Ma et al. BMC Microbiology (2020) 20:177
https://doi.org/10.1186/s12866-020-01842-3

BMC Microbiology

RESEARCH ARTICLE Open Access

Development of a DNA microarray assay
for rapid detection of fifteen bacterial
pathogens in pneumonia

Check for
updates

Xiuging Ma', Yangin Li', Yuan Liang', Yang Liu', Ling Yu', Chunsun Li', Qigi Liu*" and Liangan Chen"™"

Abstract

microarray.

conventional assay.

Keywords: DNA microarray, Bacteria, Pneumonia

Background: The rapid identification of pathogenic bacteria is important for determining an appropriate
antimicrobial therapy for pneumonia, but traditional bacterial culture is time-consuming and labourious. The aim of
this study was to develop and evaluate a DNA microarray assay for the simultaneous detection of fifteen bacterial
species directly from respiratory tract specimens in patients with pneumonia. These species included Streptococcus
pneumoniae, Staphylococcus aureus, Haemophilus influenzae, Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Acinetobacter baumannii, Mycoplasma pneumoniae, Enterococcus faecalis, Enterococcus faecium,
Enterobacter cloacae, Stenotrophomonas maltophilia, Burkholderia cepacia, Legionella pneumophila and Chlamydia
pneumoniae. The 16S rDNA genes and other specific genes of each pathogen were chosen as the amplification
targets, amplified via multiplex polymerase chain reaction (PCR), and hybridized to oligonucleotide probes in a

Results: The DNA microarray detection limit was 10% copies/uL. Nineteen standard strains and 119 clinical isolates
were correctly detected with our microarray, and 3 nontarget species from 4 clinical isolates were not detected.
Additionally, bacterial pathogens were accurately identified when two or three bacterial targets were mixed
together. Furthermore, the results for 99.4% (156/157) of clinical specimens were the same as those from a

Conclusions: We developed a DNA microarray that could simultaneously detect various bacterial pathogens in
pneumonia. The method described here has the potential to provide considerable labour and time savings due to
its ability to screen for 15 bacterial pathogens simultaneously.

Background

The rapid identification of pathogenic bacteria is import-
ant for selecting an appropriate antimicrobial therapy for
pneumonia [1]. However, current standard microbio-
logical culture-based tests are labourious and time
consuming [2]. Patients often receive empirical broad-
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spectrum antimicrobial treatment while waiting for
microbiology results. Hence, novel diagnostic ap-
proaches are urgently needed to improve early anti-
microbial therapy for pneumonia.

Standard European guidelines for the diagnosis and man-
agement of pneumonia note that molecular diagnosis is a
promising method for rapidly detecting pathogens [3]. Sev-
eral molecular methods based on polymerase chain reac-
tion (PCR) have been developed to detect species-specific
genes. Such methods have been developed for the identifi-
cation of Pseudomonas aeruginosa by the amplification of
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the specific exotoxin A gene [4], the identification of Myco-
plasma pneumoniae using a fragment of the gene encoding
P1 cytadhesin protein [5], the identification of Haemophilus
influenzae by amplifying a fragment of the gene encoding
the P6 outer membrane protein [6], and many others [7].
However, these methods have a narrow diagnostic
spectrum.

To address this problem, multiplex PCR or ribosomal
DNA (rDNA) has been used [8—10]. Although multiplex
PCR can simultaneously detect several different bacteria,
the number of bacteria is still limited within a single test.
16S rDNA sequences exist universally within bacteria
and include both conserved regions and species-specific
regions [11]. The most common method is to use a uni-
versal primer pair to amplify species-specific fragments
of 16S rDNA. However, it is not possible to achieve
complete discrimination among some genera, such as
Enterobacteriaceae, in which the 16S rDNA sequences
of Klebsiella pneumoniae, Enterobacter cloacae and
Escherichia coli are very similar [12].

To extend the detection spectrum and shorten the detec-
tion time, we developed a DNA microarray assay that can
detect 15 bacterial respiratory pathogens associated with
pneumonia, including Streptococcus pneumoniae, Staphylo-
coccus aureus, Haemophilus influenzae, Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Acineto-
bacter baumannii, Mycoplasma pneumoniae, Enterococcus
faecalis, Enterococcus faecium, Enterobacter cloacae, Steno-
trophomonas maltophilia, Burkholderia cepacia, Legionella
pneumophila and Chlamydia pneumoniae. To identify bac-
teria at the species level, we chose to use a 16S rDNA probe
combined with a species—specific probe to detect each bac-
terium. The sequences of the species—specific probes corre-
sponded to 15 species—specific genes.

Results

Primer design and evaluation

Specific genes for the targeting of the 15 different bac-
terial species were selected based on a thorough litera-
ture search for particular bacterial housekeeping genes.
The 15 bacterial-specific genes were [ytA of Streptococ-
cus pneumoniae (8], nuc of Staphylococcus aureus [8],
P6 of Haemophilus influenzae [13], phoA of Escherichia
coli [14], mdh of Klebsiella pneumoniae [14], toxA of
Pseudomonas aeruginosa [4], gitA of Acinetobacter bau-
mannii [14], P1 of Mycoplasma pneumoniae [5], ddl of
Enterococcus faecalis and Enterococcus faecium [15],
dna] of Enterobacter cloacae [16], chitA of Stenotropho-
monas maltophilia [17], recA of Burkholderia cepacia
(18], mip of Legionella pneumophila and ompA of Chla-
mydia pneumoniae [5, 19]. We designed all primers in
house. Three pairs of primers were initially designed for
each specific gene, and the primer pairs were checked by
BLAST searches (http://www.ncbi.nih.gov). If all 3 pairs
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of primers failed to be successfully amplified, we de-
signed 3 alternative pairs of primers. After repeated
screening, 16 pairs of primers, including one pair of uni-
versal 16S rDNA primers and 15 pairs of bacterial-
specific gene primers, were selected and successfully
amplified (Table 1). All primers included in an individual
group for multiplex asymmetric PCR presented a similar
melting temperature. The specificity of the 16 paired
primers was preliminarily tested by PCR, and the PCR
products were examined by 2% agarose gel electrophor-
esis (Fig. S1). All primers and probes were finally con-
firmed by sequence analysis of the PCR products from
the reference plasmids.

The limit of detection and accuracy of the microarray

The microarray layout is shown in Fig. 1a. The detection
limit of each probe reached 10° copies/uL (Fig. 2). Posi-
tive diagnostic hybridization was confirmed only when
three probes produced signals simultaneously. These
three probes were the positive control probe from the
conserved 16S rDNA sequence, the specific probe for
the 16S rDNA sequence each target bacterium and the
specific probe for the specific gene of each target bacter-
ium. A total of 138 strains, including 19 standard strains
and 119 clinical isolates (Table 2), were correctly de-
tected with our microarray (Fig. 1b). Three nontarget
bacterial species from 4 isolates in the collection were
not detected (Fig. 1b). The hybridization signals emerged
in order at the position corresponding to each target
genus or species from the bacterial cultures, and none of
the probes showed cross-hybridization between the tar-
get pathogens. For the 2 Streptococcus viridans isolates,
we observed that only the specific 16S rDNA probe of
Streptococcus spp. and the universal 16S rDNA probe
produced signals. For one Moraxella catarrhalis isolate
and one Neisseria mucosa isolate, a hybridization reac-
tion only appeared at the position of the universal 16S
rDNA probe. Furthermore, water was processed in par-
allel with the clinical samples as a negative PCR control,
and the hybridization results showed no signal (Fig. 1b).
In addition, all components within a mock specimen,
which consisted of two or three target bacteria, could be
accurately identified despite the presence of other com-
ponents (Fig. 3a).

Detection of clinical specimens

Among the 157 clinical specimens, 105 specimens exhib-
ited only one pathogen, 36 specimens exhibited two
pathogens, 5 specimens exhibited three pathogens, and
11 specimens exhibited no pathogens (Table 3). First,
151 bacterial pathogens belonging to 10 target species in
clinical samples were correctly identified by the microar-
rays according to the results of bacterial culture. Second,
the identification of one specimen with the microarray
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Fig. 1 a. The layout of the hybridization capture-chip. The probe 20T is the QC probe. The probe N1, N2, N3 are the negative control probes.
The probe P is the universal 165 rDNA probe. Each probe was spotted as two. The sequences of probe 1-13 all come from 165 rDNA and their
corresponding target pathogen were: 1 Acinetobacter baumannii; 2 Streptococcus pneumoniae; 3 Haemophilus influenzae; 4 Pseudomonas
aeruginosa; 5 Mycoplasma pneumoniae; 6 Staphylococcus aureus; 7 Burkholderia cepacia; 8 Stenotrophomonas maltophilia; 9 Enterococcus faecalis; 10
Klebsiella pneumoniae or Enterobacter cloacae or Escherichia coli;
respectively. b. The typical hybridization results of fifteen species of bacterial pathogens in pneumonia, non-target bacteria from pure bacterial

ddH20

12 Enterococcus faecium; 13 Legionella pneumophila,

differed from the bacterial culture results. In scanning
images of this specimen from two assays, only probes for
Acinetobacter baumannii and the universal 16S rDNA
probe presented a signal; therefore, we deduced that the
specimen contained Acinetobacter baumannii. Addition-
ally, the results for three replicates in the PCR analysis
of the specimen based on the specific nuc gene of
Staphylococcus aureus were negative. Finally, the micro-
array results for 40 bacterial pathogens belonging to 8

nontarget species in clinical samples were negative
(Table 3). However, for Streptococcus viridans, Staphylo-
coccus  hominis,  Staphylococcus  epidermidis and
Staphylococcus haemolyticus, specific 16S rDNA probes
for these bacteria and the universal 16S rDNA probe ex-
hibited signals, which indicated that this microarray
could identify some nontarget bacteria at the genus level.
For Neisseria mucosa, Chryseobacterium indologenes,
Ralstonia mannitolilytica, and Citrobacter freundii, only
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the universal 16S rDNA probe presented a signal, which
demonstrated that this microarray could determine
whether the specimens contained bacteria. The
hybridization results for clinical samples containing two
or more target pathogens are shown in Fig. 3b.

Discussion

We report the development of a novel DNA microarray
for 15 important respiratory bacterial pathogens and the
evaluation of its potential as a promising diagnostic tool
for pneumonia. We employed two probes, one for a

specific 16S rDNA sequence and the other for a specific
gene sequence, to identify each target bacterium. The
detection limit of each probe reached 10° copies/L.
The detection accuracy of the microarray for the clinical
isolates and specimens reached 100 and 99.4%,
respectively.

A particular strength of our study was that this micro-
array simultaneously uses a genus-specific probe and
species-specific probe to detect targeted bacteria. In re-
cent years, DNA microarrays have been developed to
identify bacteria in lung diseases, but they can detect no



Ma et al. BMC Microbiology (2020) 20:177

Table 2 Reference strains used in this study

Page 8 of 13

Organism No.

Source/strain

Target species

Acinetobacter baumannii 25
Pseudomonas aeruginosa 22
Klebsiella pneumoniae 22
Enterococcus faecium 17
Escherichia coli 13
Enterococcus faecalis 12
Mycoplasma pneumoniae 5
Streptococcus pneumoniae 4
Staphylococcus aureus 4
Stenotrophomonas maltophilia 4
Burkholderia cepacia 3
Haemophilus infuenzae 3
Enterobacter cloacae 2
Legionella pneumophila 1
Chlamydia pneumoniae 1
Non-target species
Streptococcus viridans 2
Moraxella catarrhalis 1
Neisseria mucosa 1

ATCC19606; clinical isolates (24)
ATCC27853; clinical isolates (21)
ATCC700603; clinical isolates (21)
ATCC35667; clinical isolates (16)

ATCC25922; clinical isolates (12)

ATCC29212; clinical isolates (11)

ATCC29342; clinical isolates (4)

ATCC49619; CMCC31001; clinical isolates (2)

ATCC25923; N315; clinical isolates (2)

CGMCC1.1788; clinical isolates (3)

CGMCC1.1813; clinical isolates (2)

ATCC9006(serotypeA); ATCC33533(serotypeB); ATCCO007(serotypeC)
ATCC13047; clinical isolate

ATCC33152

ATCC VR1310

Clinical isolates
Clinical isolate

Clinical isolate

ATCC American Type Culture Collection, CMCC National Center for Medical Culture Collections, CGMCC China General Microbiological Culture Collection Center

more than two target genes: one species-specific gene
[20] and one conserved gene, including rDNA genes and
several phylogenetically conserved genes [11, 12, 21]. For
the former, the number of detected bacteria is limited in
a single test. For the latter, a single marker cannot
achieve the unambiguous detection of closely related or
distant species [22]. Therefore, the use of conserved bac-
terial genes combined with species-specific genes is ne-
cessary for the accurate diagnosis of bacteria. To the
best of our knowledge, there are no other assays simul-
taneously using 16S rDNA and bacterial species-specific
genes for bacterial identification. Moreover, even when
samples that contained bacteria not belonging to the fif-
teen target bacteria were analysed in this study, they
could be identified at the genus level. This method
might be a useful addition to the microarray technique.
Furthermore, this microarray could allow rapid bacter-
ial identification directly from patient samples. First, the
entire experimental procedure for this assay, from sam-
ple receipt to results dissemination, can be completed
within 6 h. This is much faster than current methods,
most of which require an additional 18-24h for the
growth of bacteria in clinical practice. Second, these fif-
teen target bacteria cover the most common bacterial
causes of community acquired pneumonia (CAP) and
hospital acquired pneumonia (HAP) [23, 24], especially
atypical pathogens, which are difficult to identify because

of lengthy and complicated culture methods [25, 26]. Fi-
nally, due to the high-throughput characteristics of the
microarray, our microarray can simultaneously detect 15
pathogenic bacteria in one test. These timely and abun-
dant identification results can facilitate the early admin-
istration of antimicrobial therapy for pneumonia and
prevent bacterial resistance caused by empirical anti-
biotic therapy. This microarray is worthy of being rec-
ommended for use in clinical applications.

This assay was validated with 19 type strains, 119 clin-
ical isolates belonging to 15 target species, 4 clinical iso-
lates belonging to 3 nontarget species and 8 mixed mock
specimens. Bacterial strains were cultured overnight in
5 ml of species-specific culture medium and at the corre-
sponding growth temperature. All cells were collected
for DNA extraction, and 2.5 puL of the DNA template
was used for PCR in microarray validation. This number
must be translated into the corresponding number of
bacteria since a correction factor has to be introduced
due to the extraction efficiency and sample dilution [21].
However, based on the correct identification of the 19
type strains, 119 clinical isolates belonging to 15 target
species, 8 mixed mock specimens and 4 clinical isolates
belonging to 3 nontarget species, the sensitivity and spe-
cificity were both 100%, and the microarray could be
concluded to be an efficient diagnostic method for clin-
ical isolates. The criteria for the selection of clinical
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isolates belonging to nontarget species in this study were
that they are often detected in respiratory tract speci-
mens but in most cases are not the main pathogenic
bacteria. We used only 4 clinical isolates belonging to 3
nontarget species, which is a small number. Neverthe-
less, the detection was found to be specific for the 19
type strains, 119 clinical isolates belonging to 15 target
species, and 151 bacterial pathogens belonging to 10 tar-
get species in clinical samples, and this assay did not de-
tect any of the 4 clinical isolates belonging to nontarget
species and the 40 bacterial pathogens belonging to 8
nontarget species in clinical samples. We cannot exclude
the possibility that other bacterial species in respiratory
tract specimens would cause a reaction with the selected
probes, thus interfering with detection. However, this
probability is low given the very few cross-reactions ob-
served for the 19 type strains, 123 clinical isolates and
191 bacterial pathogens in the clinical samples tested
here.

In this study, the microarray results were compared
with the culture results when the microarray effective-
ness was assessed with clinical specimens. First, culture
is still the most popular method and the gold standard
for the identification of bacteria in clinical practice, even
though it can produce both false-negative and false-
positive results. Second, the 157 clinical specimens
tested in our study were collected before antibiotic ther-
apy. Antibiotic therapy can reduce the bacterial burden
and viability, potentially leading to negative culture re-
sults [27]. Moreover, 121 out of the 157 specimens were
endotracheal aspirates and BALF specimens, which are
often of better quality than expectorated sputum speci-
mens [28, 29]. Therefore, these procedures prevented
the occurrence of false negatives and false positives dur-
ing bacterial culture to a certain degree. Third, a sequen-
cing method was used to confirm the results when the
culture and microarray results were discordant. In this
study, the culture and microarray results were different
for only one sputum sample. The culture result for this
sample corresponded to both Staphylococcus aureus and
Acinetobacter baumannii, whereas the microarray result
showed only Acinetobacter baumannii, and the results
of three replicates of PCR targeting the specific nuc gene
of Staphylococcus aureus were negative. Thus, no speci-
mens were sequenced. Finally, among the 15 bacterial
species included in the microarray, 10 different species
were found in the clinical samples, which are all rela-
tively easy to identify by culture. Hence, this microarray
method was compared with the conventional culture
method.

The array was further assessed for its effectiveness
in 157 clinical specimens from different patients.
Polybacterial infections were well detected in 41 sam-
ples. Compared with the culture results, the specificity
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and sensitivity of the microarray were 100 and 99.4%,
respectively. An increased sensitivity of molecular
methods based on PCR is reported [13, 30-32]. In
this study, only Staphylococcus aureus in one sample
was not detected by the microarray. The lower sensi-
tivity might be attributable to the DNA extraction
procedure or erroneous culture identification. In a re-
cent study, in addition to the standard automated ex-
traction protocol, the addition of proteinase K and
lysostaphin was necessary for the efficient extraction
of Staphylococcus aureus DNA from sputum samples,
particularly mucopurulent samples [8, 33]. Unfortu-
nately, no stored specimens could be re-extracted or
re-cultured because all the specimens were used in
the molecular analyses. Another reason for the lower
sensitivity might be that the number of Staphylococ-
cus aureus cell was sufficient for culture but was too
low for detection with the microarray. The last reason
was that clinical specimens did not cover all fifteen
target bacteria, especially atypical pathogens, which
are difficult to culture. These 5 bacterial species may
not have been found in these specimens because the
157 clinical specimens came from the intensive care
unit for Pulmonary and Critical Care Medicine. The 5
species were Mycoplasma pneumoniae, Haemophilus
influenzae, Enterobacter cloacae, Legionella pneumo-
phila, and Chlamydia pneumoniae, most of which are
difficult to culture. Our DNA microarray would
present obvious advantages in detecting these
bacteria.

One of the weaknesses of this microarray is that it
cannot differentiate between colonization and infection,
similar to many other molecular amplification tests. Al-
though some reports have indicated that the quantitative
detection of pathogenic bacteria could help to distin-
guish colonization from infection [8, 34], a meta-analysis
showed that clinical outcomes were similar regardless of
whether cultures were performed quantitatively or semi-
quantitatively [35]. Therefore, the identification of the
causative agents of infections in patients with pneumo-
nia remains a challenge for clinical microbiology labora-
tories. Nevertheless, taking the shortened turn-around
time and the high throughput of this technique into
account, this assay can be concluded to be superior to
culture methods.

Conclusions

In conclusion, this DNA microarray for detecting
important bacterial causes of pneumonia has the po-
tential to be used as a faster diagnostic tool than
current standard methods. Accurate and timely identi-
fication directly from clinical specimens should im-
prove patient management and prevent inappropriate
antibiotic therapy.
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Table 3 Identification results by microarray and bacterial culture of 157 clinical specimens

Hybridzation report Number (%)

Microarray result Standard culture

Correct identification 81 (39.9)
29 (14.3)
1(54)

1(54)
630
525
4 (20
2

(=}

1
1

V\‘_’lvvvv

(
(
(
(1.
©.
©.

Incorrect identification
Pathogens belong to our target

Pathogens not belong to our target

Total: 203

Acinetobacter baumannii Acinetobacter baumannii

Pseudomonas aeruginosa Pseudomonas aeruginosa
Staphylococcus aureus Staphylococcus aureus
Klebsiella pneumoniae Klebsiella pneumoniae
Enterococcus faecium Enterococcus faecium
Stenotrophomonas maltophilia Stenotrophomonas maltophilia
Escherichia coli Escherichia coli
Burkholderia cepacia Burkholderia cepacia
Enterococcus faecalis Enterococcus faecalis

Streptococcus pneumoniae Streptococcus pneumoniae

Negative Negative

Negative Staphylococcus aureus
Negative Streptococcus viridans
Negative Neisseria mucosa

Negative Staphylococcus hominis
Negative Staphylococcus epidermidis
Negative Staphylococcus haemolyticus
Negative Chryseobacterium indologenes
Negative Ralstonia mannitolilytica
Negative Citrobacter freundii

Methods

Study design

First, we designed and evaluated the primers and
probes for the target genes and fabricated the micro-
array. Second, the detection limit of this microarray
was evaluated by using a series of 10-fold dilutions
(10" copies/uL to 10° copies/puL) of recombinant plas-
mids. Third, the accuracy of this microarray was eval-
uated by using genomic DNA from 19 standard
strains and 123 clinical isolates (Table 2). Subse-
quently, 8 mixtures with two or three of these gen-
omic DNAs were randomly mixed and wused as
templates to assess the ability of this microarray to
distinguish mixed pathogens. Finally, the sensitivity
and specificity of the microarray were evaluated with
clinical samples. Spontaneous sputum specimens,
endotracheal sputum aspirate specimens and broncho-
alveolar lavage fluid (BALF) specimens were collected
in our Pulmonary and Critical Care Medicine depart-
ment. At the same time, the culture and identification
of pathogens were performed in a blinded manner in
the Department of Microbiology in our hospital. Dir-
ect DNA sequencing was used to confirm the results
when they were discordant.

Specimen collection and processing

The 19 standard strain DNA samples and the 123 clinical
isolates used in this study were obtained from the Beijing
Institute of Radiation Medicine and Chinese PLA General
Hospital (Table 2). All 142 bacterial strains were cultured
overnight in 5ml of species-specific culture medium at
the corresponding growth temperature. Genomic DNA of
the cells was extracted by boiling with the same volume of
lysate buffer (25 mmol/L NaOH, 0.1 nmol/L EDTA, 10
mmol/L Tris-HCl, 1% NP40, 2% Chelex-100, 1% Triton
X-100) for 10 min, followed by centrifugation for 2 min at
12000 rpm, absorption of the supernatant and storage at
—70°C for testing [36]. 16S rDNA was used as a control
in the multiplex PCR assay to ensure the standardization
and adequacy of the DNA templates from bacteria.

The 157 participating patients with clinically and
radiologically confirmed pneumonia came from the in-
tensive care unit of Pulmonary and Critical Care Medi-
cine. All 36 spontaneous sputum specimens, 98
endotracheal sputum aspirate specimens, and 23 bron-
choalveolar lavage fluid (BALF) specimens were col-
lected between July 2013 and October 2014. All the
specimens were immediately stored at — 70 °C for DNA
extraction. At the same time, the culture and
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identification of the pathogens were performed in a
blinded manner at the Department of Microbiology in
our hospital. Sputum samples were inoculated onto
blood agar plates, chocolate agar plates and MacConkey
agar plates using standard techniques and incubated at
37 °C under 5% carbon dioxide in air for 18—24 h. Then,
the isolates were identified according to colonial morph-
ology, standard biochemical methods, VITEK-2 analysis
(bioMérieux), or matrix-assisted laser desorption
ionization-time of flight mass spectrometry. All serum
samples were collected and immediately refrigerated at
4°C for immunoglobulin M antibody assays of Myco-
plasma pneumoniae, Legionella pneumophila, and Chla-
mydia pneumoniae. An immunoglobulin M antibody
detection kit (VIRCELL, Granada, Granada, Spain) was
used according to the manufacturer’s instructions, and
the results were read under a EUROStar II immuno-
fluorescence microscope (EUROIMMUN, Hanseatic City
of Lubeck, Schleswig-Holstein, Germany).

The genomic DNA of the 157 clinical specimens was ex-
tracted via the following protocol: 30 min of liquefaction
with 4% NaOH, 10 min of boiling of 50 pl of the liquefied
specimens with 50 pl of lysate buffer (25 mmol/L NaOH,
0.1 nmol/L. EDTA, 10 mmol/L Tris-HCl, 1% NP40, 2%
Chelex-100, 1% Triton X-100), 2min of waiting after
addition to the DNA adsorption column, 1 min of centrifu-
gation at 12,000 rpm, washing 2 times with 600 pl of 75%
alcohol, and elution in 50 pl of ddH,O [36]. All genomic
DNAs were stored at — 70 °C until use. We used 10 ng of
each DNA template in the multiplex PCR assays to ensure
the adequacy of the DNA templates. Additionally, 16S
rDNA was included in the multiplex PCR assays as a con-
trol to ensure the standardization and adequacy of the
DNA templates.

Construction of reference plasmids

The standard strain DNAs listed in Table 1 were used to
construct the reference plasmids. Plasmids containing the
target genes were generated by cloning the PCR products
with the pMD18™-T vector system (TaKaRa, Shiga, Japan).
All plasmids were defined by sequencing. Plasmid extracts
were diluted in ddH,O to 10° copies/uL in a tenfold dilu-
tion series for use in microarray optimization.

Primer and probe design and evaluation

We selected both 16S rDNA and 15 bacterial-specific
genes as target genes to identify bacteria at the species
level. The 15 bacterial-specific genes were IytA of Strepto-
coccus pneumoniae, nuc of Staphylococcus aureus, P6 of
Haemophilus influenzae, phoA of Escherichia coli, mdh of
Klebsiella pneumoniae, toxA of Pseudomonas aeruginosa,
gltA of Acinetobacter baumannii, P1 of Mycoplasma
pneumoniae, ddl of Enterococcus faecalis and Enterococcus
faecium, dnaJ] of Enterobacter cloacae, chitA of
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Stenotrophomonas maltophilia, recA of Burkholderia
cepacia, mip of Legionella pneumophila and ompA of
Chlamydia pneumoniae. All gene sequences were down-
loaded from NCBI (http://www.ncbi.nlm.nih.gov/ge-
nomes). A pair of universal primers was designed to
amplify specific sequences in conserved upstream and
downstream regions of the 16S rDNA sequence. In the
variable regions between universal primers, specific probes
and a positive control probe were designed. Klebsiella
pneumoniae, Enterobacter cloacae and Escherichia coli
were detected with the same specific probe because of
their highly similar sequences. For the 15 bacterial-specific
genes, we designed the primers and probes using DNA-
MAN 6 and Oligo 7 software, respectively. Primers were
selected in conserved upstream or downstream regions,
and probes were designed in the variable portion of the se-
quences. All primer and probe sequences were aligned
using BLAST (http://blast.ncbi.nlm.nih.gov/) to compare
the homology between potential targets belonging to the
same genus. To evaluate the efficiency of all primers, ref-
erence genomic DNAs of the 15 bacterial species were
amplified and examined by 2% agarose gel electrophoresis.
All primers and probes were finally confirmed by the se-
quence analysis of the PCR products from the reference
plasmids.

Microarray preparation

This DNA microarray was designed to contain 32
probes, including 1 universal 16S rDNA probe and 3
negative control probes, in eight columns and eight
rows. The universal 16S rDNA probe was used to detect
whether the samples contained bacteria. The probes
were synthesized by Sangon Biotech Co., Ltd. (Shang-
hai). Each probe (50 uM final concentration) was spotted
twice repeatedly with a noncontact Nanoplotter 2.1 ink-
jet (GeSim, Dresden, Germany) onto the aldehyde chip
after mixing with uniform proportional printing buffer
(5% glycerol, 0.1% sodium dodecyl sulphate (SDS), 6x
saline sodium citrate buffer (SSC), and 2% (wt/vol) Ficoll
400). The microarray layout is shown in Fig. la. Micro-
arrays were prepared as previously described by our re-
search group [37].

Multiplex asymmetric PCR

The primers for 16S rDNA and the 15 specific genes
were divided into three groups for multiplex asymmetric
PCR. Reactions were carried out on a Veritil 96-well
Thermal Cycler instrument (Applied Biosystems by Life
Technologies, Singapore). The final reaction volume for
each multiplex asymmetric PCR assay was 25 pl, includ-
ing the same Multiplex PCR 5x Master Mix reagents
(5 ul, New England Biolabs, UK) and amount of DNA
template (2.5 pl). The forward and reverse primer con-
centrations for 16S rDNA, P6 and mip were 0.08 puM
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and 0.4 pM, respectively. For the other targets, these
concentrations were 0.16 pM and 0.8 pM, respectively.
The cycling parameters were optimized as follows: 10
min at 95 °C; 35 cycles of 30 s at 95°C, 30s at 55 °C, and
1 min at 68 °C; and a final extension of 5 min at 68 °C.

Hybridization and signal detection

Prior to hybridization, the PCR products were denatured
at 98°C for 5min and chilled on ice. A 2.5 pl aliquot of
each amplification product from the three multiplex PCR
assays was mixed with 7.5 pl of hybridization buffer (0.6%
SDS, 10% formylamine, 8x SSC, and 10x Denhardt). A
total of 15 pl of the hybridization mixture was reacted with
the probes at 45°C for 1h. Thereafter, the slide was
washed for 1 min each with washing buffer A (1x SSC and
0.2% SDS), washing buffer B (0.2x SSC), and washing
buffer C (0.1x SSC) for and then dried by centrifugation.
Subsequently, 1:1500-diluted streptavidin-horseradish per-
oxidase (HRP) was incubated in each reaction chamber on
the chip for 30 min at 37°C, and the slide was washed
once with PBST (0.05% Tween 20) for 1 min and dried by
centrifugation. Finally, the regions of hybridization on the
slide were covered with 20 pl phospho-tyrosine (Millipore,
USA), and the signal was immediately detected with a
portable biochip chemiluminescence imaging instrument
(Academy of Military Medical Sciences, China).

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512866-020-01842-3.

Additional file 1: Figure S1. PCR products examined by 2% agarose
gel electrophoresis. a, Agarose gel electrophoresis of PCR products
amplified using the universal 16S rDNA primer. DNA templates were
extracted from: 1 ddH,0; 2 Haemophilus influenzae (ATCC9007); 3
Haemophilus influenzae (ATCC33533); 4 Staphylococcus aureus; 5
Acinetobacter baumannii; 6 Escherichia coli; 7 Streptococcus pneumoniae; 8
Pseudomonas aeruginosa; 9 Chlamydia pneumoniae; 10 Mycoplasma
pneumoniae; 11 Legionella pneumophila; 12 Klebsiella pneumoniae; 13
Enterococcus faecalis; 14 Enterococcus faecium; 15 Stenotrophomonas
maltophilia; 16 Burkholderia cepacia; 17 Enterobacter cloacae; respectively.
b, Agarose gel electrophoresis of PCR products amplified using 15 pairs
of primers for the 15 bacterial specific genes. The 15 bacterial specific
genes were 1 P1; 2 ddl (for Enterococcus faecalis); 3 dnaJ; 4 mdh; 5 chitA; 6
IytA; 7 recA; 8 phoA; 9 ddH,0; 10 dd! (for Enterococcus faecium); 11 gltA; 12
mip; 13 nuc; 14 toxA; 15 ompA; 16 P6, respectively.
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