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Background: Carbapenemase-producing Klebsiella pneumoniae is an unprecedented threat to public health, and its detection remains
challenging. Analysis of microbial volatile organic compounds (VOCs) may offer a rapid way to determine bacterial antibiotic
susceptibility.

Purpose: The aim of this study was to explore the VOCs released by carbapenemase-producing carbapenem-resistant Klebsiella
pneumoniae (CRKP) using headspace solid-phase microextraction/gas chromatography-mass spectrometry (HS-SPME/GC-MS).
Methods: Test bacteria were incubated in trypticase soy broth to the end of exponential growth phase, and imipenem was added in the
middle time. Headspace VOCs were concentrated and analyzed using HS-SPME/GC-MS.

Results: The compound 3-methyl-1-butanol was found to be a biomarker among the 26 bacterial isolates (10 KPC-positive, 10 NDM-
positive, 2 IMP-positive, 2 carbapenemase-negative CRKP, and 2 carbapenem-susceptible K. pneumonoiae).

Conclusion: This study explored a promising new strategy for the screening of carbapenemase-producing CRKP strains. Further
research with larger sample sizes will potentially accelerate the application of biomarkers in routine microbiology.

Keywords: carbapenem-resistantK/ebsiella pneumoniae, volatile organic compounds, headspace solid-phase microextraction
combined with gas chromatography-mass spectrometry

Introduction

Klebsiella pneumoniae belongs to the genus Klebsiella, which is widespread in the environment and host-associated
niches.! K. pneumoniae has long been considered as opportunistic pathogen and remains the most common nosocomial
pathogen worldwide.”” The treatment of K. pneumoniae infections has been complicated and limited by the emergence
of antibiotic resistance, particularly to carbapenems. Carbapenem resistance in K. pneumoniae may be related to multiple
mechanisms, including carbapenemase production and alterations in bacterial outer membrane permeability, combined
with hyperproduction of other B-lactamases (eg, extended spectrum p-lactamase, AmpC B-lactamase).*’ Notably,
carbapenemase expression is the most common mechanism involved in CRKP, and the distribution of carbapenemase
types carried by CRKP varied by country.® In Europe, surveillance network data from 2013 to 2017 showed that among
CRKP, K. pneunominae carbapenemase (KPC) producers were the most abundant, followed closely by oxacillinase
(OXA)-48-like producers.® In China, a multicenter genomic analysis of CRKP from 2015 to 2018 reported that KPC (98/
147, 66.7%) and New Dehli metallo-fB-lactamase (NDM; 27/147, 18.4%) were the main carbapenemases detected in
CRKP isolates.”
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Current evidence indicates that CRKP infections are associated with significant mortality rates,'®'" ranging from 23%
to 75%.'? The average mortality rate will increase by 7.6% if administration of effective therapy in patients with septic
shock is delayed per hour.'’ The Treatment of carbapenem-resistant organism is complicated and often required
combined therapy.'*'> Early detection of CRKP and its carbapenemase type is vital in providing a timely clinical
therapy and thus resulting in lower mortality.'® However, current antibiotic susceptibility testing methods use either solid
growth media or liquid broth and normally take at least 18—-24 h after pathogen identification, which is time-consuming
and significantly affects early clinical intervention. Therefore, new methods for the rapid identification of CRKP should
be explored.

Microbial volatile organic compounds are carbon-based molecules thought to evolve as primary or secondary
metabolites and may be used for bacterial identification.'” " In the mVOC 2.0 database, approximately 2000 compounds
from almost 1000 species were identified, which belong to a diverse group of chemical classes, including acids, alcohols,
aldehydes, ketones, esters, hydrocarbons, and nitrogen- or sulfur-containing compounds.*°

Numerous studies have analyzed the VOC profile of pathogens to differentiate between species.'’*'** For instance,
Escherichia coli and Pseudomonas aeruginosa can be rapidly identified by indole and 2-aminoacetophenone in culture

23,24

media, while 2-phenylethyl alcohol, benzyl alcohol, and methyl mercaptan were identified as biomarkers for

Streptococcus pneumoniae.25

However, to date, few studies have been conducted to differentiate strains according to their drug susceptibility and
antibiotic resistance mechanisms. To the best of our knowledge, the production of drug hydrolysates is one of the most
common mechanisms among resistant strains. Therefore, it is reasonable to suspect that hydrolysis or the type of
hydrolase can influence the bacterial VOC profile after reacting with a specific antibiotic, which may become a new
strategy for the rapid identification of CRKP.

Headspace solid-phase microextraction/gas chromatography-mass spectrometry (HS-SPME/GC-MS) is a sensitive
analytical technique that can separate gas compounds and provide a chemical fingerprint for bacteria.'”'*?® SPME is
a concentration technique that can be used to extract and concentrate various volatile and semi-volatile organic
compounds from the sample headspace. The application of SPME is becoming increasingly common in various fields,
mostly because SPME collection is rapid, simple, reproducible, and is available for transportation between laboratories
and GC-MS analysis sites.”*?® Meanwhile, GC-MS with direct collection of gas constituents from the headspace
possesses strong separation power, repeatable retention time (RT), and selective and sensitive mass detection.” It has
been regarded as the gold standard for VOCs analysis.>*>' Therefore, the aim of this study was to identify volatile
compounds from the VOC profiles produced by CRKP using HS-SPME/GC-MS and provide a novel strategy for rapid
identification of drug-resistant strains.

Materials and Methods

Bacterial Strains and Carbapenemase Detection
A total of 215 clinical CRKP isolates were collected from January 1, 2016 to December 31, 2021 at the Second Affiliated
Hospital of Nanchang University. K. pneumoniae isolates were identified using matrix-assisted laser desorption/ioniza-
tion-time of flight mass spectrophotometry (bioMérieux, France) or the Vitek 2 Compact system (bioMérieux).
Antimicrobial susceptibility testing was conducted using the VITEK-2 Compact ASTGN16 (bioMérieux) or Kirby—
Bauer test, and the minimum inhibitory concentrations of ertapenem and imipenem were determined according to the
Clinical Laboratory Standards Institute criteria. For CRKP, the presence of carbapenemase was determined using the
modified carbapenem inactivation method (mCIM), and EDTA-modified carbapenem inactivation method (eCIM) was
used to determine whether the carbapenemase belongs to Ambler class B. Then, the type of carbapenemases were
characterized using polymerase chain reaction (PCR).

According to the results of mCIM and eCIM, of the 215 CRKP isolates, 213 were carbapenemase-positive, of which
14 produced class B B-lactamases. The results of PCR showed that among the 213 carbapenemase-positive strains, 199
produced KPC, 11 produced NDM, 2 produced imipenemase (IMP), and 1 produced NDM and IMP. Accordingly, we
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randomly selected 10 KPC-positive, 10 NDM-positive, 2 IMP-positive, and the 2 carbapenemase-negative strains for
GC-MS analysis. Two strains of carbapenem-susceptible K. pneumonoiae (CSKP) were used as the control group.

Culture Conditions

Our early work showed that under the set culture conditions (microbial concentration: 107 colony forming units (CFU)/
mL, culture: trypticase soy broth, temperature: 37 °C, agitation: 200 rpm) the growth rate of K. pneumoniae was the
fastest at approximately 4 h and entered the end of exponential growth phase at around 7 h (Figure 1).

Each test bacterium was cultured on blood agar plates at 37 °C overnight. Then, approximately 10’ CFU/mL of each
bacterium was inoculated into a 20 mL headspace vial (CNW Technologies GmbH, Germany) containing 6 mL trypticase
soy broth (Solarbio, China) and then incubated at 37 °C with agitation at 200 rpm for 7 h (the end of exponential growth
phase as early work about the growth curve of K. pneumoniae). Blank medium was used as a control. After 3.5 h,
imipenem was added to each culture to a final concentration of 0.25 mg/mL (l16pg/mL for carbapenemase-negative
CRKP). The experiment was performed in triplicate for each strain.

According to the results of GC-MS, one 3-methyl-1-butanol producer (labeled as K198), one carbapenemase-negative
CRKP (labeled as R1577), and one CSKP (labeled as S602) were randomly selected from the strains analyzed using GC-
MS in order to explore the source of characteristic VOCs. Growth conditions were the same as described above;
however, in the imipenem-free group, imipenem was not added during cultivation. Meanwhile, in the KPC inhibitor
group, particularly for KPC-producing CRKP, avibactam sodium (final concentration: 1 mg/L; Solarbio, China) was
added immediately after imipenem. Experiments were performed in triplicates.

Detection of Microbial VOCs

Headspace volatile metabolites were concentrated on a 50/30 pm divinylbenzene/carboxen/polydimethylsiloxane (DVB/
CAR/PDMS) SPME fiber (Supelco, USA). After incubation at the inlet of the GC-MS at 250 °C for 60 min, the SPME
was inserted into the headspace vial, which was equilibrated at 40 °C for 40 min. The fiber was exposed approximately
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Figure | Growth curve of K. pneumoniae.
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1 cm above the culture medium surface for 30 min at 40 °C prior to desorption in the GC injection port. Subsequently,
the fiber was introduced into the inlet and desorbed for 5 min at 250 °C. The volatile molecules were separated using
a DB-35MS column (30m x 0.25 mm, 0.25 pm, Agilent, America). The carrier gas was 99.999% pure helium at
a constant flow rate of 1.0 mL/min.

The GC oven parameters were set as follows: initial temperature of 50 °C with a 3 min hold, ramped to 180 °C at 10
°C/min with no hold, and then a final ramp to 250 °C at a rate of 40 °C/min with a 5 min hold, with a total run time 23.2
min. The MS parameters were set as follows: the ion source temperature was 230 °C, ionization was performed via
electron impact at an energy of 70 eV, and mass spectra were obtained over the range of 40 to 550m/z.

Data Analysis
Data acquisition and analysis were performed using the MassHunter GC/MS Acquisition software. The background
signal was removed to avoid background interference and spectral overlap caused by the partial co-elution of
compounds. An extracted ion chromatogram (EIC) within the range of 40—550m/z was derived for comparison. The
Kruskal-Wallis H-test was applied to compare signal intensity in each group, and Bonferroni correction was applied to
post hoc multiple comparisons.

To identify volatile molecules, the compound spectra were compared with the National Institute of Standards and
Technology (NIST) 2017 mass spectral library. According to the NIST guidelines, match factor scores < 600 are
considered a poor match, 700-800 as a fair match, 800-900 as a good match, and > 900 as an excellent match.>?

Results
An EIC range of 40-550 m/z of VOCs were observed in the five different types of K. pneumoniae (KPC-producing,
NDM-producing, and IMP-producing CRKP strains; carbapenemase-negative CRKP, and CSKP) (Figure 2). The
characteristic peaks of KPC-producing and NDM-producing CRKP were observed at a retention time of 6.1 min, and
the mass-charge ratios were 41, 42, 43, 55, and 70.

The Kruskal-Wallis H-test showed that the signal intensity was significantly different among groups (p<0.001) when
the mass-charge ratios were 41, 42, 43, 55, and 70. Furthermore, no significant difference was observed between the

NDM-positive CRKP
KPC-positive CRKP
IMP-positive CRKP
Carbapenemase-negative CRKP
CSKP

Blank control

WA 55 m/z
1.2x10°
1.0x10° — -/ 43 m/z
=2
5 i
© 8.0x10°
E 1 =/ 42 m/z
g 6.0x10° —|
2 g
(]
4.0x10° —| 41 m/z
2.0x10°
o+
2 3 4 5 6 7 8 9 10
RT/min
Figure 2 Typical extracted ion chromatogram of the tested samples.
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signal intensities of the KPC-positive and NDM-positive groups when the mass-to charge ratio was 41, 42, 43, 55, and 70
(Bonferroni-corrected p>0.05); however, the difference between the other groups was statistically significant
(Bonferroni-corrected p<0.05) (Figure 3).

The compound spectra expressed at 6.1 min were imported into the NIST mass spectral library for identification, and
the results showed that the characteristic VOC of KPC and NDM producers was 3-methyl-1-butanol, with a match factor
score of 806 (Figure 4).

The detection rates of 3-methyl-1-butanol in KPC-positive and NDM-positive groups were 100.0% (10/10), while
those in other groups were 0.0% (0/2) (Table 1). Moreover, 3-methyl-1-butanol could be detected in samples K198,
R1577, and S602 when drugs were not added. Interestingly, 3-methyl-1-butanol was not detected in KPC inhibited by
avibactam sodium (Table 2).

1.5%106+ B NDM-positive CRKP
ay a B KPC-positive CRKP
. ° B IMP-positive CRKP
@' 1.0x106 B Carbapenemase-negative CRKP
_*E a4 as W CSKP
T az
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Figure 3 Diagram showing the signal intensity of each strain.
Note: Different letters indicate statistical difference (p<0.05).
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Figure 4 Mirror plot.
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Table | Detection of 3-Methyl-1-Butanol in Each Group

Groups 3-Methyl-1-Butanol
Positive, n (%) | Negative, n (%)
KPC-positive CRKP 10 (100.0%) 0 (0.0%)
NDM-positive CRKP 10 (100.0%) 0 (0.0%)
IMP-positive CRKP 0 (0.0%) 2 (100.0%)
Carbapenemase-negative CRKP 0 (0.0%) 2 (100.0%)
CSKP 0 (0.0%) 2 (100.0%)

Table 2 Explore the Source of 3-Methyl-1-Butanol

Strains Drugs
Imipenem Imipenem and Avibactam Without
Added Sodium Added Addition
K198? +d _ +
RI577° - /f +
S602° - / +

Notes: K198 is a KPC-positive CRKP; ®R1577 is a carbapenemase-negative CRKP; 5602 is
a CSKP; %+ and °- indicate positive and negative for 3-methyl-|-butanol, respectively; and f
Indicates undetected.

Discussion

This study is the first to use HS-SPME-GCMS for the analysis of VOCs produced by CRKP. Our results showed that
3-methyl-1-butanol could act as a biomarker for the identification of KPC- and NDM-positive CRKP after the addition of
imipenem.

Bacteria can release various volatile compounds in different combinations and quantities; however, it is difficult to
quantify and characterize each compound from a complex VOC profile. Consequently, the identification and analysis of
biomarkers represent a better choice for bacterial identification. In recent years, a growing body of research has
successfully performed volatile compound analysis in discriminating bacteria at the species or strain level. Our early
research indicated that indole synthesized by E. coli can act as a biomarker for the identification of this organism.*' In
addition, both 3-methyl-butanal and 3-methyl-butanoic acid were unique targets for S. aureus.'” The success of microbial
VOC:s in identification of bacterial species driving its application to antibiotic susceptibility testing. In a sensor-based
study, VOCs produced by oxacillin-sensitive and oxacillin-resistant S. aureus as well as ampicillin-sensitive and
oxacillin-resistant E. coli were monitored using Ion-molecule Reaction- Mass Spectrometry. Methanethiol was found
to be a valid target for the growth of both strains and has been recommended as an indicator of antibiotic susceptibility
after six hours of incubation.*® Smart et al** utilized thermal desorption-GC-MS and detected nine compounds that
distinguished cephalexin-sensitive and-resistant isolates (p<0.05). The addition of cephalexin induced more differences
between the two groups, which may be attributed to bacterial cell wall lysis, thereby releasing cell components into the
culture media. In the present study, 3-methyl-1-butanol was not detected when the activity of KPC was inhibited by
avibactam sodium, suggesting that this biomarker may be released from carbapenem hydrolysis. However, further
analysis showed 3-methyl-1-butanol could be produced by KPC-producing CRKP, carbapenemase-negative CRKP, and
CSKP during metabolism and without the interference of imipenem indicating that the biomarker was not the produced
from imipenem hydrolysis. Thus, this compound is a volatile metabolite released by K. pneumoniae during its natural
metabolism process.

2606 e Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Luo et al

34,35

Previous studies have observed that 3-methyl-1-butanol can be produced by E. coli** K. pneumoniae, and

S. aureus."” The decomposition of amino acids can produce several compounds, such as 3-methyl-1-butanol, 3-methylbu-

tanoic acid, or 3-methylbutanal

K. pneumoniae metabolizes leucine via the Ehrlich pathway and synthesizes short-chain
branched alcohols, such as 3-methyl-1-butanol. The chemical reaction starts with the deamination of 2-amino-4-methyl-
pentanoic acid, generating 4-methyl-2-oxopentanoic acid, which decarboxylates to 3-methyl-1-butanal. Finally, 3-methyl-

1-butanal is reduced to 3-methyl-1-butanol.”’

Therefore, based on our results, imipenem may interfere with the Ehrlich
pathway, which affects 3-methyl-1-butanol production and the degree of interference may be related to the mechanism of
bacterial resistance, however, the detailed mechanism remains to be fully elucidated. According to our data, 3-methyl-
1-butanol was not produced in IMP-positive strains. Several studies found that IMP-4 positive CRKP confers reduced
susceptibility to carbapenems, and the MICs to imipenem was much reduced (0.064 mg/liter).>*** In addition, high-level
resistance of IMP-positive CRKP to imipenem may be due to the combination of IMP and deficiency of outer membrane
proteins.®® Therefore, it is reasonable to speculate that IMP enzyme hydrolyzing imipenem is inferior to KPC and NDM
enzymes, the defect is more evident in the environment of high concentration of imipenem (0.25mg/L), which leads to
a great effect of imipenem on the Ehrlich pathway of IMP-producers and the non-release of 3-methyl-1-butanol from IMP-
producing CRKP.

The concept of using mVOCs as a new method for rapid detection of antibiotic-resistant strains remains a big hope,
but our results suggest the approach is promising. However, the data in our study should be interpreted carefully from
several aspects. Firstly, previous studies have suggested that VOCs produced by different strains have species specificity,
but the production is strongly influenced by culture conditions, such as nutrients, temperature, pH, incubation time, and
headspace volume.'”=74°~*2 Moreover, test results of VOCs were strongly dependent on instrumental techniques, such as
sampling techniques and instrument model.*>** Consequently, differences in the environment of bacteria growth and
instrumental techniques between studies make inter-study comparisons difficult. Secondly, the sample size and the type
of carbapenemases are limited in our study, further work is required to confirm these findings on a more comprehensive
and larger data set.

In conclusion, this study demonstrated that 3-methyl-1-butanol can act as a biomarker for the identification of KPC-
and NDM-positive CRKP, which promises to open new frontiers in rapid diagnosis of bacterial infection. Further studies
should focus on expanding the sample size and enzyme type to accelerate the application of VOC for the rapid
identification of bacterial strains.
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Klebsiella pneunominae carbapenemase; NDM, New Dehli metallo-B-lactamase; OXA, oxacillinase; IMP, imipenemase;
RT, retention time; EIC, extracted ion chromatogram.
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