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Editorial on the Research Topic
Bacterial metabolomics approach towards antimicrobials and resistance

The rising prevalence of bacterial infections and antimicrobial resistance (AMR) are
becoming a growing global concern. According to the United Nations Environment
Programme, by 2050 AMR will be responsible for almost 10 million deaths every year and if
not controlled it will cost around USD 3.4 trillion annually. Therefore, there is an urgent need
to develop novel approaches and treatments. Metabolomics presents a promising solution
by accelerating the discovery of microbial metabolic changes during infection and upon
antibiotic treatment (Figure 1). Thus, enabling researchers to identify potential novel drug
targets and strategies to develop better therapeutic interventions to combat AMR. In this
Research Topic, we have compiled several interesting articles covering novel discoveries
around this theme.

Wu et al. evaluated bacterial metabolomics of Staphylococcus aureus upon Berberine
hydrochloride (BBR) treatment and found significant inhibition of cell wall biosynthesis,
perturbance in shikimate metabolism and elevated amino sugar production, nucleic acid
biosynthesis and nucleotide sugar metabolism. Two stress resistance-related biomarkers,
pyridine dicarboxylic acids, were downregulated while oxidized phospholipid levels
were increased.

In the same direction, Chen et al. reported the antimicrobial activity of essential oil
(EO), isolated from fresh mature Litsea cubeba, against Cutibacterium acnes. Metabolomics
upon EO treatment showed alteration of 86 metabolites and 34 of them belonged to cell
wall pathways, amino acid biosynthesis, energy production, and carbohydrate metabolism.
ATP levels were extremely low and the activities of glycolytic enzymes and the Wood-
Werkman cycle (malate dehydrogenase, pyruvate kinase, and pyruvate carboxylase activities
were decreased, and hexokinase activity was increased) were perturbed significantly upon
EO treatment.

Further, Zhu et al. investigated the synergistic behavior of polymyxin-B, meropenem,
and sulbactam against multi-drug resistant Acinetobacter baumannii. A short (15 min)
treatment combination of all three antibiotics substantially affected the levels of metabolites
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involved in the cell wall, cell outer membrane, peptidoglycan,
fatty acid, lipopolysaccharide, glycerophospholipid, and nucleotide
metabolism. Interestingly, a longer (1h) treatment of the double
and triple combinations significantly interrupted the amino acids
and nucleotide biosynthesis and central carbon metabolism.

Zhou et al. reported an interesting example of discovering a
metabolite-based antibiotic adjuvant by comparing the metabolic
profiles of drug-sensitive (SCH-S) and gentamicin-resistant
Salmonella Choleraesuis (SCH-R). Non-targeted metabolomics
revealed extensive disruption in energy and central carbon
metabolism along with the dysregulations of amino acid
biosynthesis, nucleotide production, vitamin and cofactor
metabolism, and fatty acid biogenesis. Remarkably, D-ribose was
the most suppressed metabolite in SCH-R and enhanced the
efficacy of gentamicin against SCH-R and clinical multidrug-
resistant strains. They suggested that D-ribose activates pentose
phosphate pathway, glycolysis, and tricarboxylic acid cycle which
induced the NADH levels, polarizes the electron transport chain,
and raises the proton motive force to increase drug uptake, and
kills the bacteria.

Study by Zhang et al. revealed the application of matrine-
chitosan hydrogels (MCH) to cure subclinical mastitis, a bacterial
infection-mediated inflammation in bovine mammary glands.
Using metabolomics and 16S sequencing they investigated the
biological response to MCH in mastitis-affected cows. They
discovered that relative abundances of bacterial communities
such as Staphylococcus, Aerococcus, and Corynebacterium_1
were reduced after 7 days of MCH treatment. MCH infusion
was also found to be associated with differentially expressed
metabolites in milk, such as fatty acyls, flavonoids, sphingolipids,
and glycerophospholipids. This study provides new understandings
about the immunoregulatory mechanisms to matrine and its role in
controlling mastitis in dairy cows.

10.3389/fmicb.2023.1222594

Moreover, Singh et al. compared different methods of
metabolite extraction that included freeze-thaw cycle (FTC) and
sonication cycle (SC) individually and in combination (FTC+SC).
Using ESI-LC-MS/MS, they found that both FTC and SC methods
were efficient in isolating AMR-associated metabolites from S.
aureus, while combining these methods does not improve the
efficiency. Basically, each method showed some level of selectivity
toward metabolites and the selection of the right method should be
based on the possible class and type of metabolites.

Mohammadi et al. developed Microbial Containment Device
(MCD), a novel high-throughput 96-well sampling system, to
simplify boundary flux analysis and captured complex microbial
metabolic phenotypes. Using a semi-permeable membrane, MCD
allowed diffusion of water-soluble metabolites from bacterial
culture reservoir into a bacteria-free analytical well. MCD required
minimal sample handling and enabled single-step metabolomics to
identify different bacterial strains and their responses to antibiotics.
This can be very useful for large-scale metabolomics studies as
it is compatible with traditional commercial autosamplers of LC-
MS systems.

Nutrients and growth conditions play a crucial role in
metabolism, especially in detecting AMR. Zeng et al. developed
Salmonella-Shigella (SS) ceftazidime/avibactam (CZA)-selective
medium for clinical screening of CZA-resistant carbapenem-
resistant Enterobacterales (CRE) isolates from pure culture and
simulated clinical polymicrobial specimens such as stool samples.
With 100% specificity and sensitivity, the screening efficiency of SS-
CZA media remained natural for different resistance determinants
that were found in tested isolates.

Consecutively, Mapar et al. reported how commercial media
such as Mueller Hintonmedium can affect the in vitro metabolic
phenotypes and formulated Biomarker Enrichment Medium
(BEM)—a complex defined media derived from Roswell Park
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Memorial Institute (RPMI) medium) as an alternative for
metabolomic assays. Combining substrate exclusion, isotope-
labeling, and nutritional supplementation methods they have
identified specific nutrients required for unique biomarkers
production by pathogenic bacteria. Using this information, they
have proposed BEM as an alternative to complex undefined
media for metabolomics experiments, clinical diagnostics, and drug
discovery, where stable metabolic profiles play a crucial role.

A review from Xu et al. summarized the importance of nitrogen
metabolism for Mycobacteria and showed the role of related genes
and pathways in bacterial survival, virulence, and suggested a
direction to develop novel targeted small molecular antimicrobials.
Authors audited extensive literature to elaborate on the role of
nitrogen metabolazing genes such as glnAl, pknG, groES, groEL2,
ansP2, ansA, Rv322c, argB, and argF. Further, they have described
the way forward, gaps, and recommendations to target nitrogen
metabolism using specific inhibitors to control the emergence of
AMR mycobacteria.

Finally, we want to express our gratitude to all contributing
authors and reviewers who made it possible. We believe that this
collection would assist readers to comprehend novel aspects of
metabolomics and its applications in understanding the bacterial
metabolism and controlling AMR.

Frontiers in Microbiology

10.3389/fmicb.2023.1222594

Author contributions

VSo conceptualized, collected all information, and wrote the
first draft. ZW participated in the writing of remaining sections.
VSi and VSo edited the final draft. All authors contributed to the
article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1222594
https://doi.org/10.3389/fmicb.2023.1149041
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

',\' frontiers

ORIGINAL RESEARCH
published: 02 March 2022

in Microbiolog Y doi: 10.3389/fmicb.2022.823845
Check for
updates
Antibacterial Activity of the Essential
Oil From Litsea cubeba Against
Cutibacterium acnes and the
Investigations of Its Potential
Mechanism by Gas
Chromatography-Mass
orenaccess  Spectrometry Metabolomics
‘;devvdas: Jing Chen’, Jianing Zhang', Longping Zhu'2, Chunguo Qian’2, Hongru Tian2,
Shanghai Jiao Tong University, China Zhimin Zhao'?, Lu Jin"?* and Depo Yang™"?**
Reviewed by: " School of Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou, China, 2 Guangdong Technology Research Center
Hyungjin Eoh, for Advanced Chinese Medicine, Guangzhou, China
University of Southern California,
United States
XiLiu, Cutibacterium acnes (C. acnes) is an anaerobic Gram-positive bacterium generally
Shanghai Jiao Tong University, China - considered as a human skin commensal, but is also involved in different infections,
*°°”eSP°"dZ‘"3?-' such as acne and surgical infections. Although there are a variety of treatments, the
j,n,u5@ma,,'sysuleduu'£ side effects and the problem of bacterial drug resistance still limit their clinical usage.
Depo Yang In this study, we found that essential oil (EO) distilled from fresh mature Litsea cubeba

Issydp@mail.sysu.edu.cn

Specialty section:

This article was submitted to
Antimicrobials, Resistance
and Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 28 November 2021
Accepted: 28 January 2022
Published: 02 March 2022

Citation:

Chen J, Zhang J, Zhu L, Qian C,
Tian H, Zhao Z, Jin L and Yang D
(2022) Antibacterial Activity of the
Essential Oil From Litsea cubeba
Against Cutibacterium acnes

and the Investigations of Its Potential
Mechanism by Gas
Chromatography-Mass Spectrometry
Metabolomics.

Front. Microbiol. 13:823845.

doi: 10.3389/fmicb.2022.823845

possessed promising antibacterial activity against C. acnes. In order to elucidate its
potential mechanism, bacteriostatic activity test, Live/Dead kit assay, scanning electron
microscope (SEM), transmission electron microscope (TEM), and metabolomics were
employed. In addition, the content of adenosine triphosphate (ATP) in bacterium and
the activities of key enzymes involved in critical metabolic pathways were detected
using a variety of biochemical assays. The results showed that EO exhibited significant
antibacterial activity against C. acnes at a minimum inhibitory concentration (MIC) of 400
pg/mL and a minimum bactericidal concentration (MBC) of 800 wg/mL, and EO could
destroy C. acnes morphology and inhibit its growth. Moreover, results from our study
showed that EO had a significant effect on the C. acnes normal metabolism. In total,
86 metabolites were altered, and 34 metabolic pathways related to the carbohydrate
metabolism, energy metabolism, amino acid metabolism, as well as cell wall and cell
membrane synthesis were perturbed after EO administration. The synthesis of ATP
in bacterial cells was also severely inhibited, and the activities of key enzymes of the
glycolysis and Wood-Werkman cycle were significantly affected (Pyruvate Carboxylase,
Malate Dehydrogenase and Pyruvate kinase activities were decreased, and Hexokinase
was increased). Taken together, these results illustrated that the bacteriostatic effect
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Chen et al. L. cubeba Essential Oil Antibacterial Mechanism
of EO against C. acnes by breaking the bacterial cell morphology and perturbing cell
metabolism, including inhibition of key enzyme activity and ATP synthesis. The results
from our study may shed new light on the discovery of novel drugs with more robust
efficacy.

Keywords: Cutibacterium acnes, Litsea cubeba, essential oil, GC-MS untargeted metabolomics, antibacterial

INTRODUCTION

Cutibacterium acnes (C. acnes) is considered to reside in the
sebaceous glands of the skin, and plays an important role in
maintaining skin pH by decomposing skin triglycerides and
producing fatty acids (Gribbon et al., 1993; Webster, 1995).
However, it is also a conditional pathogenic bacterium that is able
to cause invasive infection of organs and tissues under specific
cases, such as surgery or trauma (Achermann et al.,, 2014; Choi
et al., 2021). In addition, studies have shown that C. acnes is
one of the main culprits of acne (Dreno et al,, 2018). As one of
the most common skin diseases with high incidence in young
adulthood, acne can cause physical discomfort, face skin defects,
or disfigurement as the long-term chronic inflammations persist.
It will even cause a tremendous psychological burden to the
patients, causing anxiety and even severe mental illness (Gupta
and Gupta, 1998; Thomas, 2004; Park et al., 2021).

In the past, the antibiotics, such as macrolides, clindamycin,
and tetracyclines, were the most common medications prescribed
for acne (Walsh et al., 2016). Although they are still largely active
against the majority of C. acnes, the emerging of drug resistance
becomes an urgent problem (Leyden, 1976); therefore, it is not
appropriate to treat acne with a single antibiotic. Instead, a variety
of antibiotics or the combination of antibiotics and other drugs
are used, but there are still many problems with these drugs in
clinical use, like irritation of the skin and mucous membranes
(Nyirady et al,, 2001; Archer and Chang, 2004; Strauss et al,,
2007; Tanghetti and Popp, 2009). In recent years, more and more
attention has been paid to natural products derived from plants
due to their higher efficacy and lower toxicity, which can replace
or assist antimicrobial agents in inhibiting the proliferation of
C. acnes (De Canha et al., 2019; Di Lodovico et al., 2020;
Wei et al., 2021). Accumulating evidence showed that many
essential oils from plants such as cloves, cactus, tea tree, and so
on possessed an inhibitory effect on C. acnes (Fu et al., 2009;
Murbach Teles Andrade et al., 2018; Ossa-Tabares et al., 2020).
However, there is a lack of research on the mechanism underlying
the antibacterial activity.

Litsea cubeba (Lour) Pers. is a deciduous shrub or small tree
belonging to the genus of Litsea of the Lauraceae family, and it
is an economic crop for the production of essential oil (Chen
Y.C. et al., 2020). Previous studies have demonstrated that the
EO has promising anti-cancer (Dalimunthe et al., 2019; Pante
et al., 2021), bacteriostatic (Liu and Yang, 2012; Li et al., 2014;
Nguyen et al.,, 2018; Dai et al., 2021) and antifungal activities
(Nardoni et al,, 2019), insecticidal and mosquito repellent
activities (Noosidum et al., 2008; Vongsombath et al., 2012),
which has been widely used in daily chemical products and food
as a flavoring and preservative (Agrawal et al., 2011).

Although EO has bacteriostatic activity against many kinds
of bacteria, most of them are foodborne bacteria. The inhibitory
activity against C. acnes has not been reported. Accordingly,
we investigated the activity of Litsea cubeba essential oil against
C. acnes and further explored its potential mechanism by GC-
MS-based non-target metabonomics for the first time. This study
may provide a new perspective to understand the mechanism of
inhibiting C. acnes in more detail.

MATERIALS AND METHODS

Materials

Cutibacterium acnes (ATCC 6919, antibiotic-susceptible) strain
was obtained from Guangdong Microbial Strain Preservation
Center; The mediums of Brain Heart Infusion Broth and
Reinforced Clostridium Aga were from HuanKai Microbial
(Guangdong, China) and Shanghai Acmec Biochemical Co.,
Ltd, respectively; Tween 80, Anhydrous sodium sulfate, 25%
Glutaraldehyde, and TERT-butyl alcohol were obtained from
DAMAOQO; Ampicillin was from Biofrox; Glucose, Absolute
ethanol, and Sodium bisulfate dihydrate were provided from
Sinopharm Chemical Reagent Co., Ltd.; Sodium hydroxide was
from Guangzhou Chemical Reagent Factory, Methoxyamine
hydrochloride, N-methyl-N-trimethylsilyltrifluoroacetanamide
(MSTFA), and Adonitol were purchased from Sigma-Aldrich;
Methanol HPLC/ACS was from Energy-chemical; Hypoxic
conditions were generated using an AnaeroPack (Japan
Mitsubishi MGC); C7-C40 n-alkanes was purchased from
Shanghai Huicheng Biotechnology Co., Ltd.

Live/Dead BacLight Bacterial Viability Kits was obtained
from Thermo (Invitrogen by Thermo Fisher Scientific, L7012),
Enhanced BCA Protein Assay Kit was purchased from Beyotime,
Micro Malate Dehydrogenase (MDH) Assay Kit, Micro Pyruvate
Carboxylase (PC) Assay Kit, and Pyruvate kinase (PK) Assay Kit
were provided from Solarbio; BacTiter-GloTM Microbial Cell
Viability Assay was from Promega.

Preparation of Essential Oil From Litsea
cubeba

The mature fruits of Litsea cubeba (Lour.) were collected in
mid-July from Conghua District, Guangzhou City, Guangdong
Province, which were identified as Litsea cubeba (Lour.)
according to their morphological characteristics by Professor
Depo Yang of the botany of the School of Pharmaceutical
Sciences, Sun Yat-sen University, and the certificate specimens
were kept in the herbarium of Sun Yat-sen University. The fruits
that were not eaten by insects or decayed were selected and
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extracted by hydrodistillation for 5 h. After standing, anhydrous
sodium sulfate was added to remove water, and Litsea cubeba
essential oil (EO) was obtained. The EO was placed in a brown
glass bottle, sealed, and stored at 4°C.

Gas Chromatography-Mass

Spectrometry Analysis of the Essential

Oil

EO was weighed accurately and then dissolved in
chromatographic grade ethyl acetate to a final concentration
of 1 mg/mL, and detected by gas chromatography-mass
spectrometry (GC-MS, Thermo Scientific Trace DSQ II). The
GC-MS conditions were performed as previously described
(Hu et al, 2019), with slight modifications (Supplementary
File 1). The retention indices (RI) were calculated for all EO
components by the C7-C40 n-alkanes. Based on NIST 2017
mass spectrometry library, EO constituents were identified by
comparing obtained RI and data already available in the literature
(Jin et al., 2015).

Bacterial Activation and Culture

Cutibacterium acnes (C. acnes) were taken out from the ultra-
low temperature refrigerator, melted and absorbed 200 pL, evenly
coated on the Reinforced Clostridium Agar (RCA) plate, and
cultured inverted at 37°C for 72 h under anaerobic conditions
by the AnaeroPack. Then, wet sterile cotton swabs were used to
scrape the C. acnes from the plate, and the C. acnes was mixed in
PBS to prepare the bacterial liquid. 200 L bacteria suspension
was coated on the RCA plate and continued to culture for
72 h under anaerobic conditions at 37°C to obtain the activated
bacterial cells.

Antibacterial Activity of Essential Oil
Against Cutibacterium acnes

The Minimum Inhibitory Concentration

In order to study the antibacterial activity of the EO against
C. acnes, the minimum inhibitory concentration of bacteria was
detected using the micro-broth dilution method recommended
by the Clinical and Laboratory Standard Institute (CLSI, 2017).
Firstly, the bacterial strain was grown to the logarithmic growth
phase and diluted by the BHI medium (10*-10° CFU/mL).
Then different concentrations of EO were added to the 96-well
plate, and the final drug concentration was from 0.009375 to
19.2 mg/mL. According to the Clinical and Laboratory Standards
Association 2017 (CLSI, 2017), when bacteria are not visible,
the administration concentration is the minimum inhibitory
concentration (MIC). At the same time, the absorbance
data was obtained using 96-well microplate reader at 600
nm.

The Minimum Bactericidal Concentration

To determine the minimum bactericidal concentration (MBC),
10 pL medium of each well with no visible bacteria growth was
removed and inoculated in RCA plates. After 72 h of incubation
under anaerobic conditions at 37°C, the number of surviving
organisms was determined. According to the provisions of

CLSI (2017) drug sensitivity test, the lowest dose concentration
that can kill 99.9% of bacteria is the MBC.

Bacteriostatic Curve

The medium was inoculated with C. acnes in the logarithmic
phase and the final concentration was 108 CFU/mL. Then,
bacteria were treated with different concentrations of EO that
were dissolved with 0.1% Tween 80, respectively. And 0.1%
Tween 80 was used as vehicle control. The final concentrations
of EO were 4 MIC (1,600 jLg/mL), 2 MIC (800 pg/mL), MIC (400
pg/mL), and 1/2 MIC (200 pg/mL). The growth of C. acnes in the
Control and EO-treated groups was measured by monitoring the
absorbance value of bacteria at 600 nm within 5 days according
to literature (Kim et al., 2021).

Live/Dead Bacterial Viability Assay

Live/Dead bacterial viability assay is a general method to
determine bacterial activity according to membrane integrity
(Emerson et al,, 2017). Adjust the concentration of bacteria
solution to 103 CFU/mL. As described in section “Bacteriostatic
Curve” in method, prepare different concentrations of EO (4
MIC, 2 MIC, MIC, 1/2 MIC) and solvent (Control), and then
adjust the concentration of bacteria again to 108 CFU/mL after
anaerobic culture at 37°C and 180 rpm for 8 h. 70% ice
ethanol was used as the positive control group. The staining was
performed using the Live/Dead BacLight Bacterial Viability Kits
(Invitrogen by Thermo Fisher Scientific, L7012), and the images
were collected using the confocal microscope (Olympus FV3000).

Scanning Electron Microscope and

Transmission Electron Microscope

The effect of the EO on C. acnes morphology can be observed
using SEM and TEM following the previously described method
with modifications (Zhou et al., 2020). C. acnes with EO or
solvent were anaerobically cultured with shaking at 180 rpm at
37°C for 8 h. The bacteria were collected by centrifugation at
4,500 rpm for 10 min at 4°C and washed three times in PBS. 2.5%
glutaraldehyde solution was added and stored in a refrigerator at
4°C overnight. The bacteria were washed with 0.1 M phosphate
buffer, centrifuged at 4°C 4,500 rpm for 10 min, and the bacteria
were collected for standby.

(1) SEM: Bacteria were soaked in ethanol solutions of different
concentrations (30, 50, 70, 90, and 100%) to remove water,
then replaced with tert-butyl alcohol, freeze-dried and gilded,
then observed and photographed by Thermal Field Emission
Environmental SEM-Eds-EBSD (Quanta 400FEG).

(2) TEM: Fixed the sample with 1% Osmic acid solution for
1-2 h, rinsed the sample with 0.1 M phosphate buffer three times,
then used the gradient dehydration of ethanol solution (30, 50, 70,
80, 90, 95, and 100%), and then treated 20 min with pure acetone.
The sample was embedded with a mixture of the embedding
agent and acetone overnight at 70°C, and then sliced with LEICA
EM UC?7 ultra-thin slicer. The slices were stained with lead citrate
solution and uranyl acetate 50% ethanol saturated solution for 5-
10 min, respectively. After drying, the slices could be observed
under transmission electron microscopy (HITACHI H-7650).
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FIGURE 1 | Inhibitory effect of EO on the growth of Cutibacterium acnes. (A) Effect of EO on the growth curve of C. acnes within 5 days. CK represented the blank
control group and Control represented the solvent control group by 0.1% Tween 80. (B) Representative Live/Dead merged images (green and red) of C. acnes
cultured for 8 h with solvent (Control) and different concentrations of EO (1/2 MIC, MIC, 2 MIC and 4 MIC). The positive control was treated with ethanol. Green
fluorescence indicated living cells and red fluorescence indicated dead cells. The positive control was treated with ethanol.
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Metabonomics Studies

Sample Preparation

The GC-MS-based strategy was employed to analyze the
metabolism profile of bacteria according to previous reports
(Booth et al., 2015). 0.1% Tween 80 was also used as the solvent
to enhance the EO solubility. Briefly, bacteria in the logarithmic
phase were treated with EO (MIC) or solvent (Control) at 37°C
for 8 h at 180 rpm, respectively. The bacteria were collected by
centrifugation and washed three times in PBS. Then, 1 mL pre-
cooled methanol was added to the quench, and the bacteria were
lysed by a repeated freeze-thaw cycle followed by ultrasonication
three times. The equal amount of the metabolites in the Control
and MIC groups were mixed, respectively, with 8 pL ribitol
(0.5 mg/mL) that was the internal standard and concentrated
again. Then the derivatization reaction by using MSTFA was
performed according to the previously reported method (Chen J.
et al., 2020; Tang et al., 2021), followed detection within 48 h
by GC-MS (Agilent 7890A GC equipped with Agilent 5975
CVL MSD Detector).

Gas Chromatography-Mass Spectrometry Detection
Conditions

GC-MS detection was conducted according to the previously
reported conditions with slight modifications (Chen J. et al,
2020; Tang et al.,, 2021). In brief, the injection volume was 1 pl
in the split-less injection mode; Heating procedure: the initial
temperature was 70°C, kept at the initial temperature for 3 min,
then the temperature was heated to 285°C at 5°C/min, then to
310°C at 20°C/min, and kept at 310°C for 7 min; The ion source
temperature was 230°C, and the four-stage rod temperature was
150°C. The carrier gas was He, and the flow rate was 1.0 mL/min.

Pre-processing of Metabolome Data

GC-MS data pre-processing was performed by Agilent
Unknowns Analysis software version B.09.00. After peak
identification and deconvolution, the metabolites were identified
with NIST and Fiehn database. In addition, GC-MS data were
subjected to the retention time correction and peak alignment.
In addition, Metabolites signals were normalized using internal
standards and quantile by R Statistical Computing Environment.
These normalized data were used for subsequent analyses (The
data of metabonomics included six biological replicates and two
technical replicates for a total of 24 data).

Analysis of Metabolomics Data

Multivariate statistical analyses were carried out in R Statistical
Computing Environment, including principal component
analysis (PCA) and orthogonal partial least squares discriminant
analysis (OPLS-DA). The metabolites of different groups can be
screened by a combination of the variable importance projection
(VIP) derived from the OPLS-DA model and the adjusted
p-values (FDR, false discovery rate) of the Students t-test
analysis. Finally, metabolites (VIP > 1 and p.adj < 0.05) were
selected as differential metabolites. In the differential metabolites,
biomarkers were further selected according to the correlation and
covariance information provided by S-plot. MBRole 2.0 pathway
analysis of the differential metabolites was conducted using the

KEGG database to determine that the metabolic pathways were
considered significant with p < 0.05 (Lopez-Ibanez et al., 2016).

OmicStudio tools,! Origin software (Origin Lab), and Adobe
Mlustrator were used to perform partial bioinformatics analysis
and visualization.

Detection of Enzyme Activity and
Intracellular Adenosine Triphosphate

Content

Enzyme Activity Assay

The bacteria concentration was adjusted to 10° CFU/mL as
described before, and cultured with shaking in BHI medium with
EO or solvent for 8 h as described in section “Bacteriostatic
Curve.” After being washed twice in PBS, the bacteria were
collected by centrifugation at 4,000 rpm at 4°C. According
to the requirements of the kit, the extractant was added and
extracted by the ultrasonic crusher for 10 min. The supernatant
obtained by centrifugation was the extract, and BCA Protein
Assay Kit detected the protein concentration. According to
the instructions of the kits, detected the activities of the
Pyruvate Decarboxylase (PC), Malate Dehydrogenase (MDH),
Pyruvate kinase (PK), and Hexokinase (HK). Enzyme activity
was expressed as units per milligram of protein. The detailed
information of the enzymes activity determination process is
depicted in Supplementary File 1.

Adenosine Triphosphate Content Assay

The bacterial liquid was collected and adjusted to
1.0 x 10% CFU/mL. The bacteria were treated, respectively,
with EO at 1/2 MIC and MIC, or solvent (Control) as described
in section “Bacteriostatic Curve,” and were cultivated at 37°C
with shaking at 180 rpm for 8 h. Next, the bacteria were collected
by centrifugation and washed twice in PBS. Liquid nitrogen was
used to quench metabolism. The bacterial pellet was resuspended
in PBS, and the bacterial liquid was 1.0 x 108 CFU/mL. Then,
the volume of BacTiter-Glo™ Reagent equal to the volume
of the bacterial liquid in each well was added; after mixing
and incubating for 5 min, the luminescence was recorded by
an Infinite M1000 Proplate Reader (Tecan). In parallel, six
adenosine triphosphate (ATP) concentration standards ranging
from 2,500 pmol to 2,560 nmol were used to generate the
ATP concentration standard curve by the BacTiter-Glo assay
kit. Ultimately, the ATP concentration for each sample was
calculated based on the standard curve.

Statistical Analysis

Except for the analysis of metabolomics data, all statistical
analyses were conducted in GraphPad Prism version 8.0.2. All
the experiments were carried out in triplicate, with at least three
biological replicates. The data were analyzed by one-way analysis
of variance (ANOVA), represented as mean =+ standard error
of the mean (mean £ SEM). p < 0.05 were regarded to be
significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
vs. control group).

'https://www.omicstudio.cn/tool
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FIGURE 2 | The effects of EO on the morphology of C. acnes cells were
observed by scanning electron microscope (SEM) and transmission electron
microscope (TEM), followed by normal bacteria (CK), solvent control bacteria
(Control), and bacteria treated with different concentrations of EO (1/2 MIC,
MIC, 2 MIC, and 4 MIC). (A) SEM image of C. acnes at 40,000 x
magnification. (B) SEM image of C. acnes at 10,000x magnification. (C) TEM
image of C. acnes at 50,000x magnification.

RESULTS

Chemical Compositions of the Essential
Oil
The major components of EO identified were listed in

Supplementary Table 1. The top of 9 compounds accounted
for 90.55%, which mainly included a-Citral (38.12%), p-Citral

(32.97%), Limonene (9.72%), Linalool (2.45%), (R)-(+)-
Citronellal (1.82%), Terpinen-4-ol (1.62%), a-Thujene (1.51%),
Eucalyptol (1.21%), Caryophyllene (1.13%), in which the
relative contents of a-citral and B-citral were higher, which was
same as previously reported in the literature (Hu et al., 2019).
The contents of Geraniol, pB-Pinene, a-Terpineol, Sabinene,
B-Myrcene, Camphene ranged from 0.53 to 0.94%. The others
were less than 0.50%.

Antibacterial Activity of Essential Oil

Against Cutibacterium acnes

The inhibitory effect of EO on the growth of C. acnes was
evaluated by measuring the minimum inhibitory concentration
(MIC) and the minimum bactericidal concentration (MBC). This
result showed that EO could inhibit the growth rate of C. acnes
in a dose dependent manner, which the MIC and the MBC
values were 400 and 800 pg/mL, respectively (Supplementary
Figure 1). As the results were shown in Figure 1A, there was
no significant difference in bacterial growth between the solvent
control group (Control) and the blank control group (CK),
indicating that Tween 80 would not inhibit the growth of C. acnes.
The growth of bacteria generally followed the model s-shaped
growth curve, reached the logarithmic growth phase in 2 days and
entered the platform phase 4 days later. The ODggo of C. acnes
that co-cultured with EO at 1/2 MIC and MIC in each growth
stage was significantly lower than that of the control group, and
its growth was significantly inhibited. In the treatment with EO at
MIC, C. acnes entered the logarithmic growth period at 4, 2 days
later than the Control and CK. When treated with EO at 2 MIC
and 4 MIC, C. acnes stopped growing.

Bacterial Viability Test by Live/Dead
Assay

The effect of EO on the activity of C. acnes was further observed
by the Live/Dead BacLight Bacterial Viability assay, and each
image represented the separate fluorescence channel (green and
red) was shown in Supplementary Figure 2, the merge images
was shown in Figure 1B. The cells produced green fluorescence
but nearly undetectable red fluorescence in the control group,
indicating the majority of cells were intact. After being cultured
at 1/2 MIC and MIC in the medium with EO for 8 h, more spots
with red fluorescence were observed. As the concentration of EO
increased, the green fluorescence spots were gradually replaced by
the red fluorescence spots, indicating that the number of bacterial
death increased significantly and concentration-dependently. In
the 2 MIC, and 4 MIC groups, the bacterial mortality rate
was close to 100% (red fluorescence), which was similar to the
positive control group.

Scanning Electron Microscope and

Transmission Electron Microscope

In order to understand the intuitive effect of EO on the
morphology of C. acnes, SEM and TEM techniques were used in
this study (Wang et al., 2021). As shown in Figure 2, after 8 h of
culture, the morphologies of the bacterium in the solvent control
(Control) and the blank control group (CK) were complete, the
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FIGURE 3 | Metabolic profiling of C. acnes before and after EO treated. (A) Typical total ion chromatograms of the metabolic profiles of C. acnes with solvent
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surface of cells was intact, smooth, and bright, as well as the cells
were full of cytoplasmic material. Treatment with 1/2 MIC for 8
h, most of the cell membranes were intact, but slightly concave
and wrinkled. As for MIC, the bacterial cell membrane became
blurred, the concave and fold of the cell membrane became more
obvious, and the number of bacterial cell membrane damage
increased. Besides, while treated with 2MIC or 4MIC, almost all
of the cell membranes and cell walls were ruptured (Figure 2B).
TEM can explore not only the morphology of bacterial cells more
clearly, but also intracellular alteration of the bacteria. As shown
in Figure 2C, the cells in the high concentration EO treatment
group (4MIC and 2MIC) lysed, and the cytoplasmic material
flowed out. The result showed that compared with the control
group, the cell membrane and cell wall of the groups with EO
were damaged, and the degree of damage increased with the
increase of EO concentration.

Metabonomics

Effect of Essential Oil on Metabolism of
Cutibacterium acnes

In this study, GC-MS was used to analyze the effect of EO on
bacterial metabolism. According to the result in Figures 3A,B,
there were significant differences in the abundance of substances
with the same retention time between the MIC and Control
groups. As shown in Figure 3C, after GC-MS detection
and data preprocessing of 24 groups of samples, a total of
133 metabolites were obtained, including peptides (26.3%),
carbohydrates (18.8%), lipids (9.8%), organic acids (12.0%),
nucleic acids (4.5%), vitamins and cofactors (2.3%), steroids
(0.8%), and others (25.6%).

Analysis of Differential Metabolites

Multivariate statistical analysis and univariate statistical analysis
were combined to study the metabolic differences between the
EO-treated group (MIC) and the control group. The metabolites
were analyzed by PCA, on the score plot (Figure 4A), the natural
clustering trend among metabolites was observed, and it was
found that MIC group and Control group could be obviously
separated. The supervised OPLS-DA model was established
to compare the metabolic changes between MIC and Control
groups. The Q? value of the model was 0.998, indicating that it
had high validated predictability and could be used for further
screening of differential metabolites (Figure 4B). In the S-plot
of OPLS-DA (Figure 4D), each spot was representative of a
compound, and the further away from the origin, the more
significant its contribution to clustering of the two groups.
The contribution was represented by Variable Importance in
Project (VIP) value, and the red spots in the figure indicated
the compound with VIP > 1. 110 metabolites were selected
by Students t-test calculated significant differences between
the two groups (p.adj < 0.05), and the Fold Change was
calculated to quantify the degree of up/downregulation of
metabolites, as shown in Figure 4C. Only if the VIP was
above 1 and p.adj was below 0.05, the metabolites could be
considered as differential metabolites. A total of 86 endogenous
metabolites were selected as differential metabolites before and
after the administration of EO and classified (Supplementary
Figure 3). The heat map of differential metabolites showed that
the abundance of C. acnes metabolites changed significantly
after EO administration, with 74 metabolites decreased and 12
increased (Figure 5A). (Other detailed metabolic information,

Frontiers in Microbiology | www.frontiersin.org 14

March 2022 | Volume 13 | Article 823845


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al. L. cubeba Essential Oil Antibacterial Mechanism
A B Scores (OPLS—DA)
10
E Ic
: <+~ [jContrg, citt
5 E cstt
[+ \ ! ~ cs2
& ‘x ! 9
N | | H Group T @
g(]—-“'—.'—‘- ——————————————— S S SN /N # Control
E T ' o
5 | - : MIC o % g
| M €412
\ ! C3p2
| H
-5 ““ s “r
: T T T T
10 —20 -10 0 10 20
-10 -5 . 0 10 R2X R2Y Qxy RMSEE pre
Diml (66% t1 (66% P
i (56%) 0735 1 0998 (66%)  “go00 3
c Type Increase *Decrease NS D
| 1.0 Serotonin -,
15 = . e
H - “  D-Gluconic acid
.z 05
5 v s =
3 - . ! g b
s JETSPR §00
= ie%’ ! = :
5) “ee
T ~
s T
DAY 0.5
E 2-Oxoglutarate
. . 4 p.adj<0.05 v g ol ‘
""""""""" S S Hydroxproline I N ¥
0 ‘e -1.0 \,,,g_:@,-g; AR P
! .
-10 -5 0 5 10 50 25 ) 0 25
10g2(FC) Pl
FIGURE 4 | Metabonomics statistical analysis. (A) PCA score plot; (B) OPLS-DA score plot (R2X = 0.735, R2Y = 1 Q2Y = 0.998). C#-# and M#-# presented the
sample name of the control group and MIC group, respectively. (C) Volcano plot; yellow dots represented the increase in metabolite abundance, and blue dots
represented the decrease in metabolite abundance (vs. Control). p.adj represented adjusted p-values using FDR. (D) S-plots from the OPLS-DA model, the abscissa
indicated the covariance, and the ordinate indicated correlation.

including VIP values in multivariate statistical analysis, p. adj
and Fold Change in univariate statistical analysis, were listed in
Supplementary File 3.)

Discovery of Biomarkers

Biomarker discovery is the critical step for metabolomics studies.
According to the 86 differential metabolites that had been selected
(Figure 5A), combined with 10 candidate biomarkers obtained
by S-plot (highlighted in Figure 4D), it was found that 9
metabolites (Figure 5B) can be used as biomarkers, namely
urocanate, hydroxyproline, L-asparagine, acrylic acid, gentisic
acid, serotonin, D-gluconic acid, propanoate, and acetate, which
belonged to peptides, organic acids, carbohydrates and other
kinds, respectively. However, the 2-oxoglutarate was excluded
because the p.adj was larger than 0.05.

Enrichment of Metabolic Pathway

A total of 34 metabolic pathways (p.adj < 0.05) were obtained
by metabolic pathway enrichment analysis of 86 differential
metabolites (Supplementary File 4). According to the order
of p.adj from small to large (the smaller the p.adj, the more
significant the impact on the metabolic pathway), the top 15
of them were shown in Figure 6A. 34 metabolic pathways
were subdivided into the three kinds of KEGG main class,
of which metabolism-related pathways accounted for 88.2%,
including carbohydrate metabolism, amino acid metabolism
and metabolism of cofactors and vitamins; In addition,
8.8% of environmental information processing-related pathways
included membrane transport and signal transduction; and 3.0%
of genetic information processing-related pathways included
translation (Supplementary File 4). KEGG classification of the
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top 15 metabolic pathways was shown in Figure 6B. Among
the differential metabolites involved in the enrichment pathway,
we found that pyruvate, L-aspartate, fumarate, and succinate
were the critical intermediates of the metabolic pathway. Their
abundance changes before and after EO administration were
shown in Figure 6C.

Enzyme and Adenosine Triphosphate

Content Test

Based on the result from enrichment analysis, the metabolic
pathways of C. acnes under the influence of EO were plotted
(Figure 7A). In order to further verify the effect of EO on C. acnes
metabolism, the activities of PC and MDH, enzymes related to
the Wood-Werkman cycle, as well as the activity of HK and PK,
the key enzyme in glycolysis were measured, and the change
of intracellular ATP content was determined. The results were
shown in Figures 7B,C. Compared with the control group, the
activity of HK increased significantly, and the activities of PC,
MDH, and PK decreased significantly after MIC treatment for
8 h, as well as the intracellular ATP content. After treating with
EO, the activities of PC, MDH, and PK in the MIC group were
lowered by approximately 57.85, 71.78, and 30.91%, respectively.
However, the activity of HK was increased by 70.13% (Figure 7B).
Additionally, the ATP content in the 1/2 MIC and MIC groups
was downregulated 94.21 and 97.27% compared to the control
group (Figure 7C).

DISCUSSION

In this study, we found that Litsea cubeba essential oil (EO)
had sound antibacterial and bactericidal effects on C. acnes
(ATCC6919), and the inhibitory effect on bacteria increased
with the increase of the concentration of EO. This discovery
not only expanded the use of EO, but also took the first
step for us to find new drugs for the treatment of C. acnes-
related diseases.

It is well known that the integrity of bacterial cell walls and
cell membranes was the key factor for bacterial survival (Call and
Klaenhammer, 2013). The bacterial cells stained by Live/Dead
staining assay showed the cell viability of five groups of EO with
different concentrations after co-culture with C. acnes for 8 h
(Figure 1B and Supplementary Figure 2). The number of dead
cells (red) in the administration groups increased significantly
and showed concentration dependence, which was consistent
with the antibacterial activity test results (Figure 1A). It also
showed that the integrity of C. acnes cell membrane is damaged,
which was more obvious in the images taken by SEM and TEM
(Figure 2). The disrupted bacterial cellular integrity, as well as
the emerging of cell debris, confirmed that the EO could alter the
bacterial morphology.

Metabonomics is a qualitative and quantitative method
of small molecular metabolites in the biological system
utilizing LC-MS or GC-MS or NMR (Hu and Xu, 2014;
Pang et al., 2019), which can understand the life activities of
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FIGURE 6 | Metabolic pathway enrichment analysis and critical metabolites involved in the pathway. (A) KEGG enrichment analysis bubble chart of metabolic
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organisms comprehensively and systematically. This method has
been used to evaluate the mechanism of bacterial metabolism
and bacteriostatic mechanism (Wong et al, 2018). In this
study, non-target metabonomics based on GC-MS was used
to explore the metabolic changes of C. acnes before and after
the administration of EO, which has hardly ever been done
in prior studies. Furthermore, the results from the perspective
of metabolomics demonstrated that metabolic pathways of
C. acnes, such as glycolysis, Wood-Werkman cycle and
pentose phosphate pathway (Figures 6A,B), were similar to
the Propionibacterium spp. though C. acnes has now been
reclassified as Cutibacterium spp. (Scholz and Kilian, 2016),
which was consistent with findings in most previous studies by
other omics methods (McLaughlin et al., 2019). Therefore, the
metabonomics study of other Propionibacterium spp. can provide
references for us.

In this study, we identified a number of significantly altered
metabolites (86 differential metabolites) after the administration
of EO to C. acnes, in which the 9 metabolites was selected
as biomarkers (the biomarker pattern is not unique to the
antibacterial mechanism of EO) (Figure 5). Based on the above
metabolomic analysis and previous studies on Propionibacterium
spp., C. acnes showed a complex biological network to cope
with EO-treated, which may be related to the carbohydrate
metabolism, energy metabolism, amino acid metabolism, as
well as cell wall and cell membrane synthesis (Figure 7A and
Supplementary File 4).

Carbohydrate Metabolism

The glycolysis and propanoate production pathways are the
central pathways of carbohydrate metabolism in C. acnes.
Hexokinase (HK) and pyruvate kinase (PK) are rate-limiting
enzymes in the glycolysis pathway. HK is the first enzyme of the
glycolysis to catalyze the phosphorylation of glucose to glucose-
6-phosphate, and pyruvate, the end product of the glycolysis
pathway, is produced by PEP under PK. In our study, we
observed a significant increase in the catalytic activity of HK,
and the phenomenon may be caused by the defense response
of C. acnes under environmental stress, which can avoid the
damage of EO on bacterial metabolism by increasing glucose
uptake, according to the literature investigation (Figures 6C,
7A,B; Wang et al., 2018). Pyruvate is the critical hub of the
pathways in carbohydrate and amino acid metabolism, in the
Propionibacterium genus, the synthesis of propanoate through
the Wood-Werkman cycle is one of the essential pathways of
pyruvate metabolism (McCubbin et al., 2020). Pyruvate forms
oxaloacetate under pyruvate carboxylase (PC), which starts the
first step of the propanoate synthesis. Malate dehydrogenase
(MDH) converts oxaloacetate to malate, which is then converted
to fumarate by succinate reductase, and fumarate yields succinyl-
CoA and finally to propanoate. Our results demonstrated that,
during this process, the abundance of 3 critical intermediates
(pyruvate, fumarate, and succinate) of the metabolic pathway,
and propanoate, the end product of the Wood-Werkman
cycle after EO-treated decreased significantly (Figures 5B, 6C),
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indicating that the Wood-Werkman cycle was inhibited. The
activities of MDH and PC downregulated, which also confirmed
this result (Figure 7B).

Energy Metabolism

ATP is the direct energy source for bacteria to maintain their life
and normal physiological activities (Venkateswaran et al., 2003).
Unlike other common aerobic bacteria, in C. acnes, the
Wood-Werkman cycle, which can be coupled with an
anaerobic electron transport chain (anaerobic respiration),
is the primary energy supply pathway. NADH can
provide HT, transfer H' to fumarate through a series
of enzymes to drive the proton pump to synthesize ATP
(de Vries et al, 1973). Moreover, C. acnes also utilize
substrate-level phosphorylation to produce ATP, such as

glycolysis and pyruvate to acetate. Although acetate is a
by-product of the metabolism, it is vital to C. acnes (McCubbin
et al, 2020). Our result suggested that, as a biomarker, the
abundance of acetate decreased significantly after EO treatment,
indicating that the pathway of pyruvate to acetate was inhibited.
Similarly, we found that other metabolisms related to ATP
synthesis, including the Wood-Werkman cycle and glycolysis,
were also disturbed, suggesting that EO inhibited the ATP
synthesis of bacteria, leading to the inhibition of their growth.
It was consistent with the result of ATP content in bacterial cells
detected (Figure 7C).

Amino Acid Metabolism
The result indicated that EO also had a significant effect on the
metabolism of amino acids in C. acnes because the abundance of
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almost all amino acids in bacterial cells was significantly reduced
after EO-treated (Figure 7A). Previous research has shown that
L-Aspartate, the main precursor of amino acid synthesis in
microorganisms, is key to amino acid metabolism and bacterial
growth (Qiao et al, 2018). The results (Figures 6C, 7A)
demonstrated that, as one of the four critical intermediates of the
metabolic pathway, the inhibition of L-aspartate synthesis may
cause the inhibition of the whole amino acid metabolism. Amino
acid metabolism is a crucial metabolic pathway for bacterial cells
to grow and maintain normal life activities (Afzal et al., 2016).
It involves many aspects, such as protein synthesis, biological
enzyme synthesis and regulation, gene expression, osmotic
regulation, and so on (Wu, 2009). Therefore, disruption of amino
acid metabolism will lead to abnormal physiological activities
of bacteria. Apart from the above, amino acid metabolism also
involves the synthesis of virulence factors in bacteria. C. acnes
can secrete porphyrin, hyaluronidase, lipase, and others to cause
cell inflammation, which is closely related to the pathogenesis of
acne (De Canha et al., 2019; Spittaels et al., 2021). The disorder
of amino acid metabolism may inhibit the ability of bacteria
to secrete virulence factors and reduce their pathogenicity.
However, this hypothesis needs to be tested further.

Cell Wall and Cell Membrane Synthesis

The cell wall of C. acnes is mainly composed of peptidoglycan,
fatty acid and polysaccharide. Peptidoglycan is a disaccharide
peptide consisting of sugar and amino acid, crossing links
with each other to form a polymer network outside the cell
membrane, which exists in almost all bacteria (Prasad et al.,
2019). The results showed that the abundance of glucose
decreased significantly, and the amino acid metabolism was
disturbed (the abundance of alanine, glutamate, glycine and
other amino acids decreased significantly). As the important
precursors of synthetic peptidoglycan according to relevant
literature (Johnson and Cummins, 1972), the decrease of their
abundance indicated that the bacterial cell wall might be
destroyed (Figure 7A and Supplementary File 3). It is worth
noting that in C. acnes treated with EO, the abundance of
these two unsaturated fatty acids 9-Octadecenoic acid and (9Z)-
Hexadecenoic acid, main components of the cell wall and cell
membrane, increased significantly, indicating that the synthesis
and repair of the cell wall and cell membrane were strongly
up-regulated (Supplementary File 3). It has been shown in the
literature that microorganisms would protect themselves by the
increase of unsaturated fatty acids to avoid damage caused by the
administration, which was a stress response (Knoll et al., 2021).
Therefore, it could be suggested that the damage of the EO to the
cell wall and the cell membrane of the C. acnes may be indirectly
caused by the influence of metabolism.

CONCLUSION

To sum up, we studied the antibacterial activity of Litsea
Cubeba essential oil (EO) against Cutibacterium acnes (C. acnes)
and established a metabonomics method based on GC-MS to
investigate the related metabolic changes and the bacteriostatic

mechanism of C. acnes after administration. Our results
demonstrated that EO could inhibit the growth of C. acnes
and destroy bacterial cell structure. Metabolomics analysis
showed that EO treatment could significantly affect 34 metabolic
pathways of C. acnes, including carbohydrate metabolism, energy
metabolism, amino acid metabolism, as well as cell wall and
cell membrane synthesis, which finally disturbs normal bacterial
metabolism. Overall, this discovery is expected to deepen the
understanding of the activity of EO, widen its application range
and improve its commercial value.
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Ceftazidime/avibactam (CZA) is an alternative antibiotic used for the treatment of
infections caused by carbapenem-resistant Enterobacterales (CRE). However, the
CZA-resistant CRE strains have been detected worldwide. Therefore, it is critical
to screen CZA-resistant CRE strains in colonized patients or a specific population
so as to rapidly implement infection control measures to limit their transmission.
In this study, we developed a Salmonella-Shigella (SS) CZA-selective medium and
assessed its performance to screen for clinical CZA-resistant CRE isolates in both
pure-strain specimens and stool samples. A total of 150 non-duplicated isolates,
including 75 CZA-susceptible and 75 CZA-resistant CRE pathogens, were tested by
using the broth microdilution method and the SS CZA medium, respectively. The
bacterial suspensions were serially diluted in the SS CZA medium, which showed
excellent screening performance in both pure CZA-resistant CRE strain and the stool
samples with the lowest detection limit of 10'-10° and 10'-10° CFU/ml, respectively.
Notably, none of the susceptible isolates showed growth even at the highest dilution
concentration of 108 CFU/mI. Most importantly, the SS CZA medium demonstrated
excellent performance in screening simulated clinical polymicrobial specimens. Moreove,
its screening performance was unaffected by the different resistance determinants for
tested isolates. Cumulatively, our data suggest that the SS CZA medium can be used
as a promising selective medium to screen CZA-resistant CRE, irrespective of their
resistance mechanisms.

Keywords: ceftazidime, avibactam, medium, CRE, resistance, screening

INTRODUCTION

Antibiotic resistance has become a major public health concern. Multidrug-resistant (MDR)
pathogens are increasingly restricting the success of antibiotic treatments. In the past decades,
carbapenems (such as imipenem, meropenem, and ertapenem) were demonstrated to possess a
broad-spectrum antibacterial activity. In fact, they were considered the last resort for the treatment
of infections caused by MDR Enterobacterales (including Enterobacter cloacae, Escherichia coli, and
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Klebsiella pneumoniae). However, presently, carbapenem-
resistant Enterobacterales (CRE) have been detected globally.
CRE is resistant to several antibiotics and is associated with a
mortality rate of up to 50% (Ackley et al., 2020). In addition,
a prospective cohort study revealed that 57% of patients were
colonized with CRE (van Duin et al., 2020). Therefore, there
is an urgent need to develop novel antibiotics to combat
CRE infections.

Ceftazidime/avibactam (CZA) is a novel synthetic p-lactamase
inhibitor combination that consists of the third-generation
cephalosporin ceftazidime (CAZ) and a newly developed
B-lactamase inhibitor, avibactam (AVI). CZA is an effective
antimicrobial agent against several enzyme-producing
microorganisms, including extended-spectrum f-lactamases
(ESBLs)-producing Enterobacterales (Zhang et al., 2018).
Increasing evidence supports that CZA can be used to treat
bacterial infections caused by MDR Gram-negative bacteria,
including CRE infections (Shields et al., 2016; Caston et al,
2017; Krapp et al,, 2017; Tumbarello et al., 2019). Unfortunately,
resistance to CZA among CRE has gradually increased across the
world with the extensive use of CZA in clinics (Koren et al., 2017;
Shields et al., 2017). It has been widely reported that mutations in
class A B-lactamase contribute to the development of increased
CZA resistance. In E. coli and K. pneumoniae, the mutations
at different sites of KPC increased the minimum inhibitory
concentration (MIC) of CZA to various degrees (Haidar et al.,
2017; Hemarajata and Humphries, 2019). Some mutations in
blactx—m (Livermore et al., 2018) and blasgy (Winkler et al.,
2015) genes have also been reported to contribute to increased
resistance to CZA. In addition, mutations in class C f-lactamase
AmpC have been reported in several studies. Strains with AmpC
mutations have been reported in Enterobacterales (Livermore
et al., 2018). The base-pair substitutions of class D p-lactamase
blapxa—4s may induce resistance to CZA (Frohlich et al,
2019). The early detection of potentially CZA-resistant strains
is extremely important to prevent further bacterial infections
and transmission.

According to the guidelines of the Clinical and Laboratory
Standards Institute (CLSI) (Prater et al., 2019), the broth
microdilution (BMD) method was used as the reference method
to detect the susceptibility of Enterobacterales to CZA. However,
it is difficult to conduct this method in general clinical
laboratories considering the associated complication and time
investment. Therefore, effective screening mediums are essential
for early, quick, and accurate detection of CZA-resistant CRE
isolates. Recently, a CZA-resistance screening medium, called
SuperCAZ/AVI, was developed by Sadek et al. to detect CZA
resistance among Enterobacterales and Pseudomonas aeruginosa
based on the CHROMagar™ Orientation medium (Sadek et al.,
2020). According to their findings, the SuperCAZ/AVI medium
contains CAZ, AVI, daptomycin, and amphotericin B, and is a
selective medium with both 100% sensitivity and specificity when
the lower limit of detection was greater than the cutoff value of
10> CFU/ml.

To design a screening medium appropriate for rectal swab
specimens, it is important to select a selective medium that
inherently inhibits contamination by Gram-positive bacteria

and fungi, such as Enterococcus and Candida. The Salmonella-
Shigella (SS) agar medium is a commonly used strong selective
medium for the isolation and detection of intestinal pathogens
in most clinical microbiology laboratories, especially for the
isolation and culture of Salmonella and Shigella strains. However,
it is concerning that certain component of the SS agar medium,
such as sodium citrate and bile salts, can prevent the growth
of Candida and Gram-positive bacteria such as Staphylococcus
and Enterococcus strains. In fact, with the popularity of CRE,
carbapenem-drug discs are adhered to the SS agar medium to
screen for CRE strains in some hospital laboratories (Aleem
et al,, 2021). In this study, we developed an SS CZA medium
based on the SS agar medium and the SuperCAZ/AVI medium,
followed by the assessment of its performance to screen for
clinical CZA-resistant CRE strains.

MATERIALS AND METHODS

Bacterial Isolates

The tested strains were collected from the First Affiliated Hospital
of the Wenzhou Medical University. The First Affiliated Hospital
of Wenzhou Medical University of institutional ethics committee
did not require the study to be reviewed or approved by an ethics
committee considering its observational nature with the primary
focus on bacteria and the no interventions made to patients.

A total of 150 non-duplicate CRE clinical isolates (56 E.
coli, 60 E. cloacae, and 34 K. pneumoniae) were collected from
the First Affiliated Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, China. Species identification was performed
by the matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (Bruker Daltonics, US). A total of 75 CZA-
susceptible (28 E. coli, 30 E. cloacae, and 17 K. pneumoniae)
and 75 CZA-resistant (28 E. coli, 30 E. cloacae, and 17 K.
pneumoniae) CRE strains were selected and detected by BMD.
E. coli ATCC 25922 and K. pneumoniae ATCC 700603 were used
as the reference control strains. We had investigated the resistant
mechanisms of E. cloacae previously (Liu et al., 2021).

Antimicrobial Susceptibility Testing

The assessment of the MICs of CZA was performed in triplicate
on Cation-adjusted Mueller-Hinton broth by using the BMD.
In accordance with the CLSI guidelines (Prater et al.,, 2019),
the MIC breakpoint for CZA provided for Enterobacterales
was <8/4pg/ml (susceptible breakpoint) and >16/4pg/ml
(resistant breakpoint).

Polymerase Chain Reaction and DNA

Sequencing

Genomic DNA of all tested clinical isolates was extracted using
the Biospin Bacterial Genomic DNA Extraction Kit (Bioflux,
Tokyo, Japan) in accordance with the instructions of the
manufacturer. The resistant determinants, including carbapenem
genes (blaKpC_z, blaNDM: blaIMp, bluVIM, and bluo)(A_23,
blaoxa—4s), ESBL genes (blasny, blatem, blactx—m—1,
blactx—m—-9, and blactx—m-14), the outer membrane porin
genes (ompC and ompF), and cephalosporinase gene (AmpC),
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TABLE 1 | PCR primers used in this study.

Genes Sequence (5 — 3) Annealing temperature (°C) Amplicon size (bp)

blakpc F: GCTACACCTAGCTCCACCTTC 52 1,050
R: TCAGTGCTCTACAGAAAACC

blanpwm F: GGTTTGGCGATCTGGTTTTC 52 621
R: CGGAATGGCTCACGATC

blawp F: CATGGTTTGGTGGTTCTTGT 50 488
R: ATAATTTGGCGGACTTTGGC

blayim F: GATGGTGTTTGGTCGCATA 58 390
R: CGAATGCGCAGCACCAG

blaoxa-23 F: ACTTGCTATGTGGTTGCTTCTCTT 55 797
R: TTCAGCTGTTTTAATGATTTCATCA

blaoxa-as F: TTGGTGGCATCGATTATCGG 58 744
R: GAGCACTTCTTTTGTGATGGC

blashy F: AGCCGCTTGAGCAAATTAAAC 60 713
R: ATCCCGCAGATAAATCACCAC

blatem F: CATTTCCGTGTCGCCCTTATTC 60 800
R: CGTTCATCCATAGTTGCCTGAC

blactx-m-1 F: AAAAATCACTGCGTCAGTTCAC 55 867
R: ACAAACCGTTGGTGACGATT

blactx-m-9 F: TATTGGGAGTTTGAGATGGT 50 933
R: TCCTTCAACTCAGCAAAAGT

blactx-m-14 F: CTGCTTAATCAGCCTGTCGA 50 230
R: TCAGTGCGATCCAGACGAAA

ompC F: GAGAATGGACTTGCCGACTG 55 1,289
R: CGAACGGTCGCAAGAGTA

ompF F: CAGAACTTATTGACGGCAG 55 1,410
R: CGGGACGTTCATCGGCAC

blaampc F: ACTTACTTCAACTCGCGACG 55 663

R: TAAACACCACATATGTTCCG

were examined by PCR using specific primers (Table 1). The
positive PCR products were subsequently sequenced.

Screening CZA Resistance in CRE Clinical

Isolates Using the SS CZA Medium

Sadek et al’s (2020) method was adopted, albeit with slight
modifications, with at least two independent repeated
experiments. The specific experimental procedure is illustrated
in Figure 1 and described in the following steps.

Step 1: Preparation of the Culture Medium

Three different culture media were prepared, including Luria—
Bertani (LB) agar medium, SS agar medium, and SS agar medium
with CZA (SS CZA medium). These media were prepared
according to the instructions using the following formulas: (i)
LB agar medium: tryptone 10 g/L, yeast extract 5 g/L, NaCl 10
g/L, agar 15 g/L, distilled water; (ii) SS agar medium: SS agar 62
g/L, distilled water; (iii) SS CZA medium: SS agar 62 g/L, distilled
water, CAZ 6 mg/L, AVI 4 mg/L. Specifically, the LB and SS agar
media were autoclaved at 121 and 105°C for 20 min, respectively,
to dissolve them. After the SS CZA medium was cooled at 50°C
for 1h, the antibiotic stock solutions of CAZ (final concentration
of 6 pg/ml) and AVI (final concentration of 4 pg/ml) were added

to it. These configured media were then poured into empty plates
and stored at 4°C until further use.

Step 2: Preparation of Bacterial Suspensions and
Clinical Simulated Stool Samples
For the preparation of bacterial suspensions, 0.85% sterile saline
solution was used to adjust the bacterial suspensions to 0.5
McFarland (~1.5 x 108 CFU/ml), followed by serial dilution
of the bacterial suspensions with 0.85% sterile saline solution
to 107, 105, 10°, 10%, 10%, 10%, and 10' CFU/ml. The bacterial
suspensions were used within 1.5h of preparation. Then, 0.85%
sterile saline solution with or without reference control strains
(ATCC 25922 or ATCC 700603) was used as negative controls.
For the preparation of clinical simulated stool samples, fresh
pooled feces from healthy volunteers were collected and prepared
into suspensions (concentration of 10 g/100ml) with 0.85%
sterile saline solution. Meanwhile, 0.85% sterile saline solution
was used to adjust the bacterial suspensions to 0.5 McFarland
(~1.5 x 10® CFU/ml). Then, the clinically simulated stool
samples were prepared and the bacterial suspensions were serially
diluted with the prepared stool suspensions to 107, 10°, 10°, 10%,
10%, 102, and 10" CFU/ml. The clinical simulated stool samples
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FIGURE 1 | Screening procedure and representative results with the SS CZA medium, SS medium, and LB medium. For the preparation of bacterial suspensions,
0.85% of sterile saline solution was used to adjust the bacterial suspensions to 0.5 McFarland (~1.5 x 108 CFU/m), followed by serial dilution of the bacterial
suspensions with 0.85% sterile saline solution or the prepared stool suspensions to 107, 106, 10%, 10%, 10%, 102, and 10" CFU/ml. Then, 100 wl of each diluted
bacterial suspension was plated onto the LB medium, SS CZA medium, and SS medium. All tested plates were incubated overnight at 37°C for 24-48 h, after which
the bacterial colonies were counted. We presented two representative results for CZA-resistant and -susceptible CRE isolates. For CZA-resistant CRE isolates
(FK-7018, DC-7350, and CG-1330), they could be recovered within 24 h on SS CZA medium, SS medium, and LB medium plates by using an inoculum of 10"-108
CFU/ml. In contrast, growth of the CZA-susceptible CRE isolates (FK-6733, DC-11497, and CG-1208) was inhibited within 24 h on SS CZA medium plates, not on SS
medium or LB medium plates, when an inoculum of 10'-10% CFU/m.

were to be used within 1.5 h of preparation. The stool suspensions  assess the negativity of the culture. The lowest limit of detection
with or without reference control strains (E. coli ATCC 25922 and  for the studied strains was determined by the SS CAZ medium.

K. pneumoniae ATCC 700603) were used as negative controls. . .
Step 4: Result Interpretations and Analysis

Step 3: Samples Were Plated Onto the Culture In this study, the sensitivity and specificity cutoff values for the
Medium detection of CZA-resistant CRE isolates were set to 1 x 10°
In this step, 100 L1 of each diluted bacterial suspension was plated ~ CFU/ml (Nordmann et al.,, 2012). In other words, the results
onto the SS agar plates and SS CZA plates. Meanwhile, to quantify ~ were considered positive when CZA-resistant CRE strains could
the viable bacterial count in each dilution step, LB agar plates  grow on the SS CZA medium at <1 x 10°> CFU/ml, while the
were inoculated with the same amount of the abovementioned =~ CZA-susceptible CRE strains that showed a visible growth with
bacterial suspension. The screening procedure for clinically — an inoculum of >1 x 10* CFU/ml were considered as negative.
simulated fecal samples was the same as that for pure strains. To  In order to exclude the false-positive/-negative culture results,
eliminate false-positive results contributed by fecal samples, 100  the results were considered interpretable under the following
pl of 0.85% sterile saline solution or fecal suspensions without  conditions: (i) the LB, SS, and SS CZA agar plates with 100 pl
the tested strains were plated onto these three media. All tested  of 0.85% sterile saline solution without tested strains showed no
plates were incubated overnight at 37°C for 24 h, and the bacterial ~ bacterial growth; (ii) bacterial growth was visible on the LB agar
colonies were enumerated. If no bacterial growth was detected  plate inoculated with 100 il of the fecal suspensions without
within 24 h, the plates were continuously cultured for 48h to  tested strains, and no growth was detected on the SS and SS CZA
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TABLE 2 | Summary of MIC values of the CZA for the tested isolates and the lowest detection limits of the SS CZA medium, SS medium, and LB medium.

Isolates Species MIC of CZA CZA Resistance determinant(s) Lowest detection limit (CFU/ml) of
(rg/ml)  Resistant
Phenotype

SS CZA medium? SS medium LB medium

Culture Stools Culture Stools Culture Stools
DC-2003 E. coli 64 R CTX-M-1, CTX-M-9, OmpF 10! 10° 10! 10! 10' 10!
DC-5128 E. coli >256 R NDM, CTX-M-1, CTX-M-9, OmpC, OmpF 10! 10! 10! 10' 10' 10!
DC-7114 E. coli >256 R NDM, TEM, CTX-M-1, OmpC 10! 10! 10! 10' 10' 10!
DC-7143 E. coli >256 R NDM, TEM, OmpC 10' 10' 10! 10' 10’ 10'
DC-7333 E. coli >256 R NDM, TEM, CTX-M-1, CTX-M-9, OmpC 10' 10’ 10! 10 10 10'
DC-7350 E. coli >256 R NDM, TEM, CTX-M-1 10! 10! 10! 10° 10! 10!
DC-7368 E. coli >256 R NDM, TEM, CTX-M-1 10? 10! 10! 10' 10! 10!
DC-7523 E. coli >256 R NDM, CTX-M-1, CTX-M-9, OmpC 10° 10° 10 10! 10 10°
DC-7658 E. coli >256 R NDM, TEM, CTX-M-1, CTX-M-9 10! 10! 10! 10' 10! 10!
DC-7706 E. coli >256 R NDM, TEM, CTX-M-1, CTX-M-9, OmpF 10! 10! 10! 10' 10! 10!
DC-7741 E. coli >256 R NDM, TEM, CTX-M-1, OmpC 10! 10! 10! 10' 10' 10!
DC-7781 E. coli >256 R NDM, TEM, CTX-M-1, OmpC 10° 10! 10! 10' 10' 10!
DC-7782 E. coli >256 R NDM, TEM, CTX-M-1, OmpC 10! 10! 10! 10' 10' 10!
DC-7911 E. coli >256 R NDM, CTX-M-9, OmpF 10' 10’ 10! 10' 10’ 10'
DC-7914 E. coli >256 R NDM, TEM, CTX-M-9, OmpF 10 10° 10! 10 10 10’
DC-7956 E. coli >256 R NDM, TEM, CTX-M-9, OmpF 10 102 10 10! 10 10°
DC-8111 E. coli >256 R NDM, TEM, CTX-M-1, CTX-M-9, OmpC 10! 10? 10! 10' 10! 10
DC-8439 E. coli >256 R NDM 10? 10! 10! 10' 10! 10!
DC-8466 E. coli >256 R NDM 10! 10! 10! 10' 10! 10!
DC-8647 E. coli >256 R NDM 10! 10! 10! 10' 10! 10!
DC-8823 E. coli >256 R NDM 10! 10! 10! 10' 10’ 10!
DC-8855 E. coli >256 R NDM 10’ 10! 10! 10' 10’ 10!
DC-8896 E. coli >256 R NDM 10! 10! 10! 10' 10' 10!
DC-10494 E. coli >256 R NDM 10° 10° 10! 10' 10’ 10’
DC-10527 E. coli >256 R NDM 10 10' 10! 10’ 10 10'
DC-10921 E. coli >256 R NDM 10? 10° 10! 10° 10! 10!
DC-11403 E. coli >256 R NDM 10! 10! 10! 10' 10! 10!
DC-115652 E. coli >256 R NDM 10! 10! 10! 10' 10! 10!
ATCC 25922  E. coli 0.125 S Reference >108 >108 10! 10' 10! 10!
DC-1918 E. coli 4 S CTX-M-9, OmpF >108 >108 10! 10' 10! 10!
DC-3285 E. coli 0.5 S KPC-2, CTX-M-1 >108 >108 10! 10' 10' 10!
DC-5113 E. coli 1 S KPC-2, TEM, CTX-M-1, CTX-M-9 >108 >108 10! 10’ 10' 10!
DC-5293 E. coli 0.125 S TEM, SHV >108 >108 10! 10' 10' 10!
DC-6669 E. coli 1 S TEM, CTX-M-9, OmpF >108 >108 10! 10' 10’ 10’
DC-6834 E. coli 1 S CTX-M-1, OmpF >108 >108 10! 10' 10 10'
DC-6856 E. coli 0.25 S KPC-2, CTX-M-1, CTX-M-9, OmpF >108 >108 10 10! 10 10
DC-6896 E. coli <0.125 S KPC-2, CTX-M-1, CTX-M-9, OmpF >108 >108 10! 10' 10! 10!
DC-8535 E. coli 4 S CTX-M-9, SHV >108 >108 10" 10' 10! 10!
DC-8873 E. coli 1 S TEM, SHV >108 >108 10! 10' 10! 10!
DC-10694 E. coli 0.5 S CTX-M-1, CTX-M-9, TEM, SHV >108 >108 10! 10' 10! 10!
DC-10709 E. coli 0.25 S CTXM-1, TEM, SHV >108 >108 10! 10' 10' 10!
DC-10740 E. coli 0.5 S CTX-M-9, SHV >108 >108 10! 10' 10' 10!
DC-11104 E. coli 0.25 S CTX-M-1, TEM, SHV >108 >108 10! 10' 10' 10!
DC-11305 E. coli 0.5 S CTX-M-1, TEM, SHV >108 >108 10! 10' 10' 10’
DC-11308 E. coli 0.5 S CTX-M-1, TEM, SHV >108 >108 10! 10° 10 10'
DC-11497 E. coli 4 S CTX-M-1 >108 >108 10° 10' 10! 10!
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TABLE 2 | Continued

Isolates Species MIC of CZA CZA Resistance determinant(s) Lowest detection limit (CFU/ml) of
(rg/ml)  Resistant
Phenotype
SS CZA medium? SS medium LB medium

Culture Stools Culture Stools Culture Stools

DC-115637 E. coli 0.5 S CTX-M-1, TEM, SHV >108 >108 10! 10! 10! 10!
DC-11581 E. coli 0.5 S KPC-2 >108 >108 10! 10! 10! 10!
DC-11720 E. coli 2 S KPC-2 >108 >108 10! 10! 10! 10!
DC-12735 E. coli 2 S KPC-2 >108 >108 10! 10! 10! 10!
DC-13016 E. coli 1 S CTX-M-9, SHV >108 >108 10! 10' 10! 10!
DC-13149 E. coli 2 S CTX-M-1, CTX-M-9 >108 >108 10! 10! 10! 10!
DC-13346 E. coli 4 S CTX-M-1, TEM, SHV >108 >108 10! 10! 10! 10!
DC-14122 E. coli 0.125 S CTX-M-1 >108 >108 10! 10! 10! 10!
DC-14323 E. coli 0.5 S CTX-M-1, CTX-M-9, TEM, SHV >108 >108 10! 10! 10! 10!
DC-14324 E. coli 2 S KPC-2 >108 >108 10! 10! 10! 10!
DC-14351 E. coli 1 S CTXM-9, SHV >108 >108 10! 10! 10! 10!
CG-175° (Liu  E. cloacae 256 R NDM, CTX-M-9, CTX-M-14 10! 10! 10! 10! 10! 10!
etal., 2021)

CG-586 E. cloacae >256 R NDM, CTX-M-1 10! 10! 10! 10' 10! 10!
CG-662 E. cloacae >256 R NDM 10! 10! 10! 10! 10! 10!
CG-698 E. cloacae 256 R NDM 10! 10! 10! 10! 10! 107
CG-749 E. cloacae >256 R NDM, efflux pump 10! 10! 10! 10! 10! 10!
CG-838 E. cloacae 64 R NDM 10! 10? 10! 10! 10! 10!
CG-901 E. cloacae >256 R NDM 10! 10! 10! 10! 10' 10!
CG-983 E. cloacae >256 R NDM, efflux pump 10! 10! 10! 10! 10! 10!
CG-996 E. cloacae 128 R OXA-23, TEM 10! 10! 10! 10° 10! 10!
CG-1045 E. cloacae >256 R IMP 10! 10! 10' 10' 10! 10!
CG-1075 E. cloacae >256 R NDM, efflux pump 10! 10! 10! 10! 10! 10!
CG-1090 E. cloacae >256 R NDM 10! 10! 10! 10' 10! 10!
CG-1608 E. cloacae >256 R NDM, SHYV, efflux pump 10! 10! 10! 10! 10! 10!
CG-1819 E. cloacae 128 R NDM, CTX-M-9 10! 107 10! 10! 10! 10!
CG-1141 E. cloacae >256 R TEM, SHV 10! 10! 10! 10! 10! 10!
CG-1212 E. cloacae >256 R TEM, CTXM-14, impermeability, efflux 10! 10? 10! 10! 10! 10!

pump
CG-1249 E. cloacae 64 R AmpC, impermeability 10! 10? 10! 10! 10! 10!
CG-1257 E. cloacae >256 R IMP 10! 10! 10! 10! 10! 10!
CG-1280 E. cloacae >256 R impermeability 10! 102 10! 10! 10! 10!
CG-1330 E. cloacae >256 R NDM 10! 10! 10! 10! 10! 10!
CG-1381 E. cloacae >256 R OXA-23 10! 10! 10! 10! 10' 10!
CG-1498 E. cloacae >256 R IMP 10! 10! 10! 10! 10° 10!
CG-1574 E. cloacae >256 R NDM, CTXM-14 10! 10! 10! 10° 10! 10!
CG-1591 E. cloacae >256 R IMP 10! 10! 10' 10' 10! 10!
CG-1593 E. cloacae >256 R IMP 10! 10! 10! 10' 10! 10!
CG-1737 E. cloacae >256 R NDM 10? 10° 10! 10' 10! 10!
CG-1778 E. cloacae >256 R NDM, efflux pump 10! 107 10! 10! 10! 10!
CG-1779 E. cloacae >256 R NDM 10! 10! 10! 10! 10! 10!
CG-1781 E. cloacae >256 R NDM 10! 10! 10! 10! 10! 10!
CG-1813 E. cloacae >256 R IMP, efflux pump 10! 10! 10! 10! 10! 10!
CG-648 E. cloacae <0125 S KPC-2, AmpC 108 =108 10" 10! 10! 10"
CG-701 E. cloacae 0.5 s SHV, TEM, CTX-M-1, AmpC 108 =108 10" 101 10" 10"
CG-737 E. cloacae 0.5 S AmpC >108 >108 10! 10! 10! 10!
CG-741 E. cloacae 0.5 S AmpC >108 >108 10! 10! 10! 10!
(Continued)
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TABLE 2 | Continued

Isolates Species MIC of CZA CZA Resistance determinant(s) Lowest detection limit (CFU/ml) of
(rg/ml)  Resistant
Phenotype
SS CZA medium? SS medium LB medium
Culture Stools Culture Stools Culture Stools

CG-864 E. cloacae 1 S AmpC >108 >108 10! 10! 10! 10!
CG-934 E. cloacae 1 S AmpC >108 >108 10! 10! 10! 10!
CG-1038 E. cloacae 0.5 S KPC-2, AmpC >108 >108 10! 10! 10! 10!
CG-1048 E. cloacae 1 S CTX-M-14, AmpC 108 =108 10! 10" 10! 10!
CG-1050 E. cloacae 2 S SHV, AmpC =108 =108 10° 10" 10! 10"
CG-1051 E. cloacae 2 S SHV, TEM, CTX-M-1, AmpC ~108 =108 10! 10° 10! 10!
CG-1479 E. cloacae 1 S NDM, SHV, CTX-M-9, CTX-M-14, AmpC >108 >108 10! 10! 10! 10!
CG-1506 E. cloacae 0.5 S SHV, CTX-M-14 >108 >108 10! 10! 10! 10!
CG-1081 E. cloacae 4 S TEM, AmpC, efflux pump >108 >108 10! 10! 10! 10!
CG-1144 E. cloacae 0.25 S impermeability >108 >108 10! 10! 10! 10!
CG-1159 E. cloacae 2 S AmpC, impermeability >108 >108 10! 10! 10! 10!
CG-1181 E. cloacae 4 S SHV, TEM, CTX-M-1, CTX-M-9, >108 >108 10! 10! 10! 10!

CTX-M-14, impermeability
CG-1208 E. cloacae 8 S TEM, CTXM-9, CTXM-14, AmpC, >108 >108 10! 10! 10! 10!

impermeability
CG-1231 E. cloacae 1 S AmpC, impermeability >108 >108 10! 10! 10! 10!
CG-1236 E. cloacae 2 S TEM, AmpC, impermeability >108 >108 10! 10! 10! 10!
CG-1250 E. cloacae 2 S AmpC, impermeability >108 >108 10! 10! 10! 10!
CG-1252 E. cloacae 1 S impermeability >108 >108 10! 10! 10! 10!
CG-1281 E. cloacae 1 S impermeability >108 >108 10! 10! 10! 10!
CG-1457 E. cloacae 8 S AmpC >108 >108 10! 10! 10! 10!
CG-1461 E. cloacae 4 S AmpC, impermeability >108 >108 10! 10! 10! 10!
CG-1522 E. cloacae 4 S TEM, CTX-M-1, AmpC, impermeability, >108 >108 10! 10! 10! 10!

efflux pump
CG-1532 E. cloacae S Impermeability, efflux pump >108 >108 10! 10! 10! 10!
CG-1547 E. cloacae 2 S KPC-2, SHV, TEX-M-9, CTXM-14, efflux >108 >108 10! 10! 10! 10!

pump
CG-1563 E. cloacae S SHV, TEM, CTX-M-14, impermeability 108 =108 10 10" 10! 10!
CG-1565 E. cloacae S SHV, AmpC, impermeability, efflux pump >108 >108 10! 10! 10! 10!
CG-1581 E. cloacae S TEM, AmpC, impermeability, efflux pump >108 >108 10! 10! 10! 107
FK-2784 K. pneumoniae 64 R KPC-2 10! 10! 10! 10' 10! 10!
FK-3246 K. pneumoniae >256 R KPC-2 10! 10! 10! 10! 10! 10!
FK-4722 K. pneumoniae >256 R KPC-2 10! 10! 10! 10! 10! 10!
FK-7018 K. pneumoniae >256 R NDM 10! 10! 10! 10! 10! 10!
FK-7079 K. pneumoniae >256 R CTX-M-9, SHV, TEM 10! 10! 10! 10! 10! 10!
FK-7173 K. pneumoniae 256 R NDM 10! 10! 10' 10" 10! 10!
FK-7513 K. pneumoniae >256 R NDM 10! 10! 10' 10" 10! 10!
FK-7710 K. pneumoniae >256 R NDM 10! 10! 10' 10’ 10! 10!
FK-7786 K. pneumoniae 64 R NDM 10! 10! 10' 10’ 10! 10!
FK-7921 K. pneumoniae >256 R NDM 10! 10! 10! 10' 10! 10!
FK-7978 K. pneumoniae >256 R NDM 10! 10! 10! 10' 10! 10!
FK-8401 K. pneumoniae >256 R NDM 10! 10! 10! 10! 10! 10!
FK-8696 K. pneumoniae >256 R KPC-33, CTX-M-9, SHV, TEM 10! 10! 10! 10! 10! 10!
FK-8966 K. pneumoniae >256 R NDM 10! 10! 10! 10! 10! 10!
FK-9102 K. pneumoniae >256 R NDM 10! 10! 10! 10! 10! 10!
FK-9250 K. pneumoniae 256 R NDM 10! 10! 10 10" 10! 10!
FK-9283 K. pneumoniae =256 R NDM 10! 10! 10! 10° 10! 10!

(Continued)
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TABLE 2 | Continued

Isolates Species MIC of CZA CZA Resistance determinant(s) Lowest detection limit (CFU/ml) of
(rg/ml)  Resistant
Phenotype

SS CZA medium? SS medium LB medium

Culture Stools Culture Stools Culture Stools
ATCC K. pneumoniae <0125 S Reference >108 >108 10! 10! 10! 10!
700603
FK-2731 K. pneumoniae 0.5 S KPC-2 >108 >108 10! 10' 10! 10!
FK-2742 K. pneumoniae 0.5 S KPC-2 >108 >108 10! 10’ 10! 10!
FK-2836 K. pneumoniae 4 S KPC-2, IMP >108 >108 10! 10! 10! 10!
FK-2877 K. pneumoniae 2 S KPC-2 >108 >108 10! 10! 10! 107
FK-2970 K. pneumoniae 1 S KPC-2 >108 >108 10! 10! 10! 10!
FK-3006 K. pneumoniae 1 S KPC-2, IMP >108 >108 10! 10! 10! 10!
FK-3020 K. pneumoniae 1 S IMP >108 >108 10! 10! 10! 10!
FK-3093 K. pneumoniae 4 S KPC-2 >108 >108 10! 10! 10! 10"
FK-3142 K. pneumoniae 2 S KPC-2 >108 >108 10° 10" 10! 10!
FK-6699 K. pneumoniae 0.5 S KPC-2 >108 >108 10! 10! 10! 10!
FK-6701 K. pneumoniae 1 S KPC-2 >108 >108 10! 10! 10! 10!
FK-6703 K. pneumoniae 1 S KPC-2 >108 >108 10! 10! 10! 10!
FK-6719 K. pneumoniae 2 S KPC-2 >108 >108 10! 10! 10! 10!
FK-6723 K. pneumoniae 2 S KPC-2 >108 >108 10! 10! 10! 107
FK-6728 K. pneumoniae 2 S KPC-2 >108 >108 10! 10! 10! 10!
FK-6733 K. pneumoniae 8 S KPC-2 >108 >108 10! 10! 10! 10!
FK-6735 K. pneumoniae 4 S KPC-2 >108 >108 10! 10! 10! 10!

E. coli, Escherichia coli; E. cloacae, Enterobacter cloacae; K. pneumoniae, Klebsiella pneumoniae; MIC, minimal inhibitory concentration; CZA, ceftazidime-avibactam, R, resistant;
S, susceptible; NDM, New Delhi Metallo-beta-lactamase; KPC, K. pneumoniae carbapenemase; TEM, Temoneira B-lactamase; CTX-M, cefotaximase-Munich-type B-lactamase; SHV,
sulfhydryl reagent variable B-lactamase; OXA, oxacillinase; AmpC, AmpC-type B-lactamase; IMF, IMP-type metallo-B-lactamase; OmpC/OmpF, outer membrane porins genes.
ameans that cutoff values were set at 1 x 10° CFU/mL, i.e., the results were considered as positive when CZA-resistant CRE strains can grow on SS CZA medium at <1 x 10°
CFU/mL, while the CZA-susceptible CRE strains have a visible growth using an inoculum of >1 x 108 CFU/mL were considered as negative.

bmeans that the resistant mechanisms of E. cloacae were investigated in our published studly.

agar plates; and (iii) bacterial growth was observed on both the
SS and LB agar plates inoculated with either the pure bacterial
suspension or simulated specimen suspension, and the bacterial
colonies on these media were enumerated to ensure the accuracy
of the McFarland standard or the bacterial load and reliability of
our findings.

RESULTS

The Tested CRE Clinical Strains
Demonstrated Different Resistance

Determinants

A total of 150 non-duplicate CRE clinical isolates were obtained,
which included 75 CZA-resistant and 75 CZA-susceptible
isolates, to evaluate the performances of the SS CZA medium.
Their MIC of CZA ranged from <0.125 to >256pug/ml
(Table 2). The PCR results demonstrated that NDM was the
main resistance determinant in CZA-resistant E. coli and E.
cloacae. We also detected NDM in a CZA-susceptible E. cloacae
strain (CG-1479). In addition, the resistance determinants of
CZA-resistant E. cloacae CG-996 and CG-1045 were blagxa_»3
and IMP, respectively. KPC-2 was detected in K. pneumoniae.
KPC-33, a KPC-2 variant with the D179Y mutation in the
omega loop, was detected in FK-8696. A high expression of

AmpC, impermeability, or efflux pump was detected in CG1212,
CG1249, and other strains (Liu et al., 2021). In addition,
carbapenemase was found to coexist with other ESBL genes, such
as blatgm—1, blactx—m-1, blactx—m—-9, blacrx—m-14, blasny,
and blargm—1, as well as the outer membrane porin-encoding
genes ompC and ompF in several strains (Table 2).

SS CZA Medium Demonstrated a Great
Ability for Screening CZA Resistance

Among the CRE Isolates

The results of the SS CZA medium toward the detection of
CZA-resistant and CZA-susceptible CRE isolates are shown in
Table 2 and Figure 1. All CZA-resistant and -susceptible CRE
isolates could be recovered within 24h on SS medium and LB
medium plates by using an inoculum of 10!-108 CFU/ml. For
CZA-resistant CRE isolates, they could be recovered within 24 h
on SS CZA medium even at the low dilution gradient of 10!
to 102 CFU/ml (below the cutoff value). In contrast, growth of
the CZA-susceptible CRE isolates was inhibited within 24-48 h
on SS CZA medium even at the highest dilution gradient of
108 CFU/ml (above the cutoff value). Furthermore, we assessed
the ability of the SS CZA medium to screen the CZA-resistant
CRE isolates from clinically simulated specimens. As expected,
the clinically simulated stool samples with CZA-resistant CRE
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isolates could grow on the SS CZA medium within 24h using
an inoculum of 10! to 103> CFU/ml (not greater than the cutoff
value). In contrast, the clinically simulated stool samples with
CZA-susceptible CRE isolates did not grow within 24-48 h even
with an inoculum size of 108 CFU/ml (above the cutoff value).
With the same cutoff value (setting at 1 x 10° CFU/ml), the lower
detection limit for pure CZA-resistant CRE strains and clinically
simulated stool samples with CZA-resistant CRE isolates ranged
from 10! to 10% and 10! to 10° CFU/ml, respectively. In contrast,
the lower detection limit for the pure CZA-susceptible isolates
and clinically simulated stool samples with the CZA-susceptible
isolates was >10® CFU/ml. These data indicate that the sensitivity
and specificity of the SS CZA-selective medium for detecting
CZA-resistant CRE isolates was 100% (using the same cutoff
value, setting at 1 x 10° CFU/ml), both in pure clinical strain
specimens and clinically simulated stool samples with CZA-
resistant CRE isolates.

SS CZA Medium Had Great Storage

Stability

In addition, the storage stability of the SS CZA medium was
evaluated as per the method of Sadek et al. The reference strains
(Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC
29212, E. coli ATCC 25922, and K. pneumoniae ATCC 700603)
were selected and subcultured every day onto the SS CZA
medium from a single batch of medium stored at 4°C. No visible
bacterial growth was observed for at least a 7-day period.

DISCUSSION

We designed an SS CZA medium based on the work of Sadek
et al., albeit with some modifications (Sadek et al., 2020).
Specifically, the SS agar medium is a strong selective medium
containing sodium citrate and bile salts to inhibit the growth
of Candida and Gram-positive bacteria, such as Staphylococcus
and Enterococcus strains. Unlike the SuperCAZ/AVI medium,
certain antibiotics that inhibit the growth of fungi and Gram-
positive bacteria, such as amphotericin B and daptomycin, are
not required to be added specifically to the SS CZA medium.
Therefore, when compared with the SuperCAZ/AVI medium,
our SS CZA medium eliminates several operational steps and
saves on the incurred costs (only CZA needs to be added into
the SS agar medium).

Next, we tested the performance of the SS CZA medium
for screening CZA resistance among CRE. Consistent with the
results of Sadek et al. (2020), we found that the lower detection
limits for CZA-resistant CRE isolates were 10! to 10> CFU/ml.
Moreover, all CZA-susceptible strains could grow on the LB and
SS agar medium at the inoculum size of 10! to 108 CFU/ml, but
not on the SS CZA medium plates, including strains showing
an MIC close to that of the resistant breakpoint (such as FK-
6733, DC-11497, and CG-1208 with an MIC at 8, 4, and 8 ug/ml,
respectively), despite extending the incubation period to 48 h.
However, different from the report of Sadek et al., which showed
that the lower detection limits for CZA-susceptible E. coli and K.
pneumoniae were 107 to >108 CFU/ml and 10° to >10® CFU/ml,

respectively, our study showed the lower detection limits for all
CZA-susceptible isolates (including E. coli and K. pneumoniae)
as both >108 CFU/ml. Given that the bacterial load in different
clinical specimens is not consistent, a low detection limit of
the SS CZA screening medium is more conducive to successful
clinical application. Cumulatively, these data indicate that the
SS CZA medium developed in this study contributes to an
effective screening of CZA-resistant strains directly from clinical
specimens and has significant clinical application value with the
potential for development from the commercial perspective.

Most screening methods for CRE are performed with rectal
swab specimens, which is a polymicrobial specimen. We,
therefore, tested spiked stools with the same representative
collection of CZA-resistant and CZA-susceptible CRE isolates
using our SS CZA medium. As expected, the screening effect for
simulated clinical specimens was similar to that of pure clinical
isolates; the lower detection limits for stools containing the
CZA-susceptible isolates and CZA-resistant isolates were >10%
CFU/ml and 10! to 10> CFU/ml. These results implicate that
the SS CZA medium is a promising selective medium for rapid
and direct screening of clinical specimens suspected to contain
CZA-resistant strains.

However, there are some limitations to our study. For
instance, the SS CZA medium cannot give the exact MIC
value, although it can help assign the susceptibility and
resistance category quite rapidly, which is closely related
to clinical medicine. In addition, we did not assess the
screening effect of the SS CZA medium on P. aeruginosa or
other Gram-negative bacteria, which should be explored in
future studies.

CONCLUSION

The proposed SS CZA medium exhibited a significant
performance for screening CZA-resistant CRE isolates with
100% sensitivity and specificity. Its screening performance was
unaffected by the difference in the resistance determinants.
In fact, the bacterial load of different clinical specimens was
not consistent, and the low detection limit of the SS screening
medium was found to be more conducive to its successful
clinical application.
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Berberine hydrochloride (BBR) is a natural product widely used in clinical medicine and
animal production. It has a variety of antimicrobial effects, but its complex antimicrobial
mechanism has not been clarified. This study aimed to discover the metabolic markers
and gain a new perspective on the antibacterial mechanism of BBR. The effects of
different inhibitory concentrations of BBR on the survival and growth of standard strain
Staphylococcus aureus ATCC 25923 were analyzed by the bacteriostatic activity test.
Differences in intracellular metabolites of S. aureus following 19 wg/ml BBR exposure
for 1h were investigated by combining non-targeted metabolomics techniques of
gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass
spectrometry (LC-MS). The results showed that the minimum inhibitory concentration
of BBR against S. aureus was 51 pg/ml. A total of 368 and 3,454 putative metabolites
were identified by GC-MS and LC-MS analyses, respectively. Principal component
analysis showed the separation of intracellular metabolite profiles between BBR-exposed
samples and non-exposed controls. Pathway activity profiling analysis indicated a global
inhibition of metabolisms by BBR exposure, while enhancement was also found in nucleic
acid metabolism, amino sugar, and nucleotide sugar metabolism. Several metabolic
markers were screened out mainly based on their variable importance of projection
values. Two pyridine dicarboxylic acids were significantly downregulated, suggesting
the reduction of stress resistance. The oxidized phospholipid (PHOOA-PE) was
accumulated, while lipid antioxidant gamma-tocopherol was decreased, and farnesyl
PP, the synthetic precursor of another antioxidant (staphyloxanthin), was decreased
below the detection threshold. This evidence indicates that BBR reduced the antioxidant
capacity of S. aureus. Accumulation of the precursors (UDP-GIcNAc, CDP-ribitol,
and CDP-glycerol) and downregulation of the key metabolite D-Ala-D-Ala suggest the
inhibition of cell wall synthesis, especially the peptidoglycan synthesis. Metabolites
involved in the shikimate pathway (such as 3-dehydroshikimate) and downstream
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aromatic amino acid synthesis were disturbed. This study provides the first metabolomics
information on the antibacterial mechanism of BBR against S. aureus. The key metabolic
markers screened in this study suggest that the shikimate pathway, staphyloxanthin
synthesis, and peptidoglycan biosynthesis are new directions for further study of BBR
antibacterial mechanism in the future.

Keywords: GC-MS untargeted metabolomics, LC-MS untargeted metabolomics, natural antimicrobial, metabolic

markers, mechanism

INTRODUCTION

Staphylococcus aureus is a common bacterial colonizer of
human and a variety of animal species which can cause
many infectious diseases, such as mastitis, endocarditis, septic
arthritis, and sepsis. In the treatment of infectious diseases,
antibiotics were initially highly effective, but they currently
show several limitations, including widespread resistance,
toxicity, and residues. S. aureus has developed resistance to
various antibiotics including vancomycin (Ragunathan et al,
2018). We need to understand the resistance mechanism of
microorganisms to existing antibiotics and develop antibiotics
with new antimicrobial mechanisms (Anitha et al, 2016).
As complementary or alternative drugs for the treatment or
prevention of infection, natural products such as medicinal plants
and their extracted components are a good choice (Herrmann
et al., 2016; Newman and Cragg, 2016; Kokoska et al., 2019).
Some natural compounds are considered to have multiple
potential antimicrobial targets (Miryala et al., 2021, 2022). One
of the natural anti-infective products is berberine, which is
commonly used in clinical medicine, as well as in livestock
production and aquaculture.

Berberine is an isoquinoline alkaloid found mainly in the form
of hydrochloride (berberine hydrochloride) in many medicinal
plants, such as Coptis chinensis, Phellodendron amurense, and
Berberis vulgaris (Imenshahidi and Hosseinzadeh, 2016). It
exhibits various pharmacological activities, including prominent
anti-inflammatory and anti-infective effects, antagonizing a
variety of pathogenic bacteria (including S. aureus), fungi,
parasites, and even viruses (Shang et al, 2020). Berberine
not only can exert an antimicrobial effect by regulating host
immunity but also has a significant direct antimicrobial effect.
Some experimental evidence shows that berberine alone or in
combination with other agents showed obvious antimicrobial
effects in vivo and in vitro (Aksoy et al., 2020; Huang et al.,
2020; Xie et al, 2020; Bhatia et al., 2021). Berberine even
has the potential to inhibit antibiotic-resistant bacteria (Morita
et al.,, 2016; Zhang et al., 2020; Li et al., 2021), which gives it
great potential in the development of new antibiotics. There
are many studies on the antimicrobial activity of berberine,
and it is found that berberine has a variety of antimicrobial
effects. A multi-omics study suggests that berberine may interfere
with the nucleic acid, cell wall, cell membrane transport, and
motility functions of Escherichia coli and inhibit its metabolism
(Karaosmanoglu et al., 2014). A recent study has shown that
berberine can destroy the cell wall structure and cell membrane
integrity of methicillin-resistant Staphylococcus aureus (MRSA)

and play a synergistic antimicrobial role with clindamycin or
rifamycin (Xia et al, 2022). In addition, a few studies have
suggested other possible antimicrobial mechanisms of berberine,
including the inhibition of biofilm formation, protein synthesis,
and bacterial division (Boberek et al., 2010; Li et al., 2011).
However, the pathway and potential targets of berberine causing
these antibacterial effects are unclear. A more clear direction is
needed to further study the complex antimicrobial molecular
mechanism of berberine.

Analyzing the expression changes of specific genes in
microorganisms is a common method to explain the
antimicrobial effect of berberine. The intervention on gene
expression level (including transcription and protein synthesis)
may be indirect, so it is difficult to explain the antimicrobial
mechanism of berberine. Metabolites are the final products of
gene expression, and the metabolic alterations represent the exact
physiological state of microorganisms (Dorries et al., 2014). Thus,
the response of microorganisms to a given antibiotic stress at the
metabolic level can help us better understand the antibacterial
mechanisms. Several studies have used metabolomics technology
to study the antimicrobial mechanism of antibiotics (Dorries
et al., 2014; Schelli et al., 2017; Vemula et al., 2017) and natural
products (Hussein et al., 2020; Shen et al., 2020; Tang et al., 2021;
Chen et al,, 2022). However, we have not read any report on the
antimicrobial mechanism of berberine based on metabolomics.
In this study, berberine hydrochloride (BBR) was used as the
representative form of berberine, and we attempted to explore
a new perspective of antimicrobial mechanism of berberine by
using metabolomics technology. Two untargeted metabolomics
techniques, namely, gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-mass spectrometry (LC-
MS), were combined to explore the antimicrobial mechanism of
BBR against S. aureus through extensive screening of metabolic
markers and analysis of related metabolic pathways.

MATERIALS AND METHODS

Reagents, Bacterial Strain, and Culture

Conditions

The BBR (HPLC > 98%) and vancomycin (potency > 900
pg/mg) were purchased from Desite Bio-Tech Co., Ltd.
(Chengdu, CHN) and Solarbio Bio-Tech Co., Ltd. (Beijing,
CHN), respectively, and were dissolved in sterilized ultra-pure
water before use. The reagents used in the preparation of culture
medium were purchased from Aoboxing Bio-Tech Co., Ltd.
(Beijing, CHN). The standard strain S. aureus ATCC 25923 was
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purchased from the Biobw Culture Collection (Beijing, CHN).
Before use, the strain was subcultured onto nutrient agar plates
for 24 h at 37°C. Then, the single colony was selected and coated
on a nutritious agar plate to grow for 7h, and the culture would
be used as a “seed” to cultivate working bacteria culture (WBC)
for subsequent experiments. For the preparation of WBC, the
“seed” was inoculated into the broth medium (composed of 1%
tryptone, 0.3% beef extract powder, and 0.5% sodium chloride,
pH ~ 7.4) with an initial inoculation dose of 107 CFU/ml and
then cultured with shaking at 37°C and 120 rpm for ~2.5h to
enter the logarithmic growth phase (ODgpo ~ 0.3).

MIC and MBC Test

The MIC value was determined by the improved broth dilution
method to improve the test sensitivity (Surre et al, 2018). A
small amount of phenol red (0.018 g/L) and glucose (0.5 %) were
added to the broth for the test (containing 1% tryptone, 0.1%
beef extract powder, 0.5% sodium chloride, pH ~ 7.4). The basic
principle of the test is that bacteria grow to produce acid by
fermenting glucose, which makes the broth turn yellow from the
original red color. The operation method is similar to that of the
traditional broth dilution method except that color change and
turbidity change are combined as the basis for judging whether
the bacteria grow or not. Generally speaking, the phenol red-
containing broth added with a certain concentration of BBR was
diluted in a series of gradients and used for the culture of S.
aureus (~108 CFU/ml) at 37°C. The lowest BBR concentration
without visible color change and turbidity change within 24 h was
MIC. The bacterial cultures exposed to different concentrations
of berberine for 24h were coated on nutrient agar plates and
cultured at 37°C for 24 h. The MBC was determined by the lowest
berberine concentration without bacterial growth.

Antibacterial Effect Test

The WBC (ODgpp ~ 0.3) was diluted with the same volume of
broth medium containing BBR to give an approximate starting
inoculum of 108 CFU/ml and to obtain final BBR concentrations
of 1/4 x MIC, 3/8 x MIC, 1/2 x MIC, or MIC. The control
culture was added with the same volume of broth medium
without BBR. The cultures were incubated further for 8h, and
cell growth was monitored spectrophotometrically (ODgponm at
1h intervals). Time Kkill tests of the above BBR concentrations
were assessed by counting CFU (Lobritz et al., 2015). WBC was
incubated in different concentrations of BBR at 37°C for 30 min.
Bacterial cells were collected by centrifugation and washed two
times with 0.85% sterile saline and then stained for 15 min using
Live/Dead BacLight bacterial viability kit (Invitrogen, Eugene,
OR, USA) according to the manufacturer’s instructions and
imaged by Image Xpress Micro Confocal (Molecular Devices
LLC, Sunnyvale, CA).

Cultivation of Metabolic Samples

The BBR concentration (3/8 x MIC, 19 ug/ml) and exposure
time (1h) for the treatment of metabolic samples were
determined by the result of time kill tests. The culture conditions
were the same as the antibacterial effect test. Therefore, metabolic
samples (group T1) were collected at the 1-h time point after

being exposed to 19 pg/ml BBR. Two control groups (without
BBR addition) collected at zero time point were treated as the
initial control group (C0) and those collected 1h later were
treated as the growth control group (C1).

Intracellular Metabolites Extraction
Intracellular metabolites were extracted using cold methanol and
chloroform (Stipetic et al., 2016). Briefly, after co-incubation
with or without BBR, 80ml of bacterial culture from each
biological sample (six biological replicates for each group) was
collected. The bacterial cells were harvested by 4°C cryogenic
centrifugation at 6,000 rpm for 10min, followed by cold
phosphate buffer saline (PBS) washes. A total of 1ml cold
methanol:water (4:1, v/v) and 200 I of chloroform were added
to the cell pellet, and the mixtures were vortexed. After that,
cells were broken up with an ultrasonic homogenizer (3 min,
500 W), and 20 pl of L-2-chlorophenylalanine (0.3 mg/ml)
was added as the internal standard. Then, the mixture was
extracted by ultrasonic for 20 min in ice-water bath and then
centrifuged at 4°C (13,000 rpm) for 10 min. Finally, 200 pl of
the supernatant for GC-MS (or 400 1 for LC-MS) was dried in
a freeze concentration centrifugal dryer. Quality control sample
(QC) was prepared by mixing an aliquot of all samples to be a
pooled sample.

Untargeted Metabolomics Analyses

A Thermo Trace 1310/TSQ 9000 GC/MSD System was used
for GC-MS analysis. DB-5MS fused-silica capillary column
(30m x 0.25mm x 0.25pm) was utilized to separate the
derivative metabolites. For LC-MS analysis, the freeze-dried
samples were re-extracted and analyzed by a Nexera UPLC
system coupled with Q Exactive quadrupole-orbitrap mass
spectrometer equipped with heated electrospray ionization (ESI)
source. An ACQUITY UPLC HSS T3 column (1.8 um, 2.1 x

TABLE 1 | Classification statistics of identified metabolites.

Super Class of metabolites GC-Ms LC-MS Total
Lipids and lipid-like molecules 62 637 698
Organic acids and derivatives 76 384 460
Organoheterocyclic compounds 38 265 303
Organic oxygen compounds 56 227 283
Benzenoids 31 195 226
Phenylpropanoids and polyketides 13 111 124
Nucleosides, nucleotides, and analogs 15 77 92
Organic nitrogen compounds 12 30 42
Organosulfur compounds 0 25 25
Hydrocarbons 1 17 18
Alkaloids and derivatives 1 11 12
Homogeneous non-metal compounds 3 2 5
Organohalogen compounds 0 4 4
Lignans, neolignans and related compounds 0 2 2
Organic 1,3-dipolar compounds 0 1 1
Organometallic compounds 0 1 1
Unclassified 61 1,465 1,626
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100mm) was employed in both positive and negative modes.
Metabolome analysis was performed by Lu-Ming Biotech Co.
Ltd. (Shanghai, China) [see details in the supporting information
(Supplementary Text 1)].

Metabolome Data Processing

The MS-DIAL software was used to preprocess GC-MS data.
Metabolite characterization is based on the LUG database (a self-
built untarget database of GC-MS from Lu-Ming Bio). All peak
signal intensities in each sample were segmented and normalized
according to the internal standards with RSD > 0.3 after
screening. LC-MS data were processed by software Progenesis
QI V2.3. Main parameters of 5 ppm precursor tolerance, 10
ppm product tolerance, and 5% production threshold were
applied. Compound identification was based on the precise
mass-to-charge ratio (m/z), secondary fragments, and isotopic
distribution using HMDB, Lipidmaps (V2.3), Metlin, EMDB,
PMDB, and self-built databases to do qualitative analysis. Peaks
with a missing value (ion intensity = 0) in more than 50% of
groups were removed. Zero value was replaced by half of the
minimum value. Compounds with resulting scores below 36 (out
of 60) points were deemed to be inaccurate and removed.

Statistical Analyses

The data matrix of the metabolome was imported in R to carry
out principle component analysis (PCA) and orthogonal partial
least-squares-discriminant analysis (OPLS-DA). To prevent
overfitting, 7-fold cross-validation and 200 response permutation
testing (RPT) were carried out to evaluate the quality of

the OPLS-DA models. Variable importance of projection
(VIP) values obtained from the OPLS-DA model were used
to rank the overall contribution of each variable to group
discrimination. A two-tailed Student’s T-test was further used
to verify whether the metabolites of difference between the
two groups were significant. P-value adjustment was performed
using the Benjamini-Hochberg method (false discovery rate).
Heatmaps (hierarchical clustering) were plotted by http://www.
bioinformatics.com.cn, a free online platform for data analysis
and visualization. Metabolomics datasets and metabolic pathway
activities were correlated using the pathway activity profiling
(PAPi) algorithm (Aggio, 2014). Only the significant metabolites
(VIP > 1, FC > 2, P < 0.05 and adj. P < 0.05) were analyzed by
the PAPi_1.8.0 package in R.

RESULTS

Activity of BBR Against S. aureus

The MIC value of BBR against S. aureus strain ATCC 25923 was
51 pg/ml, and the MBC value was two times the value of MIC
(102 pug/ml). When combined with vancomycin, BBR of 1/2 X
MIC (25.5 pg/ml) halved the MIC value (2 jLg/ml) of vancomycin
against S. aureus strain ATCC 25923 (Supplementary Figure 1).
Fluorescent staining of live and dead bacterial cells showed
that BBR had a significant inhibitory effect on the survival
of S. aureus (Supplementary Figure2). BBR inhibited the
growth of S. aureus in a concentration-dependent manner.
No obvious growth trend was observed in S. aureus exposed
to MIC and 1/2 x MIC of BBR, while moderate inhibition
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and mild inhibition were mediated by 3/8 x MIC and 1/4
x MIC, respectively (Supplementary Figure 3A). Based on
the results of time-kill test (Supplementary Figure 3B), BBR
concentration and exposure time for the treatment of metabolic

because BBR had sho

samples were determined. The exposure time of 1 h was chosen

wn obvious bactericidal activity at this

time (Supplementary Figure 3B); 3/8 x MIC (19 pg/ml) was a
suitable exposure concentration to minimize cell death at the 1-h
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time point and to achieve an obvious bacteriostatic effect at later
time points (Supplementary Figure 3B).

Metabolite Profiles

A total of 368 and 3,454 putative metabolites were identified,
respectively, from GC-MS and LC-MS datasets. They were
divided into 16 super classes including 2,296 classified
metabolites and 1,526 unclassified metabolites (Table 1).
PCA reviewed a significant separation between controls [initial
control (C0) and growth control (C1)] and BBR-exposed
group (T1) (Figures 1A-D). A pair of heatmaps demonstrated
the characteristic profiles of T1 group (Figures 1E,F). OPLS-
DA models showed the importance of each metabolite on
group discrimination (Figures 1G-J). Model parameters
indicated the excellent prediction ability of the models
(Supplementary Table 1), and no overfitting was found
(Supplementary Table 1, Supplementary Figure 4).

Key Metabolic Pathways Affected by BBR

Metabolomics datasets and metabolic pathway activities were
correlated using PAPi analysis. As compared with control
groups, the activities of most metabolic pathways in the T1
group were downregulated (Figure 2, Supplementary Figure 5).
The upregulated metabolic pathways were mainly nucleic acid
metabolism, amino sugar, and nucleotide sugar metabolism, as

well as glycan biosynthesis and metabolism. Similar trends can
be seen in the volcanic maps (Supplementary Figure 6).

The enhancement of nucleic acid metabolism activity
involved the accumulation of nucleotide metabolites
(Supplementary Figure 6). The upregulation of amino

sugars, nucleotide sugars metabolism, and downstream glycan
biosynthesis involved the accumulation of precursor metabolites
of glycan biosynthesis, mainly UDP-N-acetylmuraminate
(UDP-MurNAc), UDP-N-acetylglucosamine (UDP-GlcNAc),
and UDP-N-acetyl-D-mannosamine (UDP-ManNAc)
(Figure 3).

The Metabolites of Cell Wall Biosynthesis
Were Disturbed

We analyzed the potential biological functions of the
top five metabolites sorted by VIP values and the related
metabolites (Table 2, Supplementary Figure 7). UDP-GIcNAc
(a precursor of peptidoglycan and teichoic acid) was one
of the VIP-top five metabolites in the LC-MS dataset and
was significantly upregulated in the T1 group [log;FC =
4.6 (4.0)]. Six other significant metabolites involved in
peptidoglycan biosynthesis were identified (Table2), and
their relationships are shown in Figure4. Downregulated
D-alanyl-D-alanine (D-Ala-D-Ala) [log,FC —2.4 (=3.6)]
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TABLE 2 | The main molecular markers in BBR-exposed S. aureus.

Metabolites Database  Classification VIP [ T1-vs.-CO Log-FC Main
(C1)] [T1-vs.-CO (C1)] Pathways/Functions
Desyrel GC-MS Phenylpiperazines 3.6 (2.8 8.9% (8.9)* unknown
2,5-pyridinedicarboxylic acid GC-MS Pyridinecarboxylic acids 3.5(2.8) —8.3% (—9.0)* Stress resistance
2,6-pyridinedicarboxylic acid GC-MS Pyridinecarboxylic acids 3.5(2.8) —8.3" (—9.0)* Stress resistance
Gamma-tocopherol GC-MS Tocopherols 3.0 (2.5) —6.0" (—6.9)* Lipid antioxidant
3-dehydroshikimate GC-MS Cyclohexenones 3.0 (2.5 —5.9% (-6.9) Shikimate pathway
2',2'-Dimethyl(pyrano-5',6 :3:4)-1,5-dihydroxy- ~ LC-MS Acridones 83.0 (75.7) 12.3% (14.1) Unknown
6-methoxy-10-methylacridone
UDP-GIcNAc LC-MS Pyrimidine nucleotide 11.9 (10.7) 4.6" (4.0) Peptidoglycan and
sugars teichoic acid
biosynthesis
Gravacridonediol methyl ether LC-MS Acridones 11.4 (10.4) 14.6* (16.3)* Unknown
UDP-MurNAc LC-MS Pyrimidine nucleotide 9.1 (7.7) 1.5% (1.2 Peptidoglycan and
sugars teichoic acid
biosynthesis
CDP-ribitol LC-MS Nucleotide-alditol 6.7 (6.8 1.5% (2.2)* Teichoic acid
biosynthesis
UDP-ManNAc LC-MS Pyrimidine nucleotide 5.0 (4.7) 4.0% (5.1)* Teichoic acid
sugars biosynthesis
CDP-glycerol LC-MS Glycerophospholipids 4.2 (3.9 2.4% (2.3)* Teichoic acid
biosynthesis
D-Ala-D-Ala LC-MS Dipeptides 3.0 (4.8 —2.4% (-3.6) Peptidoglycan
biosynthesis
L-Glutamine GC-MS Amino acids 1.7(1.7) 2.1% (3.4)* Peptidoglycan
biosynthesis
Glycine GC-MS Amino acids 1.4 (1.3) —1.9% (-2.0) Peptidoglycan
biosynthesis
L-Alanine GC-MS Amino acids 1.4 (1.5) —1.4% (—=2.7)* Peptidoglycan
biosynthesis
Chorismate LC-MS Dicarboxylic acids and 1.2(1.1) 6.3% (7.2)* Shikimate
derivatives pathway/Phenylalanine,
tyrosine and tryptophan
biosynthesis/Folate
biosynthesis
PHOOA-PE LC-MS Oxidized 1.2(1.1) 32.5% (32.5)* Marker of lipid
glycerophospholipids peroxidation
Farnesyl-PP LC-MS Sesquiterpenoids 0.3(0.3) —29.5 (—29.9)* Staphyloxanthin and
peptidoglycan
biosynthesis

“Statistically significant (P < 0.05, adj. P-value < 0.05) for berberine-exposed (T1) group compared with initial control (C0) group.
#Statistically significant (P < 0.05, adj. P-value < 0.05) for T1 group compared with growth control (C1) group.

restricts the upstream part of peptidoglycan biosynthesis
pathway. Farnesyl diphosphate (farnesyl-PP), the precursor
metabolite of undecaprenyl pyrophosphate (Und-PP) in
the peptidoglycan biosynthesis pathway, was found to be
decreased below the detection threshold in the T1 group,
while it was detected in all the 12 samples of the control
groups [logFC = —29.5 (—29.3)]. L-alanine [log;FC =
—14 (—2.7)] and glycine [logFC = —1.9 (—2.0)] were
downregulated, while L-glutamine was accumulated [log,FC
= 2.1 (3.4)]. The precursors of teichoic acid biosynthesis

(UDP-GIcNAc, UDP-ManNAc, CDP-ribitol, and CDP-
glycerol) were also accumulated significantly (Table2,
Supplementary Figure 7).

The Metabolites Related to Stress
Resistance and Antioxidant Activity Were

Significantly Downregulated

The VIP-top five metabolites in GC-MS dataset were desyrel,
2,5-pyridinedicarboxylic acid, 2,6-pyridinedicarboxylic
acid, gamma-tocopherol, and 3-dehydroshikimate (Table 2,
Supplementary Figure 7). 2,5-pyridinedicarboxylic acid
[logFC = —8.3 (—9.0)] and 2,6-pyridinedicarboxylic acid
[log,FC = —8.3 (—9.0)] were significantly decreased after BBR
treatment. They belong to pyridine dicarboxylic acid, which is
known to be abundant in bacterial spores and endows spores
with stress resistance (Setlow, 2007; Ramirez-Guadiana et al.,
2017). Gamma-tocopherol was downregulated in the T1 group
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[logFC = —6.0 (—6.9)], which is known as a lipid vitamin
and acts as an antioxidant (Kim et al., 2012). The decreased
farnesyl-PP in the T1 group, as the precursor of Und-PP, is also
the precursor of staphyloxanthin (another important antioxidant
in S. aureus). The oxidized glycerol phospholipid (PHOOA-PE)
was not detected in the control groups, but was accumulated in
the T1 group (log, FC = 32.5).

The Metabolites Involved in the Shikimate
Pathway and Biosynthesis of Aromatic

Amino Acids Were Disturbed

The two metabolites involved in the shikimate pathway, 3-
dehydroshikimate [logFC = —5.9 (—6.9)] and chorismate
[logFC = 6.3 (7.2)], showed opposite regulatory trends.
L-phenylalanine, L-tyrosine, and L-tryptophan, which were
synthesized using chorismate as precursors, were downregulated
(Figure 5).

DISCUSSION

According to the existing research, the antibacterial effect
of berberine can be generally summarized as “multi-effect”
(Karaosmanoglu et al., 2014). Berberine can inhibit the formation
of biofilm (Zhang et al., 2020; Bhatia et al., 2021; Xu et al., 2021),
destroy the cell wall and cell membrane (Karaosmanoglu et al.,
2014; Zhang et al., 2020; Xia et al., 2022), inhibit bacterial cell
division (Domadia et al., 2008), inhibit nucleic acid and protein
synthesis (Du et al., 2020), and inhibit bacterial adhesion (Kang
etal, 2015), etc.

This study revealed that BBR inhibited most of the metabolic
activities of amino acid metabolism, carbon metabolism, and
energy metabolism in S. aureus, while the accumulation
of nucleotide metabolites suggested that the synthesis of
downstream nucleic acid macromolecules may be inhibited
(Figure 2). The metabolic changes in these pathways support
the inhibitory effect of berberine on bacterial growth proposed
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by previous studies. However, these metabolic changes are not
the unique antimicrobial properties of berberine, as exposure
to other antibiotics also causes a general perturbation of
bacterial metabolism (Dorries et al., 2014). Berberine and its
derivatives inhibit bacterial division by inhibiting the cell division
protein FtsZ (Boberek et al., 2010; Sun et al., 2014). Although
the results of this study cannot directly verify the target of
BBR inhibiting bacterial cell division, the extensive changes in
bacterial metabolism caused by BBR may be the result of complex
physiological regulation indirectly caused by the inhibition of
bacterial cell division and other possible antibacterial activities
of BBR.

The main metabolic markers screened in this study provide
a new perspective for exploring the antibacterial mechanism of
BBR, as follows.

Shikimate Pathway

The end product of the shikimate pathway (chorismate)
was accumulated (Figure5), indicating a disturbance in the
biosynthesis of downstream aromatic amino acids and folate.
In contrast, the intermediate metabolite (3-dehydroshikimate)
of the shikimate pathway was significantly downregulated by
BBR (Figure 5). Since being essential in bacteria and fungi, but
absent from mammals, the shikimate pathway was suggested to
be an antimicrobial target (Sadaka et al., 2018). Therefore, it is
worthwhile to further study the interference mechanism of BBR
on the bacterial shikimate pathway.

Antioxidant Capacity
Bactericidal antibiotics cause bacterial death due to oxidative
damage by stimulating the generation of reactive oxygen species
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(ROS) (Kohanski et al., 2007), which is also applicable to the  the synthesis of farnesyl-PP is complex. As a key precursor
action mode of BBR (Du et al,, 2020). In this study, some  metabolite that likes the biosynthesis of staphyloxanthin and
evidence suggests that BBR reduces the antioxidant capacity of S.  peptidoglycan, farnesyl PP affects the abilities of antioxidation
aureus, such as the reduction of gamma-tocopherol and farnesyl-  and cell wall synthesis, both of which are critical to the survival
PP, and the accumulation of PHOOA-PE (Figure 6). Gamma-  of S. aureus.
tocopherol reacts with ROS and protects unsaturated fatty acids
from oxidation (Kim et al., 2012). Farnesyl-PP is a precursor Cell Wall Synthesis
metabolite of staphyloxanthin that acts as an antioxidant A recent study found that berberine can damage the cell
to protect S. aureus from being killed by ROS released by  walls of MRSA, but the mechanism is unknown (Xia et al,
leukocytes (Clauditz et al., 2006). The downregulation of gamma- ~ 2022). According to the metabolic responses of S. aureus
tocopherol and farnesyl-PP means the decrease in antioxidant  to antibiotics with known targets, the precursor metabolites
capacity, and as a result, the oxidized glycerophospholipid  upstream would accumulate, while the level of metabolites
(PHOOA-PE) was accumulated in the cells of S. aureus. downstream of the inhibited metabolic targets would decrease
Staphyloxanthin is the main pigment in S. aureus, and its  (Schelli et al, 2017; Vemula et al, 2017). In this study,
accumulation is inhibited by BBR (Supplementary Figure 8).  besides farnesyl PP, the change of other metabolites also
In addition, based on the transcriptome data of our related  demonstrated that BBR act by impairing bacterial cell wall
study (unpublished), the transcription levels of genes involved  synthesis. The accumulation of precursor metabolites related
in staphyloxanthin biosynthesis were also downregulated by  to cell wall synthesis, such as UDP-GIcNAc, CDP-ribitol
BBR (Supplementary Figure 9). The targeted perturbation of and CDP-glycerol, indicated that the downstream synthesis
staphyloxanthin is expected to restore the sensitivity of drug-  pathways of peptidoglycan and teichoic acid were inhibited.
resistant strains to traditional antibiotics (Garcia-Fernandez — The level of D-Ala-D-Ala was significantly decreased, suggesting
et al,, 2017; Hui et al., 2020). Therefore, the attractive potential ~ the inhibition of BBR to the early stage of peptidoglycan
of BBR to inhibit staphyloxanthin synthesis is another direction  biosynthesis. The synthetic pathway of D-Ala-D-Ala is one
worthy of further study. of the targets of the cell wall-targeting antibiotics, such
The synthesis of farnesyl-PP is regulated by other upstream  as D-cycloserine and D-boroalanine, which act through the
metabolic pathways (Lan et al., 2010). Since BBR interferes  inhibition of D-Ala-D-Ala-ligase (Vemula et al., 2017). Whether
with most of the metabolic activities of S. aureus, its effect on ~ BBR has the same target as these two antibiotics needs further
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verification. Since BBR has synergistic antibacterial effects with
other antibiotics such as clindamycin, rifamycin (Xia et al,
2022), and ampicillin (Dziedzic et al., 2015), and we confirmed
the synergistic antibacterial effect of BBR combined with
vancomycin (which also targets the synthesis of peptidoglycan)
(Supplementary Figure 1), its inhibitory effect on the synthesis
of peptidoglycan is an interesting discovery and has important
value for further study.

Prospects

Some of the metabolites identified in this study, such as the
pyridine dicarboxylic acids, have unclear metabolic pathways in
S. aureus. Pyridine dicarboxylic acid is present in the spores of
spore-producing bacteria in high concentrations and endorses
the spores with stress-resistant properties (Setlow, 2007). The
genes of dihydro-pyridine dicarboxylate synthases and reductase
had been annotated in the genome of MRSA, and they were
considered to have potential interactions with the penicillin-
resistant binding protein (PBP2a) (Yuan et al., 2010). However,
the properties of the substrates of these enzymes remain
controversial (Devenish et al., 2010; Karsten et al., 2018). It is
worth mentioning that gamma-tocopherol can be synthesized in
plants and algae with farnesyl-PP as a precursor (56), although
no study on its biosynthesis in S. aureus has been retrieved.
It is predicted that the average number of metabolites of S.
aureus ranges from more than 1,000 to more than 2,000, with
a maximum of 4,416 (Renz and Drager, 2021). Among the more
than 3,000 metabolites identified in this study, a considerable part
of them should be products of unknown metabolic pathways, in
addition to substances absorbed from the culture environment.
As metabolic databases become richer, the number of metabolites
accurately identified will increase. Therefore, the revelation of
unknown metabolic pathways in the future will help us to deeply
understand the complexity and intrinsic relationship of antibiotic
effects on bacterial metabolism. In addition, when there is a
clear research direction or determined metabolic pathway (as
suggested in this study), the application of targeted metabolomics
and other technologies that can accurately verify the specific
antibacterial effect will further promote the research on the
antibacterial mechanism of natural products such as BBR.

CONCLUSION

The key metabolic markers suggest that BBR plays antibacterial
activities against S. aureus ATCC 25923 by inhibiting the cell
wall biosynthesis, promoting oxidative damage, reducing stress
resistance, and inhibiting the synthesis of aromatic amino acids
(Figure 6). These results provide new directions of peptidoglycan
biosynthesis, staphyloxanthin synthesis, and shikimate pathway
to study the antibacterial molecular mechanism of BBR and help
to promote its application in the field of anti-infective medicine.
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Microbes have diverse metabolic capabilities and differences in these
phenotypes are critical for differentiating strains, species, and broader
taxa of microorganisms. Recent advances in liquid chromatography-mass
spectrometry (LC-MS) allow researchers to track the complex combinations
of molecules that are taken up by each cell type and to quantify the
rates that individual metabolites enter or exit the cells. This metabolomics-
based approach allows complex metabolic phenotypes to be captured in a
single assay, enables computational models of microbial metabolism to be
constructed, and can serve as a diagnostic approach for clinical microbiology.
Unfortunately, metabolic phenotypes are directly affected by the molecular
composition of the culture medium and many traditional media are subject to
molecular-level heterogeneity. Herein, we show that commercially sourced
Mueller Hinton (MH) medium, a Clinical and Laboratory Standards Institute
(CLSI) approved medium for clinical microbiology, has significant lot-to-
lot and supplier-to-supplier variability in the concentrations of individual
nutrients. We show that this variability does not affect microbial growth
rates but does affect the metabolic phenotypes observed in vitro—including
metabolic phenotypes that distinguish six common pathogens. To address
this, we used a combination of isotope-labeling, substrate exclusion, and
nutritional supplementation experiments using Roswell Park Memorial Institute
(RPMI) medium to identify the specific nutrients used by the microbes to
produce diagnostic biomarkers, and to formulate a Biomarker Enrichment
Medium (BEM) as an alternative to complex undefined media for metabolomics
research, clinical diagnostics, antibiotic susceptibility testing, and other
applications where the analysis of stable microbial metabolic phenotypes
is important.

biomarker enrichment medium, Mueller Hinton, metabolomics, LC-MS, biomarkers
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Introduction

Microbial phenotypes are dictated not only by their
inherent metabolic capabilities (dictated by genes and protein
expression), but also by their nutritional environment. The
effect of medium composition on biological phenotypes [i.e.,
growth rates and biomass (Mah et al., 1967; Letort and Juillard,
2001; Zhang et al., 2009; Texeira et al., 2015; Machado et al,,
2019; Sanchez-Rosario and Johnson, 2021)], and bioproduct
yields [i.e., exopolysaccharides, proteins, biofuels (DeBell, 1979;
Grobben et al., 1998; Torino et al., 2005; Islam et al.,
2013; Khan et al, 2013; Verbeke et al., 2017)] is well-
documented. Nutritional availability can not only affect cell
growth, but can direct metabolism toward the production of
certain bioproducts.

Significant biological insights can be gained by quantifying
the rates at which molecules are consumed and secreted by
cells (Teusink et al., 2006). These boundary fluxes can be used
to systematically screen isolates for auxotrophies (Levering
et al, 2016; Basile et al, 2020), construct computational
networks to understand cellular metabolism and nutrient-
2007;
optimize bioproduct yields and rates

product (Steuer, al,,
2012),
et al, 2013; Joshi et al., 2017), and differentiate species
and antimicrobial susceptibilities for diagnostics (Rydzak
et al, 2022). With the evolution of high-resolution liquid
there has

been an increasing emphasis on capturing a broad range

relationships Copeland et

(Laiglecia

chromatography-mass spectrometry (LC-MS),
of molecular targets for boundary flux analysis. These new
approaches now capture a large transect in central carbon
metabolism, allowing us to better understand intracellular
metabolomic phenotypes.

One of the in quantifying metabolic
boundary fluxes is that microbial phenotypes are sensitive
These
nutrients can dramatically affect the metabolic phenotype
observed in vitro (Sanchez et al., 2000; McGillicuddy et al,
2018). This is particularly problematic when microbial

challenges

to medium composition. minor variations in

phenotypes are being used for diagnostic purposes that
require reproduceable quantification of limited biomarker
sets. This reproducibility can be impacted when using
complex medium. While the production of complex
medium is well-standardized by suppliers, it does contain
many chemical species in unknown proportions derived
from biological sources (ie., yeast or beef extract, casein
hydrolysate, etc.). Although the bulk composition of these
media with respect to lipids, proteins, and nutrients is
stable enough to maintain consistent growth, the specific
concentrations of nutrients present in these media are
not well-controlled.

Herein, we show that commercially sourced Mueller
Hinton (MH) medium, a CLSI approved medium for clinical
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microbiology, has significant lot-to-lot and supplier-to-supplier
variability in the concentrations of individual nutrients.
To demonstrate that this variability directly translates into
instability in metabolic phenotypes, we employed a previously
published metabolic preference assay (MPA) that is capable
of differentiating common bloodstream pathogens and
testing their antibiotic susceptibility in vitro following a short
4h incubation (Rydzak et al, 2022). Specifically, as little
as six biomarkers including arabitol, urocanate, succinate,
xanthine, mevalonate and Nl,le-diacetylspermine can
differentiate six common bloodstream pathogens (Candida
albicans, Klebsiella pneumoniae, Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Enterococcus faecalis).
While variability in metabolomic phenotypes on different
lots of media was encountered during the rapid clinical
assay for bloodstream infections (BSI), this is a generalized
problem in any metabolomic assay that seeks to collect
metabolomic phenotypes using a boundary flux approach.
To address this, we developed a defined, complex medium,
derived from nutrient-rich Roswell Park Memorial Institute
(RPMI) medium, that supports the growth of pathogens,
restores the metabolic biomarkers used to differentiate six
common bloodstream infection species, and allows for
antibiotic susceptibility testing (AST). Using a combination
of isotope-labeling, substrate exclusion, and nutritional
supplementation experiments, we identified the specific
nutrients used by the microbes in the production of these
biomarkers, as well as the minimal complement of nutrients
needed to support their growth in vitro. We propose this
newly formulated Biomarker Enrichment Medium (BEM) as
an alternative to complex undefined media for metabolomics
research, clinical diagnostics, and other applications where
of stable microbial

the analysis metabolic phenotypes

is important.

Results

Batches of Mueller Hinton medium differ
in nutritional composition

To assess variability in MH medium, non-cation adjusted
MH medium (MH I) and cation adjusted MH medium
(MH 1), from two different suppliers (BD and Fluka
Analytical; See Materials and Methods), was analyzed using
untargeted ultra high-pressure liquid chromatography-mass
spectrometry (UHPLC-MS). One way ANOVA identified
variability in 359 features when using the stringent cut-
offs (p < 1 x 10~°) between the 8 batches of MH
medium tested (Figure 1A; Source Data File 1). Even lot-to-
lot variability of both MH I and MH II was observed from
the same suppliers. Targeted UHPLC-MS analysis identified
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FIGURE 1

Mass spectrometry analysis of different lots and suppliers of Mueller Hinton (MH 1) and cation adjusted Mueller Hinton (MH 1) medium. (A)
Untargeted analysis identified significant differences (p < 1 x 107°) in 359 features were observed in at least one lot of medium (n = 3). (B)
Targeted UHPLC-MS analysis identified variability in concentrations of many common microbial nutrients, including various amino acids,
nucleotides, and sugars. Signal intensities are shown as z-scores (i.e., mean centered, variance stabilized signal intensities).

See Source Data File 1.
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FIGURE 2
Differential biomarker production used to differentiate the six common species responsible for bloodstream infections incubated in different
batches of MH medium. Three of the eight batches studies (BD Lot 3, and Fluka Lots 1 and 2) showed greatest inconsistencies with regards to
species-specific production of xanthine, nicotinate, and mevalonate (Fluka Lot 2 only), and initial medium levels of unassigned marker with m/z
134.0166 (Source Data File 2). Key biomarkers that are affected by certain lots of media have been highlighted in red boxes. MH, Mueller Hinton
medium; CA, Candida albicans; KP, Klebsiella pneumoniae; EC, Escherichia coli; PA, Pseudomonas aeruginosa; SA, Staphylococcus aureus; EF,
Enterococcus faecalis. Data represents n = 9 biological replicates.

variability in concentrations of many common microbial variability was unsurprising given that MH medium is
nutrients, including various amino acids, nucleotides, and composed of undefined components including beef extract and
sugars (Figure 1B; Source Data File 1). This lot-to-lot nutritional casein hydrolysate.
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FIGURE 3

Differential biomarker production of pathogens incubated in MH vs.RPMI medium. While most production biomarkers were observed on MH
and RPMI, levels of succinate, xanthine, citrulline, and nicotinate were significantly lower on RPMI, and N!,N!2-diacetylspermine production on
RPMI did not meet diagnostic thresholds (Source Data File 3). Key biomarkers that are affected by medium have been highlighted in red boxes.
MH, Mueller Hinton medium; RPMI, Roswell Park Memorial Institute medium; CA, Candida albicans; KP, Klebsiella pneumoniae; EC, Escherichia
coli; PA, Pseudomonas aeruginosa; SA, Staphylococcus aureus; EF, Enterococcus faecalis. Data are presented as mean values +/— SD of n =4
replicates.
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13C isotope labeling patterns of top diagnostic biomarkers when
isolates were grown on RPMI supplemented with
[U-BClglucose. Labeling patterns show that glucose is the
primary precursor for arabitol and mevalonate, and partially
responsible for succinate production (Source Data File 4).
Urocanate, xanthine, citrulline, and nicotinate are fully
unlabeled, and thus must be derived from other carbon sources
present in the medium. RPMI, Roswell Park Memorial Institute
medium; CA, Candida albicans; KP, Klebsiella pneumoniae; EC,
Escherichia coli; PA, Pseudomonas aeruginosa; SA,
Staphylococcus aureus; EF, Enterococcus faecalis. Data are
presented as mean values +/— SD of total signal of n = 3
replicates.
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Differences in metabolomic phenotypes
are observed on different batches of
medium

To determine if this nutritional variability affects microbial
metabolic boundary fluxes, six prevalent pathogens responsible
for BSIs (Candida albicans, CA; Klebsiella pneumoniae,
KP; Escherichia coli, PA;
Staphylococcus aureus, SA; and Enterococcus faecalis, EF)

EC; Pseudomonas aeruginosa,
were incubated for 4h on each lot of MH medium and
previously identified biomarkers used to differentiate these
species were measured by targeted UHPLC-MS (Figure 2,
Source Data File 2) (Rydzak et al,, 2022). In some cases, the
production of biomarkers in inoculated vs. non-inoculated
medium was sufficient to differentiate these pathogens in all
batches of medium. These include arabitol production by
CA, succinate production by EC and KP. However, batch-
dependent variability was also observed in many cases where
species-specific biomarker production did not exceed that of
MH non-inoculated controls. This was true for (i) mevalonate
production in Fluka Lot 2 for SA and EE (ii) xanthine
production in BD Lot 3 and Fluka Lots 1 and 2 for PA, and
(iii) nicotinate production in BD Lot 3 and Fluka Lots 1 and
2 for EC, KP, PA, SA, and EF. Notably, non-inoculated MH
control nicotinate levels were much higher in Fluka Lot 1 than
in all other lots. This was also true for citrulline in BD Lot 1.
Lastly, the concentration of the unassigned marker with m/z
134.0166 was negligible in BD Lot 3 and Fluka Lots 1 and 2,
and thus consumption by CA, EC, KP, PA, and EF was not
observed in these lots. Given that all samples were incubated
on the same day and analyzed on the MS concurrently, we can
rule out that this variance is due to differences in processing
or MS response factors. These discrepancies in lot-to-lot
biomarker changes demonstrate the need for the use of a more
standardized medium to ensure consistency when performing
metabolomic studies.

Biomarker production levels are lower on
defined RPMI vs. MH

Using a defined medium that is not subject to potential
variations in beef or casein sources or downstream production
steps is critical for inter-laboratory standardization. We
therefore substituted the MH medium with nutrient-rich
defined RPMI medium (Supplementary Table 1) to evaluate
growth and biomarker production of the six prevalent BSI
pathogens tested above. Unsurprisingly, the levels of key
nutrients were different between MH medium (BD Lot
1) and RPMI (Supplementary Figure 1, Source Data File 1).
Notably, levels of most amino acids, with the exception
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RPMI precursor exclusion (A) and supplementation (B) results. Exclusion of hypoxanthine (Hpx), arginine (Arg), and nicotinamide (Nam) or
pyridoxine (Pn) in RPMI eliminated species-specific production of xanthine, citrulline, and nicotinate, respectively, while exclusion of glutamine
(Gln) and lysine (Lys) decreased EC succinate production. Supplementation of RPMI with spermine restored N!,N'2-diacetylspermine
(N1,N12-DAS) production. RPMI, Roswell Park Memorial Institute medium; PA, Pseudomonas aeruginosa; EF, Enterococcus faecalis; EC,
Escherichia coli. Data are presented as mean values +/— SD of n = 3 replicates.
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of glutamine, asparagine, and cysteine, were higher in MH
vs. RPMI, whereas glucose and select vitamins were higher
in RPMI. While all six microorganisms tested grew on
both media, growth was generally poorer on RMPI when
compared to MH (Supplementary Figure 2). Furthermore, while
most production biomarkers (i.e., arabitol, succinate, xanthine,
mevalonate, citrulline, and nicotinate) were still suitable for
species differentiation on RPMI, levels of succinate, xanthine,
citrulline, and nicotinate were on average 7.5-fold lower
when the respective species that produced these markers were
grown on RPMI (Figure 3, Source Data File 3). These decreased
levels in key biomarkers can have significant impacts on
diagnostic accuracy when performing MS/MS fragmentation
using less sensitive clinical triple quadrupole mass spectrometers
2022). Moreover, production of NI NI2.
diacetylspermine—used for identification of EF—was so low
on RPMI that it did not meet diagnostic thresholds. The
limited production of key biomarkers in RPMI warranted

(Groves et al,

further investigation to identify which medium precursors are
responsible for their production in order to potentially improve
their levels.

[U-13C]glucose is not a precursor for
many biomarkers

To determine if key biomarkers are coming from glucose
or other medium components, glucose-free RPMI was
supplemented with uniformly labeled [U-'3C]glucose. The
13C isotope labeling patterns of top diagnostic biomarkers
(excluding N!,N'2_diacetylspermine) were analyzed using
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UHPLC-MS (Figure 4, Source Data File 4). Surprisingly, fully
unlabeled isotopologues were minimal for arabitol (80%
fully 13C labeled, and 20% fully unlabeled) and negligible for
mevalonate (62% fully 13C labeled and 30% !3C, labeled),
implying that glucose is the primary precursor for these two
biomarkers. Succinate was 45% !3C3 labeled and 49% fully
unlabeled. This indicates that a portion of succinate is derived
from glucose flowing into the TCA cycle, while the remainder is
derived from other precursors. Urocanate, xanthine, citrulline,
and nicotinate were fully unlabeled, and thus must be derived

from other carbon sources present in the medium.

Biomarkers were eliminated when
precursors were excluded

To identify likely precursors for biomarkers that did not
predominantly come from glucose (i.e., citrulline, xanthine,
nicotinate, and succinate) we excluded the individual amino
acids and other putative precursors found in RPMI and
assessed the effect on these four biomarkers. We took a two-
pronged approach for these experiments: we both randomly
screened individual exclusion of the majority of amino acids
found in RPMI (Source Data File 5), and investigated pathways
that could provide insights into which substrates could be
contributing to biomarker production (Wishart et al., 2018;
2019). While it was difficult to identify which
precursors could be partially responsible for the additional

Karp et al,
succinate production, precursors for other biomarkers could

be deduced from metabolic pathways. For example, xanthine
could potentially be derived from hypoxanthine—a component
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Labeling patterns of top diagnostic biomarkers when isolates
were grown on RPMI supplemented with putative precursors.
Species-specific xanthine, citrulline, nicotinate, and
N!,N!2-diacetylspermine were all >95% labeled when labeled
substrates were used, demonstrating that that hypoxanthine,
arginine, nicotinamide, and spermine are direct medium
precursors for xanthine, citrulline, nicotinate, and

N! N'2-diacetylspermine (Source Data File 6). EC cultured in
RPMI with unlabeled glucose and uniformly labeled
L-glutamine-'3C5 was 80% fully 1>C labeled and 15% fully 3C,
labeled, demonstrating that it is mostly synthesized from
glucose, although glutamine partially contributes to its

(Continued)
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FIGURE 6

production as well. Hpx, Hypoxanthine; Arg, arginine; Nam,
nicotinamide; Gln, glutamine; Spr, spermine; PA, Pseudomonas
aeruginosa; EF, Enterococcus faecalis; EC, Escherichia coli. Data
are presented as mean values +/— SD of n = 3 replicates.

of RPMI—via xanthine oxidase (EC:1.17.3.2) which is present
in the adenine dinucleotide salvage pathway (Bortolotti et al.,
2021). Citrulline has been proposed to be formed from arginine
via nitric-oxide synthase (EC:1.14.13.39) or indirectly via
the urea cycle (Marletta, 1993). Nicotinate could be derived
from nicotinamide, also present in RPMI, via nicotinamidase
(EC:3.5.1.19) present in the nicotinamide adenine dinucleotide
2004).
hypoxanthine in PA cultures, arginine in EF cultures, and

salvage pathway (Berger et al, Indeed, exclusion of
nicotinamide in EC (and other) cultures eliminated production
of citrulline, xanthine, and nicotinate, respectively (Figure 5A,
Source Data File 5). Notably, exclusion of pyridoxine, a known
co-enzyme used in aminotransferase reactions (Feldman and
Gunsalus, 1950; Gunsalus and Tonzetich, 1952) in EC cultures
also eliminated nicotinate production. Lastly, screening of
amino acid exclusions revealed that exclusion of both glutamine
and lysine decreased succinate production in EC cultures.
Given that N!,N'2-diacetylspermine production was negligible
in RPMI for EF cultures, we suspected that the precursor for
this biomarker may be absent in RPMI. Through pathway
analysis, we hypothesized that spermine supplementation could
restore N',N'2_diacetylspermine secretion in EF cultures (Pegg,
2008). Indeed, supplementation of RPMI with spermine not only
restored N,N'2_diacetylspermine production by EF, but also
resulted in N!,N'2-diacetylspermine production in EC and KP
cultures (Figure 5B, Source Data File 5).

Non-glucose biomarker precursors were
confirmed using labeled precursors

To further confirm species-specific biomarker precursors
identified in precursor exclusion experiments, unlabeled
precursors substituted with labeled
RPMI Source Data File 6).
species-specific xanthine, citrulline, nicotinate, and NI N2,

were analogs in

medium  (Figure 6, Resulting
diacetylspermine were all >95% labeled when labeled substrates
were used. Specifically, reduction of uniformly labeled
hypoxanthine-13Cs in PA cultures resulted in uniformly labeled
xanthine-!3Cs. Deamination of arginine (Guanido-1°N3) in EF
cultures resulted in citrulline-!°N;. Substitution of the terminal
amine with a hydroxide of nicotinamide-2,6,7-13C3-(pyridyl-
15N resulted in nicotinate-2,6,7-13 C3-(pyridyl-15N). This data
suggests that hypoxanthine, arginine, and nicotinamide
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N! N!2-diacetylspermine production by EF, as well as EC and KP (Source Data File 3). Key biomarkers that are affected by medium have been
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Antibiotic susceptibility validation on BEM and MH Il using metabolic inhibition profiles. Metabolic inhibition of select biomarkers in response to
antibiotics were tested on bacterial isolates with known microdilution or Vitek2 AST profiles. Inhibition of biomarker production/consumption
were in general agreement with microbroth dilution/Vitek2 calls, correctly identifying sensitive (gray bars) and resistant strains (red bars).
Furthermore, changes in biomarker levels in both media were comparable. Sensitive vs. resistant threshold cutoffs are indicated in dashed red
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are direct medium precursors for xanthine, citrulline,
and nicotinate, respectively. Similarly, deacetylation of
spermine-(butyl-d8) tetrahydrochloride resulted in N!,N12-
(butyl-d8).
cultured in RPMI with unlabeled glucose and uniformly labeled
L-glutamine-'3Cs was 80% fully 12C labeled and 15% fully 13Cy4

labeled. This result confirms that succinate is mostly synthesized

diacetylspermine Succinate produced by EC

from glucose, although glutamine partially contributes to its
production as well.

Chemically defined biomarker
enrichment medium restored pathogen
metabolic phenotypes to those that were
originally observed in Mueller Hinton

Our ultimate objective was to develop a reproducible defined
medium allowing for pathogen growth and that enabled the
production of the key biomarkers originally observable in MH
medium (Rydzak et al., 2022). Using defined RPMI as our basal
medium, and integrating the additional precursors needed for
select biomarkers, we developed a modified, defined Biomarker
Enrichment Medium (BEM; Supplementary Table 1). A number
of critical modifications were made to RPMI to generate BEM
(see Supplementary Table 1 for all modifications). (1) Medium
was supplemented with additional amino acids that were found
in MH and not present in RPMI. (2) Concentrations of many
amino acids were increased to more closely resemble those
found in MH medium. (3) Trace metals and nucleosides were
also added to potentially promote growth of a wider array of
species. (4) Catalase was added to promote the viability of species
that produce hydrogen peroxide (ex. Streptococcus pneumoniae).
(5) Albumax (a lipid-rich bovine serum albumin formulation),
which is commonly added to RPMI as a substitute for human
serum, was eliminated to ensure that BEM is fully defined. (6)
While sucrose was added in addition to glucose, concentrations
of total sugars was kept low (i.e., 5-fold hexose equivalents lower
than original RPMI) to promote metabolism of amino acids and
other components during the short, 4h incubation period. (7)
BEM was supplemented with spermine and concentrations of
other identified precursors (with the exception of nicotinamide)
were increased.

Our final BEM medium sustained growth of all six pathogen
tested (n = 3). While growth of EC, KP, and SA was best
on MH, potentially due to a richer nutrient composition,
growth of these species was comparable on RPMI and BEM
(Supplementary Figure 2). CA and EF grew similarly on all three
media (except one EF isolate on MH), while PA grew well on
MH and BEM, but not on RPMI. More importantly, our defined
BEM produced the necessary diagnostic biomarkers originally
identified in MH medium (Figure 7, Source Data File 3). While
strictly glucose-derived biomarkers (arabitol and mevalonate)
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were lower on BEM than MH and RPMI (1.3 and 3.3-
fold lower for CA arabitol production and 2.6 and 2.0-fold
lower for SA/EF mevalonate production, respectively), they
were still significantly higher than the signals from other
cultures (>7.0-fold higher for arabitol and >16.4-fold higher
for mevalonate), and thus had sufficient diagnostic power.
EC and KP succinate production was comparable to MH
and 2.2 to 3.5-fold higher than that observed in RPMI,
potentially due to higher glutamine and lysine concentrations.
Nicotinate production by EC, KP, PA, SA, and EF was almost
identical to that of RPMI, which was unsurprising, given that
nicotinamide concentrations were the same in both media.
While EF citrulline concentrations were 3.9-fold lower in BEM
when compared to MH, increasing arginine concentrations
increased citrulline concentrations by 2.2-fold when compared
to RPMI. Most importantly, supplementation of hypoxanthine
in BEM increased PA xanthine levels by 33 and 467-fold when
compared to MH and RPMI, respectively. Similarly, addition of
spermine restored N!,N'2-diacetylspermine production by EF,
production that was almost absent in RPMI. Notably, addition of
spermine also resulted in N',N!2-diacetylspermine production
by EC and KP. However, EF can still be differentiated from EC
and KP by the absence of succinate production.

Biomarker patterns for antibiotic
susceptibility testing using BEM and
clinically approved MH medium are
comparable

To ensure that BEM is suitable for antibiotic susceptibility
testing (AST), we measured the metabolic inhibition of
select biomarkers in response to commonly prescribed
antibiotics on bacterial isolates with known microdilution
or Vitek2 AST profiles using a rapid MS/MS assay (see
Methods; Source Data File 8, Figure 8). Inhibition of succinate
production, adenine consumption, glucose consumption, and
lactate production were used to assess antibiotic efficacy on
EC and KP, PA, SA, and EE respectively, on both BEM and
CLSI approved MH II. For EC, KP, PA, and SA, inhibition
of biomarker production/consumption not only identified
sensitive (gray bars) and resistant strains (red bars) accurately
in agreement with microbroth dilution methods (or Vitek2
for SA) in both media, but changes in biomarker levels in
both media were comparable. Furthermore, sensitive vs.
resistant threshold cutoffs (dashed red lines) for these species
could be set at identical levels when species are incubated on
either BEM or MH II. Some discrepancies between metabolic
inhibition assay (MIA) results and Vitek2 results were observed
for EF. Specifically, the MIA on MH II identified EF as
sensitive to 8g/mL of benzylpenicillin and 32pg/mL of
vancomycin, contradicting Vitek2 results. Similarly, the MIA
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on TM identified EF as resistant to 8 jug/mL of ampicillin and
sensitive to 32 pg/mL of vancomycin in contradiction to Vitek2
results. Minor adjustments in cation levels may address these
discrepancies. However, one serial dilution differences between
platforms are generally acceptable by regulatory bodies (Food
Administration, 2007). Ideally, MIA results should be compared
to microbroth dilution results. While identical sensitive vs.
resistant threshold cutoffs could be used for most species on
both media, these thresholds needed to be re-calibrated for
each medium with respect to lactate production levels for EF.
This may be attributed to small changes in growth and/or
metabolism on each medium for EF. Nevertheless, we show
here that BEM is not only effective at identifying species based
on metabolic patterns, but also that it can be effectively used to
differentiate sensitive vs. resistant strains based on metabolic
inhibition profiles of select metabolites and that these profiles
are comparable to those of MH II medium.

Discussion

In this study, we showed that batches of clinical MH
have significant lot-to-lot variability in their small molecule
composition. This variability, in turn, had a direct impact on
the metabolic phenotypes observed across a broad range of
opportunistic pathogens when cultured in vitro. Moreover, these
changes had a significant impact on our ability to differentiate
these pathogens using metabolomics approaches. To address
this, we developed a defined biomarker enrichment medium
(BEM) that was specifically tuned for enhancing the diagnostic
metabolic phenotypes of bloodstream pathogens and to enable
robust to lot-to-lot reproducibility of these phenotypes.

Although we developed BEM with clinical applications
in mind, our observations about the instability of metabolic
phenotypes elicited by undefined media and our strategy for
resolving these problems are generalizable to a broad range
of other metabolomics-based applications. Metabolomics is
emerging as a mainstream microbiology tool that is seeing
increasing use in clinical diagnostics (Kennedy et al., 2018),
metabolic engineering (Dromms and Styczynski, 2012), and
is becoming a key tool for unraveling complex host-microbe
dynamics (Han et al., 2010). The variability in metabolic
phenotypes that we observed here could negatively affect
any of these applications and may have a direct impact
on our ability to reproduce metabolomic studies lab-to-lab.
The strategy we introduce here (substrate exclusion, isotope
tracing, and mass spectrometry-based metabolic analyses)
for identifying substrate-product relationships, and enriching
desirable phenotypes, is broadly applicable to any in vitro culture
system and may help researchers develop other specialized
media to ensure their experiments can be replicated by
other groups.

Frontiersin Microbiology

56

10.3389/fmicb.2022.957158

In addition to stabilizing metabolic phenotypes, developing
defined growth media has a range of other benefits. For
instance, many efforts have gone into developing defined
media in order to sustain growth of microorganisms (Cocaign-
Bousquet et al., 1995; Letort and Juillard, 2001; Zhang et al.,
2009), improve downstream purification steps of industrially
valuable secreted proteins [ex. bacteriocins; (Mah et al,
1967; Pingitore et al., 2009; Khan et al., 2013)], and enable
the analysis of secreted compounds [ex. exopolysaccharides;
(Grobben et al., 1998; Torino et al, 2005)]. The nutrient
composition of a defined medium also influences production
of secreted compounds. For example, vitamins and osmolites
have been shown to impact growth and bacteriocin production
in Lactobacillus salivarius, adenine and lactose can stimulate
exopolysaccharide production in Lactobacillus helveticus, higher
CaCl, and low magnesium concentrations improved bioethanol
yields in Clostridium thermocellum, and pentose sugars can
inhibit growth and biofuel yields (Torino et al., 2005; Pingitore
et al., 2009); Vera (Pingitore et al, 2009; Girardello et al,
2012b; 2013; Sander et al., 2015; Verbeke
et al., 2017). Medium cation concentrations of different MH

Islam et al.,

agar brands can also influence antibiotic susceptibility results
(Girardello et al., 2012a). Furthermore, the cleaner matrix of
chemically defined medium can also improve the resolution
of mass spectrometry analysis (Texeira et al, 2015). In
summary, chemically defined media have a range of benefits
beyond metabolism that warrant consideration in any large-
scale studies.

One important caveat to the findings reported here is
that the significant media-related variability we observed in
metabolic phenotypes may not necessarily translate to more
traditional clinical microbiology assays. MH is a Clinical and
Laboratory Standards Institute (CLSI) approved medium
for growth of pathogens and has a multi-decade track
record as the gold standard media for clinical microbiology
(Clinical and Laboratory Standards Institute, 2022). The
distinction between our findings and this previously established
efficacy is attributable to the difference between the two
the
of individual nutrients, whereas clinical assays generally

approaches: metabolomics monitors concentrations
track microbial growth. Since microbes can satisfy their
biomass and energetic needs using a variety of precursors
(Koch, 2005), minor variations in the levels of individual
nutrients will not necessarily be reflected in altered in vitro
growth rates.

In conclusion, we have shown that undefined media
can be an unstable foundation for biomarker discovery,
clinical diagnostics, and other metabolism-based microbiology
assays where reproducibility is paramount. We show that our
specifically engineered BEM reduces batch-to-batch variation
and optimizes our target metabolic phenotypes. We recommend
that future metabolomics-based studies carefully consider

chemical composition of the growth media.
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Materials and methods

Bacterial strains, cultivation, and sample
preparation

Candida albicans, Klebsiella pneumoniae, Escherichia
coli, Pseudomonas aeruginosa, Staphylococcus aureus, and
Enterococcus faecalis used in for biomarker identification
experiments were recovered from patient blood culture samples
and provided as cryo stocks by Alberta Precision Laboratories
(APL) and approved by the Conjoint Regional Ethics Board
(REB # 16-2457 and REB#17-1525, UC). Isolates used for
antibiotic susceptibility testing (AST) with known antibiotic
susceptibility profiles were obtained from the Center for
Disease Control (EC SAMNO04014991, KP SAMNO04014967,
PA SAMNO04014936) or from the American Type Culture
Collection (SA ATCC BAA-1708, EF ATCC 51575). Antibiotic
susceptibility profiles of ATCC strains were determined using
the Vitek2 (BioMérieux) according to manufacturer protocols.
All strains were cultured in a humidified incubator (Heracell
VIOS 250i Tri-Gas Incubator, Thermo Scientific, Waltham,
Mass. USA) under a 5% COz and 21% O, atmosphere.
Cryo stocks were first revived on Mueller Hinton agar plates
overnight. Colonies were then scraped off the plate and diluted
to a 0.5 McFarland (ODggg ~ 0.15 or ~7.5 x 10’ CFU/mL)
in respective medium (see below), and incubated for 4h as
described previously (Rydzak et al., 2022). Cultures were then
centrifuged for 10min for 4,000g at 4°C to remove cells.
Supernatant was removed, mixed 1:1 with 100% LC-MS grade
methanol, and frozen at—80°C for further processing. Upon
thawing, samples were centrifuged again for 10 min at 4,000 g at
4°C to remove any protein precipitate and supernatants were
diluted 1:10 with 50% LC-MS grade methanol and analyzed
using UHPLC-MS.

Chemicals and medium preparation

All chemicals were obtained from Sigma-Aldrich (St. Louis,
Mo. USA), VWR (Radnor, Pa. USA), or Fisher Scientific
(Waltham, Mass. USA) unless otherwise specified. To study
the lot-to-lot variability in MH, different lots of media was
sourced from BD (Becton, Dickinson, and Co) and Fluka
Analytical. These include MH I from BD (BD lots 1-3; 1025007,
8119710, 9127956), MH I from Fluka Analytical (Fluka Lot 1-
2; BCBG7588V, BCBM5081V), and MH II from BD (BD Lot
4-6; 8095574, 8190586, 9044411). Each medium was prepared
according to the recipe specified on the bottle, autoclaved
for 20min at 121°C, and stored at 4°C. RPMI 1640 was
supplemented with 25 mM HEPES, 100 uM hypoxanthine, and
2.5 g/L Albumax II [see Supplementary Table 1 for full recipe;
(Lewis et al, 2014)] and filter sterilized (pore size, 0.2 pm;
Millipore, Billerica, MA). Final Biomarker Enrichment Medium
composition is also provided in Supplementary Table 1. Catalase

Frontiers in Microbiology

57

10.3389/fmicb.2022.957158

was added to medium on the same day as experiments were
performed, and medium was filter sterilized.

To investigate which biomarkers were derived from glucose,
RPMI 1640 medium with no glucose (MP Biomedicals, 1646854)
was supplemented with uniformly labeled [U-!3Clglucose
purchased from Cambridge Isotope Laboratories (catalog
number: CLM-1396-50). To identify likely precursors for
biomarkers that did not predominantly come from glucose
(i.e., citrulline, xanthine, nicotinate, and succinate) we screened
the effect of exclusion of individual amino acids and other
putative precursors found in RPMI on the production of these
four biomarkers. RPMI was made according to the recipe
in Supplementary Table 1 and amino acids and other putative
precursors/cofactors (nicotinamide, hypoxanthine, pyridoxine)
were excluded individually.

To verify species-specific biomarker precursors, L-arginine,
nicotinamide, spermine, L-glutamine, and hypoxanthine
in RPMI were individually replaced with labeled analogs.
Arginine-HCl (Guanido-1°N,) (catalog number: NLM-395-1),
hypoxanthine (13¢Cs) (catalog number: CLM-8042-0.1MG), and
L-glutamine (13Cs) (catalog number: CNLM-1275-H-0.5) were
purchased from Cambridge Isotope Laboratories. Spermine-
(butyl-d8) tetrahydrochloride (catalog number: 705330-5MG)
was purchased from Sigma-Aldrich. Finally, nicotinamide-
2,6,7—13C3—(pyridy1—15N) (catalog number: 809799-1MG) was
purchased from Millipore Sigma.

Growth measurements

Growth curves were performed in 96-well-plates incubated
inside a spectrophotometer (Multiskan Go, Thermo Scientific)
at 37°C for 24 h. Turbidity was measured every hour at 600 nm.
Optical density values were adjusted to a 1cm pathlength by
multiplying the net change in ODggp by a conversion factor
of 4.6. Given that growth curves were performed for 24h,
evaporation occurring in the wells near the edge of the 96-well-
plate could affect optical density. To avoid this technical error, all
the wells near the edges were filled will non-inoculated medium,
and only central wells were inoculated.

UHPLC-MS

All metabolomics data were acquired at the Calgary
Metabolomics Research Facility (CMRF) as previously described
(Rydzak et al., 2022). Briefly, chromatography was performed
using hydrophilic interaction liquid chromatography (HILIC)
with changing gradients of 20 mM ammonium formate at pH
3.0 in LC-MS grade water (Solvent A) and 0.1% formic acid
(% v/v) in LC-MS grade acetonitrile (Solvent B) on a Thermo
Fisher Scientific Vanquish UHPLC platform. The flow rate used
in all analyses was 600 pL/min and the sample injection volume
was 2 wL. Samples were analyzed in both negative (—2,000 V)
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and positive mode (43,000V) on a Thermo Scientific Q
ExactiveTM HF (Thermo Scientific) mass spectrometer using
full scan acquisitions (50-750 m/z) with a 240,000 resolving
power, an automatic gain control target of 3e6, and a maximum
injection time of 200 ms. Data for antibiotic susceptibility testing
validation were acquired on a TSQ Altis Triple Quadrupole
(Thermo Scientific) mass spectrometer operating in selected
reaction monitoring (SRM) mode using flow injection analysis.
Samples were run at a flow rate of 1.5 mL/min using 60/40
LC-MS grade acetonitrile/water (%v/v) with 0.1% formic acid
(%v/v) running isocratically with a method duration of 0.65
mins. Samples were run in positive (+3,000V) and negative
(—2,500V) ion mode using the following SRM transitions with
their respective collision energies (CE): adenine [M+H]T 136
m/z -> 119 m/z (23V CE), lactate [M-H]™ 89 m/z -> 43 m/z
(12V CE), succinate [M-H] ™ 117 m/z -> 73 m/z (11V CE), and
glucose [M+Cl] ™ 215 m/z -> 35 m/z (11V CE).

Computational methods

All MS analyses were conducted in MAVEN (EI-MAVEN
v0.12.0) (Melamud et al., 2010). Untargeted analysis of different
batches of MH medium was performed with the peak picking
function in EI-MAVEN v0.12.0 with a 10 ppm m/z window
and a minimum peak intensity set to 50,000. Targeted
peak assignments were based on the Mass Spectrometry
Metabolite Library of Standards (MSMLS, IROA Technologies)
as previously described (Groves et al., 2022). Statistical analyses
were conducted using the R statistical software platform (R
Core Team, 2022) using in-house software tools previously
published [https://zenodo.org/record/6403220#.YkYX0i97300;
(Rydzak et al., 2022)].
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SUPPLEMENTARY FIGURE 1

Comparison of MH and RPMI medium components. Levels of most
amino acids, with the exception of glutamine, asparagine, and cysteine,
were higher in MH vs. RPMI, whereas glucose and select vitamins were
higher in RPMI.

SUPPLEMENTARY FIGURE 2

Growth rates on MH, RPMI, and BEM medium. Biological replicates (n =
3; red, blue and gray lines) of Candida albicans (CA), Klebsiella
pneumoniae (KP), Escherichia coli (EC), Pseudomonas aeruginosa (PA),
Staphylococcus aureus (SA), Enterococcus faecalis (EF), and
Streptococcus pneumoniae (SP) were grown for 24 h.

SUPPLEMENTARY TABLE 1
Composition of RPMI and BEM.
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Metabolomics is a mainstream strategy for investigating microbial
metabolism. One emerging application of metabolomics is the systematic
quantification of metabolic boundary fluxes — the rates at which metabolites
flow into and out of cultured cells. Metabolic boundary fluxes can capture
complex metabolic phenotypes in a rapid assay, allow computational models
to be built that predict the behavior of cultured organisms, and are an
emerging strategy for clinical diagnostics. One advantage of quantifying
metabolic boundary fluxes rather than intracellular metabolite levels is that
it requires minimal sample processing. Whereas traditional intracellular
analyses require a multi-step process involving extraction, centrifugation, and
solvent exchange, boundary fluxes can be measured by simply analyzing the
soluble components of the culture medium. To further simplify boundary flux
analyses, we developed a custom 96-well sampling system—the Microbial
Containment Device (MCD)—that allows water-soluble metabolites to
diffuse from a microbial culture well into a bacteria-free analytical well via
a semi-permeable membrane. The MCD was designed to be compatible
with the autosamplers present in commercial liquid chromatography-mass
spectrometry systems, allowing metabolic fluxes to be analyzed with minimal
sample handling. Herein, we describe the design, evaluation, and performance
testing of the MCD relative to traditional culture methods. We illustrate the
utility of this platform, by quantifying the unique boundary fluxes of four
bacterial species and demonstrate antibiotic-induced perturbations in their
metabolic activity. We propose the use of the MCD for enabling single-step
metabolomics sample preparation for microbial identification, antimicrobial
susceptibility testing, and other metabolic boundary flux applications where
traditional sample preparation methods are impractical.

metabolomics, antibiotic susceptibility testing (AST), metabolic boundary fluxes,
liquid chromatography-mass spectrometry, metabolic preference assay, bacteria
identification, fabrication
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Introduction

Metabolomics is a mainstream strategy for understanding
complex biological processes and mapping the molecular
underpinnings of disease (Kell and Oliver, 2016; Pinu et al,
2019). Liquid chromatography-mass spectrometry (LC-MS) has
emerged as the main platform for performing these analyses
and increasing technological advances have allowed LC-MS to
capture ever broader transects of the metabolome (Metz et al,,
2007; Luetal,, 2017; Cui et al,, 2018). Over the past several years,
there has been an increasing emphasis on developing high-
sensitivity LC-MS methods that capture the largest possible
range of metabolites present in a given sample (Monge et al,
2019; Araujo-Leon et al,, 2020). While these sensitivity-focused
methods have enabled researchers to characterize astonishing
chemical diversity in a wide range of organisms, these methods
are difficult to implement in large-scale studies due to their use
of long gradients and due to difficulties in conducting stable
quantitative analyses over large-scale studies.

Recently, there has been increasing interest in establishing
quantitatively robust metabolomics assays that can be applied
to large-scale cohort studies (Zheng et al,, 2018; Cao et al,
2020). One of the most promising approaches is tracking
metabolic boundary fluxes—the rates at which metabolites
are consumed or produced by in vitro cell cultures—to map
intracellular metabolic activities (Orth et al., 2010; Pinu and
Villas-Boas, 2017; Hui et al., 2020). Quantifying the rates that
molecules are secreted or consumed can provide extensive
insight into cellular function, the activity of metabolic networks
(Liang et al, 2011; Hollinshead et al., 2014), and nutritional
dependencies of diverse organisms (Orth et al,, 2010). This
emerging strategy is useful because it is quantitatively robust,
can be applied to large-scale cohorts, and can rapidly capture
phenotypic information about microbes, such as their species
and antibiotic susceptibility profiles (Rydzak et al., 2022).
In summary, measuring microbial boundary fluxes provides
a robust mechanism for understanding the metabolism of
cultured organisms. Notably, LC-MS methods that quantify
these fluxes are a powerful emerging strategy in clinical
diagnostics (Rydzak et al., 2022), improving biofuels production
(Hollinshead et al, 2014; Bideaux et al, 2016), decoding
microbiome interactions (Antoniewicz, 2020), understanding
microbial community interactions (Khandelwal et al, 2013;
Perez-Garcia et al,, 2016), and enabling microbial engineering
projects (Munro and Kell, 2021).

One of the primary advantages of studying microbes via
their metabolic boundary fluxes is its simplicity. The metabolites
that are consumed or secreted by in vitro cultures are generally
water soluble, relatively abundant, and less chemically diverse
than intracellular metabolites (Groves et al., 2022). Moreover,
they are accessible via relatively simple sample preparation
workflows that separate cells from the metabolites present in the
culture medium (Pinu and Villas-Boas, 2017). These analyses
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could be further simplified if they were coupled to a device that
physically separated the cells from the metabolite. To achieve
this, we developed the Microbial Containment Device (MCD), a
novel two-chamber sampling platform that separates microbial
specimens in one chamber from a sterile analytical chamber
via a semipermeable membrane. The primary goal of the MCD
is to enable microbial boundary flux analyses via a single-
step metabolomics sample processing method that minimizes
human error, helps prevent sample cross-contamination, and
minimizes technical error across large-scale cohorts. The MCD
uses a similar design strategy to the commercial Transwell®
(Corning) device, but it addresses two shortcomings of the
Transwell® for use in high-throughput microbial metabolomics
studies: (1) the pore size of the Transwell® (0.4 pm) allows
some bacteria to pass through the membrane and (2) the high
cost of the Transwell® is incompatible with the needs of large-
scale metabolomics studies. To demonstrate the applicability
of the MCD in replacing a traditional microbial culture
workflow, we used the MCD to differentiate four bacteria
species (Escherichia coli, Klebsiella pneumoniae, Enterococcus
faecalis, and Staphylococcus aureus) and measure their antibiotic
susceptibility profiles. Our data show that the MCD can (1)
accurately reproduce traditional microbial culture workflows;
(2) allow the user to analyze samples with no additional sample
preparation steps once samples are loaded into the device; (3)
facilitate pathogen identification (ID) and empirically measure
antibiotic susceptibility profiles of these pathogens; and (4)
maintain a sterile mass spectrometry analysis chamber. In
summary, we introduce this tool as a simple device for enabling
large-scale metabolomics projects where the emphasis is on
quantifying metabolic boundary fluxes.

Materials and methods

Design principle of the microbial
containment device

The MCD is a plastic insert that fits into a standard-
format 96-well microplate. The MCD has 96 sampling inserts
and the bottom of each is enclosed, with a 0.2-pum semi-
permeable membrane. When the MCD is inserted into a 96-well
microplate, the membrane creates a lower microbial growth
chamber and upper analytical chamber. Media components,
including small molecules such as metabolites, can freely diffuse
through the membrane between the upper and the lower
compartments (Figures 1A,B). The MCD is compatible with
LC instrumentation that handles 96-well plates (e.g., Thermo
Scientific™ Vanquish™ UHPLC system), and the MCD insert
was designed to allow the Vanquish LC sampling needle to
extract samples from the top of the MCD without piercing the
membrane to enable simplified sample preparation for large
cohort studies (Figure 1D).
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FIGURE 1

(A) Schematic view of the MCD design concept, (B) MCD insert and receiver, (C) assembled MCD, and (D) optimized MCD metabolomics

workflow, versus conventional metabolomics sample preparation.
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Fabrication of the microbial
containment device

We used a rapid prototyping workflow to design, fabricate,
and test the MCD. We used Fusion 360 software to design the
MCD and performed 3D printing with high temp resin and a
Form 3 SLA 3D printer (Formlabs, Boston, MA, United States).
We then post-washed the 3D printed component in an isopropyl
alcohol bath to dissolve liquid resin followed by post-curing
using 405 nm light along with a heating system (based on
the Formlabs manufacturing instructions for high temperature
resin’). A Universal Laser Systems VLS3.60DT? (Canadian
Engravers Supply, Mississauga, ON, Canada) was used to cut
the filter and double-sided tape for filter assembly. We used
an Anprolene AN74j ethylene oxide gas sterilization machine
(Andersen Sterilizers, Inc., Haw River, NC, United States) to
sterilize the prototype MCD before testing and validation.
After we performed proof-of-concept testing and validation
of the device, we designed a custom mold for the injection
molding and mass manufacturing processes. This required us to
develop a new semi-automatic machine and assembly technique
for polycarbonate filter (0.2 wm pore size) assembly in our
lab. We also developed a Quality Control (QC) procedure
(including visual testing, clinical testing, and validation) to
ensure repeatability and reliability of the manufactured MCD.
Commercial MCD platforms can be ordered from Fluidome,
Inc.® (Calgary, AB, Canada). All steps of development are shown
in Supplementary Figure 1.

Numerical simulation

To optimize the MCD design, we computationally modeled
the metabolite diffusion and dynamic changes of metabolite
concentration over time within the proposed device. We used
COMSOL Multiphysics software®, a finite element simulation
platform that spans all simulation steps from model design
and geometries, selection of appropriate material and physics,
solving, and postprocessing results, to simulate the diffusion
rate in the MCD. For this study, we created a 3D model
for one well where the bottom well geometry was 7 mm
diameter x 4 mm height, and the top well geometry was 4 mm
diameter x 4 mm height. We considered a filter membrane
with 10% porosity on the interface of both top and bottom
wells (porosity is the percent of the total surface area occupied
by the pores) based on the polycarbonate filter membrane
specification datasheet. For the boundary condition for this

1 www.formlabs.com
2  www.ulsinc.com

3 www.fluidome.ca
4

www.comsol.com
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study, we assumed initial concentrations of 0 and 2 mM on
the top and bottom wells, respectively (as 2 mM meets or
exceeds the instrumental upper limit of quantification for most
metabolites of interest). We considered the ambient pressure
and temperature to be 100 kPa and 310 K, respectively, and
water as the liquid material. Furthermore, we considered free
tetrahedral mesh (extra fine), including 149,756 mesh elements,
in this study. We used the transport of diluted species physics
and a time-dependent study to monitor the concentration
change over 6 h on the top and bottom of a single 3D
well. The dynamic change of concentration was simulated in
the 3D model over the cross-sectional surface and over the
centerline of the well from bottom to top. Additionally, to
ensure that the size of mesh and number of mesh elements
had no impact on our result, we ran the mesh dependency test.
The purpose of the mesh dependency test is to determine the
correct mesh size (ranging from coarse to extra fine mesh) that
leads to a consistent result (in this case, the diffusion rate of
metabolites) in the simulation. This means that the simulation
result remains independent from the mesh size. After running
the simulation and gradually increasing the mesh density, we
determined that free tetrahedral mesh (extra fine), including
149,756 mesh elements, produced the most consistent result
for our simulation.

Strains, growth, and sample
preparation

Bacterial strains were grown on BD BBL™ Mueller Hinton
II Broth (BD Biosciences; VWR, Edmonton, AB, Canada),
prepared as per the manufacturer’s instructions. The Mueller
Hinton broth was autoclaved at 121.5°C for 20 min (Primus
Sterilizer, Omaha, NE, United States) and cooled to room
temperature. The prepared medium was stored at 4°C. Mueller
Hinton (MH) agar plates were prepared in the same way but
with supplementation of 1% agar before autoclaving.

Different bacterial strains including Escherichia coli (EC 1,
2, 3, 4), Klebsiella pneumoniae (KP 1, 2, 3, 4), Enterococcus
faecalis (EF 1, 2, 3), and Staphylococcus aureus (SA 1, 2, 3, 4)
were purchased from the American Type Culture Collection
(ATCC) or provided by the Center for Disease Control (CDC)
(see Table 1).

Bacteria were incubated overnight (36.5°C, 5% CO, and
17.5% O3) on Mueller Hinton (MH) agar plates prior to
experiments, and 17.5% O,. All experiments were performed
in the Thermo 1,300 Series A2 biosafety cabinet. To create
initial stock solutions, we picked a bacterial colony from an
agar plate and diluted it in 4 mL saline to reach 0.5 McFarland
(~7.5E6 CFU/mL). Optical density values at 600 nm (ODggp)
were measured in a microplate reader (Thermo Scientific™
Multiskan™ GO).
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TABLE 1 Organism names and strains used in this study.

10.3389/fmicb.2022.958785

Sample name Organism name Strain Sample name Organism name Strain

EC (1) E. coli ATCC 25922 KP (1) K. pneumoniae ATCC 700603
EC(2) E. coli BAA-196 KP(2) K. pneumoniae ATCC BAA-1705
EC(3) E. coli SAMNO04014854 KP (3) K. pneumoniae SAMNO04014953
EC(4) E. coli SAMNO04014978 KP (4) K. pneumoniae SAMNO04014954
SA (1) S. aureus ATCC 25923 EF (1) E. faecalis ATCC 29212
SA (2) S. aureus ATCC 43300 EF (2) E. faecalis ATCC 51299
SA (3) S. aureus ATCC BAA-976 EF (3) E. faecalis ATCC 19433
SA (4) S. aureus ATCC BAA-977

Experimental workflow

Antibiotic panels containing cefazolin (CFZ; 2, 8 pM),
gentamicin (GEN; 4, 8 pM), ampicillin (AMP; 8, 32 uM),
ciprofloxacin (CIP; 1, 4 wM), ceftriaxone (CRO; 1, 2 wM), and
meropenem (MER; 1, 2, 4, 8 pM) at Clinical and Laboratory
Standards Institute (CLSI) breakpoint concentrations were
made by adding the antibiotic solution to each well of a 96-well
plate and drying the plates for 4 h in the biosafety cabinet.

Conventional metabolomics workflow

270 ul MH medium was added to each well of the MCD
receiver (96-well plate). Wells were inoculated using 30 pl of
bacterial suspension (0.5 McFarland). The plate was sealed using
a gas permeable sealer (rayon, 139.7 wm pore size; VWR) and
incubated at 36.5°C, 5% CO;, and 17.5% O,. After 4 h, a 10 .l
aliquot from each well was diluted with 90 w1 50% methanol
(Thermo Scientific™ Optima™ LC/MS grade reagent)/50%
water (v/v; Optima LC/MS grade reagent) in a 96-well PCR
plate (VWR 96-well Real-Time PCR skirted plate). The plate
was centrifuged at 4,000 rpm for 10 min (Thermo Scientific™
Sorvall™ Legend™ XTR centrifuge). Subsequently, 70 jul of
the supernatant was transferred to a new 96-well sampling
plate (Greiner Bio-One Masterblock, 0.5 mL V-bottom, sterile;
Monroe, NC, United States) and diluted with 70 pl 50%
methanol for a total sample dilution of 1:20 from the starting
concentration. The samples were analyzed via LC-MS.

Microbial containment device workflow

The following workflow was used to compare the results
from the MCD to the conventional metabolomics workflow.
However, the MCD is designed to be used with the Thermo
Scientific™  Vanquish™ Charger Module to enable the
optimized workflow, as shown in Figure 1D. 220 ul MH
medium was added to each well of the MCD receiver (96-well
plate). Wells were inoculated using 30 pl of bacterial suspension
(0.5 McFarland). The MCD insert was placed into the MCD
receiver followed by transferring 50 ul MH medium to each
MCD insert (Figure 1). The MCD was then sealed using a gas
permeable sealer (rayon, 139.7 pm pore size; VWR). Samples
from the MCD were then incubated, extracted, and analyzed
following the conditions described above.
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Metabolomics analysis and data
visualization

Ultra-high-performance liquid
chromatography-mass spectrometry

All metabolomics testing and characterization steps
were carried out in the Calgary Metabolomics Research
Facility (CMRF). Our methods have been described elsewhere
(Groves et al.,, 2022; Rydzak et al.,, 2022). Briefly, we used a
Vanquish UHPLC platform coupled to a Thermo Scientific™
Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass
spectrometer. Metabolites were resolved via hydrophilic
interaction liquid chromatography (HILIC; 100 mm X
2.1 mm Thermo Scientific™ Syncronis™ LC column 2.1 pm
particle size). A 600 j.]/min binary gradient consisting of 20 mM
ammonium formate at pH 3.0 in LC-MS grade water (Solvent A;
Optima LC/MS reagent) and 0.1% formic acid (% v/v) in LC-MS
grade acetonitrile (Solvent B; Optima LC/MS reagent) was used
as a mobile phase. Metabolites were eluted using a 15-min
gradient. Samples were ionized via electrospray ionization
(positive mode for tyramine and negative mode for all other
metabolites) with the auxiliary gas of 15 (arbitrary units), sweep
gas of 2 (arbitrary units), sheath gas of 35 (arbitrary units),
auxiliary gas temperature of 300°C, spray voltage of —2000
V, and capillary temperature of 275°C. Data were acquired in
full scan mode (50-750 m/z) with a 240,000 resolving power,
an automatic gain control target of 3e® and a maximum
injection time of 200 ms. All standards were purchased from
Sigma-Aldrich (CAS Numbers: Mevalonate—1255502-07-8;
Succinate—6106-21-4; Tyramine—51-67-2; Urocanate—104-
98-3) and used to verify the biomarkers described in Rydzak
et al. (2022). Raw MS data were converted to mzXML file
format using MSConvert GUI software (Chambers et al,
2012) and analyzed using MAVEN (EI-MAVEN v0.12.0)
(Melamud et al., 2010).

Statistical analysis
All experiments were replicated with three biological

replicates and three technical replicates for each treatment and
we used GraphPad Prism 9 software (Skinner, 2018) to calculate
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the statistical differences between treatments using one-way
ANOVA with post hoc Tukey correction, where *p < 0.05;
**p < 0.01; ***p < 0.001; and ****p < 0.0001. All the statistical
methods for finding microbial biomarkers were reported in our
previous study (Rydzak et al., 2022).

Results

Diffusion characterization (empirical
testing)

The primary function of the MCD is to separate microbes
in the lower growth chamber from the upper analytical chamber
but allows microbial metabolites to freely diffuse between the
two chambers. To assess the efficacy of the prototyped MCD, we
conducted a series of diffusion assays and quantified the kinetics
of diffusion between lower and upper wells. Two parameters
affecting diffusion equilibrium timelines were analyzed: (1) the
volume of liquid in the MCD insert and (2) the concentration
of metabolites in the MCD receiver. We used succinate as a
representative small molecule metabolite for this study since its
size, cross-sectional area, and chemical properties are broadly
representative of soluble metabolites found in microbial growth
media; 250 .l of succinate solutions at varying concentrations
(2, 0.2, and 0.02 mM) was introduced into the MCD receiver
(bottom well). Then, 50, 75, or 100 l of water was added to
the MCD insert (top well). Samples were incubated for 4 h
and aliquots were then taken from each MCD insert, diluted
20-fold with 50% methanol, and succinate concentrations
were measured by UHPLC-MS (Figures 2A-C). The results
demonstrated that succinate freely diffused from the bottom
to top wells. As expected, larger volumes in the top well
slowed equilibrium timelines, whereas increasing metabolite
concentration in the bottom wells accelerated diffusion. When
succinate was prepared at a 2 mM concentration in the bottom
well, we observed ~10X faster diffusion than comparable
wells prepared at 0.2 mM. These data demonstrated that our
prototype enabled the diffusion of metabolites between the
upper and lower wells and that diffusion rates followed the
expected behaviors.

Diffusion characterization (numerical
simulation)

A critical consideration in conducting metabolomics
experiments in the MCD is the time required for a microbe
to reach equilibrium between the lower and upper wells. We
used COMSOL Multiphysics software to conduct a numerical
simulation of diffusion and to quantify the diffusion rate
between 0 and 6 h for molecules dissolved in liquids in an
aqueous (water) solution. Since samples were taken within a
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1 mm distance from the filter membrane of the MCD insert
during empirical testing, we considered this same sampling
zone for evaluation of the diffusion rate in the MCD for the
numerical simulation. The 3D schematic showing the diffusion
of metabolites in one well including the MCD receiver and insert
along the centerline is shown in Figure 2D. After running the
2D and 3D simulations, the gradient of concentration over the
cross-sectional surface of the model for 0, 1, 2, 3, and 4 h are
shown in Figure 2E. The gradient of concentration for the 3D
model at 4 h is also shown in Figure 2E. Figure 2F illustrates
the concentration change for metabolites in both the MCD
receiver and insert over the center line from 0 to 6 h. These
simulations showed that both the MCD insert and receiver reach
equilibrium conditions within 4 h in the sampling zone, which
is in agreement with empirical testing using 2 mM succinate
in the bottom well and 50 pl water in the upper. Based on
these simulations, we determined that sampling time points of
4 h or longer are sufficient for high-abundance metabolites to
reach equilibrium.

Sterility testing

One critical function of the MCD is to grow microbes in
the lower chamber to ensure that they cannot traverse into the
upper chamber where they could potentially contaminate the
LC-MS hardware. To evaluate the efficacy of our membrane
in separating the growth and the analytical chambers, we
conducted a series of contamination (bottom-to-top) sterility
tests using E. coli. For bottom-to-top sterility testing, 250 pl
of MH medium containing either E. coli or K. pneumoniae
(ODggo 0.01) was loaded into the MCD receiver. The MCD
insert was placed on top of the MCD receiver and 100 pl of
MH broth was added to each well of the MCD insert. Optical
density measurements after 8 h on the MCD receiver were
much higher than the MCD insert (Figures 3A,B, respectively)
suggesting that it effectively contained the bacteria in the MCD
receiver. To further ensure sterility of the analytical chamber
(upper well), samples were streaked on agar plates and incubated
overnight. No growth was observed on agar plates streaked with
inoculum from the upper analytical chamber (Figures 3C,D),
demonstrating that the MCD membrane successfully separated
the microbial chamber (MCD receiver) and the analytical
chamber (MCD insert). This analysis was repeated using both
S. aureus and E. faecalis, and no bacterial growth was observed
in the upper analytical chamber (Supplementary Figure 2).

Species identification using
metabolites

One obvious application of the MCD is in quantifying
microbial boundary fluxes, which were recently shown to be
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(A—C) Empirical versus (D—F) simulated diffusion kinetics of succinate dissolved in water in the MCD device. Succinate was added to the MCD
receiver (bottom well) and the effects of initial succinate concentration (2, 0.2, and 0.02 mM) and insert aqueous volume (upper well) (50, 75,
and 100 pl) on the final concentrations of succinate observed after 4 h at 37°C. Succinate signal intensities for MCD insert versus receiver (A) 50
wlinsert aqueous volume, (B) 75 pl insert aqueous volume, and (C) 100 pl insert aqueous volume. (D) A 3D model of metabolite concentrations
in the MCD was constructed and (E) metabolite diffusion was computed over a 4-h incubation. (F) Metabolite concentrations observed across a
vertical transect of sampling points in the MCD crossing from the bottom of the receiver, through the membrane, and to the top of the insert
are shown across a time point ranging from 0 to 6 h. For bar graphs, **p < 0.01 and ****p < 0.0001.

an effective strategy for differentiating bloodstream pathogens
(Rydzak et al, 2022). To illustrate the utility of the MCD,
we inoculated MCD plates with four bloodstream pathogens
(E. coli, K. pneumoniae, E. faecalis, and S. aureus; three to
four unique isolates per species) and analyzed the analytical
chamber for the presence of diagnostic biomarkers following a
4-h incubation. It has been reported previously (Rydzak et al.,
2022) that both E. coli and K. pneumoniae produce succinate,
but K. pneumoniae also produces urocanate. Similarly, both
S. aureus and E. faecalis produce mevalonate, but E. faecalis
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also produces tyramine. Thus, quantifying succinate, urocanate,
mevalonate, and tyramine are sufficient for differentiating these
species. As anticipated, microbes incubated in the MCD were
differentiable based on these biomarker patterns. Significant
succinate production was observed in E. coli and K. pneumoniae
cultures (Figure 4A), and urocanate production was uniquely
observed in the K. pneumoniae cultures (Figure 4B). Similarly,
we observed significant mevalonate production in S. aureus and
E. faecalis cultures (Figure 4C), but tyramine production was
only observed in E. faecalis cultures (Figure 4D). Furthermore,
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Sterility testing of the MCD insert (upper, analytical chamber) following an 8-h incubation of the MCD receiver seeded with bacteria. Bacterial
cell densities (ODggg) in the MCD receiver (A) and MCD insert (B) show that growth only took place in the receiver and not the insert. To further
validate sterility of the insert, the MCD receiver and insert samples were streaked on agar plates and incubated overnight (C,D).

biomarker intensities observed in the MCD were comparable patterns expected based on the ATCC literature for each
to those observed via the conventional metabolomics method strain (Figure 6). Antibiotic-induced perturbations in the
(Figure 5). In summary, the MCD enables boundary flux metabolic activity of each microbe were then assessed using both
analyses and microbes grown in the MCD produce diagnostic the MCD and conventional metabolomics methods. LC-MS
markers at levels that are comparable to those observed via analyses showed that antibiotic exposure inhibited succinate
conventional sample preparation methods. production in antibiotic-sensitive strains but not in antibiotic-

resistant strains. Moreover, the pattern of inhibition followed
the known resistance profiles for each strain. Furthermore, the

Antibiotic susceptibility testing overall intensity of succinate signals observed via the MCD

corresponded to the patterns observed via the conventional

Recently, Rydzak et al. (2022) showed that antibiotic- metabolomics workflow (Figure 6). In summary, MCD-based

sensitive microbes have significant perturbations in their analyses of boundary fluxes enable antibiotic susceptibility
metabolic boundary fluxes when exposed to antibiotics, whereas profiles to be determined.

antimicrobial resistant strains have a minimal metabolic
response to antibiotic exposure. They showed that these
perturbations can be used to determine the minimal inhibitory Discussion
concentrations of antibiotics. To assess the applicability of

the MCD for antibiotic susceptibility testing (AST), E. coli In this study, we showed that a simple consumable
strains (n = 3; each with a distinct susceptibility profile as device, the MCD, enabled us to characterize the metabolic
described in Supplementary Figure 3) were incubated with boundary fluxes of microbial cultures via a streamlined
a panel of antibiotics containing cefazolin (CFZ), gentamycin sample preparation procedure. We demonstrated that: (1)
(GEN), ampicillin (AMP), ciprofloxacin (CIP), and meropenem metabolites produced by microbes diffused freely through the
(MER) at CLSI breakpoint concentrations as described in the MCD membrane over a 4 h incubation; (2) the membrane
section “Materials and methods.” The sensitivity profiles of each maintains the sterility of upper wells in the device; and
strain were known based on their ATCC strain information (3) this tool can be used to both identify microbial species
(Supplementary Figure 4). These phenotypes were verified and empirically measure antibiotic susceptibility profiles. In
using the MCD by measuring optical density (ODggp) after summary, this study shows that the MCD functions as a
a 4-h incubation in our antibiotic panel (Supplementary tool for single-step metabolomics experiments and in vitro
Figure 4). As expected, the MCD-based growth matched the metabolic assays.
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Demonstration of the MCD as a platform for identifying microbes via their metabolic boundary fluxes. Escherichia coli (EC 1, 2, 3, 4), Klebsiella
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(A) succinate, (B) urocanate, (C) mevalonate, and (D) tyramine signals observed in the MCD insert following a 4 h incubation. The purple line in
each plot shows the signal intensity threshold for each biomarker used to distinguish the four species. *p < 0.05; **p < 0.01; and ***p < 0.0001.

Although we illustrated the use of this tool in the context
of microbial diagnostics, this concept is broadly applicable to
any metabolomics study where the objective is to quantify
the metabolic boundary fluxes of in vitro cell cultures. This
wider range of applications includes biofuel production studies,
such as for quantifying butyric acid and other products of
fermentation by Clostridium acetobutylicum (Jang et al., 2013;
Liu et al, 2019) and for studying the microbial bioconversion
of plant polymers such as pectin and lignocellulose to biofuels
(Kuivanen et al., 2019; Lu et al., 2022). The MCD could also
provide a useful vehicle for systematically screening large gene
knockout libraries in microbial engineering projects (Porokhin
et al,, 2021). Although the MCD was evaluated here in the
context of bacterial metabolism, we anticipate it could be
readily adapted to studying mammalian cell culture models
(Allen et al., 2003; Zukunft et al., 2018; Lagziel et al.,, 2019;
Wright Muelas et al., 2020), biomarker discovery (Tolstikov
et al, 2020), pharmaceutical lead screening (Tomita et al,
2018), environmental monitoring (Lankadurai et al, 2013),
microbiology (Ye et al., 2022), plant biology (Kumar et al., 2017),
and food chemistry (Cevallos-Cevallos et al., 2009).

Frontiers in Microbiology

Limitations

Although the MCD may simplify metabolomics studies for
a wide range of studies, it has some obvious limitations that
warrant consideration. One important point is that the diffusion
rates of metabolites limit the minimum sampling times possible
on this platform. Our data show that small water-soluble
metabolites take ~4 h to reach equilibrium, which precludes the
use of the MCD in studying transient phenotypes. In addition,
diffusion rates are directly affected by molecular size. Although
larger molecules (e.g., lipoproteins, albumin, enzymes, and
antibodies) may freely pass through the MCD filter, the longer
incubation times needed to equilibrate these large molecules
(Nikaido and Rosenberg, 1981) may make them unsuitable for
study in the MCD. This will be particularly problematic for
high flux biological model systems (e.g., quickly dividing cells
that are grown at high density). Gas availability in the microbial
growth chamber may also be problematic in high flux systems.
Although microbial growth rates observed with and without the
MCD receiver suggest O2/CO; availability was not a growth-
limiting factor in this study, the semi-permeable membrane
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FIGURE 5

Bacteria identification using the MCD (A,C,E,G) versus the a conventional metabolomics workflow (B,D,F,H) for EC (n = 4), KP (n = 4), EF (n = 3),

and SA (n = 4), strains. For all plot
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Demonstration of the MCD as a platform for antibiotic susceptibility testing. The metabolic activity of E. coli (EC, 1, 2, 3) was analyzed when cells
were grown in a panel of antibiotics including cefazolin (CFZ 2, 8 wM), gentamicin (GEN 4, 8 M), ampicillin (AMP 8, 32 wM), ciprofloxacin (CIP 1,
4 uM), ceftriaxone (CRO 1, 2 wM), and meropenem (MER 1, 2, 4, 8 wM). Boundary fluxes were quantified via LC-MS using both the (A,C,E) MCD
and (B,D,F) conventional metabolomics workflows. The purple dotted line in each plot shows the signal intensity threshold considered as
biomarker production. For all plots, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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used in the MCD will slow gas diffusion to the lower well and
may affect some model systems. Another consideration that
may affect the use of the MCD is the suspension state of the
cells. The experiments herein illustrate diffusion times linked
to uniformly suspended cells; adherent or sedimented cells will
have longer equilibrium timelines since cellular metabolism will
be concentrated at the bottom of the MCD receiver.

In summary, we introduce here a simple consumable device
that enables metabolic boundary fluxes to be studied via a
streamlined sample handling procedure. We illustrate the utility
of the MCD platform for microbial identification and antibiotic
susceptibility testing and propose its applicability to a wide
range of studies.
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matrine-chitosan hydrogels for
treating subclinical bovine
mastitis —effects on milk
microbiome and metabolites

Hua Zhang', Ziyue Wang', Hua Yao, Linshu Jiang* and
Jinjin Tong*

Animal Science and Technology College, Beijing University of Agriculture, Beijing, China

Background: Bovine metabolism undergoes significant changes during
subclinical mastitis, but the relevant molecular mechanisms have not been
elucidated. In this study we investigated the changes in milk microbiota and
metabolites after intramammary infusion of matrine-chitosan hydrogels
(MCHs) in cows with subclinical mastitis.

Methods: Infusions were continued for 7days, and milk samples were collected
on days 1 and 7 for microbiome analysis by 16S rRNA gene sequencing and
metabolite profiling by liquid chromatography-mass spectrometry.

Results: MCHs significantly decreased the somatic cell count on day 7
compared to day 1, and the Simpson index indicated that microbial diversity
was significantly lower on day 7. The relative abundance of Aerococcus,
Corynebacterium_1, Staphylococcus and Firmicutes was significantly
decreased on day 7, while Proteobacteria increased. In the milk samples,
we identified 74 differentially expressed metabolites. The MCHs infusion group
had the most significantly upregulated metabolites including sphingolipids,
glycerophospholipids, flavonoids and fatty acyls. The mammary gland
metabolic pathways identified after MCHs treatment were consistent with
the known antimicrobial and anti-inflammatory properties of matrine that
are associated with glycerophospholipid metabolism and the sphingolipid
metabolic signaling pathways.

Conclusion: These insights into the immunoregulatory mechanisms and
the corresponding biological responses to matrine demonstrate its potential
activity in mitigating the harmful effects of bovine mastitis.

KEYWORDS

matrine-chitosan hydrogels, inflammatory factors, mammary gland, immunity,
microbiome, metabolomics
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Introduction

The udder microbiota plays an important role in the host-
pathogen interactions of the innate and adaptive immune system.
This is especially true of pathogens that trigger inflammation that
is detrimental to mammary tissue and bovine physiology (Gao
etal., 2017; Derakhshani et al., 2018). Mastitis is an inflammation
of the udder most commonly from bacterial infection, and the
pathological changes not only affect milk quality but also quantity
(Gao et al,, 2017). The increasing demand for animal protein has
led to a substantial increase in the use of antibiotics in food animal
production (Guillaume et al, 2016). This can exacerbate
antimicrobial resistance, which is a global concern for treating
human as well as farm animal diseases. Developing an effective
drug for mastitis that is safe for use in food animals and for which
no resistance exists in the microbial population would be highly
desirable for the worldwide dairy industry.

Matrine is a polycyclic alkaloid isolated from the plant,
Sophora flavescens, that has been used in Chinese traditional
of
cardioprotective, and opioid effects (Xiaofei et al., 2018). Previous
research (Feng et al.,, 2018) found that matrine inhibited the
virulence of Staphylococcus aureus, one of the main causes of

medicine because its anticancer, anti-inflammatory,

mastitis. Matrine attenuated the lipopolysaccharide-induced
immune response by downregulating IL-1 and IL-17 and
inhibiting production of the proinflammatory compound,
malondialdehyde, reducing inflammation and oxidative stress,
and enhancing CCR7 expression (Zhou et al., 2017; Sun et al,,
2018a). Chitosan is a natural polymer produced by acetylation and
enzymatic cleavage of chitin, the most abundant animal
polysaccharide in nature (Zhang et al., 2019). The applications for
chitosan have continued to increase because of its biocompatibility
and ease of chemical modification, together with its anti-
inflammatory;, antimicrobial, cholesterol-lowering,
immunomodulatory, and antitumor properties (Feng et al., 2018).
Chitosan can be beneficial at the cellular or molecular level (Sun
et al, 2018b), by reducing intracellular material leakage and
triggering an antimicrobial response to enhance the therapeutic
effects of mastitis treatment. Chitosan can be formulated to
be injectable at room temperature, but change into a biodegradable
hydrogel at body temperature (Chenite et al., 2000). It has been
used in drug formulations and delivery vehicles for decades;
However, the influence of matrine and chitosan on the udders of
dairy cows has received little research attention. Therefore, it is
worthwhile to explore the effectiveness of intramammary infusion

Abbreviations: MCHs, Matrine-chitosan hydrogels; PCA Principal component
analysis; OPLS-DA, Orthogonal partial least squares discriminant analysis;
KEGG, Kyoto Encyclopedia of Genes and Genomes; M, Metabolism; HD,
Human diseases; EIP, Environmental information processing; OS, Organismal
systems; GIP, Genetic information processing; SCC, Somatic cell counts;
CMT, California mastitis rapid detection reagent; RDP, Ribosomal database

project; OTUs, Operational taxonomic units.
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of matrine-loaded chitosan hydrogels (MCHs) on the udders of
dairy cows with mastitis in terms of positively changing the
of milk.
We hypothesized that intramammary infusion of MCHs would

microbial population and metabolic profile
favor the growth of beneficial microorganisms and cause a shift in
diversity of the milk microbiota in normal udder quarters.

DNA sequencing has become routine for many labs and the
advanced software and bioinformatics databases available have
created great opportunities for studying pathogenic
mechanisms (Oikonomou et al., 2014; Falentin et al., 2016). By
understanding the host’s responses to microbial attack,
we expected to be able to identify the most effective targets for
antimicrobial intervention, to develop new treatments for
bovine mastitis and to find sensitive biomarkers for early
detection and diagnosis. Metabolomics can also be used for
quantitative measurement of the metabolic state of milk,
including the biomarkers of lactation (Sun et al., 2017), the
variation in metabolites associated with mastitis (Tong et al.,
2019), and the changes in metabolism after antibacterial
therapy (Junza et al., 2016). Little is known about the changes
in milk metabolites in response to MCHs treatment of mastitis;
Therefore, one of the goals of this study was to obtain detailed
information on the effect of matrine delivery by chitosan
hydrogel infusion into bovine mammary glands on milk
microbiota and metabolites. We investigated the effect of
MCHs on subclinical-mastitis and the relationship between
milk microbiota diversity and metabolite profiles, to probe the
mechanisms of the antibacterial benefits of matrine and
chitosan for mastitis. The results can be provided new
knowledge for the development of novel, safe and effective
prophylactic, and therapeutic for

compounds dairy

cow operations.

Materials and methods

Preparation of matrine-loaded chitosan
hydrogels

Matrine (98% purity) was purchased from Sigma-Aldrich
Corp. (St. Louis, MO, United States), and chitosan was purchased
from Shanghai Sunny Biotech Co., Ltd., Shanghai, China. All
solutions were prepared with nonpyrogenic products and
materials under aseptic conditions in a laminar flow hood. The
procedures were like those of Lanct et al. (2017) and Jt et al.
(2022). Matrine (0.05g) and chitosan (4 g) were added to 95ml of
deionized water and heated at 37°C until the chitosan dissolved to
form matrine-loaded chitosan complexes. Ten ml of matrine-
chitosan and 5ml of 4% hydroxyethyl cellulose (2:1 ratio) were put
into disposable plastic dishes (60mm diameter) and mixed
thoroughly. The water used was nonpyrogenic with <0.005
Walkersville, MD).
intramammary infusion, plastic syringes were filled with 10 ml of

endotoxin  units/mL  (Lonza, For

MCHs, sealed and stored at room temperature.
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TABLE 1 Components and nutritional analysis of the total mixed
rations (dry matter basis, n=6).

Item Content (%)
Alfalfa hay 13.34
Leymus chinensis 11.20
Corn 15.73
Whole cottonseed 3.19
Maize silage 28.57
DDGS 2.99
Steam-flaked corn 7.16
Soybean meal 11.53
Cottonseed meal 3.87
Premix' 1.96
NaCl 0.46
Total 100.00
Nutrient levels

NEL/(MJ/kg)? 7.26
EE 4.97
CP 17.35
NDF 30.8
ADF 16.5
Ca 0.74
P 0.41

'One kg of premix contained the following: Cu 1,230 mg, Zn 4,950 mg, Mn 1760 mg,
150mg, Se 61 mg, VA 2300001U, VD 3500001U, VE 10001U.
2NEL was a calculated value; the other nutrient levels were measured values.

Animals and experimental design

Animals selected in this study were provided by the Beijing
Sunlow Livestock Dairy Farming Center (Beijing, China), our
animal protocols were reviewed and accepted by the Animal Care
Committee of Beijing University of Agriculture (BUA2021056,
Beijing, China) in concordance with the guidelines for the use of
bovines in research studies of the SSTCC (The State Science and
Technology Commission of the PR. of China, 2017). Samples of
untreated milk (n=580) were received from commercial dairies
in Beijing from June to August 2021 with the California mastitis
rapid detection reagent (CMT). Twelve mid-lactation cows with
high somatic cell counts (SCC, average 360,000 cells/ml) indicative
of subclinical-mastitis were selected according to milk yield and
parity. There were few initial differences in milk yield
(24.2£2.7kg/d), DIM (127 £ 14.4 d), parity (2.3£0.2), or body
weight (BW; 726 +27kg). The cows were fed a standard basal diet
(Table 1) with free access to water, and were kept in a tie-stall barn.
They received intramammary infusions either MCHs or CON
(ceftiofur hydrochloride, 125mg, Zoetis, Florham Park, NJ,
United States) after each milking, twice daily (7 AM and 7 PM) for
7 days. Milk samples were collected on the first day (D1) and the
last injection day (D7) and totaled 15ml per animal, with about
equal volumes from each lactating udder quarter. The milk
samples were cleaned and sterilized by hand after discarding the
first three milkings. SCCs were determined using an automatic
cell counter (DeLaval International AB, Tumba, Sweden), and the
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remaining milk was stored in liquid nitrogen for later analysis. At
the end of the experimental period, all cows were returned to the
herd after veterinary examination ensured they were healthy.

Isolation of bacterial DNA and
sequencing of 16S rRNA genes

Bacterial DNA was isolated from milk using a Power Soil DNA
isolation kit (Qiagen, United Kingdom) as previously described by
Tong et al. (2019). DNA concentration and 260/280 ratio were
measured with a NanoDrop 1,000 spectrophotometer (Nanodrop
Technologies, United States), and integrity was visualized by running
DNA aliquots on an agarose gel. The V1-V2 region of the 16S rRNA
gene was PCR-amplified with a GeneAmp 9,700 (ABL, United States)
using forward (5-CGTATCGCCT-CCCTCGCGCCATCAG-3")
and reverse (5-CTA-TGCGCCTTGCCAGCCCGCTCAG-3)
primers that incorporated adaptors and barcodes (Tong et al., 2019).
Amplicons of about 450bp were selected and combined in equal
concentrations (Li Y. et al., 2018), then electrophoresed and extracted
from the gel with GeneJET (Thermo-Fisher, Waltham, MA,
United States). Paired-end libraries were prepared by Majorbio
Bio-Pharm (Shanghai, China). Bacterial rRNA genes were sequenced
with Ilumina HiSeq (Illumina, United States) to obtain paired-end
reads of 300 base pairs. All raw sequence data were uploaded to
NCBI (#SRP254162).

Analytical bioinformatics of milk
microbiota

Analyses were conducted with FLASH version 1.2.11 and
quantitative insights into microbial ecology (QIIME) version
1.9.1. These programs gave data like that published by Tong et al.
(2019). Sequences were assigned to taxa by BLASTing the
ribosomal database project (RDP) dbase using a 97% identity
cut-off. Operational taxonomic units (OTUs) were normalized to
relative abundance and bacterial composition was determined by
Majorbio I-Sanger. Within-sample diversity (a-diversity) was
measured as bacterial community enrichment (ACE and Chao
indices) and diversity (Shannon and Simpson indices) was
measured in a stochastic subset of the OTUs. Between-sample
(p-diversity)
phylogenetically-based, weighted UniFrac distances (Lozupone
and Knight, 2005). A more detailed picture of the diversity of the
most abundant evolutionary clades in the bovine microbiota was
obtained by filtering the OTUs to yield those with a relative
abundance of >1% for at least one sample.

microbial  diversity was determined by

Milk metabolome determination

Milk samples were assessed by Majorbio Bio-Pharm using
the LC-MS AB Sciex Triple TOF 5600TM (AB SCIEX,
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United States) according to published procedures (Tong et al.,
2019). The liquid chromatography conditions were like those
of a previous study (Wang et al., 2019). Quality controls were
run by combining milk samples and injecting them
periodically during experimental measurements. The results
were analyzed with XCMS (ver. 3.4.4). The retention times,
MZ, observations, and peak intensities were normalized with
Excel. The differentially expressed metabolites were analyzed
with the public database' on the Majorbio I-Sanger platform?
and the KEGG pathway software for differential metabolite
profiles.’

Multivariate statistics

Comparisons were validated by Student’s ¢, and p < 0.05 was
defined as significant. Hierarchical clustering was conducted
using the Bray-Curtis similarity index and the unweighted
pair-group method with arithmetic averages. The SPSS software
v.21.0 (IBM, Armonk, NY) was used. The a-diversity indices
were given as mean = SD. A p <0.05 was considered statistically
significant, and a p<0.10 suggested a trend. Principal
component analysis and orthogonal partial least-squares-
discriminant analysis (OPLS-DA) were carried out to show the
metabolism changes among the experimental groups after
mean centering and unit variance scaling. Parameters with
variable importance in projection (VIP) values >1.0 were
allowed for group discriminant testing. Our OPLS-DA model
was confirmed by 7-fold permutation testing. Significantly
different metabolites among groups were assessed and
identified by Wilcoxon rank-sum tests.

10.3389/fmicb.2022.950231

Results

Effect of matrine-chitosan hydrogels on
milk yield and milk composition

Compared with D1, the milk yield, the yield of milk fat
(p=0.03), protein (p=0.04), lactose (p=0.04), and energy-
corrected milk (ECM; p=0.01) content all significantly increased
by D7 (Table 2). MCHs significantly decreased the SCC on D7
compared to D1 (p<0.01). However, there were no differences
among the percentages of lactose, fat, and protein (p>0.05).
Similar results were found in CON group.

Diversity and relative numbers of milk
microbiota

A total of 950,855 high-quality sequences from 24 samples
passed quality control and were used for testing. The sequences
averaged 460bp, and there was greater than 99 % depth
coverage; Therefore, the amount of data was sufficient to show
differences in all bacterial species. The a-diversity indices of
the microbiota are shown in Table 3. Although ACE showed a
tendency to decrease, no difference was observed in the Chao
indices, which were all representative of bacterial community
richness in MCH group. Moreover, the Simpson index showed
that the bacterial diversity at D7 was significantly higher than
at D1 (P <0.05) in both groups, and there was an overall
tendency toward decrease (p=0.06), but this was variable and
depended on whether the calculations were based on
abundance or biomass. No significant differences were seen
among the groups for the other a-diversities. The PCA scores
showed clear differences between MCH group and CON group
on DI and D7 milk samples (Figure 1). Principal components
one and two were found to account for 22.07 and 16.4% of the
variation, respectively.

TABLE 2 Comparisons of milk yield and composition after intramammary treatment with matrine-loaded chitosan hydrogel (n=6).

Yield and MCH CON
composition

D1 D7 SEM P-value D1 D7 SEM P-value
Yield
Milk yield (kg/day) 252 34.27 2.67 0.03 23.17 29.93 2.81 0.05
ECM' (kg/day) 27.3 39.2 2.18 0.01 24.10 32.35 3.16 0.05
Lactose (kg/day) 1.17 1.67 0.17 0.04 1.09 1.57 0.17 0.04
Fat (kg/day) 0.97 14 0.07 <0.01 0.85 1.14 0.12 0.05
Protein (kg/day) 0.8 1.23 0.14 0.04 0.68 0.96 0.09 0.04
Composition
Lactose (%) 4.59 4.82 0.17 0.25 4.58 5.26 0.29 0.05
Fat (%) 3.87 4.13 0.28 0.41 3.62 3.83 0.17 0.23
Protein (%) 3.12 3.53 0.2 0.08 2.95 3.21 0.09 0.04
Fat: protein 1.17 1.17 0.09 0.99 1.23 1.20 0.07 0.60
SCC (x10* cells/ml) 35.4 10.7 3.6 <0.01 37.59 15.25 2.33 <0.01
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TABLE 3 Alpha diversity indices for milk microbiota.

10.3389/fmicb.2022.950231

Item MCH CON
D1 D7 P-value D1 D7 P-value
ACE 1769.86 +189.07 1211.79+196.29 0.08 1659.6£257.01 1,096 £597.53 0.06
Chao 1675.43 +201.72 1176.47 £196.24 0.11 1439.50+£437.05 1025.4+£573.23 0.19
Simpson 0.19+0.07 0.47+0.09 0.05% 0.15£0.12 0.37+0.24 0.07
Shannon 3.35+0.52 1.92+0.36 0.06 3.53+0.82 2.22+0.90 0.03*
Coverage 0.99+0.01 0.99+0.02 0.57 0.99+0.01 0.99+0.01 0.14
#p <0.05.
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FIGURE 1
PCA of milk microbial communities from cows with subclinical mastitis between MCH group and CON group from day 1 to day 7 (n=6).

In MCH group, the taxonomic changes in milk samples from
day 1 to day 7 were determined. Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes were the three predominant
phyla (Figure 2A). Taxa with a relative abundance of 1 % in at
least one sample were identified, and the 10 most abundant
genera are presented (Figure 2B). The abundance of Firmicutes
was extremely significantly decreased on day 7 (p=0.01), whereas
the numbers of Proteobacteria increased (p=0.01; Figure 3A). On
day 7, there was a significantly lower abundance of Aerococcus
(p=0.01), Corynebacterium_1 (p=0.08) and Staphylococcus
(p=0.03). In contrast, the relative abundances of Pseudomonas

Frontiers in Microbiology

(p=0.01) and Ralstonia (p=0.02) were significantly increased
(Figure 3B). Meanwhile, the same tendency was observed in the
CON group (Figures 3C,D).

Identification and comparison of milk
metabolites

A non-targeted metabolome method was used to evaluate
milk metabolites after MCHs and ceftiofur hydrochloride
treatment. Reproducible metabolite data profiles were
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obtained and differences between two groups on D1 and D7
were characterized using VIP metrics from OPLS-DA. Seventy-
four milk metabolite signals were obtained that were
significantly different between MCH-treated and untreated
cows (VIP >1 and p<0.05; Table 4), the CON group milk
metabolite in Supplementary Table 1. They consisted mainly
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of sphingolipids, oxanes, glycerophospholipids, flavonoids,
and fatty acyls. Milk from animals receiving MCHSs
for 7 days had higher levels of steroids and steroid derivatives,
prenol lipids, oxanes, macrolides and analogues, hydroxy
acids and derivatives, carboxylic acids and derivatives,
benzene, and substituted derivatives than milk on D1.
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TABLE 4 Milk metabolites on day 1 compared to day 7 of MCH treatment (n=6).

10.3389/fmicb.2022.950231

Metabolite M/Z Retention time Mass error VIP FC(d1/d7) P-value Trend
Steroids and steroid derivatives
12b-hydroxy-5b-cholanoic acid 418.35 943 112 442 048 0.01 1
Pregnanetriolone 349.24 8.8 —0.06 1.79 0.43 0.026 1
Aginoside progenin 814.46 2.51 -2.8 1.02 0.04 <0.01 1
Sphingolipids
SM(d18:0/24:1(15Z)) 859.7 13.36 5.06 1.58 3,208,275,862 <0.01 1
SM(d18:1/23:0) 845.68 12.95 5.27 2.26 11748.6 <0.01 1
SM(d18:1/22:1(13Z)) 829.65 11.92 4.59 1.72 369.77 <0.01 1
SM(d18:0/22:1(13Z)) 831.66 12.73 491 4.9 21245 <0.01 1
Glucosylceramide (d18:1/16:0) 744.57 11 3.44 1.89 34.01 <0.01 |
Galactosylceramide (d18:1/14:0) 706.51 10.5 3.07 1.29 27.94 <0.01 |
Glucosylceramide (d18:1/25:0) 790.69 14.01 —0.89 3.78 21.09 <0.01 1
stearoyl sphingomyelin 775.6 11.48 4.77 1.32 19.61 <0.01 |
N-hexadecanoylsphinganine-1- 749.58 11.16 2.57 2.76 16.13 <0.01 1
phosphocholine
Galabiosylceramide (d18:1/16:0) 906.62 10.86 5.8 1.9 9.04 <0.01 1
SM(d18:0/14:0) 721.55 10.62 3.35 2.94 7.99 <0.01 1
SM(d18:0/16:1(9Z)) 747.57 10.92 4.52 6.89 3.62 <0.01 1
N-Glycoloylganglioside GM2 708.61 12.75 —-0.87 9.56 2.38 <0.01 1
SM(d18:1/14:0) 719.54 10.42 3.7 5.12 2.34 <0.01 1
Araliacerebroside 776.55 10.75 —6.85 1.95 1.49 <0.01 |
Ganglioside GM1 (d18:1/18:1(11Z)) 77243 4.33 —7.63 1 0.28 0.02 1
nLc6Cer 696.82 3.25 -1.78 2.36 0.09 <0.01 )
Prenol lipids
Hoduloside VI 819.43 2.96 —3.62 1.42 0.05 0.01 1
Oxanes
D-1,5-anhydrofructose 325.11 0.78 —0.78 1.1 0.78 <0.01 1
Organo-oxygen compounds
3,4,5-trihydroxy-6-(2-hydroxyethoxy) 475.13 0.7 —1.46 1.13 2.62 <0.01 1
oxane-2-carboxylic acid
N6-galacturonyl-L-lysine 357.11 24 8.9 2.54 1.56 0.02 1
Lactulose 365.11 0.62 1.53 6.7 0.56 <0.01 1
Macrolides and analogues
Pectenotoxin 7 909.37 245 —1.88 1.95 0.1 <0.01 )
31-O-demethyltacrolimus 810.44 0.75 -1.37 1.15 0.03 <0.01 1
Indoles and derivatives
Indole-3-carboxilic acid-O-sulfate 240 227 -1 3.13 1.74 <0.01 1
Hydroxy acids and derivatives
2-hydroxy-3-methoxyestrone 442.35 9.08 1.05 2.9 0.43 0.01 1
Glycerophospholipids
PE (15:0/22:0) 806.6 11.84 5.06 2.5 48.31 <0.01 1
PE (14:0/22:0) 792.58 11.45 8.49 1.14 15.03 <0.01 1
PS (DiMe (11,3)/MonoMe (11,5)) 880.54 12.16 274 121 8.01 <0.01 1
PE (15:0/24:1(15Z)) 832.61 11.77 5.01 4.77 6.11 <0.01 1
lysoPC (6:0) 400.17 3.01 —-1.21 2.04 5.51 <0.01 1
PE (16:0/16:0) 736.52 10.42 2.96 2.16 2.26 <0.01 l
PS (18:0/18:1(9Z)) 810.53 11.5 5.99 2.68 2.12 <0.01 l
PE (18:2(9Z,127)/18:1(11Z)) 786.53 12.04 4.76 7.92 1.99 <0.01 l
PE (15:0/16:0) 722.5 10.33 5.04 3.2 1.85 <0.01 1
PE (15:0/14:0) 694.47 9.94 3.99 1.33 1.72 <0.01 1
(Continued)
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TABLE 4 (Continued)
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Metabolite M/Z Retention time Mass error VIP FC(d1/d7) P-value Trend
PE (15:0/22:1(13Z)) 804.58 11.24 5.01 4 1.67 <0.01 l
PS (16:0/18:0) 784.52 11.45 7.51 3.58 1.63 <0.01 |
LysoPE (0:0/18:2(9Z,127)) 476.28 7.75 —-0.17 1.66 1.53 0.05 |
PE (18:1(9Z)/16:0) 718.54 11.44 0.48 1.83 1.5 0.03 |
PE (15:0/20:2(11Z,14Z)) 774.53 10.37 4.68 1.03 1.39 0.02 !
LysoPE (16:0/0:0) 452.28 8.32 0.26 1.84 1.36 0.01 |
PS (15:0/24:1(15Z)) 830.6 11.21 4.84 171 1.3 0.02 !
LysoPC (18:1(92)) 566.35 8.31 0.06 3.94 0.68 0.01 )
LysoPC (18:2(9Z,127)) 564.33 7.79 -1.16 5.06 0.56 0.01 )
LysoPC (16:1(9Z)/0:0) 538.32 7.58 1.76 1.12 0.55 0.02 1
LysoPE (20:3(11Z,14Z,177)/0:0) 502.29 8.11 0.14 1.65 0.5 0.02 1
PC (18:2(9Z,127)/P-18:0) 814.6 11.07 443 1.18 0.47 0.01 i)
LysoPE (20:4(5Z,8Z,117Z,14Z)/0:0) 500.28 7.8 —-0.15 3.45 0.41 <0.01 1
LysoPE (18:2(9Z,127)/0:0) 478.29 7.77 2 2.75 0.35 <0.01 1
LysoPC (18:1(11Z)) 522.36 8.2 0.69 4.22 0.31 <0.01 1
LysoPE (0:0/22:5(7Z,10Z,13Z,16Z,19Z)) 562.27 5.39 —-0.86 1.06 0.3 <0.01 T
1-Linoleoylglycerophosphocholine 520.34 7.69 0.61 427 0.17 0.01 1
1-(8Z,11Z,14Z-eicosatrienoyl)-glycero-3- 502.29 7.7 —0.01 1.27 0.14 <0.01 1
phosphate

LysoPC (P-18:0) 552.37 8.59 0.37 1.31 0.09 <0.01 1
TG (16:1(92)/16:1(92)/16:1(9Z)) 845.68 13.12 —9.94 3.56 1607.82 <0.01 |
MG (0:0/16:0/0:0) 365.25 8.94 —0.54 343 0.53 0.027 )
Flavonoids

Menthosides 723.2 0.7 4.79 4.57 2.69 <0.01 |
Isoscoparin 2'-(6-(E)-ferulylglucoside) 781.2 0.84 -0.3 237 1.31 0.02 1
Kaempferol 3-(2'-rhamnosylgalactoside) 777.16 0.7 -1.93 4.24 0.49 <0.01 1
7-rhamnosides

Licorice glycoside C1 765.18 0.64 0.82 227 0.19 <0.01 1
Fatty Acyls

cis-uvariamicin IB 627.48 11.55 2.27 1.32 1268.67 <0.01 1
3,4-dimethyl-5-pentyl-2- 857.68 12.57 —9.88 1.54 130.24 <0.01 1
furanpentadecanoic acid

15-hydroxyeicosanoic acid 698.63 13.78 —-0.76 4.76 11.33 <0.01 |
2-hydroxyhexadecanoic acid 271.23 8.73 0.84 2.08 0.47 0.01 T
3-hydroxyhexadecanoyl carnitine 416.34 8.99 2.02 2.15 0.43 0.01 T
Aminocaproic acid 132.1 1.17 0.75 1.42 0.04 <0.01 i)
Carboxylic acids and derivatives

Tyrosyl-Isoleucine 293.15 231 —-0.33 1.53 0.22 <0.01 1
L-Phenylalanine 164.07 1.71 0.73 1.03 0.09 <0.01 1
Benzene and substituted derivatives

fluvoxamino acid 360.15 0.86 —8.35 2.72 0.53 <0.01 1

PCA and OPLS-DA were employed to evaluate the
differences in metabolomes. The PCA scores showed clear
differences between D1 and D7 milk samples (Figure 4A).
Principal components one and two were found to account for
15.6 and 20% of the variation, respectively. The variables for
assessing OPLS-DA model quality are shown as validation
plots (Figure 4B). The Q2 value of the OPLS-DA model was
—0.18, and the R2Y value was 0.21. Q2 represents a model’s
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prediction ability and the closer these three indicators are to 1,
the more stable and reliable it is. The OPLS-DA data confirmed
that the two groups had significantly different types and levels
of metabolites (Figure 4C). OPLS-DA model integrity is shown
by validation plots. The D7 metabolite profiles were
significantly different from those of D1 indicating that the PCA
and OPLS-DA results were valid for assessing variations in
milk metabolomes between the 2 days.
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FIGURE 4
Principal component analysis score plot (A), permutation test plot (B) and orthogonal partial least squares discriminant analysis (OPLS-DA) (C) for
days 1 and 7 between MCH group and CON group based on milk metabolite profiles. The variation in the principal components is indicated on the
axes. Each spot is one sample, and the days are shown as green circles for day 1 and blue triangles for day 7 (n=6).

TABLE 5 Differences in metabolites enriched from specific pathways
in milk of dairy cows receiving MCH infusions (7days, n=6).

Metabolic pathway

Metabolite

Sphingolipid metabolism (10)

Sphingolipid signaling pathway (6)

Glycerophospholipid metabolism (3)

Choline metabolism in cancer (2)

Retrograde endocannabinoid
signaling (2)

Pathogenic Escherichia coli infection
1)

Autophagy - other (1)
Glycosylphosphatidylinositol (GPI)-
anchor biosynthesis (1)

Autophagy — animal (1)

Galabiosylceramide (d18:1/16:0);
SM(d18:1/22:1(13Z));
SM(d18:0/22:1(13Z)); Glucosylceramide
(d18:1/16:0); SM(d18:0/16:1(9Z));
Glucosylceramide (d18:1/25:0);
SM(d18:0/24:1(1527));
Galactosylceramide (d18:1/14:0);
SM(d18:0/14:0); SM(d18:1/23:0)
SM(d18:1/22:1(132));
SM(d18:0/22:1(13Z));
SM(d18:0/16:1(9Z));
SM(d18:0/24:1(15Z)); SM(d18:0/14:0);
SM(d18:1/23:0)

PE(14:0/24:1(15Z));
LysoPC(20:4(8Z,117,147,177));
PC(15:0/16:0)
LysoPC(20:4(8Z,11Z,14Z,177));
PC(15:0/16:0)

PE (14:0/24:1(15Z)); PC (15:0/16:0)

PE (14:0/24:1(15Z))

PE (14:0/24:1(15Z))
PE (14:0/24:1(15Z))

PE (14:0/24:1(15Z))

Differences in metabolites resulting from
changes in metabolic pathways

Comparison of metabolite levels relative to changes in

pathway activation from MCHs treatment on DI to D7 was

performed using the Kyoto Encyclopedia of Genes and Genomes
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(KEGG) for determining enrichment of pathways involved in
metabolite production (Table 5; Figure 5). Enrichment analysis
showed that sphingolipid metabolism, the sphingolipid signaling
pathway, glycerophospholipid metabolism and ABC transporters,
were significantly affected by MCHs infusion. Pathway topology
analysis (Figure 6; p<0.05) revealed eight key pathways enriched
between days 1 and 7. They included sphingolipid, phenylalanine,
glycerophospholipid, starch and sucrose metabolism, synthesis of
phenylalanine, tyrosine and tryptophan and linoleic acid
metabolism. For the CON group, the enrichment of pathways
analysis was shown in Supplementary Figure 1.

Discussion

The results of this study revealed that matrine-chitosan
hydrogel markedly decreased SCCs after 7days of treatment.
Although we did not observe any changes in bacterial community
richness by the Chao indices, the Shannon index showed a
significant decrease in bacterial diversity. On D7, the relative
abundance of Firmicutes was significantly decreased, and that of
Proteobacteria was significantly increased compared to levels on
D1. It has been reported that the richness and diversity of the milk
microbiome reflects the health of cows and the functional
performance of their organs (Mohammed et al., 2014; Schokker
et al., 2015; Blanco et al., 2016). Matrine has antibacterial and anti-
inflammatory properties and has been commonly used to treat
bovine mastitis, but its efficacy is still unproven (Oliveira and
Ruegg, 2014). That is why we chose to test the plant-derived
compound, matrine, as an intramammary treatment loaded into
chitosan hydrogels to see if it would alter the milk microbiota and
improve mammary gland function.

Measurement of the number of somatic cells in milk is an
internationally recognized test for the detection of mastitis. A SCC
of more than 200,000 per ml is evidence of disease (Kovac et al.,
2007). Recent investigations have shown that the milk microbiota
of dairy cows is usually closely associated with the SCC
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Enrichment ratio

FIGURE 5

**xp < 0.001, **p < 0.01, and *p < 0.05.

Metabolic pathway enrichment analysis between day 1 and day 7. M, EIP, HD, OS and CP are the names of the metabolic pathways in KEGG
annotation. M, metabolism; EIP, environmental information processing; HD, human diseases; OS, organismal systems; CP, cellular processes (n=6).
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(Oikonomou et al., 2014; Vanderhaeghen et al., 2014). This
suggests that modulation of the udder ecosystem through the
microbiota could help to maintain homeostasis and enhance the
mammary gland’s defenses. Consistent with these reports,
we observed that the udder SCC was significantly increased in
mastitis caused by common pathogens like staphylococci, but was
markedly decreased after perfusion of the udder with matrine-
chitosan hydrogel. This is in line with previous studies showing
that chitosan hydrogels decreased the SCC in milk from dairy
cows (Lanct et al., 2017). The therapeutic synergy achieved by
loading the chitosan hydrogel with matrine suggests potential
applications in mastitis protection and treatment. The mechanism
by which the milk microbiota influences inflammatory and
immune responses to decrease the SCC needs further investigation.

The next generation of high-throughput DNA sequencing
methods together with updated bioinformatics software is now
being used for the in-depth assessment of microbial communities
to elucidate how bacterial activity and metabolites affect human and
animal health (Catozzi et al., 2017). We found that the microbial
diversity in milk was dramatically decreased after 1week of
intramammary infusion of matrine-chitosan hydrogels. The relative
abundance of Proteobacteria was significantly increased, while
staphylococcus  decreased significantly. Staphylococci are
recognized as one of the most prevalent mastitis pathogens,
accounting for about 70% of the cases (Gao et al., 2017). Moreover,
it has been reported that Proteobacteria were significantly more
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abundant in healthy cows than in those with mastitis (Catozzi et al.,
2017). Previous studies also showed that the numbers of
Proteobacteria after non-antibiotic hydrogel treatment increased
significantly (Bhatt, 2012), indicating that hydrogel therapy can
effectively return the milk microbial environment to normal
diversity and defend against disease. Our investigation provides
mechanistic insights into how the microbiota respond to MCHs
that may help in the development of novel prophylactic and
therapeutic products as alternatives to antibiotics in dairy cows. Our
data are also important for understanding how the regulation of
biosynthesis by milk microbiota influences udder health and
defense against mastitis. The milk microbiota is usually closely
associated with the SCC (Oikonomou et al., 2014; Vanderhaeghen
et al., 2014) suggesting that the udder microbiota is important in
modulation of the udder ecosystem, maintenance of homeostasis,
and resistance of the mammary gland to infections (Barkema et al.,
2006; Rainard and Pascal, 2017).

Metabolomics is a comparatively new research method that
has been widely used in the detection of mastitis in recent years
due to its more comprehensive test results. Previous studies
suggested that metabolomics could provide a more complete
understanding of an animal’s physiology and biochemistry (Zhao
etal, 2014). The metabolomics data from this study highlight the
potential function of matrine-chitosan hydrogels in modulating
the metabolite levels, which were enriched in sphingolipid
metabolic pathways, phenylalanine, glycerophospholipid, and
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Metabolome mapping of the differences in metabolite expression from day 1 to day 7. The abscissa shows pathway impact and the ordinate gives
the p value. The bigger the circles the greater the number of metabolites enriched in the pathway. Darker colors indicate smaller p values (n=6).

starch and sucrose metabolism. A previous report suggested that
sphingolipid metabolites acted as signaling molecules to regulate a
diverse group of cellular processes, particularly those related to
immunity, inflammation, and inflammatory disorders (Maceyka
and Spiegel, 2014). We speculate that this activity might
be associated with the decrease in SCC caused by infusion of
matrine-chitosan hydrogels. The metabolic differences we observed
gave us further insights into how MCHs affects metabolite levels
after mastitis treatment. The data showed that alterations in the
milk metabolome could be used to reveal the therapeutic
mechanism of matrine therapy for mastitis treatment and in the
recovery of milk production in dairy cows.

We found significant changes in the concentrations of
sphingolipids, glycerolipids, fatty acyls, glycerophospholipids, and
organo-oxygen compounds from D1 to D7. Sphingolipids are major
components of cell membranes and are widely involved in important
processes such as cell aging and apoptosis (Thomas et al., 2016).
Glycerolipids (Li N. et al., 2018) and fatty acyls (Kagan et al., 2017)
are both important components of cell membranes. Previous research
found that bacterial invasion could induce inflammatory reactions
accompanied by apoptosis and cause oxidative damage during breast
development (Turk, 2017). The reduction in sphingolipids,
glycerolipids, and fatty acyls seen in this study indicates that apoptosis
caused by inflammatory reactions may have been lessened. The
decrease of organo-oxygen compounds suggests that the oxidative
damage caused by inflammatory reactions may also have been
reduced. The metabolites were enriched in sphingolipid and
glycerophospholipids, which are both related to apoptotic pathways
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(Gao et al, 2016, 2018). We conclude that MCHs can inhibit
apoptosis by blocking oxidative damage, thereby reducing
inflammatory changes to the udder.

It is worth noting that L-phenylalanine was involved in many
pathways that were significantly changed in this study (Table 3).
L-phenylalanine is an essential amino acid as well as a precursor for
the commercial synthesis of antiviral and anticancer drugs. It can also
be a marker of inflammatory reactions and affect the body’s immune
response (Turk, 2017). Here, the content of L-phenylalanine was
significantly increased on day 7, which means that the immune
defenses in the mammary gland may have been effectively
strengthened. In a previous study, Strasser et al. (2016) found that
tryptophan and phenylalanine were used in the body to synthesize
serotonin, L-DOPA derivatives and 5, 6, 7, 8-tetrahydrobiopterin
(BH4), which compounds can affect the severity of inflammation. In
the study of Smith et al. (2018), tyrosine and phenylalanine
participated in the regulation of TLR4 signaling pathways, thereby
influencing the degree of inflammation. Phenylalanine also is part of
the glycolytic and liposynthetic pathways (Waisbren et al., 2007;
Obianom et al,, 2019). It has been reported that phenylalanine
deficiency can severely affect protein metabolism in the breast and
compromise the health of the organ (Shibata et al, 1992).
Phenylalanine is an essential amino acid in milk and is also the
precursor of tyrosine, which is one of the main amino acids in milk
(Rezaei et al., 2016). We know that untreated bovine mastitis results
in reduced milk fat and milk protein content; therefore, the increase
in L-phenylalanine by MCHs infusion could be effective in restoring
normal milk production during lactation.
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The milk metabolites induced by MCHs were found to have an
intimate relationship with sphingolipid and glycerophospholipid
metabolism. A previous study suggested that the sphingolipid
metabolic pathways participate in a variety of immune-related signal
transductions, inflammation, and inflammatory disorders (Maceyka
and Spiegel, 2014). The sphingolipid metabolic pathways have many
functions, such as regulating cell adhesion and cellular immunity,
activating cancer repressors, regulating apoptosis, and modulating
immune function and the inflammatory response (Maceyka and
Spiegel, 2014). We speculate that this activity might be associated with
the decrease in SCC caused by MCHs. Brice and Cowart (2011)
showed that an imbalance in the pathway for sphingolipid metabolism
caused ketosis, mastitis, and metritis in cows. It has been proved that
sphingolipid metabolites, especially ceramide and sphingosine-1-
phosphate, can regulate a variety of biochemical processes important
in immunological and inflammatory diseases (Maceyka and Spiegel,
2014). In the present study, we found that MCHs significantly
regulated sphingolipid pathways to reduce inflammation; thus, it is
reasonable to believe that MCHs could effectively treat bovine mastitis.

Despite the documented health-promoting properties of
matrine and chitosan, scientific evidence for the efficacy of MCHs
in dairy cows is limited. Our study affords many useful insights,
but the mechanism of MCH’s effect on immune regulation still
requires further study. Another limitation relates to the
mechanistic links involved in the observed significant changes in
the microbiota and biomarker metabolites as a result of MCHs
infusion that need further exploration to be clearly understood.
Previous studies suggested that the antimicrobial activity of
chitosan stimulated the innate immune response and hastened
involution of the mammary gland (Lanct et al.,, 2017). It is not
known whether matrine-chitosan complexes could be used in the
circulation to regulate the immune system and inhibit
inflammation, but our data indicate that future research in this
area is strongly warranted.

Conclusion

Our data indicate that matrine-chitosan hydrogels significantly
decrease the somatic cell counts and affect the structures of bacterial
communities in the udder, especially the relative abundances of
Corynebacterium_1, Aerococcus, and Staphylococcus. Our findings
show significant changes in metabolites and metabolic pathways as a
result of intramammary MCHs infusion, and some of the 74 resulting
milk metabolites may be used as indicators of the response to MCHs
treatment. The results from the milk metabolic pathway analysis are
promising for the investigation of matrine-chitosan’s antimicrobial
and anti-inflammatory properties that are closely associated with
sphingolipid and glycerophospholipid metabolism. These insights
into the complex mechanisms and corresponding biological
responses highlight the beneficial action of matrine-chitosan
hydrogels and justify continued investigations to identify the
immunoregulatory mechanisms for treatment of mastitis in
dairy cows.
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against multi-drug resistant
Acinetobacter baumannii
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University of Florida, Gainesville, FL, United States, *Laboratory for Marine Drugs and Bioproducts of
Qingdao National Laboratory for Marine Science and Technology, Qingdao, China, °Department of
Laboratory Medicine, the Affiliated Hospital of Qingdao University, Qingdao, China, °Department of
Statistics, State University of Maringd, Parana, Brazil, ’Department of Pharmaceutical Analysis,
College of Pharmaceutical Sciences, Soochow University, Suzhou, China

Empirical therapies using polymyxins combined with other antibiotics are
recommended in the treatment of Acinetobacter baumannii infections. In
the present study, the synergistic activities of polymyxin-B, meropenem, and
sulbactam as combination therapy were investigated using metabolomic
analysis. The metabolome of A. baumannii was investigated after treatment
with polymyxin-B alone (2mg/l), meropenem (2mg/l) alone, combination of
polymyxin-B/meropenem at their clinical breakpoints, and triple-antibiotic
combination of polymyxin-B/meropenem and 4mg/l sulbactam. The triple-
antibiotic combination significantly changed the metabolite levels involved
in cell outer membrane and cell wall biosynthesis, including fatty acid,
glycerophospholipid, lipopolysaccharide, peptidoglycan, and nucleotide within
15min of administration. In contrast, significant changes in metabolome were
observed after 1h in sample treated with either meropenem or polymyxin-B
alone. After 1h of administration, the double and triple combination therapies
significantly disrupted nucleotide and amino acid biosynthesis pathways as
well as the central carbon metabolism, including pentose phosphate and
glycolysis/gluconeogenesis pathways, and tricarboxylic acid cycle. The
addition of sulbactam to polymyxin-B and meropenem combination appeared
to be an early disruptor of A. baumannii metabolome, which paves the way
for further antibiotic penetration into bacteria cells. Combination antibiotics
consisting of sulbactam/meropenem/polymyxin-B can effectively confer
susceptibility to A. baumannii harboring OXA-23 and other drug resistant
genes. Metabolomic profiling reveals underlying mechanisms of synergistic
effects of polymyxin-B combined with meropenem and sulbactam against
multi-drug resistant A. baumannii.
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Introduction

Multi-drug resistant (MDR) pathogens in nosocomial and
community-acquired infections are an impending threat to public
health. Acinetobacter baumannii infections is one of the most
prevalent and fatal MDR pathogens often found in wound
infection, urinary tract infections, empyema, pneumonia and
meningitis (Tacconelli et al., 2018). Polymyxin antibiotics are
increasingly being used as last resort against MDR A. baumannii
infections since 2000s (Li et al., 2006; Poirel et al., 2017). The
mechanism of action for polymyxins has been well studied. It was
proposed that polymyxins disrupted the outer cell membrane by
binding to the negatively charged lipopolysaccharide (LPS), the
predominant surface lipid of the outer membrane in Gram-
negative bacteria (Jiang et al., 2020; Zhao et al., 2021). However,
A. baumannii can become highly resistant to polymyxins by
incorporating phosphoethanolamine or galactosamine to lipid A
structure or through the loss of LPS production (Moffatt et al.,
2010; Pelletier et al., 2013; Maifiah et al., 2016; Han et al., 2018;
Zhao et al., 2021).

Combination therapies using polymyxins and other antibiotics
are recommended to treat MDR pathogens. Among p-lactamase
inhibitors, sulbactam has the highest intrinsic bactericidal activity
against A. baumannii and is usually combined with other
antibiotics to treat MDR A. baumannii infections (Ripa et al,,
1990; Gales et al., 1996; Pei et al., 2012). Previous studies have
shown that polymyxin-B combined with meropenem and
sulbactam could achieve favorable antibacterial effects against
A. baumannii (Lenhard et al., 2017; Kulengowski et al., 2019;
Menegucci et al., 2019; Fedrigo et al., 2021), but the mechanism
for their synergism is yet to be explored. In this paper,
we employed metabolomic profiling to elucidate the synergistic
mechanism of polymyxin-B when combined with meropenem
and sulbactam in the treatment of MDR A. baumannii.

Materials and methods

Antibiotics, reagents and bacterial
isolates

Polymyxin-B sulfate, meropenem and sulbactam (Shanghai
Macklin Biochemical Co. Ltd. Shanghai, China) solutions were
prepared according to the guidance from The Clinical and
Laboratory Standards Institute (CLSI). Briefly, the stock solutions
of polymyxin-B, meropenem and sulbactam (concentration:
5120 mg/1 for all three antibiotics) were dissolved in dimethyl
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sulfoxide (DMSQO). The final DMSO concentration in the culture
medium was less than 1/1000 (v/v). Working solutions were
prepared in Milli-Q water (Millipore, North Rye, Australia) and
filtered before use. Three A. baumannii clinical strains were
isolated from patients at the Affiliated Hospital of Qingdao
University in 2020 and grown in cation-adjusted Mueller-Hinton
broth (CAMHB; Land Bridge, Beijing, China). E. coli ATCC 25922
and A. baumannii ATCC 19606 were used as a quality control
strain for antimicrobial susceptibility tests. The isolate carries
several known resistant genes (Table 1).

Susceptibility testing

A checkerboard assay with the typical broth microdilution
was used to determine the susceptibility profile of each clinical
isolate to the three drugs either alone or in combination, according
to CLSI guidelines (CLSI, 2020). Susceptibility determination was
conducted in triplicate for each of the A. baumannii isolates in a
sterile 96-well microdilution plate. A standard inoculum size of
0.5 McFarland was prepared and read using a nephelometer
(bioMérieux, Marcy I'Etoile, France); the resulting inoculum was
diluted into each well to achieve a final concentration of 5 x 10° cfu/
ml. The prepared plate was incubated at 35+2°C for 20h. The
concentration ranges of polymyxin-B and meropenem alone and
in combination were 1 to 64mg/l and 1 to 128 mg/l, respectively.

TABLE 1 Drug resistance genes of Acinetobacter baumannii isolates.

Affected Genes
antibiotics
Isolate F Isolate 13 Isolate 20
Streptogramin b msr(E) msr(E) msr(E)
Tetracycline tet(B) tet(B) tet(B)
Folate pathway sul2 sull sull
antagonist
Aminoglycoside armA; aph(3”)- armA; aac(6)-1b3; armA; aadAl;
Ib; aph(6)-1d; aac(6")-1b-cr; aph(6)-1d;
aph(3)-la; aph(3")-1b; aph(3')-la;
aph(6)-1d aph(3")-b;
aac(6')-b-cr;
aac(6”)-1b3
Macrolide msr(E); mph(E) msr(E); mph(E) msr(E); mph(E)
Beta-lactam blaOXA-23; blaOXA-23; blaOXA-23;
blaADC-25; blaADC-25; blaADC-25;
blaTEM-1D; blaTEM-1D; blaOXA-66
blaOXA-66 blaOXA-66

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1013934
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhu et al.

The concentration of sulbactam was fixed at 4mg/l for the
combination test, since ampicillin/sulbactam susceptible
breakpoint is <8/4mg/l (CLSL, 2020). Note that the triple-
antibiotic combination in this context refers to sulbactam/
meropenem/polymyxin-B.

Based on the results of the checkerboard assay, the fractional
inhibitory concentration index (FICI) was calculated according to
the following equation to classify the antimicrobial synergy of
the combination,

MIC of antibioticl in combination
MIC of antibioticl alone
MIC of antibiotic2 in combination
MIC of antibiotic2 alone
MIC of antibiotic3 in combination
MIC of antibiotic3 alone

FICI=

When FICI is <0.5, the two drugs are considered synergistic; FICI
>0.5-1 is additive; >1-<2 indicates indifference; and >2 is
antagonistic (Hall et al., 1983).

Bacterial culture

Based on the susceptibility testing result, an A. baumannii
isolate was selected for metabolomic profiling. This isolate was
cultured on a nutrient agar plate from the frozen stock (—80°C)
and incubated at 37°C. For the overnight culture, a single
colony of A. baumannii was inoculated into 15ml CAMHB and
the content was incubated in a shaking water bath at 180 rpm
and 37°C. To get sufficient cell number, the bacterial culture was
grown to an optical density (ODg) of approximate 0.5 to
achieve a starting inoculum at around 10* CFU (colony forming
units)/mL during an early exponential growth phase (Maifiah
et al., 2017). The concentrations of polymyxin-B, meropenem
and sulbactam were chosen based on their clinical breakpoints.
Bacterial culture was treated with polymyxin-B (2 mg/l) and
meropenem (2 mg/1) as both monotherapy and the combination
of the two drugs (P +M, 2mg/l+2mg/l, respectively), and the
combination with sulbactam (P +M +§, 2mg/l1+2 mg/l + 4 mg/],
respectively). Bacteria cultured without any antibiotic served as
control. Five biological

replicates were prepared for

each treatment.

Preparation of cellular metabolite
extracts

Cellular metabolites of A. baumannii were extracted using
previously reported method (Maifiah et al., 2016). Briefly,
samples were centrifuged at 3,220xg at 4°C for 20min;
the supernatant was discarded; and the bacterial pellets were
washed twice with 1ml of cold saline. Next, 500pul of cold
chloroform-methanol-water (CMW; 1,3:1, v/v/v) solution

containing the internal standards, 3-[(3-cholamidopropyl)-
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dimethylammonio]-1-propanesulfonate (CHAPS), N-cyclo-
hexyl-3-aminopropanesulfonic acid (CAPS), piperazine-N,N’-
bis(2-ethanesulfonic acid; PIPES), and Tris at 1 pM, was added.
The samples were flash frozen in liquid nitrogen, thawed on ice,
and vortexed to release the intracellular metabolites. The samples
were centrifuged for 10min at 3,220 x g at 4°C to remove cell
debris, and then 300 pl of the supernatants was added to 1.5ml
Eppendorf tubes. After centrifugation at 14,000 x g at 4°C for
10 min, 200 pl of supernatant was transferred into injection vials
for bioanalysis. Quality control (QC) samples were obtained by
pooling the samples and extracted as described above.

LC-MS analysis

The LC-MS method was based on a previously reported method
with modifications (Maifiah et al., 2017; Ribera et al., 2019; Zhao
etal,, 2021). Samples were analyzed by liquid chromatography-high
resolution mass spectrometry (LC-MS) equipped with an Ultimate
3,000 ultra-high-performance liquid chromatography (UHPLC)
system (Thermo Scientific, CA, United States) and Q-Exactive
Orbitrap mass spectrometer (Thermo Scientific, CA, USA) operated
in both positive and negative electrospray ionization (ESI) modes
(polarity switching) at a resolution of 35,000 with a detection range
of m/z 50 to 1,000 Da. The separation was performed on a HILIC
column (2.1x100mm, 1.7 pm, ACE 1.7 HILIC-A, United Kingdom)
coupled with a guard column (ACE UHPLC Pre-column filter)
operated at 40°C. The mobile phase which consisted of 10mM
ammonium carbonate in water (solvent A) and acetonitrile (solvent
B) was delivered at a flow rate of 0.3 ml/min. The elution mode with
an overall duration of 29 min started from 80% B transitioning to
20% B at 15min, followed by a wash with 5% B for 3min at 18 min,
and a final re-equilibration for 8 min with 80% B. The injection
volume was 10 pl.

Data processing, bioinformatics and
statistical analyses

The raw data file obtained from the LC-MS was processed and
analyzed by Progenesis QI program (Waters). Briefly, the workflow
was established for importing data, automatic alignment, peak
selection based on minimum intensity of 50,000, and subsequently
identifying these metabolites. Metabolites were characterized by
LC retention time and accurate m/z value. The maximum
retention time shift for peak alignment was limited to 0.2 min and
the mass tolerance was 5ppm. Metabolite intensities were
normalized by the sum, followed by log,,-transformation and auto
scaling (mean-centered divided by standard deviation) of
individual values. Statistical analysis was performed using
MetaboAnalyst 5.0 web portal.' Principal component analysis
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FIGURE 1

*#*%0<0,001.

Perturbations of lipid metabolism pathways against Acinetobacter baumannii isolate treated with antibiotics as monotherapy and combination
therapy at 15min, 1h and 4h. Significantly perturbed metabolites were selected based on log,FC<—-1 or >1, p<0.05 and VIP>1; *p<0.05; **p<0.01;

TABLE 2 Minimum inhibitory concentrations of meropenem, polymyxin-B and sulbactam alone or in combination with or without sulbactam (4mg/L)
against carbapenem-resistant Acinetobacter baumannii isolates and fractional inhibitory concentration index (sulbactam was fixed at 4mg/L).

Strains MIC (mg/L) Synergism analysis
Monotherapy Combination therapy
Meropenem Polymyxin-B Sulbactam Meropenem/ Polymyxin-B/ Meropenem/ Meropenem/ FIC FICI category
sulbactam sulbactam polymyxin-B polymyxin-B/ index*
ulbactam
E. coli 1 1 32
ATCC25922
A. baumannii
F >128 8 >64 >128/4 8/4 8/2 2/2/4 0.3281  Synergism
13 64 16 >64 64/4 16/4 8/2 2/2/4 0.2188  Synergism
20 32 8 >64 32/4 8/4 2/2 <1/2/4 0.3438  Synergism

MIC, minimum inhibitory concentration; FIC, fractional inhibitory concentration.*FIC index was computed using the reduced MICs of meropenem, polymyxin-B and sulbactam in the

triple-antibiotic combination relative to meropenem, polymyxin-B and sulbactam monotherapies. CLSI breakpoints for interpretation of polymyxin-B MIC results: <2 mg/1
(intermediate), >2mg/I (resistant); and meropenem MIC results: <2 mg/l (susceptible), 4 mg/l (intermediate), and > 8 mg/I (resistant) for A. baumannii.

(PCA) was performed for all treatment groups at each time point
(Figure 1). Student’s t-test was used to determine metabolites with
significantly changed intensity [p<0.05, fold change (FC) >2
(log,FC>1 or
(VIP>1)]. Pathway analysis was performed using KEGG (Kyoto
Encyclopedia of Genes and Genomes) and HMDB (The Human
Metabolome Database) databases (Maifiah et al., 2017; Ribera
et al., 2019; Zhao et al., 2021).

<-1) and variable important in projection

Results
In vitro antimicrobial susceptibility

All three A. baumannii isolates carried OXA-23 along with
other drug-resistance genes (Table 1) and showed significant drug
resistance to sulbactam, polymyxin-B and meropenem (Table 2).
The MIC of meropenem alone against these isolates ranged from
32 to >128 mg/l, whereas the MIC of polymyxin-B alone ranged
from 8 to 16mg/1. MIC of sulbactam alone was >64mg/l. The
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Clinical Laboratory Standards Institute (CLSI) breakpoints were
used for the interpretation of polymyxin-B MIC results: <2 mg/1
(intermediate), >2mg/l (resistant); and meropenem MIC results:
<2mg/l (susceptible), 4mg/l (intermediate), and>8mg/l
(resistant) for A. baumannii (CLSI, 2020). These isolates are
considered resistant to both meropenem and polymyxin-B. Even
though there is no interpretive breakpoint for sulbactam, these
isolates can be considered resistant to sulbactam, since the clinical
regimens could not sufficiently achieve drug concentration of
64mg/l in the blood.

The combination of polymyxin-B and meropenem reduced
the MIC of polymyxin-B and meropenem to lower than their
breakpoints (2 mg/l) in 1/3 strains, and the FICI scores were
less than 0.5 for all strains. The addition of 4 mg/l sulbactam
to the meropenem/polymyxin-B combination further lowered
meropenem MIC values to <2 mg/l in all isolates, and the FICI
scores of isolate 13 was 0.2188 which was the lowest FICI score
of the 3 isolates. Based on the results from in vitro
antimicrobial susceptibility, isolate 13 was selected for the
metabolomic study.
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Metabolomic changes in Acinetobacter
baumannii after treatment with
polymyxin-B, meropenem as monotherapy,
and in combination with sulbactam

Metabolomic analysis using LC-MS identified a total number
of 222 metabolites. The median relative standard deviations (RSD)
for metabolites detected in QC samples were less than 10.0%,
indicating that the analysis is highly reproducible. A PCA was
performed to delineate putative metabolites that contributed to
differential effects of drug treatments on A. baumannii. In samples
treated with drugs for 15min, clear differences were observed
between combination therapy (P+M and P+ M +S), monotherapy
and control group; significant metabolite alterations were observed
in response to P+M and P+M+S (Figure 2A). In contrast, the
metabolome of polymyxin-B and meropenem monotherapy
groups overlapped with the control group. The heatmap and VIP
showed overall changes in metabolite levels and important
differential metabolites (VIP > 1), respectively (Figures 2B,C).

A total of 12 significant metabolites whose abundance had
changed in the P+M groups at 15min were identified: 11
metabolites decreased in abundance after exposure to combination
therapy, while 1 metabolite exhibited increased levels. For P+ M+S
group, 28 metabolites were altered at 15 min, of which 24 decreased
and 4 increased. After 1h of treatment, polymyxin-B and
meropenem alone induced minor metabolomic changes, while
combined drug treatments led to significant alterations (Figure 1);
a total number of 25 (2 increased, 23 decreased compared with the
control group) and 49 metabolites (6 increased, 43 decreased
compared with the control group) were changed in response to
P+Mand P+M+S treatments, respectively. At 4h, a total number
of 27 (7 increased, 20 decreased compared with the control group)
and 30 metabolites (9 increased, 21 decreased compared with the
control group) were significantly perturbed by P+ M and P+ M +S
treatments, respectively. All altered metabolites were grouped
accordingly to correlate with metabolic pathways, which were
assigned to lipids, lipopolysaccharide, amino sugar, peptidoglycan,
nucleotide, amino acids, and carbohydrate metabolisms.

Polymyxin-B plus meropenem with or
without sulbactam treatment disrupted
lipid metabolic pathway in Acinetobacter
baumannii

Lipid metabolic pathways including glycerophospholipid,
fatty acids, and sphingolipid were affected by the combination
therapies. The levels of three metabolites including sn-glycerol-3-
phosphate, sn-glycero-3-phosphocholine and sn-glycero-3-
phosphoethanolamine (log,FC=—5.1 to-1.5), which are important
intermediates for membrane structure, were significantly
downregulated after the combination treatments at the three time
points. In addition, the P+M+S combination remarkably
perturbed an intermediate related to sphingolipid pathway which
is sphinganine (log,FC=—8.8 and 2.2) at 15min and 4h.
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Fatty acid pathway was also significantly affected by the
P+M+S treatment. The level of oleic acid was decreased at 15 min
but increased after 4h of treatment, and arachidic acid was
remarkably increased at 4h. Polymyxin-B and meropenem
monotherapies did not significantly induce these changes in lipid
metabolism within the investigation period (Figure 1).

Polymyxin-B plus meropenem with or
without sulbactam treatment affect
lipopolysaccharide, peptidoglycan and
amino sugar metabolisms

Lipopolysaccharide (LPS), peptidoglycan and amino sugar are
essential components of the outer membrane of gram-negative
bacteria. The levels of intermediate metabolites associated with
LPS, peptidoglycan and amino sugar biosynthesis pathways were
changed after treatment with combination therapy (Figure 3). The
P+Mand P+M +S combinations significantly induced changes in
the level of N-acetyl-D-glucosamine (GLcNAc) and GDP-D-
mannuronic acid (GDP-ManA), which are two important
intermediates associated with amino sugar biosynthesis pathway
(log,FC=—-3.9 to 2.2) at the three time points. In addition,
N-acetylmuramic acid (MurMAc), another metabolite related to
amino sugar pathway, was perturbed by the combination therapy
at 1h and 4h (log,FC=-2.5 to-3.5). Significant downregulations
of D-glycero-D-manno-heptose-1,7-bisphosphate and UDP-N-
acetyl-D-galactosaminuronic acid (UDP-GalNAcA; log,FC=—5.0
to-1.6) were observed at 1h and 4h, which are related to LPS and
peptidoglycan pathways, respectively. The level of glucuronic acid
was perturbed by P+M + S at 15min and 4 h. The changes induced
by P+M+S treatment were similar to that of P+M group,
indicating that sulbactam treatment did not exacerbate metabolite
alterations induced by P+M in A. baumannii. Compared to the
combination therapy, monotherapies of polymyxin-B and
meropenem did not perturb the level of metabolites at 15min.
Meropenem alone significantly decreased the levels of GDP-D-
mannuronic acid, N-acetyl-D-glucosamine and N-acetylmuramic
acid (log,FC=-3.0 to-1.6) at 1h, and D-glycero-manno-heptose-
1,7-bisphosphate and UDP-N-acetyl-D-galactosaminuronic acid
(log,FC=—1.6/—3.2) at 4h. Polymyxin-B alone only changed the
of UDP-N-acetyl-D-
galactosaminuronic acid and glucuronic acid (log,FC=-3.9 t0 2.1)

levels N-acetyl-D-glucosamine,
at 4h. The results showed that combination treatments resulted in
a larger metabolomic change compared to monotherapy.

Polymyxin-B plus meropenem with or
without sulbactam treatment perturbed
central carbon metabolism pathway

After a 15min treatment, the two-drug combination induced

an increase in D-erythrose-4-phosphate (log,FC=1.5/1.2) while
P+M+S combination also decreased the level of pyruvic acid
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FIGURE 2
Principal component analysis (A), Heatmap (B), and variable important in projection >1 (C) profile of MDR Acinetobacter baumannii treated with
meropenem and polymyxin-B as monotherapy and in combination with and without sulbactam at 15min, 1h and 4h.
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(log,FC=1.3). Meropenem or polymyxin alone did not induce
significant changes in the central carbon metabolism pathway. At
1h and 4h, the metabolite types and level disorders caused by the
combination of P+M and P+M +S were similar (Figure 4). Five
metabolites involved in tricarboxylic acid cycle (TCA) pathway
including phosphoenolpyruvate, a-ketoglutaric acid, citric acid,
fumaric acid and pyruvic acid (log,FC=-59 to-2.7) were
significantly downregulated by the two combination treatment
groups at 1 h. At the same time, the levels of D-sedoheptulose-7-
phosphate, D-ribulose-5-phosphate and D-erythrose-4-phosphate
(log,FC=—4.5 to-2.4), which are three intermediates associated
with pentose phosphate pathway (PPP) were also decreased by
P+M and P+M+S treatments. In addition, the disruption of
another three metabolites associated with PPP including
D-glyceraldehyde-3-phosphate, sedoheptulose-1,7-bisphosphate
and D-ribose-5-phosphate (log,FC=-3.5 to-1.5) were also
observed at 4h after either P+ M or P+M +S treatments. Among
the above metabolites, D-sedoheptulose-7-phosphate and
D-ribulose-5-phosphate were also involved in the LPS pathway.
After 4h treatment of either P+M or P+M+S, the altered
metabolites TCA
phosphoenolpyruvate, a-ketoglutaric acid, malic acid and fumaric
acid (log,FC=—1.9 to-1.1). For monotherapy, polymyxin-B alone
affected the acid

involved  in cycle were mainly

levels of citric acid and pyruvic
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(log,FC=—-2.9/-2.8) at 1 h whereas treatment with meropenem

alone was not associated with significant changes in

metabolomic profiles.

Polymyxin-B plus meropenem with or
without sulbactam treatments altered
nucleotide, nicotinate and nicotinamide,
amino acid and peptide metabolism
pathways

The combination therapy altered both the pyrimidine and
purine metabolisms within 15 min of treatment (Figure 5). At the
three time points, P+M+S treatment disturbed the equilibrium
of thymidine (log,FC=-4.9 to-1.8) and cytidine diphosphate
(CDP, log,FC=5.6 to 7.2), two important metabolites associated
with pyrimidine metabolism pathway, as well as levels of adenine
(log,FC=-5.7 t0-2.7) and 5’-phosphoribosyl-N-
formylglycinamide (FGAR, log,FC=3.3 to 5.1) which are related
to purine metabolism. ADP (log,FC=—-4.6 to-4.3) was
significantly downregulated by the triple combination treatment
at 15min and 1h.

The metabolite disequilibrium caused by P+ M was similar in
both the affected metabolites and their intensities to that due to
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P+M+S. The combination of P+M and P+M +S§ significantly
reduced the level of NAD* (log,FC=-3.9 to-3.1) at 1h and 4h.
The P+M+S group induced a change in glutathione (GSH) and
L-citrulline (log,FC=-9.7 to 3.1) at the three time points. For
polymyxin-B monotherapy treatment, the levels of thymidine,
CDP, ADP, glutathione, NAD* and L-citrulline (log,FC=-7.7 to
3.3) were altered at 1h, while at 4h, the levels of adenine,
and formiminoglutamic acid

glutathione, L-citrulline

(log,FC=—-7.7 to 1.6) were affected. Meropenem alone only

affected the levels of thymidine, glutathione and
5’-phosphoribosyl-N-formylglycinamide  (log,FC=-2.1 to
3.6) at 4h.

Discussion

The World Health Organization lists MDR Gram-negative
bacteria as a critical threat to vulnerable patients (Van Duin et al.,
2013; Zilberberg et al., 2017). Polymyxins are regarded as a
treatment of last resort against life-threatening MDR Gram-
negative bacteria, but recent usage pattern of polymyxins has led
to increasing resistance of pathogens to polymyxins (Srinivas and
Rivard, 2017).

The present study applied metabolomic profiling to investigate
the mechanisms underlying the synergistic effects of meropenem/
polymyxin-B/sulbactam against MDR A. baumannii. These
isolates harbor OXA-23, TEM and ADC f-lactamases, which
confer resistance to both meropenem and sulbactam. OXA-23, in
particular, is not inhibited by sulbactam and is a prevalent

10.3389/fmicb.2022.1013934

mechanism contributing to sulbactam resistance in diverse
A. baumannii clinical isolates (Yang et al., 2019). The combination
of meropenem and polymyxin-B could significantly reduce the
MIC values but only to 8/2mg/l in two isolates, which are
considered resistant to meropenem and intermediate to
polymyxin-B. In the third isolate, meropenem/polymyxin-B MICs
were 2/2mg/l. 4mg/l sulbactam further reduces MIC to
<2/2/4mg/1 for meropenem/polymyxin-B/sulbactam, resulting in
susceptible for meropenem and intermediate for polymyxin-B
(CLSI, 2020). The reduction in MIC provides sufficient drug
exposure for clinical regimens of meropenem, polymyxin-B and
sulbactam to achieve >90% PTA for their respective
pharmacodynamic indices (Martins et al., 2020; Zhu et al., 2022).
The metabolomic profiling results revealed that the combination
therapy (P+M+S) initially perturbed lipids, LPS and
peptidoglycan metabolism therefore impacted the stability of cell
membrane and cell wall. This effect was followed by the
disturbance of the central carbon metabolism (CCM) and
nucleotide metabolism in the cell, which co-occurred with
oxidative stress as demonstrated by the depletion of intracellular
antioxidant GSH. The sequence of events is summarized in
Table 3.

An illustration of affected metabolic pathways is shown in
Figure 6. The effect of sulbactam in disrupting metabolic
pathways occurred at an earlier time as compared to
P+ M. Sulbactam effect on A. baumannii is accomplished by cell
wall disintegration and cell lysis while also acting as a
B-lactamase inhibitor (Horii et al., 2002; Lin et al., 2014; Penwell
etal, 2015). Meropenem plays a role in cell wall thinning in the

A
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FIGURE 5
Perturbations of amino acid (A) and nucleotide (B) metabolism pathways in Acinetobacter baumannii treated with antibiotics as monotherapy and
combination therapy at 15min, 1h and 4h. Significantly perturbed metabolites were selected based on log,FC<-1 or >1, p<0.05 and VIP>1;
*p<0.05; **p<0.01; ***p<0.001.
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TABLE 3 Sequence of metabolomic changes in Acinetobacter baumannii after polymyxin-B and meropenem treatments as monotherapy and in
combination with and without sulbactam.

Time Polymyxin-B/Meropenem/ Polymyxin-B/Meropenem Polymyxin-B Meropenem
Sulbactam
15min Cell wall synthesis Cell wall synthesis Cell wall synthesis Cell wall synthesis
| N-acetyl-D-glucosamine; | N-acetyl-D-glucosamine; NA NA
| GDP-D-mannuronic acid | GDP-D-mannuronic acid
Outer membrane Outer membrane Outer membrane Outer membrane
glycerophospholipids glycerophospholipids glycerophospholipids glycerophospholipids
| sn-glycerol-3-phosphate; | sn-glycero-3-phosphocholine; NA NA
| sn-glycero-3-phosphocholine; | sn-glycero-3-
| sn-glycero-3- phosphoethanolamine
phosphoethanolamine
Central carbon metabolism Central carbon metabolism Central carbon metabolism Central carbon metabolism
pathway pathway pathway pathway
1 D-erythrose-4-phosphate; | 1 D-erythrose-4-phosphate NA NA
pyruvic acid
Nucleotide, nicotinate and Nucleotide, nicotinate and Nucleotide, nicotinate and Nucleotide, nicotinate and
nicotinamide, amino acid and nicotinamide, amino acid and nicotinamide, amino acid and nicotinamide, amino acid and
peptide pathway peptide pathway peptide pathway peptide pathway
| L-alanine; | L-citrulline; | | L-alanine; | L-citrulline; | NA NA
glutathione; glutathione;
| 5-phospho-beta-D-ribosylamine; | ADP
1 5’-phosphoribosyl-N-
formylglycinamide;
1 cytidine diphosphate; |
thymidine;| ADP
1h Cell wall synthesis Cell wall synthesis Cell wall synthesis Cell wall synthesis
| N-acetyl-D-glucosamine; | N-acetyl-D-glucosamine; NA | N-acetyl-D-glucosamine;

| N-acetylmuramic acid;

| GDP-D-mannuronic acid;
| UDP-N-acetyl-D-
galactosaminuronic acid;

| D-glycero-beta-D-manno-

heptose 1,7-bisphosphate

Outer membrane
glycerophospholipids

| sn-glycerol-3-phosphate;

| sn-glycero-3-phosphocholine;
| sn-glycero-3-

phosphoethanolamine

Central carbon metabolism
pathway

| fumaric acid; | pyruvic acid; |
citric acid;

| a-ketoglutaric acid; |
phosphoenolpyruvate;

| D-erythrose-4-phosphate;

| D-ribulose-5-phosphate;

| D-sedoheptulose-7-phosphate

| N-acetylmuramic acid;

| GDP-D-mannuronic acid;

| UDP-N-acetyl-D-
galactosaminuronic acid;

| D-glycero-beta-D-manno-
heptose 1,7-bisphosphate; |
D-alanyl-D-alanine

Outer membrane
glycerophospholipids

1 myristic acid; | sn—glycerol—S—
phosphate;

| sn-glycero-3-phosphocholine;
| sn-glycero-3-
phosphoethanolamine

Central carbon metabolism
pathway

| fumaric acid; | pyruvic acid; |
citric acid;

| phosphoenolpyruvate;

| D-erythrose-4-phosphate;

| D-ribulose-5-phosphate;

| D-sedoheptulose-7-phosphate

Outer membrane
glycerophospholipids

| sn-glycerol-3-phosphate;

| sn-glycero-3-phosphocholine;
| sn-glycero-3-

phosphoethanolamine

Central carbon metabolism
pathway

| pyruvic acid; | citric acid

| GDP-D-mannuronic acid;

| N-acetylmuramic acid

Outer membrane
glycerophospholipids

| sn-glycerol-3-phosphate;

| sn-glycero-3-phosphocholine;
| sn-glycero-3-

phosphoethanolamine

Central carbon metabolism
pathway
| D-ribulose-5-phosphate
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TABLE 3 (Continued)

10.3389/fmicb.2022.1013934

Time Polymyxin-B/Meropenem/ Polymyxin-B/Meropenem Polymyxin-B Meropenem
Sulbactam
Nucleotide, nicotinate and Nucleotide, nicotinate and Nucleotide, nicotinate and Nucleotide, nicotinate and
nicotinamide, amino acid and nicotinamide, amino acid and nicotinamide, amino acid and nicotinamide, amino acid and
peptide pathway peptide pathway peptide pathway peptide pathway
1 formiminoglutamic acid; | | glutathione; | NAD+; | ADP; | | L-citrulline; | glutathione; | NA
L-citrulline; adenine; NAD+; | ADP;
| glutathione; | NAD+; | | thymidine; 1 cytidine | thymidine; 1 cytidine
thymidine; diphosphate diphosphate
1 5’-phosphoribosyl-N-
formylglycinamide;
1 nicotinamide riboside; | ADP; |
adenine;
1 cytidine diphosphate
4h Cell wall synthesis Cell wall synthesis Cell wall synthesis Cell wall synthesis

| GDP-D-mannuronic acid;

| UDP-N-acetyl-D-
galactosaminuronic acid;

| D-glycero-beta-D-manno-
heptose 1,7-bisphosphate; |
N-acetylmuramic acid;

| N-acetyl-beta-D-glucosamine
Outer membrane
glycerophospholipids

| sn-glycerol-3-phosphate;

| sn-glycero-3-phosphocholine;
| sn-glycero-3-
phosphoethanolamine

Central carbon metabolism
pathway

| fumaric acid; | maleic acid;

| a-ketoglutaric acid; |
phosphoenolpyruvate; | D-ribose-
5-phosphate;

| sedoheptulose-1,7-bisphosphate;
| D-glyceraldehyde-3-phosphate
Nucleotide, nicotinate and
nicotinamide, amino acid and
peptide pathway

| S-adenosyl-L-homocysteine; 1
L-citrulline;

1 formiminoglutamic acid; |
glutathione;

| NAD+; 1 cytidine diphosphate; |
adenine;

1 5’-phosphoribosyl-N-
formylglycinamide;

1 nicotinamide riboside; |

thymidine

| UDP-N-acetyl-D-
galactosaminuronic acid;

| D-glycero-beta-D-manno-
heptose 1,7-bisphosphate; |
N-acetylmuramic acid;

| N-acetyl-beta-D-glucosamine

Outer membrane
glycerophospholipids

| sn-glycerol-3-phosphate;

| sn-glycero-3-phosphocholine;

| sn-glycero-3-
phosphoethanolamine

Central carbon metabolism
pathway

| fumaric acid; | malic acid;

| a-ketoglutaric acid; |
phosphoenolpyruvate; | D-ribose-
5-phosphate;

| sedoheptulose-1,7-bisphosphate;
| D-glyceraldehyde-3-phosphate
Nucleotide, nicotinate and
nicotinamide, amino acid and
peptide pathway

| S-adenosyl-L-homocysteine; 1
L-citrulline;

| glutathione; | NAD+; | adenine;
Ithymidine; 1 cytidine
diphosphate;

1 5’-phosphoribosyl-N-

formylglycinamide

| UDP-N-acetyl-D-
galactosaminuronic acid;

| N-acetyl-beta-D-glucosamine

Outer membrane
glycerophospholipids
NA

Central carbon metabolism
pathway
NA

Nucleotide, nicotinate and
nicotinamide, amino acid and
peptide pathway

1 formiminoglutamic acid; 1
L-citrulline;

| glutathione; | adenine

| UDP-N-acetyl-D-
galactosaminuronic acid;
| D-glycero-beta-D-manno-

heptose 1,7-bisphosphate

Outer membrane
glycerophospholipids
NA

Central carbon metabolism
pathway
NA

Nucleotide, nicotinate and
nicotinamide, amino acid and
peptide pathway

1 5’-phosphoribosyl-N-
formylglycinamide;

| thymidine
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Illustration of affected metabolomic pathways in Acinetobacter baumannii treated with antibiotics as monotherapy and combination therapy.

exposed bacteria through its high-affinity binding with
penicillin-binding protein, which is a major cell wall synthesis
enzyme (Cottagnoud, 2002; Sauvage et al., 2008; Bian et al.,
2021). The cell wall of bacteria is mainly composed of
lipopolysaccharide and peptidoglycan. The combination
consisting of P+M and P+M +S depleted the levels of two
important cell wall components that are GIcNAc and MurNAc.
The levels of GDP-ManA and UDP-GalNAcA, which are two
important intermediates involved in peptidoglycan biosynthesis,
were in disequilibrium.

The levels of three metabolites related to pentose phosphate
pathway were also affected by P+M and P+ M +S: D-ribulose-5-
phosphate, D-sedoheptulose-7-phosphate and D-glycero-beta-D-
manno-heptose-1,7-bisphosphate; they are precursors of LPS
biosynthesis (Maifiah et al., 2017; Hu et al., 2019). This shows that
an early effect of sulbactam in disrupting and puncturing cell wall
structure is an important contributor to the collapse of cell
morphology (Horii et al., 2002). When the integrity and stability
of cell membrane are disrupted, the therapeutic pressure can
either eradicate the bacteria or prompt the bacteria to increase its
defense by enhancing drug resistance mechanisms. Previous
comparative metabolomic study evaluated sulbactam/colistin
combination (Han et al., 2019a). This study showed that colistin/
sulbactam combination decreased amino acid and nucleotide
levels more dramatically at 4h compared with monotherapies of
either sulbactam or colistin; cell wall synthesis was also perturbed
early on at 1 h by sulbactam.

Polymyxin-B effect on bacterial outer membrane is mediated by
an electrostatic interaction with the lipid A of LPS and subsequently
affected the stability of cell membrane (Cajal et al., 1996; Clausell
et al, 2003; Domingues et al, 2012). Polymyxin-resistance in
A. baumannii was previously shown to be mediated by LPS
deficiency and lipid A modifications as well as a shift in

Frontiers in Microbiology

98

glycerophospholipid profile that increased the abundance of short-
chain lipid, resulting in a significant outer-membrane remodeling
(Maifiah et al., 2016). The current study was not designed to compare
polymyxin-resistant against polymyxin-susceptible A. baumannii.
The combination of P+M and P+M+S reduced the levels of some
metabolites associate with the synthesis of outer membrane
glycerophospholipids including sn-glycerol-3-phosphate, sn-glycero-
3-phosphocholine and sn-glycero-3-phosphoethanolamine (Zhang
and Rock, 2008; Allobawi et al., 2020). Metabolites related to cell wall
and outer membrane synthesis had only slight alteration when
administered polymyxin-B and meropenem alone. This is likely due
to the existing resistance mechanisms already at work in the
clinical isolate.

The destruction of cell wall and outer membrane by the
combination treatment changed the permeability of the outer
membrane, allowing for more antibiotics to enter the bacteria
(Nikaido, 2003; Khondker and Rheinstadter, 2020). Previous study
showed interaction between transcriptomics and metabolomics in
response to polymyxin treatment (Han et al., 2019b). In response
to disruption of the outer membrane phospholipids by polymyxin,
P, aeruginosa increased the biosynthesis of LPS and peptidoglycan
to stabilize the damage to its cell envelope. The same feedback
mechanism was also observed in A. baumannii (Maifiah et al.,
2017). Subsequent CCM pathway is recruited to generate
metabolic precursors in bacteria (Noor et al., 2010).

With more antibiotics entering the bacteria, the CCM
pathway in the bacteria was also affected and many metabolites
were in disequilibrium (Figure 4). The CCM is an important
pathway that can provide energy; disruption of this pathway
affects the bacteria’s oxidation and reduction states that can
modify precursor metabolites for other metabolic pathways
(Gest, 1987; Fuchs et al., 2012; Murima et al., 2014;
Wolfe, 2015).

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1013934
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhu et al.

The stability of CCM directly affects the survival of bacteria
cells (Lobritz et al., 2015). Twelve key metabolites in CCM were
perturbed by the combination of P+M and P+M+S (Figure 4).
Among them, fumaric acid is involved in the nicotinate and
nicotinamide metabolism. The alterations in fumaric acid levels
might lead to the perturbation of NAD+ and nicotinamide
riboside. NAD+ and ADP which are markers of energy
metabolism were depleted by P+M and P+M+S combination
therapies. Depletion of NAD+ is a common strategy to enhance
immune-mediated cell death in both prokaryotes and eukaryotes
(Wang et al., 2022).

The nucleotide metabolism pathway is essential for
energy, lipid and protein biosynthesis (Moffatt and Ashihara,
2002; Armenta-Medina et al., 2014; Zhao et al., 2021). This
pathway was perturbed by the P+M+S combination
treatment. Many metabolites were depleted including ADP,
thymidine, adenine, 5-phospho-beta-D-ribosylamine, FGAR
and CDP.

Glutathione as an integral part of cellular redox system is a key
indicator of oxidative stress (Smirnova and Oktyabrsky, 2005). The
perturbation of amino acid and peptide biosynthesis pathway was
observed with the combination of P+M and P+ M +S§, especially
on glutathione levels. The significantly depleted glutathione is
consistent with the use of glutathione pool to compensate for
antibiotic-induced oxidative damage (Maifiah et al., 2017). This
shows that the metabolic balance in bacteria has been broken, thus
inhibiting bacterial growth.

In conclusion, our findings were consistent with reported in
vitro benefits of combination therapy in the treatment of MDR
A. baumannii (Menegucci et al., 2019). The current study on
metabolomic profiling elucidates the salutary effects of
combination antimicrobial chemotherapy. The addition of
sulbactam to P+ M combination appears to be an early disruptor
of A. baumannii metabolome, which paves the way for further
antibiotic penetration into bacteria cells.
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The metabolic microenvironment of bacteria impacts drug efficacy. However,
the metabolic mechanisms of drug-resistant Salmonella spp. remain largely
unknown. This study characterized the metabolic mechanism of gentamicin-
resistant Salmonella Choleraesuis and found that D-ribose increased the
gentamicin-mediated killing of this bacteria. Non-targeted metabolomics of
homologous gentamicin-susceptible Salmonella Choleraesuis (SCH-S) and
gentamicin-resistant S. Choleraesuis (SCH-R) was performed using UHPLC-Q-
TOF MS. The metabolic signature of SCH-R included disrupted central carbon
metabolism and energy metabolism, along with dysregulated amino acid
and nucleotide metabolism, vitamin and cofactor metabolism, and fatty acid
synthesis. D-ribose, the most suppressed metabolite in SCH-R, was shown
to strengthen gentamicin efficacy against SCH-R and a clinically isolated
multidrug-resistant strain. This metabolite had a similar impact on Salmonella.
Derby and Salmonella. Typhimurium. D-ribose activates central carbon
metabolism including glycolysis, the pentose phosphate pathway (PPP), and
the tricarboxylic acid cycle (TCA cycle), increases the abundance of NADH,
polarizes the electron transport chain (ETC), and elevates the proton motive
force (PMF) of cells, and induces drug uptake and cell death. These findings
suggest that central carbon metabolism plays a critical role in the acquisition
of gentamicin resistance by Salmonella, and that D-ribose may serve as an
antibiotic adjuvant for gentamicin treatment of resistant bacterial infections.
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Introduction

Salmonella spp. is a highly prevalent foodborne pathogen that poses a serious threat to
human and animal health, causing >10 million global infections each year (CDC, 2019).
The World Health Organization (WHO) has defined Salmonella spp. as a “priority
pathogen”(WHO, 2017). To date, >2,500 serotypes have been identified (Hendriksen et al.,
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2011). One of these, Salmonella Choleraesuis (S. Choleraesuis), is
host adaptive, primarily infecting pigs, causing paratyphoid fever
in piglets, and occasionally infecting and causing bacteremia in
humans (Chiu et al., 2004; Yang et al., 2012). Human infection
most often occurs through exposure to contaminated food or
water (Mahon and Fields, 2016). S. Choleraesuis is a widely
disseminated serotype (Chiu et al., 2004) and is the most common
cause of nontyphoid Salmonella infection in Thailand (Luk-In
et al,, 2018). In Europe, the growing number of S. Choleraesuis
infections among wild boars has attracted research attention
(Longo et al., 2019; Papic et al.,, 2021; Ernholm et al., 2022). In
humans, this pathogen has higher invasiveness and is thus a
greater health threat than other serotypes (Cohen et al., 1987).

Antibiotics play a critical role in the treatment of bacterial
infections. However, antimicrobial resistance caused by improper
antibiotic use is becoming a serious threat (Bush et al., 2011),
particularly with the emergence of multidrug-resistant strains
(Hogberg et al, 2010; Ciorba et al, 2015). In addition to
methicillin-resistant Staphylococcus aureus (MRSA; Otto, 2013),
extended-spectrum p-Lactamase producing Enterobacteriaceae
(ESBLs; Castanheira et al., 2021), and vancomycin-resistant
Enterococcus (VRE; Reyes et al, 2016), multidrug-resistant
Salmonella is also a serious health problem (Tyson et al., 2021).
Specifically, multidrug-resistant S. Choleraesuis is becoming a
crisis for both humans and animals (Chang et al., 2005; Gil Molino
et al., 2019). Resistant strains are non-responsive to all
antimicrobial agents, including p-lactams, aminoglycosides,
bolome reprogramming by metabsulfonamides (Molino et al.,
2020). Mcr-3.1 was also discovered in S. Choleraesuis, rendering
colistin ineffective (Oransathid et al., 2022). Unfortunately, the
development of more complex mechanisms of resistance and the
high cost of creating new agents have hindered effective treatment
(Breijyeh et al., 2020; Provenzani et al., 2020). Some studies predict
that antimicrobial-resistant pathogens will be attributed to 10
million deaths worldwide by 2050 (Castro-Vargas et al., 2020).
Thus, there is an urgent need to stop the emergence and spread of
antibiotic resistance.

The metabolic state of bacteria affects their susceptibility to
antibiotics (Stokes et al., 2019). Bacterial cells embedded in
biofilms are particularly tough to eliminate due to the
impermeability of biofilms and the reduced metabolic status of the
embedded cells (Yin et al., 2019). Persister cells are subpopulations
of antibiotic-sensitive bacteria which escape antibiotic killing
through metabolic repression (Fisher et al., 2017). In recent years,
new strategies have been developed to explore the metabolic
mechanisms of bacterial acquired resistance. Metabolomics is the
large-scale evaluation of small molecules in cells or tissues which
cannot be studied using other methods, including genomics,
transcriptomics, and proteomics (Castro-Santos et al., 2015;
Johnson et al., 2016). An important feature of metabolomics is
that basic metabolic pathways and metabolites are similar between
species, while genes, transcripts, and proteins are species specific
(Kovac et al.,, 2013). Hence, metabolomics is a potential tool to
explore the acquisition of antimicrobial resistance by bacteria
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(Kok et al,, 2022). A GC-MS-based metabolomics study on
cefoperazone sulbactam (SCF)-resistant P. aeruginosa (PA-Rgcy)
found that the metabolic mechanism for resistance was the
inhibition of central carbon metabolism (Chen et al., 2022).
Another metabolomics study on Escherichia coli carrying the
mcr-1 gene found that mcr-1-mediated colistin resistance was
associated with a disruption in glycerophospholipid metabolism
and LPS biosynthesis as well as the accumulation of the substrate
PEA (Li et al., 2019). Mcr-1-mediated colistin-resistant Vibrio
alginolyticus, however, showed reduced central carbon metabolism
and membrane potential (Li et al., 2020). These differences may
be explained by interspecies differences. While the metabolic
mechanism of antibiotic resistant Edwardsiella tarda and
Campylobacter jejuni have also been studied (Cheng et al., 2017;
Liu etal,, 2019), there are few reports on the metabolic mechanism
of antibiotic resistance in Salmonella spp.

Aminoglycosides, a class of antibiotics that act by inhibiting
protein synthesis, are powerful weapons against multiple
pathogens, including Salmonella (Poulikakos and Falagas, 2013).
Unfortunately, several types of bacteria exhibit resistance to
aminoglycosides through enzymatic modifications, efflux pump
systems, and genetic mutations that threaten their sustainable
utilization (Touati, 2019). Strategies are urgently needed to retain
these drugs in the antibacterial arsenal (Bottger and Crich, 2020).
Metabolome reprogramming by metabolites is an effective
strategy against drug resistance (Peng et al., 2015a). For example,
alanine, glucose, and fructose can promote kanamycin-mediated
killing of Edwardsiella tarda. These metabolites induce NADH
through the TCA cycle, which activates the proton motive force
(PMF) and enables drug uptake (Peng et al., 2015b). A recent
study also reported that glutamine promotes the function of
antibiotics against multidrug-resistant bacteria (Zhao et al., 2021).
This study analyzed the metabolic spectrum of clinically isolated
multidrug-resistant and susceptible Escherichia coli and identified
glutamine, which was inhibited by drug-resistant bacteria, as a
biomarker. Exogenous glutamine promoted the f-lactams-,
aminoglycosides-, quinolones- and tetracyclines-induced killing
of multidrug-resistant uropathogenic bacteria and enhanced the
activity of ampicillin against multidrug-resistant Klebsiella
pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii,
Edwardsiella  tarda,  Vibrio  alginolyticus, and  Vibrio
parahaemolyticus. These results indicate that metabolome
reprogramming may be an effective weapon against drug
resistance. The current study sought to investigate whether similar
mechanisms can be used to improve the activity of other
aminoglycosides, including gentamicin, tobramycin, apramycin,
and kanamycin, against antibiotic-resistant Salmonella spp.

UHPLC-Q-TOF MS was used to characterize the metabolic
profile of gentamicin-susceptible and resistant S. Choleraesuis and
explore the metabolic mechanisms of gentamicin resistance of
SCH-R. Resistance was associated with a disruption in central
carbon metabolism, along with dysregulated amino acid and
nucleotide metabolism, vitamin and cofactor metabolism, and
fatty acid synthesis. In addition, D-ribose, the most suppressed
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metabolite in SCH-R, significantly increased the gentamicin-
mediated killing of both SCH-R and the wild strain and had a
similar effect on multidrug-resistant Salmonella. These findings
provide new perspectives and strategies for the study and
resolution of Salmonella resistance mechanisms.

Materials and methods
Chemicals

All antibiotics were purchased from the China Institute of
Veterinary Drug Control (Beijing, China). Mueller Hinton (MH)
Agar, MH Broth, Tryptic Soy Agar (TSA), Luria-Bertani (LB)
broth, MacConkey Agar, and Xylose Lysine Deoxycholate (XLD)
Agar were purchased from Guangdong Huankai Microbial Sci &
Tech. Co., Ltd. (Guangdong, China). Methanol and acetonitrile
(high-performance liquid chromatography grade) were purchased
from Thermo Fisher Scientific (Waltham, MA, United States).
Ammonium ethoxide and formic acid (high-performance liquid
chromatography grade) were purchased from Sigma Aldrich
(Missouri, United States).

Bacterial strains and growth conditions

Standard strains of Escherichia coli (ATCC25922) and
S. Choleraesuis (ATCC13312) were purchased from American
Type Culture Collection (Manassas, VA, United States). The
clinical strains, SR-1 and SR-6 (S. Derby), SR-7 (S. Typhimurium),
and SCH2021 (S. Choleraesuis) were isolated from swine farms in
South China (Guangdong Province, China). These strains exhibit
resistance to most clinical antimicrobials, including p-lactams,
aminoglycosides, tetracyclines, and sulfonamides. The minimum
inhibitory concentrations (MICs) of antimicrobials against
different Salmonella strains were determined using the
2020). The standard
S. Choleraesuis (ATCC13312) strain was sequentially propagated

microdilution method (Li et al,
with or without drug and drug-resistant bacteria were selected. All
bacterial cultures were grown in LB medium at 37°C.

Sample pretreatment

S. Choleraesuis (ATCC13312) was used for non-targeted
metabolomics studies. Gentamicin-resistant (SCH-R), and
susceptible (SCH-S) bacteria were cultured in LB broth to a late
exponential phase. The bacterial suspension (5ml) was centrifuged
at 16,000 g for 10 min at —10°C and the precipitate was washed
twice with PBS. The bacteria were collected and quickly quenched
in liquid nitrogen to halt metabolism. Methanol/acetonitrile/water
(1ml, 2:2:1, V/V) was added, vortexed for 60s, and extracted
ultrasonically twice at a low temperature. The supernatant was
placed at —20°C for 1h to precipitate the proteins. The samples
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were centrifuged at 20,000 g at 4°C for 20 min, and the supernatant
was collected, lyophilized, and stored at —80°C.

Non-targeted metabolomic analysis

UHPLC-Q-TOF MS was used to perform the non-targeted
metabolomics analysis. Samples were separated on a HILIC
column at 25°C with mobile phase A (water +25 mM ammonium
acetate +25 mM ammonia) and mobile phase B (acetonitrile). The
gradient elution procedure included: 0-1 min, 95% B; 1-14 min,
95-65% B; 14-16 min, 65-40% B; 16-18 min, 40% B; 18-18.1 min,
40-95% B; 18.1-23 min, 95% B. The flow rate was 0.3 ml/min with
an injection volume of 2 pl. Electrospray ionization (ESI) was used
to monitor the samples in positive and negative ion modes using
the following parameters: Ion Source Gas 1 (Gasl)=60, Ion
Source Gas 2 (Gas 2)=60, Curtain gas (CUR)=30, source
temperature=600°C, IonSapary Voltage Floating (ISVF)=+
5,500 V; TOF MS scan m/z range = 60-1,000 Da, product ion scan
range=25-1,000Da, TOF MS
time=0.20s/spectra, and product ion scan accumulation

m/z scan accumulation
time =0.05 s/spectra. The secondary mass spectrum was obtained
by information-dependent acquisition (IDA) and used with a high
sensitivity mode as follows: Declustering potential (DP) =+ 60V
(positive and negative modes), collaboration energy=35+15
EV. IDA was set to exclude isotopes within 4 Da and monitor six
candidate ions per cycle. Quality control (QC) samples were
inserted into the sample queue to monitor and evaluate the
stability of the system and ensure data reliability.

Data processing and statistical analysis

Mass spectrometry data were processed using Software
Analyst 1.6. The total ion and MRM multi-peak diagrams of the
samples were obtained. The mass spectrum peaks detected by each
metabolite in different samples were corrected based on the
retention time and peak metabolite types. Principal component
analysis (PCA), partial least squares discrimination analysis (PLS-
DA), orthogonal partial least squares analysis (OPLS-DA),
multivariate analysis, and the Students t-test were used to
investigate intra- and inter-group differences between the samples
and to identify differential metabolites. Using OPLS-DA analysis,
differences between groups were preliminarily screened using a
Variable Importance in Projection (VIP) score>1. Univariate
statistical analysis was used to verify whether the differential
metabolites were significant. Those with multidimensional
statistical analysis VIP scores >1 and a univariate statistical
analysis p value of <0.05 were selected as significantly different.
The structure of each metabolite was identified using accurate
mass number matching (<25ppm) and secondary spectrum
matching. To comprehensively display the relationship between
samples and the differences in the expression patterns of
metabolites in different samples, we perform hierarchical
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clustering on each group of samples to help us accurately screen
marker metabolites. Finally, KEGG pathway analysis and pathway
enrichment of differential metabolites were carried out to identify
those metabolic pathways with the most significant changes.

Antibiotic bactericidal assays

The antibacterial assay was carried out as described
previously (Allison et al., 2011). In brief, bacterial cells were
cultured in LB broth to the late exponential phase. After
centrifugation at 10,000 g for 5 min, the cells were washed twice
with sterile PBS buffer and resuspended to 1 x 10°cfu/ml in M9
minimal media. D-ribose and antibiotics were added, and the
culture was incubated at 37°C for 6 h. In all CCCP experiments,
the cells were preincubated with 20 pM CCCP for 5 min before
adding metabolites or antibiotics. The remaining inhibitors,
bromopyruvate, malonate, and rotenone, were added at the
same time as the metabolites or antibiotics. After incubation,
100 pl of the culture was removed, serially diluted, and plated
(20l aliquots) onto LB agar plates. The agar plates were
incubated at 37°C for 10-16h and those with 10-100 colonies
were enumerated to determine the number of colony-forming
units (cfu). Percent survival was determined by the ratio of cfu
obtained from the test and control samples.

Measurement of NADH and NADH
dehydrogenase 1 (ND1)

NADH production was determined using a NAD+/NADH
assay kit (BioAssay Systems, Hayward, CA, United States; Peng
etal.,, 2015b). In brief, bacterial cells were grown to the exponential
phase (6h) in broth, and 1 ml of the culture was collected and
centrifuged at 13,000 g for 5min. The supernatant was discarded,
and the pellet was washed three times with PBS. NADH extraction
buffer (100 ul) was added, the extract was heated at 60°C for 5 min,
then 20 pl assay buffer and 100 ul NAD" extraction buffer were
added to neutralize the extract. After centrifugation, NADH was
measured in the supernatant according to the manufacturer’s
instructions. NADH dehydrogenase 1 was assessed using a
Microorganism ND1 ELISA kit (Jiangsu MEIMIAN Industrial
Co., Ltd., Yancheng China). The exponential phase culture (1 ml)
was centrifuged and washed, and the cells were resuspended in
1 ml of PBS. The cells were then disrupted by sonication to obtain
ND1 detected the
manufacturer’s instructions.

a supernatant. was according to

Measurement of membrane potential
The membrane potential was examined using a BacLight

Bacterial Membrane Potential Kit (Life Technologies, Carlsbad,
CA, United Statessss) as previously described (Yong et al., 2021).
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Measurement of intracellular gentamicin

Measurement of intracellular gentamicin was determined as
previously described (Yong et al., 2021). In brief, bacterial cells
were cultured in LB broth until the late exponential phase. After
centrifugation, the precipitates were collected and resuspended in
10ml of M9 minimal media to 1x10°cfu/ml with or without
antibiotics and D-ribose. The reaction samples were incubated at
37°C for 6 h, and the precipitates were harvested by centrifugation,
washed twice with PBS, and resuspended in 1ml of PBS. The
solution was sonicated for 10 min and the insoluble substances
were removed by centrifugation. Gentamicin was quantified in the
supernatant using a Gentamicin ELISA kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd., Shanghai, China).

Quantitative RT-PCR analysis

Bacterial cells were harvested in the exponential phase.
The total RNA was extracted according to the manufacturer’s
instructions using an RNAiso Plus kit (Takara Japan). Reverse
transcription-PCR was performed using a Hifair® II 1st Strand
c¢DNA Synthesis Kit (Yeasen, Shanghai China) with 1.5 pg of
total RNA according to the manufacturer’s instructions.
QRT-PCR was performed with a total volume of 10 pl liquid
including 5 pl 1x SYBR Green Master Mix (Yeasen, Shanghai
China), 1 ul PCR-grade water, 2 ul cDNA template, and 1 pl
of each primer pair (0.2 pM) using a real-time PCR system
(BIO-RAD). The in the
Supplementary material (Supplementary Table 1). The cycling

specific primers are listed
parameters were as follows: pre-denaturation at 95°C for 300,
40 cycles of 95°C for 10, and 60°C for 30s. The melting curve
was obtained from 60-95°C with a calefactive velocity of
0.05°C/s. Differences in gene expression were compared
between the experimental and control groups and 16S rRNA
was used as the internal reference. The biological repeats were
carried out in triplicate.

Results
Metabolic profile of SCH-R

Gentamicin-susceptible S. Choleraesuis (ATCC13312, SCH-S)
was continuously cultured in LB broth with or without gentamicin
(SCH-R),
microdilution method was used to detect the MIC of different
antimicrobials against SCH-R and clinical isolates (Table 1). A
non-targeted metabolomics profile of SCH-S and SCH-R was then
determined using UHPLC-Q-TOF MS with eight biological
replicates per group. Unsupervised PCA was performed on the ion

to obtain gentamicin-resistant Salmonella and

peaks extracted from each group of samples to obtain the overall
difference profile between the groups (Figures 1A,B). To better
reflect the differences between samples, OPLS-DA analysis was
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TABLE 1 MIC value of different antimicrobials against Salmonella (ug/mL).

10.3389/fmicb.2022.1053330

ATCC13312S8 ATCC13312R SCH2021 SR-1 SR-6 SR-7
(SCH-S) (SCH-R)

Gentamicin 0.25 16 16 32 16 32
Tobramycin 0.25 0.25 64 32 32 32
Apramycin 2 2 64 128 256 256
Kanamycin 2 2 256 512 512 512
Spectinomycin 8 8 256 512 512 512
Ampicillin 2 2 32 128 32 32
Amoxicillin/Clavulanic acid 1 1 32 32 32 16
Ceftiofur 0.5 0.5 2 1 0.5 0.5
Ofloxacin 0.03 0.03 4 8 4 8

Enrofloxacin 0.03 0.03 4 4 4 4

Tetracycline 1 1 32 32 16 16
Colistin 0.5 0.5 1 1 1 1

Sulfaisoxazole 4 4 512 512 512 512
Sulfamethoxazole/ 0.5 0.5 32 32 32 32

Trimethoprim

performed, and the VIP score was used to help identify differential
metabolites. Univariate analysis was also conducted to ensure the
reliability of differential metabolites, and those with a VIP score> 1
and a value of p <0.05 were considered significant. A total of 114
differential metabolites were identified in the SCH-S and SCH-R
strains in the positive and negative ion modes after the same
species were removed, of which 59 were up-regulated and 55 were
down-regulated (Supplementary Table 2). The four most abundant
of the 114 metabolites were nucleic acids (22%), organic acids
(15.8%), carbohydrates (7%), and fatty acyls (7%) (Figure 1C).
Hierarchical clustering of differential metabolites was used to show
the relationship between samples and help to accurately identify
biomarkers with significant significance (Figures 1D,E). These
results indicated that the metabolic state of SCH-R was disrupted.

Enriched pathways in SCH-R

To assess the metabolic changes of the drug-resistant bacteria,
alterations in metabolite abundance were analyzed using KEGG
(https://www.genome.jp/kegg). As shown in Figure 2A, 23
pathways were enriched (Supplementary Table 3). The most
impacted pathway was oxidative phosphorylation, a series of
chemical reactions occurring in the electron transport chain
(ETC) (Bald et al., 2017). PMF generated by ETC is shown to
promote the internalization of aminoglycosides (Taber et al.,
1987). Thus, we speculated that the PMF of SCH-R was suppressed
as a result of disturbed oxidative phosphorylation, ultimately
mediating the resistance of SCH-R to gentamicin. The increased
abundance of NAD" in SCH-R cells was also suggestive of PMF
suppression (Figure 2B). Key metabolites associated with
riboflavin metabolism, alanine, aspartate and glutamate
metabolism, arginine biosynthesis, glycolysis/gluconeogenesis,
and pentose phosphate pathway were down-regulated, while those
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associated with pantothenate and CoA biosynthesis and valine,

leucine, and isoleucine biosynthesis were up-regulated
(Figure 2B). Of these, the glycolysis/gluconeogenesis and pentose
phosphate pathway are involved in central carbon metabolism,
which converts nutrients into biomass and energy (Ryan et al.,
2021). The central carbon metabolism provided protons through
NADH reduction to maintain PMFE. Thus, we reasoned that a
disturbed central carbon metabolism in SCH-R affected oxidative
phosphorylation and thereby suppressed PMFE. Additionally.
amino acid metabolism fuels central carbon metabolism, which
benefits riboflavin metabolism, fatty acid synthesis, and other
pathways. These findings suggested that the global metabolism of
SCH-R was altered and that disrupted central carbon metabolism

may play a key role in mediating SCH-R resistance.

Perturbed central carbon metabolism is
associated with lower PMF in SCH-R

To verify whether disturbed central carbon metabolism leads
to lower PMF via reduced NADH and thus mediates drug
resistance, we began by assessing the PMF of SCH-S and
SCH-R. Indeed, SCH-R had lower PMF than SCH-S (Figure 3A).
NADH, the basis for maintaining PME and the activity of NADH
dehydrogenase 1 (ND1), were also significantly lower in SCR-R
than in SCH-S (Figures 3B,C). These findings suggest that the
ETC of SCH-R is severely altered, which leads to lower PME. To
verify whether central carbon metabolism is disrupted, genes
involved in glycolysis, PPP, and TCA cycles were assessed by
qRT-PCR. As expected, nearly all genes associated with central
carbon metabolism were downregulated in SCH-R (Figures 3D,E).
These findings suggested that disrupted central carbon metabolism
reduced the PMF of SCH-R, potentially accounting for the
gentamicin resistance of these bacteria.
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D-ribose induces gentamicin against
drug-resistant Salmonella

Exogenous supplementation to reprogram the metabolome by
repressed metabolites can alter the sensitivity of resistant strains
(Peng etal.,, 2015b). Our previous study confirmed that citrulline and
glutamine promoted apramycin-mediated killing (Yong et al., 2021).
The current study confirmed that exogenous D-ribose, which was
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suppressed in SCH-R, enhanced gentamicin-mediated killing in
both SCH-R and SCH2021. SCH2021 is a wild S. Choleraesuis
which confers resistance to gentamicin, tobramycin, apramycin,
kanamycin etc. The two gentamicin-resistant strains were
co-incubated with or without D-ribose plus gentamicin. In the
presence of gentamicin, cell survival declined with increasing doses
of D-ribose (Figure 4A). Specifically, in the presence of 1 MIC
gentamicin, when 0, 6, 12, 24, or 48 mM D-ribose was added, the cell
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FIGURE 2
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SCH-R resistance is mediated by disrupted central carbon metabolism. (A) Variation of the PMF in SCH-R and SCH-S. (B) NADH concentration in
SCH-R and SCH-S. (C) Activity of NADH dehydrogenase 1 in SCH-R and SCH-S. (D,E) QRT-PCR for the expression of key genes in central carbon
metabolism. pckA, phosphoenolpyruvate carboxykinase; mdh, malate dehydrogenase; gltA, citrate synthase; acnB, aconitate hydratase 2; icdA,
isocitrate dehydrogenase; sucA, 2-oxoglutarate dehydrogenase E1 component; sucC, succinyl-CoA synthetase beta subunit; sdhA, succinate
dehydrogenase; sdhC, succinate dehydrogenase; fumA, fumarate hydratase, class I; fumC, fumarate hydratase, class II; (pd, dihydrolipoyl
dehydrogenase; acek, pyruvate dehydrogenase E1 component; aceF, pyruvate dehydrogenase E2 component; frdC, fumarate reductase subunit
C; frdB, fumarate reductase iron—sulfur subunit; frdA, fumarate reductase flavoprotein subunit; zwf, glucose-6-phosphate dehydrogenase; rpe,
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prsA, ribose-phosphate pyrophosphokinase; rpiA, ribose 5-phosphate isomerase A; glpX, fructose-1,6-bisphosphatase Il; fbp, fructose-1,6-
bisphosphatase I; eno, phosphopyruvate hydratase; pgi, glucose-6-phosphate isomerase; pykF, pyruvate kinase; pykA, pyruvate kinase; gapA.,
glyceraldehyde 3-phosphate dehydrogenase. Results are displayed as the mean+SEM and three biological repeats are carried out. Significant

differences are identified (*p<0.05 and **p<0.01).

survival percentages of SCH-R were 93.46, 88.93, 51.74, 4.69, and
0.56, respectively. Similarly, the cell survival percentages of
SCH20221 were 91.50, 89.28, 78.20, 1.41, and 0.071, respectively
(Figure 4B). Furthermore, Furthermore, cell survival was gentamicin
dose-dependent (Figure 4C; Supplementary Figures SIA-F).
D-ribose was also shown to enhance gentamicin-, tobramycin-, and
apramycin-mediated killing of multidrug-resistant S. Choleraesuis,
S. Typhimurium and S. Derby (Figures 4D-G). These results
demonstrated that D-ribose can increase gentamicin-, tobramycin-,
and apramycin-mediated killing in drug-resistant Salmonella,
including multidrug-resistant strains.
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Exogenous D-ribose increases
PMF-induced uptake of gentamicin

Glucose increases the PMF of E. coli and stimulates the uptake
of aminoglycosides and induces cell deaths (Allison et al., 2011).
To test whether D-ribose can also enhance the PMF of Salmonella,
cells were cultured in M9 minimal media with or without D-ribose
for 6h and the PMF was assessed using the BacLight bacterial
membrane potential Kit. The PMF of SCH-R was increased by
8.62, 11.54, and 14.92% in the presence of 12, 24, and 48 mM
D-ribose, respectively (Figure 5A). Similar results were observed
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using the clinical MDR Salmonella SR-7 strain (Figure 5B). To
further verify whether elevated PMF can promote drug uptake, an
ELISA kit was used to detect the intracellular concentration of
gentamicin in the presence of 24 mM D-ribose. The intracellular
concentration of gentamicin in SCH-R and clinical Salmonella cells
increased significantly in the presence of D-ribose (Figure 5C). To
verify whether the gentamicin potentiation by D-ribose was result
of higher PMF-induced drug uptake and subsequent cell death,
PMEF was inhibited using the proton ionophore, carbonyl cyanide
chlorophenyl hydrazone (CCCP). As expected, CCCP significantly
inhibited PMF expression in both the presence and absence of
D-ribose (Figures 5A,B), while the intracellular concentration and
potentiating effect of gentamicin were declined (Figures 5D,E).
These results demonstrated that increased drug uptake induced by
D-ribose was responsible for gentamicin killing.

10.3389/fmicb.2022.1053330

D-ribose activates the ETC

To demonstrate that D-ribose increased PMF by activating
ETC. First, the intracellular NADH concentration and NADH
dehydrogenase 1 activity of SCH-R were detected. The result
that both NADH concentration and NADH
dehydrogenase 1 activity of SCH-R were elevated by D-ribose in
a dose-dependent manner (Figures 6A,B). In addition, rotenone,
an ETC inhibitor, abolished D-ribose mediated synergy
(Figure 6C). Similar results were obtained using SCH2021 and
clinical MDR Salmonella (Figures 6A-C). Finally, the expression
of ETC-related genes in SCH-R upregulated significantly after
adding D-ribose (Figure 6D). These data suggested that D-ribose
enhanced PMF by stimulating ETC, and then increased drug
uptake, induced cell death ultimately.
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Activated central carbon metabolism
drives aminoglycoside-mediated killing

We assumed that D-ribose activated central carbon
metabolism to promote ETC polarization. First, two TCA cycle
inhibitors, bromopyruvate and malonate, were used to verify this.
Specifically, bromopyruvate inhibits the E1 subunit of pyruvate
dehydrogenase, malonate competitively inhibits succinate
dehydrogenase. Cell survival increased as bromopyruvate and
malonate concentrations rose (Figures 7A,B). In addition, lower
PMF and NADH levels were detected after adding bromopyruvate
or malonate (Figures 7C-F). These findings indicated that TCA
the
Furthermore, most genes involved in central carbon metabolism

inhibition eliminated D-ribose-mediated  potential.
were upregulated by D-ribose (Figure 7G). This indicated that
D-ribose was involved in stimulating the central carbon
metabolism of drug-resistant bacteria, producing more NADH,
polarizing ETC, increasing PMF, and promoting drug uptake and

cell death (Figure 8).

Discussion

This study characterized the intracellular metabolic profile of
gentamicin-sensitive S. Choleraesuis, SCH-S, and the homologous
gentamicin-resistant strain, SCH-R. A total of 114 metabolites,

10.3389/fmicb.2022.1053330

including amino acids, carbohydrates, nucleotides, and their
derivatives, in SCH-R changed significantly relative to SCH-S. The
pathway enrichment results of this study are similar to those of
Peng et al., who used GC-MS to compare the metabolic profiles
of kanamycin-sensitive and drug-resistant Edwardsiella tarda
(Peng et al., 2015b). It is important to note that drug-resistant
S. Choleraesuis showed broader metabolic fluctuations and
enrichment of more metabolic pathways. This may be related to
differences between the bacterial species or because more
metabolites were identified in the current study.

Results indicated that oxidative phosphorylation was the most
impacted pathway. While ATP and ADP levels were diminished,
nicotinamide adenine dinucleotide (NAD*) production was
increased. Oxidative phosphorylation, the pathway by which
bacteria produce ATP, involves a series of chemical reactions in
the ETC, and an activated ETC is necessary for PMF (Gao et al.,
2019). Importantly, PMF is essential for aminoglycoside
internalization (Taber et al., 1987). In SCH-R, the reduced
production of ATP and ADP and increased production of NAD*,
indicated that the PMF of SCH-R was affected, a finding
confirmed by later experiments (Figure 3B). Carbohydrate
metabolism, which involves glycolysis/gluconeogenesis, the
pentose phosphate pathway, fructose and mannose metabolism,
and pentose and gluconate interconversion, was also seriously
disrupted in SCH-R. All PPP metabolites were down-regulated, of
which D-ribose, was the most inhibited. Central carbon
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Effect of exogenous D-ribose on the electron transport chain. (A) The intracellular NADH concentration of SCH-R and clinical isolates by D-ribose
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metabolism, involving glycolysis, the pentose phosphate pathway,
and the TCA cycle, is the core component of cell metabolism,
responsible for converting nutrients into biomass to maintain life
(Baughn and Rhee, 2014; Barbier et al., 2018; Dolan et al., 2020).
Disrupted central carbon metabolism and energy metabolism
result in drug inactivation in bacterial cells (Chen et al., 2022).
While the TCA cycle was not affected in SCH-R, the fluctuation
of amino acid metabolism and other metabolic pathways, as well
as the qPCR results, suggested that the TCA cycle was disrupted.
These results suggest that bacteria may require central carbon
metabolism and energy metabolism to acquire resistance.

A recent study confirmed that activated purine metabolism
could restore the sensitivity of multidrug-resistant bacteria to
antibiotics. This may be due to increased purine metabolism, which
activates the CpxA/CpxR two-component system, promotes OmpF
expression, and induces drug uptake (Zhao et al, 2021).
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Coincidentally, both purine and pyrimidine metabolism were
seriously impacted in SCH-R and the pentose phosphate pathway
and alanine, aspartate, and glutamate metabolism were shown to
directly affect purine metabolism through 5-phosphoribosyl
diphosphate and 5-phosphoribosylamine, respectively. Furthermore,
it is worth noting that nutrients can also contribute to riboflavin
metabolism through the pentose phosphate pathway, leading to ROS
production, a cause of bacterial death induced by bactericidal
antibiotics (Kohanski et al., 2007; Chen et al., 2022). Whether purine
and pyrimidine metabolism are involved in the inactivation of
gentamicin, and whether there is a certain co-action between them
and central carbon metabolism mediating the resistance of SCH-R
to gentamicin remains to be further studied. Meanwhile, disrupted
central carbon metabolism and increased fatty acid synthesis
mediate ceftazidime and ciprofloxacin resistance jointly (Liu et al.,
2019; Su et al., 2021). While fatty acid synthesis was not enriched in
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SCH-R, glycerolipid and glycerophospholipid metabolism indirectly
reflect the impact on fatty acid synthesis. These results suggested that
SCH-R acquires gentamicin resistance through a universal metabolic
shift, including upstream amino acid metabolism, central carbon
metabolism at the core, and downstream metabolism including
nucleotide metabolism and fatty acid synthesis. Thus, it is evident
that fluctuations in central carbon metabolism, accompanied by
changes in other metabolic pathways, are critical for
drug inactivation.

Antibiotic efficacy is enhanced by altering the metabolic state
of bacteria (Allison et al, 2011). Importantly, repressing
metabolites through exogenous supplementation can alter the
sensitivity of resistant strains (Peng et al., 2015a). Such a strategy
was first implemented in resistant Escherichia coli and
Staphylococcus aureus (Allison et al., 2011). This study found that
glucose, fructose, and mannitol can promote glycolysis, stimulate
the ETC, induce PMF, promote gentamicin uptake, and eliminate
E. coli persister cells and Staphylococcus aureus biofilm.
Metabolite-dependent aminoglycoside potentiation has also been
applied to aminoglycoside-resistant bacteria, such as Edwardsiella
tarda (Su et al., 2015), Vibrio alginolyticus (Li et al., 2020), and
Pseudomonas aeruginosa (Meylan et al., 2017). Thus, it was
probable that metabolome-reprogramming could also enhance
the effect of antibiotics against SCH-R and other drug-resistant

Salmonella. Indeed, D-ribose was shown to significantly enhance
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the gentamicin-mediated killing of both SCH-R and multidrug-
resistant S. Choleraesuis, S. Derby, and S. Typhimurium. Allison
et al. (2011) found that metabolites enter metabolism through
glycolysis rather than the pentose phosphate pathway, inducing
rapid gentamicin killing of persisters. However, D-ribose, which
enters metabolism via the pentose phosphate pathway, also
promotes the gentamicin-mediated killing of drug-resistance
Salmonella. Notably, glucose, fructose, and mannitol failed to
increase the effect of aminoglycosides against SCH-R and
multidrug-resistant Salmonella (data not shown), but are shown
to enhance the impact of aminoglycosides on Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa, and Edwardsiella
tarda (Peng et al, 2015b). This finding suggests that the
strengthening effect of D-ribose may target drug-resistant bacteria
rather than persisters.

The current study demonstrated that D-ribose significantly
increased the gentamicin-, tobramycin-, and apramycin-mediated
killing of S. Choleraesuis, S. Derby, and S. Typhimurium
(Figures 4A-G). D-ribose does not have the same impact on
kanamycin and spectinomycin (Supplementary Figures S2A,B),
however, which may be explained by the higher MIC of these
drugs in the wild strains (Table 1). Alternatively, this mechanism
of metabolite-mediated killing may be used by bactericidal
antibiotics but not bacteriostatic drugs (Allison et al., 2011;
Peng et al, 2015b; Meylan et al, 2017). Whether there are
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additional factors that prevent D-ribose from impacting
kanamycin and spectinomycin requires further investigation.
Interestingly, in the presence of 1 MIC gentamicin and 24 mM
D-ribose, the percent survival of SCH-R was significantly higher
than the clinical isolates (Supplementary Figure S3A). As
illustrated by Su et al. (2015), this may be attributable to the
weaker growth capacity of SCH-R than the clinical isolates and
SCH-S after 6h (Supplementary Figures S3B,C). Additional
studies are needed to determine whether this is common among
lab and clinical strains or whether it occurs sporadically.

Increased central carbon metabolism, especially the TCA
cycle, is the core of metabolome reprogramming. Our previous
work confirmed that citrulline and glutamine enhanced the
apramycin-mediated killing of Salmonella via the TCA cycle
(Yong et al., 2021). In the current study, D-ribose significantly
increased central carbon metabolism. D-ribose promoted the
uptake of drugs by drug-resistant bacteria, which is attributed to
the elevated PMF maintained by the ETC. Importantly, CCCP and
rotenone significantly increased cell survival. Exogenous D-ribose
also stimulated NADH and NADH dehydrogenase and promoted
central carbon metabolism, an important source of NADH. These
findings suggested that D-ribose-induced central carbon
metabolism is critical for gentamicin potentiation. While D-ribose
indirectly affects other metabolic pathways, such as purine
metabolism and riboflavin metabolism, the effect of D-ribose on
these pathways requires further exploration.

In summary, we utilized a metabolomics approach to explore the
metabolic mechanism of gentamicin resistance in S. Choleraesuis.
Disturbed central carbon metabolism, accompanied by fluctuations
in metabolic pathways such as amino acid, nucleotide, vitamin, and
cofactor metabolism, were identified as characteristics of gentamicin-
resistant S. Choleraesuis. In addition, D-ribose, which can promote
the effect of gentamicin on multidrug-resistant Salmonella, was
identified as a potential new antibiotic adjuvant. We confirmed that
D-ribose promoted the central carbon metabolism of drug-resistant
bacteria, increasing glycolysis, the pentose phosphate pathway and
TCA cycle, NADH production, ETC activation, PME and
subsequent drug uptake and cell death. This study characterizes the
metabolic mechanism of gentamicin-resistant Salmonella and
provides evidence that D-ribose can serve as a potential adjuvant to
enhance the efficacy of aminoglycosides.
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Emerging antimicrobial resistance (AMR) among Gram-positive pathogens,
specifically in Staphylococcus aureus (S. aureus), is becoming a leading public
health concern demanding effective therapeutics. Metabolite modulation can
improve the efficacy of existing antibiotics and facilitate the development of
effective therapeutics. However, it remained unexplored for drug-resistant
S. aureus (gentamicin and methicillin-resistant), primarily due to the dearth
of optimal metabolite extraction protocols including a protocol for AMR-
associated metabolites. Therefore, in this investigation, we have compared the
performance of the two most widely used methods, i.e., freeze-thaw cycle (FTC)
and sonication cycle (SC), alone and in combination (FTC+SC), and identified the
optimal method for this purpose. A total of 116, 119, and 99 metabolites were
identified using the FTC, SC, and FTC+SC methods, respectively, leading to the
identification of 163 metabolites cumulatively. Out of 163, 69 metabolites were
found to be associated with AMR in published literature consisting of the highest
number of metabolites identified by FTC (57) followed by SC (54) and FTC+SC
(40). Thus, the performances of FTC and SC methods were comparable with no
additional benefits of combining both. Moreover, each method showed biasness
toward specific metabolite(s) or class of metabolites, suggesting that the choice
of metabolite extraction method shall be decided based on the metabolites of
interest in the investigation.

antimicrobial resistance, Staphylococcus aureus, Gram-positive, metabolites extraction
method, freeze-thaw cycle, sonication cycle

1. Introduction

Antimicrobial resistance (AMR) among bacterial pathogens has become a leading cause of
morbidity and mortality and hence a global public health concern demanding immediate action
to develop strategies to combat such antimicrobial resistant difficult-to-treat bacterial infections
(Dhingra et al., 2020). This recent trend indicates the emerging prevalence of Multidrug-
resistant (MDR) is not only among Gram-negative (i.e., Klebsiella pneumoniae, Acinetobacter
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baumannii, and Pseudomonas aeruginosa, etc.) but also Gram-positive
bacterial pathogens [primarily methicillin and gentamicin-resistant
Staphylococcus aureus (MRSA)] making them also difficult to treat
(Bassetti et al., 2019; Mulani et al., 2019). Tremendous efforts are being
made to understand the pathogen and disease biology and develop
relevant diagnostics and therapeutics for the effective treatment of
Gram-negative pathogens; however, the same has been comparatively
limited for Gram-positive pathogens (Vazquez-Guillamet and Kollef,
2014; Breijyeh et al., 2020).

World Health Organization (WHO) and the centers for disease
control and prevention (CDC) have placed MRSA under a list of serious
threat causing drug-resistant pathogens (WHO, 2021). MRSA alone has
been responsible for more than 100,000 deaths worldwide in 2019
globally (Oxford, U.o, 2019). In India, the prevalence of MRSA has been
recorded to be around 30-70% with high mortality rates among patients
developing MRSA bacteremia (Antimicrobial Resistance, C, 2022).
Originally, MRSA was common in the healthcare setting contributing
to nosocomial/hospital-acquired (HA-MRSA) infections like those
associated with surgical procedures, indwelling catheters, or prosthetic
devices (Mehta et al., 2020). However, over the last decade, there has
been an upsurge of community-associated MRSA (CA-MRSA)
infections also like bone, joint and skin infections (Masimen et al.,
2022). These HA- and CA-S. aureus infections are spread through direct
contact with an infected wound or contaminated hands and can be fatal
if remains untreated (Masimen et al., 2022). Further, limited therapeutic
options and an increasing rate of emergence of AMR even against the
available last-resort antibiotics have worsened the problem. Altogether,
S. aureus infection is associated with a greater occurrence of
complications, longer hospital stays, duration of therapy, as well as
higher costs of treatment (Lee et al., 2018).

Therefore, understanding the molecular changes driving
antibiotic resistance among Gram-positive bacteria, specifically
S. aureus, has become critically important. This can be achieved using
various new-generation biological tools, such as genomic,
transcriptomic, proteomic, and metabolomics. However,
metabolomics allows the identification and quantification of
metabolites that are the end product of any genomic- and proteomic-
based biological activity of an organism at a given point of time and
hence provide a characteristic chemical fingerprint of a specific
cellular process (Xiao et al., 2012). Recently, studies have shown that
modulation of the pathogen’s metabolome can be used to deal with
the emerging problem of AMR. One recent example is the conjugating
antibiotics with small metabolites like aminoglycosides with fructose
and fumarate, resulting in increased potency of aminoglycosides
against S. aureus and Escherichia coli (Rosenberg et al., 2020). A
central metabolite of the energy-generation pathway, pyruvate, has
been reported to be associated with the virulence and pathogenicity
of S. aureus, indicating it as a potential target for controlling infection
(Harper et al., 2018). Further exogenous administration of L-valine,
L-leucine, L-isoleucine, and L-proline in S. aureus bloodstream
infection animal models has also been shown to have anti-infective
effects (Pang et al., 2020). A decrease in intracellular ATP levels has
been linked to the development of the S. aureus persister phenotype
making them resistant to antibiotics (Conlon et al., 2016). However,
existing knowledge of target(s) for regulating metabolomic
modulation to treat resistant infections is still limited, owing to
limited attempts to investigate the comprehensive metabolome of
S. aureus (Kumar et al., 2022). This may potentially be due to the
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unavailability of the appropriate protocols and pipeline for
investigating the metabolome of the Gram-positive bacteria, S. aureus
(specifically drug-resistant strains), including the very first step of
extracting AMR-associated metabolites.

Therefore, the goal of this study was to determine the optimal
method for extraction of AMR-associated metabolites from S. aureus
because the method of metabolite extraction dictates the possible
range of metabolites that can be detected in the sample and thus has
a large impact on the potential outcome(s) of the metabolomic
studies. Most of the metabolomic investigations employ FTC or
SC-based methods for extracting bacterial metabolites; however,
their efficacy for extraction of AMR-associated metabolite from
Gram-positive bacteria has not been investigated yet (Conlon et al.,
2016). In this study, we have employed both methods, i.e., FTC and
SC individually as well as their combination FTC followed by SC
(FTC+SC) to extract the metabolites from the S. aureus pathogen.
Further, Electrospray Ionization-Liquid Chromatography-Mass
Spectrometry/Mass Spectrometry (ESI-LC-MS/MS; Orbitrap Fusion
Tribrid, Thermo-Scientific), a highly sensitive and advanced mass-
spectrometer was used to potentially increase the metabolomic
coverage. Finally, the list of identified metabolites was subjected to an
intensive literature search for finding the potential association of
identified metabolites with AMR. Altogether, this information was
utilized to identify the optimal metabolite extraction method for
investigating AMR-associated metabolites.

2. Materials and methods

2.1. Harvesting of Staphylococcus aureus
cell pellets

The primary culture of S. aureus (ATCC®33592) was inoculated
in 5ml Mueller Hinton Broth (MHB), followed by incubation
forapproximately 16 h at 37°C at 220 rpm. The secondary culture was
inoculated (1% from primary culture) in fresh MHB and incubated
till the exponential growth phase (Optical density, ODggppm:~0.6-0.7,
i.e., 4h post-inoculation) was achieved. Approximately 107 cells
(OD-based measurement) were harvested using centrifugation and
washing with LC-MS grade cold water and kept at —80°C. The cell
pellets were generated for 6 independent biological replicates. Since
the cellular architecture and composition of member pathogens
among a species are highly expected to be similar, a single strain of
S. aureus was used for the study.

2.2. Bacterial metabolism quenching and
extraction

For metabolite extraction, the stored cell pellet was thawed for
10 min on ice, followed by resuspension in 500 pl of mass spectrometry
(MS) grade chilled methanol (Sigma). To evaluate the metabolites
extraction efficiency of three extraction methods, i.e., FTC, SC,
FTC+SC, 13C-labeled L-valine (40 ng/ml), an internal standard, was
added to each sample before metabolite extraction (Kumar et al.,
2022). For the freeze-thaw cycle-based metabolite extraction method,
the resuspended cells were subjected to repeated freeze-thaw cycles
(10min at —80°C followed by 10min on ice) three times. For the
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sonication-based metabolite extraction method, the mixture was
sonicated for 2min at 35 A° (10-s on-and-off cycles). Similarly, for
FTC+SC, the resuspended cell pellet was subjected to a freeze-thaw
cycle three times and followed by a sonication cycle as described
above. The sample mixture following FTC, SC, or FTC + SC methods
was collected as supernatant after centrifugation at 12,500 RPM for
10 min (4°C), aliquoted and stored at —80°C till further analysis. The
metabolites were extracted using each method (FTC, SC and
FTC+SC) from 6 independent biological replicate samples.

2.3. Separation and quantitation of
metabolites using ESI-LC-MS/MS

The standard workflow for metabolite separation and
measurement using ESI-LC-MS/MS was as followed. An aliquot
(100pl) of the sample was vacuum dried and the pellet was
resuspended in 3:17, methanol: water mixture (25ul), followed by
vortexing for 15min, and 10min centrifugation at 11000rpm at
4°C. Data acquisition was done on C18 Reversed Phase HPLC
Columns (C18) and Hydrophilic interaction LC (HILIC) columns
with positive and negative mode separately. The collected metabolites
were separated using C18 (HSS T3) and HILIC (XBridge BEH Amide)
columns on UPLC ultimate 3,000 maintained at 40°C and 35°C
temperature, respectively. A gradient of mobile phase A consisting of
water +0.1% formic acid and mobile phase B (methanol +0.1% formic
acid) was used as a mobile phase for the C18 column. For the HILIC
column, 20mM ammonium acetate in the water of pH 9.0 (mobile
phase A) and 100% acetonitrile (mobile phase B) were used for
separation. For separation in the reverse phase, a gradient of 1%
mobile phase B to 99% mobile phase B over 14min (flow rate of
0.3 ml/min) was set and for the HILIC column, 85% mobile phase B
to 10% B over 16 min (flow rate of 0.35 ml/min) was used. 5ul sample
was injected into the column and for data acquisition. The Orbitrap
Fusion Tribrid Mass Spectrometer (Thermo-Scientific) equipped with
heated electrospray ionization (HESI) source was used for processing
the sample using the following settings: 4000 positive mode spray
voltage, 35,000V for negative mode, 60-900 m/z mass range, AGC
(Automatic gain control) was targeted at 100,000 ions. For data
acquisition, 120,000 resolutions in MS1 mode and 30,000 resolutions
in data-dependent MS2 scan mode were used. For MS, 50 ms was used
as the maximum injection time while for MS/MS, an AGC target of
20,000 ions and a maximum injection time of 60 ms was used.

2.4. Metabolites identification and data
analysis

The untargeted workflow of Progenesis QI software for
metabolomics from Water Corporation was used at default settings for
acquiring the data and its analysis. The MetaScope plugin of Progenesis
QI metabolites was used for matching the mass, fragmented ions
pattern and retention time of identified compounds with a list of 950
metabolites from our in-house library followed by an online spectral
library search to confirm the identified metabolites. Peak detected in
>4 replicates (out of 6 independent biological replicates) with intensity
>100 (confidence interval->95%) receives an identification by spectral
match. Further, £1 min and 5 ppm retention time error for MS and

Frontiers in Microbiology

10.3389/fmicb.2023.1152162

MS/MS with fragmentation pattern match were also considered as a
criterion for identifying metabolites (Supplementary Table 1).

For data analysis, the list of identified metabolites in HILIC and
C18 (both positive and negative mode) was combined, and duplicates
were removed (Supplementary Table 2). MetaboAnalyst 5.0 was used
for statistical and functional analysis like principal component
analysis (PCA) and heat map analysis. Outlier intensities of
metabolite(s) were excluded and the data were loaded in a matrix and
statistical analysis was performed using peak intensities thereby using
a statistical filter of interquartile range. Sample normalization was
performed using “normalization by sum” methods followed by data
transformation using log transformation (base 10) thereby scaling the
data using Pareto scaling (mean-centered and divided by the square
root of the standard deviation of each variable) (shown in
MetaboAnalyst report, i.e., Supplementary Data sheet 3). Univariate
analysis was performed using one-way analysis of variance (ANOVA)
and post-hoc tests using a value of p (FDR) cutoff of <0.05.2-D PCA
was performed displaying 95% confidence regions to observe the
inner clusters and find the apparent outliers. Hierarchical clustering
heat maps were prepared using t-test/one-way ANOVA and
Euclidean distance measure and Ward clustering method.

For quantitation, the peak intensity average of replicates for each
metabolite extraction method (SC, FTC, and FTC+SC) was
considered and used to identify differences among the extraction
method. Chemical class-based analysis and functional categorization
of metabolites were done using Metabolomics Workbench.!

2.5. Identification of AMR-associated
metabolites

A majority of antibiotics work by targeting cellular processes like
(1) cell wall synthesis, (2) cell metabolism, (3) nucleotide biosynthesis
and/or (4) protein synthesis. So, it is evident that establishing and
identifying metabolites associated with these processes can help us in
understanding the metabolic fingerprint and mechanism of antibiotic
resistance. Therefore, a literature search to identify the role of each
metabolite in nucleotide synthesis, protein synthesis, cell wall
biosynthesis, cell proliferation (potential representative of resistant
phenotypes as they can grow even in presence of selective pressure,
i.e., antibiotics) and cell death (representative drug sensitive bacterial
population) was performed using Google Scholar and PubMed and
the resulting information was utilized to fetch the AMR-associated
metabolites and followed by data interpretation.

3. Results
3.1. Identification of metabolites

Metabolites extracted from S. aureus using three methods, FTC,
SC, and their combination FTC+SC, were separated using UPLC

ultimate 3,000 (C18and HILIC column), detected and quantified
using an Orbitrap Fusion Mass Spectrometer and identified using the

1 https://www.metabolomicsworkbench.org/
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untargeted workflow of Progenesis QI software for metabolomics
(Water Corporation). The list of identified non-polar and polar
metabolites from the C18 and HILIC columns, respectively, was
merged to get a collated list of metabolites extracted from each
method-FTC, SC, and FTC +SC (Table 1).

The data of identified metabolites were subjected to PCA analysis to
identify the distribution of the metabolomic profiles generated using
FTC, SC and FTC+SC methods (Table 1). Noticeable differences
between the three extraction protocols (3 distinct clusters) were observed
indicating the characteristic fingerprint of each method (Figure 1A). The
separation and clustering in PCA analysis also indicated the biasness of
the individual method for different classes of metabolites and the quality
of the sample generated for metabolomics experiments, respectively.
Overall, a total of 116, 119, and 99 metabolites were identified using the
FTC, SC, and FTC+ SC methods of metabolite extraction, respectively,
leading to the identification of 163 metabolites cumulatively (Tables 1, 2).

Opverall, 62 metabolites were common among all three methods.
FTC and SC yielded 25 common metabolites, 14 were common
between FTC+SC and SC methods, and eight metabolites were
identified by both FTC and FTC+ SC methods (Figure 1B). Whereas
21 metabolites were uniquely identified in the FTC method followed
by 18 unique metabolites by the sonication method, and only 15
unique metabolites by FTC+SC (Table 2).

3.2. Chemical classification of identified
metabolites

All the metabolite extraction methods (FTC, SC, and FTC + SC)
predominantly enabled the identification of different chemical classes
of amino acids followed by saturated fatty acids and dicarboxylic acid
[Figures 1-4 (Supplementary File-4)]. Similar pattern was observed
in uniquely identified metabolites.

The dominant class of metabolites identified as amino acids (29%
by FTC and 27% by SC and FTC + SC) followed by saturated fatty acids.
Interestingly, the class “Naphthalene carboxylic acid” was uniquely
identified in the FTC+ SC method only (Figure 2). However, uniquely
identified metabolites from individual methods showed biases toward
specific chemical classes/subclass of metabolites (Figure 2).

3.3. Differential abundance of identified
metabolites from FTC, SC, and FTC+SC
method

The difference in intensity of metabolites was observed with
different methods of extraction (Figure 3 and Supplementary Figure 5).

10.3389/fmicb.2023.1152162

A few metabolites were observed to be more intense in a specific
method compared to others (Figure 4). For example, Alloisoleucine,
nonanoate, palmitoleate, leucine, sucrose, tyrosine, glutamate, and
prolylleucine were more abundant in the FTC method. Fucose,
risperidone, hexazinone, and isoleucine were found to be more
abundant in the SC method. Decanoate, succinate, leucylproline, and
melibiose were found to be higher in intensity in FTC+SC. A few
metabolites were identified by two methods. For example, maltose,
suberate, pentadecanoic acid, palmitoleic acid, arachidate, fipronil,
adenosine, and urocanate were more abundant in FTC and
SC. Phenylalanine, pyruvic acid, sebacic acid, arabinose, palatinose,
fumaric acid, laurate, palmitic acid, and serine were found to be more
abundant in FTC+SC and SC methods. Guanine, azelaic acid,
linoleate, adenine, and uracil were highly abundant in FTC and
FTC+SC methods. Whereas a few metabolites like carnitine and
glucose were identified by all three methods. This altogether indicates
the biasness of metabolite extraction methods toward particular
metabolite(s).

3.4. AMR-associated metabolites

Out of 163, a total of 69 metabolites were found to be related with
AMR-associated phenotypes (cell proliferation and cell death)
(Table 3). Of these, 57, 54, and 40 AMR-associated metabolites were
found in metabolite samples extracted from FTC, SC or FTC+SC
method, whereas 12, 7, and 2 were unique to each method (Table 3).

4. Discussion

Infections caused by Gram-positive bacteria have become a
serious public health threat causing high morbidity and mortality
(Jubeh et al., 2020). Limited treatment options and rapid development
of resistance to even the last-line antibiotics is the main reason for
deaths, especially in the case of S. aureus (MRSA infections)
(Chambers and Deleo, 2009; Alos, 2015). Besides enormous efforts,
very few has been discovered over the last few decades, and this
necessitates identifying new strategies to combat the emerging
problem of AMR (WHO, 2020). Thus, understanding the molecular
changes driving AMR among S. aureus becomes very important.
Metabolomics can decode the real biochemical state of any organism
and help in analyzing the emergence and/or spread of AMR
phenomena (Pinu et al, 2019). To date metabolomics has been
employed to identify new metabolic pathways (Deng et al., 2020),
identification of bacterial species/strains (Zhang and Zhu, 2022),
study the influence of external factors on bacteria (Tang, 2011), and

TABLE 1 Number of identified metabolites with respect to different metabolite extraction methods and chromatographic surfaces (polar/non-polar).

Metabolite Total metabolites Total metabolites Common among Total metabolites
extraction method identified from C18 identified from HILIC C18 and HILIC

FTC 71 55 10 116

SC 68 61 10 119

FTC +SC 49 54 4 99

Total 188 171 24 335

The table contains all metabolites data, overlapping/similar metabolites were not removed while preparing this table.
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analysis). One-way ANOVA was used to select the significant metabolites, i

Multi-variate analysis of identified metabolites. (A) Principal component analysis (PCA) showing score plots of the metabolic differences between 3
methods (consisting a total 6 independent biological replicates for each method), red: freeze-thaw Cycle (FTC), green: Sonication Cycle (SC), blue:
freeze-thaw Cycle followed by Sonication Cycle (FTC+SC). All three methods clustered distinctly having replicates of each method together indicating
the consistency of sample preparation and downstream analysis. (B) Venn diagram representing unique and common metabolites among the three
different methods of metabolite extraction [freeze-thaw cycle (FTC), Sonication Cycle (SC) and freeze-thaw cycle followed by Sonication Cycle
(FTC+SCQ)]. A total of 62 metabolites were common among all 3 methods, whereas 21, 18, and 15 were uniquely identified in FTC, SC, and FTC+SC,
respectively, indicating the potential biasness of the individual methods. Data from n>4 (out of six independent biological replicates were used in this
.e., 163 total metabolites (cutoff value of p<0.05) for the analysis.

in some cases reported to be of diagnostic use to detect bacterial
infections (Fernandez-Garcia et al., 2018). However, so far, very few
studies and efforts have been made to understand the spread and/or
emergence of AMR and this may be primarily due to the unavailability
of appropriate protocols and pipelines for investigating global and
AMR-associated metabolites. As of now, even the performance of
existing protocols for extracting AMR-associated intracellular
metabolites from Gram-positive pathogen, S. aureus, are not
established and hence the optimal method for the purpose
remains unknown.

4.1. Analysis of metabolite extraction
method and identified metabolites

The metabolites were extracted from S. aureus (gentamicin and
methicillin resistant) using the two most commonly used protocols,
i.e., FTC, and SC, alone and in the combination [FTC followed by SC
(FTC+SC)] and identified using ESI-LC-MS/MS (Orbitrap Fusion
Tribrid Mass Analyzer), a highly sensitive and advanced mass-
spectrometer to potentially achieve increased metabolomic coverage.
Further, we have used 2 different Liquid Chromatography (LC)
columns, i.e., HILIC and C18 which are specific for separating
compounds with different physico-chemical properties were also
used. Generally, HILIC columns are very well known for separating
polar amino acids, organic acids, sugars, phosphorylated sugars,
nucleobases, nucleotides, phosphorylated metabolites, hydrophilic
vitamins, and coenzymes (Galeano Garcia et al., 2019). C18 columns
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are usually employed to separate semi-polar and non-polar
compounds like alkaloids, flavonoids, phenolic acids, and other
glycosylated species (Liu et al., 2019). Data analysis from individual
LC columns (HILIC and C18) revealed that C18 enabled a higher
number of metabolite identification compared to HILIC among all the
metabolite extraction methods used (Table 1). This may potentially
be because of poor retention of very polar metabolites during
chromatographic separation and hence is in line with published
literature (Harrieder et al., 2022). Only a few metabolites were
common among the metabolites identified using C18 and HILIC
columns. A total of 163 metabolites were cumulatively identified using
all chromatographic surfaces and extraction methods. The SC method
showed the highest number of metabolites though comparable with
FTC among the total identified metabolites (116 by FTC and 119 by
SC out of a total of 163 metabolites). The most likely reason for low
yield in FTC+SC methods might be the degradation of already
extracted metabolites during sonication. Among 163 metabolites, 21,
18, and 15 were uniquely identified in FTC, SC, and FTC+SC
methods indicating the potential bias of the method toward specific
metabolite(s) (Table 2). Chemical class-based functional categorization
and analysis revealed that amino acids were the major chemical class
of metabolites identified by all methods. The FTC method was
observed to be more biased toward saturated fatty acids (17%), and
disaccharides (17%) (Supplementary Figure 2). The SC method
showed biasness toward hexoses (2%), C24 bile acids (2%), and
pyrimidines (3%) (Supplementary Figure 3). Disruption of the
peptidoglycan layer (mesh-like network of amino acids and sugar)
during metabolite extraction might be the possible reason for yielding
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TABLE 2 List of identified metabolites specific to metabolite extraction protocols (FTC, SC, and FTC+SC) as well as commonly identified metabolites among all methods.

Common metabolites

Metabolite name

Metabolite
name

Metabolite
name

Freeze thaw

Metabolite
name

Sonication

Metabolite name

Freeze thaw+sonication

S.no

Metabolite name

1-(Carboxymethyl) 16-Hydroxyhexadecanoic

1 22 Dipentyl phthalate 43 N-acetylmethionine 1 3-methyladenine 1 2-Hydroxy-4-methylpentanoic acid 1
cyclohexanecarboxylic Acid acid
3-Phosphoglyceric Tetrahydroxy-5-alpha-pregnan-20-
2 1-Phenyl-2-butanone 23 Diphenylamine 44 N-acetylserine 2 2 2 1-Hydroxy-2-naphthoate
acid one 3,21-diacetate
I idine 5’- - - 3-Hydroxy-3-methylglutaric
3 Z-Deoxyuridine 5'-mono-phos 21 Elaidate 45 Nad 3 Abietic acid 3 3-Oxocholic acid 3 yaroRyTmetys
phate acid
N-alpha-acetyl-L- 4-{[3-(Diethylamino)propyl]
4 2-Methyl-S-benzothiazole 25 Ethyl paraben 46 4 Alanine 4 4 3-Hydroxypropanoic acid
lysine amino}-4-oxobut-2-enoic acid
5 2-Naphthalenesulfonic acid 26 Glucose 47 N-Epsilon-acetyllysine 5 Alloisoleucine 5 Acetylenedicarboxylic acid 5 Decanoate
6 3-Hydroxyphenylacetic acid 27 Glutamic acid 48 Norvaline 6 Azelate 6 Adipic acid 6 Erythronolactone
7 3-Tert-Butyladipic acid 28 Glutamine 49 Oleamide 7 Erucate 7 Dihydrouracil 7 Leucylproline
8 6-Carboxyhexanoate 29 Glyceraldehyde 50 O-phosphoserine 8 Glutamate 8 Ethylmethylacetic acid 8 Lithocholyltaurine
9 Ab-chminaca metabolite M6 30 Glyceric acid 51 Penbutolol 9 Leucine 9 Isoleucine 9 Melibiose
10 Adenine 31 Guanine 52 Phosphonoacetate 10 Mag 10 Linoleic acid 10 N-acetylaspartate
11 Adenosine monophosphate 32 Heptadecanoate 53 Phthalic acid 11 Methyl jasmonate 11 Melatonin 11 Peg N12
12 Alpha-lactose 33 Homoserine 54 Pyroglutamate 12 Nonanoate 12 N-acetyl-DI-methionine 12 Suberic acid
13 Aspartate 34 Hydrochlorothiazide 55 Ribose 13 Palmitoleate 13 N-alpha-acetyl-L-asparagine 13 Succinate
14 Aspartic acid 35 Lactic acid 56 Salicylic acid 14 Peg N10 14 Peg N8
15 Benzophenone 36 Malic acid 57 Serine 15 Pge2 15 P-toluenesulfonic acid
16 Betaine 37 Myristate 58 Stearate 16 Prolylleucine 16 Risperidone
N-(4-methoxy-5-
morpholino-2-
17 Bmpea 38 59 Suberate 17 Stearic acid 17 Tartrate
nitrophenyl)-N-(2-
pyridyl)amine
14 Triphenylphosphine oxide
18 Carnitine 39 N-acetylaspartic acid 60 Uracil 18 Sucrose
Uridine-5-
19 Citroflex A-4 40 N-acetylhistidine 61 19 Trehalose
monophosphate
20 Dibutyl maleate 41 N-acetyl-L-aspartic acid 20 Tyrosine 18 Taurodeoxycholic acid
Uridi
62 Urocanic acid ridine
21 Dihydrosphingosine 42 N-acetyl-L-glutamine 21 5’-diphospho-N-
acetylglucosamine
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FIGURE 2

Chemical class analysis of identified metabolites. Pie-Chart of metabolite chemical class composition, identified using three different metabolite
extraction methods n>4 (out of 6 independent experiments, selected using one-way ANOVA test with cutoff value of p<0.05) biological replicates
were utilized to analyze the chemical class distribution. (A) freeze-thaw Cycle; (B) sonication Cycle; and (C) freeze-thaw Cycle followed by Sonication
Cycle. The major metabolite class identified using each method was amino acids, followed by saturated fatty acids, dicarboxylic acids and phenolic
acids (only major classes are shown in the figure). FA, fatty acids; TCA acids, trichloroacetic acids.
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FIGURE 3

Heatmap profile depicting the relative expression levels of 163 metabolites (selected using one-way ANOVA test with cutoff value of p<0.05) from all
three different extraction methods, i.e., freeze-thaw Cycle (FTC), Sonication Cycle (SC) and freeze-thaw Cycle followed by Sonication Cycle (FTC+SC)
as indicated. Each column represents a specific biological replicates sample and row represent the metabolite. The raw intensities of metabolites from
n>4 (from six independent biological replicates) were parsed by Pareto scaling (mean-centered and divided by the square root of the standard
deviation of each variable) and rendered using the MetaboAnalyst 5.0 software. The clustering of the rows is based on Euclidean distance measure and
Ward clustering method. A few metabolite clusters were observed to be more intensely expressed (indicated by Red) in a specific method compared to
others showing biasness of the method(s). The information of the members in these clusters was utilized to explore their AMR-related biological
function. The color is representing log10 transformed metabolite intensities (red: highest; blue: lowest).

a high number of amino acids, dipeptides, sugar derivatives like
hexoses, disaccharides, and sugar acids (Vollmer et al, 2008).
However, a combination of FT'C + SC methods showed an enrichment
of hydroxy fatty acids (28%) (Supplementary Figure 4). This altogether
indicates the potential bias of each method for investigating specific
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metabolites or classes of metabolites. Therefore, the method of
metabolite extraction shall primarily be chosen based on the specific
metabolite(s) of interest or classes of metabolites. A few attempts have
been made by researchers to establish the metabolome of this clinically
relevant Gram-positive pathogen, S. aureus. Recently, 109 metabolites
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(RN450) and 107 (450 M) metabolites were identified using cold
methanol and vortexing (vigorously for ~1 min) based metabolite
extraction method with HPLC coupled with a TSQ Quantiva Triple
Quadrupole mass spectrometer in (methicillin-resistant S. aureus)
MRSA and (methicillin sensitive S. aureus) MSSA strains, respectively,
after exposure to a sublethal dose of antibiotic (ampicillin, kanamycin,
norfloxacin) (Schelli et al., 2017). However, the number of identified
metabolites was low compared to our study potentially due to the use
of only the HILIC column, one extraction method, i.e., vortexing
(instead of freeze-thaw and vortexing or sonication) and the
low-sensitive equipment (Schelli et al., 2017). Another attempt to
differentiate MSSA and MRSA biofilm and planktonic phenotypes
using an (Nuclear magnetic resonance spectroscopy) NMR-based
metabolomics study has been reported. They have identified a total of
120 metabolites (Ammons et al., 2014). Although the reason for
identifying a lower number of metabolites in this study might
be because of the technology used, NMR is already known to be less
sensitive than ESI-LC-MS/MS (Ammons et al., 2014). Among them,
19 and 26 common metabolites were identified when compared to our
study, respectively, (Table 4 and Figure 5) (Ammons et al., 2014;
Schelli et al., 2017). Similarly, a total of 173 metabolites were identified
in MRSA and MSSA using a combination of hydrophilic interaction
liquid chromatography and PFP columns (pentafluorophenyl-propyl)
coupled with high-resolution mass spectrometry (Aros-Calt et al.,
2019). The possible reason for yielding a higher number of metabolites
in comparison to our study may be due to a bigger library size
compared to our in-house library (~950 metabolites). Notably, none
of the above-discussed studies have mentioned the identified
AMR-associated metabolites.

4.2. Analysis of AMR-associated
metabolites

Of the identified 163 metabolites, 69 (42.0%) were observed to
be associated with AMR in published literature (Table 3). Among
these, the majority of identified AMR-associated metabolites were
primarily linked with cell wall biosynthesis (52.1%), followed by
cellular metabolism (14.4%), nucleotide biosynthesis (11.5%), and
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protein synthesis (21.7%) indicating the potential bias of the method
of metabolite extraction or the technique. A comparison of
identified AMR-associated metabolites list with previously reported
study has shown only 16 and 19 common metabolites (Table 4)
(Ammons et al., 2014; Schelli et al., 2017). Interestingly, the FTC
method yielded a slightly higher number of AMR-associated
metabolites (57 metabolites) compared to SC (54 metabolites) with
42 commonly identified metabolites. Whereas only 40
AMR-associated metabolites were identified using the FTC+SC
method potentially due to the degradation of extracted metabolites
(after FTC) during sonication. This altogether indicates the
suitability of both the methods, FTC or SC, for investigating
AMR-associated metabolites in S. aureus and Gram-positive
pathogens; however, the metabolite of interest shall be key in
choosing the method for metabolite extraction.

4.3. Analysis of metabolite extraction
methods between Gram-positive pathogen,
Staphylococcus aureus and Gram-negative
pathogen, Klebsiella pneumoniae

In this investigation, the maximum number of metabolites from
S. aureus were identified using SC (119 metabolites) and subsequently
by FTC (116 metabolites) and FTC+SC (99 metabolites). Whereas for
K. pneumoniae, the maximum number of metabolites were identified
by the FTC (151) method followed by FTC+SC (132 metabolites) and
SC (103 metabolites; Supplementary Table 2) (Kumar et al., 2022).
Notably, the number of metabolites identified in K. pneumoniae was
more when compared to S. aureus and the potential reason remains
unknown. Among these, only a few metabolites were commonly
identified between S. aureus and K. pneumoniae (26 by FTC, 45 by SC
and 31 by FTC+SC). A similar pattern was observed in AMR-associated
metabolites. This supports that the metabolomic architecture and
AMR-associated metabolites among S. aureus (a Gram-positive
pathogen) may be different than the K. pneumoniae (a Gram-negative
pathogen). This also suggests that the optimal method for extracting
metabolites from Gram-positive pathogens may be different than the
method for Gram-negative pathogens.
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TABLE 3 Comparative overview of identified antimicrobial resistance (AMR)-associated metabolites among three different methods of metabolite extraction used in the study.

Peak intensity of AMR-associated metabolites and method of detection

Cell wall biosynthesis = Bacterial strain and FTC (Intensity+standard SC (Intensity+standard FTC+SC References
species deviation) deviation) (Intensity+standard
deviation)

1 Pentadecanoic Acid Actinomycetes 2,347 + 849 3195.2+602.5 - Kumari et al. (2022)

2 Carnitine Escherichia coli 16756.2+3614.4 21936.2+3016.3 14811.4+£5519.2 Eichler et al. (1996)

3 Phthalic acid Staphylococcus arlettae 2709.1+907.8 2901.3+519 2382.4+586 Acharyya et al. (2021)

4 Nonanoate Escherichia coli 1076.4+210.8 - - Lee et al. (2022)

5 Stearate Actinobacteria 94998.9+£10206.5 77041.9+35251.8 74,741 +10727.8 Tan et al. (2022)

6 Benzophenone Rhizobium 1062.1+51.5 1040.6 +48.1 1050.8 +69.4 Zhang et al. (2022)

7 Betaine Listeria monocytogenes 125,016 +£6628.1 124601.5+11719.1 113966.6+6,515 Whiteley et al. (2017)

8 Oleamide Pseudomonas aeruginosa 2824.6+98.3 2666.7£212.2 2219.3+£210.5 Pyke (2022)

9 Trehalose Selaginella lepidophylla Vanaporn and Titball

291.2+97.4 - - (2020)

10 Sucrose Klebsiella pneumoniae 2119.8+923.8 - - Kumar et al. (2011)

11 Maltose Vibrio alginolyticus 2505.4+944.7 764.6+113.8 - Jiang et al. (2020)

12 Palmitoleic acid Mycobacterium tuberculosis 2222.2+239.6 1694.5+307.5 - Morris et al. (2005)

13 Uridine-5-monophosphate Pseudomonas aeruginosa 1425.2+212 1388.5+239.1 1433.6+81.9 Niu and Tan (2015)

14 Heptadecanoate Klebsiella pneumoniae 618.1+£232.2 2260.7+189.2 3408.2+1251.1 Kumar et al. (2022)

15 Abietic Acid Streptococcus mutans 248+84.3 - - Ito et al. (2020)

16 Aspartic Acid Streptococcus faecalis ATCC Rahmanian et al. (1971)
9790 1116.5+118.1 1126.7+107 706.3+125.8

17 Malic Acid Aeromonas hydrophila 995.2+147.4 1274.5+363.4 1369.5+276.3 Yao et al. (2016)

18 Dihydrosphingosine Porphyromonas gingivalis 2520.4+744.8 2611.6+1170.9 3130.8+1997 Ranjit et al. (2022)

19 Diphenylamine Bacillus licheniformis, Bacillus Salton and Schmitt (1967)
subtilis 1731.9+£123.6 1826.2+166.7 1594.6 £94

20 Elaidate Escherichia coli and Klebsiella Stahl et al. (2020)
pneumoniae 9651.2+1323.1 14,726 +3837.2 10965.1+4004.4

21 Carvone Hafnia alvei 779.6+23.8 - 754.7 +30.6 Lietal. (2018)

22 Myristate Escherichia coli 4434.1+436.6 7039.8 +1414.1 6271.2+1988.9 Somerville et al. (1996)

23 N-Acetylaspartic Acid Clostridium acetobutylicum 618.1+185.5 728.1+80.1 719.4+84.7 Reith et al. (2011)

24 N-Acetyl-L-Glutamine Escherichia coli 2064.4+122.4 - - Konopka (2012)
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TABLE 3 (Continued)

Cell wall biosynthesis

Peak intensity of AMR-associated metabolites and method of detection

Bacterial strain and

species

FTC (Intensity+standard
deviation)

SC (Intensity+standard
deviation)

FTC+SC
(Intensity+standard
deviation)

References

25 N-Acetylmethionine Escherichia coli 3452+119.9 739.2+55.4 451.4+34.1 Viola et al. (2015)

26 Phosphonoacetate Pseudomonas fluorescens 1423.2+449 1464.8+231 1560.7 +488.6 Kulakova et al. (2001)

27 Palmitic Acid Xanthomonas oryzae - 131,350+ 12548.4 84982.3+3847.9 Wang et al. (2021)

28 Palmitate Vibrio alginolyticus 117837.2+10,837 229951.2+64518.4 - Liu et al. (2019)

29 Aspartate Aeromonas hydrophila 2142.3+154.8 2472.7+253.8 2237.4+660.6 Zhao et al. (2018)

30 Lysine Thermotoga maritima, Serganov et al. (2008)

Escherichia coli 172.9+42.8 376.8+110.7 -

31 Pge2 Staphylococcus aureus 1,066 £257.1 - - Wang et al. (2017)

32 Linoleic Acid Staphylococcus aureus - 11023.3+11921.9 - Antti et al. (2013)

33 Stearic Acid Vibrio spp. 824.6+213.6 - - Liu et al. (2019)

34 N-Acetyl-DI-Methionine Escherichia coli Usuda and Kurahashi

- 530.2+£139.05 - (2005)
35 N-Acetylglutamic Acid Pseudomonas chlororaphis O6 - 619.1+£53.9 483+87.4 Park et al. (2018)
36 Uridine Diphosphate-N- Corynebacterium glutamicum 2239.6+203.3 1523.1+440.3 902.1+143 Gauttam et al. (2021)
Acetylglucosamine
Total 31 29 23

Cellular metabolism

37 Urocanate Pseudomonas aeruginosa 168.8+38.8 374.3+95.7 - Zhang et al. (2014)

38 Urocanic Acid Pseudomonas aeruginosa 1092.1+306.8 1677.2+419.6 584.9+119.5 Zhang et al. (2014)

39 Arabinose Mycobacterium tuberculosis - 520.8+112.2 174+51.3 Wolucka (2008)

40 Citrate Streptococcus diacetilactis 280+77.3 514.4+179.7 - Harvey and Collins
(1963)

41 Glutamate Listeria monocytogenes 646.1+203.6 - - Feehily and Karatzas
(2013)

42 Glutamine Salmonella 1331.2+303.9 1306.5+162.6 336.7+38.6 Yong et al. (2021)

43 Glyceric Acid Staphylococcus aureus and 277.9+117.8 303.3+92.7 175.8+38.4 Thomas et al. (2016)

Pseudomonas aeruginosa
44 Leucylproline Bifidobacterium bifidum - - 314+175.9 Berg et al. (2015)
45 Fucose Klebsiella pneumoniae 3968.6+7013.9 3495.5+511.1 - Hudson (2022)
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TABLE 3 (Continued)

Cell wall biosynthesis

Peak intensity of AMR-associated metabolites and method of detection

Bacterial strain and
species

FTC (Intensity+standard

deviation)

SC (Intensity+standard

deviation)

FTC+SC
(Intensity+standard
deviation)

References

46 Glyceraldehyde Stenotrophomonas maltophilia 8322.3+1120.3 13281.7 +£2500.2 6,880+984.1 Gil-Gil et al. (2022)
Total 6 8 6

Nucleotide metabolism

47 Adenosine Vibrio splendidus 693 +154.7 530+120.6 - Li et al. (2023)

48 Ribose Staphylococcus aureus 1413.4+299.8 2034.2+296.8 1068.7+152.4 Baysarowich et al. (2008)

49 Adenine Escherichia coli 933.4+90.3 407+70 1420.3+346.2 Holt et al. (2017)

50 Adenosine monophosphate Salmonella enterica 692+81.8 786.2+110.7 1086.6+ 196 Pontes and Groisman

(2019)
51 Guanine Staphylococcus aureus 880.3+227.9 487.4+100.3 1099.8+110.8 Dersch et al. (2017)
52 Uracil Methicillin-resistant 281.8+23.9 285.3+£36.5 476+88.9 Fan et al. (2023)
Staphylococcus aureus (MRSA)

53 Uridine 539;-Diphospho-N- Bacillus subtilis 2239.6+203.3 - - Patel et al. (2023)
Acetylglucosamine

54 Deoxyuridine monophosphate Escherichia coli 371.1+54.3 1016.1+£482.1 772.9+317.2 Zampieri et al. (2017)
Total 7 7 5

Protein synthesis

55 3-Phosphoglyceric acid Aeromonas caviae 549.7+96.2 - - Wang et al. (2023)

56 Glutamic acid Pseudomonas chlororaphis O6 9577.1+ 3,662 9769.6+613.1 6497.5+986.6 Park et al. (2018)

57 Alloisoleucine Clostridioides difficile 20562.5+4961.2 - - Robinson et al. (2019)

58 Isoleucine Edwardsiella piscicida - 2854.6+951.3 - Ye et al. (2018)

59 NAD Chromobacterium 725+147.2 2858.6+494.9 2939.5+412.2 Banerjee et al. (2017)

60 Proline Escherichia coli 2674.8 +664.2 3196.7 £1046.7 - Lin et al. (2019)

61 Leucine Edwardsiella piscicida 737.4+173.2 - - Ye et al. (2018)

62 3-Hydroxyphenylacetic Acid Pseudomonas aeruginosa 360.5+32.6 336.8+54.9 346.3+83.1 Pahalagedara et al. (2020)

63 Glycerophosphocholine Kilebsiella pneumoniae and 339.6+116.6 - 397+77 Low et al. (2018)

Mycoplasma
64 Homoserine Variovorax paradoxus 189.9+39.3 402.8+99.8 250.3+78.4 Leadbetter and Greenberg
(2000)
65 Methylmalonate Pseudomonas aeruginosa 337.1+£29.1 436.1+64.8 - Su et al. (2010)
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5. Conclusion
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g s < é 3 2 demands strategies to control it. Understanding the metabolomic
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b5 g8 = = ¢ 2 footprint of antibiotic-resistant/sensitive pathogens has been shown to
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= il Ralhad R 2 improve our understanding of the emergence/spread of AMR superbugs.
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£ However, very few efforts have been made in this direction possible due
e g to the lack of appropriate methods of metabolite extraction.
3 =2 Therefore, in this investigation, we have compared the performance
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> Z
=7 B 5 é s (gentamicin and methicillin-resistant) using a highly sensitive and
a8 2 o
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© Et_;l 5 S 2 § -g extraction were also observed to have biasness toward specific
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o % Therefore, the method of metabolite extraction shall be primarily chosen
% g based on the metabolites of interest in the investigation. Altogether, our
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QB Z data can help in designing/planning pathway specific/directed
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"GE'J § E metabolomics studies which could improve understanding of the
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TABLE 4 Comparison of metabolites [total and antimicrobial resistance (AMR) associated] identified from our study versus other reported studies.

All metabolites

Common
metabolites

Total metabolites
identified in Schelli

Total metabolites
identified in our

Total metabolites
identified in Ammons

Common
metabolites

et al. study identified in Schelli study identified in Ammons et al. study
et al. versus our et al. versus our
study study
137 19 163 26 120
AMR associated metabolites
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FIGURE 5

associated metabolites with our study.

Venn diagrams representing a comparison of metabolites identified from our study versus previously published studies in the domain. In study-1
(Ammons et al.), 26 metabolites were found to be common in total metabolites and 19 metabolites were common in AMR-associated metabolites with
our study. In study-2 (Schelli et al.), 19 metabolites were found to be common in total metabolites and 16 metabolites were common in AMR-
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Nitrogen metabolism is an important physiological process that affects the
survival and virulence of Mycobacterium tuberculosis. M. tuberculosis's utilization
of nitrogen in the environment and its adaptation to the harsh environment of
acid and low oxygen in macrophages are closely related to nitrogen metabolism.
In addition, the dormancy state and drug resistance of M. tuberculosis are closely
related to nitrogen metabolism. Although nitrogen metabolism is so important,
limited research was performed on nitrogen metabolism as compared with
carbon metabolism. M. tuberculosis can use a variety of inorganic or organic
nitrogen sources, including ammonium salts, nitrate, glutamine, asparagine, etc.
In these metabolic pathways, some enzymes encoded by key genes, such as
GInAl, AnsP2, etc, play important regulatory roles in the pathogenesis of TB.
Although various small molecule inhibitors and drugs have been developed
for different nitrogen metabolism processes, however, long-term validation is
needed before their practical application. Most importantly, with the emergence
of multidrug-resistant strains, eradication, and control of M. tuberculosis will still
be very challenging.

nitrogen metabolism, antimicrobials, drug targets, tuberculosis, TB

1. Introduction

The first recorded case of tuberculosis (TB) can be traced back to 9000 years ago in
the Eastern Mediterranean (Holzheimer et al., 2021). Human and zoonotic TB is normally
caused by the infection of Mycobacterium tuberculosis complex which includes several
species. They share highly conserved genomic sequences and possibly evolved from a single
ancestor. During the past 200 years, TB kills more than 1 billion people (Gagneux, 2018).
Furthermore, TB can also co-infected with other disease, leading to more serious symptoms
(Huang and Zhao, 2022). As a matter of fact, co-infection with Mycobacterium tuberculosis
(M. tuberculosis), becomes the primary reason of death to HIV-1 infectors. Despite some
progress in diagnosis in recent years (Liao et al., 2022), the situation is still not promising.
The mortality increased to 423,000 in 2020 (from 209,000 in 2019) (Bell and Noursadeghi,
2018; Harding, 2020), suggests that high rates of HIV infection have more TB cases and
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higher mortality rates (Dean et al., 2022). This increase shows that
TB poses a significant threat to people’s lives whether they are co-
infected with HIV or not.

In 2020, M. tuberculosis, the etiological agent of TB, caused 5.8
million new cases around the world and there may be 4.1 million
people who haven’t been diagnosed or reported as WHO estimated
(Harding, 2020). Despite the enormous financial and human
resources invested in combating this deadly disease, they remain
inadequate. Targets set in 2015 to reduce the number of infections
and deaths have both not been met, with only half (11-20%) and
a quarter (9.2-35%) of the plans achieved, respectively (Kirby,
2021). Especially with the COVID-19 pandemic, massive medical
resources have been taken up, suggesting that we are facing a great
hardship even more difficult to overcome than precedented. More
worrying is that some studies suggest that the immune suppression
and storm of inflammatory cytokines caused by COVID-19 may
contribute to the development of TB (Hildebrand et al., 2022). The
recent emergence of a case of latent TB reactivation due to COVID-
19 infection (Leonso et al., 2022) has heightened this concern, as the
proposed causes were the immunosuppressive sequelae of COVID-
19, the effects of the chemotherapy (steroids and remdesivir),
or a combination of both. Given the large numbers of people
infected by both diseases, we must be alert to the potentially serious
consequences of co-infection.

As a kind of facultative intercellular pathogen, M. tuberculosis
can multiply in macrophages despite the acidic environment rich
in radicals, and lacking in oxygen and nutrition, which usually
kills most other bacteria (Honer zu Bentrup and Russell, 2001). In
the dilemma, M. tuberculosis reduces metabolic activity and enters
a dormant state which increases its resistance. However, most
antibiotics target the processes of DNA replication, translation,
or cell wall formation which are active in rapidly dividing cells.
This makes it really hard to treat the infection. Patients are
advised to use 4 drugs combination including isoniazid, rifampin,
ethambutol, and pyrazinamide for 2-6 months and the therapy
for multidrug-resistant cases even costs more time, 9-20 months
(Cano-Muniz et al., 2018). Even after a long period of treatment, if
a small percentage of the pathogen is not killed, the probability of
recurrence is very high. Therefore, exploring how M. tuberculosis
survives in macrophages is really important and it’s attractive to
develop novel drugs based on these studies.

There have been lots of studies on carbon metabolism reported
in the literature, which have shown various carbon sources that
M. tuberculosis used, the ways the bacterium obtained them from
hosts, and specific metabolic pathways that it exploited during
infection (Ehrt et al., 2018). By contrast, studies on the metabolism
of nitrogen, another equally important element involved in the
synthesis of many biomolecules including amino acids, proteins,
nucleotides, some cofactors, and peptidoglycan, in this pathogen
have just begun. A great deal of mystery remains about the
processes of acquiring and assimilating nitrogen. In this review, we
describe some of the key genes identified so far in the regulation of
nitrogen metabolism, as well as some small molecule inhibitors.

2. Key genes in nitrogen metabolism

Central nitrogen metabolism, the best-studied part of nitrogen
metabolism so far, concerned with the intake and utilization of
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ammonium, is indispensable to all living organisms around the
world to balance internal and adapt to the external environment.
In vivo, ammonium assimilation metabolism can be divided into
two kinds according to the different conditions of glutamic acid
synthesis. One is the formation of glutamate from ammonium
and o- ketoglutaric acid in response to glutamate dehydrogenase
and the other is a molecule of glutamine and a molecule
of a-ketoglutarate catalyzed by glutamate synthetase to form
two glutamates. The former has a lower Km value and is
therefore referred to as a low-affinity pathway, while the latter
is referred to as a high-affinity pathway. The major assimilation
pathway in M. tuberculosis is the high-affinity pathway related to
glutamine synthetase and glutamine oxoglutarate aminotransferase
(GOGAT), which catalyze the production of glutamine or
glutamate, respectively. Although a low-affinity pathway for
ammonium assimilation using glutamate dehydrogenase exists
in other bacteria, in M. tuberculosis the enzyme acts primarily
on glutamine catabolism which breaks down glutamine into a-
ketoglutaric acid and ammonium. Besides ammonium, the source
of nitrogen can be various either inorganic substances such
as nitrate or organics including alanine, aspartate, asparagine,
glutamate, and glutamine (Agapova et al, 2019). Furthermore,
nitrogen from different amino acids goes to different places. For
example, according to the results of the isotope tracer, more than
50% of N from °N1-Asp was transferred to Glu/n, >N1-Glu
to six amino acids, !°N2-Gln to eight amino acids, and °N1-Leu
to Ile. Nitrogen from glutamine is the major source and can turn
into many other amino acids. While alanine is used directly as a
component of thallus rather than transformed (Borah et al., 2019).
Interestingly, M. tuberculosis grows faster when utilizes organic
nitrogen sources. Some of the metabolic pathways involved in this
review are shown in Figure 1 and the structures of proteins encoded
by key genes are shown in Figure 2.

2.1. glnAl

Glutamine and glutamate are two molecules that play
irreplaceable roles in central nitrogen metabolism. When
ammonium in the medium is used as primary nitrogen donors by
the bacterium, it must combine with glutamine and glutamate first
(Leigh and Dodsworth, 2007). And because of lacking of a low-
affinity pathway for ammonium assimilation, M. tuberculosis
cannot assimilate ammonia directly into glutamate. Thus
glutamine synthetase and glutamate synthetase are the sole
means of ammonia assimilation (Tullius et al., 2003). There are 4
kinds of isoforms of glutamine synthetase, Gl1A1, GInA2, GInA3,
and GInA4. Among these, GInAl, GInA3, and GInA4 synthesize
L-glutamine, whereas GInA2 synthesizes the D-glutamine and
D-isoglutamine required for cell wall biosynthesis. However, only
glnAl expresses abundantly, the three other genes being 9-15-fold
less expressed (Harth et al., 2005). Though glnA3 will overexpress
when GInAl is inhibited, the quantity is less than fold which is
too little to compensate for the lack of glnAl (Lee et al., 2006;
Carroll et al,, 2011), thus GInAl provides the main activity in
M. tuberculosis. The gene glnAl consists of 1437 base pairs and
encodes 478 amino acids (57.3 kDa) (Couturier et al., 2015). In
addition to its internal role in bacteria, GInA1 can also be secreted
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The sketch of nitrogen metabolism pathway in mycobacteria.

into the external environment as a secreted protein, which may
affect phagosomal pH and phagosomal lysosomal fusion, thus
allowing M. tuberculosis to survive phagocytosis by macrophages
(Harth et al., 1994). What's more, as reported, GInAl is related
to the synthesis of poly-l-glutamate/glutamine. This component,
which is absent in non-pathogenic mycobacteria, corresponds to
10% of the cell wall of pathogenic mycobacteria (Couturier et al.,
2015). These all imply the importance of the gene glnAl.

In other bacteria represented by E. coli, the regulation of GInA1l
is a cascade reaction, mainly dependent on three proteins, PI
protein, PII protein, and Gln D. Among them, PI has adenylyl
transferase activity, which can adenylate or deadenylate GlnAl,
thereby regulating its activity. There are two forms of PII: PII-UMP
and defridulated. PII can promote PI-catalyzed adenylation, while
PI-UMP can promote deadenylation. Different forms of PII are
regulated by the uridylyl transferase GInD (Read et al., 2007). In
M. tuberculosis, the homologous proteins of the three proteins are
GInE, GInK, and GInD. But there are some differences between its
function and that of E. coli.

According to many studies, both GInA1 and GInE are necessary
for the growth of M. tuberculosis. This is specific to M. tuberculosis,
studies have shown that GInE is not necessary for E. coli and
Streptomyces (Fink et al., 1999). GInE has both adenylation and
deadenylation activities, which regulate the activity of glutamine
synthetase by transferring AMP to, or removing AMP from GInAl.
When GInA1l binds to AMP, it becomes inactive. But studies that
deleted adenylation or deadenylation domains separately showed
that only the former was necessary for growth, and that the absence
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of the latter had no significant effect on growth (Carroll et al., 2008).
This may be because if all the highly expressed GInAl is in the
active state, the intracellular glutamate and ATP will be rapidly
depleted. Given that glutamate is required for the sole pathway
for M. tuberculosis to assimilate external ammonium, this could
explain the lethality of the mutation.

In addition, GInD showed adenylyl transferase but not uridylyl
transferase activity in M. tuberculosis, controlling GInK adenylation
or deadenylation (Williams et al., 2013). Unlike E. coli, GInK and
GInAl adenylation appear to be independent of each other in
M. tuberculosis. Studies have shown that glnD-null mutants do not
show growth defects, although the expression of amt, glnD, and
gInK genes is upregulated under nitrogen deficiency conditions
(Read et al., 2007). Therefore, the role of GInK and GInD in
M. tuberculosis nitrogen metabolism needs to be further studied.

Furthermore, it is also reported that GlnAl has the activity
of acyltransferase in active sites different from typical theories
(Baghel et al,, 2011). It means that glnAl may not only regulate
nitrogen metabolism by controlling the use of sources but also by
modulating the activity of other proteins while being regulated by
GInE.

2.2. pknG

The GOGAT of M. tuberculosis is composed of two subunits,
GItB and GItD (Cole et al., 1998), which play a very important role
in nitrogen metabolism and adaptation to adverse environments.
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Structure of polypeptide chains encoded by key genes. (A—H)
Overall structure of protein or polypeptide chain encoded by glnA1,
pknG, groES, groEL2, ansP2, ansA, argB, and argF. The 3D model of
AnsP2 and AnsA came from AlphaFold protein structure database
(https://alphafold.com). Different colors in a 3D model represent
per-residue confidence score (pLDDT) between 0 and 100 (Dark
blue: pLDDT > 90, Light blue: 90 > pLDDT > 70, Yellow:

70 > pLDDT > 50, Orange: pLDDT < 50). The 3D model of other
proteins came from RCSB PDB (https://www.rcsb.org/).

Some studies have shown that GItB/D catalyzed reactions can
be used to neutralize cytoplasmic pH that is acidified while
consuming host propionate carbon through the methylcitrate cycle.
In contrast, there are defects in M. bovis BCG, which is not
pathogenic and is less adaptable (Lee et al., 2018). Prior to this,
it has been reported that the loss of gltB or gltD in M. bovis
BCG would cause glutamatergic nutrient deficiency, resulting in
inadequate growth of the strain in a medium with glutamate as the
sole nitrogen source (Viljoen et al., 2013). These all implied that gitB
and gltD may be related to the pathogenicity of M. tuberculosis.

Similar to GInAl above, GOGAT activity is regulated by
a series of reactions. The glycogen accumulation regulator A
(GarA) plays a regulating role in GOGAT and GDH. On the one
hand, it can activate GOGAT to promote glutamate synthesis,
on the other hand, it can inhibit GDH to inhibit glutamate
decomposition. When GarA is phosphorylated, it becomes inactive,
and metabolism shifts to glutaminolysis. The interconversion
between glutamate and a-ketoglutarate can be regulated by
phosphorylation and the dephosphorylation of GarA.

Further studies revealed that GarA phosphorylation and
dephosphorylation were regulated by Serine-threonine protein
kinase PknG (O’Hare et al., 2008). Disruption of pknG or garA
has opposite effects on metabolism: defects in glutamate catabolism
or intracellular glutamate depletion, respectively. Interestingly,
disruption of GarA phosphorylation sites caused the same defects
as pknG depletion (Rieck et al., 2017). In conclusion, a slight change
in pknG expression can sensitively regulate metabolism through
cascade amplification.
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According to the crystal structure, there is no direct amino
acid binding site for glutamine on PknG, so its activity needs the
help of auxiliary components (Scherr et al., 2007). PknG consists of
three distinct structural domains: rubredoxin domain (RD), kinase
domain (KD), and tetratricopeptide repeat-containing domain
(TPRD). The KD is sandwiched between RD and TPRD (Lisa
et al., 2015). Some studies have shown that the activity of PknG
is related to the environment outside the bacteria. The conserved
aspartate-specific solute binding protein GInH links extracellular
amino acid concentration to PknG activity via the periplasmic
transmembrane protein GInX. There is a specific binding site for
aspartic acid on GInH. When amino acids are abundant in the
environment, the conformation of GInH bound to aspartic acid will
be changed and bind to the transmembrane protein GInX, and the
signal will be transmitted to the cell, causing the activation of PknG.
Activated PknG phosphorylates and inactivates GarA, thereby
regulating glutamate metabolism (Bhattacharyya et al.,, 2018). In
addition, studies of PnkG substrates by affinity purification-mass
spectrometry revealed that PknG may regulate many physiological
processes, such as nitrogen and energy metabolism, cell wall
synthesis, and protein translation (Gil et al., 2019). Metabolomic
analysis showed that PknG was necessary to adapt to hypoxia and
maintain REDOX balance, and was associated with a dormancy
state (Khan et al., 2017).

2.3. groES and groEL2

In addition to ammonia, nitrate is also an important source
of nitrogen available to M. tuberculosis. It was a few decades ago,
researchers have found that nitrate can be the only nitrogen source
to support the growth of M. tuberculosis (Hedgecock and Costello,
1962). Nitrate is also essential for the survival of M. tuberculosis
under hypoxic conditions. It can act as a terminal electron
acceptor in the respiratory chain under hypoxic conditions, causing
M. tuberculosis to enter a dormant state instead of dying (Aly et al.,
2006; Via et al., 2008). In addition, nitrite produced by reduction
during nitrate metabolism can protect bacteria from the damage of
reactive oxygen species and reactive nitrogen species in vivo. The
metabolic pathway of nitrate is quite conservative. It is reduced
to nitrite, which is further reduced to ammonia by NirBD, and
then enters the central nitrogen metabolism. The nitrite that is not
immediately reduced during this process is expelled from the cell
(Malm et al., 2009).

Recent studies have found that the reduction of nitrate by
M. tuberculosis requires chaperones expressed by groES and groEL2.
They’re all heat shock proteins (HSP) due to their increased levels
of expression at elevated temperatures. As chaperone proteins,
HSPs are widely and highly conserved in various organisms. They
perform ATP-dependent folding of proteins to ensure cell viability
at different temperatures (Ellis, 1999). The most characterized one
among them is the GroEL/ES complex, or called Cpn60/Cpnlo0,
from E. coli. GroEL forms two heptamer rings, which are then
stacked back-to-back to form a complex of tetradecamers. GroES,
on the other hand, bind to one or both ends of the GroEL complex
after forming a heptamer ring driven by ATP. Both Cpns are
required for E. coli (Xu et al., 1997; Grallert and Buchner, 2001).
But in M. tuberculosis, the situation is different. Although there
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are also homologous GroEL and GroES co-expressed by groE
operon, there is another HSP in M. tuberculosis that belongs to
the HSP60 family, commonly referred to as GroEL2. The gene
that encodes the protein is not on groE operon (Qamra et al,
2005). And experiments showed that when the genes encoding
GroES or GroEL2 were deleted, M. tuberculosis growth was
completely inhibited. However, the lack of GroEL only prevented
granulomatous inflammation in infected mice or guinea pigs (Hu
et al., 2008). In addition, unlike E. coli, neither GroEL nor GroEL2
forms tetradecamers in M. tuberculosis cells, but exists as oligomers
(Qamra et al., 2004). Crystal structures show that GroEL2 forms
dimers in M. tuberculosis (Qamra and Mande, 2004). Furthermore,
it has been proposed that GroEL2 has only weak ATPase activity
and can function in an ATP-independent mode (Qamra et al,
2004). This may be due to the slower growth of mycobacteria, which
helps it survive in harsh environments such as hypoxia and poor
nutrition. The HrcA acts as a transcriptional repressor to block the
expression of groES and groEL2 though binding to their cognate
DNA elements. Together with the pup-proteasome system, they
regulate nitrate utilization. When the pup-proteasome system is
absent and HrcA cannot be degraded, M. tuberculosis is deficient in
nitrate utilization (Becker et al., 2019). Furthermore, the GroESL2
complex may also be able to fold other proteins involved in nitrogen
metabolism. Researchers can explore the role of this regulatory
mechanism in other pathways and there may be more discoveries.

2.4. ansP2, ansA, and Rv3722c

Asparagine is also important or even known as one of the
best nitrogen sources for M. tuberculosis. There should be systems
in place to transport and utilize this amino acid. It has been
previously reported that M. tuberculosis can capture aspartate
through membrane transporters and use the amino as a source
of nitrogen during infection. Interestingly, AnsP2 (Rv0346c¢), the
homolog of AnsP1 whose expression is markedly induced in the
lungs of patients (Rachman et al.,, 2006), was recently predicted
to be an asparagine transporter. However, although the growth of
the knockout strain was affected when asparagine was used as the
sole nitrogen source, the pathogenicity to mice was not reduced
(Gouzy et al., 2014), suggesting that there may be other unknown
transporters waiting to be discovered.

There are also some new achievements in the study of
asparaginase. This enzyme was discovered decades ago in
various mycobacteria, including M. tuberculosis (Kirchheimer and
Whittaker, 1954). The AsnA/Rv1358c was previously found to
hydrolyze aspartate in vitro in Mycobacterium bovis (Cai et al,
2012), and its homolog in M. tuberculosis was recently found to
perform the same function. The activity of AsnA/Rv1358c¢ has been
reported and annotated, indicating that Rv1358c, as a secretory
protein, can help M. tuberculosis resist an acidic environment by
hydrolyzing asparagine to aspartic acid and ammonia. In addition,
it is also recognized to induce stress to primary immune cells
and compromise the host immune response (Gouzy et al., 2014;
Kataria et al., 2021). Compared with central nitrogen metabolism,
the research in this area is less and still in its infancy. Studying
the function of genes involved in this metabolic pathway is an
alternative research direction in the future.
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In addition, as mentioned above, Glu is the primary portal
of nitrogen assimilation and 27% of nitrogen is distributed via
Asp for the dedicated biosynthesis of several cofactors, nucleotides,
and amino acids (Reitzer, 2004). It highlights the importance
of aspartate aminotransferase which connects metabolisms of
glutamate and aspartate. Gratifyingly, Rv3722c was found to encode
the main aspartate aminotransferase in M. tuberculosis (Jansen
et al., 2020). What’s more, Rv3722¢ belongs to a recently described
and structurally distinct subclass of AspATs, designated type Ic,
whose members are absent in humans and almost exclusively
present in bacteria (Son and Kim, 2016; El-Gebali et al., 2019). It
lays an avenue between carbon and nitrogen metabolisms.

2.5. Gene of arginine synthesis

Mycobacterium tuberculosis preserves most of the essential
nutrient synthesis pathways, allowing it to survive in a variety
of nutrient-deficient environments, which may be one of
the important reasons for its success. In previous studies,
M. tuberculosis strains deficient in leucine or glutamate showed
reduced growth but did not die (Hondalus et al, 2000; Lee
et al., 2006). Only the absence of methionine or arginine causes
bactericidal effects (Berney et al., 2015). Strains with knockdown
of argB or argF, coding two key enzymes in the de novo arginine
synthesis pathway, are unable to grow in an arginine-deficient
medium. Of particular interest, although M. tuberculosis has
two carriers for arginine transport and sufficient amino acids
in host serum, this cannot compensate for the absence of de
novo arginine synthesis (Tiwari et al., 2018). This was reflected
in the experimental results that when argB-or argF-deficient
M. tuberculosis was injected into mice, the mutants failed to
replicate. It has previously been reported that Mycobacterium bovis
cannot utilize in vitro arginine as the sole nitrogen source (Peteroy-
Kelly et al., 2003). Given the similarity between the two bacteria,
this may imply that M. tuberculosis is unable to utilize or only
inefficiently transport exogenous arginine. In addition, oxidative
damage caused by ROS accumulation was observed in argB or argF
null mutants, which is the bactericidal mechanism of the commonly
used anti-tuberculosis drug isoniazid (Middlebrook et al., 1954;
Dhandayuthapani et al., 1996), suggesting the research direction of
new bactericidal or adjuvant drugs. And since there is no metabolic
pathway for de novo arginine synthesis in the body, it might be a
target with fewer side effects.

3. Inhibitors of nitrogen metabolism

After long-term studies, a variety of anti-tuberculosis drugs are
being used in clinical practice. For drug-sensitive M. tuberculosis,
the combination of several common drugs, such as rifampicin,
isoniazid, pyrazinamide and ethambutol, can achieve good results.
But because of the existence of the dormant state, many patients
suffer from a long course of treatment and easy to relapse. In
addition, the large number of multi-drug resistant bacteria also put
forward an urgent need for the development of new drugs. The
inhibitors involved and their dosages are shown in Table 1 and the
docking view of ligands and proteins is shown in Figure 3.
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3.1. Inhibitor of glutamine synthetase

As one of the most important enzymes in central nitrogen
metabolism, glutamine synthetase is a natural candidate drug
target. In addition, although GInAl is also present in humans, its
homology with M. tuberculosis is low, less than 20% (Krajewski
2008). Therefore, drugs developed with this target will
have limited risks of on-target in vivo toxicity. Earlier drugs

et al,

were mostly glutamine analogs that competitively bind glutamine
synthetase. For example, L-methionine-Sr-sulfoximine (MSO) has
been reported to reduce the number of M. tuberculosis in the lungs
and spleen of diseased animals, and can synergize with isoniazid
and ascorbic acid to improve the efficacy. As expected, MSO
showed high selectivity for M. tuberculosis protein. The compound
was 100-fold less active against human glutamine synthetase
(Harth and Horwitz, 2003). Unfortunately, although the drug
markedly reduced the amount of poly real-L-glutamate/glutamine
cell wall structure in M. tuberculosis, the drug can’t cross the
cell wall of mycobacteria. Therefore, only extracellular glutamine
synthetase can be inhibited, but the effect on cellular glutamine
1999). For other
mycobacteria, there is few report about the antibacterial efficacy
of MSO. However, in vitro biochemical result shown that MSO
can largely inhibit the enzymatic activity of glutamine synthetase

synthetase is very small (Harth and Horwitz,

in Mycobacterium avium, the representative strain of non-
tuberculosis mycobacteria (NTM) (Alvarez and McCarthy, 1984).
Consider the process catalyzed by glutamine synthetase, ATP
phosphorylates glutamate to form an intermediate, and then the
amino group replaces the phosphate group to form glutamine,
glutamine synthetase functions as an ATP-dependent process.
Drugs that interact with ATP binding have been developed in
recent years. Bedaquiline (BDQ), the first new drug approved

TABLE 1 Chemical inhibitors targeted to nitrogen metabolism.

10.3389/fmicb.2023.1149041

in decades, is an inhibitor of M. tuberculosis ATP synthase.
As expected, there has been some evidence supporting the
synergy between MSO and BDQ (Wang et al, 2019). Several
bisphosphonic acid derivatives have been reported to have
potential as new drugs, and given their bone-targeting properties,
these compounds are promising for the treatment of bone
tuberculosis (Kosikowska et al., 2016). In addition, 4-(2-Tert-
Butyl-4-(6-Methoxynaphthalen-2-Y1)-3 h-Imidazol-4-Yl) pyridin-
2-Amine was also found to has antibacterial activity by high-
throughput screening (Gising et al, 2012) (the drug-target
interaction is shown as Figure 3A). However, it is highly toxic to
human cells, so its specificity needs to be enhanced to develop its
clinical use.

Recently, it has been reported that the anticancer drug linsitinib
can act as a competitive inhibitor of ATP binding and affect GInA
activity, thereby inhibiting the growth of M. tuberculosis. It can also
enhance the resistance to M. tuberculosis by activating autophagy
in host cells. Similarly, it also showed a certain synergistic effect of
bedaquiline (Wang et al., 2022). As a drug developed in the past,
its safety is relatively guaranteed. However, its anti-tuberculosis
effect needs to be strengthened and further optimized in subsequent
studies.

These molecules with different roles and different sources
provide a broad prospect for the development of new drugs.

3.2. Inhibitor of PknG

As mentioned in the previous content, PknG is related to
many physiological processes in M. tuberculosis, participating in
the regulation of various metabolism, and its metabolites connect
carbon metabolism and nitrogen metabolism. In particular, it is
associated with the survival and dormant state of M. tuberculosis

L-methionine-SR-sulfoximine

\//
// o

NH;

4-(2-Tert-Butyl-4-(6- 0.049 uM
Methoxynaphthalene-2-Y1)-3 h-

Imidazole-4-YI)

pyridine-2-Amine

AX20017 0.39 pM
Doxorubicin L 56 WM
Pranlukast 2.7 pg/ml

10 uM Glutamine synthetase Harth and Horwitz, 2003 801860
2 pg/ml Glutamine synthetase Gising et al., 2012 56928064
/ PknG Scherr et al., 2007 673481
/ Asparaginase Kataria et al., 2019 31703
52 pg/ml  |Arg] Mishra et al., 2019 4887

“/” Means the values are not mentioned in the references. The structure of L-methionine-SR-sulfoximine was drawn using Chemdraw and others came from PubChem database (https:

//pubchem.ncbi.nlm.nih.gov/).
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FIGURE 3

Docking view or co-crystal complexes of ligands and proteins. (A) Co-crystal complexe of 4-(2-Tert-Butyl-4-(6-Methoxynaphthalene-2-YI)-
3 h-Imidazole-4-Yl) pyridine-2-Amine (PubChem-ID: 673481) as ligand and GInAl (Co-crystallization PDB-D: 3ZXV). Sticks representation of

residues with 4A around ligand in a zoomed view. (B) Co-crystal complexe of ax20017 (PubChem-ID:673481) as ligand and PknG (Co-crystallization

PDB-D: 2PZI). Sticks representation of residues with 4A around ligand in a zoomed view. (C) Docking view of Pranlukast (PubChem-ID:4887) as
ligand and ArgJ (PDB-ID: 3IT4). Sticks representation of residues with 4A around ligand in a zoomed view.

under hypoxia. This is crucial for the survival of M. tuberculosis
in macrophages and the development of drug resistance. It is
well known that many TB drugs, such as isoniazid, mainly target
bacteria in the replicating phase but have little effect on bacteria in
the non-replicating dormant state. Therefore, PknG as a drug target
may play a role in killing bacteria and weakening drug resistance, so
as to achieve a better therapeutic effect.

Frontiers in Microbiology

Compound AX20017 was reported to occupy the binding site
for ATP whose structure is out of the ordinary, inhibits PknG,
and causes mycobacterial transfer into lysosomes, thereby killing
mycobacteria (the drug-target interaction is shown as Figure 3B).
Moreover, kinase-dependent processes within the macrophage host
cell, such as the capacity to proliferate, synthesize proteins, and
phagocytose do not interfered, so as the cellular morphology
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demonstrating that AX20017 is a highly specific inhibitor of
PknG (Scherr et al, 2007). To improve the affinity, selectivity
and potency of AX20017, the cyclopropyl ring which does not
exploit binding capacity fully may be an alternative modification
site. In recent years, although some studies have found RO9021
and a few flavonoids by computer virtual screening and simulation
docking, no subsequent experiments based on cells or animals have
been found (Qasaymeh et al., 2019; Arica-Sosa et al., 2022), so
its effectiveness still needs to be verified and it is still far from
clinical use. It is worth nothing that targeting PknG can also
cause the growth inhibition of M. bovis, which has been proven
through several independent reports (Singh et al., 2015; Kanehiro
et al., 2018; Kidwai et al., 2019). The similar sequence of PknG
among MTBC therefore let it become a promising broad-spectrum
anti-mycobacteria drug target.

3.3. Inhibitor of asparaginase

As mentioned above, asparagine is one of the important
nitrogen sources for M. tuberculosis. Asparaginase is mainly
categorized into type I, II, and III. Type I and II are found
in most bacteria, while type III, which has a distinct mode of
catalysis is usually found in mammals and plants (Nomme et al.,
2012). This difference makes the enzyme a good candidate as
a drug target. Specific inhibitors targeting the active site of this
enzyme, the potential inhibitors were predicted and screened from
ZINC database, TCM database and FDA-approved drug database,
according to the structure. Excitingly, M3 (ZINC 4740895), M26
(ZINC 33535) and doxorubicin were screened out and showed
satisfactory results in M. smegmatis (Kataria et al., 2019). The
experiment in M. tuberculosis has not been reported, which
is worthy of further study. The result can also be extended
to Salmonella typhi, H. pylori, and L. donovan, which encode
significant overlaps in the conserved catalytic residues. This makes
it possible that these compounds could be used as a basis for further
development of broad-spectrum antimicrobial drugs to help
patients with multiple bacterial co-infections. It was also reported
that three kinds of phytocompounds, Physalin D, Withanone, and
Withaferin A, can competitively bind asparaginase (Sharma et al.,
2022). However, the effect on M. tuberculosis remains to be studied.

3.4. Inhibitor of arginine synthesis

Arginine is very important for the growth of M. tuberculosis,
and the abundant arginine in the outside world cannot compensate
for the influence caused by the blockage of its own synthetic
pathway. In addition, there is no metabolic pathway for de novo
arginine synthesis in human body. These make it possible to find
drug targets in arginine anabolic metabolism. Most of the substrates
for arginine synthesis are common small molecules, so if they are
used as the targets of inhibitors, the drugs may have serious off-
target effects. However, the allosteric sites of enzymes required
for metabolism are less conserved in evolution, which can be
used as drug-targeting sites to enhance specificity and reduce side
effects (Wenthur et al., 2014). Recently, it has been reported that
Pranlukast (PRK) can act as an allosteric inhibitor of Arg] during
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arginine biosynthesis in M. tuberculosis and inhibit its ornithine
acetyltransferase activity, thereby inhibiting bacterial survival and
virulence (Mishra et al., 2019) (the drug-target interaction is
predicted as shown in Figure 3C). Further metabolomics studies
showed that PRK caused significant differential expression of 50
metabolites (Yelamanchi et al., 2022). This will contribute to a
deeper understanding of PRK-mediated metabolic changes and
provide a basis for the development of new therapeutic approaches.
Because it has already been approved by the FDA, PRK could be
ready for use much faster than a new drug. And as an approved
drug, there are no excessive concerns about its safety, and patients
are more likely to accept it.

4. Way forward

In this review, we describe some of the key genes involved
in nitrogen metabolism in M. tuberculosis using ammonium and
nitrate as inorganic nitrogen sources and some amino acids as
organic nitrogen sources. Some inhibitors or drugs targeting
nitrogen metabolism were also introduced. The action sites of
the inhibitors are mainly some key enzymes in the metabolic
process, which also indicates the direction of developing new anti-
tuberculosis drugs in the future. Many new inhibitors have been
discovered, giving hope for the development of new anti-TB drugs.
However, many research results remain at the level of computer
prediction or biochemical experiments, and the subsequent results
of cell and animal experiments are lacking, which may be related
to the greater risk of Mycobacterium tuberculosis and the higher
requirements of laboratory safety level for research. Considering
previous studies have reported some nanomolar inhibitions of
GInA1l inhibitors, none of which were active against whole-cell
M. tuberculosis (Couturier et al., 2015), cautious optimism is
warranted.

In addition, it is worth noting that some drugs not only
act on the metabolic process of M. tuberculosis, but also
kill the pathogen by affecting host cells. Recent studies have
reported that mitochondrial metabolism regulated by mTOR limits
mycobacteria-induced cytotoxicity (Pagan et al., 2022) suggesting
that screening new anti-TB drugs from existing drugs that target
mTOR may be a good direction. And compared with developing
new drugs, existing drugs have great advantages in terms of safety
and time to approval.

Like we have been through in the past, the clinical application
of nitrogen-targeted antimicrobials will inevitably lead to drug
resistance in the future. However, finding a synergistic drug
combination includes 1, 2, or more extra antibiotics could be an
effective way to overcome drug resistance. The previous research
from our team has shown that inhibiting both ATP synthesis and
glutamine synthesis causes a synergistic killing effect (Wang et al.,
2019), it is therefore worth to keep exploring the combination
between BDQ and other nitrogen metabolism targeted drugs, since
ATP is the crucial factor driving hundreds of biochemical reactions
to maintain the bacterial nitrogen homeostasis.

There are still many possible drug targets that have not been
studied or rarely studied, leaving a wide range of possibilities for
new drugs. However, due to the complexity of metabolic processes
and the need to consider the effects of drugs on the patient’s body,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1149041
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Xu et al.

the real development of effective and safe drugs will still be a long
and arduous process.
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