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Molecular methods have now become established as ac-
cepted methods for the detection of causal agents of infection
(viral, bacterial, fungal, and protozoal). In particular, the use
of a combination of rRNA genes from bacteria, fungi, and
protozoa, i.e., universal or broad-range targets, has become
popular for detection. However, the laboratory workup of clin-
ical specimens for universal PCR differs significantly from that
for specific PCR in that numerous problems, mainly related to
contamination with DNA, are encountered. Therefore, it is the
aim of this review to give practical guidance to help laboratory
personnel overcome problems associated with the employment
of broad-range ribosomal DNA PCR in the detection of bac-
terial agents, particularly in culture-negative infections.

The traditional basis for the identification of pathogenic and
commensal organisms has been their isolation or propagation
in the laboratory. Biochemical, morphological, and serological
tests usually require growth of the organism. Reliance on these
parameters may have significantly limited awareness of true
bacterial diversity and is impractical in many situations. The
rapidly expanding use of 16S rRNA sequences for phyloge-
netic, evolutionary, and diagnostic studies offers an opportu-
nity for alternative approaches (3). 16S rRNA genes are found
in all bacteria and accumulate mutations at a slow, constant
rate; hence, these genes may be used as molecular clocks (18).
Highly variable portions of the 16S rRNA sequence contain
signatures unique for each bacterium, as well as useful infor-
mation about the relationships between different bacteria. Al-
ternatively, since 16S rRNA molecules have crucial structural
constraints, certain conserved regions of sequence are found in
all known bacteria, including the eubacteria. Broad-range PCR
primers may then be designed to recognize these conserved
bacterial 16S rRNA gene sequences and used to amplify inter-
vening, variable, or diagnostic regions (15, 17). Broad-range
ribosomal DNA (rDNA) PCR avoids the need to grow the
bacterium and requires no pre-existing phylogenetic informa-
tion. Extension of this procedure to the study of infected mam-
malian tissue further avoids the need to purify the bacterium
and has led to the identification of previously uncharacterized
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pathogens in bacterial angiomatosis (12) and in Whipple’s dis-
ease (3, 4).

In bacteria, there are three genes which make up the rRNA
functionality: the 5S, 16S, and 23S rRNA genes. The 16S
rRNA gene has historically been most commonly employed;
however, more recently, employment of the 16-23S rRNA in-
tergenic spacer region, along with the 23S rRNA gene, has
become popular.

Employment of rRNA-based techniques has gained in-
creased popularity as a means of detection of a diverse variety
of bacterial targets from several different clinical specimen
types. Since the development of PCR within the life sciences in
the late 1980s, there has been a gradual shift away from func-
tional to molecular techniques for the identification of organ-
isms, and this has been reflected pro rata in the literature (6, 7,
8, 13, 14). For example, the cumulative total of papers pub-
lished in this field in 1999 was greater than the combined
output for the period from 1990 to 1994. However, broad-
range TDNA PCR involves numerous practicalities and com-
plexities, troubles with which have been a constant problem for
laboratories involved in the employment of this technique to
help detect bacteria from clinical specimens. Therefore, it is
the aim of this review to examine the practical problems asso-
ciated with broad-range rDNA PCR as well as to offer various
suggestions to aid in the production of quality data.

CONTAMINATION AND ITS AVOIDANCE

The major practical problem associated with the use of
broad-range rDNA PCR is contamination of the assay by ex-
ogenous bacterial DNA. The concept of using highly conserved
oligonucleotide primers for a variety of genes within the rRNA
structure exploits the phylogeny between the eubacteria. How-
ever, the use of such primers can be problematical due to the
coamplification of contaminating DNA of little or no clinical
significance along with that of the bacterial pathogen. This
laboratory complication has led to a number of diagnostic
laboratories abandoning the idea of adopting broad-range
rDNA PCR techniques as part of their diagnostic service. In
addition, contamination has given rise to numerous false-pos-
itive results which are of no beneficial importance to the pa-
tient and indeed may lead to added complications in the clin-
ical interpretation of molecular results. Careful control of
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TABLE 1. Risk assessment categorization of contaminating DNA compromising employment of broad-range rDNA PCR as a diagnostic tool
in the detection of bacterial causal agents of infectious disease

Category Hazard  Risk Example of contamination

Corrective action

A High High Employment of commercially available blood
collection vials containing EDTA
B High Low  Misuse of pipette, leading to contamination of pipette
Low  High Aclﬁlrirs?iion of clinical specimen from patient
D Low Low Employment of molecular-grade PCR reagents, e.g.,

Taq polymerase, contaminated with bacterial DNA

Laboratory production of DNA-free blood collection vials
containing EDTA by using molecular-grade water and
chemicals

Care with pipetting and use of plugged pipette tips

Education and training of ward staff to avoid collection of
commensal skin flora from patient

Employment of prescreened Tag polymerase to ensure
DNA-free status

contamination from any source is the key to the successful
adoption of this technique within the microbiology service.

EVALUATION OF CONTAMINATION HAZARDS
THROUGH RISK ASSESSMENT MODELS

Employment of broad-range rDNA PCR is always associ-
ated with the risk of amplification of contaminating DNA
which is of no clinical significance. As this risk cannot be
avoided under normal laboratory conditions, attempts should
be made to help quantify the hazards and risks encountered
during the complete diagnostic procedure. The most critical
step in establishing protocols for broad-range rDNA PCR is
performing a risk assessment to examine ways of reducing or
eliminating contamination. In this regard, a contamination
hazard may be defined as the introduction of contaminating
DNA from any source, e.g., from the patient or during end-
stage laboratory manipulation. There are two types of hazards,
which may be classified as high and low. A high hazard may be
defined as large amounts of contaminating DNA entering the
diagnostic assay, whereas a low hazard may be defined a small
amounts of DNA entering the diagnostic assay. Risk may be
defined as the probability of the hazard occurring. These pa-
rameters may be further qualified by assigning contamination
categories to any given manipulation (Table 1). Given four
categories, categories A to D, with decreasing levels of asso-
ciated risk, all manipulations in category A will mostly result in
the introduction of contaminating DNA into the process,
whereas those procedures in category D will by and large not
result in the introduction of contaminating DNA, although
there is still a small probability of this occurring. The goal of
performing a risk assessment is to carefully consider all hazards
and risks associated with the empirical use of molecular diag-
nostics under the conditions examined so that the risk can be
reduced as much as possible. In addition, the risk assessment
should be carried out by a group of workers representing all
staff who may potentially interact with (i) the diagnostic pro-
cess (i.e., ward staff and laboratory personnel) and (ii) the
diagnostic environment (i.e., laboratory personnel not directly
involved with the processing of the specimen, porters, and
maintenance and cleaning staff).

The first step of any such risk assessment should be the
defining of the diagnostic procedures through appropriate flow
diagrams (an example is shown in Fig. 1). The protocol for the
handling and processing of different specimen types requires
the generation of a structured flow diagram. Any deviation

from the normal procedure requires a reevaluation of the
process in terms of additional hazards and/or risks and appro-
priate control measures established to compensate for these
added hazards and/or risks. As each laboratory has its own
unique working practices and environment, no single strategy
for hazard analysis and critical control point correction is ap-
propriate for adoption by all working laboratories, and all
laboratories should therefore carry out their own risk assess-
ments and adopt appropriate control strategies commensurate
with their calculated level of hazard. Only when all hazards and
risks are identified can appropriate control measures be
adopted either (i) to reduce the hazard and/or risk or (ii) to
eliminate the hazard and/or risk. The available mechanisms for
achieving either the former or the latter are discussed in detail
below.

Clinical specimen. (i) Specimen type. Broad-range rDNA
PCR amplification may be performed only on clinical speci-
mens which are normally regarded as sterile, e.g., blood, cere-
brospinal fluid (CSF), pleural fluid, or sterile biopsy material.
Employment of this technique with specimens from nonsterile
sites, e.g., feces, skin, sputum, or nonsterile biopsy material,
should be avoided because the diverse variety of the commen-
sal flora at these sites would complicate the PCR analysis.
Amplification of DNA from such sites would yield numerous
PCR amplicons for each of the taxa present in the clinical
specimen, thus necessitating the separation of such amplicons
by further procedures, such as cloning, prior to sequence anal-
ysis. For a specimen from a nonsterile site, it would be appro-
priate to use a more directed molecular approach employing
PCR assays specific for a particular gene target, one that is
unique to a given organism, e.g., the recA locus for the detec-
tion of Burkholderia cepacia in patients with cystic fibrosis (10).

(i) Collection of specimen. Like conventional assays, mo-
lecular assays require that aseptic precautions be taken in the
collection of clinical specimens. However, due to the increased
sensitivity of molecular assays compared to that of culture
assays, additional stringency should be employed in the collec-
tion of specimens for any downstream molecular workup, e.g.,
in the collection of venous blood, the puncture site should be
prewashed with iodine. All personnel involved in the collection
of clinical specimens, including medical and nursing staff, as
well as phlebotomists, should be educated with respect to the
added precautions needed to avoid contamination.

Care should be taken with all equipment and instruments
which can potentially come into contact with the clinical spec-
imen being examined by PCR, as these instruments, though
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Manipufation

Contamination
Risk/Hazard

Corrective
Action

FIG. 1. Example of a flow chart detailing the manipulations, the contamination hazards and risks, and the corrective action involved for broad-range 16S rDNA PCR detection (in peripheral
blood) of bacterial causal agents of infectious diseases. Blood-EDTA vials are blood collection vials containing EDTA. dNTPs, deoxyribonucleoside triphosphates; MLSO, medical laboratory

scientific officer.

Specimen collection

Type: peripheral blood
Vial: blood-EDTA
Location: hospital ward
Personnel: nurse, junior doctor

1. Commensal flora on patient's skin
2. Commensal flora on staff's skin
3. Archival DNA in specimen vial
4. Archival DNA in EDTA solution
5. Inappropriate collection of

specimen by personnel

1. lIodine scrub of puncture site

2. Wearing of sterile gloves and
protective clothing

3/4. Employment of laboratory
prepared and quality controlled
DNA-free blood-EDTA vials

5. Education of personnel

DNA extraction

Method. Commercial Kit (Roche)
Additional reagents: lysozyme, water, Tris-HCl
Location: room 1.

classlI biological safety cabinet
Personnel: MLSO
1. DNA from kit reagents
2. DNA from additional reagents
3. Location
4. Class II biological safety cabinet
5. Pipettes
6. Equipment e.g., centrifuge, heating block, vortex
7. Reaction vials (1.5ml)
8. Personnel

1/2. All reagent purchased should be of molecular grade.

w

All reagents should be screened prior to use.
Contaminating DNA should be monitored using
negative DNA extraction controls.

A dedicated pre-PCR room should be used, ideally
under positive pressure

Unidirectional work flow

Cabinet should be cleaned thoroughly and UV
irradiated for a minimum period of 2h prior to use
Cabinet should be serviced regularly

Dedicated pipettes should be used and should not
be removed from the class II cabinet.

Plugged sterile tips should be employed
throughout.

Pipcttes should be clcaned and the barrels UV
irradiated for a minimum of 2h prior to use.
Equipment should be dedicated to extraction
purposes only

Reaction vials should be pre-autoclaved and DNA-
free.

Education of personnel.

Use of sterile gloves and dedicated laboratory
clothing for DNA extraction purposes only.

R ol

bl

PCR setup

Reagents: water, buffer, MgCl,, dNTPs, Tagq, primers
Location: room 2, PCR cabinet
Personnel: MLSO

DNA from reagents

Location

PCR cabinet

Pipettes

Equipment e.g., vortex

Reaction vials (1.5ml) and PCR tubes
Personnel

. All reagents purchased should be of molecular grade.
All reagents should be screened prior to use.
PCR master mix minus the primers and template DNA should be UV
irradiated for 15 min prior to amplification.
Contaminating DNA should be monitored using negative PCR setup
controls.

2. A dedicated pre-PCR room should be used, ideally under positive

pressure and separate from DNA extraction procedures.
Unidirectional work flow.

3. Cabinet should be cleaned thoroughly and UV irradiated for a

ntinimum period of 2h prior to use.
Cabinet should be serviced regularly.

4. Dedicated pipettes should be used and should not be removed from

the PCR setup cabinet.

Plugged sterile tips should be employed throughout.

Pipettes should be cleaned and the barrels UV irradiated for a
minimum of 2h prior to use.

Equipment should be dedicated to PCR setup purposes only

6. Reaction vials and PCR tubes should be pre-autoclaved and DNA-

free.

7. Education of personnel.

Use of sterile gloves and dedicated laboratory clothing for PCR setup
purposes only.
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considered sterile, can contain DNA from nonviable cells
which have been killed in the sterilization process. Recently
Keay et al. (5) demonstrated that sterile cold-cup biopsy for-
ceps were a source of Escherichia, Propionobacterium, Stenotro-
phomonas, and Pseudomonas DNA contamination and that it
was therefore inappropriate to use PCR to look for the pres-
ence of bacterial pathogens in tissue specimens that had been
procured with these instruments.

Sufficient clinical material should be taken to allow for both
culture and molecular analysis, and, where possible, two spec-
imens should be taken simultaneously. In cases where limited
clinical material can be collected (e.g., specimens of CSF or
heart valve tissue), analysis should initially be molecular to
avoid potential contamination that may arise from the use of
nonsterile plasticware during conventional analysis, e.g., the
use of nonsterile pipette tips in the determination of glucose
and protein concentrations and white blood cell counts in CSF
specimens from meningitis patients.

Specimen collection vials are a source of contaminating
DNA. Such DNA may be attributed to both the plasticware
and the transport physiological milieu. Previous studies have
demonstrated the presence of DNA from nonviable environ-
mental pseudomonads in standard blood collection vials con-
taining EDTA that are used on hospital wards. It is therefore
necessary to eliminate this potential source of contamination
through the adoption of preparing sterile DNA-free EDTA-
treated blood collection vials for the purpose of clinical sam-
ples which require broad-range molecular analysis. To help
minimize such contamination, the use of high quality virgin
tissue-culture plasticware, along with EDTA and water which
are DNA free, is recommended. All prepared batches should
be screened for the presence of contaminating DNA before
distribution to the wards.

Another source of contaminating bacterial DNA is commer-
cially available blood culture material for use with continuously
monitoring automated blood culture instruments, e.g., the
BacTec and BacT/Alert systems. Such blood culture material is
considered sterile; i.e., it does not contain any culturable or-
ganisms. Various studies have demonstrated the presence of
contaminating DNA in blood culture material from different
suppliers. The origin of this bacterial DNA is dependent on
both the supplier and the batch (lot) number. Several sources
of bacterial DNA have been identified by molecular sequence
analysis and include DNA from Lactococcus lactis and Bacillus
coagulans (9), as well as a Streptococcus sp. (2).

Organization of the working environment. One of the fun-
damental requirements of broad-range rDNA PCR is segrega-
tion of the laboratory work areas to avoid the amplification of
artifactual contaminating DNA. At minimum, the areas where
pre- and post-PCR manipulations are performed should be
physically separated. Pre-PCR manipulations include all pro-
cedures prior to thermal cycling, and, consequently, post-PCR
manipulations include all stages downstream and including
thermal cycling (Fig. 2). However, the ideal physical arrange-
ment would allow for two separate pre-PCR rooms, with one
room being dedicated to clinical specimen reception and
genomic DNA extraction and the second room being classed as
the clean room, where the PCR master mixes are set up (Fig.
2). Within each room, manipulations with respect to broad-
range and specific PCR analyses should be physically segre-
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gated. Such segregation may be implemented at two levels: (i)
infrastructural segregation and (ii) local containment. Infra-
structural segregation involves physical separation by means of
a partitioning wall or a solid wall. Additionally, segregated
facilities should be geographically sited in an area with mini-
mum human traffic.

Local containment involves the employment of biological
safety cabinets for initial specimen disinfection and DNA ex-
traction. Such cabinets should not be used for PCR setup, as
this procedure should be conducted apart from the aforemen-
tioned disinfection and extraction to minimize contamination.
A recent innovation with laboratory equipment manufacturers
has been the PCR setup cabinet, or so-called dead-air box.
These cabinets have been designed exclusively for PCR setup
purposes and should not be jointly employed for DNA extrac-
tion manipulations. Such cabinets vary in the complexity of
their specifications from simple dead-air boxes to those with
HEPA-filtered circulating air (equivalent to airflow within a
class II biological safety cabinet, e.g., the Omni PCR cabinet
(Microflow Ltd. Weston-super-mare, United Kingdom), as
well as UV light facilities for internal decontamination of the
work area, air, pipette barrels, and PCR master mixes. Both
the extraction and PCR cabinets should intrinsically minimize
the opportunity for specimen contamination. For specimen
protection, class II safety cabinets, in which filtered air is re-
circulated within the cabinet through HEPA filters, should be
employed, as opposed to class I safety cabinets, in which am-
bient air is drawn in to the cabinet to maximize staff safety.
However, the use of the former type of cabinet may therefore
create certain health and safety concerns, e.g., during extrac-
tion of DNA from blood or biopsy material containing Myco-
bacterium tuberculosis. It is recommended that the class II and
PCR setup cabinets each be equipped with a UV lamp in order
to degrade any exogenous DNA prior to PCR amplification.
Recently, we have noted the importance of maintaining the
working efficiency of such cabinets, as these may become a
source of contamination if the HEPA filters are not serviced
regularly. Furthermore, the efficiency of UV light production
should be monitored regularly.

Risk from laboratory personnel. The hazards associated
with laboratory personnel may originate from the contamina-
tion of specimens by staff dedicated to molecular diagnostic
manipulations, whereby common skin contaminants, including
coagulase-negative staphylococci, may be introduced. In order
to reduce the risk of this type of contamination occurring, staff
should wear sterile rubber or latex gloves as well as separate
white coats, respectively dedicated to broad-range DNA ex-
traction, master mix setup, and post-PCR manipulations.

Consumable reagents and plasticware. Contamination can
enter the broad-range diagnostic protocol with the addition of
each reagent (6) during the DNA extraction and amplification
procedures. Specifically, we have noted four problem areas for
bacterial DNA contamination, as follows: (i) lytic enzymes
used for extraction of DNA from yeasts and bacteria, (ii)
oligonucleotide primers, (iii) 7ag polymerase (11), and (iv)
water. Most manufacturers of consumable reagents do not
guarantee their products to be DNA-free, although most
would give an assurance that they are sterile (i.e., contain no
viable organisms) and even DNase-free (for most molecular
reagents). Consequently, these reagents may constitute a risk
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FIG. 2. Proposed layout of laboratory space associated with broad-range 16S rDNA PCR for detection of bacterial causal agents of infectious
diseases. RFLP, restriction fragment length polymorphism; SSCP, single-stranded conformational polymorphism.

of contamination that can be eliminated through prior screen-
ing of individual reagents before employment in diagnostic
assays. Plasticware used during prescreening should be of high
quality and should not be reused in molecular assays. For
pipetting purposes, it is important that three dedicated sets of
pipettes exist for DNA extraction, master mix setup, and post-
PCR manipulations, respectively, where the former two sets of
pipettes should be UV irradiated for at least 2 h after use. In
addition, it is imperative that only pipette tips which are fil-
tered are employed during these manipulations.

MANAGEMENT OF CONTROLS

Successful employment of broad-range rDNA PCR in the
detection of causal agents of infectious disease is critically
dependent on both the quantity and the quality of controls
associated with the assay. It should be noted that, for each
PCR-based test, sensitivity should be evaluated for each spec-
imen type, prior to routine implementation. It is vital that
several negative and positive controls be set up during each
diagnostic run. Negative and positive controls should include
(i) a DNA extraction control, (ii) a PCR setup control, and (iii)
a PCR amplification control.

For DNA extraction purposes, the positive control should
include a clinical specimen(s) artificially spiked with an organ-

ism, e.g., blood culture spiked with Escherichia coli. In cases
where a true-positive clinical tissue specimen may be difficult
to mimic, internal positive controls, such as amplification of the
B-globin gene following DNA extraction, as previously de-
scribed (8), may be employed. With respect to PCR controls,
the positive control should be bacterial DNA extracted from a
pure culture. Ideally, the positive control should include two
components, namely, (i) a specimen generating a weak signal,
due to low copy numbers of target, and (ii) a specimen gener-
ating a strong signal, due to high copy numbers of target.
Employing these controls, especially the negative controls,
makes it easier to identify the point of contamination within
the diagnostic assay, e.g., to verify that the DNA extraction
procedure was contamination free but that contamination
might have occurred during PCR setup.

Positive controls, particularly those included in the DNA
extraction procedures, are also important because they serve to
identify possible inhibition of the PCR due to inhibitory agents
in the biological specimen which coelute with extracted DNA,
e.g., sodium polyanetholesulfonate in blood culture material
(2, 8). For a comprehensive review on PCR inhibition with
respect to biological specimens, see the study by Wilson in
reference 16.

More recently, technological advances in the equipment used
for PCR have occurred, and the newer resulting processes have
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been more commonly applied in the diagnosis of infectious dis-
eases. Although such advances, including real-time PCR, may
have increased sensitivity compared with conventional PCR,
there are several problems with using these platforms in conjunc-
tion with broad-range 16S rDNA PCR. Recently Corless et al. (1)
described numerous problems associated with the use of the Tag-
man system and 16S rDNA PCR. These workers concluded that
the added sensitivity meant that contaminants associated within
the entire diagnostic assay, were more easily detected, though
they were of no clinical significance, and that one potential way to
overcome such contamination issues was to use ultraclean re-
agents and plasticware.

In conclusion, the successful implementation of broad-range
rDNA PCR targeting highly conserved loci within the 16S
rRNA gene presents a number of complexities and challenges.
Conceptually and physically, broad-range rDNA PCR should
be considered as a separate protocol in molecular diagnostics
rather than as an add-on to specific PCR. Success can be
achieved through careful management of the working environ-
ment and reagents, which may be accomplished more easily by
identifying the risks and hazards of contamination through a
structured risk assessment approach.
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