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Optimization of Long-distance PCR Using a 
Transposon-based Model System 

Lynne D. Ohler and Elise A. Rose I 

Human Genome Laboratory, Perkin-Elmer Cetus Instruments, Emeryville, California 94608 

The ability to amplify routinely long 
PCR products (5 -25  kb) with high 
specificity and fidelity, regardless of 
target template sequence or struc- 
ture, would provide significant 
benefits to genome mapping and 
sequencing endeavors. Although oc- 
casional reports have described the 
generation of long PCR prod- 
ucts, (1-4) such results have been dif- 
ficult to replicate and have fre- 
quently utilized probe hybridization 
to Identify the specific product from 
nonspecific amplified DNA. Produc- 
tion of specific PCR products has gen- 
erally been limited to target tem- 
plates of less than 3 kb. (s) To extend 
the effective range of standard PCR 
amplification, it may be necessary to 
utilize alternative reaction condi- 
tions and/or components, such as 
novel thermostable DNA polymerases 
or accessory proteins. We describe 
the use of a model system to eval- 
uate systematically methodological 
changes that might enable efficient 
long-range PCR. Specifically, the 
transposon TnSsupF has been used 
to Introduce randomly identical, 
known primer binding sites within 
separate Isolates of phage clones car- 
rying Identical Inserts. (6) Transpo- 
son-based PCR allows us to study am- 
plification of DNA fragments that 
vary in size and sequence using only a 
single set of primers, in the present 
studies, we describe conditions that 
enable PCR amplification of specific 
DNA templates ranging in size up to 
9 kb. Some of the key features of 
our methodology Include the use of 
recombinant Thermus thermophilus 
(rTth) DNA polymerase, the addition 
of gelatin to the reaction mixture, 
the use of wax-mediated "hot 

starts ''(7) and, lastly, the use of auto- 
segment extension thermocycling. 
These results also provide Insights 
into additional approaches that 
might further enhance our ability to 
perform long-distance PCR. 

T h e  versatility and power of the poly- 
merase chain reaction (PCR) has encour- 
aged its involvement in almost every 
aspect of genome mapping and sequenc- 
ing. (8) The application of PCR has been 
central in formulating both the concep- 
tual and practical approaches on which 
the entire Human Genome Project is 
based, as evidenced by the adoption of 
the sequence tagged sites (STS) pro- 
posal. ~9) Other genomic mapping appli- 
cations of PCR technology include its 
use in isolation of human DNA frag- 
ments present in hybrid cell lines or 
from microdissected or flow-sorted chro- 
mosomal regions~m); chromosomal 
walking and expansion of contiguous 
yeast artificial chromosome (YAC), 
cosmid, or phage clones~11'12); finger- 
printing of DNA fragments for ordering 
and orienting YAC, cosmid, or phage 
clones~m); fingerprinting of DNA in hy- 
brid cell lines for identification (and to 
check for stability of human DNA con- 
tent)~m); mapping and analysis of ex- 
pressed sequences from a particular 
genomic region~13~; and direct PCR-cou- 
pied DNA sequencing. ~14'1s) 

As efforts to map and sequence com- 
plex genomes continue, there is an ever- 
increasing need to develop streamlined 
methodologies that will reduce the time 

1Present address: Advanced Center for Genetic Tech- 
nology, Applied Biosystems Inc., 850 Lincoln Centre 
Drive, Foster City, CA 94404. 

and cost involved in laboratory research. 
In addition, focus will shift to analysis of 
genomic regions that have been recalci- 
trant to current mapping and sequenc- 
ing approaches. Such regions include 
those that are especially rich in guanine 
(G) and cytosine (C), or contain complex 
secondary structures. Efficient amplifica- 
tion through these regions would facili- 
tate analysis and characterization of 
many of the gaps in current genomic 
maps. 

The ability to amplify routinely tem- 
plates as large as 5-25 kb, regardless of 
DNA sequence or structure, would repre- 
sent a major breakthrough in human ge- 
nome mapping research. Such "long- 
range PCR" would maintain continuity, 
order, and orientation of DNA fragments 
and would provide longer templates 
for subsequent sequencing endeavors. 
Moreover, reliable amplification over 
long distances would decrease the num- 
ber of PCR amplifications that would 
need to be performed to analyze any 
given genomic region, eliminating the 
need for additional primers and other re- 
agents, and thus decreasing both the 
time and cost involved in genome map- 
ping efforts. Long-range PCR would also 
greatly reduce the number of overlap- 
ping regions that would need to be com- 
pared, as well as the need for extensive 
subcloning. 

Current limitations in the size of PCR 
products that can be generated reliably 
are on the order of 3-4 kb. (s) Although 
occasional reports have appeared de- 
scribing detection of large PCR prod- 
ucts/1-4) little effort has been made to 
optimize conditions for long-distance 
PCR. As a consequence, such results have 
been difficult to replicate and frequently 
required probe hybridization to identify 
the specific product from the nonspe- 
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cific amplified DNA. Conditions have yet 
to be described that enable reliable am- 
plification with high specificity and fi- 
delity of long PCR products, regardless of 
the target template sequence. 

Our long-term goal is to explore a va- 
riety of thermostable DNA polymerases 
under different reaction conditions that 
might enable (1) PCR amplification of 
longer products (5-25 kb) with high 
specificity and fidelity, and (2) PCR am- 
plification from regions that are cur- 
rently difficult to amplify (due to either 
complex secondary structure and/or 
high G + C content). Our model system 
employs transposons to introduce 
unique known primer binding sites into 
any targeted region of DNA, thus making 
the region amenable to PCR amplifica- 
tion and subsequent sequencing.(6~ 
Transposons are discrete DNA segments 
that move (or transpose) relatively ran- 
domly from one DNA site to another in 
the absence of apparent DNA homology. 
Transposon-based PCR represents a po- 
tential method for inserting PCR primer 
binding sites into regions that are diffi- 
cult to analyze and for which no known 
sequence information is available. 

In the current studies, the transposon 
Tn5supF has been used to introduce PCR 
primer binding sites at random locations 
within separate isolates of phage k 138 
clones carrying identical Escherichia coli 
inserts. ~4'6~ PCR-mediated mapping of 
transposon insertions has been carried 
out using primers specific for TN5supF 
inside and outside ends in relation to the 
left and right h cloning sites. Using this 
system, only two sets of primers are re- 
quired to study amplification of many 
DNA fragments that vary in size and se- 
quence. Our use of Tn5supF transposon- 
based PCR as a model system has en- 
abled us to examine a variety of new 
reaction components and conditions, 
with primer binding sites spaced at in- 
creasing distances, without having to 
change PCR primers. This approach has 
already enabled us to define conditions 
that extend the range of PCR to 9 kb. 

MATERIALS AND METHODS 

DNA Templates 

DNA templates used in these studies 
were h phage 138 clones carrying the E. 
coli lacZ gene with a small amount of 
surrounding E. coli DNA. These clones 

were kindly provided by D. Berg (Wash- 
ington University, St. Louis). A single 
Tn5supF transposon was randomly in- 
serted at a unique location within each 
cloned fragment. ~4'6~ Phage templates 
designated 4, 15, S lac, 3 lac, 2, 14, and 9 
carried transposon insertions at the sites 
indicated in Figure 1. The bacterial 
strains MC1061 or LE392 were used in- 
terchangably for plating of h phage. 
Plaque isolates were dissolved in 50 txl of 
SM buffer (16~ and stored at 4~ Aliquots 
of 5 Ixl were used for PCR amplifications. 

PCR Primers 

PCR was performed using primers that 
are complementary to unique sequences 

near each transposon end and with 
primers specific for the two ends of the 
vector. The primers and their sequences 
are as follows: k left arm cloning site 
(L), 5'-ATAGAGTCTTGCAGACAAACTG- 
C-3'; k right arm cloning site (R), 5'-GC- 
CTAACGATCATATACATGG-3'; Tn5supF 
inside end (I), 5'-TAGGATCCCGAGATC- 
TGATC-3'; and Tn5supF outside end 
(O), 5'-TAGGATCCCCTACTTGTGTA-3'. 
Primers I and O were designed by Phad- 
nis et al. (6~ Oligonucleotides L and R 
were designed using annealing thermo- 
dynamics software developed by D. 
Birch, Q. Chou, and W. Bloch (Cetus 
Corp). Use of primers with similar melt- 
ing temperature (Tm) proved to be criti- 
cal in obtaining specific amplification of 
desired long PCR products. 

FIGURE 1 Mapping of transposon insertions. The model system used in these studies employs 
introduction of the transposon Tn5supF into random locations of individual phage k 138 clones. 
Each phage clone carries the E. coli LacZ gene with a small amount of surrounding DNA. (6~ 
Mapping of transposon insertions is carried out using primers specific for Tn5supF inside (I) and 
outside (O) ends and for k DNA adjacent to the left (L) and right (R) cloning sites. (6~ 
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PCR Amplification Reaction 
Components 

PCR amplification reactions were per- 
formed in 50-1~1 total volumes. Each re- 
action mixture contained 5 ~l of sample 
DNA template 250 ~I,M each dNTP (Per- 
kin-Elmer Cetus), and 30 pmoles each of 
two primers (either L or R, along with 
either I or O). Primers were added to the 
reaction mixture as either unlabeled oli- 
gomers, or labeled with JOE or FAM flu- 
orescent dyes (Applied Biosystems, Inc.). 
A variety of DNA polymerases were em- 
ployed in different reactions, along with 
the appropriate buffers, with each en- 
zyme tested at several concentrations. 
These enzymes included: Thermatoga 
maritima (Tma) DNA polymerase (kindly 
provided by D. Gelfand, Cetus Corp.), 
1-2 units/50 I~l, in 1 x PCR buffer (con- 
sisting of 50 mM KC1, 10 mM Tris-HCl, pH 
8.3) supplemented with 2.5 mM MgC12; 
AmpliTaq DNA Polymerase (recombi- 
nant Taq DNA polymerase), 1.25-15 
units/50 ~l, in l x  GeneAmp PCR Buffer 
(50 mM KC1, 10 mM Tris-HC1, pH 8.3, 1.5 
mM MgC12, 0.001% gelatin) supplied by 
the manufacturer (Perkin-Elmer Cetus); 
recombinant Thermus themophilus (rTth) 
DNA polymerase, 0.625-7.5 units/50 i~l, 
in l x  rTth PCR buffer (5% glycerol, 10 
mM Tris-HC1, pH 8.3, 100 mM KCI, 0.75 
mM EGTA, 0.05% Tween 20) supplied by 
the manufacturer (Perkin-Elmer Cetus), 
supplemented with 2.5 mM MgC12; Hot 
Tub DNA Polymerase, 0.4-5.0 units/50 
I~l, in the 1 x primer extension buffer (50 
mM Tris HC1, pH 9.5, 1.5 mM MgCl2, 20 
mM (NH4)2SO4) supplied by the manu- 
facturer (Amersham); VENT DNA Poly- 
merase (Thermococcus litoralis DNA poly- 
merase), 0.25-1.25 units/50 ~l, in the 1 • 
primer extension buffer (10 mM KC1, 10 
mM (NH4)2SO4, 20 mM Tris-HCl, pH 8.8, 
2 mM MgSO4, 0.1% Triton X-IO0) sup- 
plied by the manufacturer (New England 
Biolabs); AmpliTaq DNA Polymerase, 
Exo- Mutein (recombinant mutant Taq 
DNA polymerase containing 1 amino 
acid substitution), 0.5-2.0 units/50 i~l, in 
l x  GeneAmp PCR Buffer II with MgC12 
as described above for Tma (kindly sup- 
plied by R. Abramson and D. Gelfand, 
Cetus Corp.). 

In addition to examining a variety of 
DNA polymerases and polymerase con- 
centrations, we also systematically eval- 
uated the effects of a range of concentra- 
tions of reaction components that might 
act to "stabilize" DNA polymerases. 

These reagents included Tween 20 
(0.001-1.0%) and gelatin (0.005-0.05%). 

Hot Start Technique 

The specificity of PCR amplification can 
be greatly enhanced by minimizing 
primer extension at misprimed target 
sites and reducing the rate at which 
primer oligomerization occurs at non- 
stringent temperatures. Nonspecific PCR 
products are typically generated prior to 
PCR, and during the early stages of ther- 
mal cycling. Production of the desired 
specific PCR product can be favored by 
initially keeping at least one critical re- 
action component separate from the rest 
of the reaction mixture until the temper- 
ature has exceeded approximately 80~ 
and then adding the missing compo- 
nent(s) so that amplification begins at 
an elevated temperature. This general 
approach to improving the specificity of 
PCR amplification is referred to as the 
"hot start" technique/7'17,18) In the 
present studies, we used 12 mg Ampli- 
Wax PCR Gems (kindly provided by W. 
Bloch, Cetus Corp.) to facilitate auto- 
mated hot starts. This product is a ther- 
molabile material that is added to an ini- 
tial reaction mixture containing primers, 
dNTPs, and buffer. The tubes are capped, 
placed in the thermal cycler, and heated 
to 80~ for 5 min. At this elevated tem- 
perature, the PCR Gems melt to form a 
liquid layer on top of each reaction mix- 
ture. The temperature is then reduced to 
25~ for 1 min, during which time the 
PCR Gems resolidify and form a barrier 
covering the PCR mixtures. The reaction 
tubes are then opened, and an upper re- 
action mixture containing the DNA 
polymerase and sample (and in some 
cases, additional experimental reaction 
components) are layered on top of the 
solid wax barrier. The tubes are recapped 
and subjected to PCR as described below. 
During the initial cycle of PCR, the bar- 
rier again melts, allowing the thermo- 
stable enzyme and sample DNA to mix 
with the rest of the reaction compo- 
nents. Following this hot start, PCR pro- 
ceeds normally with the AmpliWax PCR 
Gems subsequently acting as a vapor bar- 
rier above the reaction mixture. 

PCR Amplification Thermal Cycling 
Conditions 

DNA thermal cycling was initially per- 
formed using both the DNA Thermal Cy- 

cler 480 (Perkin-Elmer Cetus) and the 
GeneAmp PCR System 9600 (Perkin- 
Elmer Cetus). Optimization of reaction 
conditions, however, was carried out us- 
ing the System 9600 exclusively. For 
these experiments, PCR amplification re- 
action mixtures were prepared in thin- 
walled MicroAmp reaction tubes (Per- 
kin-Elmer Cetus). A variety of cycling 
conditions were investigated. Denatur- 
ation temperatures of 93~ and 95~ for 
10 sec were used. In addition, annealing 
temperatures ranging from 58~ and 
74~ and annealing time ranging from 
15 sec to 30 sec, were tested for each set 
of primers. The "auto segment exten- 
sion" program was varied by altering the 
number of standard cycles (10-15) and 
automatically extended cycles (15-20), 
as well as the amount of extension time 
added (15-30 sec) at each automatically 
extended cycle. Optimal results were ob- 
tained when samples were subjected to 
an initial 10 cycles each consisting of: 
95~ for 10 sec, 58~ for 30 sec, and 72~ 
for 3 rain. This was followed by 20 cy- 
cles, each consisting of: 95 ~ for 10 sec, 
58~ for 30 sec, and 72~ for 3 min plus 
a 30-sec automatic increment every cy- 
cle. 

Samples were stored at 4~ following 
PCR, prior to analysis. 

Gel Electrophoresis and Transposon 
Mapping 

PCR product size was determined by gel 
electrophoresis, ethidium bromide stain- 
ing, and either ultraviolet or fluorescent 
detection. On occasion, fluorescent PCR 
products were also generated by incor- 
poration of fluorescent dye-tagged prim- 
ers into PCR product during the am- 
plification reaction. Fluorescent PCR 
products were analyzed using the Gene 
Scanner 362 Fluorescent Fragment Ana- 
lyzer (Applied Biosystems, Inc.). This sys- 
tem was chosen because it allowed us to 
analyze very small portions of our PCR 
reaction mixtures, leaving the remainder 
available for other experiments such as 
long-distance DNA sequencing. Typi- 
cally, aliquots of 1-5 i~l of each 50 t~l 
PCR mixture, along with 2 x gel loading 
buffer (Applied Biosystems, Inc.), were 
loaded onto a 0.8% agarose gel in the 
Gene Scanner. The samples were sub- 
jected to electrophoresis for 6 hr in l x  
TBE buffer, at ambient temperature. PCR 
products were detected based on either 
the inherent fluorescence of ethidium 
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bromide, or the fluorescence generated 
by the JOE or FAM labeled primers. 
When  detection relied on e thidium flu- 
orescence, 0.05 ~mole e thidium bro- 
mide was included in both  the buffer 
and the gel, and a 1-kb DNA ladder (BRL/ 
Life Technologies, Inc.) was used as size 
markers. When  JOE or FAM dye-labeled 
primers were used, GENESCAN-30000 
size markers labeled with ROX dye (Ap- 
plied Biosystems, Inc.) were often run in 
the same lanes as the samples, providing 
lane-specific sizing of PCR products. 

RESULTS 

Transposon Insertions 

TNSsupF insertions into individual ph- 
age clones, designated 4, 15, S lac, 3 lac, 
2, 14, and 9, were mapped  using primers 
complementary  to unique DNA se- 
quences adjacent to each t ransposon end 
and with primers specific to one of the 
two ends of the vector (Fig. 1). This sys- 
tem was used in all investigations of am- 
plification reaction components  and 
conditions. 

Primer Design 

Our initial studies involved use of prim- 
ers previously described by Krishnan et 
al. (4~ Use of these primers consistently 
resulted in  generat ion of significant 
nonspecific products, and made amplifi- 
cation of the desired PCR product  diffi- 
cult to replicate (Fig. 2). Upon further 
investigation, we determined that  the 
primers in each of these pairs had melt- 
ing points (Tin) that  differed by as much  
as 10~ Therefore, new I and O primers 
were designed, as described in the Mate- 
rials and Methods section above, which 
had melting points identical to the L and 
R primers, respectively (i.e, 73.7~ in 50 
mM KCI, and 69.1~ in 50 mM KC1, re- 
spectively). These new primers were 
used in all subsequent  efforts to opti- 
mize long-distance PCR in this model  
system. We note that  differences in the 
Tm of primer pairs are not  of conse- 
quence in routine "shor t  distance" PCR, 
but that nonspecific PCR products do oc- 
cur when  the extension times are in- 
creased. 

Evaluation of DNA Polymerases 

Ranges of concentrat ions for a variety of 
thermostable DNA polymerases were in- 

FIGURE 2 Effects of primer design on speci- 
ficity of PCR. (Lanes 1-5) PCR products gen- 
erated following amplification of the 3.5-, 
5.4-, 6.3-, 8.2-, and 9.0-kb targets, respectively, 
using the L and I primers described in Krish- 
nan et al. (4) The T m of these primers differed 
by approximately 10~ (Lane 6) Negative 
control obtained by performing PCR on a re- 
action mixture containing no DNA. Aliquots 
of 20 ~l (out of the 50 ~l PCR reaction) were 
loaded onto a 0.8% agarose gel. Note the pres- 
ence of many nonspecific bands and back- 
ground smearing in all lanes, as was seen in 
the original paper, (4) and the fact that the 8.2- 
and 9.0-kb bands are barely visible. 

vestigated to define conditions resulting 
in consistent amplification of long PCR 
products. The specific enzymes evalu- 
ated were chosen due to their different 
inherent  exonuclease activities, under  
the assumption that  such activities 
might  either enhance or limit a poly- 
merase's ability to extend a primer over 
long distances. The enzymes used, and 
their respective exonuclease activities, 

are described in Table 1. All of these en- 
zymes generally enable PCR ampliflca- 
t-ion of fragments ranging up to 3.5 kb. 
Larger PCR products (3.5-6.0 kb) were 
occasionally generated with AmpliTaq 
DNA polymerase, Hot Tub DNA poly- 
merase, the AmpliTaq Exo-  mutein,  and 
rTth DNA polymerase (data not  shown). 
Of these enzymes, rTth DNA polymerase 
most  consistently yielded PCR products 
larger than  3.5 kb. Consequently,  subse- 
quent  approaches to extending the range 
of PCR were investigated using this en- 
zyme. We did not  a t tempt  to optimize 
PCR further with the remaining collec- 
tion of enzymes. We believe, however,  
that  several of these enzymes may  be 
useful in long-range PCR, either alone or 
in combinat ion  with another  poly- 
merase, if reaction condit ions are opti- 
mized. 

Modification of Other Reaction 
Components 

We investigated possible effects of re- 
agents that  may  act to "stablize" DNA 
polymerases. (10) rTth DNA polymerase 
has a half-life of approximately 20 min  
at 95~ (2~ Given the long incubat ion 
times required at elevated temperatures 
for rTth DNA polymerase to extend a 
primer sufficiently to obtain a 10-kb PCR 
product, we were concerned that  a criti- 
cal level of enzyme activity might  be 
compromised during a 30-cycle PCR. We 
hoped that  the addit ion of either the de- 
tergent Tween 20 or gelatin, both  known 
polymerase stabilizers, ~ might  help to 
main ta in  optimal polymerase activity, 
thereby increasing the likelihood that  
the polymerase would be able to extend 
over longer distances. No effect was seen 
with the range of Tween 20 used (0.001- 
1.0%). The addition of gelatin at 0.01%, 
however, had a significant effect that  en- 
abled routine generat ion of 9.0-kb PCR 

TABLE 1 Exonuclease Activities of DNA Polymerases 

5' ---~ 3' 3' ---~ 5' 
DNA polymerase Exonuclease Exonuclease References 

Tma + + 27 
AmpliTaq + - 28 
rTth + - 20 
Hot Tub + - 29 
VENT - + 30 
AmpliTaq Exo- Mutein - - 26 

+ indicates that enzyme possesses activity. - indicates that enzyme lacks activity. 
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products (Figs. 3 and 4). Gelatin was 
therefore used in all subsequent PCR ex- 
periments. 

Although we were able to amplify 
larger PCR products, we occasionally ob- 
served nonspecific PCR products and 
generation of p r imer -d imer  artifacts. 
This problem was alleviated through the 
use of wax-mediated hot starts. Ampli- 
Wax PCR Gems proved to be an effective 
and convenient  tool for implemen t ing  
this technique. (7~ In addit ion to provid- 
ing increased specificity in PCR, the use 
of wax-mediated hot starts also increased 
yield in PCR amplifications. Moreover, 
utilization of this methodology provided 
greater flexibility in experimental  design 
by permitt ing specific PCR to occur at 
temperatures that might  otherwise have 
resulted in the generation of nonspecific 
products. The t ime spent on temperature 
optimization was thus minimized.  

Cycling Conditions 

Optimal condit ions for long-distance 
PCR were designed for use on the System 

9600. Initial experiments using the DNA 
Thermal  Cycler 480 yielded inconsistent 
results. No effort was made, however, to 
optimize PCR conditions for use on this 
instrument.  Other types of DNA Ther- 
mal Cyclers were not used due to lack of 
availability in our laboratory. 

One advantage of using the System 
9600 was the ability to program the in- 
s t rument  to increase incubat ion times 
automatically in the later cycles of a re- 
action. DNA polymerases extend primers 
discontinuously through a succession of 
reactions, moving on to and off from the 
DNA template. As PCR product begins to 
accumulate in the later cycles, the ability 
to extend a significant proportion of 
primers over a long distance might  be 
l imited by the relative decrease in en- 
zyme molecules per template. The "auto 
segment  extension" software feature of 
the System 9600 enabled us to increase 
extension t ime automatically by 30 sec 
every cycle following the tenth cycle. We 
speculated that prolonging the exten- 
sion t ime in the later cycles might  pro- 
vide sufficient t ime for the enzyme to 

further extend primers through new 
template DNAs. Whether  or not  this ra- 
t ionale is correct, we found that use of 
autosegment extension resulted in more 
consistent generation of long PCR prod- 
ucts. 

Optimal Conditions for Long-range 
PCR 

Fifty-microliter (final volume) reaction 
mixtures were prepared in MicroAmp 
tubes with the following components  (at 
the specified final concentrations) added 
to the tubes prior to mel t ing the Ampli- 
Wax PCR Gems: 30 pmoles  pr imer  I or O; 
30 pmoles pr imer  L or R; 2.5 mM MgC12; 
1.0 mM total dNTPs; 25 mM Tris HC1, pH 
8.9; one AmpliWax PCR Gem; in an ini- 
tial volume of 13.5 ~l. After mel t ing the 
AmpliWax PCR Gem and allowing the 
thermolabile  barrier to resolidify above 
the lower reaction mixture, the follow- 
ing components  were added to form an 
upper layer in the reaction tubes: l x 
rTth PCR buffer; 2.5 units rTth DNA 
polymerase; 0.01% gelatin; 5.0 ~l of ph- 

FIGURE 3 Effects of adding gelatin to reaction mixtures. Utilizing the ABI Gene Scanner 362 Flourescent Fragment Analyzer, a profile of PCR 
fragments ranging from 3.5 kb to 8.2 kb is shown in the photograph. (A, B, C, and D) PCR products generated using reaction mixtures which contain 
0%, 0.005%, 0.01%, and 0.05% gelatin, respectively. (Lanes 1-3) PCR products of 3.5, 6.3, and 8.2 kb and correspond to the k Tn5supF isolates A, 
C, and D depicted in Fig. 1, respectively. Only the 3.5-kb PCR product was detectable when 0% or 0.005% gelatin was added to each sample. A 
concentration of 0.01% gelatin yielded the highest molecular weight products (C). The higher concentration of 0.05% gelatin appeared to inhibit 
the PCR. 
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FIGURE 4 Effects of adding gelatin to reaction 
mixtures, as visualized by UV detection of 
ethidium bromide-stained DNA. Aliquots of 
20 i~l of each PCR reaction were loaded onto a 
0.8% agarose gel. (Lane 1) Molecular weight 
size marker; (lanes 2-5) PCR products gener- 
ated from amplification of a 3.5-kb target; 
(lanes 6-9) PCR products generated from am- 
plification of a 6.3-kb target; (lanes 10-13) 
PCR products generated from amplification of 
a 8.2-kb target. Reaction products in lanes 2, 
6, and 10 were generated using 0% gelatin; 
0.001% gelatin was used to produce the PCR 
products in lanes 3, 7, and 11; 0.005% gelatin 
was used to obtain the PCR products in lanes 
4, 8, and 12; and 0.01% gelatin was used for 
the reaction products run in lanes 5, 9, and 
13. Once again, optimal long-distance PCR re- 
sults were obtained when reaction mixtures 
contained 0.01% gelatin. 

age plaque; in a volume of 36.5 l~l. Sam- 
ples were then placed in the GeneAmp 
PCR System 9600, and amplified using 
cycling conditions as described in the 
Materials and Methods section above. 

In the model  system tested, specific 
PCR products up to 9 kb in size were ob- 
tained when reaction mixtures were for- 
mulated and used as described above 
(Fig. 5). Following optimizat ion of reac- 
tion conditions, amplification of specific 
PCR products as large as 8.2 kb in size 
were obtained faithfully (Fig. 6). The 
9-kb PCR product,  a l though generally 
obtained, was not  always able to be de- 
tected. This might  indicate a low yield of 
the desired product, or that  further opti- 
mization is still required. We have yet to 
define PCR conditions enabling reliable 
amplification targets larger than  9 kb. 

Amounts of PCR products generated 
varied with size of the amplified DNA 
fragment.  Based on analysis of ethidium- 
stained gels, for example, we estimate 
that amplification of the 3.5- and 5.4-kb 
targets yielded approximately 1-5 I~g of 
DNA, the 6.0-kb target yielded 1-2 i~g, 
the 8.2-kb fragment  yielded 200-500 ng, 

and the 9.0-kb product yielded 50-150 
ng. 

DISCUSSION 

The long-term objective of our research 
is to evaluate, develop, and improve 
upon applications of the PCR for ge- 
nomic mapping and sequencing. ~a'21-23~ 
These efforts involve the systematic eval- 
uation of a variety of thermostable DNA 
polymerases, PCR amplification reaction 
components,  and reaction conditions. In 
the course of this research we hope to 
develop methods that will enable one to 
(1) amplify large PCR products reliably 
with high specificity and fidelity, and (2) 
amplify regions that  are currently recal- 
citrant to PCR, due to complex second- 
ary structure and/or high G + C content. 

The ability to perform long-range PCR 
(i.e., specific amplification of targets in 
the 5- to 25-kb range), irrespective of the 
DNA sequence or structure of the target 
template, will help close gaps in existing 
maps, potentially eliminate the need for 
subcloning of large DNA fragments, and 
maintain  cont inui ty of order and orien- 
tation of DNA fragments that  are being 
mapped and sequenced. Long-range PCR 
will thus streamline genome mapping  
efforts as well as provide a source of PCR 
products to serve as templates for long- 
distance DNA sequencing (E.A. Rose, in 
prep.). 

Although other investigators have re- 
ported detection of large PCR prod- 
ucts, ~1-4~ little effort has been made to 
optimize conditions specific for long- 
distance PCR. As a consequence,  early at- 

FIGURE 5 Effect of optimal PCR amplification conditions. (A) Utilizing the ABI Gene Scanner, a 
profile of PCR fragments ranging from 3.5 kb to 9.0 kb is shown in the photograph to the left. 
(Lanes A-D) Correspond to the ~ 138::Tn5supF isolates B-E, as depicted in Fig. 1. A total of 1-5 
Vd of each 50 i~l PCR mixture and ABI 2• gel loading buffer were loaded onto a 0.8% agarose gel. 
The gel was run for 6 hr in 1 x TBE buffer, at ambient temperature, with 0.05 izmole ethidium 
bromide included in both buffer and gel. PCR products were detected using the inherent fluo- 
rescence of ethidium bromide. (B) Detection of PCR products using primers conjugated with JOE 
(Applied Biosystems). GENESCAN-30000 labeled with ROX (Applied Biosystems) is run in the 
same lane as the sample to serve as a size marker as well as a quantitative marker. The same 
reaction and electrophoretic conditions were used in both systems. (Lanes A and B) Correspond 
to k 138::Tn5supF isolates A and B shown in Fig. 1. 
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FIGURE 6 Reproducibility of long-distance PCR. (A-D) Replicate series of amplification reactions 
performed using the optimal conditions described in the Results section. Each panel contains 
three lanes in which 3.5-, 6.3-, and 8.2-kb targets, respectively, have been amplified. As can be 
seen, once reaction conditions were optimized, generation of specific large PCR products was 
highly reproducible. 

tempts have been difficult to replicate 
and frequently required probe hybridiza- 
tion to identify the specific product from 
the nonspecific amplif ied DNA. Krish- 
nan et al., (4) using the same transposon- 
based system as we use in this paper, 
report the occasional detection of high- 
molecular-weight PCR products .  Al- 
though the authors speculate that their 
inabili ty to obtain large PCR products 
consistently is due to the lack of avail- 
ability of "mapping-grade enzymes,"  
examinat ion of their methods and 
the resulting data indicate that PCR 
conditions were not optimized. Certain 
hallmarks of nonopt imized PCR were 
evident, including excessive nonspe- 
cific product generation, background 
"smearing," and inconsistent  ability to 
produce desired targets. The use of prim- 
ers in the same PCR reaction that differ 
in melt ing points by as much  as 10~ 
appeared to enhance the generation of 
nonspecific products. Moreover, use of 
denaturation incubat ion times of only 
20 sec in a DNA Thermal Cycler is un- 
likely to result in adequate strand sepa- 

ration because the ins t rument  is not 
specified to reach the target denatur- 
ation temperature unless a 60-sec incu- 
bation is employed. 

Our present studies demonstrate the 
utility of transposon-based PCR as a ge- 
neric method for both optimizing long- 
distance PCR as well as for analyzing any 
targeted segment of genomic DNA into 
which transposons can be inserted. In 
addition, we provide evidence that spe- 
cific large PCR products can be generated 
reliably if reaction conditions are opti- 
mized. The advantages of transposon- 
based PCR to genome mapping and 
sequencing are numerous.  This method- 
ology requires use of a l imited number  
of primers regardless of the target tem- 
plate being amplified and/or sequenced. 
The number  of variables that must be 
optimized is thereby limited, saving 
both t ime and cost. This was clearly an 
asset in the present studies, as efforts to 
extend the range of routine PCR ampli- 
fication requires investigation of many  
parameters independent  of primer se- 
quences. The need to design optimized 

primer sequences for each larger frag- 
ment  we tried to amplify would have sig- 
nificantly impeded our progress, as well 
as added an extra degree of complexity 
to the problem at hand. Perhaps most 
importantly,  however, the use of trans- 
poson-based PCR enables analysis of any 
target segment  of DNA, without  prior se- 
quence knowledge, and makes these tar- 
gets accessible for both amplif icat ion 
and sequencing via a single system. (24~ 

We have evaluated a variety of ther- 
mostable DNA polymerases, PCR ampli-  
fication reaction components ,  and PCR 
conditions for their ability to generate 
long PCR products. The enzymes chosen 
for investigation differ in a number  of 
potentially important  activities includ- 
ing extension rate, processivity, fidelity, 
thermostability, thermal  activity profile, 
3'---> 5' exonuclease activity (proofread- 
ing activity), and 5' ---> 3' exonuclease ac- 
tivity (nick translation activity), m a n y  of 
which might  be expected to affect the 
ability to ampli fy  over long segments of 
DNA. In our hands, under  the condit ions 
described above, recombinant  Tth DNA 
polymerase provided the most consis- 
tent performance in long-range PCR. 
The other enzymes evaluated may  also 
be capable of generating long PCR prod- 
ucts under certain conditions, (1-4) but 
our initial results indicated that efforts 
would best be directed toward further 
optimization using rTth DNA poly- 
merase. 

Recombinant  Tth DNA polymerase 
has a half-life of 20 min  at 95~ opt imal  
DNA polymerase activity in the same 
temperature range at which stringent 
primer anneal ing occurs (65-75~ 
5' --~ 3' exonuclease activity, and no de- 
tectable 3' --> 5' exonuclease activ- 
ity. (2~ The enzyme's  processivity is 
30-40 nucleotides in 100 mM KC1, and its 
extension rate is approximately 60 nu- 
cleotides/sec in 100 mM KC1. (z6~ Fidelity 
of this enzyme has yet to be determined 
under any assay conditions, but based 
on sequence homology and the lack of 
3 ' ~  5' exonuclease activity one would 
expect fidelity to be similar to that de- 
scribed for Taq DNA polymerase. (27~ 

We speculated that optimization of 
long-range PCR would benefit  from the 
use of approaches that maximize the 
specificity of PCR. Such methods should 
ensure that all available primers, nucle- 
otides, and enzyme molecules would be 
used to generate the desired product. 
Wax-mediated hot starts enhance PCR 
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specificity by eliminating production of 
nonspecific products due to pre-PCR 
mispriming and primer-oligomerization 
(primer-dimer) during the initial steps of 
PCR. (7) We find that uniformity and 
yield of PCR also improve using this ap- 
proach. It has been speculated that the 
uniformity effect is most likely due to 
providing a vapor barrier of consistent 
mass in each reaction tube, and that the 
enhanced yield results from focusing all 
reagents on production of the specific 
desired product. (7) By permitting specific 
PCR to occur at temperatures that would 
otherwise result in the formation of non- 
specific products, wax-mediated hot 
starts provide the additional benefit of 
decreasing the time required for PCR op- 
timization. The importance of this last 
point cannot be overstated when one 
considers the number of PCR optimiza- 
tion experiments that will be required to 
develop PCR assays for thousands of 
STSs. 

We also speculated that long-distance 
PCR would be facilitated by the use of 
reaction components that could possibly 
stabilize the enzyme, act to maintain en- 
zyme contact with the target template, 
and/or simply prevent the enzyme from 
sticking to the walls of the reaction tube. 
Although we cannot be sure of the 
mechanism underlying the effect, we 
found that the addition of 0.01% gelatin 
to the reaction mixture improved long- 
distance PCR. 

As PCR product begins to accumulate 
during cycling, the relative concentra- 
tion of DNA polymerase decreases (i.e., 
there are the same number of enzyme 
molecules competing for an ever-in- 
creasing number of templates). Given 
the processivity of rTth DNA polymerase 
(i.e., the fact that the enzyme drops off a 
template after extending approximately 
30-40 nucleotides, and then attaches to 
another or the same template), and the 
long distances over which we were at- 
tempting to amplify, we speculated that 
increasing the extension time in each of 
the later PCR cycles would increase the 
likelihood that we would successfully 
synthesize long PCR products. We were 
able to program the thermal cycler to 
perform this function by using the "auto 
segment extension" feature. As noted 
above, we believe that use of this feature 
was one of the key reaction conditions 
enabling consistent generation of long 
PCR products. The other important fea- 
ture provided by this system is rapid heat 

transfer. This limited the amount of time 
that the samples were exposed to high 
temperatures (minimizing loss of DNA 
polymerase activity), as well as the time 
that samples were exposed to low transi- 
tion temperatures (at which point non- 
specific priming might occur). 

The use of the ABI 362 Fluorescent 
Fragment Analyzer enabled rapid and 
sensitive detection and sizing of PCR 
products. A major asset of this system 
was the ability to use internal size stan- 
dards. Another advantage of using this 
system is that it allowed us to analyze 
only 1-5 t~l of a 50-1~1 PCR sample mix- 
ture, leaving the remaining PCR product 
available for other post-PCR procedures 
such as hybridization, cloning, or DNA 
sequencing. 

Overall, we believe our ability to op- 
timize PCR conditions for generation of 
large PCR products relied on the follow- 
ing factors. First, the use of recombinant 
Tth DNA polymerase, an enzyme having 
optimal activity in the temperature 
range at which specific primer annealing 
occurs, an extension rate (approximately 
60 nucleotides per second) capable of ex- 
tending a primer more than 10 kb in 3 
min, and adequate thermal stability to 
remain active over 30 or more cycles 
during which the enzyme is transiently 
exposed to temperatures as high as 95~ 
Second, the fact that rTth DNA poly- 
merase lacks 3'---> 5' exonuclease activ- 
ity, thus minimizing the likelihood that 
primers and single-stranded template are 
destroyed during PCR. Third, the use of 
gelatin to enhance either enzyme stabil- 
ity or accessibility of enzyme to DNA. 
Fourth, the use of primers designed to 
melt at the same temperature. Fifth, the 
enhanced specificity obtained using 
wax-mediated hot starts. Sixth, the abil- 
ity to provide sufficient extension time, 
and longer extension times with increas- 
ing template concentrations, by using 
the auto segment extension program. 

Although we have already demon- 
strated reliable amplification of specific 
DNA segments ranging up to 9 kb in this 
system, we are continuing to examine a 
variety of reaction components and con- 
ditions that we believe will enable rou- 
tine amplification of even larger DNA 
targets. The results presented here repre- 
sent a preliminary analysis of many vari- 
ables simultaneously in a very complex 
system, and is by no means exhaustive. 
Therefore, we find these initial results 
very encouraging, and believe that they 

provide indications of what to try next to 
extend further the limits of PCR. Factors 
that we plan to investigate further 
include cycling parameters, single- 
stranded DNA binding protein-mediated 
hot starts, different types and concentra- 
tions of salt and metal ions (e.g., KC1, 
NaC1, Mg 2+, Mn 2+, etc.), additional 
thermostable DNA polymerases (includ- 
ing mutant enzymes with alterations to 
specific active sites), thermostable repli- 
cation enzymes (as opposed to repair en- 
zymes, which may be represented by the 
majority of thermostable DNA poly- 
merases currently available), and the 
combination of such thermostable repli- 
cation enzymes and accessory proteins 
(e.g., thermostable helicases and single- 
stranded DNA displacement proteins). In 
addition, we plan to investigate a variety 
of additional human DNA inserts of 
varying sequence nature to determine 
whether reaction components and con- 
ditions can be identified that are gener- 
ally applicable to PCR amplification of 
any long DNA target. 

There clearly exist complex condi- 
tions enabling specific replication of 
long stretches of DNA in vivo. For rou- 
tine PCR amplification of large target 
templates, this process must be simu- 
lated in vitro. The first step toward de- 
fining the conditions under which such 
replication can be created is to find an 
appropriate model for testing new PCR 
reaction conditions and components. 
We believe that the transposon-based 
PCR system described here is such a 
model. Our next step will be to find ways 
to amplify reproducibly 10- to 25-kb seg- 
ments of DNA, regardless of sequence 
nature, with high specificity and fidelity. 
Using the types of reagents, model sys- 
tem, and instrumentation described 
here, we are in a position to evaluate sys- 
tematically a wide variety of parameters 
in search of conditions that will enable 
highly specific and highly reproducible 
PCR amplification of long stretches of 
DNA. 
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