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Speed is of the essence when evaluating an infant
with symptoms consistent with sepsis. Because of the
high morbidity and mortality associated with neona-
tal sepsis, infants receive multiple, broad-spectrum
antibiotics before receiving finalized blood culture
results. Incorporating an additional, reliable, yet
rapid assay to detect bacteria directly from blood
would facilitate timely diagnosis and appropriate
care. To this end, we designed a real-time polymerase
chain reaction (PCR) assay targeting the highly con-
served 380 bases of 16S rDNA. DNA was extracted
from whole-blood samples using a Qiagen column.
The limit of detection for the TaqMan-based assay,
using a Smartcycler instrument, was 40, 50, or 2000
colony-forming units per milliliter of blood (CFU/ml)
of Escherichia coli , group B Streptococcus , and Lis-
teria monocytogenes , respectively, when white blood
cell counts were below 39,000/�l. Implementing this
approach requires less than 4 hours for both sample
preparation and real-time PCR compared with 1 to 2
days to detect growth in culture or 5 days to finalize
no-growth culture results. There was an overall agree-
ment between the results of culture and real-time PCR
of 94.1% (80 of 85) in this study. These results suggest
that molecular techniques can augment culture-based
methods for diagnosing neonatal sepsis, especially in
infants whose mothers have received intrapartum an-
tibiotic prophylaxis. (J Mol Diagn 2005, 7:575–581)

Neonatal sepsis is a high-risk, low-incidence disease, in
which many evaluations are undertaken to discover one
case. In addition, accurate diagnosis of neonatal sepsis is
difficult because signs and symptoms in the infant may be
subtle, often mimicking other medical conditions that fre-
quently occur in the newborn such as hypoglycemia, de-
layed transition, or transient tachypnea.1–4 Infants admitted
to the neonatal intensive care unit (NICU) for sepsis evalu-
ation are usually managed clinically with bacterial cultures,
a complete blood count (CBC), and combination antimicro-
bial therapy for presumed sepsis; for example, the antibiot-

ics given to the term infant might include ampicillin and
gentamicin, or ampicillin and cefotaxime.5–9 Traditionally,
infants are provided with antibiotic therapy for 72 hours
pending negative culture results.10–12

Currently, there is no definitive test for diagnosing neo-
natal sepsis because even blood culturing techniques have
unacceptably low sensitivities.2 Some of the reasons for this
include intermittent seeding of low numbers of bacteria
within the blood stream, the small volumes of blood ob-
tained from infants for culture, and the increasingly common
practice of providing intrapartum antibiotic prophylaxis to
mothers of high-risk deliveries.13–15 It is well known that the
smaller the blood volume obtained for culture, the lower the
chances of recovering organisms.16,17 Although infants
tend to have a somewhat greater magnitude of bacteremia
compared with adults—10 to 300 CFU/ml versus 1 to 30
CFU/ml—the amount of blood sampled for culturing from
neonates is significantly less than that taken from adults: �1
ml versus 10 to 30 ml.18

Most approaches to blood culturing use automated in-
strumentation, like the BACTEC (Becton Dickinson, Sparks,
MD), BacT/Alert (Biomérieux, Durham, NC), or ESP (Trek
Diagnostic Systems, Inc., Westlake, OH) system, which use
sensors that either continuously monitors the CO2 being
produced by actively metabolizing microorganisms or
sense changes in pressure within the blood culture bottle.
Detecting bacterial growth in blood culture bottles requires
approximately 12 to 24 hours of incubation for gram-nega-
tive organisms or 24 to 48 hours for gram-positive organ-
isms, with additional time needed to isolate the organism
contained within the blood culture bottle for identification
and antimicrobial susceptibility testing. A study by Kurlat et
al19 illustrated positive and negative predictive values of
blood cultures at days 2 and 4 of 92 and 99%, respectively.
However, speed is of the essence when evaluating an infant
who has been admitted to a NICU with symptoms of sepsis.
Incorporating an additional, reliable, yet rapid assay that
could detect bacteria directly from blood samples would
facilitate the timely diagnosis and appropriate care for these
infants.
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Nucleic acid amplification testing such as the polymer-
ase chain reaction (PCR) assay is rapid to perform, and
has been used with success to diagnose a wide range of
infectious diseases, including bacterial, yeast/fungal,
and protozoan infections.20 In fact, nucleic acid amplifi-
cation testing is now considered the gold standard for
diagnosing herpes simplex virus meningitis in the neo-
nate.21 PCR detection of blood-borne bacteria using tar-
gets within 16S rDNA has been described previous-
ly.22–24 Jordan et al22 (J.A. Jordan, M.B. Durso, A.R.
Butchko, J. Jones, B. Brozanski, unpublished data) pub-
lished the first two large-scale studies for detecting sep-
sis in the neonate. These studies compared the results of
culture (Cx) to conventional PCR in which whole blood
was first pre-enriched in tryptic soy broth (TSB) for be-
tween 5 and 10 hours at 35°C before sample preparation
and testing occurred.

The objective of this current research project was to
design a sample preparation protocol that would elimi-
nate the tryptic soy broth pre-enrichment step, saving 5
to 10 hours, and to convert the conventional PCR assay to
a more rapid, real-time platform. If successful, this ap-
proach would significantly reduce the time needed to
obtain laboratory results on infants being evaluated for
bacterial sepsis; a real-time PCR approach analyzing the
sample directly can be completed in less than 4 hours,
whereas conventional PCR amplification using agarose
gel-based electrophoresis detection along with TSB pre-
enrichment of the sample would require more than 1 full
day to complete, whereas bacterial growth in culture
requires 1 to 2 days to detect, or 5 days to finalize a
no-growth blood culture result.

Materials and Methods

Patient Selection and Sample Rejection Criteria

Our study received hospital institutional review board
approval before its initiation. To be eligible, an infant had
to be admitted to the neonatal intensive care unit and
have blood drawn for both a blood Cx and CBC analyses.
The study was designed to use the unused portion of the
CBC for 16S rDNA real-time PCR analysis, which elimi-
nated the need for an additional blood draw. Sample
rejection for PCR analysis included blood that was either
grossly hemolyzed and/or clotted.

Blood Culturing and Phenotypic Identification

Whole blood (0.5–1.0 ml) was collected for culture by
either a venous or arterial draw and inoculated directly
into a single, pediatric sample-sized resin-containing
blood culture bottle (Peds Plus; Becton Dickinson). Each
bottle was loaded into the Bactec 9240 automated blood
culture instrument within 1 hour from the time of receipt in
the laboratory in accordance with the manufacturer’s
recommendation.

Bottles flagged by the Bactec instrument for detectable
levels of CO2 production had fluid withdrawn for gram stain
and subculture on the appropriate agar-based culture

plates. Purified bacterial colonies were analyzed either by
an automated identification system (MicroScan Dade, West
Sacramento, CA) or with the appropriate biochemical re-
agents for phenotypic identification.

Agar Dilution Method for Quantitating Bacterial
Colony-Forming Units Added to Whole-Blood
Samples

Individual tryptic soy broth cultures, inoculated with sin-
gle colony of a pure isolate, were incubated overnight at
37°C. The density of these broth cultures were adjusted
to equal that of a 0.5 McFarland standard, representing
2.4 � 108 CFU/ml. Ten-fold dilutions of each 0.5 McFar-
land standard were prepared, and 10 �l of each dilution
was inoculated onto sheep blood agar plates (Becton
Dickinson) and incubated overnight at 37°C. The number
of colonies found growing on the plates was counted,
and the exact number of colony-forming units per milliliter
was calculated. The Escherichia coli and Listeria monocy-
togenes used in the limit of detection studies were pur-
chased from the American Type Culture Collection and
consisted of E. coli (ATCC no. 11775) and L. monocyto-
genes (ATCC no. 15313). The group B Streptococcus
(Streptococcus agalactiae) (GBS) used to determine limit
of detection and as the positive control included in each
real-time PCR assay was isolated in our laboratory from a
neonatal blood culture and identified as a �-hemolytic,
catalase-negative, gram-positive cocci in chains that re-
acted with GBS antisera in a latex agglutination reaction
(Oxoid Typing kit; Fisher Scientific, Pittsburgh, PA).

Whole-Blood Collection for CBC Analysis

Whole blood (0.3–1.0 ml) was collected for CBC analysis
by either venous or arterial draw or by a heel-stick
method into a pediatric sample-sized ethylenediamine
tetraacetic acid-containing Vacutainer tube (Becton
Dickinson). The unused portion of the CBC specimen
was made available for real-time 16S rDNA PCR analysis
once the CBC result was finalized.

Whole-Blood Sample Processing for PCR

The entire content of the discarded CBC sample was
used; sample volumes ranged from 10 to 500 �l (average
and median volumes were 154 and 125 �l, respectively).
Mutanolysin (Sigma, St. Louis, MO) was added directly to
the whole-blood sample; 10 �l of 10 U/�l enzyme was
added for every 200 �l of blood being processed, and
the sample was incubated for 30 minutes at 37°C. A
modified protocol using the QIAamp DNA Mini kit (Qia-
gen Inc., Valencia, CA) was performed as follows: 20 �l
of QIAGEN Proteinase K (20 mg/ml) was added for every
200 �l of whole blood processed along with an equal
volume (200 �l) of buffer AL, and the sample was incu-
bated for 30 minutes at 57°C. After incubation, an equal
volume (200 �l) of 100% ethanol was added, and the
resulting lysate was loaded onto the QIAamp DNA Mini kit
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column (Qiagen). The column was centrifuged at 6,000 �
g for 1 minute, washed with 500 �l of wash buffer AW1
(Qiagen), then centrifuged at 6,000 � g for 1 minute,
washed with 500 �l of wash buffer AW2, and centrifuged
at 13,000 � g for 3 minutes. A volume of 100 �l of buffer
AE (0.2-�m filter sterilized) was added to the column and
left at room temperature for 5 minutes before being cen-
trifuged at 6,000 � g for 1 minute. The resulting eluate
from the column was reapplied for a second time, al-
lowed to remain at room temperature for 5 minutes, and
centrifuged as previously described. A 0.2-�m filter was
used to filter the following reagents before use: PCR
primers, distilled, deionized water, Mutanolysin, Protein-
ase K, ethanol, and Qiagen buffers AE, AW1, and AW2.

Controls Included with Each Sample Processed

Each real-time 16S rDNA PCR assay included a positive
control, containing 1000 CFU of GBS/reaction. The other
controls incorporated with each real-time PCR 16S rDNA
assay included a no template control (NTC), which was
used to monitor potential contamination in the master mix,
DNA adequacy of the sample was assessed using �-glo-
bin PCR as described previously,25 and specimen inhi-
bition was assessed by spiking 1000 CFU of GBS into
each of two separate 25-�l 16S rDNA PCR reactions that
contained master mix either with or without the prepared
blood specimen. The cycle threshold (CT) value of the
spiked master mix, containing specimen, was compared
with the CT value of the spiked master mix alone lacking
specimen. A specimen was considered to have signifi-
cant inhibition if the spiked master mix containing spec-
imen had a CT value �1.0 above the spiked master mix
without specimen.

Real-Time 16S rDNA PCR Assay

The real-time PCR assay was developed using a Smart-
Cycler (SC) (Cepheid, Sunnyvale, CA). The primers and
TaqMan probe used in the real-time 16S rDNA PCR as-
say were the well-characterized RW01 and DG74 primers
and RDR 245 universal probe that have been described
previously.22,26 The sequences were as follows: forward
primers, 5�-AAC TGG AGG AAG GTG GGG AT3�; reverse
primer, 5�-AGG AGG TGA TCC AAC CGC A-3�; and the
TaqMan probe, 5�-(6-FAM)-TA CAA GGC CCG GGA
ACG TAT TCA CCG-(TAMRA)-3�. The TaqMan probe was
synthesized at Applied Biosystems (Foster City, CA). The
380-bp amplicon resides within the highly conserved C8
and C9 regions of the bacterial 16S rDNA target. Each
100-�l PCR reaction contained 30 �l of Qiamp column-
purified DNA, and 70 �l of reaction mixture consisting of
50 �l of TaKaRa 2� Premix Ex Taq PCR buffer (catalog
no. RR039A; TaKaRa Bio Inc., Otsu, Shiga, Japan), es-
pecially formulated for real-time PCR containing 2.5 U of
TaKaRa Ex (hot start) Taq, undisclosed concentrations of
MgCl2 and dNTPs, and 0.25 �m of each primer and 0.1
�m of probe. Cycling conditions included a 2-minute
denaturation step at 95°C, followed by 35 cycles of 30
seconds at 95°C, 60 seconds at 60°C, and 30 seconds at

72°C. Fluorescence measurements on the SC were col-
lected during the extension phase of each cycle, and a
CT value for each sample and control was calculated by
determining the point at which the fluorescence ex-
ceeded the threshold limit, which was set at 30.0 U.

Results

Real-Time 16S rDNA PCR Assay Consistently
Detected 40, 50, or 2000 CFU/ml of E. coli,
GBS, or L. monocytogenes, Respectively,
Spiked into Neonatal Whole-Blood Samples

The limit of detection for the 16S rDNA PCR assay was
determined using whole-blood samples spiked with
known amounts of GBS, E. coli, or L. monocytogenes,
which was calculated using an agar dilution method. The
amount of bacteria added to the whole-blood samples
ranged from approximately 5 to 50,000 CFU/ml.

The spiked whole-blood samples used to determine
the assay’s limit of detection were prepared and ampli-
fied under exactly the same conditions as those de-
scribed for those used for the clinical specimens. Using
this approach, as few as 40, 50, or 2000 CFU/ml E. coli,
GBS, or L. monocytogenes, respectively, could be de-
tected directly in whole-blood samples (data shown for
GBS).

Figure 1 illustrates the data from a typical 10-fold dilu-
tion series using GBS. Each 10-fold dilution was run in
duplicate within an experiment, and the experiment re-
peated a total of four times. The slope and r value of the
line generated for a typical 10-fold dilution series was
�3.65 and 0.995, respectively. The CT values obtained
from the four experiments in which whole-blood speci-
men were spiked with 50 CFU/ml GBS ranged from 27.22
to 28.64; the calculated mean, SD, and %CV for these
four experiments were 27.98, 0.5805, and 2.1,
respectively.

Real-Time 16S rDNA PCR Assay Successfully
Detected Bacteria in Whole-Blood Samples
Collected from Neonates with Culture-Proven
Sepsis

Fifty-three cases of culture-positive sepsis were analyzed
using the real-time PCR assay. The bacteria isolated from
these blood cultures were typical of those commonly
associated with neonatal sepsis and included 26 coag-
ulase-negative Staphylococcus species (sp.) (CoNS), 8
GBS, 5 E. coli, 4 Staphylococcus aureus, 2 Enterococcus
sp., 2 Klebsiella pneumoniae, and 1 each of Haemophilus
influenzae, Pseudomonas aeruginosa, Enterobacter ag-
glomerans, Serratia marcescens, Bacillus sp., and a
diptheroid (Table 1). One infant had two positive blood
cultures, an earlier one contained GBS and a later one
had S. aureus.

The time required for growth to become detectable
within a blood culture ranged from 7.8 hours for GBS to
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44.1 hour for CoNS, with an average time of 16.7 hours,
and a median time of 16 hours. The volume of whole-
blood processed for the 16S rDNA PCR assay ranged
from 10 to 500 �l, with an average volume of 154 �l and
a median volume of 125 �l.

Fifty-one of the 53 (96.2%) whole-blood samples
prepared from the discarded CBC specimens of the 52
infants with culture-proven sepsis were positive by the

real-time PCR assay for the 16S rDNA target. Two (2 of
53, 3.8%) samples from culture-proven cases of sepsis
failed to be detected the 16S rDNA target by real-time
assay; one blood culture had H. influenzae and the
other Enterococcus sp. The CT values of the 51 culture-
positive/PCR-positive (Cx�/PCR�) specimens ranged
from 12.27 to 33.54, with an average and median CT
value of 25.68 and 25.87, respectively. The CT values

Figure 1. Fluorescence measurements derived using the SmartCycler for 10-fold serial dilutions of GBS (5 to 50,000 CFU/ml) spiked into neonatal whole-blood
samples and analyzed by 16S rDNA PCR. Site ID numbers represent samples tested in duplicate at the following concentrations: A1 to 2, 5 � 104 CFU/ml; A3 to
4, 5 � 103 CFU/ml; A5 to 6, 5 � 102 CFU/ml; A7 to 8, 50 CFU/ml; A9 to 10, 5 CFU/ml; and A11 to 12, negative controls lacking target DNA.
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of the positive controls ranged from 22.13 to 26.63,
with both the average and median CT values being
24.68.

The NTC remained undetected, not crossing the es-
tablished threshold of 30.0 U for 35 cycles in 21 of the 32
runs. In the remaining 11 runs, the NTC crossed the
threshold between 33.41 and 34.79 cycles. Figure 2 il-
lustrates a graph comparing the delta CT values for the
51 Cx�/PCR� specimens, plotted in ascending order;
the delta CT was generated by subtracting the CT value
of the PCR� specimen away from the CT value of its
corresponding NTC. Those NTC CT values that did not
cross the cut-off threshold after 35 cycles were arbitrarily
given a CT value of 36. For the Cx�/PCR� specimens,
the average difference between the CT values of the
specimen and its corresponding NTC was 8.92 cycles,
with a median of 9.61 cycles and a range of 1.85 to 21.6
cycles.

All of the whole-blood specimens were analyzed for
DNA adequacy using �-globin PCR22,25 and found to be
positive. The whole-blood specimens were also tested for
inhibitory substances by performing “spiking” experi-
ments. Briefly, the CT value of the spiked master mix
containing the specimen was compared with the CT
value of the spiked master mix that lacked specimen. The
difference in the two CT values ranged from 0.01 to 1.03,
with the average difference being 0.34 and a median
difference being 0.23 (data not shown); only one of the 53
samples had a difference in CT values that was �1.0.
This sample was PCR negative but culture positive and
had an elevated white blood cell (WBC) count (39,900
WBC/�l).

If one required a minimum 2.5-cycle difference to exist
between the CT values of the specimen and its corre-
sponding NTC, then three additional Cx� specimens
from this study would have been considered equivocal.
The corresponding blood cultures on these specimens
grew an E. agglomerans, S. aureus, or K. pneumoniae,
respectively. The real-time PCR results from these three
specimens revealed �CT values of 1.85, 2.14, and 2.46,
respectively, with raw CT values of 32.94, 32.65, and
33.54, respectively, with corresponding NTC CT values of
34.79, 34.79, and �35, respectively. Using this cutoff,
there was an agreement between the culture-positive and
real-time PCR-positive results of 88.7% (47 of 53).

Real-Time 16S rDNA PCR Assay Showed
Excellent Agreement with Culture-Negative
Whole-Blood Samples Collected from Neonates

Thirty-two culture-negative whole-blood samples were
analyzed by real-time PCR for the presence of the 380-bp
16S rDNA target, for DNA adequacy using �-globin
PCR22,25 and for inhibitory substances by performing
“spiking” experiments as described previously. All 32
samples were negative for the 16S rDNA target, positive
for �-globin and negative for inhibitory substances. Fig-
ure 2 illustrates the �CT values of these specimens an-
alyzed for 16S rDNA, which were plotted in descending
order, making it easier to visualize any overlap with the
values from the PCR-positive specimens, which were
plotted in ascending order. As with the PCR-positive
samples, the �CT was generated by subtracting the CT
value of the specimen from the CT value of its corre-
sponding NTC. Those NTC CT values that did not reach
the cut-off threshold after 35 cycles were arbitrarily given
a CT value of 36. The CT values for the culture-negative
samples ranged from 34.94 to �35, with all but two
specimens having a CT value of �35.

Discussion

Each year about 10% of the infants born in the United
States are admitted to a neonatal intensive care unit
(NICU).27 At Magee Women’s Hospital, 70% of our NICU
admissions represent near term/term infants who are at
risk for systemic infection, whereas the remaining 30%
represent preterm infants (data not shown). Standard of
care for these infants includes antimicrobial therapy with
at least two antibiotics (usually ampicillin and gentamicin
in the case of the term infant) for 48 to 72 hours while
awaiting culture results. If an infant is truly septic, such an
admission is warranted, because early-onset sepsis is a
life-threatening medical emergency. However, most near
term/term infants are not infected, but will have symptoms
consistent with other medical conditions that mimic sep-

Table 1. A Summary of the 53 Culture-Positive Samples
and the Corresponding PCR Results

Culture
identification n PCR results*

CoNS 26 26 of 26 Positive
GBS 8 8 of 8 Positive
E. coli 5 5 of 5 Positive
S. aureus 4 3 of 4 Positive, 1 of 4 equivocal
Enterococcus sp. 2 2 of 2 Positive
K. pneumoniae 2 1 of 2 Positive, 1 of 2 equivocal
H. influenzae 1 1 of 1 Equivocal
P. aeruginosa 1 1 of 1 Equivocal
E. agglomerans 1 1 of 1 Equivocal
S. marcescens 1 1 of 1 Positive
Bacillus sp. 1 1 of 1 Positive
Diptheroid 1 1 of 1 Equivocal

*Those results having �2.5 cycles differences between specimen
and its NTC were considered to be PCR positive. Those results having
�2.5 cycle differences between the specimen and its NTC were
considered to be PCR equivocal.

Figure 2. A plot comparing the �CT values of the Cx�/PCR� specimens, in
ascending order, with those of the Cx�/PCR� specimens, in descending
order.
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sis, such as hypoglycemia, delayed transition, or tran-
sient tachypnea.

The results of current culture-based techniques are not
available soon enough to impact on the initial antibiotic
management. The no-growth blood cultures are finalized
on day 5, whereas on average, culture-positive bloods
require 12 to 24 hours to detect gram-positive bacteria or
24 to 48 hours to detect gram-negative bacteria. This
diagnostic uncertainty leads to a greater use of broad-
spectrum antibiotics, a practice known to promote anti-
biotic drug resistance. Changing this practice will require
newer diagnostic tests that are both rapid and accurate,
which can provide results in a timely manner that can
impact on the care of the patient.

Recently, the rapidity of the real-time PCR approach in
molecular testing has become more appreciated and has
been used successfully to detect a variety of bacterial
agents from sterile body sites.28,29 However, most of
these approaches use primers that target specific bac-
terial species, so one must know in advance what bac-
teria you are suspecting. In contrast, we chose a set of
universal primers that recognize a highly conserved re-
gion within the 16S rDNA target that successfully detects
the bacterial pathogens relevant to neonatal sepsis.22,26

The specificity of these two primers, RW01 and DG-74,
and probe, RDR 245, have been demonstrated previ-
ously in conventional PCR assay using agarose gel elec-
trophoresis and DNA dot blot conformation.22,26 Repre-
sentative isolates of the bacterial pathogens associated
with neonatal sepsis were retested using the real-time
PCR platform, which uses the same primers and probe as
the conventional PCR assay, to ensure a similar specific-
ity; all of the isolates were successfully detected using
the real-time PCR platform as described here (data not
shown). The initial approach used incorporated a pre-
enrichment step, in which the whole-blood sample was
added to tryptic soy broth (TSB) and incubated for 5 to 10
hours before a crude cell lysate was produced for PCR
analysis and limited the number of amplification cycles to
25. That assay demonstrates a sensitivity of approxi-
mately 250 CFU/ml for GBS and E. coli.22

This study had two objectives: 1) eliminate the pre-
enrichment step so the blood could be processed di-
rectly, thus saving time, and 2) design a real-time 16S
rDNA PCR assay that could be used to more rapidly
analyze the sample. We realized the first objective by
replacing the TSB pre-enrichment with a readily avail-
able, manual DNA extraction and purification method
(Qiagen). Time saving was also appreciated when ac-
complishing the second objective; developing a real-time
16S rDNA PCR assay that would rapidly and reliably
detect bacterial DNA from whole-blood samples from
neonates with culture-proven sepsis.

The data generated from this study suggest that the
real-time 16S rDNA PCR assay performed using the
SmartCycler instrument would be useful for rapidly de-
tecting bacterial DNA directly from whole-blood samples.
In contrast to the 16 hours on average that was required
for a blood culture bottle to turn positive, DNA extraction
and real-time PCR could be accomplished in under 4
hours; this calculation requires that molecular testing is a

24/7 operation, which may not be the case. However,
even if molecular testing occurred only on first shift, this
approach would detect the slower growing organisms
like CoNS, in which the average time for culture detection
was 19.7 hours. This argument would also hold true for
the no-growth blood cultures that are not finalized until
day 5, which is the case with the majority of blood cul-
tures drawn on term infants being evaluated for sepsis.

The limit of detection for the real-time 16S rDNA PCR
assay was approximately 40, 50, or 2000 CFU/ml E. coli,
GBS, and L. monocytogenes, respectively, which com-
pared favorably with other real-time PCR assays.28,29

With an automated blood culturing system, under ideal
conditions, 100 CFU/ml GBS will require 10 to 24 hours of
incubation before the instrument will detect the bacterial
growth.30 This is in comparison to less than 4 hours when
using a real-time PCR assay.

In this study, 2 of 53 culture-proven cases were not
detected by real-time PCR. One isolate was a H. influen-
zae and the other an Enterococcus sp. Both isolates from
culture were successfully amplified by PCR using the 16S
rDNA assay, ruling out lack of primer recognition. Rapid
DNA sequencing using pyrosequencing was also per-
formed, and the typical bacterial fingerprint was obtained
on these two isolates, ruling out lack of probe recognition.
The sample that did not detect H. influenzae by PCR may
have represented transient bacteremia that was present
at collection of blood cultures but not when whole blood
was collected for CBC and subsequent PCR. However, it
may also reflect a limitation of this approach for detecting
bacteremia, which often are present at very low CFU of
bacteria per milliliter. The sample that failed to detect the
Enterococcus sp. had a high WBC count (39.9 � 103/�l),
which may explain why the bacterial DNA was not de-
tected. More specifically, the high levels of human
genomic DNA that exist in samples with high WBC counts
can interfere with the ability of the relatively lower level of
bacterial DNA within a sample to bind to the column. The
binding capacity of the QIAmp column is approximately
50 �g—the amount of DNA represented in �5 � 106

WBCs (verbal communications with Qiagen). In this
study, the WBC count of whole blood in clinical samples
ranged from 8,000 to 39,900/�l (data not shown). There-
fore, bacterial DNA present within whole-blood samples
with high WBC counts may be susceptible to competition
from human genomic DNA for binding to the column and
thus affect assay sensitivity. It will be important to con-
tinue to monitor WBC counts from neonatal whole-blood
samples being tested for bacterial sepsis. Perhaps a
dilution of the sample before sample purification would
be helpful in these cases. Except for the issue of high
WBC counts in clinical specimens, there do not appear to
be problems with carryover of inhibition when using Qia-
gen column chromatography for sample preparation for
this real-time assay.

For low-level or questionable positives, ie, those spec-
imens with high CT values, we found it useful to calculate
the specimen’s �CT value, which represents the differ-
ence between the NTC CT value and sample CT value.
Although no overlap existed between the lowest �CT
value (1.85) for the Cx�/PCR� results and the highest CT
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value (1.43) for the Cx�/PCR� results, the two numbers
were close. Using a �CT value of 2.5 cycles for the cutoff,
there was an overall agreement between the results of
culture and real-time PCR of 94.1% (80 of 85) in this
study.

In implementing a real-time PCR assay, one must also
determine whether or not to include an equivocal range,
which would necessitate repeat testing of samples. Tak-
ing these steps will allow us to detect as many true
positives as possible, while minimizing the number of
false-positives. One of the most difficult issues to face is
the reliable detection of bacteria within a specimen that is
at or near the assay’s limit of detection.

Molecular techniques incorporating consensus primers
for universal bacterial PCR must take into account the risk of
contamination from the environment and from the reagents
used in the making of the master mix or that which can
occur during sample processing. We routinely filter many of
the reagents used in sample processing and in the PCR
assay using 0.2-�m filters. We also use UV light to irradiate
pipettes routinely, and we use a bleach solution to disinfect
all working surfaces after each run.

We also recommend avoiding blood samples obtained
via heel stick, because one runs the risk of detecting a
skin contaminant and not a true pathogen. In future stud-
ies, we plan to use a dedicated venous or arterial blood
sample that has been collected at the same time as the
blood for culture for use with the real-time 16S rDNA PCR
assay. Real-time PCR will not eliminate the need for ob-
taining blood cultures, because purified isolates are still
needed for antimicrobial susceptibility testing. However,
combining real-time 16S rDNA PCR with rapid, short-read
sequencing methodology (pyrosequencing) may provide
important information to the neonatologist as to the iden-
tity to the bacteria31 in less than 8 hours and may impact
on the choice of antibiotic(s) used to treat the infected
infant or, alternatively, may save on antibiotic doses given
to the uninfected, asymptomatic infants. These changes
in practice have the potential to help reduce the risks of
promoting bacterial drug resistance and the side effects
associated with antibiotic usage.

In conclusion, this study represents a limited assess-
ment of the real-time PCR assay’s performance on spec-
imens from infants being evaluated for sepsis. To prop-
erly assess the clinical sensitivity and positive predictive
value of the real-time PCR assay requires a prospective
study with a large, well-defined population of infants.
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