, with HUTLA4 as the new antisense
primer. Using the same cycling parameters as described above,
we observed a definite improvement of the PCR: amplicons of
the expected size (4 or 6 kb) were reproducibly synthesized in
greater quantity as the major product. However, the sensitivity
remained at 105 GE, and we still could not amplify longer
fragments of HCV. We then repeated the experiments with the
Advantage KlenTaq polymerase mix. Whereas the sensitivity
remained 105 GE for the 4- and 6-kb amplicons, for the first
time we could amplify a larger fragment of the HCV genome:
by using the primers UNI 40 and HUTLA4 for PCR, we
obtained the expected 9.23-kb amplicon, with a sensitivity of
106 GE.
The fact that we could not increase the sensitivity of the long

PCR beyond 105 GE led us to question whether the cDNA
purification method was efficient at low concentrations, and
consequently we explored the simple procedure of merely
transferring a small amount (2 ml) of unpurified RT mixture
into the PCR mixture (19). This modification for TMV with
the Advantage KlenTaq polymerase mix and an elongation
time of 13 min for 35 cycles produced the expected amplicon of
6.2 kb, albeit with a lower sensitivity of 1023 ng in the RT
reaction. However, using a modified elongation time, we re-
producibly obtained an amplicon with as little as 1025 ng of
TMV RNA in the RT reaction (Table 2). We used this revised
procedure for RT-PCR on HCV with HUTLA2 as antisense
primer for both the RT and PCR. We obtained the 4-kb am-
plicon with a sensitivity of 102 GE, the 6-kb amplicon with a
sensitivity of 103 GE, and the 9.25-kb amplicon with a sensi-
tivity of 104 GE (Fig. 1A; Table 2). When we used the latter
reaction to set up a nested PCR with the primers UNI 49 and
HUTLA4 (bracketing a 9.22-kb region), the sensitivity at the

end of the second round was the same (104 GE), but there was
a considerable increase in the yield of the amplicon (Fig. 1B;
Table 2). Thus, by simply transferring approximately 10% of
the RNase-treated RT mix to the long PCR mix, we signifi-
cantly improved the sensitivity of the long RT-PCR for HCV.
In order to confirm the above-described observations, we per-
formed concurrent experiments with aliquots from a serial
dilution of HCV RNA, using reaction components from a
master mix. In a first series of experiments, the RT was per-
formed concurrently at 42 and 508C and was followed by
RNase treatment and transfer of 2 ml into a long PCR mix with
the Advantage Klentaq polymerase mix and the primer pair
UNI 40-HUTLA2 (bracketing the 9.25-kb amplicon). To en-
hance the signal, nested PCR with the primer pair UNI 49-
HUTLA4 (bracketing the 9.22-kb amplicon) was also per-
formed. The sensitivity after performing RT at 428C was 104

GE, as expected, but it was only 106 GE if RT was performed
at 508C. A second series of experiments was performed essen-
tially as described above, except that RT was performed at

FIG. 1. Long RT-PCR amplification of HCV RNA. (A) The expected
9.25-kb amplicon was obtained from as little as 104 GE. (B) The 9.22-kb ampli-
cons were obtained by nested PCR amplification of the PCR product from panel
A. In each panel, the first lane contained molecular size markers (l HindIII
fragments).

TABLE 2. Summary of the most sensitive results obtained with long RT-PCR with RNA virusesa

RNA virus Amplicon size (kb)
(primer pair)

Duration of elongation step in PCR
(no. of cycles)

Endpoint sensitivity
(approx no. of genome copies)

TMV 6.2 (TMVS-TMVRS) 9 min 45 s (15), 11 min (10), 13 min (10) 1025 ng (3,000)
HCV 4 (HUT5244S-HUTLA2) 9 min (35) 102 GE (103)b

6 (HUT3364S-HUTLA2) 9 min 45 s (15), 11 min (10), 13 min (10) 103 GE (104)
9.25 (UNI 40-HUTLA2) 9 min 45 s (15), 11 min (10), 13 min (10) 104 GE (105)
Final product, 9.22 (first round, UNI 40-
HUTLA2; second round, UNI 49-HUTLA4)

Each round, 9 min 45 s (15), 11 min (10),
13 min (10)

104 GE (105)c

HAV 7.2 (HAVLA1-HAVLA2) 9 min 45 s (15), 11 min (10), 13 min (10) 4.4 3 103 RFU (4.4 3 104–4.4 3 106)d

a All of these experiments were performed with prior RNA denaturation at 658C for 2 min, RT at 428C for 1 h, treatment with RNase H and RNase T1, and transfer
of 2 ml of the unpurified RT mixture to a long PCR mixture with the Advantage KlenTaq polymerase mix.
b GE ' 10 genome copies.
c The yield of the nested PCR is significantly increased.
d 1 RFU ' 10 to 1,000 genome copies.
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428C with and without RNase treatment. We observed that
RNase treatment improved the sensitivity by 1 or 2 orders of
magnitude.
We next demonstrated that HCV cDNA could be amplified

from samples containing a relatively low viral titer. First, we
extracted RNA from 10 ml of a serum sample containing 106

GE/ml from a chimpanzee infected with a genotype 5a isolate
of HCV. We performed the RT with the primer HUTLA2 and
the long PCR with the primers UNI 40 and HUTLA2, as
described above, and we obtained the 9.25-kb amplicon as
expected. Second, we extracted RNA from 100 ml of a chim-
panzee serum containing 105 GE of a genotype 3a isolate of
HCV per ml. After modifying the sequences of the primers
UNI 40 and HUTLA2 to obtain a perfect match with the
sequence of genotype 3a (4, 23) and performing the RT and
long PCR as described above, we obtained an amplicon of the
expected size.
As a final application, we used the long RT-PCR to amplify

a nearly full-length fragment of the HAV genome. First, we
performed the RT with the primer HAVRS, treated the mix-
ture with RNases, and purified the cDNA with the DNA Clean
Sweep kit; the cDNA was then amplified with the primer pair
HAVLA1-HAVLA2, using the Advantage KlenTaq Polymer-
ase mix. We obtained the expected band of 7.2 kb, starting with
RNA equivalent to 4.4 3 104 RFU. Next, we performed the
RT with the HAVLA2 primer, treated the mixture with
RNases, and transferred 2 ml to a PCR mixture as described
above. We obtained the 7.2-kb amplicon from the RNA equiv-
alent of 4.4 3 103 RFU (Table 2).
The results summarized in Tables 1 and 2 were obtained

with finalized protocols and represent our best results in terms
of sensitivity and yield of the expected amplicon. The identities
of representative amplicons were verified by direct sequencing.
Figure 1 illustrates results of the long PCR for HCV and
demonstrates the unambiguous synthesis of an amplicon of the
expected size, as well as the increased yield conferred by nested
PCR.

DISCUSSION

We studied the feasibility of applying the technique of long
PCR to amplify nearly complete viral genomes. The procedure
proved to be applicable to DNA viruses and, following RT, to
RNA viruses. We limited our study to targets of 11 kb or less
and endeavored to improve sensitivity and formulate rules of
optimization.
We kept the procedure for the long PCR simple and in fact

quite close to that originally described by Barnes (1). We were
able to amplify diverse targets, spanning a broad range of GC
content (49.9, 49.1, 43.3, 58.8, and 37.8% for l phage, HBV,
TMV, HCV, and HAV, respectively), at a high sensitivity by
optimizing primarily the elongation time. We did not find it
necessary to change the cycling temperatures, the durations of
the denaturation or annealing steps, or the concentrations of
Mg ion or other components of the mix. In our hands the
Advantage KlenTaq polymerase mix was more sensitive and
consistent than the KLA-16 mixes that we could prepare from
enzymes purchased separately.
We amplified 5- or 11-kb fragments from as little as 200

genome copies of l DNA in the long PCR. It is noteworthy
that, at least for l DNA in this size range, a greater amplicon
length did not adversely affect the sensitivity. However the
elongation time had to be carefully adjusted to the size of the
desired amplicon: not only must it be long enough for the
polymerases to synthesize the desired length of product, but
elongation times that were too long were in fact deleterious.

We have found, as have other authors (5), that a stepwise
increase in the elongation time can be beneficial. It should be
emphasized that a serial dilution from a well-quantified stock
was essential for optimization, since suboptimal parameters
may still enable amplification from a large amount of template.
We found that the optimal parameters for PCR with KLA-16
generally worked well with the Advantage KlenTaq polymer-
ase mix.
The feasibility of nested long PCR has not been addressed

previously. We have shown that nested long PCR increased the
yield and sensitivity, even with inner primers that had a signif-
icant overlap with the outer pair. The sensitivity of the nested
long PCR for a 5-kb amplicon of l DNA was 20 genome
copies, which is within 1 order of magnitude of the sensitivity
of the best PCR regimen. Increased sensitivity was also ob-
served for nested long PCR of the HBV genome, with sensi-
tivities of 102 CID50 for the first round of PCR (with 35 cycles)
and 10 CID50 ('100 genome copies) for the second round
(with 35 cycles). This is comparable to the result obtained by
Günther et al. (11), who amplified the whole genome of HBV
from as little as 300 genome copies, using the Expand High
Fidelity enzyme mix (Boehringer Mannheim) and a 40-cycle
long PCR round. Remarkably, those authors demonstrated
that the full-length amplicons they recovered were infectious.
Our approach differed in that we chose primers that spanned a
very highly conserved region, near the termini of the negative
strand. Thus, while our amplicons are not expected to be in-
fectious, we should be able to amplify almost the entire ge-
nome from most HBV-infected patients irrespective of the
particular strain involved. Given the relatively high titer of
HBV in most patients and the sensitivity of this assay, ampli-
fication from most clinical samples should be feasible. In that
regard, the positive results obtained for each of the eight cases
of chronic HBV infection that we studied are encouraging.
Our initial approach to long RT-PCR was to perform the RT

in the buffer optimal for the reverse transcriptase, purify the
cDNA, and perform the long PCR in the buffer optimal for the
DNA polymerase. As our final results showed, this concern
about buffer incompatibility was unfounded, at least with Su-
perscript II and the Advantage KlenTaq polymerase mix. Re-
cently this observation was also made with a different long
PCR enzyme mix (eLONGase Enzyme mix; GIBCO BRL)
(19). In fact, purification with the DNA Clean Sweep kit re-
sulted in a loss of sensitivity (although it permitted the use of
an inner antisense primer for the PCR and therefore in some
circumstances may be advantageous), which probably is attrib-
utable to a low recovery rate at a low concentration of nucleic
acids. The sensitivity of the long RT-PCR for TMV RNA was
'3,000 genome copies (1025 ng) after one round of PCR. This
is 1 order of magnitude lower than the sensitivity of one round
of PCR for lDNA (200 genome copies). Since only 10% of the
cDNA is transferred from the RT to the long PCR, this sug-
gests that, at least for some templates, the sensitivity of the
combined RT-PCR could be as high as that of PCR from DNA
templates if one could efficiently recover all of the synthesized
cDNA. So far, however, the other purification methods that we
evaluated have not been found to improve on the transfer
technique (unpublished data).
An important step in long RT-PCR was the optimization of

the RT, which we assessed by reverse transcribing serially di-
luted HCV RNA with a primer (HUTLA2) almost at the 39
end of the genome and performing standard nested PCR in the
59 NC. (We note a recent example [17] of a similar strategy to
study RT of the dengue virus genome.) Of the various modi-
fications we studied, the most noticeable improvement came
from performing the RT at 428C rather than at 508C. Even
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then, comparison with the standard RT-PCR in the 59 NC (3)
suggested that at most 1% of the cDNAs synthesized from
HUTLA2 are near full length. Nonetheless, it was enough to
obtain a considerable improvement in generating long ampli-
cons from HCV with KLA-16. Finally, the synthesis of near-
full-length amplicons (9.25 kb) of HCV with the Advantage
KlenTaq polymerase mix enabled us to show unequivocally an
improvement of 2 orders of magnitude in sensitivity when the
RT is performed at 428C rather than at 508C. This result is in
good agreement with the reported optimal temperature for the
Superscript II enzyme (9); it should be pointed out, however,
that RT at 508C may be advantageous for some templates with
strong secondary structures. Finally, the treatment with RNase
H and RNase T1 did offer a more modest, but real, improve-
ment; beneficial effects of RNase H treatment have been re-
ported (19). One would expect the benefits of treatment with
RNase to vary according to the sequence of the target as well
as the initial amounts of template RNA and extraneous RNA.
It is noteworthy that the highest sensitivities of the long PCR

procedure obtained in this study were achieved with commer-
cially obtained templates (l DNA and TMV RNA) with high
purity which contained a high percentage of undamaged ge-
nomes. While the relatively lower sensitivities obtained with
HAV, HBV, and HCV may reflect a lack of optimization, they
may also reflect inferior quality of the templates.
Interestingly, we achieved useful sensitivities with long RT-

PCR by using the same elongation parameters for three dif-
ferent viruses (Table 2), in the range of 6 to 9.3 kb: therefore,
this regimen appears to be a good first approximation for
amplifying many other RNA viruses in that size range (note
that the three viruses span a broad range of GC content: 43.3%
for TMV, 58.8% for HCV, and 37.8% for HAV).
For HAV and HCV, the RNA extraction method that we

chose is one of many variations of the original method of
Chomczynski and Sacchi (6). These methods have been rec-
ommended for use in clinical microbiology laboratories (20,
24). This method can easily be scaled up to extract RNA from
1 ml of serum or plasma. Thus, our long RT-PCRmethodology
would yield positive results with many clinical samples having
a titer of 104 to 105 GE of HCV per ml. Of course, this
sensitivity was achieved with a serial dilution of purified RNA;
one could object that inhibitors of RT-PCR which might co-
purify with the RNA would also be diluted and that a more
realistic test would be to extract RNA from lower-titer sam-
ples. However, when we extracted RNA from chimpanzee sera
with lower viral titers and performed long RT-PCR, we ob-
tained the 9.25-kb amplicon at the expected sensitivity, sug-
gesting that inhibitors were not a problem. It should also be
noted that the type of RNA purification method used here has
been found to be highly effective in removing RT-PCR inhib-
itors from sewage samples (26).
For primer design the most obvious difference in the context

of long PCR comes from the high annealing temperature,
which requires primers with high Tms but which increases the
tolerance for a weak secondary structure. Experimental vali-
dation of the suitability of the primers with a serial dilution of
the target is, in our opinion, essential. While we have not
probed systematically the limits of tolerance for primer mis-
match, we suspect that they are not very permissive, since the
annealing temperature is quite stringent; in turn, it may be
difficult to lower the annealing temperature, since this is likely
to result in false priming and the synthesis of artifactual am-
plicons. This may constitute a fundamental limitation of the
technique.
Our primary goal in this study was to achieve a high degree

of sensitivity of long PCR and long RT-PCR for the amplifi-

cation of viral genomes. We reasoned that restricting ourselves
to the amplification of nearly full-length sequences, as opposed
to full-length sequences, permitted more flexibility in primer
optimization and avoided the possible loss of targets by trun-
cation at the termini. Focusing on large subgenomic fragments
also enabled us to exploit highly conserved regions; long PCR
can be used to bridge large gaps between conserved regions, so
that even if standard PCR methods may be preferable for the
sensitive detection of pathogens at very low titers, long PCR
should facilitate genetic studies of mutants, genotypes, or qua-
sispecies. In that context the positive amplification from cell
culture, as we demonstrated with HAV, should prove to be a
valuable technique, since many viruses, such as the enterovi-
ruses, can be routinely cultured in the clinical laboratory.
There are situations in which further molecular characteriza-
tion of such isolates is required (see, for example, references
16 and 18) and in which long PCR could prove to be very
helpful. As additional examples of the use of long PCR for
further molecular characterization, we note two recent studies
using long PCR to analyze integrated retroviruses (12, 25) and
one study using long PCR to amplify the genomes of human
papillomaviruses (27). Clearly, it should be possible to obtain
infectious cDNAs of viral genomes by using a single round of
long RT-PCR, and in fact we recently succeeded in doing this
for a mutant of HAV by using the conditions outlined in this
paper (29). As noted above, Günther et al. (11) have demon-
strated the infectivity of amplified full-length HBV genomes.
Additionally, in a recent study Gritsun and Gould (10) gener-
ated, by long RT-PCR, two overlapping fragments of a tick-
borne encephalitis virus from which a full-length infectious
cDNA was generated by fusion PCR. These examples further
illustrate the expected benefits of long PCR to the field of
virology.
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