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Abstract. The 16S rDNA genes of an apparently pure culture of  a psy- 
chrophilic and strict barophilic bacterium (WHB 46) were studied by PCR- 
mediated amplification and cloning into phage M 13 mp 18. Sequence anal- 
ysis of  five individual clones revealed the presence of two different 16S 
rDNA types. The homology value of 90% indicates that culture WHB 46 
is actually composed of two closely related species (WHB 46-1 and 46-2). 
Both strains are members of  the -r-subdivision of proteobacteria. Analysis 
of a sixth clone (WHB 46-1/2) leads to the conclusion that it represents a 
16S rDNA hybrid molecule assembled during the PCR reaction. This hy- 
pothesis was confirmed by secondary structure analysis of the chimeric 
rDNA. The appearance of such hybrid molecules point to a potential risk 
in studies on the diversity of bacterial populations by analysis of rDNA 
pattern via PCR-mediated amplification because they suggest the existence 
of organisms that do not actually exist in the sample investigated. 

Introduction 

Within a few years, application of  the PCR technique to amplify small amounts 
of DNA has become a routine method. The technique was even further im- 
proved when combined with sequence analysis of amplified fragments, either 
after cloning [8] or directly by analyzing single- [7] or double-stranded DNA 
[ 1]. For molecular taxonomists, PCR is in particular suited for the analysis of 
evolutionarily conserved genes, e.g., rRNAs, where PCR primers are available 
for a broad range of even distantly related organisms [10]. The method is 
especially powerful for those organisms that cannot be grown as pure cultures 
and for the detection of the molecular diversity of microbial populations. 
Advantages of the molecular approach over classical enrichment and selection 
procedures have recently been demonstrated in the analysis of natural samples 
[4, 21]. 

Here we describe the PCR-mediated amplification of 16S rRNA genes from 
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(particles as small as 1 #m). No remnan t s  o f  meiofauna  were observed.  Midgut 
contents  (Fig. 2c) consisted o f  large plant  fragments,  numerous  whole d ia toms  
and fragmented d ia tom frustules, part ial ly degraded ciliated pro tozoa  (10-15 
~m diameter) ,  and a few at tached bacter ia  in a fine organic matr ix.  Large 
por t ions  o f  the contents were coated  with  and  penetra ted by f i lamentous bac- 
teria (0.5-1 #m diameter ,  approx ima te ly  10 ~m long) (Fig. 2d). The  hindgut  
contents  (Fig. 2e) and fecal mater ia l  were similar  to midgut  contents al though 
the plant  fragments  were only up to 25 ~ m  long, and  no pro tozoans  and very 
few whole d ia tom frustules and f i lamentous bacter ia  were evident.  The  fecal 
mater ia l  was not bound in a per i t rophic  m e m b r a n e .  

Gu t  contents o f  C. kraussi (Fig. 2f-j)  compr i sed  large plant f ragments  (up to 
50 #m long), d ia tom fragments,  part ial ly digested ciliated pro tozoans  (8-10 
/~m), and  variously sized coccoid cells ( I - 4  #m) in a matrix of  fine organic 
mater ia l  (Fig. 2f  and g). Small, a t tached bacteria were evident  on some frag- 
ments .  Towards  the poster ior  par t  o f  the midgut  there was a concentra t ion o f  
coccoid ceils (1-4 ~zm diameter)  and  f i lamentous bacter ia  coating the food (Fig. 
2h). Large plant fragments  and whole and  f ragmented  d ia tom frustules were 
present  in the hindgut contents (Fig. 2i). Very few fi lamentous bacter ia  were 
present  in this region. The fecal ma t t e r  was enclosed in a peri t rophic m e m b r a n e  
(Fig. 2j) and was similar  in compos i t ion  to the hindgut  contents. 

Gut Lining and Associated Resident Microflora 

The foregut o f  U. africana is modif ied  as a filter to separate large and small  
particles [49]. Viewed under  SEM, no resident  microf lora  were observed  in 
this region. Similarly, examina t ion  o f  the foregut o f  C. kraussi, which consists 
o f  a grinding anterior  gastric mill  and  filtering poster ior  region (unpubl ished 
data),  revealed no resident microflora.  

Examina t ion  of  longitudinally opened  sections o f  the guts by SEM (Fig. 3) 
revealed that  the internal wall o f  the midgut  of  U. africana was folded longi- 
tudinally and  had a microvi l lous lining comple te ly  coated in places by a mass  
o f  f i lamentous bacteria (approximate ly  0.5 ~tm d iamete r  x 10/zm length) (Fig. 
3a). The  epi thel ium of  C. kraussi midgut  was a microvi l lous surface, with 
spherical  objects o f  1 to 8 # m  d i ame te r  with rough or smooth  surfaces com-  
mon ly  associated with it (Fig. 3b). Other  areas of  the midgut  lining were smoo th  
or covered  with f i lamentous bacter ia  (very fine, 0.2 x 5 um) (Fig. 3c and  d). 

The  hindgut region of  U. africana was longitudinally folded with convolut ions  
o f  the smooth  lining (Fig. 3e and  f). Extensive single layered mats  o f  ep imura l  

< 

Fig. 2. Scanning electron micrographs of the gut contents of freshly collected specimens of U. 
africana and C. kraussi. U. africana: a Foregut. Large plant fragments, diatoms, fine organic matter. 
b Foregut. Coccoid bodies and attached bacteria, e Midgut. Large plant fragments, diatom pieces. 
d Midgut. Filamentous bacteria coating contents, e Hindgut. Plant fragments, broken diatom 
frustules, fine organic matter. C. kraussi: f Large plant fragments in a matrix of organic matter, g 
Pennate diatoms, whole and fragmented, h Midgut. Filamentous bacteria coating contents, i Hind- 
gut. Plant fragments, diatom frustules, j Faecal matter enclosed in peritropic membrane. Scale bars: 
a--e, f, h 50/zm; d, e 20 #m; g 19 #m; i 10 tzm; j 200 ~m. 
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systems, model 381A) were GCGGGATCCGAGTTTGATCCTGGCTCAG (E. coli positions 9 
through 27) and CGCGGATCCAGAAAGGAGGTGATCCAGCC (E. coli positions 1,525 through 
1,542), respectively. The underlined region of the primers represents overhangs with a BamHI 
restriction site. These primers, which under nonstringent conditions are applicable to most eu- 
bacterial 16S rDNA genes, allow the Taq polymerase to synthesize a stretch of 1,531 bp between 
positions 9 and 1,542 (IUB nomenclature ofE. coli). Thirty cycles (annealing for 2 min at 43~ 
elongation for 2.5 rain at 72"C, denaturation for I rain at 93"C) were carded out in a Biozym DNA 
Incubator II. The PCR products were extracted with chloroform to remove the light mineral oil 
and precipitated with ethanol [8]. 

Cloning and Sequence Analysis 

After digestion with Bam HI, 16S rDNA fragments were cloned into phage M13 mpl8. Identi- 
fication of recombinants was done according to the M 13 Cloning/Dideoxy Sequencing Manual 
(1980, Bethesda Research Laboratories, Inc., Gaithersburg, MD). DNA sequencing was performed 
with Sequenase according to the manual of the manufacturer (USB) using both universal M 13 and 
internal 16S rDNA (RNA) oligonucleotide primer. 

Data Analysis 

16s rDNA sequences were aligned to those of several reference proteobacteria, the sequences of 
which have been published. Phylogenetic analyses were carried out using the neighborliness method 
[3, 18]. The algorithm was implemented as part of the program package "Sage" (Technoma GmbH, 
Heidelberg, FRG) designed for the IBM XT/AT and compatibles. 

Results and Discussion 

Sequence Analysis and the Phylogenetic Position of  Culture WHB 46 

T h e  G r a m - n e g a t i v e  b a c t e r i a  o f  cu l tu re  W H B  46 s h o w e d  sho r t e s t  g e n e r a t i o n  
t i m e s  a t  5~ a n d  400 bars .  E v e n  a f t e r  c u l t i v a t i o n  o f  cel ls  u n d e r  these  c o n d i t i o n s  
i t  was  on ly  pos s ib l e  to  i so la t e  g e n o m i c  D N A  o f  a m o l e c u l a r  we igh t  r ang ing  
f r o m  a p p r o x i m a t e l y  1 to  6 kb.  T h e  g e n o m i c  D N A  was t h e r e f o r e  s e p a r a t e d  o n  
an  0 .7% agarose  gel a n d  a f r a c t i o n  i s o l a t e d  t ha t  r a n g e d  b e t w e e n  4 a n d  6 kb .  

U n e x p e c t e d l y ,  sequence  a n a l y s i s  o f  5 i n d i v i d u a l  c lones  r e v e a l e d  the  p r e s e n c e  
o f  ba s i ca l l y  two  d i f ferent  t y p e s  o f  16S r D N A  sequences  ( W H B  46-1 a n d  W H B  
46-2) .  T h e  th ree  c lones  c o r r e s p o n d i n g  to  W H B  46-1 s h o w e d  n o t  m o r e  t h a n  12 
d i f ferences  in  to ta l ,  w i th  a m a x i m u m  o f  10 d i f fe rences  b e t w e e n  e i t he r  t w o  
sequences  (0.7% o f  total) .  F o u r  o f  t he se  di f ferences ,  o c c u r r i n g  in  one  o f  t he  
th ree  c lones  ( W H B  46-1") ,  c an  be  c o n s i d e r e d  m i c r o h e t e r o g e n e i t y  o f  r r n  genes  
because  t hey  are  i n v o l v e d  in  c o o r d i n a t e d  b a s e  exchanges  (E. coli p o s i t i o n s  837 /  
838 a n d  848 /849) .  T w o  o t h e r  d i f fe rences  can  be  i n t e r p r e t e d  as  P C R - m e d i a t e d  
e r ro r s  because  t hey  d i s t o r t  the  s e c o n d a r y  s t ruc tu re  (E. coli p o s i t i o n s  391 a n d  
1488). T h e  o t h e r  six d i f fe rences  o c c u r r e d  in  l o o p  reg ions  o r  t h e y  were  i n v o l v e d  
in  s u b s t i t u t i o n s  w i t h o u t  d i s r u p t i n g  the  s e c o n d a r y  s t ruc tu re  (E. coli p o s i t i o n s  
2 8 5 [ C - G  -~ T - G ] ,  3 3 8 [ A  - .  G] ,  6 0 7 [ A  -~ G],  7 2 7 [ A  - .  G] ,  9 2 6 [ G - T  ~ A - T ] ,  
a n d  1 2 4 3 [ T - G  -~ C-G]) .  T h e  two  c lones  c o r r e s p o n d i n g  to  W H B  46-2  h a d  a 
s equence  s i m i l a r i t y  o f  99.9%.  T h e  o n l y  d i f fe rences  were  f o u n d  a t  E. coli p o s i t i o n  
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T a b l e  1. Equally weighted evolutionary distances a between 16S rRNA pairs of members of the 
gamma subclass of Proteobacteria. Several representatives of the alpha and beta subclasses were 
used as outgroup reference organisms (data not shown) 

Evolutionary distances 

Organisms 1 2 3 4 5 6 7 8 9 

1. Barophilic organism WHB 46-1 
2. Chimeric structure WHB 46-1/2 
3. Barophilic organism WHB 46-2 
4. Listonella anguillarum 
5. Xenorhabdus nematophilus 
6. Escherichia coil 
7. Proteus vulgaris 
8. Ruminobacter amylophilus 
9. Pseudomonas aeruginosa 

- -  3 0  1 0 5  1 0 7  1 1 8  1 1 1  

- -  8 1  1 0 9  1 2 6  1 2 8  

- -  1 0 8  1 1 4  1 0 9  

- -  1 0 4  9 6  

- -  57 

118 131 140 
130 132 153 
113 144 151 
102 140 164 
48 128 144 
51 117 164 
- -  132 163 

- -  151 

a The values were calculated from an alignment with the total length of 1,130 positions (determined 
by the shortest sequence in this alignment [X. nematophilus]) 

1303[T-A -~ C-A]. A consensus sequence o f  the three clones o f  W H B  46-1, 
excluding those differences that  occurred in only one o f  the three sequences, 
were der ived for deposi t ion in EMBL data  library. The  accession number s  for 
the sequences o f  W H B  46-1 and W H B  46-2 are X54744 and  X54745,  respec- 
tively. 

The  occurrence of  154 to 155 nucleotide differences (depending on the clone 
investigated) between clones W H B  46-1 and  W H B  46-2 (homology o f  a round  
90%) is too high to indicate strain-specific microheterogenei t ies .  I t  can ra ther  
be a s sumed  that  culture W H B  46 consists o f  two strains belonging to two 
modera te ly  related species exhibit ing s imilar  morphologica l  and physiological  
characterist ics (see below). Cells o f  bo th  strains m a y  have  intensive surface 
interact ions (e.g., by their  flagella, see "pheno typ i c  character iza t ion"  below) 
that  prevents  their  separat ion under  the isolat ion condi t ions used. Both strains 
are m e m b e r s  o f  the g a m m a  subclass o f  Pro teobac te r ia  as der ived f rom evo-  
lu t ionary distance values (Table 1) and  the phylogenet ic  tree der ived the re f rom 
(Fig. 1). 

P C R  a n d  Phy logene t i c  C h i m e r a  

In addi t ion to the five clones, a sixth 16S r D N A  clone was analyzed (WHB 
46-1/2) which showed between 97 and  97.2% and  92.1% sequence similari ty to 
the three clones o f  W H B  46-1 and  the two clones o f  46-2, respectively. A lmos t  
comple te  homology  (99.5%) existed in the first 1,095 nucleotides o f  clones 
W H B  46-1"  and  46-1/2 (five differences, three o f  which were P C R  errors in the 
W H B  46-1/2 sequence), while no differences were found in the last 505 bases o f  
clones W H B 4 6 - 2  and  46-1/2; the over lapping  region o f  I01 bases is total ly 
conserved  in all o f  the three sequences. 

The  unusual  dis t r ibut ion o f  stretches o f  h o m o l o g y  allows the conclusion tha t  
clone W H B  46-1/2 does not  represent  a natural ly  occurring 16S rDNA,  but  a 
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f 
Fig. 1. 

WHB 46-1 

HHB 4G- ] /Z  

WHB 46-2 

L i s t o n e l l a  angui l larum I 

Xenorhabdus nematophilus ~ 

E$cher ich ia  c o l i  3 

Proteus v u l g a r i s  3 

Ruminobacter amylophilu$ 3 

Pseudomon~s aeruginosa 3 

Phylogenetic tree of members of the gamma subclass of proteobacteria, indicating the 
position of the two cultures of strict barophilic organisms WHB 46-1 and 46-2 and the interme- 
diately branching, nonexisting chimeric "organism" WHB 46-1/2. Sequences were obtained from 
the following sources: Walle et al. [20], 2Puetz et al. [15], 3Neefs et al.[13] 

hybr id  assembled under  the condit ions used in the PCR reaction. This  hy- 
pothesis is supported by a feature o f  the secondary structure of  the chimeric 
rDNA.  While for clones WHB 46-1" and W H B  46-2 regions 984 to 990 formed 
a perfect helix with regions 1215 to 1221, the hybr id  sequence showed two 
mismatches  and a new U - G  base pair  (Fig. 2), which originated f rom the 
pr imary  structure of  the two "pu re "  sequences. 

The  two main factors that cause chimera  to be formed f rom D N A  from 
mixed cultures during amplification are (a) the presence o f  a large number  of  
highly conserved stretches along the pr imary  structure o f  rDNAs (the length 
o f  these regions is expanded with increasing degree o f  relationship between the 
molecules investigated) and (b) the availabili ty of  low molecular  weight genomic 
D N A  (here 4-6 kb, see above) used in this amplification assay. Fragmented,  
single-stranded rDNA will be synthesized and under  the reassociation condi- 
tions used, which in most  cases can be considered nonstringent,  even molecules 
o f  different origin may form duplexes in overlapping and conserved regions 
leading to the amplification o f  hybr id  molecules (Fig. 3). The  chimeric nature 
o f  a composi te  molecule may  even be increased by  the presence o f  a higher 
propor t ion  of  low molecular D N A  fragments,  the occurrence o f  which is mainly 
caused by physical shearing during the isolation o f  D N A  from envi ronmenta l  
samples [14, 19]. The finding that  in our  example only one o f  six clones was 
a chimeric form allows the conclusion that  a high propor t ion  o f  D N A  molecules 
isolated contained an intact 16S r D N A  gene. In order  to reduce the probabil i ty 
o f  chimeric structures to be formed it is r ecommended  to isolate a small amoun t  
o f  the highest molecular weight D N A  obtainable ra ther  than to use a mixture  
o f  all available size fragments. The  pheno m en o n  described here should not  be 
confused with PCR-media ted  D N A  recombinat ion,  which is probably caused 
by pausing and unspecific te rminat ion  o f T a q  polymerase during the elongation 
reaction [12]. 

The  format ion and subsequent sequence analysis o f  hybrid molecules (and 
this is true for all conserved phylogenetic markers) points toward potential  
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_A _a 

C - G  C - G  
U - - A  C--G 
C - - G  C - G  
A - - U  U - -A  
U - - A  A - - U  
C--G C - G  
C - G  C-~G 

J 
C - G  
U - G  
C - G  

C--G 
C--G 

c. 

Fig. 2. 16S rRNA helix 984-990/1215-1221 (IUB nomenclature ofE. coh). A WHB 46-1", B 
WHB 46-2, C WHB 46-1/2; diagnostic mismatches are marked by brackets. 
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D e n a t u r a t i o n  
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Fig. 3. Schematic illustration of the formation of chimeric 16S rDNA during PCR-mediated gene 
amplification of a mixture of two fragmented rDNA genes. 

risks in the use o f  P C R  for unravell ing c o m m u n i t y  structures. Wi thout  critical 
analysis o f  the sequences,  either by checking the secondary structure o f  highly 
conserved  helices or  by  calculation o f  separate  phylogenetic  trees for individual  
doma ins  o f  the sequences, the existence o f  a chimer ic  sequence will escape 
at tention.  Since hom ol ogy  values calculated for  the parent  and  the compos i t e  
molecules  will always be  lower than  100% (with the homology  depending on 
the degree o f  the chimer ic  nature o f  the artifact) the existence o f c h i m e r a e  m a y  
lead to the mis leading interpretat ion o f  these molecules  as representing new 
organisms (Fig. 1). 

An al ternat ive strategy to direct P C R - m e d i a t e d  amphf ica t ion  o f  D N A  in- 



Risks of 16S rDNA Amplification by PCR 197 

cludes the extraction of rRNA from natural habitats, followed by the synthesis 
of rcDNA and creation of a rDNA library in pBR322 [9, 21, 22]. On the other 
hand, this strategy has the disadvantage that it may not completely cover the 
diversity of  natural communities. The 16S rRNA of  members of  certain genera 
(e.g., Streptomyces [9]) exhibits specific post-transcriptional modifications that 
cause the reverse transcriptase to terminate rcDNA synthesis. In the case of  
Streptornyces, termination occurs at position 966/967 of 16S rRNA [5]. Using 
3' neighboring primers, this strategy would fail to detect streptomycetes in 
environmental samples when the available genus-specific probe that is used 
targets a region in the 5' adjacent part of  the posttranscriptional modification 
(positions 955-967) [9]. 

Phenotypic Characterization of the Culture 

Although culture WHB 46 is a mixture of  two strains, information on phe- 
notypic characters may be helpful to others working with similar organisms. 
While negative reactions indicate that both strains share the same properties, 
a positive reaction in only one strain will mask a negative reaction in the other. 
Positive reactions will therefore not be listed. The characteristics are as follows: 
Gram-negative; straight or curved rods, monopolar monotrichous sheathed 
flagellum; optimal growth temperature about 5~ maximum growth temper- 
ature 10oc; strictly barophilic, optimal growth at about 400 bars; no growth at 
atmospheric pressure; shortest generation time (11 hours) at 5~ and 400 bars 
in Zobell medium 2216; negative reactions: catalase; indol formation; Voges- 
Proskauer test; growth without seawater; degradation of  starch, gelatin, and 
precipitated chitin; acetate, L-alanine, L-asparagine, L-serine, L-proline as sole 
carbon source; acid formation from L-rhamnose, D-xylose, D-fructose, cello- 
biose, lactose, sucrose, salicine, D-mannitol, and D-sorbitole; growth at 8 gg/ 
ml penicillin, at 8 tzg/ml chloramphenicol, at 4 gg/ml tetracycline and at 32 
~g/ml rifampicin. 

The two strains are phylogenetic neighbors ofListonella (Vibrio) anguillarum 
and other members of Vibrio (M. Dorsch, D. Lane, E. Stackebrandt, manuscript 
submitted). Further assignment has to await 16S rRNA sequence information 
from other known barophilic isolates especially from members of  the genera 
Shewanella [1 l] and Colwellia [2], containing to our knowledge the only baro- 
philic bacteria taxonomically described by rRNA/rDNA analysis so far. 
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