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Abstract

Background

Enteric fever remains an important cause of morbidity in many low-income countries and
Salmonella Paratyphi A has emerged as the aetiological agent in an increasing proportion
of cases. Lack of adequate diagnostics hinders early diagnosis and prompt treatment of
both typhoid and paratyphoid but development of assays to identify paratyphoid has been
particularly neglected. Here we describe the development of a rapid and sensitive blood cul-
ture PCR method for detection of Salmonella Paratyphi A from blood, potentially allowing for
appropriate diagnosis and antimicrobial treatment to be initiated on the same day.

Methods

Venous blood samples from volunteers experimentally challenged orally with Salmonella
Paratyphi A, who subsequently developed paratyphoid, were taken on the day of diagnosis;
10 ml for quantitative blood culture and automated blood culture, and 5 ml for blood culture
PCR. In the latter assay, bacteria were grown in tryptone soy broth containing 2.4% ox bile
and micrococcal nuclease for 5 hours (37°C) before bacterial DNA was isolated for PCR
detection targeting the fliC-a gene of Salmonella Paratyphi A.

Results

An optimized broth containing 2.4% ox bile and micrococcal nuclease, as well as a PCR
test was developed for a blood culture PCR assay of Salmonella Paratyphi A. The volun-
teers diagnosed with paratyphoid had a median bacterial burden of 1 (range 0.1-6.9)
CFU/ml blood. All the blood culture PCR positive cases where a positive bacterial growth
was shown by quantitative blood culture had a bacterial burden of > 0.3 CFU/ mi blood. The
blood culture PCR assay identified an equal number of positive cases as automated blood
culture at higher bacterial loads (>0.3 CFU/ml blood), but utilized only half the volume of
specimens.
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Conclusions

The blood culture PCR method for detection of Salmonella Paratyphi A can be completed
within 9 hours and offers the potential for same-day diagnosis of enteric fever. Using 5 ml
blood, it exhibited a lower limit of detection equal to 0.3 CFU/ml blood, and it performed at
least as well as automated blood culture at higher bacterial loads (>0.3 CFU/mI blood) of
clinical specimens despite using half the volume of blood. The findings warrant its further
study in endemic populations with a potential use as a novel diagnostic which fills the pres-
ent gap of paratyphoid diagnostics.

Introduction

Enteric fever is a systemic illness caused by infection with Salmonella enterica serovars Typhi
and Paratyphi. It remains a leading cause of morbidity worldwide [1,2]. Historically, Salmo-
nella Typhi (S. Typhi) is thought to have accounted for the majority of the global burden of
enteric fever. Recent evidence suggests that Salmonella Paratyphi A (S. Paratyphi A) is the
aetiological agent in an increasing proportion of cases, particularly in South East Asia and the
Indian sub-continent [1,3]. It was estimated that 26.9 million and 4.9 million cases of S. Typhi
and S. Paratyphi A, respectively, occurred globally in 2010 [4]. Prevention of enteric fever
requires effective control of both S. Typhi and S. Paratyphi.

The control of enteric fever is hampered by the lack of accurate estimates of disease burden,
which stems, in part, from the absence of highly sensitive and specific diagnositic tests. Current
diagnostics include the Widal test, developed in 1896, and several other serologically based
assays, such as Typhidot and Tubex [5,6], which are based on detection of antibodies in blood.
Such tests suffer from low sensitivity and specificity, resulting from cross-reactivity of antibod-
ies induced by conserved antigens of the Enterobacteriaceae, as well an inability to accurately
distinguish current and previous infection. Automated blood culture is currently the mainstay
of diagnosis of enteric fever and the ‘gold-standard’ against which any novel diagnostic is com-
pared. The sensitivity of blood culture has been variably reported at 40-80%, with higher sensi-
tivity in the first week of illness, when the bacterial concentration in blood is an order of
magnitude higher than in subsequent weeks [7]. Other important limitations of automated
blood culture include the requirement for dedicated facilities and trained staff, which limits its
use in resource limited settings. In addition, automated blood culture is time-consuming and
may take several days for isolation and identification of causative organisms. Whilst continuing
efforts are concentrated on developing novel tests for S. Typhi, the development of diagnostics
to specifically identify cases of S. Paratyphi A is lacking. This is of clinical importance as S.
Paratyphi A appears to be responsible for an increasing proportion of enteric fever cases. The
availability of diagnostics able to discriminate the enteric fever-causing Salmonella species is
also vital, prior to the roll-out of mono or polyvalent vaccines in order to assess the differential
contribution of vaccine efficacy in disease prevention, and to recognise possible ‘serovar
replacement’.

Molecular methods, especially polymerase chain reaction (PCR) based assays, have attracted
much attention in last decade for diagnosis of enteric fever [8]. The low bacterial burden in
blood of enteric fever patients (estimated as a median of 0.3 CFU/ml blood [9]) hinders the
technical progress in this field. Several studies on the use of PCR or nested PCR reported good
sensitivity and specificity when compared to blood culture proven cases and healthy controls
[10-17]. However, the practical utility of PCR tests in the clinical setting needs to be further
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evaluated. Recently, Tennant et al. [18] developed a clyA-based real time PCR method to detect
S. Typhi and S. Paratyphi A simultaneously in blood, but in field test it was only 40% as sensi-
tive as blood culture. When template DNA is prepared from specimens containing a low bacte-
rial load, such as occurs in the blood of enteric fever patients, it is dominated by the
background host blood DNA, which swamps the bacterial target signal leading to either false-
positive PCR results (due to the non-specific binding of primer) or false-negative results due to
reduced sensitivity [19-21]. In order to overcome this limitation, we and others have previ-
ously demonstrated the utility of a pre-culture incubation step prior to PCR amplification
[22,23]. This approach has proved valuable for early diagnosis of typhoid fever [8].

Herein, we describe the development and optimisation of a novel blood culture PCR assay
for detection of S. Paratyphi A, and the evaluation of its performance using blood samples
derived from volunteers experimentally challenged with S. Paratyphi A [24]. By applying this
novel blood culture PCR assay, we are able to accurately diagnose paratyphoid infection in
samples with a bacterial load >0.3 CFU/ml. We demonstrate that blood culture PCR can be
completed within 9 hours of sample collection, offering the potential for same-day diagnosis of
enteric fever caused by S. Paratyphi A. Further development of the assay, such as multiplexing
with primers specific for S. Typhi and/or nontyphoidal Salmonella may provide a valuable tool
for detection of both typhoidal and nontyphoidal Salmonella infections.

Material and Method

All procedures of the human paratyphoid challenge study were reviewed and approved by
Oxford Research Ethics A Committee (Ref: 14/SC/0004) and conducted in accordance with the
principles of the International Conference of Harmonisation Good Clinical Practice guidelines
[24]. The blood samples used for assay optimisation in this study were obtained from healthy
volunteers with written informed consent, in accordance with local ethically approved policies.

Strains and Culture

The S. Paratyphi A strain NVGH308 was originally isolated in 2006 from a patient with acute
paratyphoid fever by the Oxford University Clinical Research Unit at Patan Hospital, Kath-
mandu, Nepal. The strain was sub-cultured in tryptone soya broth (TSB) or on tryptone soya
agar (TSA) (Oxoid, Basingstoke, UK) as needed. It has been manufactured to Good
Manufacturing Practice (GMP) standard and was provided for use in a controlled human chal-
lenge study by Sclavo Behring Vaccines Institue for Global Health, Siena, Italy [24].

Determination of growth of S. Paratyphi A Strain NVGH308 in TSB Ox
Bile Medium

S. Paratyphi A strain NVGH308 was inoculated in 10 ml TSB, and incubated overnight in a
37°C incubator with shaking at 220 revolutions per minute (RPM). The overnight culture was
then diluted 1:1,000 in 10 ml T'SB, containing 0, 1.2, 2.4, 5.0, 10.0 or 15.0% (w/v) of ox bile
(Difico™ Oxgall, BD Biosciences, Oxford, UK), and further incubated at 37°C with shaking at
220 RPM for determination of growth of S. Paratyphi A. Bacterial growth was monitored dur-
ing the course of 24 hours. The ODgqq of each culture was recorded at 1.5 hour intervals from
start to 7.5 hours and then at 24 hours to determine the growth characteristic of the strain.

TSB Ox Bile Blood Culture of S. Paratyphi A Strain NVGH308

To determine an optimal duration of blood culture for PCR assay, a spiked culture was carried
out with a modification of previously described methods [22]. Briefly, 2 ml of heparinised
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blood from healthy individuals was inoculated into 8 ml TSB containing 3.0% (w/v) ox bile in a
50 ml tube, producing a mixture of ox bile at 2.4% (w/v) and blood at 20% (v/v). The mixture
was spiked with an average of 4 colony forming unit (CFU) of S. Paratyphi A strain NVGH308,
and incubated at 37°C with shaking at 220 RPM for up to 5 hours. Two tubes were removed
from the incubator every hour and the bacteria were collected by centrifugation at 5,000 x g for
20 min. The supernatant was discarded and the pellet was re-suspended in 0.2 ml phosphate-
buffered saline. One tube was plated onto TSA plates for determination of bacterial CFU in
each sample and another tube was used for DNA preparation.

DNA Extraction

DNA was isolated from the culture using UltraClean™ BloodSpin™ Kit (MO BIO Laboratories,
CA, USA) according to the manufacturer's instruction, except that the DNA was eluted with
50 pl buffer 5 preheated at 65°C and the filter unit was incubated at 65°C for 5 min before cen-
trifugation. The aliquots (10 pl) of DNA preparation were used for PCR amplification.

PCR Primers of S. Paratyphi A strain NVGH308

The PCR primers for S. Paratyphi A strain NVGH308 were designed according to the H-1a
gene (fliC-a) for phase 1-a flagellin of S. Paratyphi A ATCC 9150 (Accession No: X03393): H-F
(ACTCAGGCTTCCCGTAACGC), Ha-R1 (TGCCGTCTTTATCGGTATATTCAG) and Ha-
R2 (GACTTCGCTCTTCACATCATAT), and synthesized by Sigma Genosys (Sigma-Aldrich,
Dorset, England).

PCR Protocol

The PCR reaction was carried out using TopTaq Master Mix Kit (Qiagen) in a 50 ul volume,
comprising 25 pl of 2x TopTaq Master Mix, 5 ul of 10x CoralLoad Concentrate, 10 ul of 1 uM
each of primers and 10 pul DNA template. The following amplification steps were used: 1cycle
of 95°C for 5 min; 40 cycles of 93°C for 30 sec, 55°C for 30 sec, and 72°C for 40 sec; and 1 cycle
of 72°C for 5 min. The PCR amplification product was separated by electrophoresis on a 1%
agarose gel, stained with ethidium bromide, and analysed using the gel doc system Syngene G:
Box.

Paratyphoid Challenge and Blood Collection

Clinical specimens were obtained from healthy volunteers participating in a S. Paratyphi
human challenge study. Study procedures are detailed elsewhere [24]. Briefly, forty healthy
adult volunteers underwent oral challenge with S. Paratyphi A strain NVGH308 suspended in
sodium bicarbonate, following pre-treatment with 2.1g sodium bicarbonate solution. Partici-
pants were challenged at dose levels 500-1,000 CFU or 1-5 x 10> CFU. Pre-specified diagnostic
criteria for paratyphoid fever were defined as follows: (1) A positive blood culture for S. Paraty-
phi A from 72 hours post-challenge; (2) A positive blood culture for S. Paratyphi A within

72 hours post-challenge, with one or more signs/symptoms of paratyphoid infection (such as
recorded temperature >38°C); (3) Persistent positive blood cultures (two or more blood cul-
tures taken at least 4 hours apart) for S. Paratyphi A within 72 hours post-challenge; and (4)
Oral temperature >38°C persisting for 12 hours. On diagnosis of paratyphoid fever, 10 ml
venous blood samples were taken for automated blood culture, 10 ml for quantitative blood
culture, and 5 ml for blood culture PCR assay. Blood samples were collected for a variety of
assays for the duration of the challenge period and limits to volume of blood that could be
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safely donated by study participants, prevented us from collecting equivalent volumes for all
three assays.

Blood Culture PCR Assay

For blood culture PCR assay of clinical blood samples, 5 ml venous blood was inoculated into
20 ml TSB containing 3.0% (w/v) ox bile and 1.5 pl (10> gel units/ul) of micrococcal nuclease
(New England Biolab, Herts, UK) in a 50 ml tube, producing a final concentration of ox bile at
2.4% (w/v) and blood at 20% (v/v). The culture was incubated at 37°C with shaking at 220
RPM for 5 hours, followed by centrifugation at 5,000 x g for 20 min to collect bacterial cells.
The supernatant was discarded and the pellet was washed with 100 mM Tris, pH 8.0, 1 mM
EDTA and then used for bacterial genomic DNA isolation. DNA was eluted in 50 pl volume.
The presence of S. Paratyphi A was detected by PCR targeting the H-1a gene (fliC-a) for phase
1-a flagellin of S. Paratyphi A.

Automated Blood Culture

Venous blood (10 ml) was cultured by direct inoculation into broth (BACTEC Plus Aerobic
vials, BD) and subsequent automated growth detection (BD BACTECTM 9240 Blood Culture
System), in accordance with standard methods [25]. S. Paratyphi growth and serotype were
confirmed by biochemical profile (API-10S, bioMérieux, France) or slide agglutination accord-
ing to the Kauffman-White classification, respectively [26].

Quantitative Blood Culture

Quantitative blood culture was performed by using Wampole ISOSTAT/ISOLATOR Microbial
System. Venous blood (10 ml) was lyzed by adding directly into an ISOLATOR 10 tube (Alere,
UK). Following blood lysis, the tube was centrifuged for 30 min at 3,000 x g and the resulting
pellet was plated onto XLD agar plate (Oxoid, UK) for isolation of bacteria. The plates were
then incubated in a 37°C incubator for 24 hours prior to colony identification and counting.

Results

Effect of Ox Bile on the Growth of S. Paratyphi A Strain NVGH308 in
TSB Medium

We have previously described that the addition of ox bile to TSB culture media causes rapid
lysis of blood cells for release of intracellular bacteria without inhibiting the growth of S. Typhi,
and improves assay sensitivity of a blood culture PCR method for identification of S. Typhi
[22]. In this study we have investigated first the growth characteristics of S. Paratyphi A strain
NVGH308 in TSB media at increasing concentrations of ox bile, ranging from 0 to 15%. The
result is shown in Fig 1. Increasing concentrations of ox bile in the media inhibited the growth
of S. Paratyphi A strain NVGH308. Using ox bile concentrations between 0 and 2.4%, terminal
bacterial densities at 24 hours were similar despite some early retardation of growth; e.g. at 6
hours, the ODgq in 2.4% ox bile TSB medium was 0.825, compared with 1.185 without ox bile.
At concentrations of >5.0%, ox bile supplementation markedly reduced the growth of S. Para-
typhi A strain NVGH308, with an extended lag phase in bacterial growth seen at concentra-
tions of 10% ox bile and above. No measurable bacterial growth occurred until the 4.5 hour
timepoint and the 7.5 hour timepoint using 10% and 15% ox bile media respectively.
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Fig 1. Effect of Ox Bile on the Growth of S. Paratyphi A Strain NVGH308 in TSB Ox Bile Medium.
Overnight culture of S. Paratyphi A strain NVGH308 was inoculated 1:1,000 in TSB containing 0, 1.2, 2.4, 5.0,
10.0 or15.0% (w/v) of ox bile and grown in a 37°C incubator with shaking at 220 RPM. ODgq0 of each culture
was recorded at 1.5 hour intervals. The ODgqg value represents the mean +SD of three independent cultures.

doi:10.1371/journal.pone.0150576.g001

Growth of S. Paratyphi A Strain NVGH308 in TSB—2.4% Ox Bile —20%
Blood Culture Medium

Based on the growth characteristics of S. Paratyphi A strain NVGH308 in TSB ox bile media, a
TSB ox bile blood culture system containing 2.4% ox bile and 20% blood was selected for fur-
ther development. The bacterial replication of S. Paratyphi A strain NVGH308 in this blood
culture system was determined over a period of 5 hours and the result is shown in Fig 2.
Bacterial growth increased from the second hour of culture onwards. The number of CFU
rose from 4 to 18 bacteria (2 generations) at 2 hours and 168 (about 5 generations) at 3 hours,
and increased logarithmically at 5 hours of incubation. The bacteria underwent approximately

10000+
1000+

1001

104

Colony forming unit (CFU)

Incubation time (hour)

Fig 2. Growth of S. Paratyphi A Strain NVGH308 in TSB—2.4% Ox Bile — 20% Blood Culture Medium.
An average of 4 CFU of bacteria was inoculated into 10 ml of TSB containing 2.4% ox bile and 20% blood,
and incubated at 37°C with shaking at 220 RPM for up to 5 hours. Bacterial counts were determined every
hour by plating onto TSA plates. The CFU count shown represents the mean +SD of three independent
inoculated blood cultures.

doi:10.1371/journal.pone.0150576.9002
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PCR with primers PCR with primers
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«HaF+HaR2
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Fig 3. PCR primer optimization and amplification of the fliC-a gene of S. Paratyphi A. Lanes: M, DNA
marker; 1 and 5, blood DNA only; 2 and 6, blood DNA spiked with S. Paratyphi A DNA; 3 and 7, no DNA
negative control; 4 and 8, S. Paratyphi A DNA positive control.

doi:10.1371/journal.pone.0150576.g003

11 generations of replication during a 5 hour incubation period in the TSB—2.4% ox
bile - 20% blood culture system, peaking at 7,800 CFU from a starting culture of an average of
4 CFU.

PCR Optimization and Amplification

Two pairs of PCR primers were designed and tested in PCR amplification using the blood
DNA spiked with S. Paratyphi A DNA as template. We compared the primer pairs of H-F and
Ha-R1 and H-F and Ha-R2 using the conditions described above. In the PCR conditions used,
the primer pair of H-F and Ha-R2 produced an unspecific amplification of blood DNA in the
absence of S. Paratyphi A DNA, with a size similar to that of the specific amplicon of S. Paraty-
phi A DNA (Fig 3, lane 1). In contrast, the primers H-F and Ha-R1 produced more specific
amplification of the fliC-a gene for phase 1-a flagellin of S. Paratyphi A with a size of 880 bp,
which was well distinguishable from those unspecific amplifications. The PCR amplicons were
shown in Fig 3. Based on these findings the primer pair of H-F and Ha-R1 was selected for fur-
ther development in the blood culture PCR assay in this study.

Detection of S. Paratyphi A Using TSB—2.4% Ox Bile — 20% Blood
Culture PCR Assay

In order to determine the optimal culture duration of the blood culture PCR assay, DNA was
isolated periodically from TSB—2.4% ox bile—20% blood culture spiked with 4 CFU of S. Para-
typhi A and used for PCR amplification. The amplicons of fliC-a gene of S. Paratyphi A were
consistently seen in PCR using the DNA preparations made from the cultures grown > 3
hours, but were not seen in PCR using those prepared from the cultures grown for < 2 hours
(data not shown). When this blood culture PCR assay was applied to clinical paratyphoid sam-
ples, a culture with 5 ml blood sample was incubated for 5 hours prior to collection of bacteria
for DNA preparation and subsequent PCR assay. A typical blood culture PCR result is shown
in Fig 4.

Performance of Blood Culture PCR Assay for Detection of S. Paratyphi
Ain A Human Challenge Model

Following challenge with S. Paratyphi A, 20/40 participants met pre-specified diagnostic crite-
ria for paratyphoid fever (S1 Table), of whom 19/20 were diagnosed on the basis of a positive
blood culture and 1/20 was diagnosed based upon persistent fever (temperature >38°C lasting
>12 hours).

PLOS ONE | DOI:10.1371/journal.pone.0150576 March 1,2016 7/14



@' PLOS ‘ ONE

Blood Culture PCR for Diagnosis of Paratyphoid Fever

Size (bp)

fliC-aamplicon
(880bp)

Fig 4. Detection of S. Paratyphi A using TSB—2.4% ox bile — 20% blood culture PCR assay. Lanes: M,
DNA marker; 1, negative PCR control; 2 and 3, positive blood samples; 4, negative blood sample; 5, positive
PCR control.

doi:10.1371/journal.pone.0150576.g004

Owing to variable sample collection, a complete set of blood samples was available in only
17/20 diagnosed participants for automated blood culture, quantitative blood culture and
blood culture PCR assay. Blood culture PCR was positive in 10/17 (59%) samples collected
immediately prior to commencement of antibiotics. In comparison, automated blood culture
grew S. Paratyphi A in 12/17 (70%) cases and quantitative blood culture was positive in 14/17
(82%) individuals, with a median bacterial burden of 1 (range 0.1-6.9) CFU/ml blood. The bac-
terial burden together with the positivity of automated blood culture and blood culture PCR in
the diagnosed paratyphoid participants is shown in Fig 5 and S2 Table. Direct comparison
between each method is confounded by the fact that blood culture PCR was performed using
half of the blood volume for automated and quantitative blood culture. Among the quantitative
blood culture positive cases, 4 were negative by automated blood culture and 5 negative by
blood culture PCR assay. Conversely, of 3/17 cases where quantitative blood culture did not
show any bacterial growth, two were positive by automated blood culture and 1 was positive by
blood culture PCR. Importantly, all the blood culture PCR positive cases where quantitative
blood culture showed positive bacterial growth had a bacterial burden of >0.3 CFU/ml blood,
suggesting that the lower limit of detection of the blood culture PCR assay was 0.3 CFU per ml
blood.

We compared the performance of culture PCR assay with ‘gold-standard’ automated blood
culture. Table 1 shows the performance of blood culture PCR assay and automated blood cul-
ture in the 17 paratyphoid participants diagnosed using the pre-specified criteria. Of 12 posi-
tive cases by automated blood culture, only 9 were also positive by blood culture PCR, while
the latter tested 1 positive from the 4 cases where automated blood culture were negative. Both
automated blood culture and blood culture PCR assay confirmed higher percentage of positive
cases at the high bacterial burden (>0.3 CFU/ml blood) of clinical specimens than at the low
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Fig 5. The bacterial burden together with the positivity of automated blood culture and blood culture
PCR in 17 diagnosed paratyphoid participants. QBC: quantitative blood culture; BC-PCR: blood culture
PCR; BC: automated blood culture.

doi:10.1371/journal.pone.0150576.g005
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Table 1. Performance of blood culture PCR assay and automated blood culture in participants diagnosed with paratyphoid fever (n = 17).

Category Blood culture PCR assay Automated blood culture
Positive negative Positive Negative

Automated blood culture positive (12cases) 9/12 3/12

Automated blood culture negative (5 cases) 1/5 4/5

Blood culture PCR assay positive (10 cases) 9/10 110

Blood culture PCR assay negative (7 cases) 3/7 4/7

Bacterial burden >0.3 CFU/ml blood (10 cases) 9/10 110 9/10 110

Bacterial burden <0.2 CFU/mI blood (7 cases) 1/7 6/7 3/7 4/7

Time taken from blood collection to identification of causative bacteria <9 hours >36 hours*

*Including median time to culture positivity 26.5 (18.5-44.7) hours and bacterial identification 18—24 hours.

doi:10.1371/journal.pone.0150576.t001

bacterial burden (<0.2 CFU/ml blood). Additionally, the blood culture PCR assay identified
the same number of positive cases (9/10) as the automated blood culture method at the bacte-
rial burden of >0.3 CFU/ml blood, but fewer cases when a bacterial burden was <0.2 CFU/ml
blood. Furthermore, blood culture PCR can be performed within 9 hours, instead of >36 hours
required by automated blood culture, of time to detection (S3 Table) and identification of caus-
ative S. Paratyphi A.

Discussion

In order to be introduced into routine clinical practice, any novel enteric fever diagnostic has
to outperform the current ‘gold-standard’ automated blood culture, either in terms of cost, sen-
sitivity, specificity, ease of use or rapidity of diagnosis. Despite over a decade of effort, PCR
diagnostics of typhoid have not been brought into routine clinical use, partially due to the tech-
nical hurdles caused by a low bacterial load of clinical specimens [8]. In this study we describe
a novel blood culture PCR method for detection of S. Paratyphi A, utilising an optimized TSB
—2.4% ox bile culture system and a PCR assay targeting the fliC-a gene, and the steps taken to
improve assay performance.

We went on to evaluate the performance of blood culture PCR assay using clinical speci-
mens obtained from a unique S. Paratyphi challenge model in healthy volunteers. Blood culture
PCR was positive in over 50% of participants who met the pre-specified diagnostic criteria for
paratyphoid fever, and performed well compared with the current gold-standard diagnostic
method.

DNA template preparations from specimens containing a low bacterial load (such as that
seen in typhoid and paratyphoid infection) are dominated by the background host blood DNA,
which swamps the bacterial target signal leading to either false-positive PCR results (due to the
non-specific binding of primer) or false-negative results due to reduced sensitivity [19-21]. In
order to overcome this limitation, we and others previously utilized a blood culture to enrich S.
Typhi bacteria from clinical specimens prior to PCR detection, which improves the sensitivity
of the PCR assay and increases the rate of detection [22,23]. Paratyphoid, like typhoid, has a
low bacterial burden during infection. We have demonstrated in this study that the bacterial
load varied from 0.1 to 6.9 (a median of 1) CFU per ml blood among the participants diagnosed
with paratyphoid on the day of diagnosis. This finding affirms that a bacterial pre-enrichment
step is necessary in order to improve the sensitivity of PCR assay for detection of S. Paratyphi
in clinical specimens of paratyphoid. In addition, we found that the addition of micrococcal
nuclease to TSB - 2.4% ox bile culture broth dramatically reduces background host DNA,

PLOS ONE | DOI:10.1371/journal.pone.0150576 March 1,2016 9/14



@'PLOS ‘ ONE

Blood Culture PCR for Diagnosis of Paratyphoid Fever

overcoming the technical problem in bacterial DNA isolation, increasing the relative quantity
of bacterial DNA and potentially enhancing PCR sensitivity and specificity.

Both S. Typhi and S. Paratyphi are intracellular pathogens. More than 50% of the bacteria
are concentrated within cells in blood and bone marrow of typhoid patients [9]. Additionally,
evidence indicates that human blood has bactericidal activity against Salmonella [26-28]. A
culture medium which is able to lyze blood cells for the release of intracellular bacteria and inhibit
the bactericidal activity of blood would be beneficial to developing a fast blood culture PCR assay
system. Historically, bile has been used as a component of culture media for isolation of enteric
pathogens such as S. Typhi and S. Paratyphi from whole blood, utilising its capacity to cause cel-
lular lysis and to inhibit bactericidal activity of blood [29]. We previously demonstrated that TSB
media containing ox bile is suitable for S. Typhi enrichment [22]. We have investigated it further
in this study for enrichment of S. Paratyphi A, and describe herein the growth characteristics of
S. Paratyphi A strain NVGH308 at increasing concentrations of ox bile, ranging from 0 to 15%.
Terminal bacterial densities at 24 hours were similar when using ox bile from 0 to 2.4%, despite
some early retardation of growth with the increase of bile concentration. A concentration of 5.0%
or higher of ox bile markedly reduced the growth of S. Paratyphi A strain NVGH308. The growth
behaviour of S. Paratyphi A in ox bile containing TSB media was similar to that of S. Typhi
reported previously [22]. We previously reported a fast and sensitive blood culture PCR assay for
S. Typhi utilizing a TSB-2.4% ox bile broth with 20% blood in which S. Typhi was able to repli-
cate by 10 generations within 5 hours of incubation [22]. We conclude that the same broth as
used for S. Typhi is optimal for pre-enrichment of S. Paratyphi A in a blood culture PCR assay.
The S. Paratyphi A strain NVGH308 growth, indeed like S. Typhi, in this culture system was
approximately 5 to 11 generations within 3-5 hours of incubation.

A potential advantage of the culture PCR technique described here is the ability to offer
rapid diagnosis of enteric fever—with appropriately trained staff, the entire assay (blood culture,
DNA preparation and PCR detection) can be performed within 9 hours, allowing for the same
day diagnosis and treatment initiation for paratyphoid. A key to reduction of assay time in blood
culture PCR is the incubation period of blood culture. As was shown in our previous study, a 5
hour TSB-2.4% ox bile blood culture PCR assay could detect S. Typhi as low as 0.75 CFU/ml in
blood [22], and increased the speed of a positive confirmatory diagnosis of typhoid in a human
challenge study [8]. Recently, another study used a 6 hour BHI broth culture for bacterial enrich-
ment in PCR detection of blood typhoidal and non typhoidal Salmonellae infections [23]. Based
on the similarity in growth between S. Paratyphi A and S. Typhi in ox bile containing TSB media
as discussed above, we conclude that 5 hour incubation of a blood culture in TSB-2.4% ox bile
broth represents a compromise between speed and sensitivity of the blood culture PCR assay
when applied to clinical specimens (5 ml) of enteric paratyphoid fever.

In 2011, we established an S. Typhi human challenge model with the aim of creating a plat-
form to understand disease pathogenesis, and assess novel vaccine candidates and novel diag-
nostics [30]. In a similar fashion, we have subsequently developed the first ever S. Paratyphi A
human challenge model, which offers the unique opportunity to assess the performance of the
blood culture PCR assay in clinically relevant samples in a highly controlled setting [24]. Using
samples collected from 17 participants diagnosed with paratyphoid fever immediately before
commencement of antibiotics, we attempted to compare the performance of the blood culture
PCR assay with an automated blood culture (gold standard) method. It should be noted that
the blood culture PCR assay used only half the volume of specimens for the automated blood
culture in this study, which was due to the compromise to reduce the total blood volume taken
from volunteers as a number of assays were being performed at paratyphoid diagnosis. The
blood culture PCR detected overall fewer positive cases than the automated blood culture in
this study. However, when comparing the positivity of assays among the samples having a
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bacterial burden of >0.3 CFU/ml blood, we found that the blood culture PCR assay performed
as well as the automated blood culture, both detecting 9/10 positive cases, although the blood
culture PCR used only half the blood volume for the automated blood culture. Additionally we
found that all the blood culture PCR positive cases where the quantitative blood culture showed
a positive bacterial growth had a bacterial burden of >0.3 CFU/ml blood, indicating that the
lower limit of detection of blood culture PCR assay was 0.3 CFU per ml blood. This finding has
for the first time demonstrated quantitatively the sensitivity of a PCR assay which is related to
a bacterial load in the clinical specimens of enteric fever. As the volume of blood used in this
study was limited by constraints on sample volume of collection, we suggest that the sensitivity
of the blood culture PCR assay could be improved by using a large volume blood specimen e.g.
10 ml. As mentioned above, S. Typhi and S. Paratyphi can replicate by up to 10-11 generations
in the TSB-2.4% ox bile blood culture broth in 5 hours. Using a 10 ml blood specimen having a
bacterial burden of 0.1 CFU/ml, a total bacterial CFU will amount to >1,024 following 5 hours
of incubation. We previously showed 5 CFU per PCR reaction was the minimum detection
limit of conventional PCR [22]. Therefore, the blood culture PCR assay described herein, if it
had used the same volume (10 ml) of blood as the automated blood culture in this study, would
have probably confirmed all the positive cases of the automated blood culture as long as a 10
ml blood sample contained 1 bacterium (0.1 CFU/ml). However, it is likely that sampling effect
caused by an intrinsically low bacterial burden of enteric fever, such as occurred in this study
that some positive samples by quantitative blood culture were negative by automated blood
culture, and vice versa, could produce a false-negative PCR result.

Infection with S. Typhi and S. Paratyphi causes an almost indistinguishable clinical syn-
drome. The trend towards increasing incidence of paratyphoid infection in several endemic
countries, particularly in South Asia, makes the development of rapid diagnostics that are able
to detect both S. Typhi and S. Paratyphi desirable [31] The blood culture PCR assay described
could be multiplexed to detect both S. Typhi and S. Paratyphi, and potentially invasive nonty-
phoidal Salmonella infections, which have emerged as a prominent cause of bloodstream infec-
tion in African adults and children, with an associated case fatality of 20-25% [32].

A variety of PCR-based techniques are currently in development for the diagnosis of
typhoid and paratyphoid fever, including multiplex PCR [16], real-time PCR [18], LAMP
based technique [33]. Whilst many of these techniques offer distinct advantages, all are limited
by the low bacterial burden found in blood during acute enteric fever. We believe that the
blood culture PCR technique can overcome some of these limitations and could be adapted in
the development of similar assays. Potential limitations of blood culture PCR method include
low sensitivity, which could be mitigated by performing the assay with a larger sample volume.
Like automated blood culture, antibiotic use prior to blood collection abates the detection rate
of blood culture PCR method. Additionally, the blood culture PCR technique is not fully auto-
mated and despite being potentially faster than automated blood culture, it remains relatively
labour intensive and requires specialist equipment and trained staff who are familiar with the
techniques used. It does not negate the need for additional staff and dedicated facilities, and
further economic analysis is required to assess if the technique is cost-effective compared to the
current gold-standard. Nevertheless, we believe these findings in this study warrant further
study of the blood culture PCR assay, particularly in endemic populations.

Conclusions

The blood culture PCR described in this study takes under 9 hours and offers the potential for
same-day diagnosis of enteric fever. Using 5 ml blood, it exhibited a lower limit of detection of
0.3 CFU/ml blood, comparable to the actual bacterial load of clinical samples from endemic
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populations, and it performed at least as well as automated blood culture at higher bacterial
loads (>0.3 CFU/ml blood) of clinical specimens despite using half the volume of blood. The
findings warrant its further study in endemic populations with a potential use as a novel diag-
nostic which fills the present gap of paratyphoid diagnostics. In addition, this novel blood cul-
ture PCR assay could be potentially multiplexed as a valuable tool for detection of both
typhoidal and nontyphoidal Salmonella infections.

Supporting Information

S§1 Table. Participants challenged with S. Paratyphi and clinical diagnosis of paratyphoid.
(DOC)

S2 Table. Automated blood culture, quantitative blood culture and blood culture PCR
assay on the diagnosis day of paratyphoid.
(DOC)

$3 Table. Time to positivity of automated blood culture of the samples collected on the
diagnosis day of paratyphoid.
(DOC)

Acknowledgments

Wild-type Salmonella serovar Paratyphi A strain NVGH308 was provided by Dr Laura Martin,
Sclavo Behring Vaccines Institue for Global Health, Siena, Italy. AJP is a Jenner Institute Inves-
tigator. CJB is supported by the European Union (FP7) as a Marie Curie Research Fellow.
Ricky Lagah and Harry Hughes helped with sample preparation.

Author Contributions

Conceived and designed the experiments: LZ AJP. Performed the experiments: LZ C] HD HTB
MG SS. Analyzed the data: LZ C] HD HTB MG SS. Contributed reagents/materials/analysis
tools: LZ C] HD HTB SS MG CJB TCD. Wrote the paper: LZ MG TCD HD A]JP.

References

1.  Crump JA, Luby SP, Mintz ED. The global burden of typhoid fever. Bull World Health Organ. 2004; 82:
346-53. PMID: 15298225

2. Brooks WA, Hossain A, Goswami D, Nahar K, Alam K, Ahmed N, et al. Bacteremic typhoid fever in chil-
dren in an urban slum, Bangladesh. Emerg Infect Dis. 2005 Feb; 11(2):326-9. PMID: 15752457

3. Sahastrabuddhe S, Carbis R, Wierzba TF, Ochiai RL. Increasing rates of Salmonella Paratyphi A and
the current status of its vaccine development. Expert Rev Vaccines. 2013 Sep; 12(9):1021-31. doi: 10.
1586/14760584.2013.825450 PMID: 24053396

4. Buckle GC, Walker CL, Black RE. Typhoid fever and paratyphoid fever: Systematic review to estimate
global morbidity and mortality for 2010. J Glob Health. 2012 Jun; 2(1):010401. doi: 10.7189/jogh.02.
010401 PMID: 23198130

5. LimPL, Tam FC, Cheong YM, Jegathesan M. One-step 2-minute test to detect typhoid-specific antibod-
ies based on particle separation in tubes. J Clin Microbiol. 1998; 36:2271-2278. PMID: 9666004

6. Prakash P, Sen MR, Mishra OP, Gulati AK, Shukla BN, Nath G. Dot enzyme immunoassay (Typhidot)
in diagnosis of typhoid fever in children. J Trop Pediatr. 2007; 53:216-217. PMID: 17387102

7. Andrews JR, Ryan ET. Diagnostics for invasive Salmonella infections: Current challenges and future
directions. Vaccine. 2015 Jun 19; 33 Suppl 3:C8-15. doi: 10.1016/j.vaccine.2015.02.030 PMID:
25937611

8. Zhoul, Darton T, Waddington CS, Pollard AJ. Molecular Diagnosis of Enteric Fever: Progress and Per-
spectives. In: Annous B. Salmonella—Distribution, Adaptation, Control Measures and Molecular Tech-
nologies. Online: InTech, 2012

PLOS ONE | DOI:10.1371/journal.pone.0150576 March 1,2016 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150576.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150576.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150576.s003
http://www.ncbi.nlm.nih.gov/pubmed/15298225
http://www.ncbi.nlm.nih.gov/pubmed/15752457
http://dx.doi.org/10.1586/14760584.2013.825450
http://dx.doi.org/10.1586/14760584.2013.825450
http://www.ncbi.nlm.nih.gov/pubmed/24053396
http://dx.doi.org/10.7189/jogh.02.010401
http://dx.doi.org/10.7189/jogh.02.010401
http://www.ncbi.nlm.nih.gov/pubmed/23198130
http://www.ncbi.nlm.nih.gov/pubmed/9666004
http://www.ncbi.nlm.nih.gov/pubmed/17387102
http://dx.doi.org/10.1016/j.vaccine.2015.02.030
http://www.ncbi.nlm.nih.gov/pubmed/25937611

@ PLOS | one

Blood Culture PCR for Diagnosis of Paratyphoid Fever

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Wain J, Pham VB, Ha V, Nguyen NM, To SD, Walsh AL, et al. Quantitation of bacteria in bone marrow
from patients with typhoid fever: relationship between counts and clinical features. J Clin Microbiol.
2001 Apr; 39(4):1571-6. PMID: 11283089

Song JH, Cho H, Park MY, Na DS, Moon HB, Pai CH. Detection of Salmonella typhi in the blood of
patients with typhoid fever by polymerase chain reaction. J Clin Microbiol. 1993 Jun; 31:1439-1443.
PMID: 8314983

Haque A, Ahmed N, Peerzada A, Raza A, Bashir S, Abbas G. Utility of PCR in diagnosis of problematic
cases of typhoid. Jpn J Infect Dis. 2001 Dec; 54(6):237-9. PMID: 11862006

Kumar A, Arora V, Bashamboo A, Ali S. Detection of Salmonella typhi by polymerase chain reaction:
implications in diagnosis of typhoid fever. Infect Genet Evol. 2002 Dec; 2(2):107-10. PMID: 12797986

Massi MN, Shirakawa T, Gotoh A, Bishnu A, Hatta M, Kawabata M. Rapid diagnosis of typhoid fever by
PCR assay using one pair of primers from flagellin gene of Salmonella typhi. J Infect Chemother. 2003
Sep; 9(3):233-7. PMID: 14513391

Prakash P, Mishra OP, Singh AK, Gulati AK, Nath G. Evaluation of nested PCR in diagnosis of typhoid
fever. J Clin Microbiol. 2005 Jan; 43:431-432. PMID: 15635006

Hatta M, Smits HL. Detection of Salmonella typhi by nested polymerase chain reaction in blood, urine,
and stool samples. Am J Trop Med Hyg. 2007; 76(1):139-143. PMID: 17255243

Ali A, Haque A, Haque A, Sarwar Y, Mohsin M, Bashir S, Tariq A. Multiplex PCR for differential diagno-
sis of emerging typhoidal pathogens directly from blood samples. Epidemiol Infect. 2009 Jan; 137
(1):102—7. doi: 10.1017/50950268808000654 PMID: 18413005

Boyd MA, Tennant SM, Melendez JH, Toema D, Galen JE, Geddes CD, et al. Adaptation of red blood
cell lysis represents a fundamental breakthrough that improves the sensitivity of Salmonella detection
in blood.J Appl Microbiol. 2015 May; 118(5):1199-209. doi: 10.1111/jam.12769 PMID: 25630831

Tennant SM, Toema D, Qamar F, Igbal N, Boyd MA, Marshall JM, et al. Detection of Typhoidal and
Paratyphoidal Salmonella in Blood by Real-time Polymerase Chain Reaction. Clin Infect Dis. 2015 Nov
1; 61 Suppl 4:5241-50. doi: 10.1093/cid/civ726 PMID: 26449938

Horz HP, Scheer S, Huenger F, Vianna ME, Conrads G. Selective isolation of bacterial DNA from
human clinical specimens. J Microbiol Methods. 2008 Jan; 72: 98—102. PMID: 18053601

Handschur M, Karlic H, Hertel C, Pfeilstocker M, Haslberger AG. Preanalytic removal of human DNA
eliminates false signals in general 16S rDNA PCR monitoring of bacterial pathogens in blood. Comp
Immunol Microbiol Infect Dis. 2009 May; 32(3):207-219. doi: 10.1016/j.cimid.2007.10.005 PMID:
18261798

Zhou L, Pollard AJ. A novel method of selective removal of human DNA improves PCR sensitivity for
detection of Salmonella Typhi in blood samples. BMC Infect Dis. 2012 Jul 27; 12:164. doi: 10.1186/
1471-2334-12-164 PMID: 22839649

Zhou L, Pollard AJ. A fast and highly sensitive blood culture PCR method for clinical detection of Salmo-
nella enterica serovar Typhi. Ann Clin Microbiol Antimicrob. 2010 Apr 19; 9:14. doi: 10.1186/1476-
0711-9-14 PMID: 20403166

Vithiya G, Belgode NH, Godfred AM, Subash CP. Detection of Salmonella in Blood by PCR using iroB
gene. J Clin Diagn Res. 2014 Nov; 8(11): DC01-DC083. doi: 10.7860/JCDR/2014/9191.5086 PMID:
25584214

McCullagh D, Dobinson HC, Darton T, Campbell D, Jones C, Snape M, et al. Understanding paraty-
phoid infection: study protocol for the development of a human model of Salmonella enterica serovar
Paratyphi A challenge in healthy adult volunteers. BMJ Open 2015; 5:e007481. doi: 10.1136/bmjopen-
2014-007481 PMID: 26082464

Standards Unit. Investigation of blood cultures (for organisms other than Mycobacterium species). Vol.
B37. UK Standards for Microbiological Investigations. London: Health Protection Agency; 2013.

Standards Unit. Identification of Salmonella species. Vol. ID 24. UK Standards for Microbiology Investi-
gations. London: Health Protection Agency; 2011.

Mackie TJ, Finkelstein MH. Natural bactericidal antibodies: observationson the bactericidal mechanism
of normal serum. J Hyg. 1931; 31:35-55 PMID: 20475081

Khairat O. The bactericidal power of theblood for the infecting organism in bacteriaemia. J Pathol Bac-
teriol. 1946; 58:359-365. PMID: 20283071

Kaye D, Palmieri M, Rocha H. Effect of bile on the action of blood against Salmonella. J Bacteriol 1966;
91(3):945-952. PMID: 5929769

Waddington CS, Darton TC, Jones C, Haworth K, Peters A, John T, et al. An outpatient, ambulant-
design, controlled human infection model using escalating doses of Salmonella Typhi challenge deliv-
ered in sodium bicarbonate solution. Clin Infect Dis. 2014 May; 58(9):1230—40. doi: 10.1093/cid/ciu078
PMID: 24519873

PLOS ONE | DOI:10.1371/journal.pone.0150576 March 1,2016 13/14


http://www.ncbi.nlm.nih.gov/pubmed/11283089
http://www.ncbi.nlm.nih.gov/pubmed/8314983
http://www.ncbi.nlm.nih.gov/pubmed/11862006
http://www.ncbi.nlm.nih.gov/pubmed/12797986
http://www.ncbi.nlm.nih.gov/pubmed/14513391
http://www.ncbi.nlm.nih.gov/pubmed/15635006
http://www.ncbi.nlm.nih.gov/pubmed/17255243
http://dx.doi.org/10.1017/S0950268808000654
http://www.ncbi.nlm.nih.gov/pubmed/18413005
http://dx.doi.org/10.1111/jam.12769
http://www.ncbi.nlm.nih.gov/pubmed/25630831
http://dx.doi.org/10.1093/cid/civ726
http://www.ncbi.nlm.nih.gov/pubmed/26449938
http://www.ncbi.nlm.nih.gov/pubmed/18053601
http://dx.doi.org/10.1016/j.cimid.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18261798
http://dx.doi.org/10.1186/1471-2334-12-164
http://dx.doi.org/10.1186/1471-2334-12-164
http://www.ncbi.nlm.nih.gov/pubmed/22839649
http://dx.doi.org/10.1186/1476-0711-9-14
http://dx.doi.org/10.1186/1476-0711-9-14
http://www.ncbi.nlm.nih.gov/pubmed/20403166
http://dx.doi.org/10.7860/JCDR/2014/9191.5086
http://www.ncbi.nlm.nih.gov/pubmed/25584214
http://dx.doi.org/10.1136/bmjopen-2014-007481
http://dx.doi.org/10.1136/bmjopen-2014-007481
http://www.ncbi.nlm.nih.gov/pubmed/26082464
http://www.ncbi.nlm.nih.gov/pubmed/20475081
http://www.ncbi.nlm.nih.gov/pubmed/20283071
http://www.ncbi.nlm.nih.gov/pubmed/5929769
http://dx.doi.org/10.1093/cid/ciu078
http://www.ncbi.nlm.nih.gov/pubmed/24519873

" ®
@ ’ PLOS ‘ ONE Blood Culture PCR for Diagnosis of Paratyphoid Fever

31. Maskey AP, Day JN, Phung QT, Thwaites GE, Campbell JI, Zimmerman M, et al.Salmonella enterica
serovar Paratyphi A and S. enterica serovar Typhi cause indistinguishable clinical syndromes in Kath-
mandu, Nepal. Clin Infect Dis. 2006 May 1; 42(9):1247-53. PMID: 16586383

32. Feasey NA, Dougan G, Kingsley RA, Heyderman RS, Gordon MA. Invasive non-typhoidal salmonella
disease: an emerging and neglected tropical disease in Africa. Lancet. 2012 Jun 30; 379(9835): 2489—
24.doi: 10.1016/S0140-6736(11)61752-2 PMID: 22587967

33. FanF,DuP, KanB, Yan M. The Development and Evaluation of a Loop-Mediated Isothermal Amplifi-
cation Method for the Rapid Detection of Salmonella enterica serovar Typhi. PLoS One. 2015 Apr 24;
10(4).

PLOS ONE | DOI:10.1371/journal.pone.0150576 March 1,2016 14/14


http://www.ncbi.nlm.nih.gov/pubmed/16586383
http://dx.doi.org/10.1016/S0140-6736(11)61752-2
http://www.ncbi.nlm.nih.gov/pubmed/22587967

