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Abstract

Purpose: A real-time immunocapture PCR (RT-IPCR) has been fabricated for the detection of Staphylococcus aureus
enterotoxin B (SEB) from food and environmental samples.

Methods: Considering the fact, anti-SEB immunoglobulin G (IgG) has affinity towards protein A, produced by nearly
all S. aureus, and generates false-positive read out in all immuno-based assay. We have employed avian anti-SEB
antibody (SEB-IgY) as capture probe, since IgY interact less efficiently to protein A and biotinylated SEB-specific
monoclonal antibody (SEB -MAb) conjugated with reporter DNA as revealing probe for real-time PCR amplification
and signal generation. Sensitivity and selectivity of the assay were evaluated employing closely related enterotoxins
and other toxins.

Results: The RT-IPCR is highly specific and sensitive (100 fg/mL). The practical applicability of the assay was tested
using spiked food sample as well as naturally contaminated food samples. The sensitivity and specificity of RT-IPCR

laboratories.

were not compromised by the foods tested and was able to detect SEB conveniently. Further, the assay was
validated comparing with the in-house developed PCR, and plausible result was obtained.

Conclusion: The developed assay can be utilized as a low-cost detection system of SEB in routine food testing
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Introduction

Superantigenic staphylococcal enterotoxins (SEs) (SEA,
SEB, SEC, and remaining until SEV) and toxic shock
syndrome toxin (TSST) are considered as the major
cause of food-borne illness worldwide (Argudin et al.
2010; Ortega et al. 2010, and Fratamico et al. 2005).
Among them, SEB is a potent etiological agent for food
poisoning and considered as a category B biological
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warfare agent due to its aerosol incapacitating character-
istics, toxicity, and easy to produce in bulk (Wu et al
2016; Greenfield et al. 2002). Moreover, consumption
and exposure to SEB in very low concentration result in
clinical manifestation (emesis, abdominal cramps, and
diarrhea) within a few hours (Xu and Mccormick 2012).
The lethal manifestations caused by SEB warrants their
early detection for proper management of cases. There-
fore, detection and quantification of SEB at extremely
low concentrations in a variety of food samples are
needs of the hour. To date, several methods like
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conventional culture-based methods and various im-
munological and PCR-based platforms have been devel-
oped and validated for the detection of SEB from food
and biological samples (Klotz et al. 2003; Schmitz et al.
1998). However, these traditional methods lack the ac-
curacy and sensitivity required for low-level detection.
The PCR-based assays allow specific identification of
toxin encoding genes but the presence of polymerase in-
hibitory compounds in complex matrices hinders the
sensitivity of the assays (Mondal et al. 2018). Almost all
S. aureus strains produce a number of enterotoxins, but
this does not conclude their toxin production capability
in food as their toxin-producing ability varies based on
the food environment. Hence, direct detection of toxin
in food can provide higher diagnostic relevance evidence
for food poisoning (Ramlal et al. 2018). Considering this
fact, to date, various immunoassays targeting various
toxins from diverse matrices have been developed and
some of which are also available commercially (Alefantis
et al. 2004; Rong-Hwa et al. 2010). Although these assays
detect the actual toxin component but lack the sensitiv-
ity of PCRs, involve extensive sample preparation proce-
dures generate false-negative results due to the use of
mammalian origin antibodies (monoclonal and poly-
clonal). Immunoglobulin (IgG) has tremendous specifi-
city and binding affinity towards antigens (Jin et al.
2013). However, the Fc domain of IgG has an affinity to
staphylococcal protein A (SpA) and produce false-
positive results in all immunoassays. SpA also has affin-
ity towards Fab region in 15-20% of IgG, IgA, and IgM
antibodies of humans (Ljungberg et al. 1993; Nagaraj
et al. 2016). Immunoglobulin Y (IgY) found in the egg
yolk and serum of bird has equivalent antigen-binding
affinities like IgG. Hence, this IgY exhibits low affinity
towards SpA in immunoassays (Carlander et al. 1999).
However, only IgY-based immunoassay for the detection
of SEB does not exist till date. The immuno-polymerase
chain reaction (IPCR) is a sensitive technique which
combines the PCR exponential signal amplification
power with the versatility and flexibility of immunoas-
says like ELISA. Moreover, it also replaces the enzyme
conjugated to reporter antibody in ELISA with an oligo-
mer/reporter DNA (Zhang et al. 2008). The technique
has been adapted for sensitive detection of several bac-
terial (Mehta et al. 2014), viral pathogens (Nolasco et al.
1993), bacterial toxins (Fischer et al. 2007), mycotoxins
(Babu and Muriana 2011), and disease-specific anti-
bodies (Niemeyer et al. 2005). Due to the inclusion of
several washing steps before the addition of DNA
marker, IPCRs are less prone to non-specific amplifica-
tion when compared to quantitative PCRs. On the other
hand, real-time PCR (RT-PCR) can enhance the sensitiv-
ity of PCR and is faster for qualitative and quantitative
detection (Fitzmaurice et al. 2004). Considering all these
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facts, in the present work, a real-time immunocapture
PCR (RT-IPCR)-based platform was devised employing
IgY as capturing probe and monoclonal anti-SEB anti-
body conjugated with DNA as revealing probe for detec-
tion and quantification of enterotoxin B (SEB). The
amplification of revealing DNA probe and detection sig-
nal was monitored by RT-PCR. The sensitivity and spe-
cificity of the assay were evaluated and compared with
in-house developed PCR kit. The practicability and ro-
bustness of the developed system were evaluated with
pure toxins, cultures supernatants, and naturally con-
taminated foods samples. Altogether, the developed
method can be a suitable tool for qualitative and quanti-
tative detection of SEB.

Material and method

Bacterial cultures and media

All the bacterial cultures used in the study were ob-
tained from the repository of DFRL as listed in Table 2.
The Staphylococcus aureus strains were grown in
Tryptic Soy Broth (TSB, Hi-media, India) for 24—-36 h at
37 °C. All other bacterial cultures were maintained in
Brain Heart Infusion (BHI) agar/broth unless mentioned
otherwise. SEB-specific monoclonal antibody was ob-
tained from DFRL, Mysore.

Immunization schedule and extraction of IgY antibodies
Specific pathogen-free white leghorn chicken was immu-
nized via intramuscular injection with denatured r-SEB
proteins with an equal volume of Freund’s complete ad-
juvant (FCA). Subsequently, the same concentration of
toxin emulsified with Freund’s incomplete adjuvant
(FIA) was administrated as booster dose on days 14, 28,
and 42. On completion of immunization, eggs were col-
lected and stored at 4 °C. IgY was extracted from the
eggs by PEG precipitation method (Pauly et al. 2011)
and was purified by affinity chromatography as per man-
ufacturer’s instructions (AminoLink Plus Immobilization
kit, Thermo Scientific, India), and antibody titer was
checked by indirect ELISA.

Labeling and confirmation of biotin for SEB-specific
monoclonal antibodies

SEB-specific monoclonal antibody was biotinylated using
antibody biotinylation kit (Thermo, India) as per manu-
facturer’s protocol. Biotinylation of the antibody was
confirmed by dot blot. Briefly, biotinylated antibodies
(10 pL) were coated on nitrocellulose membrane, air-
dried and blocked with 3% skimmed milk, and probed
with streptavidin-HRP conjugate (Invitrogen, CA, USA)
for development of chromogenic dot. Nitrocellulose
membranes coated with monoclonal antibodies probed
with streptavidin-HRP conjugate were used as controls.
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Biotinylation of reporter DNA

Biotinylated DNA oligomer was prepared by PCR using
the primers mentioned in Table 1. Briefly, 80 bp DNA
was synthesized and was amplified with biotin forward
and normal reverse primer. The PCR amplification was
carried out in 20 pL reaction volume containing 1 pL of
template DNA, 1X PCR buffer, 1.5 mM MgCl,, 200 uM
dNTPs, 10 uM each of primer, and 1.0 U Taq polymer-
ase in Eppendrof pro thermocycler (Eppendrof, USA).
The PCR parameter was standardized with the initial de-
naturation of 94 °C for 4 min and then 94 °C for a 30-s
denaturation, 56 °C for a 30-s annealing, and 72 °C for a
30-s extension for 30 cycles and last with a final exten-
sion of 72 °C for 5 min. The PCR amplicons were puri-
fied by a gel extraction kit (Qiagen, India), quantified,
and stored at — 20 °C till further use.

Preparation of antibody-DNA conjugates

Conjugation of biotin-modified oligomers with antibody
is the most crucial step for the success of immunocap-
ture PCR. Strongest non-covalent interaction of biotin-
streptavidin molecules was used for the generation of
antibody-DNA conjugates. Streptavidin provides four
binding sites for biotin, hence act as a bridge for the
interaction of biotinylated revealing antibody (Btn-MAb-
SEB) and biotin-modified oligomers. The bridge com-
plex was prepared using 1:1000 dilution of biotinylated
monoclonal antibody (2 mg/mL), 1:1000 dilution of
streptavidin (1 mg/mL), and 1:1000 dilutions of biotinyl-
ated DNA complex (50 ng/pL). In all RT-IPCR, 20 pL
bridge complexes (Btn-MAb-SEB-DNA) was used for
signal generation.

Standardization of Immunocapture real-time PCR for
detection of SEB

The assay format of RT-IPCR was illustrated in Fig. 1.
Briefly, RT-IPCR for the detection of SEB was standard-
ized using SEB-IgY antibodies for antigen capture,
followed by Btn-MAb-SEB antibodies as revealing anti-
bodies conjugated with 80 bp oligo for signal generation.
Briefly, SEB-IgY antibodies were diluted to 1:1000 in
carbonate-bicarbonate buffer (100 pL) and coated in well
of Microtiter PCR plates (Nunc/Eppendrof, India). After
incubation, the plate was blocked with 200 pL of 1%
BSA at 4 °C overnight. The plate was washed thrice with
PBST (tween 20-0.05%), air dried, sealed, and stored at —
20 °C until further use. For testing, the wells were incu-
bated with 100 pL of SEB and incubated at 37 °C for 1 h

Table 1 Reporter sequence and primer
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followed by washing thrice with PBST. Then, bridge
complex (Btn-MAb-SEB DNA) was added to the well
and incubated at 37 °C for 1 h. Post-incubation, the
plates were washed thrice with PBST and finally twice
with double distilled water, and RT-PCR was performed.
Evagreen master mix (Bio-Rad, India) was used for real-
time-based monitoring of template amplification. Ampli-
fication was carried out: for each 10 pL of reaction
contains 5 pL of 2x Evagreen master mix, 1 pL of each
primer (0.5 pM), 1 pL of template DNA, and 3 pL of
water. Amplification condition as follows: 30 sec at 95
°C, followed by 40 PCR cycles of denaturation at 95 °C
for 10 sec, and 60 °C for 10 s for the annealing and ex-
tension phases. One no-template control contained the
real-time PCR master mix without reporter DNA. Real-
time amplification parameter was analyzed using the
CFX software (Bio-Rad, India).

Specificity testing of RT-IPCR

The specificity of RT-IPCR was carried out by testing
other related enterotoxins of S. aureus (r-SEA, r-SEG,
and r-SEC) and culture supernatants extract of various
staphylococcal and non-staphylococcal cultures listed in
Table 2. Briefly, the cultures were inoculated in Brain
Heart Infusion (BHI) broth and incubated in shaker in-
cubator at 37 °C. The toxin was extracted by TCA pre-
cipitation from the 48-h old cultures grown in BHI
broth (Nguyen 2014). The immunocapture sandwich
complex with reporter DNA was carried out in PCR
ELISA plate employing toxin and culture extracted toxin
as described earlier. Real-time PCR based amplification
was performed with the standardized condition, and the
results were monitored.

Sensitivity testing of RT-IPCR

The sensitivity of the real-time immunocapture was de-
termined using various concentrations of r-SEB (10 fg to
1 ng). Briefly, SEB was added to pre-coated microtiter
plate wells with anti-SEB IgY, assay was performed as
mentioned earlier, and the result was observed.

Evaluation of RT-IPCR on spiked food sample and natural
samples and comparison with available kit

Working efficiency of developed RT-IPCR was evaluated
in spiked milk samples as well as naturally contaminated
samples. Various concentrations of toxin (10 fg to 1 ng)
spiked in 1 mL of milk. The toxin was extracted from
spiked milk samples and RT-IPCR as mentioned earlier.

Name Sequence (5-3)

Reporter sequence

Primer

TAGCTCACTCATTAGGCACCCGTTTGGTCCGATTTCCCCC CTTTTAAATGTGTGACCCCGGGAGCATAGTTAAGCCAGCC
F-(Biotin) TAGCTCACTCATTAGGR-GGCTGGCTTAACTATGC




Mondal et al. Annals of Microbiology (2020) 70:25 Page 4 of 8
_||lll||~. [TTT1T1 111
Real time PCR
g
:
gAz gAi ZAE %:Ai EAE BAE '
| | TR
Temperature, Celsius
e LB \\I
Biotinylated antibody
conjugated with reporter Target IgY
DNA Streptavidin

7\

Fig. 1 lllustration of RT-IPCR assay format

For evaluation from natural samples, 45 natural contam-
inated samples were enriched in TSB broth at 37 °C for
30-48 h, the toxin was extracted by the TCA precipita-
tion method, and RT-PCR assay was performed. More-
over, a total of 91 numbers of laboratory repository
biochemically confirmed S. aureus was also tested by
RT-IPCR, and results were compared with in-house de-
veloped PCR kit.

Statistical analysis

All the experiments were done in triplicate; results were
tested for significance using the parametric of one-way
analysis of variance (ANOVA), and those with p values
less than 0.05 were considered significant.

Result

Generation of anti-SEB IgY and determination of affinity
For the generation of anti-SEB-IgY, purified r-SEB
protein was immunized into chicks along with Freund’s
adjuvant. IgY was purified employing PEG method
(Fig. 2a). Significant antibody titre was observed even

at 1:32000 dilutions after 42 days of immunization.
The affinity of IgY to native SEB toxins was confirmed by
Western blot analysis using purified r-SEB which showed
a clear band of SEB at 28.3 kDa (Fig. 2b).

Generation of biotinylated anti-SEB monoclonal antibody
Biotinylation of anti-SEB antibodies was confirmed by
dot blot assay. The biotinylated antibodies and non-
biotinylated antibodies were coated on nitrocellulose
membrane followed by probing with streptavidin-HRP
conjugate and developed with TMB/H,0,. The position
where biotinylated antibodies were spotted, there was a
development of brown dots in the presence of TMB/
H,0,, whereas no chromogenic reaction was observed
with the non-biotinylated antibodies (Fig. 2c).

Standardization of reporter DNA amplification and
sensitivity of RT-IPCR

The real-time PCR amplification was carried out in stan-
dardized conditions. The real-time amplification of re-
porter DNA started at a Cq greater than 12 which was
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Table 2 List of bacterial strains used in the study

Sl. No. of bacterial strains Source RT-IPCR PCR
1. Staphylococcus aureus FRI 722 + +
2. Staphylococcus aureus ATCC 29213 + +
3. Staphylococcus aureus NCIM 2122 + +
4. Staphylococcus aureus NCIM 2120 + +
5. Staphylococcus aureus NCIM 2127 + +
6. Clostridium perfringens Isolate - -
7.Enterococcus spp. Isolate - -
8. Pseudomonas spp. Isolate - -
9. Bacillus cereus ATCC10876 - -
10. Listeria monocytogenes ATCC 19114 - -
11. Klebsiella pneumoniae ATCC 13883 - -
12. Lactobacillus spp. Isolate - -
13. Burkholderia pseudomallei NCTC10274 - -
14. Proteus vulgaris ATCC 33420 - -
15. E. coli ATCC 10536 - -
16. Salmonella paratyphi A ATCC 9150 - -
17. Shigella flexneri ATCC 9199 - -
18. Streptococcus spp. Isolate - -
19. Yersinia enterocolitica ATCC 23715 - -

confirmed by agarose gel electrophoresis (Fig. 3a). The
sensitivity of RT-IPCR was evaluated employing various
concentrations of r-SEB. A linear increased Cq range ap-
proximately 12 to 26 with the increased toxin concentra-
tion was observed which allowed quantitative detection
of SEB (Fig. 3b). The assay could detect 100 fg/mL of
toxins without any hindrance (Fig. 3c). Higher amplifica-
tion was observed at higher concentration of toxin and
reduced with the decrease in the antigen concentration.
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Specificity of RT-IPCR

The specificity of the RT-IPCR was confirmed by testing
with other related enterotoxins of S. aureus (r-SEA, r-
SEC, and r-SEG), and TCA precipitated culture superna-
tants of related and other pathogen listed in Table 2.
The real-time analysis confirmed that the assay was able
to detect enterotoxin B producing S. aureus strain with-
out any difficulty which was further confirmed by PCR-
based kits. No amplification was observed with the other
related toxins or culture supernatant of various bacterial
cultures.

Sensitivity of RT-IPCR in spiked milk sample

In an infection scenario, milk products are regarded as
S. aureus major source of infection and also in the milk,
and they are present along with other non-specific bac-
terial proteins or milk-related proteins which might in-
hibit detection thereby resulting in false-negative results.
Hence, applicability of the assay was proven from the
spiked milk sample. The developed RT-IPCR assay can
detect 1 pg/mL of toxin that proves the efficiency of the
newly described assay (Fig. 4a—c).

Evaluation of RT-IPCR on natural samples

To validate the robustness and practical application of
the assay, samples were collected from various sources
(N = 45) over different periods and processed separately
for the presence of SEB. The assay was able to detect
confirmed SEB from a naturally contaminated source
which is further validated with in-house developed PCR
kit, and an exact similar result was obtained (Table 3).
Moreover, this RT-PCR assay could detect all the (N-91)
SEB positive strains of repository isolates without exhi-
biting any non-specificity (Table 4).

L2 13 L4 L5 L6

75 kDa
50 kDa

. 35 kDa
25 KD

15 kDa

. 10kDa

Pé: non-biotinylated antibody, (P7, P8): control

Fig. 2 a Extraction and purification of IgY antibody. Extracted IgY (L1), purified IgY (L2-L5), and L6 marker. b Reactivity of IgY by Western blot. L1:
native SEB, L2: denatured SEB, and L3: marker. c Biotinylation of anti SEB monoclonal antibody (P1-P5) various elution of monoclonal antibody,

PL P2 P3 P4

P5 P6 P7 P8
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Discussion

Enterotoxigenic S. aureus is considered the most threat-
ening pathogen due to its efficiency to produce a large
number of toxins and possesses a threat of foodborne in-
fection as well as clinical symptoms. Among the entero-
toxins, SEB is the most considered as a biowarfare agent
due to its potency, toxicity, superantigenicity, easy to
aerosolize, and can be produced in bulk. Hence,

detection and quantification of lower concentration SEB
are the highest priority for food safety and national se-
curity application (Argudin et al. 2010; Ortega et al
2010; Fratamico et al. 2005). Therefore, in this study, we
have attempted for the development of RT-IPCR-based
platform for detection and quantification of SEB. The
assay combines immune-based capture of target and ex-
ponential signal amplification capability of real-time

a.
L1 L2 L3 L4 LS
C.
b. |~ 30.00 +
N 25.00 +
: _ 20.00 +
o {45-00 1 y =3.75x +10.41
s} 110.00 + R2=0.977
- 5.00 -
. 0.00 . v . :
1ng 100Pg 10Pg lpg

Fig. 4 Sensitivity of RT-IPCR in spiked sample. a Monitoring of amplification in agarose gel (L1-L4)1 ng to 1 pg of toxin, L5: control. b Real-time-
based monitoring for ampilification of various concentration of spiked toxin. ¢ Linear correlation for various concentration of spiked toxin
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Table 3 Analysis of natural samples for enterotoxin B through
real-time IPCR (RT-IPCR)

Sample type No. of samples SEB No. of samples SEB
positive for RT-IPCR positive for PCR
assay assay

Milk (n = 10) 4 4

Cheese (n = 10) 3 3

Ice cream (n = 10) 5 5

Chicken (n = 10) 3 3

Pastries (n = 5) 2 2

Total (n = 45) 17 17

PCR using revealing antibody probed with DNA. Cap-
turing IgY probe was generated by immunizing r-SEB in
chicks.

S. aureus is a commensal that often produces diverse
toxins in a similar environment, food matrices, and in-
fection scenarios. The inherent affinity of the mamma-
lian IgG Fc region with S. aureus protein A(SpA) leads
to false-positive results. The avian (IgY) antibodies have
no inherent affinity towards protein A and are more hu-
mane, convenient, inexpensive, and are therefore a pre-
ferred alternative in the development of specific
detection assays (Nagaraj et al. 2016; Jin et al. 2013;
Carlander et al. 1999, and Ljungberg et al. 1993). There-
fore, the RT-IPCR was designed and developed using
antigen-capture IgY antibodies to avoid the background
signal or cross reactivity. Moreover, the PCR plates were
blocked with 0.5% bovine serum albumin to avoid non-
specific binding of analytes to sites. The exponential sig-
nal amplification power of RT-PCR was enhanced by
multiple washing steps to minimize non-specific binding
of the monoclonal revealing antibody. For revealing
probe, we have employed biotinylated anti-SEB mono-
clonal antibodies conjugated with distinguishable size 80
bp biotinylated oligomers via a streptavidin bridge for
signal amplification. The oligomers were randomly syn-
thesized and free from restriction which also minimized
the chance of nonspecific amplification and false-
positive results encountering in bacterial specimens/
samples. The immunocapture and PCR steps were per-
formed in 96 well PCR plates to overcome the necessity
of thermal or chemical disruption of antibody-DNA
complex for RT-IPCR purposes which would contrarily
be necessary in case of immune-capture in microtiter
wells. The newly described and developed RT-IPCR is

Table 4 Comparison of RT-IPCR and PCR results

Culture No. of isolates positive (%)
RT-IPCR No. of isolates
positive for PCR
assay (%)
S. aureus isolates (n = 91) 58 (63.7%) 58 (63.7%)
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highly specific to SEB without exhibiting cross reactivity
with other related (viz., SEC, SEG, and SEA) and TCA
precipitate culture supernatants of non-target bacterial
species. Moreover, this RT-IPCR is more sensitive than
normal PCR with the sensitivity of 100 fg/mL.

To date, the major challenges in identifying toxins
from environmental matrices are due to the low concen-
tration of toxin required with inhibitory substances in
complex environmental and clinical matrices. The devel-
oped RT-IPCR could directly detect the SEB from
spiked/artificially ~contaminated samples accurately
avoiding the need for pre-enrichment or extensive toxin
extraction procedures. Moreover, laboratory repository
(Mondal et al. 2018) isolates testing and comparison
with seb specific in-house PCR-based detection con-
firmed the assay feasibility and practicability. The major
enhancement of LOD by the RT-IPCR over the trad-
itional detection method was probably is one of the im-
portant crucial merits of the system. Firstly, the capture
antibody facilitated the concentration of the analytes and
removal of other contaminants by washing thereby en-
suring high-affinity oriented binding of SEB from com-
plex environmental samples, or food matrices by.
Secondly, multiple washing steps removed the compo-
nents from the sample matrix that might interfere with
the detection. Thirdly, incorporation of an optimized
streptavidin-reporter DNA combination in the assay de-
sign was instrumental in improving assay sensitivity by
real-time PCR. Therefore, this highly sensitive RT-IPCR
demonstrates its applicability to serve as an efficient and
rapid detection platform for SEB from food and environ-
mental samples for routine use in microbiological la-
boratories especially for the identification of potentially
low concentration of target which cannot be monitored
by ELISA. Furthermore, sensitivity, specificity, and cost,
the assay is comparable with the available detection sys-
tem. Hence, the developed assay platform can be utilized
for detection of other pathogens and toxins for qualita-
tive and quantitative detection in routine microbiological
laboratory.
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