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Abstract: (1) Background: Beta-lactams are the most frequently used antimicrobials, and are the
first-line drugs in many infectious diseases, e.g., pneumonia, otitis media. Due to this fact, various
bacteria have developed resistance to this group of drugs. (2) Methods: Eighty-seven Haemophilus
parainfluenzae isolates were obtained from adults 18-70 years old in eastern Poland. The presence
of 10 bla genes and 2 substitutions in ftsI reported as the most frequent in H. parainfluenzae were
analyzed. (3) Results: Among 57 beta-lactam-resistant isolates, 63.2% encoded bla genes; blarep1
predominated (54.4%), followed by blapxa (19.3%), blappya (12.3%), blagyy (10.5%), blaggs (7.0%),
blacamy (5.3%), blayrp (1.8%) and blagpp-1 (1.8%). Lys-526 was the most common substitution in
ftsI gene. The resistance genotypes were as follows: gBLNAS (17.5%), low-gBLNAR I (1.8%),
low-gBLNARII (1.8%), gBLNARII (15.8%), gBLPAS (15.8%), gBLPAR (19.3%), gBLPBS I (8.8%) and
gBLPBS 1II (1.8%); (4) Conclusions: This has been the first study to report on the high diversity of bla
genes in H. parainfluenzae isolates in Poland. High sensitivity and specificity of benzylpenicillin test,
as well as PCR of bla genes were shown, indicating that these methods may be useful as tools for the
rapid screening of beta-lactamase prevalence and resistance to beta-lactams among H. parainfluenzae
isolated from respiratory microbiota.
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1. Introduction

Beta-lactam antibiotics and especially penicillins, are the most frequently used group of
antimicrobials in the European Union. In Poland, their consumption in the community for systemic
use was about 10.0 defined daily doses (DDD) per 1000 inhabitants per day in 2017, while in Germany,
Sweden, and Austria it was in the range of 5.0-7.2 DDD per 1000 inhabitants per day [1]. Beta-lactams
(e.g., amoxicillin, second- or third-generation cephalosporins) are of great importance in the treatment of
many infections, including those caused by haemophilic rods (Haemophilus spp., Pasteurellaceae family).
They are the first-line drugs in the outpatient treatment of pneumonia, with suspicion of aspiration
pneumonia in adults, and in treatment of acute bacterial rhinosinusitis, acute otitis media, and bacterial
meningitis [2]. Amoxicillin is recommended for the treatment of non-beta-lactamase-producing
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Haemophilus influenzae infections, while a second- or third-generation cephalosporins or beta-lactams
combined with beta-lactamase inhibitors (e.g., amoxicillin—clavulanate) are preferred for infections
caused by beta-lactamase-producing bacteria [2—4].

Due to the very frequent and widespread use of beta-lactams, the development of resistance to this
group of drugs has been observed also among isolates of H. influenzae and Haemophilus parainfluenzae [5-23].
The mechanism of action of beta-lactam antibiotics is the inhibition of transpeptidases, mainly
peptidoglycan and penicillin-binding proteins 1-7/8 (PBPs). In H. influenzae, five different PBPs have
been frequently reported, and PBP3 is the most correlated with resistance to beta-lactams [5,18].
Bacteria have developed a number of mechanisms of resistance to beta-lactam agents as follows:
(1) production of specific enzymes that hydrolyze antibiotic molecules, (2) production of PBP proteins
with a reduced affinity for beta-lactam antibiotics, (3) lowering the permeability of cellular shields or
(4) active efflux of drug outside the bacterial cell [13,16,21,24].

The most common resistance mechanism to beta-lactams is the production of beta-lactamases,
specific enzymes with hydrolytic properties, encoded by bla genes located on small plasmids [25-28].
Numerous authors have reported the presence of a variety of beta-lactamases in H. influenzae, with TEM-1
or ROB-1 as the most predominant [22]. Both belong to Ambler’s class A serine beta-lactamases linked
with ampicillin resistance, effectively inhibited by beta-lactamase inhibitors (e.g., clavulanate and
sulbactam) [5,29].

The mechanism of resistance, consisting of the production of PBP proteins with a low affinity
to beta-lactams, is a two-way process. The first strategy is the modification of natural PBP proteins,
caused by numerous mutations in the pbp genes or the acquisition of altered fragments of homologous
genes from other microorganisms and their substitution. This results in maintenance of the catalytic
functions in the production of peptidoglycan, with a simultaneous lack or reduction of affinity for the
antibiotic [16]. The second strategy is to acquire a complete foreign gene encoding a PBP protein that
is devoid of targets capable of interacting with beta-lactam antibiotic molecules [5,24]. According to
literature, a third strategy is possible, consisting of the simultaneous presence of both mechanisms
of resistance in the same strain, resulting in a strain that can produce beta-lactamases and as well as
presenting modifications in the structure of PBP proteins [5,16].

The aim of this study was to determine the in vitro mechanisms of resistance to beta-lactam
antibiotics in H. parainfluenzae isolates selected from respiratory tract microbiota of adults in eastern
Poland. To achieve this, a simple PCR amplification method was used to detect ten different bla
genes, the ftsI (pbp3) gene, and commonly reported Thr-385 and Lys-526 substitutions in ftsI gene.
This report also describes the impact of beta-lactam resistance genotypes on antibiotic susceptibility of
H. parainfluenzae clinical isolates.

2. Materials and Methods

2.1. Bacterial Isolates

A total of 87 H. parainfluenzae isolates were obtained from throat or nasopharyngeal swabs
from adults (18-70 years old), both healthy individuals and patients with chronic diseases
(lung cancer, chronic lymphocytic leukaemia) in eastern Poland between 2013 and 2015 (the Medical
University of Lublin, Poland Bioethical Commission No. KE-0254/75/2011 28 April 2011 and
No. KE-0254/59/2016 25 February, 2016). The following reference strains of the Haemophilus genus
from the American Type Culture Collection (ATCC) were also used as positive controls: H. influenzae
ATCC 49247 (beta-lactamase-negative ampicillin-resistant strain, BLNAR) and Escherichia coli ATCC
35218 (blatgm-1-positive strain). As a negative control, E. coli ATCC 25922 (extended-spectrum
beta-lactamase-negative strain, ESBL-negative) strain was used.
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2.2. Culture and Identification

Isolates were stored as a frozen stock in trypticasein soy broth (TSB, Biocorp, Warsaw, Poland)
supplemented with Haemophilus test medium supplement (HTMS, Oxoid, Hampshire, Great Britain)
with addition of 30% (v/v) glycerol at =70 + 2 °C until its use. Bacteria were then re-cultured by
applying the frozen stock to a chocolate agar (BioMérieux, Craponne, France) and incubated for 24 h
at 35 °C in microaerophilic (5-10% CO;, 80-90% Nj, 5-10% O,, Generbag microaer, BioMérieux,
Craponne, France) conditions. Haemophilus spp. isolates were then identified by colony morphology,
Gram-staining, and identified to the species level by API NH microtests (BioMérieux, Craponne,
France) and by the Ultraflextreme Matrix Assisted Laser Desorption Ionization Time of Flight Mass
Spectrometry (Bruker Daltonics, Bremen, Germany) (MALDI-TOF MS) with MALDI-Biotyper 3.0
software (Bruker Daltonics, Bremen, Germany) according to the procedure described earlier [30].
The correctness and reliability of the abovementioned identifications were expressed in the form of a
point indicator, as presented previously [31]. Only H. parainfluenzae isolates with identification scores
>1.999 on the basis of protein profile were taken for further analysis.

2.3. Antimicrobial Susceptibility Testing

The isolates grown overnight on chocolate agar (HAEM, BioMérieux, Craponne, France) were
resuspended in TSB + HTMS medium. Cell concentration in broth medium was determined
using a densitometer (BioMérieux, Craponne, France). Bacterial suspensions with a density of
0.5 (1.5 x 108 colony forming units CFU/mL) were used according to the McFarland standard and
then incubated overnight at 35 °C in microaerophilic atmosphere. Each isolate was tested for
beta-lactamase activity by the Pen reaction on API NH strip, and tested with a benzylpenicillin
disk (1 U, Becton Dickinson, Franklin Lakes, NJ, USA) and the cefinase disk assay (Becton Dickinson,
Franklin Lakes, NJ, USA). According to the benzylpenicillin disk screening test [32], isolates with zone
diameter > 12 mm were reported as susceptible to any beta-lactam agents for which clinical breakpoints
were available (all beta-lactam resistance mechanisms excluded). Isolates with zone diameter < 12 mm
were suspected to produce beta-lactamases and/or to have PBP3 mutations, and needed further analysis.
As for ampicillin and amoxicillin without beta-lactamase inhibitors, if beta-lactamase was positive,
the isolate was reported as resistant, and if beta-lactamase was negative, then as susceptible according
to the clinical breakpoints. As for other beta-lactams, except cefepime, cefpodoxime, and imipenem,
the isolate was reported according to the clinical breakpoints for the agent in question. Additionally,
for the mentioned agents, if resistant according to both screen and agent disk diffusion test, the isolate
was reported as resistant. If isolate was resistant according to the screen test and susceptible according
to the agent disk diffusion test, the minimal inhibitory concentration (MIC) of the agent was determined
and interpreted according to latest breakpoints. As regards the cefinase test, all H. parainfluenzae
isolates were classified according to the color change of the nitrocefin disc after 2-3 min as either
beta-lactamase-positive isolates (cef*, change of the yellow color to pink) and beta-lactamase-negative
(cef™, no change of color). In a subsequent step, the susceptibility to the following beta-lactam antibiotics:
ampicillin (2 pg), amoxicillin—clavulanate (2/1 pg), ampicillin-sulbactam (10/10 pg), cefuroxime (30 pg),
cefotaxime (5 png), imipenem (10 pg), and meropenem (10 pg) was determined using the Kirby—Bauer
disk-diffusion method [33], using Mueller-Hinton agar medium with 5% horse blood with the addition
of 20 mg/L NAD (MHEF, BioMérieux, Craponne, France). Moreover, MIC alues of ampicillin (MICap,)
for ampicillin-resistant isolates were determined by the E-test method using E-test strips (BioMérieux,
Craponne, France) at a concentration gradient of 0.016-256 mg/L. Diameters of bacterial growth
inhibition zones were measured using the Interscience Scan® 1200 version 8.0.3.0 (Interscience, St Nom
la Breteche, France); the results were interpreted according to the latest European Committee on
Antimicrobial Susceptibility Testing (EUCAST) 2019 criteria [32].
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2.4. DNA Extraction

Genomic DNA was extracted using a modified boiling method [34]. The culture was transferred
into sterile 1.5 mL Eppendorf tubes, followed by centrifugation for 10 min at 14,000 rpm. The obtained
supernatant was decanted from the precipitate. The pellet was resuspended in 200 pL of sterile
deionized water and centrifuged again (14,000 rpm for 5 min). Next, the obtained supernatant was
recovered from the pellet and the pellets were once more suspended in 100 uL of sterile deionized
water. The contents of the tubes were thoroughly mixed by vortexing for 10 s at 13,000 rpm and
then incubated for 10 min on a thermoblock (Biometra, Gottingen, Germany) at 100 °C. After cooling,
samples were subjected into centrifugation for 10 min at 14,000 rpm. The supernatant, containing
isolated DNA, was transferred to new sterile Eppendorf tubes, which were reheated for 10 min at
100 °C. Extracted DNA was frozen to —70 °C for further analysis.

2.5. Amplification Experiments and Gene Detection

Determination of the presence of ten beta-lactamase bla genes: blatpn.1, blaggs, blaoxa, blaves,
blactx-m-1, blaspy, blacwmy, blapya, blaper, and blagop-1 (also called further: TEM-1, GES, OXA, VEB,
CTX-M-1, SHV, CMY, DHA, PER, and ROB-1, respectively) was carried out for all H. parainfluenzae
isolates. PCR amplification from genomic DNA was performed for parts of the abovementioned genes.
Table 1 presents previously published sequences of the oligonucleotides (Novazym, Poznan, Poland).
The PCR cycling conditions were 30 cycles of the following: 95 °C for 30 s, 46 °C for 60 s, and 72 °C for
30 s. All reactions were carried out using the AmpliMIX HiFi (Novazym, Poznan, Poland) in a total
volume of 25 pL containing: 0.1 uL of 0.5 U HiFi Tag polymerase DNA, 2.5 uL of reaction buffer (10x)
pH 8.6, 0.75 uL of 2 mM dNTPs mix, 1 puL of each 0.6 uM primer, followed by electrophoresis in 1.5%
agarose gel (Sigma-Aldrich, Saint Louis, MO, USA). Each reaction included 2 pL of DNA templates
from individual H. parainfluenzae isolates.

Table 1. Oligonucleotides used as primers for amplification.

bla Gene Primer Sequence (5'to 3’) Product Size (bp)  Reference
TEM-F ATTCTTGAAGACGAAAGGGC
blaTEM_1 1150 [35]
TEM-R ACGCTCAGTGGAACGAAAAC
GESf TTCCATCTCAAGGGATCACC
blaggs 890 [36]
GESr GCGTCAACTATTTGTCCGTG
OXA-F AGTGTGTTTAGAATGGTGATC
blapxa 813 [37]

OXA-R GTTAGCGGTAATTTAACCAGATAG
VEB-F GTTAGCGGTAATTTAACCAGATAG

blﬂVEB 1070 [38]
VEB-R CGGTTTGGGCTATGGGCAG
P1C TTAATTCGTCTCTTCCAGA
blaCTX-M-] 1000 [27/39]
P2D CAGCGCTTTTGCCGTCTAAG
SHV-A ACTGAATGAGGCGCTTCC
blasyy 300 [40]
SHV-B ATCCCGCAGATAAATCACC
CMY-F CAATGTGTGAGAAGCAGTC
blacpry 1432 [26]
CMY-R CGCATGGGATTTTCCTTGCTG
DHA-f AACTTTCACAGGTGTGCTGGGT
blapga 405 [28]
DHA-r CCGTACGCATACTGGCTTTGC
PER-F TGACGATCTGGAACCTTT
bla PER 900 [4 1 ]

PER-R AACTGCATAACCTACTCC
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Table 1. Cont.

bla Gene Primer Sequence (5'to 3’) Product Size (bp)  Reference

ROB-f GGATCAGAGTAATAATTTCTG
blarop-1 192 [17]

ROB-r GCCATTGAAAGCAAGTTTCAACGG
BLN-F GTCACACCACGGTTACTTGAA

pbp3-BLN 465 [19]
BLN-R CCCGCAGTAAATGCCACATATTTC
INT-F GATACTACGTCCTTTAAATTAAGCG

pbp3-INT 554 [19]

INT-R CCCGCAGTAAATGCCACATATTTC

Determination of presence of the ftsI (pbp3) gene encoding the transpeptidase domain of PBP3
protein was performed by PCR reaction according to Touati et al. [18]. Additionally, the amplifications
with primers complementary to the part of ftsI gene within which amino acid substitutions (Table 1)
resulting in resistance to beta-lactam antibiotics have been commonly reported used pbp3-BLN (Thr-385
and Lys-526 substitutions) and pbp3-INT (Lys-526 substitution) [19].

Based on the results obtained by the beta-lactams susceptibility testing, drug resistance phenotypes
and genotypes of drug resistance to beta-lactam antibiotics were classified as follows (Table 2).

Table 2. Classification of phenotypes of Haemophilus parainfluenzae isolates based on the results of drug

susceptibility to beta-lactams.

Phenotype Description
BLNAS beta-lactamase-negative cefinase-negative ampicillin-susceptible isolate
BLNAI beta-lactamase negative cefinase-negative isolate with reduced susceptibility to ampicillin
low-BLNAR low-level BLNAR isolate; beta-lactamase-negative ampicillin-resistant isolate with ampicillin
MICs in the range of 0.5-2.0 mg/L
BLNAR beta-lactamase-negative ampicillin-resistant isolate with ampicillin MICs > 2.0 mg/L
beta-lactamase negative cefinase-negative isolate resistant to one or more beta-lactams
BLNBR o SO .
(benzylpenicillin, ampicillin, cephalosporins, or carbapenems)
BLPAS beta-lactamase-positive cefinase-negative ampicillin-susceptible isolate
BLPAI beta-lactamase-positive cefinase-negative isolate with reduced susceptibility to ampicillin
beta-lactamase-positive cefinase-positive ampicillin- and benzylpenicillin-resistant
BLPAR g L .
amoxicillin-clavulanic acid-susceptible isolate
beta-lactamase-positive cefinase-negative ampicillin-clavulanic acid-, ampicillin-,
BLPACR A . .
or benzylpenicillin-resistant isolate
Genotype Description
isolate negative for beta-lactamase genes ampicillin-susceptible without any amino acid
gBLNAS P
substitutions in ftsI gene
beta-lactamase-negative ampicillin-resistant isolate positive for 3-lactamase genes with ftsI
gene mutations: subgroup I—substitution of Arg-517—His-517 (Arg-517-His);
II—substitution of Arg-526—Lys-526 (Arg-526-Lys); [la—substitution at the position of
gBLNAR 526 except Ala-502; Ilb—substitution of Val-502— Ala-502 (Val-502-Ala); I[lc—substitution of
Thr-502— Ala-502 (Thr-502-Ala); IId—substitution of Val-449—Ile-449 (Val-449-Ile);
III—substitutions of three amino acids Met-377—1le-377, Ser-385—Thr-385 and
Leu-389—Phe-389 with addition of Asn-526-Lys
low-level gBLNAR beta-lactamase-negative isolate negative for (3-lactamase genes isolate:
low-gBLNAR subgroup I—without amino acid substitution; II—substitution at the Lys-526 position in
ftsI gene
¢BLPAR isolate positive for beta-lactamase genes ampicillin-resistant without any amino acid

substitutions in ftsI gene
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Table 2. Cont.

Genotype Description

isolate positive for beta-lactamase genes ampicillin-resistant with ftsI gene mutations:
gBLPACR subgroup I—substitutions of Arg-517-His and Arg-526-Lys; Il—substitutions of Met-377-Ile,
Ser-385-Thr, Leu-389-Phe, and Asn-526-Lys

isolate positive for beta-lactamase genes with ftsI gene mutations: subgroup I—substitution
at the Lys-526 position; II—substitutions at the Thr-385 and Lys-526 positions

gBLPBS

2.6. Statistical Analysis

The data processing and analysis were performed using GraphPad InStat 3.00 (GraphPad
Software, San Diego, CA, USA). Fisher’s exact test was used to calculate the 95% confidence interval
ranges (95% CI) and the relative risk (RR). A p value of <0.05 was considered statistically significant.
The following indexes were calculated for the conventional phenotypic methods used to detect
beta-lactamases in relation to PCR samples: sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV). Sensitivity (defined as the percentage of true positives) was
calculated as the proportion of H. parainfluenzae isolates that tested positive among all isolates tested
that actually produced beta-lactamase, whereas specificity (defined as the percentage of true negatives)
was calculated as the proportion of isolates that tested negative among all isolates that actually did
not produce beta-lactamase. PPV and NPV allowed a clinical perspective to be obtained of how
likely production of beta-lactamase was in comparison to PCR results among H. parainfluenzae isolates
tested. Positive predictive value was the probability that, following a positive test result, an individual
bacterial isolate would truly produce that specific beta-lactamase, while negative predictive value was
the probability that following a negative test result, that individual bacterial isolate would truly not
produce that specific enzyme.

3. Results

3.1. Antimicrobial Susceptibility Patterns Among H.parainfluenzae Isolates

Among all tested H. parainfluenzae isolates, 34.5% (30/87) were sensitive to every used beta-lactam
antibiotic and were excluded from further analysis, and 65.5% (57/87) were resistant to beta-lactams.
Detailed percentages were as follows: 36.8% (32/87) for ampicillin, 37.9% (33/87) and 35.6% (31/87) to
cefotaxime and cefuroxime, respectively (Figure 1).

= 100.0% -
% 90.0% -
< 80.0% -
% 70.0% -
S 60.0% -
“  50.0% -
;n aoo% | % 37.9%  35.6%
£ 30.0% -
] 0, .
5 200% 9.2% 8.0% 8.0%
a 10.0% - 2.3% l_l
0.0% S— == — — EH EEEE|
Am AmC Sam ‘ Cxm Ctx ‘ Ipm Mem ‘
Penicillins ‘ Cephalosporins ‘ Carbapenems ‘
Beta-lactam antibiotic

Figure 1. Distribution of resistance to beta-lactam antibiotics among Haemophilus parainfluenzae
isolates (n = 87). Am—ampicillin, Cxm—cefuroxime (oral), Ctx—cefotaxime, Ipm—imipenem,
Mem—meropenem, AmC—amoxicillin—clavulanate, Sam—ampicillin-sulbactam.
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Figure 2 shows that among all isolates, 36.8% (32/87) were ampicillin-resistant; for 10 of them
MIC pp, values ranged from 0.5 to 1.0 mg/L (sensitive), for 15 from 1.5 to 3.0 mg/L (susceptible, increased
exposure, formerly intermediate), and 7 were >6.0 mg/L (resistant).

05
0.75 11 S
0.8 'l
1.0
15
20
3.0
40
6.0
8.0
320

10

MICam value (mg/L)

11

No. of isolates (n=87)

Figure 2. MICpy, values for ampicillin among Haemophilus parainfluenzae isolates from respiratory
microbiota. S—susceptible isolates, [—susceptible, increased exposure (formerly intermediate) isolates,
R—resistant isolates.

3.2. The incidence of f-Lactamase-Positive Isolates According to Phenotypic Methods

In only 5.7% (5/87) of H. parainfluenzae isolates was the cefinase test. In 91.9% (80/87) of isolates,
the benzylpenicillin zone diameter of growth inhibition was <12 mm, and those isolates were suspected
to produce beta-lactamases and/or have PBP3 mutations. Additionally, amoxicillin-clavulanate-resistant
(2/1 ug) isolates were reported in 2.3% (2/87) cases. According to the results of beta-lactamase synthesis
(on the basis of three phenotypic methods as follows: cefinase test, penicillinase production in API
NH microtest, and amoxicillin-clavulanate 2/1 ug susceptibility test), altogether 13.8% (12/87) isolates
were phenotypically able to synthesize beta-lactamases, while 81.6% (71/87) did not produce any
beta-lactamase. For 4.6% (4/87) of the H. parainfluenzae isolates, at least one of the tests used (PEN in
API NH strip) gave uncertain or ambiguous results (e.g., a weak reaction), which was statistically
significant (p < 0.0001, 95% CI 0.1031-0.2986, RR = 0.1754).

Statistical diagnostic values of the conventional phenotypic methods used to determine
beta-lactamase production among H. parainfluenzae isolates in comparison to PCR amplification
results (bla gene identification) are shown in Table 3. The sensitivity of the standard diagnostic methods
ranged from 51.33% for amoxicillin—clavulanate 2/1 ug susceptibility test to 90.63% for benzylpenicillin
screen results. Specificity of those methods was 100%, except for the penicillinase test (API NH) which
had a value of 96.43%.

Table 3. Statistical diagnostic values of conventional phenotypic methods used to determine
beta-lactamase production among Haemophilus parainfluenzae isolates in comparison to PCR
amplification results.

e e o e . 1 2
Phenotypical Method Sensitivity ~ Specificity PPV NPV

(%) (%) (%) (%)
cefinase test 52.25 100.0 100.0 34.57
penicillinase test (API NH) 54.72 96.43 90.91 36.84
amoxicillin—clavulanate 51.33 100.0 100.0 33.73
benzylpenicillin screen 90.63 100.0 100.0 82.35

1 PPV—Positive predictive value; 2 NPV—Negative predictive value.
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3.3. Prevalence of B-Lactamase Genes

Figure 3 presents the beta-lactamase gene distribution among H. parainfluenzae isolates according
to PCR analysis. Of the 87 H. parainfluenzae isolates tested, 65.5% (57/87) were resistant to beta-lactams,
among which 63.2% (36/57) were beta-lactamase-gene-positive (bla+): 54.4% (31/57) were TEM-17,
followed by 19.3% (11/57) OXA™, 12.3% (7/57) DHA™, and 10.5% (6/57) SHV* beta-lactamase genes.
None of the tested isolates encoded blapgr or blactx-m-1 genes.

100.0% -
90.0% -
80.0%
70.0% -
60.0% _ 54-4%
50.0%
40.0%
30.0%
20.0%
10.0%

0.0%

=57)

TEM GES OXA VEB SHV cMY DHA ROB-1

Percentage of isolates (n

Beta-lactamase genes

Figure 3. Presence of bla genes among Haemophilus parainfluenzae isolates (n = 57).

3.4. Detection of ftsI Gene and Amino Acid Substitutions.

Among all tested H. parainfluenzae isolates, 37.9% (33/87) were ftsI positive (ftsI*), among
which 78.8% (26/33) were beta-lactam-resistant and 21.2% (7/33) were sensitive (Table 3). Moreover,
of the beta-lactam-resistant H. parainfluenzae isolates, 61.5% (16/26) of the ftsI* isolates were
beta-lactamase-positive. The most frequent amino acid change was at the Lys-526 position of ftsI, found
in 93.8% (15/16) of ftsI* bla* isolates. The Thr-385 substitution in ftsI was found in 12.5% (2/16) ftsI*
bla* isolates. All 38.5% (10/26) ftsI* beta-lactamase-negative (bla~) H. parainfluenzae isolates resistant to
beta-lactams had only the Lys-526 substitution in the ftsI gene (Table 4).

3.5. Relationship between Susceptibility to p-Lactam Antibiotics and Resistance Genes

According to the genotype classification of 57 beta-lactam-resistant H. parainfluenzae isolates, 17.5%
(10/57) were gBLNAS, 1.8% (1/57) was low-gBLNAR I and 1.8% (1/57) low-gBLNAR 11, 15.8% (9/57)
were gBLNAR I, 15.8% (9/57) were gBLPAS, 19.3% (11/57) were gBLPAR, 8.8% (5/57) were gBLPBS I
and 1.8% (1/57) was gBLPBS 11, and 15.8% (9/57) were gBLPACR I and 1.8% (1/57) was gBLPACR II
(Table 2).

Within all beta-lactam-resistant isolates, 36.8% (21/57) were beta-lactamase-negative, classified into
gBLNAS, low-gBLNAR, and gBLNAR genotypes. The gBLNAS isolates were resistant to one (Ctx/Ipm)
or two (Cxm Ctx/Ctx Mem/Cxm Mem) antibiotics simultaneously, and the resistance to cefotaxime
found in 33.3% (7/21) of isolates was predominant. Two low-gBLNAR isolates were resistant only to
ampicillin. One of them—the W1HC isolate—had a MIC s, value of 0.8 mg/L (susceptible according
to EUCAST) and the Lys-526 substitution in ftsI. The second one—the IM18GB isolate—had a MIC z,
value of 2.0 mg/L susceptible, increased exposure (formerly intermediate according to EUCAST),
did not harbor the ftsI gene or any amino acid substitutions, and was classified into the low-gBLNAR
I genotype.
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Table 4. Distribution of resistance genes of the 57 Haemophilus parainfluenzae isolates and resistance patterns to seven beta-lactam antibiotics.

90f19

No. Isolate cef 1 Resistance Pattern MICp ? Beta-Lactamase Gene fsI 10 ftsT Substitution Phenotype Genotype
Name (mg/l)  TEM-1 GES OXA VEB SHV CMY DHA Thr-385 11/Lys-526 12 Lys-526
beta-lactamase-positive isolates
1. 2AU - Cxm 3 Ctx 4 - X X BLPAS gBLPAS
2. 2BU - Am 2 Cxm Ctx 3.0 X + + BLPACR gBLPACR I
3. 2CU - Am Sam 8 Cxm 2.0 X + + BLPACR gBLPACRI
4. 5BU - Am Sam 3.0 X BLPACR gBLPAR
5. 11BU - Cxm Ctx - X + + BLPAS gBLPBS I
6. 23BU - Am Cxm Ctx 3.0 X + + BLPACR gBLPACR I
7. 24AU - Am Cxm Ctx 2.0 X X + + BLPACR gBLPACR I
8. 27CU - Ctx - X + + BLPAS gBLPBSI
9. 28BU - Ctx - X + + + BLPAS gBLPBSII
10.  28CU - Ipm > - X + + BLPAS gBLPBSI
11. 50AU - Cxm - X + + BLPAS gBLPBS I
12. 50CU - Am 1.0 X BLPAR gBLPAR
13.  WI1HB - Am 1.0 X X X X BLPAR gBLPAR
14.  WIHE - Am 1.5 X BLPAR gBLPAR
15. W4HB - Cxm Ctx Ipm Mem © - X + + BLPAS gBLPBS I
16. W4HC + Am AmC 7 Cxm Ctx Ipm Mem 32.0 X + + BLPBR gBLPACRI
17. W5HD Am Cxm 6.0 X + + BLPAR gBLPACR I
18.  WS5HP Am AmC Cxm Ctx 1.0 X X + + BLPBR gBLPACR I
19.  W6HB - Am Cxm 6.0 X BLPAR gBLPAR
20. W7HC - Am Mem 1.0 X + + BLPACR gBLPACR I
21.  WI2HB - Am Cxm Ctx 1.0 X BLPAR gBLPAR
22. IM1GB - Am Cxm Ctx I[pm Mem 0.5 X X X X X + + BLPACR gBLPACRI
23.  IM2GB - Cxm - X BLPAS gBLPAS
24.  IM4GB + Am 0.75 X X X BLPAR gBLPAR




Microorganisms 2019, 7, 427

Table 4. Cont.

10 of 19

No. Isolate cef 1 Resistance Pattern MICpn ? Beta-Lactamase Gene ftsI 10 fisl Substitution Phenotype Genotype
Name (mg/l)  TEM-1 GES OXA VEB SHV CMY DHA Thr-385 1/Lys-526 12 Lys-526
beta-lactamase-positive isolates
25. IM5GB - Cxm - X BLPAS gBLPAS
26. IM5GC - Am Cxm Ctx 0.5 X + + BLPACR gBLPACR II
27. IM6GB - Cxm Ctx Mem - X BLPAS gBLPAS
28. IM6NLB - Cxm Ipm - X X BLPAS gBLPAS
29. IM9GB - Am 6.0 X BLPAR gBLPAR
30. IMOI9GE - Cxm - X X X BLPAS gBLPAS
31. IM10GB - Am 6.0 X X X BLPAR gBLPAR
32. IMI2NC - Cxm - X X BLPAS gBLPAS
33. IM12GB - Cxm Ctx - X BLPAS gBLPAS
34. IM14GC - Ctx - X X BLPAS gBLPAS
35. IM18GA - Am 3.0 BLPAR gBLPAR
36. IM20GB - Am 1.0 X BLPAR gBLPAR
beta-lactamase-negative ftsI-positive isolates
1. 10BU - Am Sam Cxm Ctx 2.0 + + BLNAR gBLNARII
2. 11AU - Am Cxm 3.0 + + BLNAR gBLNARII
3. 23CU - Am Cxm Ctx 3.0 + + BLNAR gBLNARII
4. 24GU - Am Cxm Ctx 6.0 + + BLNAR gBLNARII
5. 25BU - Am Cxm Ctx 8.0 + + BLNAR gBLNARII
6. 39CU + Am Cxm Ctx 3.0 + + BLPAR gBLNARII
7. WIHC - Am 0.8 + + low-BLNAR  low-gBLNAR II
8. W2HA - Am Cxm Ctx 3.0 + + BLNAR gBLNARII
9. W3HA - Am Cxm Ctx 3.0 + + BLNAR gBLNARII
10.  W3HB - Am Cxm Ctx 3.0 + + BLNAR gBLNARII
11. IM18GB - Am 2.0 low-BLNAR  low-gBLNARI
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No. Isolate cef 1 Resistance Pattern MICpn ? Beta-Lactamase Gene ftsT Substitution Phenotype Genotype
Name (mg/L) GES OXA VEB SHV CMY DHA Thr-385 11/Lys-526 12
beta-lactamase-negative ftsI-negative isolates
1. 4AU - Ipm - BLNAS gBLNAS
2. 6BU - Cxm Ctx - BLNAS gBLNAS
3. 7AU - Ctx - BLNAS gBLNAS
4. 10AU - Ipm - BLNAS gBLNAS
5. 22AU - Ctx Mem - BLNAS gBLNAS
6. 25CU - Cxm Mem - BLNAS gBLNAS
7. 26CU - Ctx - BLNAS gBLNAS
8. 27BU - Ctx - BLNAS gBLNAS
9. 43AU - Ctx - BLNAS gBLNAS
10. 47BU - Ctx - BLNAS gBLNAS

1 cef—cefinase test, 2 Am—ampicillin, 3 Cxm—cefuroxime (oral), * Ctx—cefotaxime, 5 Ipm—imipenem, 6 Mem—meropenem, 7 AmC—amoxicillin—clavulanate, 8 Sam—ampicillin-sulbactam,
9 MIC pp,—minimal inhibitory concentration values for ampicillin, 1° ftsi—gene encoding the transpeptidase domain of PBP3 protein, !! Thr-385 — Ser-385-Thr amino acid substitution in

ftsI gene, 12 Lys-526 — Asp-526-Lys amino acid substitution in ftsI gene.
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All 14.0% (8/57) tested gBLNAR isolates were 100% resistant to ampicillin and cefuroxime,
88.9% resistant to cefotaxime, seven of them had an Am Cxm Ctx resistance pattern, and one had an
Am Sam Cxm Ctx pattern. The MIC 5, values ranged from 2.0 to 8.0 mg/L (two had MIC > 4.0 mg/L),
and one 39CU isolate was cefinase-positive (BLPAR phenotype). All gBLNAR isolates were classified
into group II with an amino acid substitution at the Lys-526 position in the ftsI gene.

Of the 36 phenotypically beta-lactamase-positive isolates, 41.7% (15/36) were susceptible to
ampicillin and were classified into the BLPAS phenotype. Among them, resistance to cefuroxime
was predominant, observed in 73.3% (11/15) of isolates, followed by cefotaxime, found in 53.3%
(8/15) of cases. Four of them were resistant to two beta-lactam antibiotics (Cxm Ctx or Cxm Ipm),
one was resistant to three antimicrobials (Cxm Ctx Mem) and one was resistant to four antibiotics,
presenting a Cxm Ctx Ipm Mem resistance pattern. In 40% (6/15) of BLPAS isolates, amino acid
substitutions at the Lys-526 position of the ftsI gene were found, in one isolate, the Thr-385 substitution
was observed. Due to that, we classified these isolates into the gBLPBS genotype, divided further
into two groups: I with the Lys-526 substitution and II with the Thr-385 substitution. Eleven (30.5%)
of the 36 beta-lactamase-positive isolates were BLPAR, among which two were cefinase-positive.
All BLPAR isolates were ampicillin-resistant, one had MIC 4, = 0.75 mg/L (sensitive according to
EUCAST), six had MICa, values from 1.0 to 3.0 mg/L (susceptible, increased exposure according to
EUCAST), and four had MIC 5., = 6.0 mg/L (resistant according to EUCAST). According to PCR results,
the assigned phenotype of one isolate was not covered by the genotype due to the presence of an
amino acid substitution at the Lys-526 position in the ftsI gene, thus, the W5HD isolate was classified
into the gBLPACR I genotype. Similarly, two cefinase-positive BLPBR isolates, one resistant to four
(Am AmC Cxm Ctx), and one resistant to six (Am AmC Cxm Ctx Ipm Mem) beta-lactam antibiotics,
with Lys-526 substitutions in the ftsI gene, were classified into the gBLPACR I genotype.

4. Discussion

4.1. Resistance to Beta-Lactams among H. parainfluenzae

Increasing resistance to antimicrobial agents is a global phenomenon nowadays, commonly
occurring among haemophilic bacteria, including the rare etiological factor of such infections as caused
by H. parainfluenzae [13-15,21]. This may have a huge impact on therapeutic treatment for infections
caused by these bacteria. The importance of this issue has been evidenced by an increasing number
of reports on beta-lactamase-producing strains and the weakening activity of beta-lactam antibiotics
against H. parainfluenzae [7,13,14,16,21]. Since 2013 only a few publications have been published in
the PubMed database about H. parainfluenzae resistance to beta-lactam antibiotics and its molecular
mechanisms [7,13,16,21], despite the fact that it belongs to the fastidious Gram-negative bacterial group
of the Haemophilus—Aggregatibacter—Cardiobacterium—Eikenella—Kingella genus (HACEK). That means
H. parainfluenzae is an etiological factor of many documented chronic or recurrent infections also
occurring within the respiratory system [2,18]. This was the first study to report the high diversity of
beta-lactamase genes in H. parainfluenzae isolates from respiratory tract microbiota in eastern Poland.

4.2. The Susceptibility to Beta-Lactam Antibiotics among H. parainfluenzae Isolates

The susceptibility of H. influenzae, and similarly H. parainfluenzae, to beta-lactam antibiotics is
mainly determined by ampicillin susceptibility results. The resistance phenotypes for these bacteria
are divided into many groups and subgroups [9-12,19,24,42]. In H. influenzae clinical strains, resistance
to ampicillin resulting from the bacterial ability to synthesize beta-lactamases is usually detected on
the basis of MIC values for ampicillin and amoxicillin with clavulanic acid above the recommended
values as the cut-off point for resistant strains. According to the actual EUCAST recommendations for
amoxicillin—clavulanate, the area of technical uncertainty (ATU) is relevant only if the benzylpenicillin
1 U disk screen is positive [32].
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In our study, among all tested isolates, 34.5% were sensitive and 65.5% were resistant to tested
beta-lactams, with resistance to ampicillin, cefuroxime, and cefotaxime predominating and found
in 36.8%, 37.9%, and 35.6% of isolates, respectively. Other researchers have also reported a high
extent of resistance among H. parainfluenzae isolates [7,14,15,21,23]. Tinguely et al. [7] described an
extensively drug-resistant (XDR) H. parainfluenzae isolate resistant to almost all tested beta-lactams,
comprising: ampicillin, amoxicillin, amoxicillin—clavulanate, cefuroxime, ceftriaxone, cefotaxime,
and cefepime. Abotsi et al. [14], in studies on H. parainfluenzae isolated from sputum of patients
with pneumonia, also demonstrated its resistance to fluoroquinolones and telithromycin. In turn,
the phenotypic resistance to beta-lactam antibiotics, azithromycin, and trimethoprim-sulfamethoxazole
was demonstrated in H. parainfluenzae by Kosikowska et al. [15]. The research of these authors was
devoted to microorganisms isolated from the airways of patients suffering from lung cancer resistant
simultaneously to five, six, or eight drugs from different therapeutic groups, including beta-lactams.

4.3. Conventional Methods for Detection of Beta-Lactamase in Haemophili

Out of the three methods available for the detection of beta-lactamase in haemophili,
the cephalosporin (nitrocefin) method is the most reliable and recommended in the case of haemophilic
bacteria [32,43]. According to a manufacturer of the API NH strips, a positive penicillinase test
indicates the presence of a penicillinase, which prohibits the use of penicillins (penicillin G, amino-,
carboxy-, and ureidopenicillins). Additionally, a susceptibility test is required for the other beta-lactams.
However, according to EUCAST, the benzylpenicillin 1 U disk screen test can be used to exclude
beta-lactam resistance mechanisms [32,42]. When screening is negative, all beta-lactam agents for
which clinical breakpoints are available can be reported sensitive without further testing. This result
excludes both beta-lactamase production and other beta-lactam resistance mechanisms. All positive
screen results indicate a possibility of both resistance mechanisms—beta-lactamase production and/or
PBP3 mutations, as was explained in the Materials and Methods section based on the EUCAST flow
chart [32]. At the same time, additional results should be taken into account, e.g., ampicillin and
amoxicillin susceptibility [32,42]. However, phenotypic methods are sometimes insufficient to visually
detect these enzymes, or the data obtained are ambiguous and difficult to interpret [20,43].

On the basis of the three phenotypic methods used in our study, 13.8% of isolates were able
to phenotypically synthesize beta-lactamases, and in 4.6% of isolates, at least one of the tests used
(PEN in API NH strip) gave a less precise and difficult to interpret (weak color change) result, which
was statistically significant (p < 0.0001). Moreover, statistical diagnostic values of these methods
among H. parainfluenzae isolates in comparison to PCR amplification results (bla gene identification)
showed that the test of susceptibility to amoxicillin—clavulanate was the most sensitive, while the
benzylpenicillin screen test was the most specific for H. parainfluenzae clinical isolates.

4.4. PCR Amplification as Rapid Detection Method of Beta-Lactamase Production

Many researchers have questioned the utility of conventional phenotypic methods in microbial
diagnostics, requiring at least 2-3 days to fully detect and determine drug susceptibility [20,36,43,44].
They indicate treatment failure, poor outcome, and development of beta-lactam resistance among
Haemophilus spp. strains as consequences of negative identification. It has been suggested that
more specific and sensitive methods should be used, including PCR amplification or real-time PCR
for quantification of Haemophilus spp. strains and simpler, more rapid and reliable detection of
beta-lactamase production [7,13,14,17-19,21]. For example, [19] revealed 92.9% and 91.8% sensitivity
and specificity, respectively, of the PCR amplification method used to detect ampicillin-resistant
intermediate H. influenzae strains, and 100% sensitivity and specificity of primers used to identify
TEM-1 beta-lactamase compared to the conventional phenotypic methods.
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4.5. Prevalence of Beta-Lactamase Type TEM-1 and ROB-1

In this study, among beta-lactamase-positive beta-lactam-resistant H. parainfluenzae, type TEM
beta-lactamase was the most dominant, found in 86.1% isolates; the ROB-1 gene was identified in 2.8%.
Our findings are in general agreement with the first four years of the global PROTEKT study (duration
1999-2003) comprising 137 centers of 38 countries (including Poland) [22]. The overall prevalences
of TEM-1 and ROB-1 positive H. influenzae isolates in this study were 93.7% and 4.6%, respectively.
In Poland, authors found 95.0% TEM-1 positive isolates and none with ROB-1 beta-lactamase [22].
Similar results were obtained by Nakamura et al. [19] and Touati et al. [18], who did not isolate any H.
influenzae clinical strain producing ROB-1 type beta-lactamase either from sputum or from nasopharynx,
respectively. According to Garcia-Cobos et al. [21], of 40 clinical (e.g., from genital mucosae, urine,
respiratory secretions, peritoneal fluid, blood) H. parainfluenzae isolates, 84.6% of bla™ isolates were
identified as possessing TEM-1 beta-lactamases, and 7.7% possessed TEM-34 and TEM-182. According
to the literature, strains positive for both TEM-1 and ROB-1 are rare [5,22], and conferring resistance
to second generation cephalosporins [22] was also confirmed by this study. We also found that
30.6%, 19.4%, 16.7%, 11.1%, 8.3%, and 2.8% of H. parainfluenzae isolates from respiratory microbiota
harbored the other following beta-lactamase genes: blapxa, blapua, blaspy, blaggs, blacmy, and blaygg,
respectively. None of the tested isolates expressed blapgr or blactx-m-1 genes.

Many difficulties with the cefinase test results have been reported, warning against its weak
detection level of some beta-lactamases. There have been some conflicting reports about the sensitivity
of nitrocefin hydrolysis, especially in detecting the ROB-1 beta-lactamase [5,22]. There have also been
some cases where nitrocefin hydrolysis was positive and both TEM-1 or ROB-1 genes were negative in
the PCR reaction, accounting for 1% of tested isolates, which was supposedly due to unrecognized
beta-lactamase in that study [22]. According to Tinguely et al. [7], who reported in Switzerland a
case of XDR H. parainfluenzae isolate which carried the blatgy.g gene, the phenotypically produced
beta-lactamase was not expressed according to the nitrocefin test (for both the cefinase paper disc and
the hydrolytic activity against nitrocefin).

4.6. Discrepancies in Phenotype and Genotype Classification for H. parainfluenzae

Furthermore, many authors have pointed to the imperfection of the EUCAST recommendations
and the diagnostic scheme of haemophilic bacteria in the context of detection and phenotypic activity
of beta-lactamases [44,45]. It is often underlined that phenotypic methods (e.g., in vitro sensitivity to
ampicillin, amoxicillin, or amoxicillin with clavulanic acid) could lead to faulty results. According
to Garcia-Cobos et al. [21], phenotype and genotype classification for H. parainfluenzae are the same
as for H. influenzae. For this reason, it has been suggested that the scheme given by EUCAST [32,42]
does not lead to the extraction of H. influenzae and/or H. parainfluenzae strains belonging to particular
phenotypes of resistance to beta-lactams, including BLNAS, BLNAR, BLPAR, or BLPACR [44].

In our study, among 65.5% beta-lactam-resistant H. parainfluenzae isolates, gBLPAR genotype
was the most common, found in 19.3% of isolates, followed by gBLNAS, found in 17.5% of isolates,
gBLNAR II and gBLPAS as well as gBLPACR I in 15.8% of isolates, and gBLPBS I in 8.8% of isolates.
Genotypes low-gBLNAR I, low-gBLNAR II, gBLPBS II, and gBLPACR II were determined in one isolate
each. Among beta-lactam-resistant isolates, 36.8% were bla~, classified into gBLNAS, low-gBLNAR,
and gBLNAR genotypes. In Garcia-Cobos’s etal. [21] study, gBLNAS, gBLNAR, gBLPAR, and gBLPACR
genotypes were detected, accounting for 50%, 17.5%, 20%, and 12.5%, respectively. In the same research,
all beta-lactamase-positive isolates were ampicillin- and amoxicillin-resistant, among which 15.4%
were gBLPAR and 7.7% were gBLPACR.

4.7. Polymorphism of the ftsl Resistance Gene

At the same time, the need to analyze the polymorphisms of resistance genes (e.g., the ftsI gene) is
strongly indicated. It also follows that not all changes in the amino acid structure of PBP3 proteins
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are related to the determined phenotype of in vitro resistance [44]. This fact has been particularly
emphasized in the case of strains with the genotype gBLNAR, which phenotypically show sensitivity
to ampicillin, amoxicillin, and amoxicillin with clavulanic acid [44]. Similar observations have been
made concerning strains belonging to the BLNAS phenotype, which are often positive in the cefinase
assay, but not found to contain beta-lactamase genes [45].

In our study, among all H. parainfluenzae isolates tested, 37.9% were ftsI*, among which 78.8%
were beta-lactam-resistant. The most frequent amino acid substitution was at the Lys-526 position
of the ftsI gene, found in 93.8% of ftsI* bla* isolates, whereas the Thr-385 substitution was found
in 12.5%. Generally, in H. parainfluenzae, numerous amino acid substitutions in PBP3 have been
reported as follows: Lys-276-Asn, Ala-307-Asn, Val-329-1le, Ile-442-Phe, Val-511-Ala, Asn-526-Lys,
Asn-526-Ser, Ala-343-Val, Asn-526-His, Ala-530-Ser, and Thr-574-Ala [7,19,21,23,46]. According to
Hasegawa et al. [8], the substitutions Arg-517-His, Asp-526-Lys, and Ser-385-Thr in the ftsI gene affected
the degree of resistance to beta-lactams. According to Garcia-Cobos et al. [21], beta-lactamase-positive
H. parainfluenzae clinical isolates had Met-69-Val, Met-69-1le, Trp-165-Ile, and/or Arg-275-Leu amino
acid substitutions. Wienholtz et al. [13] also selected positions 385, 511, and 526 as the most
sensitive for site-directed mutagenesis in the H. parainfluenzae ftsI gene, with Val-511-Ala, Ile-442-Phe,
and Val-526-Leu/Ile substitutions as the most frequent. In a case of XDR H. parainfluenzae isolates from
urethral swab, Tinguely et al. [7] detected extra Ala-307-Asn and Val-329-Ile PBP3 substitutions that
had never been described in a single H. parainfluenzae isolate. Additionally, Asn-526-Ser, Asn-526-Lys,
or Ser-385-Thr mutations of the ftsI gene have been reported as the most frequent in H. parainfluenzae
isolates, in agreement with our results, with Asn-526-Ser as the most species-specific [21]. This fact
has also been reported by others [13], where the Asn-526-Ser mutation in the ftsI gene has been
observed in almost all H. parainfluenzae isolates resistant to beta-lactam antibiotics. It has also been
reported that some amino acid substitutions detected in the ftsI gene (PBP3 protein) corresponded
to a resistance phenotype, conferring resistance to one or more beta-lactam antibiotics [13,21,45].
For example, the Ser-385-Thr substitution in H. influenzae was closely related to higher cefotaxime
and cefixime MIC values, while Val-511-Ala increased the amoxicillin and amoxicillin—clavulanate 2/1
ug/mL MICs of gBLNAR H. influenzae and H. parainfluenzae isolates, respectively [21]. Val-511-Ala
conferred resistance to ampicillin only in combination with any of three substitutions Asn-526-His,
Asn-526-Ser, or Asn-526-Lys in H. parainfluenzae strains. Moreover, Ser-385-Thr in the presence of
Val-511-Ala doubled the MIC values of extended spectrum cephalosporins, and when substitutions
at all three positions were observed, an approximate 9-fold increase of cefotaxime MIC values were
measured [13].

In this study, 28.1% of all commensal H. parainfluenzae isolates were beta-lactam-resistant ftsI*
bla*, indicating the existence of two simultaneous mechanisms of beta-lactam resistance, defined as
gBLPACR I/II or gBLPBS I/IL. This type of isolates is still rare, and their detection is difficult [5,18].
Touati et al. [18] observed only 6% of these isolates among tested nasopharyngeal H. influenzae strains.
The same authors indicated that for these strains, resistance to amoxicillin—clavulanate is doubtful.

4.8. Beta-Lactamase-Negative ftsI-Positive Isolates

Furthermore, we found that 52.4% of gBLNAR or low-gBLNAR bla~ isolates had an ftsI gene
with a substitution at the position Lys-526. This was in agreement with Touati et al. [18], who found
that H. influenzae nasopharyngeal isolates had the blatgy gene but did not phenotypically produce
any beta-lactamases (one isolate), or were BLNAR ftsI~ and blagyi-negative. Some researchers have
suggested the possibility of horizontal transfer of genes [14], including the ftsI gene, among H. influenzae
and H. parainfluenzae clinical isolates. This has been supported, for example, by a transfer of Asn-526-Lys
amino acid substitution specific to H. influenzae and now also reported in H. parainfluenzae isolates [21].
This confirmed that H. parainfluenzae might be a huge reservoir of multiple beta-lactamase-carrying
plasmids for other bacterial species [14]. This is an important issue because exact determination
of the mechanism of resistance (production of beta-lactamases and/or mutations in the ftsI gene) to
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beta-lactam antibiotics in haemophilic bacteria will enable the implementation of effective therapeutic
options to limit the spread of this phenomenon.

The authors are aware of the limitations associated with this study, especially related to the
low number of samples. The authors also note that official breakpoints recommended by EUCAST
were not available for H. parainfluenzae, only for H. influenzae in general, which may not be sufficient
nowadays. Furthermore, mapping of blatgy gene, P3 promoter variants, and detection of other amino
acid substitutions in the ftsI gene need to be investigated to analyze the degree of beta-lactamase
expression among H. parainfluenzae isolates.

In conclusion, this was the first study to highlight the high diversity of beta-lactamase genes
among commensal H. parainfluenzae isolates from respiratory microbiota in eastern Poland. This study
showed the high sensitivity and specificity of the benzylpenicillin screen test, as well as PCR detection
of bla genes for H. parainfluenzae. These methods may be a useful tool for the rapid screening of
beta-lactamase prevalence among H. parainfluenzae clinical isolates resistant to beta-lactam antibiotics.

Author Contributions: Conceptualization, S.A. and U.K.; methodology, S.A. and U.K,; software, S.A. and U.K.;
validation, S.A. and U.K.; formal analysis, U.K.; investigation, S.A., UK., D.S.-P. and E.C,; resources, S.A. and UK.;
data curation, S.A.; writing—original draft preparation, S.A. and U.K.; writing—review and editing, S.A. and
U.K,; visualization, S.A.; supervision, A.M.; project administration, U.K. and A.M.; funding acquisition, A.M.

Funding: This research received no external funding.

Acknowledgments: The paper was developed using the equipment purchased within the agreement No.
POPW.01.03.00-06-010/09-00 Operational Program Development of Eastern Poland 2007-2013, Priority Axis I,
Modern Economy, Operations 1.3. Innovations Promotion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  European Centre for Disease Prevention and Control Antimicrobial Consumption. Annual Epidemiological
Report for 2017; ECDC: Stockholm, Sweden, 2018.

2. Yeh, S. Epidemiology, Clinical Manifestations, and Treatment of Haemophilus influenzae. Available
online: https://www.uptodate.com/contents/epidemiology-clinical-manifestations-and-treatment-of-haem
ophilus-influenzae (accessed on 28 May 2018).

3. Mandell, L.A.; Wunderink, R.G.; Anzueto, A.; Bartlett, ].G.; Campbell, G.D.; Dean, N.C.; Dowell, S.E;
File, TM,, Jr.; Musher, D.M.; Niederman, M.S.; et al. Infectious Diseases Society of America/American
Thoracic Society Consensus Guidelines on the Management of Community-Acquired Pneumonia in Adults.
Clin. Infect. Dis. 2007, 44, 527-S72. [CrossRef] [PubMed]

4. Hryniewicz, W.; Albrecht, P.; Radzikowski, A. Rekomendacje Postgpowania w Pozaszpitalnych Zakazeniach Uktadu
Oddechowego, 2nd ed.; The National Medicines Institute: Warszawa, Poland, 2016; ISBN 978-83-938000-5-6.

5. Tristram, S.; Jacobs, M.R.; Appelbaum, P.C. Antimicrobial resistance in Haemophilus influenzae. Clin. Microbiol.
Rev. 2007, 20, 368-389. [CrossRef] [PubMed]

6.  Schwarz, S. Mechanisms of antimicrobial resistance in Pasteurellaceae. In Pasteurellaceae. Biology and Molecular
Aspects; Kuhnert, P., Christensen, H., Eds.; Caister Academic Press: Norfolk, UK, 2008; pp. 197-226.

7. Tinguely, R; Seiffert, S.N.; Furrer, H.; Perreten, V.; Droz, S.; Endimiani, A. Emergence of extensively
drug-resistant Haemophilus parainfluenzae in Switzerland. Antimicrob. Agents Chemother. 2013, 57, 2867-2869.
[CrossRef] [PubMed]

8. Hasegawa, K.; Chiba, N.; Kobayashi, R.; Murayama, S.Y.; Iwata, S.; Sunakawa, K.; Ubukata, K. Rapidly
increasing prevalence of beta-lactamase-nonproducing, ampicillin-resistant Haemophilus influenzae type b in
patients with meningitis. Antimicrob. Agents Chemother. 2004, 48, 1509-1514. [CrossRef] [PubMed]

9. Ubukata, K.; Shibasaki, Y.; Yamamoto, K.; Chiba, N.; Hasegawa, K.; Takeuchi, Y.; Sunakawa, K.; Inoue, M.;
Konno, M. Association of amino acid substitutions in penicillin-binding protein 3 with beta-lactam resistance
in beta-lactamase-negative ampicillin-resistant Haemophilus influenzae. Antimicrob. Agents Chemother. 2001,
45,1693-1699. [CrossRef] [PubMed]


https://www.uptodate.com/contents/epidemiology-clinical-manifestations-and-treatment-of-haemophilus-influenzae
https://www.uptodate.com/contents/epidemiology-clinical-manifestations-and-treatment-of-haemophilus-influenzae
http://dx.doi.org/10.1086/511159
http://www.ncbi.nlm.nih.gov/pubmed/17278083
http://dx.doi.org/10.1128/CMR.00040-06
http://www.ncbi.nlm.nih.gov/pubmed/17428889
http://dx.doi.org/10.1128/AAC.00221-13
http://www.ncbi.nlm.nih.gov/pubmed/23545526
http://dx.doi.org/10.1128/AAC.48.5.1509-1514.2004
http://www.ncbi.nlm.nih.gov/pubmed/15105098
http://dx.doi.org/10.1128/AAC.45.6.1693-1699.2001
http://www.ncbi.nlm.nih.gov/pubmed/11353613

Microorganisms 2019, 7, 427 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hasegawa, K.; Yamamoto, K.; Chiba, N.; Kobayashi, R.; Nagai, K.; Jacobs, M.R.; Appelbaum, P.C;
Sunakawa, K.; Ubukata, K. Diversity of Ampicillin-Resistance Genes in Haemophilus influenzae in Japan and
the United States. Microb. Drug Resist. 2003, 9, 39—46. [CrossRef] [PubMed]

Osaki, Y.; Sanbongi, Y.; Ishikawa, M.; Kataoka, H.; Suzuki, T.; Maeda, K.; Ida, T. Genetic approach to study
the relationship between penicillin-binding protein 3 mutations and Haemophilus influenzae beta-lactam
resistance by using site-directed mutagenesis and gene recombinants. Antimicrob. Agents Chemother. 2005,
49, 2834-2839. [CrossRef] [PubMed]

Kim, I.-S,; Ki, C.-S,; Kim, S.; Oh, W.S.; Peck, K.R.; Song, ]J.-H.; Lee, K.; Lee, N.Y. Diversity of ampicillin
resistance genes and antimicrobial susceptibility patterns in Haemophilus influenzae strains isolated in Korea.
Antimicrob. Agents Chemother. 2007, 51, 453-460. [CrossRef] [PubMed]

Wienholtz, N.H.; Barut, A.; Norskov-Lauritsen, N. Substitutions in PBP3 confer resistance to both ampicillin
and extended-spectrum cephalosporins in Haemophilus parainfluenzae as revealed by site-directed mutagenesis
and gene recombinants. |. Antimicrob. Chemother. 2017, 72, 2544-2547. [CrossRef]

Abotsi, R.E.; Govinden, U.; Moodley, K.; Essack, S. Fluoroquinolone, Macrolide, and Ketolide Resistance in
Haemophilus parainfluenzae from South Africa. Microb. Drug Resist. 2017, 23, 667—673. [CrossRef]
Kosikowska, U.; Biernasiuk, A.; Rybojad, P.; Lo$, R.; Malm, A. Haemophilus parainfluenzae as a marker of the
upper respiratory tract microbiota changes under the influence of preoperative prophylaxis with or without
postoperative treatment in patients with lung cancer. BMC Microbiol. 2016, 16, 62. [CrossRef] [PubMed]
Sondergaard, A.; Norskov-Lauritsen, N. Contribution of PBP3 Substitutions and TEM-1, TEM-15, and ROB-1
Beta-Lactamases to Cefotaxime Resistance in Haemophilus influenzae and Haemophilus parainfluenzae. Microb.
Drug Resist. 2016, 22, 247-252. [CrossRef] [PubMed]

Tristram, S.G.; Nichols, S. A multiplex PCR for beta-lactamase genes of Haemophilus influenzae and description
of a new blatgy promoter variant. J. Antimicrob. Chemother. 2006, 58, 183-185. [CrossRef] [PubMed]
Touati, A.; Achour, W.; Ben Hassen, A. Phenotypic and molecular characterization of beta-lactam resistance
and capsular typing of colonizing Haemophilus influenzae strains isolated from neutropenic patients in Tunisia.
Pathol. Biol. 2009, 57, 353-357. [CrossRef] [PubMed]

Nakamura, S.; Yanagihara, K.; Morinaga, Y.; Izumikawa, K.; Seki, M.; Kakeya, H.; Yamamoto, Y.; Kamihira, S.;
Kohno, S. Multiplex real-time polymerase chain reaction for rapid detection of -lactamase—negative,
ampicillin-resistant Haemophilus influenzae. Diagn. Microbiol. Infect. Dis. 2009, 64, 64—69. [CrossRef]
Harunur, R.; Mahbubur, R. Detection of 3-lactamase in Haemophilus influenzae Isolates by Double Disk
Synergy Test. |. Microb. Biochem. Technol. 2015, 7, 417-418.

Garcia-Cobos, S.; Arroyo, M.; Campos, J.; Pérez-Vazquez, M.; Aracil, B.; Cercenado, E.; Orden, B,;
Lara, N.; Oteo, J]. Novel mechanisms of resistance to 3-lactam antibiotics in Haemophilus parainfluenzae:
B-lactamase-negative ampicillin resistance and inhibitor-resistant TEM B-lactamases. ]. Antimicrob. Chemother.
2013, 68, 1054-1059. [CrossRef]

Farrell, D.J.; Morrissey, L; Bakker, S.; Buckridge, S.; Felmingham, D. Global distribution of TEM-1 and ROB-1
-lactamases in Haemophilus influenzae. ]. Antimicrob. Chemother. 2005, 56, 773-776. [CrossRef]

Tristram, S.G.; Pitout, M.]J.; Forward, K.; Campbell, S.; Nichols, S.; Davidson, R.J. Characterization of
extended-spectrum f3-lactamase-producing isolates of Haemophilus parainfluenzae. . Antimicrob. Chemother.
2008, 61, 509-514. [CrossRef]

Shaikh, S.; Fatima, J.; Shakil, S.; Rizvi, S.M.D.; Kamal, M.A. Antibiotic resistance and extended spectrum
beta-lactamases: Types, epidemiology and treatment. Saudi. J. Biol. Sci. 2015, 22, 90-101. [CrossRef]
Sondergaard, A.; San Millan, A.; Santos-Lopez, A.; Nielsen, S.M.; Gonzalez-Zorn, B.; Norskov-Lauritsen, N.
Molecular organization of small plasmids bearing blatgy.1 and conferring resistance to beta-lactams in
Haemophilus influenzae. Antimicrob. Agents Chemother. 2012, 56, 4958-4960. [CrossRef] [PubMed]
Bauernfeind, A.; Stemplinger, I.; Jungwirth, R.; Giamarellou, H. Characterization of the plasmidic
beta-lactamase CMY-2, which is responsible for cephamycin resistance. Antimicrob. Agents Chemother.
1996, 40, 221-224. [CrossRef] [PubMed]

Baraniak, A.; Fiett, J.; Hryniewicz, W.; Nordmann, P.; Gniadkowski, M. Ceftazidime-hydrolysing CTX-M-15
extended-spectrum (3-lactamase (ESBL) in Poland. J. Antimicrob. Chemother. 2002, 50, 393-396. [CrossRef]
[PubMed]


http://dx.doi.org/10.1089/107662903764736337
http://www.ncbi.nlm.nih.gov/pubmed/12705682
http://dx.doi.org/10.1128/AAC.49.7.2834-2839.2005
http://www.ncbi.nlm.nih.gov/pubmed/15980357
http://dx.doi.org/10.1128/AAC.00960-06
http://www.ncbi.nlm.nih.gov/pubmed/17116681
http://dx.doi.org/10.1093/jac/dkx157
http://dx.doi.org/10.1089/mdr.2016.0045
http://dx.doi.org/10.1186/s12866-016-0679-6
http://www.ncbi.nlm.nih.gov/pubmed/27052615
http://dx.doi.org/10.1089/mdr.2015.0189
http://www.ncbi.nlm.nih.gov/pubmed/26683319
http://dx.doi.org/10.1093/jac/dkl150
http://www.ncbi.nlm.nih.gov/pubmed/16641114
http://dx.doi.org/10.1016/j.patbio.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/18178031
http://dx.doi.org/10.1016/j.diagmicrobio.2009.01.023
http://dx.doi.org/10.1093/jac/dks525
http://dx.doi.org/10.1093/jac/dki281
http://dx.doi.org/10.1093/jac/dkm523
http://dx.doi.org/10.1016/j.sjbs.2014.08.002
http://dx.doi.org/10.1128/AAC.00408-12
http://www.ncbi.nlm.nih.gov/pubmed/22733069
http://dx.doi.org/10.1128/AAC.40.1.221
http://www.ncbi.nlm.nih.gov/pubmed/8787910
http://dx.doi.org/10.1093/jac/dkf151
http://www.ncbi.nlm.nih.gov/pubmed/12205064

Microorganisms 2019, 7, 427 18 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Barnaud, G.; Arlet, G.; Verdet, C.; Gaillot, O.; Lagrange, PH.; Philippon, A. Salmonella enteritidis: AmpC
plasmid-mediated inducible beta-lactamase (DHA-1) with an ampR gene from Morganella morganii. Antimicrob.
Agents Chemother. 1998, 42, 2352-2358. [CrossRef] [PubMed]

Ambler, R.P; Coulson, A.F,; Frére, ].M.; Ghuysen, ].M.; Joris, B.; Forsman, M.; Levesque, R.C.; Tiraby, G.;
Waley, S.G. A standard numbering scheme for the class A beta-lactamases. Biochem. J. 1991, 276, 269-270.
[CrossRef] [PubMed]

Kosikowska, U.; Stepiei-Pysniak, D.; Ozga, D.; Wernicki, A.; Malm, A. Identification of Bacillus spp.
colonizing the nasal mucosa of healthy adults living in the suburban area using the matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) system. Curr. Issues Pharm.
Med. Sci. 2014, 27, 137-141. [CrossRef]

Kosikowska, U.; Stepien-Py$niak, D.; Pietras-Ozga, D.; Andrzejczuk, S.; Juda, M.; Malm, A. Zastosowanie
spektrometrii masowej MALDI-TOF MS w identyfikacji bakterii izolowanych z materiatéw klinicznych
od ludzi i zwierzat. Application of MALDI-TOF MS for identification of clinical isolates of bacteria from
humans and animals. Diagn. Lab. J. Lab. Diagn. 2015, 1, 23-30.

The European Committee on Antimicrobial Susceptibility Testing. Breakpoint Tables for Interpretation of MICs
and Zone Diameters. Version 9.0. 2019. Available online: http://www.eucast.org/ (accessed on 15 April 2018).
Janowicz, D.M.; Li, W.; Bauer, M.E. Host-pathogen Interplay of Haemophilus ducreyi. NIH-PA Author Manusct.
2011, 23, 64-69. [CrossRef]

De Medici, D.; Croci, L.; Delibato, E.; Di Pasquale, S.; Filetici, E.; Toti, L. Evaluation of DNA Extraction
Methods for Use in Combination with SYBR Green I Real-Time PCR To Detect Salmonella enterica Serotype
Enteritidis in Poultry. Appl. Environ. Microbiol. 2003, 69, 3456-3461. [CrossRef]

Marques, A.S.; Moraes, E.P; Junior, M.A.A.; Moura, A.D.; Neto, VEA.; Neto, RM.; Lima, KM.G. Rapid
discrimination of Klebsiella pneumoniae carbapenemase 2—Producing and non-producing Klebsiella pneumoniae
strains using near-infrared spectroscopy (NIRS) and multivariate analysis. Talanta 2015, 134, 126-131.
[CrossRef]

Salgueiro, V.A.R. Characterizacao dos mecanismos de resisténcia aos antibidticos em estirpes de origem
humana, ambientes associados aos cuidados de satde e veterinaria. Universidade de Lisboa, 2015. Available
online: http://hdl.handle.net/10451/22527 (accessed on 30 May 2019).

Steward, C.D.; Rasheed, J.K.; Hubert, S.K.; Biddle, ] W.; Raney, PM.; Anderson, G.J.; Williams, P.P;
Brittain, K.L.; Oliver, A.; McGowan, J.E.J.; et al. Characterization of clinical isolates of Klebsiella pneumoniae
from 19 laboratories using the National Committee for Clinical Laboratory Standards extended-spectrum
beta-lactamase detection methods. J. Clin. Microbiol. 2001, 39, 2864-2872. [CrossRef] [PubMed]

Girlich, D.; Naas, T.; Leelaporn, A.; Poirel, L.; Fennewald, M.; Nordmann, P. Nosocomial spread of the
integron-located veb-1-like cassette encoding an extended-pectrum beta-lactamase in Pseudormonas aeruginosa
in Thailand. Clin. Infect. Dis. 2002, 34, 603—611. [CrossRef] [PubMed]

Bauernfeind, A.; Stemplinger, I; Jungwirth, R.; Ernst, S.; Casellas, ]. M. Sequences of beta-lactamase genes
encoding CTX-M-1 (MEN-1) and CTX-M-2 and relationship of their amino acid sequences with those of
other beta-lactamases. Antimicrob. Agents Chemother. 1996, 40, 509-513. [CrossRef] [PubMed]
Gniadkowski, M.; Palucha, A.; Grzesiowski, P.; Hryniewicz, W. Outbreak of ceftazidime-resistant Klebsiella
pneumoniae in a pediatric hospital in Warsaw, Poland: Clonal spread of the TEM-47 extended-spectrum
beta-lactamase (ESBL)-producing strain and transfer of a plasmid carrying the SHV-5-like ESBL-encoding
gene. Antimicrob. Agents Chemother. 1998, 42, 3079-3085. [CrossRef]

De Champs, C.; Poirel, L.; Bonnet, R.; Sirot, D.; Chanal, C.; Sirot, J.; Nordmann, P. Prospective survey of
beta-lactamases produced by ceftazidime- resistant Pseudomonas aeruginosa isolated in a French hospital in
2000. Antimicrob. Agents Chemother. 2002, 46, 3031-3034. [CrossRef] [PubMed]

The European Committee on Antimicrobial Susceptibility Testing. Breakpoint tables for Interpretation of MICs
and Zone Diameters. Version 7.0. 2017. Available online: http://www.eucast.org (accessed on 15 May 2018).
Skoczyniska, A.; Zabicka, D.; Hryniewicz, W. Rekomendacje Doboru Testow do Oznaczania Wrazliwosci Bakterii
na Antybiotyki i Chemioterapeutyki 2009. Oznaczanie Wrazliwosci Neisseria Meningitidis i Haemophilus Influenzae;
National Reference Center for Antimicrobial Susceptibility (KORLD): Warszawa, Poland, 2009.

Hinic, V.; Reist, J.; Schibli, U.; Linnik, J.; Egli, A. Beta-lactam susceptibility in Haemophilus influenzae:
The connection between genotype and phenotype. In Proceedings of the 27th ECCMID, Vienna, Austria,
April 2017.


http://dx.doi.org/10.1128/AAC.42.9.2352
http://www.ncbi.nlm.nih.gov/pubmed/9736562
http://dx.doi.org/10.1042/bj2760269
http://www.ncbi.nlm.nih.gov/pubmed/2039479
http://dx.doi.org/10.1515/cipms-2015-0001
http://www.eucast.org/
http://dx.doi.org/10.1097/QCO.0b013e328334c0cb
http://dx.doi.org/10.1128/AEM.69.6.3456-3461.2003
http://dx.doi.org/10.1016/j.talanta.2014.11.006
http://hdl.handle.net/10451/22527
http://dx.doi.org/10.1128/JCM.39.8.2864-2872.2001
http://www.ncbi.nlm.nih.gov/pubmed/11474005
http://dx.doi.org/10.1086/338786
http://www.ncbi.nlm.nih.gov/pubmed/11807680
http://dx.doi.org/10.1128/AAC.40.2.509
http://www.ncbi.nlm.nih.gov/pubmed/8834913
http://dx.doi.org/10.1128/AAC.42.12.3079
http://dx.doi.org/10.1128/AAC.46.9.3031-3034.2002
http://www.ncbi.nlm.nih.gov/pubmed/12183264
http://www.eucast.org

Microorganisms 2019, 7, 427 19 of 19

45. Sevillano, D.; Giménez, M.-J.; Cercenado, E.; Cafini, E; Gené, A.; Alou, L.; Marco, F.; Martinez-Martinez, L.;
Coronel, P.; Aguilar, L. Genotypic versus phenotypic characterization, with respect to beta-lactam
susceptibility, of Haemophilus influenzae isolates exhibiting decreased susceptibility to beta-lactam resistance
markers. Antimicrob. Agents Chemother. 2009, 53, 267-270. [CrossRef] [PubMed]

46. Cardines, R.; Daprai, L.; Giufre, M.; Torresani, E.; Maria Laura Garlaschi, M.C. Genital carriage of the
genus Haemophilus in pregnancy: Species distribution and antibiotic susceptibility. J. Med. Microbiol. 2015,
54,724-730. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1128/AAC.00402-08
http://www.ncbi.nlm.nih.gov/pubmed/18955529
http://dx.doi.org/10.1099/jmm.0.000083
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bacterial Isolates 
	Culture and Identification 
	Antimicrobial Susceptibility Testing 
	DNA Extraction 
	Amplification Experiments and Gene Detection 
	Statistical Analysis 

	Results 
	Antimicrobial Susceptibility Patterns Among H.parainfluenzae Isolates 
	The incidence of -Lactamase-Positive Isolates According to Phenotypic Methods 
	Prevalence of -Lactamase Genes 
	Detection of ftsI Gene and Amino Acid Substitutions. 
	Relationship between Susceptibility to -Lactam Antibiotics and Resistance Genes 

	Discussion 
	Resistance to Beta-Lactams among H. parainfluenzae 
	The Susceptibility to Beta-Lactam Antibiotics among H. parainfluenzae Isolates 
	Conventional Methods for Detection of Beta-Lactamase in Haemophili 
	PCR Amplification as Rapid Detection Method of Beta-Lactamase Production 
	Prevalence of Beta-Lactamase Type TEM-1 and ROB-1 
	Discrepancies in Phenotype and Genotype Classification for H. parainfluenzae 
	Polymorphism of the ftsI Resistance Gene 
	Beta-Lactamase-Negative ftsI-Positive Isolates 

	References

