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Abstract 
We describe the development of a molecular detection system designed for use with synovial fluid 

(SF)-based infections. The methodology employs a lysis/extraction procedure that effectively disrupts 
microorganisms allowing for release of the microbial DNA and its amplification by poly merase chain reac- 
tion (PCR). We tested the effectiveness of adding a mixed-bed, ion-exchange resin to the extract to remove 
PCR inhibitory components present in the SF. After centrifugation to separate the resin, DNA contained in 
the supematant is subjected to PCR using oligonucleotide primers designed for broad-spectrum microorgan- 
ism detection. Amplification products are analyzed by agarose gel electrophoresis and/or DNA hybridization 
methodology. We report here the detection sensitivity and specificity of the protocol using SF inoculated 
with Escherichia coli and Staphyloccocus aureus. We have applied this new methodology to clinical SF 
specimens with results superior to standard laboratory culturing assays. 

Index Entries: Synovial fluid; bacterial infection; polymerase chain reaction; joint arthroplasty; clinical 
diagnostics, 

1. Introduction 
Current methodologies for the diagnosis of 

infection associated with orthopedic implants and 
joint disease are relatively inaccurate, owing to 
the difficulty of retrieval and detection of infec- 
tious microorganisms. The accepted standard for 
microorganism identification has been arthro- 
centesis with Gram stain testing and laboratory 
culturing, techniques that suffer because of 
unacceptable frequencies of false negative results. 
Thus, a relatively large number of orthopedic 
infections remain undiagnosed. 

We have applied molecular biological tech- 
niques to develop a protocol that greatly improves 
the sensitivity, speed, accuracy, and reproducibil- 
ity of identification of bacterial contamination or 
infection in orthopedic specimens (1). Our proto- 
col involves processing a small volume of syn- 
ovial fluid (SF) for bacterial lysis and DNA 

extraction that allows rapid detection using the 
polymerase chain reaction (PCR) (2). The PCR 
technology allows the specific targeting of 
bacterial DNA in a complex mixture of bacterial 
and host DNA types. We have made use of the 
fact that many currently known orthopedically 
relevant bacterial species possess highly con- 
served, multicopy 16S ribosomal RNA genes, 
which are amenable to hybridization with a single 
set of oligonucleotide primers for PCR-based 
amplification (3). 

For rapid, PCR-based testing of orthopedically 
relevant specimens, the SF sample must be pre- 
pared in conditions that will allow its direct addi- 
tion to the reaction mixture without adverse 
effects on the activity of the polymerase enzyme. 
Ideally, a DNA purification step prior to PCR 
analysis would ensure optimal polymerase activ- 
ity; however, with the extremely low bacterial 

l *Author to whom all correspondence and reprint requests should be addressed. Orthopaedic Research Laboratory, Department of Orthopaedic 
Surgery, Thomas Jefferson University, 1015 Walnut Street, Philadelphia, PA 19107. 

Molecular Biotechnology �9 Humana Press Inc. All rights of any nature whalsoever reserved. 1073-6085/1995/4:3/227-237/$6.20 

MOLECUL~A BiOT~CHNOLO0~ 22 7 Volume 4i1995 



titers present in some SF aspirates, any purifica- 
tion step would be impractical, if not impossible. 
Therefore, we have designed a procedure that 
couples a simple bacterial lysis and DNA extrac- 
tion system directly with PCR for use with SF 
samples. This procedure allows the rapid and 
reproducible detection of bacterial infection/con- 
tamination from SF samples. 

2. Materials 
The described methodology for SF-based 

bacterial infection detection can be divided into 
three steps: 

1. The lysis/extraction step disrupts the bacterial 
cell wall to release bacterial DNA into solution. 

2. The amplification step uses aliquots of extract 
directly for PCR using bacteria specific primers. 

3. The detection step uses gel electrophoresis to 
size fractionate DNA amplification products, 
which are visualized by ethidium bromide 
(EtBr) staining. 

For increased detection sensitivity, a Southern 
blot hybridization step (4) is included using 
cloned PCR product as probe. As an alternative, 
amplification products are slot-blotted directly 
onto nylon membrane for hybridization analysis. 

2.1. SF L ysis/Extraction 
1. Extraction buffer (KTET): Stock solution (diluted 

2:1 with SF), 75 mM KC1, 150 mM Tris-HCl, 
pH 8.0, 3 mM ethylenediaminetetra-acetate 
(EDTA), and 0.75% polyoxyethylene sorbitan 
monolaurate (Tween-20). 

2. Aseptic SF, retrieved prior to total joint arthro- 
plasty, 2-10 mL. 

3. Fresh cultures of Escherichia coli and Staphy- 
lococcus aureus grown to saturation and 
titered by counting colonies of plates (in dupli- 
cate) inoculated with a dilution series of the 
cultures. 

4. Mixed-bed, mixed-charge ion-exchange resin 
(MBR), e.g., Bio-Rad (Hercules, CA) biotech- 
nology grade mixed bed resin AG 501-X8, 
20-50 mesh. 

5. Chelex-100 cation-exchange resin (Bio-Rad). 
6. Sterile, double-distilled water, and sterile 0.9% 

saline solution. 
7. Proteinase K (Promega, Madison, WI). 

2.2. PCR Amplification 
1. PCR primers targeting the 16S ribosomal RNA 

(rRNA) gene of E. coli: upstream (5') primer 
sequence is CGGCAGGCCTAACACATG- 
CAAGTCG, downstream (3') primer sequence 
is GGTTGCGGCCGTACTCCCCAGG. 

2. Thermocycling conditions are as follows: 
denaturation at 94~ for 1 min, annealing at 
55~ for 1 min, extension at 72~ for 2 min, 35 
cycles. A precycle denaturation step at 94~ 
can be included. We used the Perkin-Elmer 
(Norwalk, CT) GeneAmp PCR Reagent Kit. 

3. Perkin-Elmer and Coy (Ann Arbor, MI) thermo- 
cyclers have been used for these studies. 

2,3. Gel flectrophoresis 
and Blot Hybridization 

1. Standard high-melting-temperature electro- 
phoresis grade agarose (Fisher, Pittsburgh, PA). 

2. Ethidium bromide (EtBr) stock solution, 
10 mg/mL, diluted 1:20,000 in molten agar- 
ose prior to pouring gel. 

3. Nylon membrane filter, e.g., Nytran from 
Schleicher and Schuell (S&S, Keene, NH) or pos- 
itively charged membrane from Boehringer- 
Mannheim Biochemicals (BMB, Indianapolis, 
IN), for blot transfer using capillary action or 
S&S Turboblot Transfer System. Slot-blotting 
is done using an S&S Minifold II Slot Blot 
system. 

4. Megaprime random prime DNA labeling kit 
(Amersham, Arlington Heights, IL) for 32p-nucle- 
otide incorporation (DuPont NEN, Boston, 
MA). DIG DNA Labeling and Detection Kit 
(BMB) for nonradioactive labeling using dig- 
oxygenin incorporation. 

5. Rad-Free, Lumi-Phos Chemiluminescent Sub- 
strate Sheets (S&S) for detection of alkaline 
phosphatase conjugates. 

3. Methods 

3.1. L ysis/Extraction Methods 
In developing the detection protocol for SF 

infection, we first compared existing bacterial 
extraction methods (5). A key consideration for 
successful and reproducible infection detection is 
that the lysis/extraction conditions allow for its 
direct addition to the PCR amplification mixture. 



To test various procedures in this regard, we first 
used bacterial inoculations in sterile saline solu- 
tion. E. coli or S. aureus was added to sterile 
saline at a concentration of 1 x 104 cells/mL. Each 
lysis/extraction method listed below was tested 
using 0.1 mL of bacterial sample (1000 cells). 

1. Freeze/thaw method: three to five cycles of 
quick-freezing in dry ice/ethanol bath, and 
thawing at 65~ 1 min at each temperature. 

2. Freeze/boil method: three to five cycles of 
quick-freezing in dry ice/ethanol bath, and boil- 
ing, 1 min at each temperature. 

3. Chelex-100 method (6): Sample was boiled in 
the presence of 10% (w/v) Chelex-100 cation- 
exchange resin for 10 min. 

4. Proteinase-K method: Samples were made 20 
mM Tris-HCI, pH 7.5, and 0.5% (v/v) Tween- 
20. Proteinase K was added to a final concen- 
tration of 0.5 mg/mL and incubated for 1 h at 
37~ followed by heat inactivation at 85~ for 
10 min. Additionally, the sample was extracted 
once with an equal volume of phenol:chloro- 
form (1:1). The aqueous phase was carefully 
harvested for PCR. 

5. Proteinase-K treatment was performed as above, 
but the phenol:chloroform step was omitted. 

These five methods were tested several times 
and a representative outcome is shown in Fig. 1. 
We had the most consistent success with the 
freeze/thaw (protocol 1), Chelex- 100 (protocol 3), 
and one of the proteinase-K methods (protocol 5). 
However, when tested with SF inoculated with 
known concentrations of bacteria, all methods 
failed to give reproducible PCR products detectable 
by EtBr staining of agarose gels, even with bacterial 
titers as high as 1 x 10 4 and 1 x 105 cell/100 gL 
sample (see Table 1 and Note 1). 

Despite these preliminary negative results 
using SF, we felt that modification of these methods 
could yield a workable protocol, except for protei- 
nase-K treatments, which we eliminated because of 
the lengthy incubation times required (see Note 1). 
Owing to the viscosity of SF, we added a dilution 
step using KTET buffer (7) or water (see Note 2). 
For the freeze/thaw and freeze/boil methods, we 
added a posttreatment incubation for 10 min at 
90~ to ensure complete lysis. Owing to limited 

A. B. 
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Fig. 1. EtBr-gel electrophoresis detection of PCR 
amplification products of bacterial DNA prepared by 
five different lysis/extraction methods using saline 
solution inoculated with (A) E. coli or (B) S. aureus. A 
100-pL volume of saline sample containing 1 x 105 
bacterial cells was used for each extraction. A 10-gL 
volume of extract was used for each 100-gL PCR 
amplification, of which 20 gL were used for electro- 
phoresis on 1.4% agarose gels. Lane 1, freeze/thaw 
method; lane 2, freeze/boil method; lane 3, Chelex- 100 
method with 10 min 100~ heat treatment; lane 4, pro- 
teinase-K digestion with organic extraction; lane 5, 
proteinase-K digestion without organic extraction; 
lane 6, negative control, saline solution extracted with- 
out added bacteria; lane 7, DNA molecular size mark- 
ers (pGEM, Promega). Arrows indicate position of the 
881-bp PCR product generated from bacterial 16S 
ribosomal RNA gene. Note that methods 1, 3, and 5 
were the most successful in yielding PCR products for 
both bacterial species, although for E. coli PCR yields 
are higher with methods 1 and 5. 

initial success with Chelex-100, a cation-ion- 
exchange resin, we also tested a mixed-charge, 
mixed-bed ion-exchange resin (MBR), Bio-Rad 
50 l-X8. To test these different conditions, we per- 
formed the following experiment: A 100-gL 
sample of SF, containing 1 • 105 or 1 • 104 cells, 
was mixed with 200 gL of water  or KTET 
buffer. Samples were subjected to four cycles of 
freeze/boiling or freeze/thawing, followed by the 
addition of Chelex-100, MBR, or no resin, and 
either heat-treated at 90~ for 10 min, or not 
heated. All samples were centrifuged briefly and 
aliquots of the supernatant used for PCR analysis. 
The results are shown in Fig. 2 and summarized 
in Table 2 (see also Note 3). 
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Table 1 
Efficiency of Different Lysis/Extraction Methods 

for PCR Detection of Bacteria a 

Sample composition 

Method Saline SF 

Freeze/thaw (three cycles) 
Freeze/boil (three cycles) 
Chelex-100 
Proteinase K 

With organic extraction 
Without organic extraction 

+ +  

+ 

+ +  

+ 

+ +  

q'he methods are as described in Section 3.1. Samples con- 
tained 1 x 105 E. coli cells inoculated in 100 I.tL of sample vol- 
ume (saline or SF). A 10-1aL volume of each extract was used 
for a 100-~tL PCR test. Amplification products were subjected 
to agarose gel electrophoresis and detected using EtBr staining 
of the gels (see Fig. 1A). Results from three separate tests were 
scored as follows: ++, consistent, reproducible PCR products 
detected by EtBr staining of agarose gels; +, PCR products 
detectable, but with reduced consistency and/or lower yields; 
-, no PCR products detected. 

1 2 3 4 5 6 M C  

i a b i a bla b i a bla b i a b I I I I 

7 8 9 10 M C  

l a b l a b l a b l a b l  I I I 

We next  tested the ef fec t iveness  of  KTET 
buffer and MBR addition with either the freeze/ 
boil step or the 90~ heat treatment. Also, we 
compared the effectiveness of adding the MBR 
before or after the heat treatment. As shown in 
Table 3, we found that the 90~ 10-min heat 
treatment, without a freeze/boil step, was adequate 
for bacterial lysis when done in KTET. The addi- 
tion of  MBR after the heat treatment gave consis- 
tently superior PCR results compared to prior 
addition (see Note 4). 

The ability of  this relatively simple method to 
yield PCR-compatible extract was tested in a bac- 
terial dilution series. A 100-~tL sample of SF con- 
taining either 1 x 105, 1 x 104, 1 x 103, 1 x 102, or 
1 x 10 t cel ls /sample was mixed with 200 ~tL 
K T E T  and hea ted  at 90~ for 10 min. After  
cool ing,  M B R  was added  to 10% (w/v) and 
samples were vortexed 30-60 s and centrifuged 
for 10 min at 4~ at 14,000g. Supernatant con- 
taining extracted DNA was removed and used for 
PCR analysis. For samples containing 1 x 105 to 
1 x 103 cells/100 pL SF, we analyzed PCR prod- 
ucts on EtBr-stained agarose gels (Fig. 3). South- 
ern analysis was performed on samples containing 
1 x 103 cells/100 ~tL of  SF or less to increase 

Fig. 2. EtBr-gel electrophoresis detection of PCR 
products generated from SF samples using the 
modified lysis/extraction protocols described in 
Table 2. A 100-~tL volume of SF containing either 
1 x 105 (lanes a) or 1 x 104 (lanes b) E. coli cells was 
used for each extraction method. PCR was performed 
as described in Fig. 1. Amplification products for all 
10 methods are shown in sets of lanes 1-10 (refer to 
Table 2 and text for details of each method tested). 
Lane M, DNA molecular size markers (pGEM DNA 
Markers, Promega); lane C, positive control PCR using 
8 ng of purified E. coli genomic DNA as template; 
881-bp PCR product is indicated by arrows. 

detection sensitivity (Fig. 4; see  also Note 5). We 
found that a bacterial concentration of  1 x 103 
cells/100 ~tL was the limit for accurate visualiza- 
tion on gels. 

We extended our bacterial detection methodol- 
ogy to analyze clinical SF specimens obtained 
from knee joints of  patients who had undergone 
total knee arthroplasty (TKA, see  ref. 1) and 
subsequently returned to their or thopedic sur- 
geons with a var iety of  symptoms  inc luding  
swelling, pain, and warmth about the affected 



PCRLBased Detection ofSF-Based lnfections : 

.... :i 

Table 2 
Efficiency of  Various Combined Dilution/Extraction/Lysis Procedures for PCR Detection of  Bacteria  in SF Samples a 

Components/steps 

Water, KTET, 
Procedure 200 ~tL 200 ~tL Freeze/thaw Freeze/boil  Chelex-100 MBR 90~ 10 min PCR b 

l a  yes - yes - - - yes - 
b yes - yes - - - yes - 

2a yes - - yes - - yes - 
b yes - - yes - - yes - 

3a yes - yes - yes - - - 
b yes - yes - yes - - - 

4a yes - - yes yes - yes - 
b yes - - yes yes - yes - 

5a yes - yes - - yes - - 
b yes - yes - - yes - - 

6a yes - - yes - yes yes ++ 
b yes - - yes - yes yes ++ 

7a - yes yes . . . . .  
b - yes yes . . . . .  

8a - yes yes - - yes - - 
b - yes yes - - yes - - 

9a - yes - yes - - yes ++ 
b - yes - yes - - yes ++ 

10a - yes - yes - yes yes ++ 
b - yes - yes - yes yes ++ 

"Two different synovial fluid dilution strategies were tested in combination with various lysis/extraction methods, ion exchange 
resins, and heat treatments as outlined in Section 3.1. Each of the i0 protocol combinations were tested on 100-/~L synovial fluid 
samples containing: I x 10 ~ E. coli/sample (a) or 1 x 104 E. coli/sample (b). 

bA 10-~tL volume of extract was used for PCR and analyzed by EtBr-stained agarose gels as described for Table 1 (see Fig. 2): 
++, consistent, reproducible PCR products detected by EtBr staining of agarose gels; +, PCR products detectable, but with reduced 
consistency and/or lower yields; - ,  no PCR products detected. 

j o i n t .  F o r  th i s  s t u d y ,  15 s p e c i m e n s  c o l l e c t e d  f r o m  

p a t i e n t s  w i t h  s y m p t o m a t i c  T K A  k n e e s ,  a s y m p -  

t o m a t i c  T K A j o i n t s  ( u s u a l l y  f r o m  the  " g o o d "  k n e e  

f r o m  a b i l a t e r a l  T K A  p a t i e n t ) ,  a n d  f r o m  p r e v i -  

o u s l y  u n o p e r a t e d ,  u n a f f e c t e d  k n e e s  w e r e  p r o -  

c e s s e d  in  a r a n d o m ,  " b l i n d e d "  m a n n e r  in t h r e e  

s e p a r a t e  e x p e r i m e n t s .  F o r  e a c h  tes t ,  a 1 0 0 - ~ L  v o l -  

u m e  o f  s y n o v i a l  s p e c i m e n  w a s  e x t r a c t e d  a n d  s u b -  

j e c t e d  to  P C R  a n a l y s i s  as  d e s c r i b e d  a b o v e ,  a n d  

the  r e s u l t s  f r o m  o n e  tes t  a re  s h o w n  in F ig .  5. A s  

d e s c r i b e d  in  S e c t i o n  3.3. ,  S o u t h e r n  b l o t  h y b r i d -  

i z a t i o n  w a s  p e r f o r m e d  o n  e l e c t r o p h o r e t i c a l l y  f r ac -  

t i o n a t e d  P C R  p r o d u c t s  u s i n g  b o t h  r a d i o a c t i v e  a n d  

n o n r a d i o a c t i v e  p r o b i n g  s t r a t e g i e s  ( F i g .  5 A , C ) .  

P C R  p r o d u c t s  w e r e  a l s o  a n a l y z e d  b y  s l o t - b l o t  

t e c h n i q u e s  u s i n g  the  s a m e  h y b r i d i z a t i o n  c o n d i -  

t i o n s  as  f o r  S o u t h e r n s  ( F i g .  4 B , D ) .  A s  w i t h  a l l  
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c l i n i c a l  s p e c i m e n s ,  e a c h  p a t i e n t  s a m p l e  w a s  s u b -  

j e c t e d  to s t a n d a r d  m i c r o b i o l o g i c a l  c u l t u r i n g  a s s a y s  

r o u t i n e l y  u s e d  f o r  d e t e c t i o n  o f  i n f e c t i o u s  o r g a n -  

i s m s .  O u r  P C R  a n a l y s i s  w a s  p e r f o r m e d  w i t h o u t  

k n o w l e d g e  o f  c u l t u r i n g  r e s u l t s ,  a n d  c l i n i c a l  d e c i -  

s i o n s  m a d e  b y  the  o r t h o p e d i c  s u r g e o n  c o n c e r n i n g  

t r e a t m e n t  r e g i m e n s  w e r e  m a d e  w i t h o u t  k n o w l -  

e d g e  o f  the  P C R  d a t a  (see N o t e  7) .  

3.2. PCR Amplification 
l .  F o r  P C R  a m p l i f i c a t i o n ,  a l 0 - 2 0 % t L  a l iquo t  o f  

ex t rac t  was  used  fo r  a 100-~tL r e a c t i o n  v o l u m e .  

R e a c t i o n  c o n d i t i o n s  we re  as f o l l o w s :  l 0  m M  

T r i s - H C l ,  p H  8.3, 50  m M  KC1, 2.5 m M  MgCI2 ,  

0 .01% (w/v)  ge la t in ,  200 m M  each  o f  d A T P ,  

d C T P ,  d G T P ,  d T T P ,  0.5 ~tM o f  each  p r ime r ,  

a n d  2 .5  U o f  A m p l i T a q  D N A  p o l y m e r a s e  

( P e r k i n - E l m e r ) .  

7 �84184 



i(i!! i! !i: i ,i  i:iiill i ! i �84 : ::: :::: i:::Mariani et ai!: 

Procedures a 

Table 3 
Efficiency of MBR-Based Procedures for PCR Detection of Bacteria in SF Samples a 

Samples b 

1 x 105 cells/100 gL 1 x 104 cells/100 gL 1 x 103 cells/100 I.tL 

Freeze/boil, three cycles, ++ + 
then add MBR 

90~ 10 min + - 
MBR added before heating 

90~ 10 min ++ ++ 
MBR added after heating 

+ +  

aThree MBR-based lysis/extraction procedures based on and modified from the results shown in Table 2, and described in Section 
3.1., were each tested with three E. coli concentrations as indicated. 

bEach 100-I.tL synovial fluid sample inoculated with E. coli as indicated was diluted with two volumes of KTET buffer prior to 
extraction. PCR was performed as described in Tables 1 and 2, and amplification products were analyzed by EtBr staining of agarose 
gels: ++, consistent, reproducible PCR products detected by EtBr staining of agarose gels; +, PCR products detectable, but with 
reduced consistency and/or lower yields; - ,  no PCR products detected. 

I l l  2 1 3  14 i 5 1 M I C  I 

Fig. 3. Sensitivity of EtBr-gel electrophoresis 
detection of PCR products generated from SF samples 
processed by the MBR-based lysis/extraction protocol. 
SF samples containing a dilution series of E. coli con- 
centrations were used for each extraction. Samples 
were processed as described in Section 3.1. Unless oth- 
erwise indicated, 10-pL aliquots of supernatant were 
used for PCR, and agarose gels were run as for Figs. 1 
and 2. Lane 1, 1 x 105 cells/100 pL SF sample; lane 2, 
same extract as used in lane 1, except that 20 p.L 
were used for PCR; lane 3, 1 x 104 cells/sample; 
lane 4, 1 x 103 cells/sample; lane 5, negative control, 
SF sample containing no bacteria processed in paral- 
lel; lane M, DNA molecular size markers (pGEM); 
lane C, positive control reaction using 8 ng of purified 
E. coli DNA as template in PCR; 881-bp PCR product 
is indicated by arrow. In comparing lanes 1 and 2, we 
have found that increasing the volume of extract added 
to the PCR does not increase PCR yields. In fact, PCR 
efficiency decreases with increasing extract input in 
some cases, possibly owing to inhibitory components 
present in the SF. Using the PCR conditions described 
here, the sensitivity limit for product detection is 1 x 103 
bacterial cells/sample when using EtBr-stained gels. 

2. The primers used for all PCR herein were 
derived from the E. coli sequence for the I6S 
rRNA gene (8), a highly conserved sequence 
among many bacterial species, which targets all 
orthopedically relevant species we have tested 
(9). These primers yielded an 881-bp product 
from E. coli genomic DNA and an identical 
product from S. aureus. As positive control, 
PCR was done using 1-10 ng of purified E. coli 
DNA as template.  For negat ive  controls,  
react ions were pe r fo rmed  using all PCR 
reagents on extracts from saline solution, ster- 
ile water, or aseptic SF samples containing no 
added bacteria. 

3.3. Gel Electrophoresis, Slot-Blotting, 
and Hybridization Analysis 

1. Amplification products were size fractionated 
on 1.4% high-melt ing-temperature agarose 
(Fisher) in 1X TAE buffer (40 mM Tris-acetate, 
pH 8.0, 2 mM EDTA). EtBr was included in 
the gel during electrophoresis to stain DNA for 
detection with UV transillumination. Electro- 
phoresis was performed at 5 V/cm under con- 
stant voltage. After electrophoresis, gels were 
photographed prior to Southern blot transfer. 
Calibration of the e lectrophoretogram was 
based on pGEM DNA size markers (Promega). 

2. For Southern analysis, DNA products were 
blot-transferred to nylon membranes using 
alkaline transfer conditions. Gels were soaked 
in 0.4N NaOH for 30 min prior to transfer. 

MOi~CUU~R BiOTECHNOtOGV ~ Voiume 4, 1995 



PCRLBased Detection of SF-Based lnfections 233 

number of E. coli/ 100 uL SF 

11'~176176176176 11~ I 0 I 

number of S. aureus/100 uL SF 
8 ng 
E. coli 

I DNAI 11'~176176176176 I~ I o I 

Fig. 4. Sensitivity of Southern blot hybridization detection of PCR products generated from SF samples pro- 
cessed by the MBR-based lysis/extraction protocol. SF samples containing known concentrations of E. coli as 
indicated were used for each extraction as described in Fig. 3 and Section 3.1. After gel electrophoresis, the DNA 
was blot-transferred to nylon filter membranes and hybridized with a cloned, 32p-labeled E. coli 16S rRNA gene 
PCR product as probe and hybridization product detected by autoradiography (exposure time, 4 h). Arrows indi- 
cate position of 881-bp PCR product. For bacterial concentrations in the 1 x 103 to 1 • 102cells/sample range, 
autoradiographic exposures of 5-60 min are adequate for detection. For concentrations lower than 100 cells, expo- 
sures of several hours to overnight are adequate. 

. 

Transfers usually proceeded for 4-16 h (over- 
night) to ensure complete and reproducible 
transfer of low DNA concentrations. We also 
used the Turboblot transfer apparatus (S&S) 
under alkaline conditions and achieved trans- 
fer efficiency in 2 h similar to 16 h transfers 
under standard conditions. Filters were neutral- 
ized in 200 mM Tris-HC1, pH 7.0, 2X SSC 
(1X = 0.15M sodium chloride, 0.015M sodium 
citrate, pH 7.0) prior to air drying and UV-cross- 
linking the nucleic acids to the membrane, or 
baking at 120~ for 15 min, or at 80~ for 
90 min. 
For hybridization analysis, the cloned 16S 
rRNA gene PCR product generated from puri- 
fied E. coli DNA was used as probe. Probes 
were labeled with either 32p (NEN, Dupont) or 
digoxygenin (BMB) in random-primed label- 
ing reactions using the Klenow fragment of E. 
coli DNA polymerase I. Routinely, we per- 
formed hybridizations under high stringency 

. 

conditions at 68~ in 0.5M sodium phosphate 
buffer, pH 7.5, 5% sodium dodecyl sulfate, 
1% (w/v) bovine serum albumin. Filters were 
washed at 68~ in 40 mM sodium phosphate 
buffer, pH 7.5, and 1% (w/v) sodium dodecyl 
sulfate for 32p probe, or as described in BMB 
manual for digoxygenin-labeled probes. The 
digoxygenin-labeling protocol employs an 
antidigoxygenin alkaline phosphatase-conju- 
gated antibody. After antibody binding and 
washing, hybridization products were detected 
based on chemiluminescence using Rad Free 
substrate sheets (S&S). For both chemilumi- 
nescence (Fig. 5A) and 32p (Fig. 5C) detec- 
tion, autoradiography was done using Kodak 
X-OMAT X-ray film. For 32p detection, film 
exposure was done at -70~ in the presence of 
intensifying screens (Kodak, X-Omatic). 
Alternatively, the gel electrophoresis step could 
be omitted and PCR products blotted directly 
onto nylon membranes using a standard slot- or 
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Fig. 5. Southern and slot-blot hybridization analysis of extracts from clinical SF samples. A 100-I.tL knee joint 
SF sample, obtained aseptically, was processed for PCR for each patient as described in Section 3.1. using the 
lysis/extraction protocol described in Fig. 4. A 20-gL volume of PCR mixture was used for Southern analysis 
(A,C), and 50 pL of the same mixture were used for the slot-blot analysis (B,D). Each lane and accompanying slot 
corresponds to SF sample from an individual patient as described in Section 3.1. The Southern and corresponding 
slot-blot filters shown in A and B were analyzed using digoxygenin-incorporated probe and chemiluminescence 
detection (4-h X-ray film exposure). Filters shown in C and D were analyzed using a 32p-labeled probe (1-h 
exposure). Arrows indicate position for 881-bp 16S rRNA gene PCR product generated in positive control reac- 
tion. Hybridization signal from positive clinical specimens indicates a wide range of PCR product yields, most 
likely reflecting the different levels of infection among patients. The generation of different sized PCR products as 
detected in Southern blot (A) can be eliminated with a "hot-start" PCR step as was performed for the Southern blot 
shown in (C). 

. 

dot-blot apparatus. After PCR, 1M NaOH and 
500 mM EDTA, pH 8.0, were added to a por- 
tion of or to the entire 100-gL sample to give 
final concentrations of 0.4M and 2 mM, respec- 
tively. Samples were mixed and incubated at 
room temperature for 20-30 min (or at 100~ 
for 10 min) prior to application to the filter as 
described in detail elsewhere (10). Slot- or 
dot-blot filters were probed using the same 
hybridization strategies as described above. 
Slot-blotting would be considered when direct 
visualization of the PCR products was not 
required. Figure 5 shows slot-blot hybridization 
analysis compared to Southern analysis using 
chemiluminescence detection (Fig. 5A,B) as 
well as using a radioactive probe (Fig. 5C,D). 
For the slot-blot experiment, 50 laL of PCR 
reaction mixture were applied to the filter for 
each sample, whereas 15 gL were used for each 
gel electrophoresis lane. 

4. No t e s  

Although the existing protocols we tested gave 
positive PCR results with saline inoculations, 

no SF specimens yielded amplification prod- 
ucts reproducibly. The viscous, complex mac- 
romolecular and ionic mixture found in SF 
clearly contained components that are inhibi- 
tory to PCR when introduced into the reaction 
mix. We believe that this is the reason that none 
of the existing protocols gave consistent results. 
To circumvent  this problem, we initially 
included a brief centrifugation of the specimen 
to pellet the bacteria, prior to performing the 
lysis/extraction. This approach was unsuccess- 
ful because of the cosedimentation of high- 
mol-wt synovial components, which interfered 
with resuspension and extraction efforts. 
Because of the inability to harvest bacteria from 
SF by centrifugation, we turned our attention 
to modifying existing lysis/extraction protocols 
to allow addition of processed  specimen 
directly to PCR (see Note 2). Additionally, 
boiling of SF under certain conditions leads to 
the coagulation of synovial proteins making 
this approach intractable. Also, lysis protocols 
requiring proteinase-K activity may be less 
effective owing to inhibition of the enzyme by 
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SF components, or the overwhelming abun- 
dance of synovial proteins. 

2. The inability to harvest bacteria from SF 
required processing of the sample to allow its 
direct addition to the amplification reaction. 
Our goals were to reduce the viscosity of the 
fluid, achieve complete bacterial lysis and 
DNA extraction, and eliminate PCR inhibitors. 
As mentioned above, lysis by heat treatment 
often led to coagulation, especially if a clinical 
sample contained blood, but diluting the sample 
in KTET buffer effectively reduced viscosity, 
greatly improved lysis/extraction efficiency, 
and prevented coagulation during heating. The 
inclusion of Chelex-100 or MBR gave dra- 
matically improved PCR results, most plausi- 
bly by binding and sequestering charged ionic 
and/or macromolecular synovial components. 
Brief centrifugation of the extract allowed 
easy separation of resin-bound compounds 
from bacterial DNA that remained in the 
supernatant. Typically, one-half the starting 
volume (150 ~tL) can be recovered as super- 
natant, 10 ~tL of which is used for PCR, and 
the rest can be stored indefinitely at -20~ for 
further analysis. 

3. As shown in Table 2, the freeze/boil method was 
more successful than freeze/thawing, as a result 
of more efficient bacterial lysis and/or destruc- 
tion of heat-labile PCR inhibitors. The addition 
of a 10-rain incubation at 90~ also enhanced 
PCR amplification, especially when the lysis/ 
extraction was done in KTET buffer. Two of the 
three most successful tests also included addi- 
tion of MBR, whereas Chelex-100 addition was 
less successful. In comparing many identically 
processed samples, we found that Chelex-100 
gave inconsistent PCR results. It is plausible that 
the resin may physically break down during 
vortexing, heating, and/or centrifugation and 
small quantities of resin contaminating the 
supernatant could affect PCR. Chelex-100 is a 
divalent cation chelator and its inclusion in PCR 
could inhibit Taq polymerase activity by reduc- 
ing magnesium ion concentration. The use of 
MBR, however, gave consistent and repro- 
ducible PCR under the same assay conditions. 
Bio-Rad AG 501-X8 MBR, which chelates both 
cations and anions, was overall more effective 
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in neutralizing, binding, and/or eliminating the 
synovial-based PCR inhibitors. 
In comparing freeze/boil and 90~ heat-treat- 
ment methods, we were surprised to find that, 
in the presence of KTET, the 10-min, 90~ heat 
treatment alone was sufficient to give reproduc- 
ible PCR results. The KTET buffer containing 
EDTA and nonionic detergent, Tween-20, is 
very efficient in bacterial lysis, especially under 
hypotonic conditions. Based on this result, we 
felt that a single heat-treatment step was supe- 
rior to multiple transfers between ethanol/dry 
ice and boiling water. On several occasions, 
placement of 100~ tubes into ethanol/dry ice 
led to the leakage of ethanol through the cap as 
tubes quick-cooled, and trace ethanol subse- 
quently inhibited PCR. In testing the effective- 
ness of adding MBR to the sample after, instead 
of prior to, heat treatment, we found markedly 
improved PCR results. According to the manu- 
facturer, AG 501 -X8 resin is not recommended 
for use at temperatures above 50~ thus, some 
physical or chemical breakdown may occur 
with its inclusion in the heat treatments. Such 
breakdown would impair its binding activity or 
capacity, and trace amounts of MBR in the PCR 
mix could be inhibitory. 
Southern hybridization using cloned 16S rRNA 
gene PCR product as probe has been included 
in experiments involving low bacterial concen- 
trations and for all clinical samples. Hybridiza- 
tion analysis allows detection of PCR products 
not visualized by fluorescent dye staining. 
Probe specificity allows discrimination between 
bacterial PCR products and any background 
products resulting from nonspecific annealing 
of the oligonucleotide primers to co-extracted 
human DNA. The selective use of DNA hybrid- 
ization thus provides high specificity as well as 
enhanced sensitivity. In some Southern analy- 
ses, we detected two bands from bacterial DNA 
after PCR, the larger fragment of correct length 
and a smaller, minor fragment. The lower band 
may be generated from 16S rRNA gene tem- 
plates that may have internal secondary struc- 
ture, leading to a skipping of the polymerase 
over this region and producing a shorter prod- 
uct that is amplified in subsequent cycles. We 
can eliminate this secondary product by em- 
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ploying a "hot start" step prior to PCR, 
which may prevent aberrant template confor- 
mations or primer annealings (compare the two 
Southern blots shown in Fig. 5). Eventually, 
unequivocal identification of bacterial geno- 
types can be achieved by means of restriction 
endonuclease digestion of PCR products to 
detect sequence polymorphisms as analyzed by 
standard Southern blotting. 

6. Slot-blot procedures allow direct hybridization 
analysis of the sample without additional 
manipulation of the DNA, and circumvent its 
potential loss during electrophoresis and/or the 
nonuniformity of transfer from the gel. Also, 
larger sample aliquots, such as the entire 100- 
~tL PCR sample, can be applied to the filter by 
slot blotting, as opposed to only 15-20 ~tL used 
for gel electrophoresis. We have found that 
direct application of undiluted PCR mix to the 
filter results in uneven flow through the mani- 
fold, often yielding a nonuniform hybridization 
image (see Fig. 5B, slots 1 and 8, and 5D, slot 
1). A two- to fourfold dilution of the sample 
prior to alkaline treatment circumvents this 
problem. Additionally, hybridization signals 
from Southern gel samples occasionally differ 
from corresponding signals from slot-blotted 
samples. It is likely that, in agarose gels, the 
lower DNA concentrations result in reduced 
blot transfer efficiency and corresponding 
lower signals (Fig. 5A, lane 4), whereas slot- 
blotting is more effective as long as the sample 
is properly diluted. 

7. The clinical SF specimens processed in this 
study varied with respect to contamination with 
blood or solid tissue. Several samples contained 
a significant volume of blood, which did not 
interfere with our extraction or PCR efforts, 
although we have not yet determined if PCR 
yields were below expected yields for the given 
levels of infection. We routinely avoid trans- 
ferring any solid tissue into our extraction mix- 
ture. The processing of solid tissue samples is 
being tested in a separate study. Samples that 
contained at least 50% blood may coagulate 
during heating, but vigorous vortexing during 
the MBR step will break down the colloid and 
allow normal processing of sample. For PCR, 
it may be necessary to use a smaller volume of 

extract in the reaction mixture because of the 
potential inhibitory nature of heme group prod- 
ucts. Also, PCR mixtures from bloody samples 
may contain excess proteins or peptide frag- 
ments that occasionally interfere with the elec- 
trophoretic mobility of DNA amplification 
products in the agarose gel. A short centrifuga- 
tion of the PCR mixture to pellet contaminants 
prior to removing the gel electrophoresis ali- 
quot can improve the quality of the gel mobil- 
ity. In this study we detected the presence of 
bacterial infection in 9 of 15 patient samples. 
The clinical correlation of our PCR data with 
microbiological culturing, Gram stain testing, 
and other standard clinical assays is discussed 
elsewhere (Mariani et al., in preparation). 
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