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The aim of the study was to develop an experimental version of a DNA microarray for parallel detection of community-acquired 
pneumonia bacterial pathogens.

Materials and Methods. We studied the samples of the pharyngeal mucosa smears taken from children aged 1–15 years with X-ray 
confirmed pneumonia. The selection of DNA probes for specific detection of community-acquired pneumonia pathogens (S. pneumoniae, 
H. influenzae, M. pneumoniae, C. pneumonia, and L. pneumophila) and development of the microarray design were carried out using 
the disprose program. The nucleotide sequences of pathogens were obtained from NCBI Nucleotide database. In the research we used 
CustomArray microarrays (USA). For a pooled sample containing S. pneumoniae and H. influenzae DNA, we performed a sequential 
selection of the best combinations of hybridization parameters: DNA fragment size, DNA amount, hybridization temperature. The selection 
criteria were: the percentage of effective probes with a standardized hybridization signal (SHS) ≥3 Z, and the excess of SHS levels of 
effective specific probes compared to SHS of effective nonspecific probes. We selected the probes to detect of S. pneumoniae and 
H. influenzae characterized by an effective hybridization signal under optimal conditions. The developed microarray was tested under 
the selected conditions on clinical samples containing S. pneumoniae or H. influenzae DNA. Using ROC analysis there were established 
threshold values for the signals of specific probes at optimal sensitivity points and the test specificity, the excess of which was interpreted 
as the evidence of pathogen presence in a sample.

Results. A microarray design included 142 DNA probes to detect S. pneumoniae, H. influenzae, M. pneumoniae, C. рneumoniae, 
and L. pneumophila, the probes being synthesized onto slides. Using the example of clinical samples containing S. pneumoniae and/or 
H. influenza DNA, we selected optimal parameters for DNA hybridization on microarrays, which enabled to identify bacterial pathogens 
of community-acquired pneumonia with sufficient efficiency, specificity and reproducibility: the amount of hybridized DNA was 2 μg, the 
DNA fragment size: 300 nt, hybridization temperature: 47°C. There was selected a list of probes for specific detection of S. pneumoniae 
and H. influenzae characterized by an effective hybridization signal under the identified conditions. We determined the threshold values of 
standardized probe signals for specific detection of S. pneumoniae (4.5 Z) and H. influenzae (4.9 Z) in clinical samples.

Conclusion. A DNA microarray was developed and synthesized for parallel indication of bacterial pathogens of community-acquired 
pneumonia. There were selected the optimal parameters for DNA hybridization on a microarray to identify bacterial pathogens — 
S. pneumoniae and H. influenzae, and determined the threshold values of significant probe signals for their specific detection. The 
interpretation of the microarray hybridization results corresponds to those obtained by PCR. The microarray can be used to improve 
laboratory diagnostics of community-acquired pneumonia pathogens.
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Introduction

Community-acquired pneumonia (CAP) is an acute 
infectious inflammatory process of the pulmonary 
tissue occurring in community (outside the hospital) 
or diagnosed within the first 48 h after admission, and 
accompanied by low respiratory infection signs, as well 
as radiographic findings [1].

Community-acquired pneumonia is one of the most 
common infectious pathologies worldwide. According 
to European Respiratory Society, in the countries of 
European Community the total number of CAP patients 
annually exceeds 3 million people. Every year in the 
USA 5–6 million of CAP cases are recorded; among 
them over a million of cases require hospitalization [2]. 
CAP rate in Europe and North America accounts for 
5–10 cases per 1,000 of population [3]. According to 
WHO, in 2019 CAP mortality was 2.6 million cases that 
ranked the forth leading mortality cause in the world [4].

In Russia CAP also makes significant contribution to 
the infectious incidence structure. The long-term annual 
average being 391.82 cases per 100,000 of population 
in 2022, CAP incidence was 407.29 cases per 100,000 
of population [5]. CAP mortality in Russia is 17–18 cases 
per 100,000 of population, it depending on severity and 
patients’ individual characteristics (age, comorbidity, the 
immune system condition) [6].

CAP agents include many bacterial pathogens, 
the main one is Streptococcus pneumonia causing 
up to 30–50% of cases. Haemophilus influenza in 
community setting occurs approximately in 10% 
cases, both in Russia and worldwide. It is known, that 
8–30% cases of non-severe CAP are known to be 
caused by Chlamydophila pneumonia and Mycoplasma 
pneumonia [6].

Despite the large-scale implementation of molecular-
genetic and other advanced techniques into laboratory 
practice, the proportion of diagnosed CAP of this etiology 
reaches only 40–60% [7].

Timely identification of CAP agent is significant to 
make a right choice when managing patients, and 
determining anti-epidemic measures to take [8–13]. 
However, CAP symptoms are characterized by variability 
and non-specificity, and for this reason the development 
of new methods to detect etiological CAP agents using 
modern technologies still continues to be relevant.

The development of DNA microarrays enabling 
to detect in parallel a wide range of CAP agents can 
be very promising to solve the problem. Many of the 
currently developed DNA microarrays aim at typing the 
pathogens associated with respiratory diseases. So, 
the staff members of Engelhardt Institute of Molecular 
Biology, Russian Academy of Sciences (Russia), 
developed gel DNA microarrays of low density for typing 
Mycobacterium tuberculosis strains and identifying 
genetic determinants of drug resistance [14]. In 
addition, in cooperation with D.I. Ivanovskiy Institute 
of Virology (Russia), they developed DNA microarray 

for typing influenza A virus used in order to monitor 
epidemiologically the agent circulation [15]. In Russia, 
previously, there was carried out no development of 
DNA microarrays aimed at detecting a wide spectrum 
of respiratory agents.

In 2019 powered by Agilent (USA) there was 
developed a DNA microarray for serotyping 
S. pneumoniae, its accuracy being compatible with PCR 
technique [16].

Microarrays by Affymetrix (USA) [17] and Genomica 
(Spain) [18] have gained wide spread, and made it 
possible to identify a wide range of bacterial pathogens. 
One of the last developments is a DNA microarray of 
low density described by Ma et al. [19], the microarray 
is aimed for determining 15 types of CAP-associated 
bacteria.

However, a wide range of pathogens, which are 
detected by microarrays described before, determine 
high cost and sample preparation complexity, since 
a significant number of specific primers are needed 
for tests that hampers the application of microarrays 
in the laboratory practice. Another disadvantage of 
these microarrays is impossibility to differentiate 
carrier state and pathogen-associated infection [19]. In 
such situation there would be urgent to develop DNA 
microarrays characterized by an optimal relationship 
of research cost, productivity and the finding accuracy. 
This problem can be solved using DNA microarrays of 
high density, enabling to use random primers in sample 
preparation, preserving the assay sensitivity and 
specificity. Moreover, the quality of the results obtained 
will also depend significantly on using optimal protocols 
of sample preparation and the favorable ratio of material 
hybridization parameters [20]. The parameters include 
the size of fragments and the amount of hybridized DNA, 
hybridization temperature, and others.

The aim of the study was to develop an experimental 
version of a DNA microarray for parallel detection of 
community-acquired pneumonia bacterial pathogens.

Materials and Methods
Development of DNA microarray design and its 

synthesis. We previously set forward the algorithm 
of selecting DNA probes for specific detection of 
CAP agents, it being implemented in the form of the 
disprose program (DIScrimination PRObe SElection) 
coded in program language R [21]. Using the algorithm 
there was developed the DNA microarray design for 
identifying the main bacterial CAP agents circulating in 
the world: Streptococcus pneumoniae, Haemophilus 
influenzae, Mycoplasma pneumoniae, Chlamydophila 
pneumoniae, Legionella pneumophila. We adjusted 
target and nonspecific bases of nucleotide sequences 
used when selecting DNA probes with the help of this 
algorithm, from the database NCBI Nucleotide [22]. 
The probe distribution scheme of a slide surface was 
drawn out using the application — Layout Designer 
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(CustomArray, USA). The probes were synthesized on 
slides CustomArray Blank Slide 12K (CustomArray, 
USA). There were synthesized on slides the probes 
of negative control (NC — specific to Rhizobium rubi 
genome selected using the mentioned algorithm), and 
the probes of quality control (QC), nonspecific to the 
sequences of the pathogens under study, which were 
established by the platform manufacturer (CustomArray, 
USA). The probes were synthesized using a modified 
amidophosphite technique on B3 Synthesizer 
(CustomArray, USA) according to the manufacturer 
protocol [23, 24] and using a reagent kit (Sigma-Aldrich, 
USA, Germany, France; Panreac, Spain; Merck Sharp & 
Dohme, USA; Biochim, Russia).

Materials. We studied the samples of the pharyngeal 
mucosa smears taken from children aged 1–15 years with 
X-ray confirmed pneumonia, they were under in-patient 
treatment in Nizhny Novgorod medical facilities (Russia).

All the presenters of under-legal-age patients gave 
their informed consent in accordance with Declaration of 
Helsinki (2013).

Sample collection for research. The presence of 
CAP agent DNA was confirmed by PCR using the kit — 
Gen Pak DNA PCR test (Galart-Diagnosticum, Russia) to 
detect S. pneumoniae, H. influenza, and L. рneumophila, 
as well as the kit “AmpliSense® Mycoplasma 
pneumoniae/Chlamydophila pneumoniae-FL” (Central 
Research Institute of Epidemiology of Rospotrebnadzor, 
Russia) to detect M. pneumonia and C. рneumoniae DNA. 
In order to choose the parameters of DNA hybridization 
on a microarray and assess the reproducibility of results, 
we pooled 18 samples containing S. pneumonia DNA 
(18/18, 100% samples) and/or H. influenza DNA (9/18, 
50% samples). To test the detectability of S. pneumonia 
and H. influenza in clinical samples, we used three 
samples of each containing S. pneumonia or H. influenza 
alone. A pool of six samples of oral swabs from healthy 
donors containing none DNA of CAP bacterial agents 
served as negative samples. 

DNA sample preparation and its hybridization 
on a microarray. We purified DNA from the samples 
using a kit of reagents RIBO-prep (Central Research 
Institute of Epidemiology of Rospotrebnadzor, Russia). 
We additionally cleaned DNA using 3 M sodium 
acetate (pH 7.0) and isopropanol (Biochim, Russia). 
DNA, in amounts of 2–3 µg, was fragmented by a 
kit of reagents NEBNext dsDNA Fragmentase (New 
England Biolabs, Great Britain). DNA concentration 
was measured spectrophotometrically using Eppendorf 
Bio Photometer Plus (Germany). Fragmented DNA 
was concentrated with isopropanol in the presence of 
3 M sodium acetate (pH 7.0). The amplification of DNA 
(1.2 µg) was performed using a reagent kit Encyclo Plus 
PCR kit (Evrogen, Russia) and random decanucleotide 
primers Random (dN)10-primer (Evrogen, Russia) 
using an amplifier MaxyGene Gradient (Axygen, USA), 
the reaction temperature profile being the following: 
denaturation at 95°С — 1 min, 30 cycles (95°С — 15 s, 

30°С — 1 min, 72°С — 45 s), the final elongation — 
8 min. The obtained DNA was concentrated by cooled 
isopropanol at the presence of 3 M sodium acetate 
(pH 7.0). DNA (in the amount of up to 4 µg) was 
used as a matrix for in vitro replication by a reagent 
kit “DNA-polymerase I E. coli (Klenov fragment)” 
(SibEnzyme, Russia) and random decanucleotide 
primers Random (dN)10-primer (Evrogen, Russia). 
Biotin labeling was inserted into synthesized DNA 
by replacing a half of deoxyuridine triphosphate 
(dUTP) with its biotinylated analogue Bio-12-dUTP 
(DNA-synthesis, Russia). The obtained biotin-labeled 
DNA was concentrated by cooling with isopropanol in the 
presence of 3 M sodium acetate (pH 7.0). The resulting 
amount of biotin-labeled DNA varied within the range 
of 2.0–3.5 µg, which was enough for DNA hybridization 
on a microarray. The target biotin-labeled DNA were 
hybridized on a microarray followed by washing (for 
microarray reusing) according to the manufacturer’s 
instruction (CustomArray, USA). There was determined 
an optimal combination of three hybridization 
parameters: target DNA fragment size (200, 300, 
400 nt), the amount of hybridized DNA (1, 2, 3 µg) and 
hybridization temperature (40, 42, 45, 47, 50°С).

Mathematical processing and analysis of 
hybridization signals. Hybridization signals in the 
form of ECD files were exported into CSV format using 
Electra Sense Analysis v. 3.4.2 (CustomArray, USA). 
The calculations were made in freely distributable 
programming support environment R v. 3.6.1 [25].

Primary hybridization signals were standardized and 
received a standardized hybridization signal (SHS) 
expressed by the formula:

Z=(X–MNC)/SDNC,

where Х — a primary hybridization signal of the probe 
understudy, MNC — arithmetic mean of the signals from 
negative control probes, SDNC — standard deviation of 
the signals from negative control probes.

The probes with SHS over 10 Z were assessed 
as those with nonspecific/partial binding, and were 
excluded from the following analysis. The signal level 
over 3 Z was estimated as effective [26], over 4 Z — 
high, over 5 Z — very high.

For every hybridization parameters combination we 
determined hybridization quality indicator: effectiveness, 
specificity — the relationship of specific and nonspecific 
signals, as well as the relationship of sensitivity and 
specificity parameters. We tested each of the parameters 
combination sequentially selecting the best variants.

Hybridization efficiency was assessed as the 
percentage of effective probes from the total test probes. 
To assess the effect the hybridization parameters have 
on the ratio of specific and nonspecific signals, we 
calculated the median relationship of SHS specific 
and nonspecific probes. As specific there were 
used those designed for identifying S. pneumonia 
and H. influenzae, and as nonspecific — the 
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probes to identify M. pneumoniae, C. pneumoniae, 
L. pneumophila. ROC-analysis was used to determine 
the sensitivity-specificity ratio.

ROC-analysis. In carrying out ROC-analysis we 
calculated the microarray sensitivity and specificity when 
selecting significant signal threshold (SST). By SST we 
meant such SHS probe level, the excess of which made 
it possible to interpret the resulting hybridization as 
the evidence of the agent presence in a DNA sample. 
When calculating, only effective probes were taken 
into consideration. Sensitivity and specificity were 
determined for each SST under testing according to the 
following formulas:

Sensitivity = TP / (TP + FN);
Specificity = TN / (TN + FP),

where TP — the number of true-positive probes (the 
probes designed for detecting S. pneumonia and 
H. influenzae, their standardized signal being over the 
threshold level under test); FP — the number of false 
positive probes (the probes designed for detecting 
M. pneumoniae, C. pneumonia, and L. pneumophila, 
their standardized signal being over the threshold 
level under test); TN — the number of true-negative 
probes (the probes designed to detect M. pneumoniae, 
C. pneumonia, and L. pneumophila, their standardized 
signal being lower or equal to the threshold level under 
test); FN — the number of false-negative probes 
(the probes designed to detect S. pneumonia and 
H. influenzae, their standardized signal being lower or 
equal to the threshold level under test).

Based on the obtained values, we plotted a 
ROC-curve, calculated the area under curve (AUC), 
determined SST corresponding to maximum Youden’s 
index (the optimal sensitivity and specificity relationship), 
and SST corresponding to maximum test specificity. 

Results reproducibility assessment. A pooled DNA 
sample was hybridized on three different slides after 
single hybridization and the following washing, as well 
as three times on one slide with the following washing. 
Spearman’s rank correlation coefficient was calculated 
to determine the correlation between electrochemical 
signals of hybridization slides, as well as we calculated 
the coefficient of variation (Cv) of every probe on 
different slides according to the formula:

Cv=(SD/M)·100%,

where SD — the standard deviation of SHS probe, M — 
arithmetic mean of probe SHS on all tested slides.

Selection of effective probes for detecting 
S.  pneumonia  and  H.  influenzae.  The sequences of 
specific probes designed for detecting S. pneumonia and 
H. influenzae, and demonstrating effective hybridization 
in selected parameters of the pooled sample 
hybridization, were aligned in relation to the reference 
sequence of the appropriate pathogen genome. As 
a reference for S. pneumonia we used the sequence 
“Streptococcus pneumonia R6, complete sequence” 

(in database NCBI Nucleotide — NC_003098), for 
H. influenzae — the sequence “Haemophilus influenza 
strain Hi375 chromosome, complete genome” (in 
database NCBI Nucleotide — NZ_CP009610).

Locally, the nucleotide sequences were aligned using 
the program BLASTN of the program package BLAST+ 
v. 2.10.0 [27]. There were determined the areas of 
reference genome, which the selected probes were 
aligned on, the identity being 100% in the absence of 
point discordance and nucleotide loss. For annotation 
of the revealed reference genome we used NCBI 
Nucleotide data base [22]. Then in order to broaden 
the panel of the used probes, there were chosen all 
probes (making the microarray design and specific to 
the revealed regions), which were designed to detect 
S. pneumonia or H. influenzae.

Microarray testing. The developed DNA microarray 
was tested for CAP agents (S. pneumonia and 
H. influenza) in clinical samples. An effective signal 
from a pool of specific probes selected at the previous 
stage was considered as a specific signal. Using 
ROC-analysis we determined SST corresponding to 
maximum test specificity. SST as calculated separately 
for S. pneumonia and H. influenzaе.

Data statistical processing. The data were analyzed 
in freely distributable software R v. 3.6.1. We used 
statistical approaches determining arithmetic mean 
(M), standard deviation (SD), median (Me), first and 
third quartiles (Q1 and Q3), Spearman’s correlation 
coefficient (ρ), coefficient of variation (Cv) with ROC 
curve and determining AUC and Youden’s index.

Results
Probe sequence choice for detecting community 

acquired pneumonia DNA. Using the disprose program 
we selected the probes for specific detection of five 
bacterial CAP agents: S. pneumoniae, H. influenzae, 
M. pneumoniae, C. pneumoniae, L. pneumophila. 
A pool of candidate probes was formed by separating 
reference genome sequences into the regions of stated 
length. Candidate probes were selected by physico-
chemical parameters: probe length (24–32 nt), nucleotide 
(guanine, cytosine) percentage composition (40–60%), 
the number of homogenous repetitions (less than five 
similar nucleotides in succession), minimal folding energy 
(≥0 kcal/mol), melting temperature (55–60°С). For testing 
the capability of candidate probes to hybridize with target 
sequences, we aligned them by BLAST algorithm with 
target and non-specific sequence bases. Then using 
the disprose program we selected maximum specific 
probes according to the following parameter: those 
identical to target sequences (covering — 100%, no point 
discordance and gaps), and no cross hybridization with 
non-target sequences (covering — less than 50%). As a 
result, we selected by 30 probes to detect S. pneumoniae, 
M. pneumoniae, C. pneumoniae, L. pneumophila, and 
22 probes — to detect H. influenzae (see Appendix). 
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The selected probes were successfully synthesized on 
slides Blank Slide 12K (CustomArray, USA). Each slide 
consisted of 4 identical sectors, each of them having 
142 target probes, 90 negative control probes, and 90 
synthesis quality control probes.

The effect of hybridization parameters on 
hybridization quality characteristics. We sequentially 
selected the best combinations of hybridization 
parameters: DNA fragment size (200, 300, 400 nt), DNA 
amount (1, 2, 3 µg), and hybridization temperature (40, 
42, 45, 47, 50°С) — for a pooled sample containing 
S. pneumonia and H. influenzaе DNA. When hybridizing 
a negative sample, no signals of effective probes were 
detected on all tested parameters.

The maximum hybridization effectiveness was 
revealed in the temperature range 42–47°С. 
Hybridization efficiency decreased when DNA amount 
lowered from 2 to 1 µg, as well as in increasing the 
amount up to 3 µg. No dependence of hybridization 
efficiency on DNA fragment length was found (Figure 1).

Hybridization specificity analysis showed the most 
effective specific probes (to detect S. pneumonia 
and H. influenzae) and the highest signal of specific 
hybridization were in the following combination of 
parameters: 1) DNA, 1 and 2 µg, 200 and 400 nt, 
42°С; 2) DNA, 1 and 2 µg, 300 nt, 47°С. However, there 

were also revealed the signals of effective nonspecific 
probes (for M. pneumoniae, C. pneumonia, and 
L. pneumophila) (Figure 2).

The resulting selection revealed two combinations of 
hybridization parameters, which provided the maximal 
number of effective specific probes. The medians of 
their levels exceeded those of effective signals from 
nonspecific probes:

DNA, 1 µg, 200 nt, 42°С — 9 specific probes with 
SHS=4.5 [3.6; 4.7] Z and 9 non-specific probes 
with SHS=3.6 [3.5; 3.9] Z, 1.3 times exceeding;

DNA, 2 µg, 300 nt, 47°С — 13 specific probes with 
SHS=4.3 [4.0; 5.1] Z, and 8 nonspecific probes 
with SHS=3.2 [3.1; 3.6] Z, 1.3 times exceeding (see 
Figure 2).

ROC analysis findings showed the first combination 
of hybridization parameters (DNA, 1 µg, 200 nt, 42°С) 
AUC ROC-curve value to be 0.57, while the second 
combination (DNA, 2 µg, 300 nt, 47°С) — 0.89. The 
second variant was chosen as optimal hybridization 
parameters; for this combination the maximum Youden’s 
index corresponded to SST=3.5 Z (specificity — 0.75; 
sensitivity — 0.85) and SST=4.5 Z (specificity — 1.00; 
sensitivity — 0.46) corresponded to maximum specificity. 

Thus, optimal hybridization parameters are DNA, 
2 µg, 300 nt, 47°С.

Figure 1. Dependence of probe hybridization efficiency on hybridization parameters
200, 300, 400 nt — length of hybridized DNA fragments; 1, 2, 3 µg — amount of hybridized DNA; 
the parameters selected for further optimization are framed
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Reproducibility assessment. In hybridization under 
selected conditions, the microarrays were characterized 
by high reproducibility of signals received on different 
slides, and successively on one slide. Correlation 
coefficient ρ was 0.93 [0.92; 0.94], and coefficient of 
variation Cv — 9.3 [7.2; 11.3]%.

Characteristics of the probes specifically detecting 
S.  pneumonia  and H.  influenzae. Based on the data 
on pooled sample hybridization at optimal parameters 
from those presented in microarray design, for further 
application there were chosen the most effective probes 
to detect S. pneumoniae and H. influenzae (Table 1). For 

Figure 2. Standardized hybridization signal values of effective specific and non-specific 
probes in different hybridization parameters
42, 47°С — hybridization temperature; 200, 300, 400 nt — the length of hybridized DNA fragments; 
1–2 µg — the amount of hybridized DNA. Dotted line indicates the borders of high level signal 4 Z 
and very high level signal — 5 Z. Frames mark the parameters selected for further optimization

42°С, 200 nt, 1 µg                            42°С, 200 nt, 2 µg                          42°С, 400 nt, 1 µg

42°С, 400 nt, 2 µg                           47°С, 300 nt, 1 µg                            47°С, 300 nt, 2 µg
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T a b l e  1
Characteristics of the probes specifically detecting S. pneumoniae and H. influenzae

Probe  
number

Length 
(nt) Probe sequence Genome region coordinates*, 

complimentary probe sequence (nt) Genome region characteristics

str_1436936 28 agagttcctcctcttcataagtctatcc 218389–218416 Unannotated genome region
str_836861 26 gacattataggacgtactgagcatac 224989–225014 Coding gene region pflF, gene product — formate 

acetyltransferase 3 (AAK99036, NCBI Protein)
str_1768809 30 gcaacaaagcaagtagactagacagaacaa 1363254–1363283 Genome region, complementary to gene encoding 

area, gene product — ABC transporter (AAL00185, 
NCBI Protein)

str_1768807 30 aagcaacaaagcaagtagactagacagaac 1363252–1363281

str_344828 24 gtctcctgtaacgccaaagacatt 1828896–1828919 Genome region, complementary to gene encoding 
area ackA, gene product — acetate kinase 
(AAL00657, NCBI Protein)

str_166887 24 ctgtttaaacccgaagaaggagtt 896865–896888 Encoding region of gene phtE, gene product — 
pneumococcal histidine triad Е precursor 
(AAK99712, NCBI Protein)

hi_100185 24 catcaatgaaatgaagccctgtcg 591988–592016 Non-annotated genome region
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Probe  
number

Length 
(nt) Probe sequence Genome region coordinates*, 

complimentary probe sequence (nt) Genome region characteristics

hi_100186 24 atcaatgaaatgaagccctgtcga 591989–592017
hi_100187 24 tcaatgaaatgaagccctgtcgat 591990–592018
hi_100188 24 caatgaaatgaagccctgtcgatt 591991–592019
hi_416136 25 acatcaatgaaatgaagccctgtcg 591987–592016
hi_416137 25 catcaatgaaatgaagccctgtcga 591988–592017
hi_416138 25 atcaatgaaatgaagccctgtcgat 591989–592018
hi_416139 25 tcaatgaaatgaagccctgtcgatt 591990–592019
hi_711905 26 aacatcaatgaaatgaagccctgtcg 591991–592016
hi_711906 26 acatcaatgaaatgaagccctgtcga 591992–592017
hi_711907 26 catcaatgaaatgaagccctgtcgat 591992–592018
hi_924234 27 aacatcaatgaaatgaagccctgtcga 59991–592017
hi_924235 27 acatcaatgaaatgaagccctgtcgat 591992–592018
hi_924236 27 catcaatgaaatgaagccctgtcgatt 591993–592019
hi_458134 25 acaagtttcgtttctggggattatg 818127–818151 Locus NF38_04170 — region hypothetically 

encoding protein (AIT67430, NCBI Protein)hi_458135 25 caagtttcgtttctggggattatgt 818128–818152
hi_699475 26 aggatcaatactgttatcagagtcgc 487919–487944 Locus NF38_02410 — region hypothetically 

encoding protein RNA-polymerase sigma factor 
RpoD (AIT67106, NCBI Protein)hi_699476 26 ggatcaatactgttatcagagtcgct 487920–487945

hi_911551 27 caggatcaatactgttatcagagtcgc 487918–487944
hi_911552 27 aggatcaatactgttatcagagtcgct 487919–487945
hi_911553 27 ggatcaatactgttatcagagtcgctt 487920–487946
hi_911554 27 gatcaatactgttatcagagtcgcttg 487921–487947

* for probe selection there were used genome sequences of data bases NCBI Nucleotide: NC_003098 Streptococcus 
pneumonia R6, complete sequence (accessed October 1, 2022); NZ_CP009610 Haemophilus influenzaе strain Hi375 
chromosome, complete genome (accessed May 3, 2023).

End of the Table 1

T a b l e  2
Main hybridization characteristics of clinical samples containing S. pneumonia and H. influenzae

Characteristics Slide number_number of washings
Hybridization of the sample containing S. pneumoniae

Slide 81559_04 Slide 81562_02* Slide 81562_03
The number of effective probes (SHS ≥3) 16 22 14
The number of effective probes specific to S. pneumoniae 5 6 5
AUC value 1 0.59 0.74
SST of maximal point of Youden’s index* 4.30 (se=1.00; sp=1.00) 3,90 (se=0.83; sp=0.63) 3.90 (se=0.83; sp=0.94)
Minimum SST at maximum specificity point* 4.30 (se=1.00; sp=1.00) 4.50 (se=0.33; sp=1.00) 4.40 (se=0.67; sp=1.00)
Effective SHS values of specific probes, Me [Q1; Q3]:

S. pneumoniaе
H. influenzae
M. pneumoniae
C. pneumoniae
L. pneumophila

4.91 [4.68; 5.20]
3.24 [3.17; 3.71]
4.20 [4.01; 4.20]
3.29 [3.16; 3.34]
3.56 (1 probe)

4.33 [4.03; 5.04]
3.83 [3.76; 3.97]
3.69 [3.48; 4.12]
3.77 [3.46; 3.79]
4.13 [4.04; 4.27]

4.82 [4.63; 5.76]
3.15 (1 probe)

3.87 [3.48; 4.09]
3.53 (1 probe)

3.53 [3.35; 3.62]
Hybridization of the sample containing H. influenzae

Slide 81562_04 Slide 81563_01 Slide 81563_02

The number of effective probes (SHS ≥3) 15 15 12
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S. pneumoniae detection we chose 6 from 30 specific 
probes presenting on a microarray; 5 from 6 probes 
were specific to S. pneumoniae genome regions 
encoding or complementary coding proteins, and 
1 probe was specific to non-annotated genome area. For 
H. influenzae detection we chose all 22 from 22 specific 
probes presenting on a microarray. 14 among them 
were complementary to non-annotated of H. influenzae 
genome area; and 8 — to two regions, which encode 
proteins.

S.  pneumoniae  and  H.  influenzae  detection  in 
clinical samples. When hybridizing genetic material 
of clinical samples of patients with CAP and the stated 
S. pneumoniae agent, among effective probes there 
were those specific to all five pathogens under study 
(S. pneumoniae, H. influenzae, M. pneumoniae, 
C. pneumonia, L. рneumophila), though the probes 
specific to S. pneumoniae DNA demonstrated higher 
SHS (Table 2).

Due to the fact that both specific and some 
non-specific probes were characterized by an effective 
hybridization signal, as SST we chose the maximum 
specificity point, which achieved a signal of specific 
probes alone. Such SST provided 100% specificity, 
though resulting in false-negative signals (the signals of 
effective specific probes interpreted as negative). SST 
of specific probes for S. pneumoniae was 4.5 Z. Similarly, 
in hybridization of clinical samples of patients with CAP 
and stated H. influenzae agent, among effective probes 
there were specific and nonspecific ones. In addition, the 
probes specific to H. influenza DNA were characterized 
by higher SHS. SST selected for the probes designed for 
H. influenzae detection was 4.9 Z (see Table 2).

Discussion
In order to develop DNA microarray for parallel 

detection of bacterial CAP agents using our own disprose 
program and data base NCBI we selected the following 

sequences of DNA probes detecting S. pneumoniae, 
H. influenzae, M. pneumoniae, C. pneumonia, and 
L. pneumophila, which were successfully synthesized 
in a microarray. In addition to individual physic-chemical 
characteristics of the probes, which were determined 
when developing microarray design, the significant 
parameters, which have an effect on effectiveness 
and specificity of probes binding to a target DNA, are 
hybridization temperature and the amount of. The 
hybridization temperature increase and hybridizing 
DNA amount decrease result in an increase in binding 
specificity, however, it leads to efficiency decrease, and 
vice versa [20].

Using pooled samples of S. pneumonia and 
H. influenzae DNA, according to the algorithm we 
developed, there were successively studied various 
combinations of DNA hybridization parameters on a 
microarray: DNA fragment size, DNA amount, and 
hybridization temperature. By sequential sampling, 
we chose an optimal combination of hybridization 
parameters, when there were revealed the maximum 
effective and specific signals of probes to detect 
S. pneumonia and H. influenzae, namely: DNA, 2 µg, 
300 nt, 47°С.

At such hybridization parameters combination, the 
characteristics of reproducibility of signals received both 
on different microarrays and sequentially corresponded 
to the quality characteristics specified in literature — 
correlation coefficient over 0.90 and correlation of 
variation under 15% [28]. Testing of negative pooled 
sample showed no effective probe signals.

The study findings demonstrate the impossibility to 
choose one “optimal” probe, it is necessary to assess 
hybridization signal of a pool of specific probes to 
detect each pathogen. There were selected the probes 
synthesized on a microarray to detect S. pneumonia and 
H. influenza characterized by an effective hybridization 
signal under optimal conditions, and specificity to the 
selected regions of reference genomes. There were 

End of the Table 2

Characteristics Slide number_number of washings
The number of effective probes specific to H. influenzae 6 5 6
AUC value 0.93 0.88 0.93
SST of maximal point of Youden’s index* 4.90 (se=0.83; sp=1.00) 4.70 (se=0.83; sp=1.00) 4.00 (se=0.83; sp=0.90)
Minimal SST in maximum specificity point* 5.00 (se=0.83; sp=1.00) 4.70 (se=0.83; sp=1.00) 4.80 (se=0.33; sp=1.00)

Effective SHS values of specific probes, Me [Q1; Q3]:
S. pneumoniaе
H. influenzae
M. pneumoniae
C. pneumoniae
L. pneumophila

3.78 (1 probe)
5.11 [5.04; 5.13]
4.49 [4.24; 4.72]
3.83 [3.71; 3.95]

3.17; 3.68 (2 probes)

3.44 (1 probe)
5.20 [5.12; 5.63]
4.04 [3.99; 4.09]

No probes
3.53 [3.33; 3.81]

No probes
4.12 [4.04; 4.88]
3.87 [3.61; 4.20]

No probes
3.91 (1 probe)

* in brackets the values of sensitivity (se) and specificity (sp) are given. SHS — standardized hybridization signal, SST — 
significant signal threshold.
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selected 6 probes for S. pneumonia detection, and 22 
probes — for H. influenzae detection (see Table 1). 
It should be noted that significant amount of probes 
for H. influenzae detection were specific to limited 
genome regions. It can be explained by the fact that the 
initial probe selection for H. influenzae detection was 
complicated by high genetic similarity of the pathogen 
with closely related agents of H. рarainfluenzae and 
H. haemolyticus, which can be present in normoflora [29, 
30]. To decrease the risk of cross probe hybridization and 
false-positive results, we excluded from an initial pool of 
candidates the sequences similar to H. рarainfluenzae 
and H. haemolyticus genome. The rest probes were 
complimentary to several unique H. influenza genome 
regions. The probes for S. pneumoniae detection were 
chosen from the sequences specific to the regions 
located along the entire pathogen genome length.

When testing clinical samples, we stated both 
specific and some non-specific to be characterized by 
an effective hybridization signal; however, SHS levels 
of specific probes were significantly higher. The fact that 
there were revealed effective nonspecific signals when 
analyzing clinical samples using a developed microarray 
can be the evidence of possible carrier state of detected 
agents. According to literature data [31], bacterial agents 
of CAP can be a part of normal flora. So, in healthy 
children aged 0–6 were found to have S. pyogenes, 
S. pneumoniae, H. influenza, and Moraxella catarrhalis 
DNA, and the frequency of their revealing was 
comparable to the frequency of acute respiratory 
infections. The number of M. pneumoniae carrier state 
in healthy children varied from 3 to 58% depending 
on season [32], while the frequency of asymptomatic 
infection by Chlamydophila pneumoniae in children and 
adults was 1–6% [33, 34]. Legionella species carrier 
state remains unproved [35].

For safe detection of CAP agents DNA using a 
microarray, in possible carrier state, as well as in possible 
nonspecific hybridization of microarray probes, it is of 
great importance to calculate carefully the threshold 
values of significant hybridization signal to detect each 
pathogen at clinically significant concentration. The 
research [36] showed that there is no direct dependence 
between the hybridization signal levels of different 
probes and the concentration of detected molecules 
in the studied sample, and even the probes specific 
to one region of target sequence differ in affinity, and 
therefore, they differ in hybridization signal. Accordingly, 
SST calculation is needed for each of CAP agents under 
study. As SST there were chosen the points of maximum 
specificity (4.5 Z — for S. pneumoniae, 4.9 Z — for 
H. influenzae) that enabled to interpret the microarray 
hybridization findings in accordance with PCR results.

Thus, the developed DNA microarray in optimal 
hybridization parameters and significant threshold values 
of probe signals provide parallel detection of CAP agents 
DNA (S. pneumoniae and H. influenzae) with sufficient 
efficiency, specificity and reproducibility. The microarray 

is unique in Russia, and exhibits a number of advantages 
compared to those developed abroad. Detection of 
each pathogen is provided by a composition of unique 
specific probes that enhances the detection probability 
of a pathogen in a sample. Due to the use of random 
decanucleotide primers there have been provided the 
unification of biomaterial sample preparation, analysis 
cost reduction, and labor cost decrease. One more 
advantage of the developed microarray is its reusability 
(minimum five times without the results quality loss). The 
suggested algorithm of analyzing hybridization findings 
using signal threshold values enables to differentiate 
clinically significant infection and carrier state of 
bacterial CAP agents. The algorithm with the help of our 
DNA microarray can be applied to develop detection 
techniques for other bacterial CAP agents such as 
M. pneumoniae, C. рneumoniae, and L. pneumophila.

Conclusion
There was developed and synthesized an 

experimental DNA microarray for parallel detection 
of community acquired pneumonia bacterial agents: 
S. pneumoniae, H. influenzae, M. pneumoniae, 
C. pneumonia, and L. pneumophila. In the course 
of the present research by an example of bacterial 
agents of S. pneumonia and H. influenzae there were 
selected optimal conditions for DNA hybridization 
(amount — 2 µg, fragment size — 300 nt, hybridization 
temperature — 47°С), which enable to get signals with 
sufficient specificity and reproducibility. We revealed a 
pool of probes for specific detection of S. pneumoniae 
(n=6) and H. influenzae (n=22) characterized by an 
effective hybridization signal in the revealed conditions. 
There were determined threshold values of significant 
signals of the probes specific detection of S. pneumonia 
and H. influenzae in clinical samples, which enable 
to interpret hybridization results (4.5 Z — to detect 
S. pneumoniae, and 4.9 Z — to detect H. influenzae).

A developed microarray can be used to improve 
laboratory diagnosis and monitoring of bacterial agents 
of community-acquired pneumonia.
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