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Our understanding of microbial diversity is greatly hampered by the inability
to culture as much as 99 % of the microbial community in the biosphere.
Development of methods for identification and determining microbial
phylogenies based on gene sequences, and for recovering genes directly from
diverse environmental samples has made it possible to study microbes without
the need for cultivation. PCR techniques have revolutionized retrieval of

conserved gene sequences. However, it is well known that co-amplification of
homologous genes may generate chimeric sequences leading to descriptions
of non-existent species. To quantify the frequency of chimeric sequences in
PCR amplification of 16S rRNA genes, we chose several 16S rDNAs with known
sequences and mixed them for PCR amplifications under various conditions.
Using this model system, we detected 30 % occurrence of chimeric sequences
after 30 cycles of co-amplification of two nearly identical 16S rRNA genes. The
frequency of chimera formation decreased to 12:9% and 14:7% for templates
with 82% and 86 % similarity, respectively. We also examined effects of the
number of amplification cycles, length of elongation periods and presence of
damaged DNA on chimera formation. The results should provide useful
information for microbiologists who use PCR-based strategies to retrieve
conserved genes from mixed genomes.
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INTRODUCTION

There is consensus among microbiologists that oanly a
small fraction of natural micro-organisms are culturable
under laboratory conditions (Amann ez a/., 1995; Barns ef
al., 1994; Giovannoni et a/., 1990; Wartd e 4/, 1990).
Culture-dependent studies of microbial communities may
generate highly biased representations of the composi-
tions of these communities. Nucleic acid sequence analy-
ses of conserved genes in establishing phylogenetic
relationships of organisms have made it possible to
identify known species and predict novel organisms
without laboratory cultivation (Amann ez 4/., 1995; Woese
et al., 1985; Woese, 1987). Nucleic acids of mixtures of
organisms can be extracted from environmental samples
and sequences of appropriate marker genes, such as 165
rRNA genes, are obtained by a series of molecular
manipulations (Giovannoni ef a/., 1990; Tsai & Olson,
1992; Ward er al, 1990; Weller & Ward, 1989). The
origins of such sequences are determined by compatison
with known sequences in databases. Such strategies have
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proven powerful in the investigation of microbial di-
versity and resolution of microbial community structures
(Bruce ez al., 1992; Liesack & Stackebrandt, 1992;
Schuppler ez a/., 1995; Ward ez /., 1990; Weller & Ward,
1989).

PCR-based strategies have been the most powerful
because they allow highly specific recovery and con-
venient cloning of complete or selected regions of 16S
tRNA genes (Barns ez a/., 1994 ; Liesack & Stackebrandt,
1992; Reysenbach et a/, 1994; Weller ¢ al., 1991).
However, this strategy has two serious drawbacks. Firstly,
some genes may be preferentially amplified so that the
frequency of a sequence occurring in a 16S rDNA library
prepared from an environmental sample does not reflect
its relative abundance in the microbial community
(Reysenbach ez a/., 1992). Secondly, when the 16S rfRNA
genes of more than one species is PCR-amplified in a
single reaction, chimeric or recombinant molecules may
be generated which consist of mixtures of sequences from

different 16S rRNA genes (Kopczynski ¢z al., 1994;
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Liesack ez a/., 1991). Thus, without careful examination of
the derived sequences, artifactual sequences can lead to
description of non-existent organisms. Normally, it is
possible to identify chimeric molecules by examining the
base complementarity within the helical regions of tRNA,
or by using the program cHECK-CHIMERA provided by the
Ribosomal Database Project (Larsen e 4/., 1993). How-
ever, if a chimeric sequence is a result of fusion between
closely related species, it may not be possible to identify
the component sequences (Kopczynski e al, 1994;
Robison-Cox ez al., 1995).

In previous studies, the frequency of chimeric molecules
in PCR products has been estimated to range from 4 % to
20% (Robison-Cox ez a/., 1995). In an effort to quantify
the PCR-generated artifacts, Meyerhans e 4/ (1990)
demonstrated that when two 275 bp DNA fragments of
HIV1 zat genes with 85% identity wete mixed for co-
amplification under standard conditions, 54% of the
amplified molecules were chimeric after 30 cycles. It is
reasonable to assume that the frequency of chimera
formation in PCR is a function of the length and the
sequence similarities of the amplified DNA molecules.
Therefore, PCR co-amplification of the 1550 bp 16S
tRNA genes of different bacterial species would be
expected to generate a much higher proportion of
chimeric molecules. Furthermore, previous studies
(Meyerhans ez al., 1990; Liesack ez a/., 1991; Kopczynski
et al., 1994) underestimated the actual frequency of
recombination events, as they did not consider recombi-
nations between identical molecules which would not
generate new sequerces.

The aims of this study were to quantify the frequencies
of chimeric molecule formation during PCR co-
amplification of different 16S rRNA genes, and to examine
the effects on chimera formation of various parametets
such as sequence similarities of the input genes, the
number of PCR cycles, the presence of damaged DNA
and the length of the PCR elongation period.

METHODS

165 rRNA gene sequences used in this study. The 16S tRNA
gene sequences and cloned 16S tRNA genes of Streptosporanginm
nondiastaticam  (IFO13990),  Streptosporanginm  psendovuigare
(IFO13991), Promicromonospora sukumoe (IFO14650) and Micro-
monospora chalcea (ATCC 12452) were obtained from our
Actinomycete 16S tRNA Gene Database Project (sequences
available upon tequest), at the Institute of Molecular and Cell
Biology, National University of Singapore.

Oligonucleotides for PCR and hybridization. The two uni-
versal primers used for PCR amplification of 16S rfRNA genes
were: 5 TTA CCT GAT AGCGGCCGC AGA GTT TGA
TCC TGG CTC 3’ (nt 8-25, Escherichia coli numbering, Brosius
et al., 1981) and 5° TAC AGG ATC CGCGGCCGC TAC
GG(CT) TACCTT GTT ACG ACT T 3 (nt 1492-1513). The
underlined nucleotides indicate No#l sites for cloning. Non-
specific nucleotides were added at the 5 end of each primer to
facilitate efficient cleavage by the restriction enzyme. The
oligonucleotides used for mutagenesis (see below) were: 5’
CGGGATCCA GAG TTT GAT CCT GGC TCT CGA CGA

ACG CT 3’ (nt 8-37, E. ¢co/i numbering) and 5 CGGGATCCT
ACG GTT ACCTTG TTA CGA CTT CGT GGC AAT CGC
C 3’ (nt 1479-1513). The underlined nucleotides are BamHI sites
for cloning. The two universal probes U5" and U3’ and the two
Mu168S-specific probes Mu5” and Mu3’ are shown in Fig. 1. The
oligonucleotides were synthesized by Oligos Etc, Inc.

Site-specific mutagenesis. Site-specific mutagenesis was carried
out using PCR. Two oligonucleotides containing the mutations
(see Fig. 1 for the sites of mutagenesis and above for the
sequences) were used in PCR to amplify a mutated product from
a cloned 168 tRNA gene of . nondiastaticum. The PCR product
was cleaved with BaH], ligated into plasmid vector pUC18 and
transformed into E. co/i DH5« cells (Gibco BRL). Three white
clones were picked and each grown in 2ml LB medium
containing 100 pg ampicillin ml™ overnight. Plasmid DNA was
prepared using a Promega Wizard Minipreps DNA putification
system. The mutations were confirmed by sequence analysis.

PCR amplification of 16S rRNA genes. The 16S rRNA gene
fragments of different species were cut from respective plasmids,
purified by electrophoresis using low-melting-point agarose
gels (Gibco BRL) and quantified using the Gibco BRL
FastCheck Nucleic Acid Quantification System. The purified
DNAs were used as templates for PCR. A PCR reaction
contained 0-1 ng 16S rDNA as template, 20 pmol each of the
two universal primers, 200 uM each of dATP, dGTP, dCTP and
dTTP, 25 U Tag DNA polymerase (Amersham) and 1 x Tag
buffer provided by the supplier. The final volume was 100 pl.
The PCR program was 95 °C for 40 s, 52 °C for 30 s and 72 °C
for 2 min or 5 min. The number of cycles varied with different
experiments. The PCR products were purified using a QIAquick
Spin PCR Purification Kit (Qiagen).

Cloning and transformation. The purified PCR products from
16S tRNA genes were cut with NosI (Amersham) and cloned
into pBluescript SK (Stratagene). E. co/i DH5a cells (Gibeco
BRL) were prepared and transformed as described by Maniatis
et al. (1982).

Detection of chimeric PCR molecules. E. co/i colonies (white)
containing cloned DNA fragments were picked and grown in
50 pl LB with 100 pg ampicillin ml ! in 96-well microtitre plates
for 16 h. Cells were lysed and DNA denatured in the wells by
addition of an equal volume of a solution containing 1% (w/v)
SDS, 3 M NaCl and 1 M NaOH. Each lysate (20 ul) was blotted
onto Hybond-N membrane (Amersham) using a slot-blot
apparatus (Hoefer Scientific Instruments). When a large number
of clones needed to be screened, the colonies were directly
transferred to a membrane by lifting from agar plates and a
duplicate membrane was prepatred as described by Maniatis e# a/.
(1982). The membrane was then baked in an oven at 80 °C for
2h to immobilize the nucleic acids. Oligonucleotide probes
were labelled in a 20 pl reaction containing 10 pmol of the
oligonucleotide, 10 U T4 DNA polynucleotide kinase (New
England Biolabs), 5pul [y-*P]JATP (5000 Ci mmol™,
Amersham) and 1 x buffer (supplied with the kinase) at 37 °C
for 30 min. Prehybridization, hybridization and washes were
carried out as described by Maniatis ef 4/. (1982) in a HB 400
hybridization oven (Hoefer Scientific Instruments). The T, (°C)
of the four probes U5, U3’, Mu5" and Mu3’ (Fig. 1) are 54, 52,
52 and 52 °C, respectively as determined by the formula: T
(°C) = 4G +C) + 2(A+T) (Itakura ef a/., 1984). The hybridi-
zation was carried out at 20 °C below the T, of each probe
overnight in 20 ml hybridization solution containing 6 X SSC
(1x8SC is 015M NaCl, 0015M sodium citrate),
2 x Denhardt’s solution, 0:25% SDS and 100 pg salmon testis
DNA ml ™. After hybridization, the membrane was washed first

1108




PCR-generated chimeric 16S tDNA

(a) 8 25 14|92

1509

1 1 1
WL16S 5'AGAGTTTGATCCTGGCTARGEACGAAC—fF-ggcgat t EGAACGAAGTCGTAACAAGGTAGC 3'

Mu16S 5'AGAGTTTGATCCTGGCTCTCGACGAAC =/~ GGCGATTGCCACGAAGTCGTAACAAGGTAGC 3'

5' AGAGTT"IL‘JGSATCCTGGCTC 3

5'AAGTC GTA%?;AGGTAGC 3

Probes
5'CTGGCTCTCGACGAAC3' 5 GGCGATTGCCACGAAGS'
Mu5' Mus3'
(b) Any 16S
+
Mu16S
PCR using the
universal primers
Any 165
Mu16S
Chimeric
molecules
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Clones which hybridize with only one of the two
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Fig. 1. A schematic illustration of the
strategy to detect chimeric molecules
generated during PCR co-amplification of
different 16S rRNA genes. (a) Wt16S is the
original sequence of the 165 rRNA gene of
S. nondiastaticum and Mu16S is the mutated
sequence. The positions of mutagenesis are
boxed. U5 and U3’ are universal probes of
165 rRNA genes. Mu5’ and Mu3’ probes
recognize the mutated sites at the 5 end
and the 3’ end of the Mu16S, respectively.
(b) Flow diagram illustrating the procedure
used in this study.

at 22 °Cin 112 x SSC/0-05% SDS for 1 h and then in the same
solution at 10 °C below the T, of the probe for 15 min. The
membrane was exposed to X-ray film with intensifying screens
for 4 h at —80 °C. For repeated hybridizations with different

probes, the membrane was stripped in 2 x SSC containing 50 %
formamide and 0-05% SDS at 68 °C for 30 min.

RESULTS
Strategy

Fig. 1 outlines the strategy for identification of chimeric
molecules after PCR co-amplification of 16S rRNA
sequences. Two nucleotides near each end of a near full-
length 16S rDNA fragment of S. nondiastaticum, which are
invariant among 16S tRNA genes of different bacteria
(Liesack & Stackebrandt, 1992), were mutated to generate
specific markers. The mutated nucleotides are immedi-
ately downstream from the binding sites of the two
universal PCR primers (see Methods). The mutated 16S
tDNA (named Mul6S) was mixed with different 16S
rDNA species in PCR amplifications using the two uni-
versal primers. Where recombination occurred during the
PCR between the Mul6S molecules and other 16S rDNA
molecules, the resultant chimeric molecules would carry
only one of the two markers. After cloning of the PCR
products and transformation, clones harboring the
chimeric molecules were identified by hybridization using

the two specific probes Mu5” and Mu3’. Since one internal
mismatch between a short oligonucleotide probe and its
target sequence lowers the T, by 5:0-7-5 °C (Ikuta ez a/.,
1987), the T, of either of the two Mu probes was at least
10 °C higher for its target than for the corresponding
sequences in any 16S rRNA genes. The two universal
probes, U5" and U3’, wete used to check the presence of
full length 16S rDNA inserts in all clones. Recombination
between identical molecules could not be detected directly
but can be estimated from the observed frequency of
chimeric molecules. A small fraction of molecules which
hybridized with both universal or both Mu probes may
have been products of multiple recombination events but
they could not be distinguished by this strategy. There-
fore, the detected frequency of chimeric molecules is an
underestimate.

Chimera formation between nearly identical genes
and effect of elongation time

To avoid any effects of genomic DNA on PCR co-
amplification of 16S rDNA sequences, we used purified
16S rDNA fragments in our model system. The Mul6S
DNA was mixed at a 1:1 ratio with the 99:3 % identical
counterpart of §. pseudovulgare. A total of 0-1 ng of the
mixed 168 rDNAs, roughly equivalent to the amount of
16S rRNA genes in 100 ng genomic DNA, was used as
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Fig. 2. Autoradiograph of slot-blot DNA hybridizations using different oligonucleotide probes. The presence of complete
16S rDNA in the clones was first examined by separate hybridizations with U5 and U3’ probes, then the membranes were
probed with Mu5’ or Mu3’ to detect clones containing chimeric 16S rDNAs. The specificities of the two Mu probes were
first tested by hybridizing to Mu16S (results not shown). The membranes were stripped after each hybridization and
reprobed. The same procedure was followed for all the experiments summarized in Table 1 and Fig. 4. The length of PCR
elongation periods are shown on the left and the names of probes are given along the top. The first five slots in the top
lane contained cell lysates from blue colonies which served as negative controls. The arrowheads indicate the clones that

do not contain inserts.

template for each PCR reaction. The PCR elongation
period was set at 2 or 5 min in two separate reactions to
examine the possible effect of elongation time on re-
combination frequency. The PCR reactions were carried
out for 30 cycles and followed by cloning the PCR
products. Transformed clones were examined by slot-
hybridizations using different oligonucleotide probes
(Fig. 2) and the results are summarized in Table 1 (rows C
and G). As many as 30 % of the clones contained chimeric
16S tDNA. Increasing elongation time of PCR from 2 to
5 min slightly reduced the frequency of chimera forma-
tion. This experiment and the experiments described
below were carried out in duplicate. In subsequent PCRs
only 2 min elongation periods were used.

Effect of the number of amplification cycles on
chimera formation

To determine the effect of the number of PCR cycles on
the occurrence of chimeric sequences, the above ex-
periment was repeated in two PCR treactions with 10 and

20 cycles. Hybridization analyses detected 4-8 % (mean of
two results) and 20:9 % chimeric clones from the 10-cycle
and the 20-cycle PCRs (Table 1, rows A and B),
respectively. A positive correlation was found between
the generation of chimeric molecules and the number of
PCR cycles.

Effect of sequence similarity on chimera formation

To investigate the relationship between the frequency of
chimera formation and sequence similarities, two other
16S rRNA genes of P. sukumoe and M. chaleea, which have
82% and 86% similarities with the Mul6S sequence,
respectively, were used as templates. Mul6S was mixed
with the other 16S rDNA at a ratio of 1:1 for 30 cycles of
PCR. The frequencies of chimeric molecules detected
were 12:9 % between Mul6S and 16S tDNA of P. sukumoe
(Table 1, row H) and 14:7% between Mul6S and 168
tDNA of M. chalcea (Table 1, row I). These frequencies
were only about half of that observed resulting from the
two sequences with 99-3 % similarity (Table 1, row C).
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Table 1. Occurrence of chimeric 165 rDNA sequences under different PCR conditions

PCR conditions No. of clones hybridizing with oligonucleotide Observed
probes¥ frequency of
Templatesf Elongation Cycles chimeras (%)T
time (min) U5" & U3’ Mu5" & Mu3’ Mu5’ only Mu3’ only Neither Mu5’
not Mu3’

A Mul6S+ 5168 2 10 92(94) 19(23) 2(2) 2(3) 69 (66) 4:37(5°3)

B Mul6S+ 5168 2 20 93(94) 18 (21) 12(7) 8(11) 54 (55) 21:5(20-3)

C Mul6S+S168 2 30 111 (90) 14 (11) 18(13) 16 (15) 63(51) 306 (31°1)

D Mul6S+S16S 2 10 95 (93) 24(21) 2(2) 2(3) 67 (67) 420(54)
+sheared DNA

E Mul6S+ 8168 2 20 94 (93) 17(15) 11(8) 9(10) 57 (60) 21:3(194)
+sheared DNA

F Mul6S+ 5168 2 30 93(94) 14(12) 14(15) 15(13) 50 (54) 312 (29-8)
+ sheared DNA

G Mul6S+516S 5 30 120(93) 16 (14) 18(11) 14(15) 75(53) 26:6 (27°9)

H Mul6S+P16S 2 30 125(116) 12(15) 8(9) 7(7) 98 (85) 12:0(13-8)

I Mul6S+M16S 2 30 92(91) 2(5) 7(7) 7(5) 76 (74) 15-2(14:2)

* Figures in parentheses are results from a duplicate set of experiments.

1 Observed frequency = (Mu5’ only + Mu3’ only)/U5" & U3'.

15168, 16S tDNA of S. pseudovuigare; P16S, 16S tDNA of P. sukumoe; M16S, 16S tDNA of M. chalcea.
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Fig. 3. Autoradiograph of colony hybridizations using the two
Mu probes, Mu5’ (a) and Mu3’ (b). The arrowheads point to
colonies that hybridize with both Mu probes. Since only a small
fraction of clones would hybridize with the Mu probes, for us
to obtain a significant number of positive clones hundreds of
colonies were transferred and duplicated on nylon membranes
by lifting from large agar plates (20x20cm), followed by
hybridization with each of the two Mu probes. Because the
universal probes generated too many signals of different size
on the X-ray films and it was difficult to distinguish true and
false signals, the positive clones revealed by the Mu probes
were isolated and cultured and then confirmed for the
presence of complete inserts using different probes (results not
shown).

Effect of abundance of 16S rDNA species on chimera
formation

The above observations demonstrated up to 30% re-
combination events during PCR co-amplification of
highly related sequences. This prompted us to speculate
that if a 165 rDNA species was present as a minor
fraction, after 30 or more cycles of amplification the minor
species might disappear as a result of chimera formation.
To test this hypothesis, we mixed the Mul6S with 16S
tDNA of S. psendovulgare, at ratios of 1:5 and 1:10 for 30
cycles of PCR. Fig. 3 is an autoradiograph of the result of
the PCR where the two templates were mixed 1:5. Out of
274 clones, 25 clones were identified as positive because of
their hybridization with one or both Mu probes. Only
four clones hybridized with both Mu probes while the rest
hybridized with only one of the Mu probes. Among a
total of 392 clones from the product of the PCR in which
templates were mixed 1:10, only one clone was found to
hybridize with both Mu probes while 25 clones hybridized
with only one of the Mu probes (results not shown).

Effect of sheared DNA on chimera formation

The formation of chimeric molecules has been attributed
to the presence of damaged DNA (Liesack ez a/., 1991;
Paabo ez al., 1992; Shuldiner ez 4/., 1989). To examine the
effect of mechanically sheared DNA on the formation of
chimeric molecules, we added to the PCR reactions an
equal amount of 16S rDNA that had been fragmented by
sonication for 10, 20 and 30 cycles of amplification. The
power and duration of the sonication was chosen such
that most of the 1-5 kb DNA fragment was converted to
a smear as observed on an agarose gel (results not shown).
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Fig. 4. (a) A diagram illustrating the generation of chimeric
DNAs in the first and second cycles of PCR amplification after
mixing two individually amplified 165 rDNAs. In the first post-
mixing PCR cycle, a partial DNA strand hybridizes to a
homologous complementary template to prime DNA synthesis
leading to a partially heteroduplex chimeric molecule. Four
possible configurations of the partial heteroduplexes are
shown. Since both Mu probes are complementary to the same
strand of the 165 rDNA (the small arrows denote the locations
where the Mu probes can hybridize), they will recognize
configurations C and D as chimeric, but not configurations A
and B. The second post-mixing cycle converts all the
heteroduplexes to homoduplexes. Partial heteroduplexes are
also generated in the second PCR cycle. With the assumption
that the second cycle would produce partially heteroduplex
DNA at a similar frequency to the first, the frequency of
chimeric sequence per cycle was derived by subtracting the
frequency observed after one post-mixing cycle from that
observed after two post-mixing cycles. (b) Percentage
occurrence  of chimeric sequences per PCR cycle for
Streptosporangium 16S rRNA genes. For each selected cycle, 96
clones of PCR products were examined as described in the
legend to Fig. 2. The frequency per cycle was calculated as
described in the text. Results were obtained from two
independent sets of experiments and the mean percentages are
shown on the top of the bars.

We did not observe any appreciable increase in the
occurrence of chimeric sequences (Table 1, rows D, E and
F) by comparison with the results of PCR without the
damaged DNA (Table 1, rows A, B and C).

Frequency of chimera formation per PCR cycle

In theory, the amount of target DNA for PCR ampli-
fication doubles with each cycle (Innis & Gelfand, 1990;
Saiki, 1989). However, in practice, the concentration of
amplified DNA will initially increase exponentially and

later gradually enters a plateau when prematurely termi-
nated strands are generated due to depletion of reagents.
Based on this known phenomenon, we hypothesized such
prematutely terminated DNA strands could anneal with
homologous templates in subsequent PCR cycles to prime
DNA synthesis and cause formation of chimeric mole-
cules. If our hypothesis was correct, we expected to
observe an increase of the frequency of chimeric molecules
pet cycle with the progress of PCR.

To determine the frequency of chimera formation at a
particular cycle of PCR, we separately amplified 0-1 ng of
each of the Mu6S and the 16S tDNA of S. pseudovuigare for
10, 15, 20, 25 and 30 cycles, and then mixed the two PCR
reactions for one or two more cycles of co-amplification.
As illustrated in Fig. 4(a), the first post-mixing cycle
generated partially heteroduplex DNA molecules and the
Mu probes would not correctly tecognize all the hetero-
duplex configurations. A second cycle was needed to
convert the heteroduplexes to homoduplexes. By doing
this, we could also minimize effect of repair of the
mismatches by the host cells after transformation. A
heteroduplex DNA formed in the first cycle could be
involved again in recombination in the second cycle, but
the frequency should be very low and therefore was not
consideted here. Fig. 4(b) shows that the frequency of
chimeric sequences was low in eatly cycles and increased
with the progress of PCR, reaching a plateau after 20
cycles.

DISCUSSION

Although the results of this study may not be ditectly used
to extrapolate the frequencies of chimeric sequence
formation in other studies where experimental parameters
are different, they should provide useful information for
improvement of PCR-based experiments. In our experi-
ments involving amplification of mixed templates of
related DNA sequences, misintegration of nucleotides by
Tag polymerase should have a negligible effect on the
frequency of chimera formation, because the chance of
occurrence of errors within the target regions of primers
is extremely low. Asymmetric amplification from two
ends of a template could affect the frequency, but it was
not obvious with the few templates we used (see Table 1,

roughly equivalent numbers of clones detected by Mu5’
and Mu3").

Chimeric 168 rfRNA gene sequences are usually identified
by either checking the base complementarity within paired
regions (Giovannoni et a/., 1990) or by using software
programs such as CHECK-CHIMERA available through the
Ribosomal Database Project (Barns ef a/., 1994; Choi e#
al., 1994; Kopczynskiez al., 1994; Moyer ¢t al., 1995). The
frequency of chimeric sequences has been reported to
range from 4 to 20 %, but both methods underestimate
the frequency. Checking base pair mismatches has been
proven not to be fail-safe because some chimeras do not
exhibit such abnormalities (Kopczynski ez al., 1994).
Robison-Cox ef al. (1995) carried out a mathematical
evaluation of the CHECK-CHIMERA program and found
that the confidence in detection of chimeras by this
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method decreased from 95 to 50% as the estimated
similarity between template DNA parental sequences
increased from 82 to 96 %.

By using oligonucleotide probes to detect exchanges of
fragments between parental DNA molecules, we were
able to detect chimeras formed during co-amplification of
almost identical sequences. The observed frequencies of
129 and 30% between sequences of 82 and 997%
identity, respectively, are in agreement with the reported
range. Meverhans ef o/, (1990) reported a maximum
frequency of 54 % between two 275 bp DNA fragments
with 85% identity, and Choi et a/. (1994) reported a
frequency of 8:6% when a 500 bp region was amplified
from DNA extracted from a subgingival plaque sample of
a patient with severe periodontitis. These seemingly low
frequencies can be explained by the much shorter DNA
templates used for amplification.

When using two or a smail number of templates for PCR
to quantify the frequency of chimera formation, the
observed frequency represents an underestimate of actual
frequency because recombination frequently happens
between identical molecules that does not lead to new
sequences and will not be detected. When many hom-
ologous sequences are amplified, such as in DNA samples
extracted from soil where even abundant bacterial species
may account for only small fractions of the microbial
population (Torsvik et a/., 1990), prematurely terminated,
partial-length DNA molecules will rarely anneal with
molecules of the same species and the recombination
events could be maximally expressed as chimeric mole-
cules. This hypothesis is supported by our observation
that when two 16S rDNA fragments showing 99:3%
similarity were mixed 1:10, nearly all the molecules of the
less abundant species recombined because the partial
DNA strands of this species had only 10% chance to
reanneal with its own species. Therefore, higher frequ-
encies of chimera formation should be expected when
DNA with high complexity is used for PCR.

Using our model system, we did not detect any significant
effect of sheared DNA on the frequency of chimera
formation. This observation seemed to be contrary to
some previously published reports (Liesack ez a/., 1991,
Paabo ¢t /., 1992; Shuldiner ¢z a/., 1989); however, the
results of these experiments may not be ditectly compared
because DNA templates of different nature were used. We
cannot rule out the possibility that damaged DNA could
play a major role in chimera formation when a large
fraction of the templates is damaged. However, when a
DNA sample contains a large fraction of intact templates,
prematurely terminated DNA strands generated during
PCR are more likely to be the major cause of chimera
formation for the following reasons. Firstly, as we
obsetved, the frequency of chimera formation was higher
in later cycles than in early cycles. Secondly, prolonged
elongation periods, limiting premature termination, could
reduce the frequency (Meyerhans e/ a4/, 1990 and this
work). Thirdly, in the eatly cycles of PCR the molar
concentration of damaged DNA is negligible in com-
parison with those of the primers. The damaged DNA

would therefore not compete with the primers for
annealing to the template and its relative amount in the
total DNA will drop rapidly with the exponential increase
of the amplified DNA.

Concluding remarks

PCR has been and is likely to temain the most powerful
tool in retrieving DNA sequences of culturable and
unculturable micro-organisms from environmental sam-
ples. Awareness of the intrinsic problems of the technique,
elucidation of the possible mechanisms and investigation
of critical parameters will lead to improved protocols
minimizing artifacts of the PCR-based strategies. The
results of this study suggest it is advisable to use the least
possible number of amplification cycles, longer elongation
times, and take greater caution in analysis of sequences
PCR-amplified from complex genomes.
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