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Identification of metabolite 
extraction method for targeted 
exploration of antimicrobial 
resistance associated metabolites 
of Klebsiella pneumoniae
Ashok Kumar1, Sevaram Singh1,2, Sonu Kumar Gupta1, Shailesh Kumar1, Shrikant Kumar1, 
Rita Singh1,2, Lovnish Thakur1,2, Manoj Kumar1, Arti Kapil3, Yashwant Kumar1* & 
Niraj Kumar1*

Antimicrobial resistant Klebsiella pneumoniae (K. pneumoniae), as being a pathogen of critical clinical 
concern, urgently demands effective therapeutic options. However, the discovery of novel antibiotics 
over the last three decades has declined drastically and necessitates exploring novel strategies. 
Metabolomic modulation has been the promising approach for the development of effective 
therapeutics to deal with AMR; however, only limited efforts have been made to-date, possibly due 
to the unavailability of suitable metabolites extraction protocols. Therefore, in order to establish a 
detailed metabolome of K. pneumoniae and identify a method for targeted exploration of metabolites 
that are involved in the regulation of AMR associated processes, metabolites were extracted using 
multiple methods of metabolites extraction (freeze–thaw cycle (FTC) and sonication cycle (SC) method 
alone or in combination (FTC followed by SC; FTC + SC)) from K. pneumoniae cells and then identified 
using an orbitrap mass analyzer (ESI-LC–MS/MS). A total of 151 metabolites were identified by using 
FTC, 132 metabolites by using FTC+SC, 103 metabolites by using SC and 69 metabolites common 
among all the methods used which altogether enabled the identification of 199 unique metabolites. 
Of these 199, 70 metabolites were known to have an association with AMR phenotype and among 
these, the FTC + SC method yielded better (identified 55 metabolites), quantitatively and qualitatively 
compared to FTC and SC alone (identified 51 and 41 metabolites respectively). Each method of 
metabolite extraction showed a definite degree of biasness and specificity towards chemical 
classes of metabolites and jointly contributed to the development of a detailed metabolome of the 
pathogen. FTC method was observed to give higher metabolomic coverage as compared to SC alone 
and FTC + SC. However, FTC + SC resulted in the identification of a higher number of AMR associated 
metabolites of K. pneumoniae compared to FTC and SC alone.

Antimicrobial Resistance (AMR) has become one of the major escalating threats to global public health1. It under-
lines the urgent need for action as resistant infections not only require expensive treatments, prolonged hospital 
stays, and increased healthcare costs but also loss of man-hour productivity2. Currently, ~ 0.7 million people die 
globally each year of drug resistance illnesses due to bacterial infections and this is estimated to increase to ~ 10 
million deaths per year by 2050 including 4.1 million deaths from Africa and 4.7 million from Asia, and cost 
$100 trillion for their treatment and infrastructure development3. Therefore, understanding the mechanisms 
regulating the emergence (and/or spread) of AMR among bacterial pathogenesis may be of critical importance.

Klebsiella pneumoniae, a gram-negative γ-proteobacteria belonging to the family enterobacteriacae, is well 
known to cause various life-threatening infections, including hospital-acquired infections (HAIs; such as pneu-
monia, bloodstream infections (BSIs), urinary tract infection (UTIs)), and community-acquired infections (CAIs; 
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such as necrotizing pneumonia, pyogenic liver abscesses and endogenous endophthalmitis)4. K. pneumoniae, 
along with severe pathogenesis and high prevalence, is well known to show multi/extensively-drug resistance 
(MDR/XDR) phenotype to even next-generation antibiotics (such as cephalosporins, aminoglycosides, fluoroqui-
nolones, and carbapenems) and hence has only limited therapeutic options for treating the MDR/XDR infected 
K. pneumoniae patients5. Therefore, the World Health Organization (WHO) has recently declared extended-
spectrum β-lactamases (ESBLs) and carbapenem-resistant K. pneumoniae (CRKP) as a critical pathogen to public 
health6. In Europe alone, ESBL and CRKP strains reportedly account for > 90,000 infections and > 7000 deaths 
annually7. Moreover, the pathogen has been considered as a major source and shuttle for antibiotic resistance-
associated genes among the bacterial pathogen for the emergence and spread of AMR8. However, despite such 
a clinical relevance, our understanding about the mechanism(s) of emergence and spread of AMR in the K. 
pneumoniae pathogen is limited. So far, a number of targeted attempts using molecular genetics, transcriptom-
ics and proteomics-based tools have been made, but the gradually decreasing trend in the discovery of novel 
antibiotics highlights the urgency for exploring novel strategies to deal with the upcoming problem of AMR.

Recently, investigations of metabolomic modulation among pathogens are one of the promising ways to deal 
with the problem of AMR. For example, conjugation of aminoglycosides with fructose and fumarate was shown 
to increase the activity of aminoglycosides against S. aureus and E. coli9. Similarly, conjugation of aminoglycosides 
with glyoxylate was reported to decrease the activity of aminoglycosides against the P. aeruginosa10. Moreover, 
a significant inhibition of the citrate cycle, pentose phosphate pathway, amino acid and nucleotide metabolism 
were observed during treating the multidrug-resistant K. pneumoniae by a bacteriophage-polymyxin combina-
tion highlighting the potential targets and pathways for improving the efficacy of existing antimicrobials or for 
novel antimicrobial development11. However as of now, only limited such attempts for investigating metabolome 
of K. pneumoniae have been made, primarily using Gas chromatography–mass spectrometry (GC–MS) and 
Nuclear Magnetic Resonance (NMR) techniques which are known to have low sensitivity and the metabolome 
coverage12–15. Hence, the metabolome of the pathogen has largely remained yet unknown and the unavailability 
of the appropriate protocols for the purpose may potentially be one among the reasons.

Therefore, in this investigation, we aimed to establish the comprehensive intrinsic metabolomic profile of 
K. pneumoniae and identify the method for targeted investigation of AMR associated metabolites. Freeze–thaw 
cycle (FTC) and sonication cycle (SC) are the most commonly used approaches for metabolite extraction and 
are known to have specificity and biasness toward specific metabolites16. We have utilized both (FTC and SC) 
along with their combination (FTC + SC) to increase the metabolome coverage. The extracted metabolites were 
identified and investigated using an orbitrap fusion tribrid mass analyzer (Thermo-Scientific, ESI-LC–MS/MS) 
as it may potentially help in further increasing the metabolome coverage.

Materials and methods
Bacterial cell culture.  K. pneumoniae strain (ATCC 33495; ampicillin resistant) was precultured aerobi-
cally in MHB (Difco™), for ~ 12 h at 37 °C with 220 rpm. The fresh cultures were then inoculated (1: 500 v/v) in 
fresh MHB and incubated under aerobic conditions at 37 °C until the mid-exponential phase of growth (~ 4 h 
post-inoculation). At the time of sample collection, cultures equivalent to 107 cells were centrifuged for 10 min 
at 4 °C and 8000 g, the supernatant was discarded and the cell pellets were stored at − 80 °C till further analysis.

Metabolite extraction.  Metabolites were extracted from the quenched cells using 100% methanol 
(~ 500 μl). Varying concentration (10 ng/ml, 20 ng/ml 40 ng/ml, 80 ng/ml, 160 ng/ml) of 13C-labeled l-valine, 
an internal standard, was also added in each sample to enable plotting of the standard curve with its recovery 
data and evaluating the metabolites extraction efficiency of each method. This was also expected to contribute 
in ensuring that the differences observed in metabolomic profiles are reproducible (at varying concentration of 
the internal standard) and potentially true findings (not due to steps associated with a particular method). For 
the sonication cycle, the cells pellet frozen at − 80 °C was thawed for 10 min and resuspended in 500 μl of 100% 
chilled methanol (MS-grade, Sigma) and sonicate for 2 min at 35 A° for 10-s on-and-off cycles (Fig. 1 step 5a). 
For better coverage of different classes of metabolite extraction, we performed a free-thaw cycle, after resus-
pending the frozen cell pellet, freeze–thaw cycles were repeated thrice (Fig. 1 step 5b). Similarly, for FTC + SC, 
after resuspending the frozen cell pellet, the freeze–thaw cycle is repeated thrice and followed by sonication as 
described earlier (Fig. 1 step 5c). For the collection of metabolites, cells were pelleted down by centrifugation at 
15,000×g for 10 min at 4 °C and the supernatant (~ 400 μl) was collected after centrifugation in a separate pre-
labelled microfuge tube without disturbing the pellet. A fraction of each sample (100 μl) was dried using a speed 
vacuum. Samples were stored at − 80 °C till further analysis.

Separation and measurements of metabolites using ESI‑LC–MS/MS.  Each metabolite sample was 
resuspended in 25 μl of the methanol–water mixture (3:17, methanol: water), vortexed briefly, and centrifuged at 
11000 rpm for 10 min at 4 °C. The metabolites were then separated on UPLC ultimate 3000 using a C18 column 
(HSS T3) and HILIC column (XBridge BEH Amide) maintained at 40 °C and 35 °C temperature respectively. For 
the reverse phase, the mobile phase was water + 0.1% formic acid (mobile phase A) and methanol + 0.1% formic 
acid (mobile phase B). For HILIC chromatography, mobile phase A was 20 mM ammonium acetate in the water 
of pH 9.0 and mobile phase B was 100% acetonitrile. The elution gradient for the reverse-phase started with 1% 
mobile phase B to 99% mobile phase B over 14 min. Similarly, the elution gradient for HILIC chromatography 
was 85% B to 10% B over 16 min. The flow rate of 0.3 ml/min for the reverse phase and 0.35 ml/min for HILIC 
chromatography respectively. The sample injection volume was 5 µl. The mass-spectrometric data was acquired 
in positive and negative mode at 120,000 resolutions in MS1 mode and 30,000 resolutions in data-dependent 
MS2 scan mode using on the Orbitrap fusion tribrid mass spectrometer (Thermo- Scientific) equipped with 
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heated electrospray ionization (HESI) source using the previously described method17. We used spray voltage of 
4000 and 35,000 V for positive and negative modes respectively. Sheath gas and auxiliary gas were set to 42 and 
11 respectively. Mass range was 60–900 m/z, AGC (Automatic gain control) target at 100,000 ions and maximum 
injection time was 50 ms for MS and AGC target were 20,000 ions and maximum injection time 60 ms for MS/
MS was used.

Data processing.  All acquired data was processed using the Progenesis QI for metabolomics (Water Cor-
poration) software using the default settings. The untargeted workflow of Progenesis QI was used to perform 
retention time alignment, feature detection, deconvolution, and elemental composition prediction. Metascope 
plug of Progenesis QI has been used for the in-house library of 950 metabolites with accurate mass, fragmenta-
tion pattern and retention time for database search. We have also used the online available spectral library for 
further confirmation of identification. Any peak that was detected in all 36 replicates of any metabolite extrac-
tion method and receives an identification using an in-house library (retention time error up to ± 1 min, accu-
rate mass error up to 5 ppm and for MS/MS it was up to 20 ppm and fragmentation pattern match) and spectral 
library match was considered as identified metabolites.

Statistical analysis.  For each of the metabolite extraction protocols (SC, FTC and FTC + SC), 36 independ-
ent experiments were performed. Processing of the raw data leads to the identification of a total of 103, 151, and 
132 metabolites using the SC, FTC and FTC + SC methods, respectively. All the further statistical and functional 
analysis including PCA, heat map, molecular pathways identification, and analysis of variance (ANOVA) was 
done based on the identified peak intensity using the freely available online software MetaboAnalyst 5.0. For 
analysis of PCA, heat maps and ANOVA data was put in a matrix, with samples in rows and features in columns. 
Before the final analysis of data, an integrity check was performed, and raw data were normalized using sum 
methods followed by Pareto scaling (Mean-centered and divided by the square root of the standard deviation of 
each variable). The differences among different metabolite extraction methods were analyzed using the average 
peak intensity of all replicates (n = 36) for each metabolite extraction method (SC, FTC and FTC + SC).

Results
Identification of metabolites.  K. pneumoniae cell pellets collected from exponentially growing cultures 
were spiked with the various concentrations of 13C-labeled l-valine (10 ng/ml, 20 ng/ml 40 ng/ml, 80 ng/ml, 
160 ng/ml) as internal standard. The metabolites were then extracted using freeze–thaw cycle (FTC), sonication 
cycle (SC), and their combination (FTC + SC) to increase metabolome coverage and to address the question 
of the method-specific effect on metabolomic profile (Fig. 1). The extracted metabolites were then separated 
using UPLC ultimate 3000 with C18 (non-polar) and HILIC column (polar), detected and quantitated using the 
most sensitive equipment for metabolite detection, Orbitrap fusion Mass spectrometer equipped with heated 
electrospray ionization (HESI). The analysis was performed using Progenesis QI empowered with the in-house 
developed and validated metabolite library for their accurate mass, fragmentation pattern and retention time. 
At first, quantitative data for recovery of 13C-labeled l-valine (internal standard) from each method was ana-
lyzed using a parity plot for comparing the extraction efficacy of each metabolites extraction method and to 
ensure that the observed method-specific effect on the metabolomic profile is a true finding and not because of 

Figure 1.   Workflow of metabolite extraction: Cell pellets were used for metabolites extraction using 3 
extraction protocols (i) Sonication cycle, SC (ii) Freeze–thaw cycle, FTC (iii) Freeze–thaw followed sonication 
cycle, FTC + SC.
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the procedure/steps associated with extraction methods. Although the concentration of the internal standard 
(13C-labeled l-valine) was observed to be comparable in metabolite samples extracted using the freeze–thaw 
cycle (R2 = 0.8425) or sonication (R2 = 0.8405), but it was slightly higher in metabolite samples extracted using 
a combination of freeze–thaw cycle and sonication process (FTC + SC, R2 = 0.8592) compared to any of the 
individual methods alone (Fig. 2A). The data were also analyzed using PCA analysis to identify commonness 
and uniqueness among the metabolomic profile generated using the three extraction protocols, FTC, SC, and 
FTC + SC. The data showed a noticeable degree of overlaps between FTC, SC, and FTC + SC along with an obvi-
ous degree of separation between FTC, SC and FTC + SC (Fig. 2B). This variation reflects quantitative as well as 
a qualitative change in the metabolomic profile acquired using FTC, SC and FTC + SC.

A total of 151 metabolites were identified by using FTC method whereas, 103 by SC and 132 by FTC + SC. 
Among these, 69 metabolites were common among all the extraction protocols used (FTC, SC & FTC + SC), 
12 were common between SC and FTC, 8 between the SC and FTC + SC and 29 between FTC and FTC + SC 
(Table 1 and Fig. 2C). Of the identified metabolites, 81 (~ 41%) showed protocol-specific specificity and biasness 
(Table 1 & Supplementary Table 1). A total of 41 metabolites (~ 20.6%) were uniquely identified in metabolite 
samples extracted using FTC and 14 metabolites (~ 7%) were uniquely identified in metabolite samples extracted 
using the sonication method, whereas 26 metabolites (~ 13.1%) were uniquely identified in metabolite samples 
extracted using FTC + SC (Table 1).

Biochemical categorization of identified metabolites.  Metabolite extraction methods were observed 
to show biasness towards specific chemical classes/subclass of metabolites. The freeze–thaw method of metabo-
lite extraction was observed to be more biased towards fatty acids and conjugates (32%) followed by pyrimidines 
(15%) and amino acids and peptides (14%) with exclusivity heterocyclic compounds (2%) (Fig. 3b). Similarly, 
the sonication method was observed to be more biased towards the amino acids and peptides (24%), followed 

Figure 2.   Analysis of sample processing process efficiency and identified metabolites: (A) Parity plot for 
13C-labeled l-valine for comparison of metabolites extraction efficiency of (i) SC, (ii) FTC, (iii) FTC + SC. (B) 
PCA analysis (C) Venn diagram illustrating the overlapping and SC, FTC and FTC + SC metabolite extraction 
protocol-specific differential metabolites. The data included information generated using 36 independent 
replicate samples for each metabolite extraction method.
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by fatty acids and conjugates (18%) and pyrimidines (15%) with the exclusivity for amines (25%), in metabo-
lite samples extracted using SC method (Fig. 3a). Whereas, utilization of a combination of both approaches 
(FTC + SC) was observed to be biased towards fatty acids and conjugates (27%), followed by amino acids and 
peptides (20%) and pyrimidines (14%) (Fig. 3c). Of the overall identified metabolites (199), approximately 30% 
of metabolites fell in the category of fatty acids and conjugants. Of the rest, 20% were represented by amino acids 
and peptides, 16% by pyrimidines, 7% by monosaccharides and 5% by purines (Table 2, Supplementary Table 1 
and Fig. 3d).

Discussion
Antimicrobial resistant, K. pneumoniae infection, because of the unavailability of effective antimicrobials, has 
been of great clinical concern worldwide18. Besides enormous efforts, hardly any antibiotic has been discovered 
over the last few decades, and this necessitates exploring novel strategies to deal with the emerging problem of 

Table 1.   List of extraction protocol specific unique metabolites identified using SC, FTC and FTC + SC along 
with common metabolites (identified by all methods).

 

Common  52 Methyl 2-cyano-3-(dimethylamino)acrylate 19 Erucamide 

lytecA-N35 enitinraC 1  esoculG02 enicuel 

2 Glutathione (oxidized) 54 Ophth cilcyc-'5,'3-enisonauG12 etamla  monophosphate 

 citimlaP55 etatimlaP 3  enotcalonaxeH22 dica

 dica ciorpacosiyxordyH32 01n GEP65 esoculg G-D-U 4

 etaruaL42 11n GEP75 dica cinehtotnaP 5

 GEP85 dica cilahthP 6  enitinraclyoruaL52 6n

 esoxyL62 7n GEP95 etaonanoN 7

 dica cilaM72 8n GEP06 etaraetS 8

 lotinnaM82 enipracoliP16 enonehpozneB 9

 etatsiryM92 enodirepsiR26 eniateB 01

 enirfenefroN03 etabroS36 edimaelO 11

 eniresohpsohp-O13 dica cirebuS46 etahpsohponom enidirU 21

caolaxO23 enimalonaporposiirT56 esotcalagetahpsohpid enidirU 31 etic acid 

31n GEP33 dica cioidenacednU66 etaonaporp)lynehpyxordyH-2(-3 41  

 lolotubneP43 esoculG-etahpsohpiD-enidirU76 etalyrpaC 51

 etatecalynehP53 etanacorU86 dica cinehtotnap-D 61

 etatecaonohpsohP63 dica cinacorU96 dezidixo enoihtatulG-L 71

18 10-Hydroxydecanoate Sonication 37 Picolinic acid 

 esocisP83 eninalA-L1 enisonedA 91

 enidimyhtobiR93 enisotyC2 etahpsohponom-3-enisonedA 02

 dica cicabeS04 enilorp-L3 enihtnaxopyH 12

masotcalag lyteca-N-etahpsohpid enidirU14 etalocepiP4 esobiR 22 ine 

 etanitociN5 eninedA 32 FTC+SC 
24 Adenosine monophosphate 6 1-(carboxymethyl)cyclohexanecarboxylic acid 1 Ala-leu 

 esorcuS2 dica cioniter-sic-317 eninauG 52

 esotlaM3 etaoznebyxordyh-48 enisonauG 62

 dica cielotimlaP4 dica citcal-)+(-L9 enidirU 72

28 D-(-)-3-Phosphoglyceric acid lglytecA-N-PDU5 dica cieloniL01 ucosamine 

 etahpsohponom-5-enidirU6 5n GEP11 eninigrA-L 92

 esoniffaR7 dica cilohcyxoedoruaT21 dica cimatulG-L 03

 enoihtatulG8 enimalonahteirT31 dica cionacedaxehyxordyH-61 13

 etahpsohpid enidityC9 enicylglytecA-N41 enonatub-2-lynehP-1 23

33 2-Methyl-s-benzothiazole FTC 10 4-Hydroxyphenylacetic acid 

 nitoiboihteD11 etanolaveM1 enimarytyxohteM-3 43

noflusenelahthpan-221 dica citrapsA2 dica cipidalytub-treT-3 53 ic acid 

36 5-methylthioadenosine 3 Galac  dica cinortetyxoed-431 esot

teca-12 lositroC41 etanehtotnaP4 etahpsohpid-'5,'3 enisonedA 73 ate 

 dica cilam-)+(-D51 etaonacedatpeH5 esotcal-ahplA 83

39 Arachidonyl ethanolamide 6 Bio oznebid locylgenelyporpiD61 nit ate 

 linorpiF71 dica cinoruculg etahpsohpid enidirU7 etalezA 04

 etarecylG81 nahpotpyrT8 etalohcyxoedonehC 14

 enilorplycueL91 enicueL9 4-a xelfortiC 24

esoibileM02 etatecalynehpyxordyH-201 dica cimatulgoryp-)+(-D 34  

etcO-211 etaelam lytubiD 44  dica cinitociN12 dica cion

 enilorpoxO22 dica citecalynehpyxordyH-321 etalahthp lytubiD 54

a civuryp)lone(ohpsohP32 eninedalyhteM-331 etalahthp lyhteiD 64 cid 

47 Dipentyl phthalate 14 4-Hydroxycyclohexylcarboxylic acid 24 Stachyose 

 etarebuS52 enortseyxordyH-451 etaoneaxehasocoD 84

 nillinaV62 etaonaceD61 nebarap lyhtE 94

 etaniccusoxo-3-lyhtem-2 lyhteiD71 rhT-ulG 05

 enimalonahteohpsohp-lyotimlapiD81 enonizaxeH 15
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AMR19. Recently, modulation of bacterial metabolomic flux has been shown to potentiate the efficacy of antibi-
otics uncovering the potential of metabolomics to deal with the problem of AMR. However, only a few efforts 
have been made in this direction which may potentially be due to the unavailability of targeted methods for the 
purpose. Therefore, in this investigation, besides developing the comprehensive intrinsic metabolomic profile of 
K. pneumoniae, we have tried to identify a potential method of metabolite extraction for the targeted investigation 
of AMR associated metabolites. Since the intrinsic biochemical composition and cellular architecture among 
most of the K. pneumoniae strains is highly expected to be similar as they all belong to a common species14, a 
single strain of K. pneumoniae (ATCC 33495) was utilized in this study.

Analysis of identified metabolites and metabolite extraction method.  The metabolites were 
extracted using the two most commonly used methods, free–thaw cycle (FTC) and sonication cycle (SC) alone 
as well as in combination (FTC followed by SC, FTC + SC). The highest number of metabolites were identified 
using FTC followed by FTC + SC and SC, indicating its suitability for achieving higher metabolome coverage 
(Table 1). To date, only a few ‘OMICS’ based studies targeting compressive metabolomic analysis of K. pneu-
moniae have been performed11–15,20,21. Recently, in a GC–MS based study, 36 K. pneumoniae specific metabo-
lites were identified, of which, 8 metabolites (25%) were identified in our study also16. In contrast, none of the 
volatile metabolites, identified in two other studies using GC–MS, was detected in our study which may be 
possible because GC–MS is known to enrich and capture volatile metabolites whereas, LC–MS is for soluble 
metabolites12,14. However, ~ 43% of metabolites identified in previous studies using NMR were also detected 
in our study14,15. Although the reason for this low overlap remains unexplainable, it may be speculated that the 
NMR is known to have a low sensitivity and is reported to be incomparable with LC–MS/MS. Taken together, 
this data also suggests that the use of all three metabolite identification approaches has a potential to further 

Figure 3.   Pie-chart displaying the chemical specificity and biasness of metabolites extraction protocol on 
metabolomic profile (a) Sonication cycle, (b) Freeze–thaw cycle, (c) FTC + SC, (d) Chemical classification of all 
metabolites irrespective of the extraction method.
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S.no. Metabolite

Method of detection (peak intensity)

SC FTC FTC + SC

Cell wall biosynthesis

1 Carnitine 413.60 210.37 234.03

2 Glutathione (oxidized) 2261.78 3313.24 2277.07

3 Palmitate 328,732.17 175,542.63 32,988.38

4 U-D-G glucose 12,507.41 7548.63 9292.17

5 Pantothenic acid 435.51 486.74 634.83

6 Phthalic acid 1699.60 1608.78 2197.18

7 Nonanoate 1126.71 1016.35 759.79

8 Stearate 100,943.83 99,892.75 83,283.90

9 Benzophenone 1243.86 1301.05 1341.30

10 Betaine 18,091.82 16,474.18 14,153.99

11 Oleamide 4671.00 4992.14 4529.73

12 Uridine monophosphate 720.08 415.26 713.81

13 Uridine diphosphategalactose 338.61 494.66 591.62

14 3-(2-Hydroxyphenyl)propanoate 449.12 366.04 379.49

15 Octadecanedioic acid – 554.22 1721.41

16 Trehalose – 1101.25 637.29

17 l-Aspartate – 265.92 617.25

18 l-lysine – 213.47 306.04

19 l-Alanine 609.26 – –

20 Mevalonate – 57.02 –

21 Aspartic acid – 567.81 –

22 Galactose – 300.01 –

23 Pantothenate – 278.07 –

24 Ala-leu – – 1082.98

25 Sucrose – – 10,280.49

26 Maltose – – 1286.16

27 Palmitoleic acid – – 2738.64

28 UDP-N-Acetylglucosamine – – 1655.90

29 Uridine-5-monophosphate – – 3243.20

30 Raffinose – – 439.59

Total 15.00 22.00 25.00

Cell membrane

31 Caprylate 551.49 548.69 699.02

32 d-pantothenic acid 658.56 702.47 776.97

33 l-Glutathione oxidized 7492.62 8310.20 5288.27

34 10-Hydroxydecanoate 539.80 825.35 654.67

35 Glycolic acid 437.88  −  540.63

36 Hexadecanedioic acid  −  226.35 386.67

37 Heptadecanoate  −  136.80  − 

38 Biotin  −  1307.61  − 

39 Uridine diphosphate glucuronic acid  −  2243.12  − 

40 Glutathione  −   −  1107.25

Total 5.00 8.00 7.00

Nucleotide metabolism

41 Adenosine 4086.96 4782.98 5018.04

42 Adenosine-3-monophosphate 483.44 382.52 1058.15

43 Hypoxanthine 3212.21 944.57 571.10

44 Ribose 644.30 643.42 559.87

45 Adenine 387.66 214.02 367.07

46 Adenosine monophosphate 1342.57 1141.64 2540.13

47 Guanine 3449.86 7865.84 3635.78

48 Guanosine 543.53 349.92 1084.45

49 Uracil 941.17 1179.20  − 

50 4-Aminobenzoic acid 393.54  −  455.21

Continued
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increase the metabolomic coverage of the pathogen under investigation. Moreover, this higher number of iden-
tified metabolites in our study (199) compared to previously published studies may be potential because (1) we 
have used three extraction methods, and/or (2) ESI-LC–MS/MS is known to have wide coverage and higher 
sensitivity compared to GC–MS and NMR.

The FTC was found to identify ~ 32.24% more metabolites than SC and 13.16% more than FTC + SC indi-
cating its superiority over other methods (Table 1, Fig. 4 and Supplementary Fig. 1). FTC + SC was expected 
to enable the identification of the highest number of metabolites as FTC alone facilitates the identification of 
overall 151 metabolites and SC alone was observed to enable specific identification of 14 metabolites; which 
indicates the potential degradation of a few metabolites during sonication. Whereas, the intensity of identified 
metabolites was observed to be higher in FTC + SC compared to FTC and SC indicating its utility in quantitative 
and targeted metabolomics of the pathogen, K. pneumoniae (Supplementary Fig. 1). Moreover, each extraction 
method showed an obvious degree of similarity and biasness/specificity towards a particular class/subclass of 
metabolites (Fig. 3). As in the case of SC, the most abundant class of metabolites was found to be amino acids 
and peptides (24%, Fig. 3a) but in FTC, it was fatty acids and conjugates (32%, Fig. 3b). The results were found 
to be somewhat intermediate in FTC + SC, 20% for amino acids and peptides and 27% for fatty acids and con-
jugates (Fig. 3c). In terms of qualitative coverage, FTC + SC was found to be most efficient over FTC and SC for 
metabolites extraction (Supplementary Fig. 1).

Analysis of AMR associated metabolites.  It is known that all classes of antibiotics, except a few, target 
anyone from the four major cellular processes; (1) cell wall biosynthesis, (2) cell membrane permeability, (3) 
DNA replication and (4) Protein biosynthesis22. Efficient detection of metabolites associated with these processes 
may help to understand the molecular mechanism of action of antibiotics and their effectiveness (increased/
reduced activity). Therefore, the role of each identified metabolite in cell wall biosynthesis, cell permeability, 
DNA replication, protein biosynthesis and other cellular processes was extensively searched in the published lit-
erature to explore their association with AMR associated process (cell proliferation and/or cell death). FTC + SC 
method was observed to identify highest number of AMR associated metabolites (55 metabolites) compared to 
FTC (51 metabolites) or SC (41 metabolites) alone indicating its suitability over other methods for investigation 
of AMR associated metabolites (Table  2). However, metabolite-specificity of the methods was also observed 
indicating utility of other methods for targeted exploration of metabolites. The potential association of a few 
identified metabolites with respect to AMR associated cellular process may be as detailed below.

Cell wall biosynthesis.  Bacterial cell wall biosynthesis is one of the major targets of β-lactam, cephalosporins, 
carbapenem and monobactams. Of these, β-lactam are the most frequently used cell wall biosynthesis inhibitor 

Table 2.   List of AMR or it’s associated identified metabolites with peak intensity.

S.no. Metabolite

Method of detection (peak intensity)

SC FTC FTC + SC

51 Inosine  −  363.91 1702.13

52 Ump  −  214.79 503.96

53 Cytidine monophosphate  −  283.23 640.49

54 Cytosine 508.32  −   − 

55 Uridine 343.83 427.97 843.25

56 Cytidine diphosphate  −   −  379.63

Total 13.00 14.00 14.00

Protein synthesis

57 d-(-)-3-Phosphoglyceric acid 854.48 521.40 980.56

58 l-Arginine 378.60 339.70 427.68

59 l-Glutamic acid 4963.65 3184.31 1901.57

60 Alloisoleucine 988.76  −  794.83

61 Isoleucine 2618.71  −  2912.32

62 NAD  −  15,879.67 3470.52

63 Glutamic acid  −  1594.75 197.33

64 l-Proline 3921.73  −   − 

65 Pipecolate 479.67  −   − 

66 Nicotinate 475.13  −   − 

67 Tryptophan  −  463.37  − 

68 Leucine  −  2952.60  − 

69 4-Hydroxyphenylacetic acid  −   −  391.96

70 Dethiobiotin  −   −  331.84

Total 8.00 7.00 9.00
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against both Gram-positive and Gram-negative bacterial infection23. The identified metabolites included a num-
ber of peptidoglycan biosynthesis precursors such as UDP-N-acetylglucosamine (UDP-GlcNAc), UDP-glucose, 
uridine monophosphate, uridine di-phosphate galactose, uridine diphosphate glucuronic acid, galactose, pan-
tothenic acid, stearate, betaine, trehalose, l-aspartate, palmitoleic acid, l-alanine, l-lysine, mevalonate, aspartic 
acid, alanine-leucine and palmitoleic acid. Peptidoglycan is the major constituent of the bacterial cell wall, which 
is a heteropolymer consisting of N-acetylglucosamine (NAG) and N-acetyl-muramic acid (NAM) bridged by 
β-1,4 glycosidic bond24,25. UDP-GlcNAc is synthesized from fructose-6-phosphate (glycolysis intermediates) in 
a four-step process catalyzed by GlmS, GlmM, and GlmU26. It is also an important molecule for the biosynthesis 
of various macromolecules such as teichoic acid in Gram-positive bacteria) and lipopolysaccharides (LPS) in 
Gram-negative bacteria27. UDP-glucose is also an essential metabolite involved in the synthesis of trehalose 
that is involved in the biosynthesis of bacterial envelopes particularly LPS and the capsule. LPS and capsules 
constitute the key pathogenicity determinant in K. pneumoniae bloodstream infection28. The identified l-lysine 
and d-Alanine are also essential components of the pentapeptide bridge (d-Ala-d-Ala moiety, a peptidoglycan 
precursor) that is required for peptidoglycan biosynthesis.

Bacterial cell membrane.  Bacterial cell membrane is targeted by a number of synthetic antimicrobial peptides 
such as polymyxin-B & -E, daptomycin, telomycin and cinnamycin29. The outer monolayer of Gram-negative 
bacteria contains LPS as the major lipid constitute30. Polymyxin disrupts membrane integrity by displacing the 
cations (Ca+2/Mg+2) in outer membrane area, by associating with the negatively charged LPS and leading to 
cell lysis31. The identified metabolites were known to be involved in oxidative and osmotic stress regulation 
(such as GSH and hexadecanedioic acid) and a few were structural components of the cell membrane (such 

Figure 4.   Heat map displaying qualitative enrichment occurred in the AMR associated metabolites. Red FTC, 
Green FTC + SC, Blue Sonication cycle.
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as 10-hydroxydecanoate, heptadecanoate and uridine diphosphate glucuronic acid). GSH is already known to 
play an important role in the maintenance of redox balance in the cytoplasm and defense against many toxic 
compounds, including heavy metals and antibiotics32. A biological level of 10 mM of GSH is reported in most 
Gram-negative bacteria. Whereas, in a study conducted using ESKAPE and Non-ESKAPE pathogens, 30 mM 
GSH concentration was found to disrupt the biofilm formation and decrease the pathogenic growth by more 
than 50%33. Therefore, it may be interesting to explore how K. pneumoniae regulates the GSH level during inter-
vention with cell membrane-targeting antibiotics. Similarly, identified D-pantothenic acid (D-PA) which is a 
crucial water-soluble B-complex vitamin, the precursor of coenzyme A (CoA), and acyl carrier protein (ACP) 
is known to function in over 70 enzymatic pathways34. It is also known to help in cell membrane formation 
and deficiency of this metabolites cause osmotic lysis of cells. Hexadecanedioic acid & heptadecanoate are also 
found in the membrane and protect bacterial cells from osmotic lysis. The evaluation of these metabolites in 
response to bacterial treatment with cell membrane disrupting antibiotics may help to understand the molecular 
mechanism(s) of action of such antibiotics.

Protein biosynthesis inhibitors.  Protein biosynthesis is also one of the major targets of antibiotics. Aminogly-
cosides, macrolides and lincosamides are some of the most frequently used protein synthesis inhibitors35. A 
number of metabolites, such as l-arginine, l-Glutamic acid, isoleucine, NAD, l-proline, and Tryptophan that are 
the important targets to evaluate the metabolomic perturbations induced by protein synthesis inhibitors such as 
chloramphenicol were identified (Table 2)36. Recently, the intervention of chloramphenicol has been shown to 
impinge on ammonia metabolism and induce an active response of arginine biosynthesis in E. coli36. Similarly 
using Edwardsiella tarda, it was demonstrated that the depressed concentration of alanine, aspartate and glucose 
was associated with the robust antimicrobial resistance phenotype. While the exogenous supplementation of 
alanine and glucose improved the uptake of the antibiotic and more easily cleared the pathogen load37. In this 
perspective, the identified alanine, glutamic acid, aspartic acid, and TCA metabolites such as oxaloacetic acid, 
citrate and malic acid are some of the crucial targets to potentiate the efficacy of aminoglycosides against the K. 
pneumoniae.

Bacterial nucleic acid synthesis inhibitors.  Quinolones such as ciprofloxacin, ofloxacin, and nalidixic acid, etc. 
are the board spectrum antibiotics and are used against both Gram-positive and Gram-negative antibiotics38. 
They exert their action by disrupting the enzymatic activity of DNA gyrase, topoisomerase-II, and/or -IV and 
thus inhibiting bacterial nucleic acid synthesis39. The identified nucleotide metabolites [such as (adenosine, 
ribose, adenine, guanine, uridine, uracil, inosine, UMP and cytosine)] were found to be involved in a number 
of nucleotide biosynthesis or their degradation processes. In a study exploring the metabolomic perturbations 
induced by 9 antibiotics representing five mechanisms of action in E. coli have shown significant changes in 
overall intermediates of nucleotide and amino acid biosynthesis36. In this perspective identified metabolites such 
as uridine, uracil, 4-Aminobenzolic acid, inosine, UMP, octadecanedioic acid and the TCA intermediates may 
be of help in evaluating the metabolomic modulations induced by any antibiotics in K. pneumoniae. Which may 
help to increase the antimicrobial efficacy. Earlier, the conjugation of fluoroquinolones with l-serine was already 
reported to increase the activity of fluoroquinolones40.

Biofilm formation and development of persisters.  It is known that bacterial pathogens utilize various strategies 
to survive against antibiotics, such as the acquisition of AMR genes, slowing down of central carbon metabolism, 
and formation of biofilm & persister cells41. Bacterial metabolism and metabolites are known to regulate the for-
mation of the biofilm and development of persisters and hence are already known to contribute to the cost asso-
ciated with treating resistant infections42. K. pneumoniae has been reported to grow biofilm on medical implants, 
catcher’s urinary tract and protect itself by biofilm formation indicating its pathogenic success as a urinary and 
respiratory pathogen43. However, little is known about how K. pneumoniae regulates metabolism during the 
formation of biofilm and the development of persistence. Recently, a metabolomic studies conducted on single- 
and dual-species biofilms of Candida albicans and K. pneumoniae have shown perturbation in central carbon, 
amino acid, vitamin, and secondary metabolisms (such as serine, leucine, arabitol, phosphate, vitamin B6, cyclo-
(Phe-Pro), trehalose, and nicotinic acid) during biofilm formation20. The treatment of dual-species biofilm from 
Candida albicans/K. pneumoniae with antimicrobial peptides, WMR-K, was also shown to differentially regulate 
the expression of number of metabolites including amino acids, trehalose, pyruvic acid, glycerol and vitamin B6 
metabolism21. Another metabolomic study conducted on B. subtilis, a well-known bacterial pathogen for study-
ing the phenomenon of biofilm, showed significant dynamic changes in the primary metabolomic pathways, 
such as glycolysis, pentose phosphate pathway (PPP), tricarboxylic acid (TCA) cycle and nucleotide and amino 
acids biosynthesis pathways44. The level of TCA cycle intermediates (UDP-glucose, UDP-N-acetyl glucosamine 
and ADP-glucose) increased during the early-stage of biofilm formation, the level of branch chain/precursor 
amino acids (leucine/isoleucine and valine) peaked during the middle-stage of biofilm formation and the level 
of aromatic amino acids (such as phenylalanine, tyrosine and tryptophan) increased steadily over-time. In this 
way, the TCA intermediates (citrate, fumaric acid, oxaloacetic acids etc.), primary metabolism intermediates 
(isoleucine and tryptophan etc.) and N-acetylated amino acids and nucleotide sugar (N-acetyl-leucine, N-acetyl-
tryptophan, N-acetyl glycine, UDP-Glucose, UDP-N-acetyl glucosamine) may be a good target to understand 
the biofilm formation and persistence phenomenon in K. pneumoniae. However, more studies need to be done to 
understand the K. pneumoniae metabolism during the formation of biofilm and the development of persistence.



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8939  | https://doi.org/10.1038/s41598-022-12153-0

www.nature.com/scientificreports/

Conclusions
In summary, in this study, a comprehensive global metabolite profile of K. pneumoniae was established using 3 
metabolites extraction protocols (i) sonication cycle (SC), (ii) freeze–thaw cycle (FTC), (iii) FTC followed by 
SC (FTC + SC). In terms of metabolomic coverage, FTC was found to be most efficient method of metabolite 
extraction for K. pneumoniae as it enables the identification of a highest number of metabolites (151) compared 
to SC (103) and FTC + SC (132). However, for targeting the AMR associated metabolites, FTC + SC was found 
to be the most efficient metabolites extraction protocol. As per our knowledge, this is the first study where such 
a comprehensive intrinsic metabolites profile K. pneumonia along with functional analysis of AMR associated 
metabolites; and the specificity and biasness of extraction protocols towards a particular class of metabolites 
is presented. The findings of this study may pave the way for exploring the emergence, spread, and detection 
of AMR along with targeted evaluation of perturbations in the metabolome of K. pneumonia and other gram-
negative bacterial pathogens.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 6 January 2022; Accepted: 22 April 2022

References
	 1.	 MacIntyre, C. R. & Bui, C. M. Pandemics, public health emergencies and antimicrobial resistance: Putting the threat in an epide-

miologic and risk analysis context. Arch. Environ. Health. 75, 54. https://​doi.​org/​10.​1186/​s13690-​017-​0223-7 (2017).
	 2.	 Shrestha, P. et al. Enumerating the economic cost of antimicrobial resistance per antibiotic consumed to inform the evaluation of 

interventions affecting their use. Antimicrob. Resist. Infect. Control. 7, 98. https://​doi.​org/​10.​1186/​s13756-​018-​0384-3 (2018).
	 3.	 O’Neill, J. & Bretagne, G. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations (Springer, 2014).
	 4.	 Bengoechea, J. A. & Sa Pessoa, J. Klebsiella pneumoniae infection biology: living to counteract host defences. FEMS Microbiol. Rev. 

43, 123–144. https://​doi.​org/​10.​1093/​femsre/​fuy043 (2019).
	 5.	 Indrajith, S. et al. Molecular insights of Carbapenem resistance Klebsiella pneumoniae isolates with focus on multidrug resistance 

from clinical samples. J. Infect. Public Health. 14, 131–138. https://​doi.​org/​10.​1016/j.​jiph.​2020.​09.​018 (2021).
	 6.	 Paczosa, M. K. & Mecsas, J. Klebsiella pneumoniae: Going on the offense with a strong defense. Microbiol. Mol. Biol. Rev. 80, 

629–661. https://​doi.​org/​10.​1128/​mmbr.​00078-​15 (2016).
	 7.	 David, S. et al. Epidemic of carbapenem-resistant Klebsiella pneumoniae in Europe is driven by nosocomial spread. Nat. Microbiol. 

4, 1919–1929. https://​doi.​org/​10.​1038/​s41564-​019-​0492-8 (2019).
	 8.	 Navon-Venezia, S., Kondratyeva, K. & Carattoli, A. Klebsiella pneumoniae: A major worldwide source and shuttle for antibiotic 

resistance. FEMS Microbiol. Rev. 41, 252–275. https://​doi.​org/​10.​1093/​femsre/​fux013 (2017).
	 9.	 Allison, K. R., Brynildsen, M. P. & Collins, J. J. Metabolite-enabled eradication of bacterial persisters by aminoglycosides. Nature 

473, 216–220. https://​doi.​org/​10.​1038/​natur​e10069 (2011).
	10.	 Meylan, S. et al. Carbon sources tune antibiotic susceptibility in Pseudomonas aeruginosa via tricarboxylic acid cycle control. Cell 

Chem. Biol. 24, 195–206. https://​doi.​org/​10.​1016/j.​chemb​iol.​2016.​12.​015 (2017).
	11.	 Han, M. L. et al. Comparative metabolomics revealed key pathways associated with the synergistic killing of multidrug-resistant 

Klebsiella pneumoniae by a bacteriophage-polymyxin combination. Comput. Struct. Biotechnol. J. 20, 485–495. https://​doi.​org/​10.​
1016/j.​csbj.​2021.​12.​039 (2022).

	12.	 Rees, C. A., Smolinska, A. & Hill, J. E. The volatile metabolome of Klebsiella pneumoniae in human blood. J. Breath Res. 10, 027101. 
https://​doi.​org/​10.​1088/​1752-​7155/​10/2/​027101 (2016).

	13.	 Rees, C. A., Franchina, F. A., Nordick, K. V., Kim, P. J. & Hill, J. E. Expanding the Klebsiella pneumoniae volatile metabolome using 
advanced analytical instrumentation for the detection of novel metabolites. J. Appl. Microbiol. 122, 785–795. https://​doi.​org/​10.​
1111/​jam.​13372 (2017).

	14.	 Foschi, C. et al. Impact of meropenem on Klebsiella pneumoniae metabolism. PLoS ONE 13, e0207478. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02074​78 (2018).

	15.	 Mielko, K. A., Jabłoński, S. J., Łukaszewicz, M. & Młynarz, P. Comparison of bacteria disintegration methods and their influence 
on data analysis in metabolomics. Sci. Rep. 11, 20859. https://​doi.​org/​10.​1038/​s41598-​021-​99873-x (2021).

	16.	 Duportet, X., Aggio, R. B. M., Carneiro, S. & Villas-Bôas, S. G. The biological interpretation of metabolomic data can be misled 
by the extraction method used. Metabolomics 8, 410–421. https://​doi.​org/​10.​1007/​s11306-​011-​0324-1 (2012).

	17.	 Kumar, A. et al. Metabolomic analysis of primary human skeletal muscle cells during myogenic progression. Sci. Rep. 10, 11824. 
https://​doi.​org/​10.​1038/​s41598-​020-​68796-4 (2020).

	18.	 Zowawi, H. M. et al. Stepwise evolution of pandrug-resistance in Klebsiella pneumoniae. Sci. Rep. 5, 15082. https://​doi.​org/​10.​1038/​
srep1​5082 (2015).

	19.	 Cabral, D. J. et al. Microbial metabolism modulates antibiotic susceptibility within the murine gut microbiome. Cell Metab. 30, 
800-823.e807. https://​doi.​org/​10.​1016/j.​cmet.​2019.​08.​020 (2019).

	20.	 Galdiero, E. et al. GC-MS-based metabolomics study of single- and dual-species biofilms of Candida albicans and Klebsiella 
pneumoniae. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​20734​96 (2021).

	21.	 Galdiero, E. et al. Impact of the peptide wmr-k on dual-species biofilm Candida albicans/Klebsiella pneumoniae and on the untar-
geted metabolomic profile. Pathogens. 10, 214. https://​doi.​org/​10.​3390/​patho​gens1​00202​14 (2021).

	22.	 Kapoor, G., Saigal, S. & Elongavan, A. Action and resistance mechanisms of antibiotics: A guide for clinicians. J. Anaesthesiol. Clin. 
Pharmacol. 33, 300–305. https://​doi.​org/​10.​4103/​joacp.​JOACP_​349_​15 (2017).

	23.	 Barreteau, H. et al. Cytoplasmic steps of peptidoglycan biosynthesis. FEMS Microbiol. Rev. 32, 168–207. https://​doi.​org/​10.​1111/j.​
1574-​6976.​2008.​00104.x (2008).

	24.	 Matteï, P. J., Neves, D. & Dessen, A. Bridging cell wall biosynthesis and bacterial morphogenesis. Curr. Opin. Struct. Biol. 20, 
749–755. https://​doi.​org/​10.​1016/j.​sbi.​2010.​09.​014 (2010).

	25.	 Scheffers, D. J. & Pinho, M. G. Bacterial cell wall synthesis: New insights from localization studies. Microbiol. Mol. Biol. Rev. 69, 
585–607. https://​doi.​org/​10.​1128/​mmbr.​69.4.​585-​607.​2005 (2005).

	26.	 Moraes, G. L. et al. Structural and functional features of enzymes of Mycobacterium tuberculosis peptidoglycan biosynthesis as 
targets for drug development. Tuberculosis 95, 95–111. https://​doi.​org/​10.​1016/j.​tube.​2015.​01.​006 (2015).

	27.	 Bracha, R. & Glaser, L. In vitro system for the synthesis of teichoic acid linked to peptidoglycan. J. Bacteriol. 125, 872–879. https://​
doi.​org/​10.​1128/​jb.​125.3.​872-​879.​1976 (1976).

https://doi.org/10.1186/s13690-017-0223-7
https://doi.org/10.1186/s13756-018-0384-3
https://doi.org/10.1093/femsre/fuy043
https://doi.org/10.1016/j.jiph.2020.09.018
https://doi.org/10.1128/mmbr.00078-15
https://doi.org/10.1038/s41564-019-0492-8
https://doi.org/10.1093/femsre/fux013
https://doi.org/10.1038/nature10069
https://doi.org/10.1016/j.chembiol.2016.12.015
https://doi.org/10.1016/j.csbj.2021.12.039
https://doi.org/10.1016/j.csbj.2021.12.039
https://doi.org/10.1088/1752-7155/10/2/027101
https://doi.org/10.1111/jam.13372
https://doi.org/10.1111/jam.13372
https://doi.org/10.1371/journal.pone.0207478
https://doi.org/10.1371/journal.pone.0207478
https://doi.org/10.1038/s41598-021-99873-x
https://doi.org/10.1007/s11306-011-0324-1
https://doi.org/10.1038/s41598-020-68796-4
https://doi.org/10.1038/srep15082
https://doi.org/10.1038/srep15082
https://doi.org/10.1016/j.cmet.2019.08.020
https://doi.org/10.3390/ijms22073496
https://doi.org/10.3390/pathogens10020214
https://doi.org/10.4103/joacp.JOACP_349_15
https://doi.org/10.1111/j.1574-6976.2008.00104.x
https://doi.org/10.1111/j.1574-6976.2008.00104.x
https://doi.org/10.1016/j.sbi.2010.09.014
https://doi.org/10.1128/mmbr.69.4.585-607.2005
https://doi.org/10.1016/j.tube.2015.01.006
https://doi.org/10.1128/jb.125.3.872-879.1976
https://doi.org/10.1128/jb.125.3.872-879.1976


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8939  | https://doi.org/10.1038/s41598-022-12153-0

www.nature.com/scientificreports/

	28.	 Ernst, C. M. et al. Adaptive evolution of virulence and persistence in carbapenem-resistant Klebsiella pneumoniae. Nat. Med. 26, 
705–711. https://​doi.​org/​10.​1038/​s41591-​020-​0825-4 (2020).

	29.	 Dias, C. & Rauter, A. P. Membrane-targeting antibiotics: Recent developments outside the peptide space. Future Med. Chem. https://​
doi.​org/​10.​4155/​fmc-​2018-​0254 (2019).

	30.	 Velkov, T., Roberts, K. D., Nation, R. L., Thompson, P. E. & Li, J. Pharmacology of polymyxins: New insights into an “old” class of 
antibiotics. Future Microbiol. 8, 711–724. https://​doi.​org/​10.​2217/​fmb.​13.​39 (2013).

	31.	 Epand, R. M., Walker, C., Epand, R. F. & Magarvey, N. A. Molecular mechanisms of membrane targeting antibiotics. Biochim. 
Biophys. Acta. 980–987, 2016. https://​doi.​org/​10.​1016/j.​bbamem.​2015.​10.​018 (1858).

	32.	 Forman, H. J., Zhang, H. & Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med. 
30, 1–12. https://​doi.​org/​10.​1016/j.​mam.​2008.​08.​006 (2009).

	33.	 Das, T. et al. Conditions under which glutathione disrupts the biofilms and improves antibiotic efficacy of both ESKAPE and 
non-ESKAPE species. Front. Microbiol. 10, 2000. https://​doi.​org/​10.​3389/​fmicb.​2019.​02000 (2019).

	34.	 Leonardi, R. & Jackowski, S. Biosynthesis of pantothenic acid and coenzyme A. EcoSal Plus https://​doi.​org/​10.​1128/​ecosa​lplus.3.​
6.3.4 (2007).

	35.	 Arenz, S. & Wilson, D. N. Bacterial protein synthesis as a target for antibiotic inhibition. Cold Spring Harb. Perspect. Med. https://​
doi.​org/​10.​1101/​cshpe​rspect.​a0253​61 (2016).

	36.	 Zampieri, M., Zimmermann, M., Claassen, M. & Sauer, U. Nontargeted metabolomics reveals the multilevel response to antibiotic 
perturbations. Cell Rep. 19, 1214–1228. https://​doi.​org/​10.​1016/j.​celrep.​2017.​04.​002 (2017).

	37.	 Su, Y. B. et al. Pyruvate cycle increases aminoglycoside efficacy and provides respiratory energy in bacteria. Proc. Natl. Acad. Sci. 
USA 115, E1578-e1587. https://​doi.​org/​10.​1073/​pnas.​17146​45115 (2018).

	38.	 Oliphant, C. M. & Green, G. M. Quinolones: A comprehensive review. Am. Fam. Physician. 65, 455–464 (2002).
	39.	 Jacoby, G. A. Mechanisms of resistance to quinolones. Clin. Infect. Dis. 41, S120–S126. https://​doi.​org/​10.​1086/​428052 (2005).
	40.	 Duan, X. et al. l-Serine potentiates fluoroquinolone activity against Escherichia coli by enhancing endogenous reactive oxygen 

species production. J. Antimicrob. Chemother. 71, 2192–2199. https://​doi.​org/​10.​1093/​jac/​dkw114 (2016).
	41.	 Wood, T. K., Knabel, S. J. & Kwan, B. W. Bacterial persister cell formation and dormancy. Appl. Environ. Microbiol. 79, 7116–7121. 

https://​doi.​org/​10.​1128/​aem.​02636-​13 (2013).
	42.	 Wan, N. et al. Bacterial metabolism during biofilm growth investigated by 13C tracing. Front. Microbiol. 9, 2657. https://​doi.​org/​

10.​3389/​fmicb.​2018.​02657 (2018).
	43.	 Khatoon, Z., McTiernan, C. D., Suuronen, E. J., Mah, T. F. & Alarcon, E. I. Bacterial biofilm formation on implantable devices and 

approaches to its treatment and prevention. Heliyon. 4, e01067. https://​doi.​org/​10.​1016/j.​heliy​on.​2018.​e01067 (2018).
	44.	 Pisithkul, T. et al. Metabolic remodeling during biofilm development of Bacillus subtilis. MBio 10, e00623. https://​doi.​org/​10.​1128/​

mBio.​00623-​19 (2019).

Acknowledgements
We are grateful to Prof. Pramod Kumar Garg (Executive Director) and Mr. M.V. Santo (Head Administration), 
of Translational Health Science and Technology Institute Faridabad, India for providing administrative support.

Author contributions
A.Ku. and N.K. conceived, designed and coordinated the study. N.K. generated the study material. A.Ku., S.K. 
and S.H.A.K. performed most of the experiments. S.K. helps in peaks identification. A.Ku., S.S., S.H.R.K., Y.K. 
and N.K. performed the data analysis with the help of R.S., L.T. and M.K. and wrote the manuscript. N.K., Y.K. 
and A.Kp. supervised the manuscript writing and revisions. All authors approved the final submission of the 
manuscript.

Funding
This work was supported by grants awarded to Niraj Kumar from the Indian Council of Medical Research Govt. 
of India (Grant No. AMR/Adhoc/233/2020-ECD-II) and Translational Health Science and Technology Institute 
Faridabad, India. RS received Junior Research Fellowship from the Council of Scientific and Industrial Research, 
Govt. of India, and SS & LT received Junior Research Fellowship from the Department of Biotechnology, Govt. 
of India.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​12153-0.

Correspondence and requests for materials should be addressed to Y.K. or N.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41591-020-0825-4
https://doi.org/10.4155/fmc-2018-0254
https://doi.org/10.4155/fmc-2018-0254
https://doi.org/10.2217/fmb.13.39
https://doi.org/10.1016/j.bbamem.2015.10.018
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.3389/fmicb.2019.02000
https://doi.org/10.1128/ecosalplus.3.6.3.4
https://doi.org/10.1128/ecosalplus.3.6.3.4
https://doi.org/10.1101/cshperspect.a025361
https://doi.org/10.1101/cshperspect.a025361
https://doi.org/10.1016/j.celrep.2017.04.002
https://doi.org/10.1073/pnas.1714645115
https://doi.org/10.1086/428052
https://doi.org/10.1093/jac/dkw114
https://doi.org/10.1128/aem.02636-13
https://doi.org/10.3389/fmicb.2018.02657
https://doi.org/10.3389/fmicb.2018.02657
https://doi.org/10.1016/j.heliyon.2018.e01067
https://doi.org/10.1128/mBio.00623-19
https://doi.org/10.1128/mBio.00623-19
https://doi.org/10.1038/s41598-022-12153-0
https://doi.org/10.1038/s41598-022-12153-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of metabolite extraction method for targeted exploration of antimicrobial resistance associated metabolites of Klebsiella pneumoniae
	Materials and methods
	Bacterial cell culture. 
	Metabolite extraction. 
	Separation and measurements of metabolites using ESI-LC–MSMS. 
	Data processing. 
	Statistical analysis. 

	Results
	Identification of metabolites. 
	Biochemical categorization of identified metabolites. 

	Discussion
	Analysis of identified metabolites and metabolite extraction method. 
	Analysis of AMR associated metabolites. 
	Cell wall biosynthesis. 
	Bacterial cell membrane. 
	Protein biosynthesis inhibitors. 
	Bacterial nucleic acid synthesis inhibitors. 
	Biofilm formation and development of persisters. 


	Conclusions
	References
	Acknowledgements


