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are being explored, compounds including metabolites that might
help us tide over this crisis are greatly expected.

Recently, it has been documented that the metabolic
environment modulates antibiotic-mediated killing efficacy
(Allison et al., 2011; Peng et al., 2015a; Peng et al., 2015b).
Using reprogramming metabolomics, key biomarkers are
identified by comparison between antibiotic-sensitive and
-resistant bacteria and then the identified key biomarkers
are used to potentiate antibiotic-mediated Kkilling efficacy
(Su et al., 2018; Cheng et al., 2019; Li et al., 2020; Kuang
et al., 2021a; Zhao et al., 2021). The approach has resulted in
the identification of several metabolites including glucose,
alanine, pyruvate, and glutamine/inosine as crucial
biomarkers that elevate antibiotic uptake to promote the
antibiotic-mediated killing (Peng et al., 2015a; Su et al,
2018; Zhang et al,, 2019; Li et al., 2020; Zhao et al., 2021).
During the identification, evaluation on metabolite capability
in the metabolite-enabled killing by antibiotics is especially
key. A recently adopted method to the evaluation is the plate-
counting test (Peng et al., 2015b; Kuang et al., 2021a; Kuang
etal., 2021b; Su et al., 2021). The method is accurate, but time-
consuming, strenuous, and unfeasible for a large scale of
screening. Therefore, the development of new approaches is
necessary for identification of metabolites that potentiate
antibiotic-mediated killing.

A  minimum inhibitory concentration (MIC) test
determines the antimicrobial activity of a material against
a specific bacterium. Now, the most commonly employed way
is microtitre plate dilution method. The method is
convenient, rapid, and economic, especially for a large
scale of screening. However, it is performed in LB
medium, which cannot guarantee that the metabolites
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evaluated are utilized since LB medium is a rich nutrient
medium. Therefore, development of a similar approach such
as an MIC test based on microtitre plate dilution method
(MIC test) is required for the identification of metabolites
that promote antibiotic-mediated killing and for the
examination of the experimental procedures. Further
optimization for procedures will benefit the use of the test.

Cefperazone-sulbactam (SCF) is a cephalosporin antibiotic
widely used in clinic and SCF-resistant bacteria is frequently
isolated (Li et al., 2018; Huai et al.,, 2019; Guclu et al., 2020). On
the other hand, depressed inosine was documented in antibiotic-
resistant bacteria, suggesting that inosine may be a potential
metabolite that increases SCF-mediated killing (Zhao et al., 2021).
Here, we utilized SCF and inosine to develop a microtitre plate
dilution method to determine metabolite-enabled killing efficacy.
Comparatively, MIC is the smallest amount of a compound that
limits visible microbial growth in culture, whereas the metabolite-
enabled killing by antibiotic is the smallest amount of a compound
that kills visible microbial growth in culture, it is thereby designed as
minimum killing concentration (MKC). The present study focuses
on the optimization for the procedures of MKC.

MATERIALS AND METHODS

Bacterial strains and culture conditions

Bacterial E. coli strains used in this study were from the collection of
our laboratory. These strains were grown at 37°C in 50 ml LB (1%
bacterial peptone, 0.5% yeast extract, and 1% NaCl) overnight and
collected by centrifugation at 8000 x rpm for 3 min. Antimicrobial
agents including cefperazone-sulbactam, cefperazone, ceftriaxone,
ceftazidime, cefotaxime, cefradine, ampicillin, and meropenem were
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FIGURE 1 | Effect of inosine in different medium (A) Viability of K12 and Y17 in LB medium and M9 medium at 37°C for 6 h (B) Percent survival of K12 and Y17 in LB
medium with and without 5 mM inosine plus SCF (C) Percent survival of K12 and Y17 in M9 medium with and without 5 mM inosine plus SCF (D) MIC test of K12 and
Y17 in LB medium with and without 5 mM inosine plus SCF (E) MKC test of K12 and Y17 in M9 medium with and without 5 mM inosine plus SCF. Results are displayed
as mean + SEM and three biological repeats are performed. Significant differences are identified *p < 0.05, **p < 0.01.

K12 Y17

E @8 -Inosine
+Inosine(5mM)

K12
Y17

0 1 2 3
Cefperazone-sulbactam(mg/mL)

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 878651


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Tao et al.

purchased from a commercial source (Shanghai Sangon Biological
Engineering Technology & Services Co. Ltd., China).

MIC determination

MIC was determined by antimicrobial susceptibility testing
according to CLSI guidelines (Delgado-Valverde et al, 2020;
Zhang et al, 2020). In brief, overnight bacteria cultured in LB
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medium were diluted at 1:100 in fresh LB and cultured at 37°C
with shaking at 200 rpm to an optical density at 600 nm of 0.5. Then,
10 L of 5 x 10* CFU was added into each well of a 96-well
microtiter polystyrene tray with 100 uL LB of a series of 2-fold
dilutions of an antibiotic. The mixtures were incubated at 37°C for
16 h. MIC was defined as the lowest antibiotic concentration that
inhibited visible bacteria growth.
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FIGURE 2 | MKC of K12 and Y17 in five bacterial doses and five incubation time by SCF.
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FIGURE 3 | MKC of K12 and Y17 in the presence or absence of 5 mM
inosine and different ionic strength by SCF.

MKC determination
Overnight bacteria cultured in LB medium were collected and

washed three times with saline solution before being
suspended in M9 medium (17.1 g Na,HPO,.12H,O, 3¢
KH,PO,, 1g NH,CI, 0.5 g NaCl, 0.82 g CH;COONa, 0.24 g
MgSO4, 0.0111 g CaCl, dissolved in 1 L water) to an optical
density at 600 nm of 1.0, and then diluted at 1: 8 or 1:16 with
M9 medium. Aliquot of 100 uL of 1x107 or 2 x 10’ CFU was
added into each well of a 96-well microtiter polystyrene tray
with 100 uL M9 of a series of 2-fold dilutions of the antibiotic
or plus 5 mM metabolite. Compared with wells containing the
antibiotic only, these wells containing 5 mM metabolite were
used to evaluate the effect of the metabolite on bacterial
susceptibility to antibiotic. The mixtures were incubated at
37°C for 8h. MKC was defined as the lowest antibiotic
concentration point that killed visible bacteria.

Antibiotic bactericidal assay

Antibiotic bactericidal assay was performed as previously
described (Jiang et al., 2020). A single colony was propagated
in 50 ml of LB and cultured for 16 h at 37°C in a shaker. The
sample was collected by centrifugation at 8,000 rpm for 3 min and
washed three times with saline solution. Then bacteria were
resuspended in M9 to an optical density at 600 nm of 0.2 and
diluted at 1:100. A metabolite and/or an antibiotic were added
and incubated at 37°C and 200 rpm for 6 h. Aliquot of 100 pL
samples were 10-fold serially diluted and aliquot of 5 uL of each
dilution was spotted onto the LB agar plates and cultured at 37 °C
for 11 h to determine CFU of bacteria. The percent survival was
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determined by dividing the CFU of the treated group by the CFU
obtained from the control group.

MBC determination

Following the determination of the MKC test result, aliquot of 100 pL
mixture from a well of 96-well microtiter polystyrene tray was diluted
1:10-fold. Aliquot of 5 uL of each dilution was spotted onto the LB
agar plates and cultured at 37°C for 11 h to determine the CFU of
bacteria. MBC was defined as the lowest antibiotic concentration that
killed bacteria to a CFU of less than 10,000 per well.

RESULTS

Comparison on Viability, MIC, and MKC
Between LB and M9 Medium

E. coli K12 and Y17 are antibiotic-sensitive and clinically
multidrug-resistant E. coli strains, respectively. Both plate-
counting and MIC tests were used to test whether inosine
potentiated SCF to kill the two bacterial strains in LB and M9
medium. Different results were detected by the plate-counting
method between LB and M9 medium. Specifically, bacteria grew
faster and was more sensitive to SCF in the LB medium than the
M9 medium under the same inoculation amount (Figures
1A-C). However, exogenous inosine distinctly promoted
bacterial growth in the M9 medium compared with that in the
LB medium. Consistently, viability of the two strains was similar
in the LB medium plus SCF with and without inosine
(Figure 1B), while lower survival of both strains was detected
in the M9 medium with inosine plus SCF than without
(Figure 1C). Similarly, the same MIC to SCF of the two
strains was determined in the LB medium with and without
inosine plus SCF (Figure 1D), but lower MKC was measured in
the M9 medium with than without inosine (Figure 1E). These
results indicate that the investigation on metabolite-enabled
killing of E. coli by SCF should be performed in M9 medium.

Optimization for Bacterial Number and

Incubation Time in MKC Test

To optimize bacterial number in the MKC test, five bacterial doses, 2.5
x10% 5% 10°% 1 x 107,2 x 107, and 4 x 10’ colony forming unit (CFU),
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were adopted. Meanwhile, 5 incubation time with 4-21 h was used to
optimize the incubation period. Inosine promoted SCF-mediated
killing by eight MKC as the top efficacy. Comparatively, 1 x 10
and 2 x 10" CFU were the optimized numbers, while 8 h was the
optimized incubation time. Specifically, four MKC was detected in
medium with 5 x 10° CFU at 6, 8, 10,and 21 h, with 1 x 10’ CFU at 4,
6,8,10,and 21 h, with 2 x 10" CFU at 4,8, and 10 h, with 4 x 10’ CFU
at 4 h for K12; with 5 x 10° CFU at 8, 10, and 21 h, with 1 x 10" CFU
at 6, 10, and 21 h, with 2 x 10" CFU at 4, 6, 8, and 10 h for Y17.
Notably, eight MKC was only detected in medium with 1 x 107 CFU
at 8 h for Y17. However, no difference was detected in medium with
2.5 x 10° CFU at these time points (Figure 2). These results support
the 1 x 10" CFU and 8 h incubation time as optimizing conditions for
the following MKC test.

Optimization for lonic Strength in MKC Test
To optimize ionic strength in the MKC test, the M9 medium was not
diluted or diluted into 75, 50, 25% using saline solution or only saline
solution, designed as 100, 75, 50, 25, and 0% M9, respectively. MKC
was elevated with the increasing ironic strength in medium with or
without 5 mM inosine. However, the inosine potentiated the SCF-
mediated killing efficacy similarly (Figure 3). Notably, clear bacterial
pellets dropped at the bottom of the plates in 100% MO9. These results
support 100% M9 as an optimizing condition for the following
MKC test.

Optimization for Inosine Concentration in
MKC Test

To optimize inosine concentration in MKC test, 0.15625, 0.3125,
0.625, 1.25, 2.5, 5, 10 mM inosine were used. Compared with
control with 0 mM inosine, 0.15625 and 0.3125 mM inosine did
not affect MKC, 0.625-2.5 mM inosine, and 5-10 mM inosine
reduced MKC by 2 and 4-fold, respectively, for K12; 0.15625 mM
inosine did not affect MKC, 0.3125 and 0.625mM inosine,
1.25 mM inosine, and 2.5-10 mM inosine reduced MKC by 2,
4 and 8-fold, respectively, for Y17 (Figure 4). These results
support the use of 5mM inosine for the following MKC test.

Test for Antibiotic Classes in MKC Test
To test antibiotic classes used in the MKC test, cefoperazone, ceftriaxone,
ceftazidime, cefotaxime, cefradine, ampicillin, and meropenem were
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used. Among them, cefoperazone, ceftriaxone, ceftazidime,
cefotaxime, and cefradine belong to cephalosporins, while ampicillin
and meropenem are classified as penicillins and carbapenems,
respectively. Inosine potentiated these antibiotics to decrease the
MKC of K12 and Y17, where the best efficacy was detected in
ceftazidime for K12 and Y17 (Figure 5). These results indicate that
the developed MKC test can be used to evaluate metabolites that
promote these classes of antibiotics-mediated killing efficacy.

Feasibility of the MKC Test for Different
Metabolites to Clinically

Multidrug-Resistant E. coli Strains

To test the feasibility of the MKC test for different metabolites, more
clinically isolated E. coli strains and metabolites were used. Exogenous
inosine promoted SCF to kill all of the 21 strains by plate-counting test,
with viability decreasing from 1.8 to 279-fold (Figure 6A), while the
promotion was detected in 18 out of 21 strains with MKC-fold from 4
to 16 but not the other three (Figure 6B). There was a positive
correlation between the plate-counting test and MKC test (Figure 6C).
These results indicate that the developed MKC test is feasible for these
clinically isolated strains. On the other hand, three more metabolites,
glutamine, leucine, and isoleucine, were utilized to test the feasibility of
metabolites. The plate-counting test showed that glutamine
potentiated SCF to kill 11 out of the 12 clinical E. coli strains used
but leucine and isoleucine did not (Figure 6D). Equally, the MKC test
demonstrated that glutamine had the potentiation that the plate-
counting test did, whereas leucine and isoleucine did not (Figure 6E).
These results indicate that the developed MKC test is feasible for the
screening of metabolites that potentiate antibiotic-mediated killing.
Therefore, the method is suitable for detection of a scale of clinical
strains and different metabolites that promote antibiotics-mediated
killing efficacy.

Feasibility of the MKC Test for Clinically
Multidrug-Resistant Strains by Using
Inosine

To test the feasibility of the MKC test for naturally-evolutionary
multidrug-resistant pathogens, besides the above E. coli strains, V.

alginolyticus and P. aeruginosa strains were also tested. Among 20 V.
alginolyticus strains, 90% (18) exhibited 4-256 fold of reduction of
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MKC in the presence of inosine (Figure 7A), while the other two
displayed the same MKC. The MKC test also showed that inosine
reduces 50% (5/10) P. aeruginosa by four MKC (Figure 7B). Therefore,
the method is suitable for detection of various isolated pathogens.

Feasibility of the MKC Test to the Following
MBC Test

MBC is an important index to measure the antibacterial activity of
antibiotics, which is usually followed by MIC. To test the feasibility
of the MKC test for the following MBC test for clinically
multidrug-resistant strains, the MBC test was followed by the

above MKC test of P. aeruginosa. MBC values were obtained in
the presence or absence of inosine. A lower MBC value was
detected in the presence of inosine than absence, which is
similar to the measurement of MKC in the same conditions
(Figure 8). These results support the conclusion that the MBC
test can be followed by the MKC test.

DISCUSSION

Reprogramming metabolomics is a recently developed approach
to restore the killing efficacy of the currently used antibiotics
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(Peng et al., 2015a). To do this, the identification of metabolites
that promote antibiotic-mediated killing is especially key.
However, the currently used plate-counting method is not
inappropriate as a scaleable screening method. Therefore, the
present study tries to develop an extensive screening method for
identification of the potentiated compounds including
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FIGURE 8 | MBC test of 10 clinically isolated P. aeruginosa strains in M9
medium with and without 5 mM inosine plus SCF.

metabolites. To our knowledge, this is the first time that the
MKC data of SCF with and without inosine in M9 medium have
been reported. The possible mechanisms are attributed to the role
of inosine as a regulator to CpxA/R system (Zhao et al,, 2021).

A microtitre plate dilution method that measures MIC can be
performed in full with samples to determine bacterial antibiotic
resistance (Wiegand et al., 2008; Hall et al., 2011), but the method
is not suitable to evaluate the potentiation caused by compounds
including metabolites. This is because LB medium with rich
nutrients contains many carbon sources. When a metabolite
such as inosine is added, it may not be utilized by bacteria
due to the existence of the other carbon sources. However, M9
medium contains minimal nutrients with only sodium acetate as
a carbon source, and thereby the complemented inosine is easily
used by bacteria. These conclusions are supported by the present
findings that inosine enhances the bacterial growth in only M9
medium but not in LB medium and thereby inosine-enabled
killing of bacteria by SCF was determined only in M9 medium.
On the other hand, the nutritional difference between the LB
medium and M9 medium allows bacteria to grow better in the LB
medium than the M9 medium. Therefore, the MIC approach by
inhibiting bacteria growth is not suitable to evaluate whether a
metabolite has a potential effect of promoting antibiotic-
mediated killing. It is necessary to develop a detection method
that evaluates antibiotic-mediated killing efficacy instead of
inhibitory efficacy.

Specifically, although MIC and MKC methods are used to test
bacterial sensitivity to antibiotics, their purposes are different.
MIC means the lowest concentration of antibiotics which inhibit
the growth of bacterium and thereby leads to the maintenance or
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reduction of inoculum viability in rich medium (Andrews. 2001).
However, MKC represents the lowest concentration of antibiotics
which kill bacterium and thus causes the vanishing or reduction
of inoculum viability in minimal medium. This causes two
modifications of the MIC test to develop the MKC test. First,
more bacterial cells are required in the MKC test than the MIC
test. Second, M9 medium instead of LB medium is used to
guarantee that bacterium efficiently utilizes the tested
metabolites such as inosine in medium. The present study
shows that the optimized cells are 1 x 10’ CFU - 2 x 10’ CFU
in M9 medium for MKC test, which is different from 5 x
10* CFU cells used for MIC in LB medium (Delgado-Valverde
et al., 2020). Furthermore, the developed MKC test is examined
by using several antibiotics, four metabolites, and 21 clinically
isolated multidrug-resistant E. coli. Exogenous inosine can
potentiate these antibiotics to kill E. coli in an MKC test,
which is demonstrated as these antibiotics are bactericidal
antibiotics, and as described above MKC represents the lowest
concentration of antibiotics which kill bacterium. Meanwhile, the
potentiation of four metabolites, inosine, glutamine, leucine, and
isoleucine to SCF is evaluated in clinically isolated E. coli strains.
The MKC test is proportional to a plate-counting test. These
results indicate that a microtitre plate dilution method for MKC is
developed to evaluate inosine-enabled killing of bacteria by
antibiotics, which has benefits in screening compounds that
potentiate antibiotic-mediated killing efficacy.

MBC is the minimum concentration of an antimicrobial drug
that is bactericidal, while MKC is defined as the minimum killing
concentration. Both are designated to measure the killing efficacy.
MBC is identified by determining the lowest concentration of
antibacterial agent that reduces more than 99.9% of the viability
of the initial bacterial inoculum by plate counting after MIC.
MKC is defined by identifying the lowest concentration of
antibacterial agent that causes the vanishing or reduction of
the initial inoculum viability directly. Therefore, compared
with MBC, MKC is simple, economic, convenient, and time-
saving.

Comparatively, the developed MKC is convenient, economic,
accuracy, and suitable for detection of a scale of samples. It is
suggested that samples should be examined using a plate-

REFERENCES

Allison, K. R., Brynildsen, M. P., and Collins, J. J. (2011). Metabolite-enabled
Eradication of Bacterial Persisters by Aminoglycosides. Nature 473, 216-220.
doi:10.1038/nature10069

Andrews, J. M. (2001). Determination of Minimum Inhibitory Concentrations.
J. Antimicrob. Chemother. 48 (Suppl. 1), 5-16. doi:10.1093/jac/48.suppl_1.5

Cheng, Z.-x., Guo, C,, Chen, Z.-g, Yang, T.-c,, Zhang, J.-y., Wang, J., et al. (2019).
Glycine, Serine and Threonine Metabolism Confounds Efficacy of Complement-
Mediated Killing. Nat. Commun. 10, 3325. doi:10.1038/s41467-019-11129-5

Delgado-Valverde, M., Conejo, M. d. C., Serrano, L., Fernandez-Cuenca, F,,
and Pascual, A. (2020). Activity of Cefiderocol against High-Risk Clones of
Multidrug-Resistant  Enterobacterales, Baumannii,
Pseudomonas  aeruginosa  and  Stenotrophomonas  Maltophilia.
J. Antimicrob. Chemother. 75, 1840-1849. doi:10.1093/jac/dkaall7

Guclu, E., Kaya, G., Ogutlu, A., and Karabay, O. (2020). The Effect of
Cefoperazone Sulbactam and Piperacillin Tazobactam on Mortality in

Acinetobacter

Development of Minimum Killing Concentration

counting test when their MKC value < 2. In addition, bacterial
number is crucial in the developed MKC test, which may be
related to bacterial species. Therefore, optimization of bacterial
number is especially important in testing other bacterial
pathogens using the developed MKC test.

CONCLUSIOIN

The present study develops the MKC test to evaluate metabolites-
enabled killing of clinically isolated E. coli by bactericidal
antibiotics. The method is convenient, rapid, and economic,
especially for a large scale of samples. These results suggest
that a microtitre plate dilution method can be modulated to
develop an MKC test to identify compounds that promote
antibiotics to kill bacteria.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

HL and XXP conceptualized, designed the project, and wrote the
manuscript. HL and X-XP interpreted the data. JJT, J-JX, M]J,
S-FK performed the experiments. J-JT performed the data
analysis.

FUNDING

This research was funded by International cooperation and
exchanges NSFC (32061133007), Science and Engineering
Guangdong Laboratory (Zhuhai) (No. 311021006), Guangdong
Basic and  Applied Basic  Research  Foundation
(2021A1515010133; 2019A1515011441).

Gram-Negative Nosocomial Infections. J. Chemother. 32, 118-123.
do0i:10.1080/1120009X.2020.1730087

Hall, L., Jude, K. P., Clark, S. L., and Wengenack, N. L. (2011). Antimicrobial
Susceptibility Testing of Mycobacterium tuberculosis Complex for First and
Second Line Drugs by Broth Dilution in a Microtiter Plate Format. JoVE 52,
3094. doi:10.3791/3094

Huai, W., Ma, Q.-B., Zheng, ].-]., Zhao, Y., and Zhai, Q.-R. (2019). Distribution and
Drug Resistance of Pathogenic Bacteria in Emergency Patients. Wijcc 7,
3175-3184. doi:10.12998/wjcc.v7.i20.3175

Jiang, M., Kuang, S.-f,, Lai, S.-s., Zhang, S., Yang, J., Peng, B., et al. (2020). Na +
-NQR Confers Aminoglycoside Resistance via the Regulation of L- Alanine
Metabolism. mBio 11, €02086-20. doi:10.1128/mbio.02086-20

Kuang, S.-f., Chen, Y.-t., Chen, J.-j., Peng, X.-x.,, Chen, Z., and Li, H. (2021a).
Synergy of Alanine and Gentamicin to Reduce Nitric Oxide for Elevating
Killing Efficacy to Antibiotic-Resistant Vibrio Alginolyticus. Virulence 12,
1737-1753. doi:10.1080/21505594.2021.1947447

Kuang, S.-f, Feng, D.-y., Chen, Z.-g,, Liang, Z.-z,, Xiang, J.-j.,, Li, H., et al. (2021b).
Inactivation of Nitrite-dependent Nitric Oxide Biosynthesis is Responsible for

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 878651


https://doi.org/10.1038/nature10069
https://doi.org/10.1093/jac/48.suppl_1.5
https://doi.org/10.1038/s41467-019-11129-5
https://doi.org/10.1093/jac/dkaa117
https://doi.org/10.1080/1120009X.2020.1730087
https://doi.org/10.3791/3094
https://doi.org/10.12998/wjcc.v7.i20.3175
https://doi.org/10.1128/mbio.02086-20
https://doi.org/10.1080/21505594.2021.1947447
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Tao et al.

Overlapped Antibiotic Resistance between Naturally and Artificially Evolved
Pseudomonas aeruginosa. mSystems 6, €00732-21. doi:10.1128/mSystems.
00732-21

Li, L, Su, Y. b, Peng, B., Peng, X. x., and Li, H. (2020). Metabolic Mechanism of
Colistin Resistance and its Reverting in Vibrio Alginolyticus. Environ. Microbiol.
22, 4295-4313. doi:10.1111/1462-2920.15021

Li, T, Sheng, M., Gu, T., Zhang, Y., Yirepanjiang, A., and Li, Y. (2018). In Vitro
assessment of Cefoperazone-Sulbactam Based Combination Therapy for
Multidrug-Resistant Acinetobacter Baumannii Isolates in China. J. Thorac.
Dis. 10, 1370-1376. doi:10.21037/jtd.2018.02.01

Peng, B, Li, H, and Peng, X.-X. (2015a). Functional Metabolomics: From
Biomarker Discovery to Metabolome Reprogramming. Protein. Cell. 6,
628-637. doi:10.1007/s13238-015-0185-x

Peng, B, Su, Y.-b,, Li, H., Han, Y., Guo, C,, Tian, Y.-m., et al. (2015b). Exogenous
Alanine And/or Glucose Plus Kanamycin Kills Antibiotic-Resistant Bacteria.
Cell Metab. 21, 249-262. doi:10.1016/j.cmet.2015.01.008

Su, Y.-b., Kuang, S, Ye, ].-z, Tao, ].-j., Li, H,, Peng, X.-x, et al. (2021). Enhanced Biosynthesis
of Fatty Acids Is Associated with the Acquisition of Ciprofloxacin Resistance in
Edwardsiella Tarda. mSystems 6, €0069421. doi:10.1128/msystems.00694-21

Su, Y.-b.,, Peng, B., Li, H., Cheng, Z.-x., Zhang, T.-t, Zhu, J.-x,, et al. (2018).
Pyruvate Cycle Increases Aminoglycoside Efficacy and Provides Respiratory
Energy in Bacteria. Proc. Natl. Acad. Sci. U.S.A. 115, E1578-E1587. doi:10.1073/
pnas.1714645115

Wiegand, I, Hilpert, K., and Hancock, R. E. W. (2008). Agar and Broth Dilution
Methods to Determine the Minimal Inhibitory Concentration (MIC) of
Antimicrobial Substances. Nat. Protoc. 3, 163-175. doi:10.1038/nprot.2007.521

Zhang, S., Wang, J., Jiang, M., Xu, D., Peng, B., Peng, X. x., et al. (2019).
Reduced Redox-dependent Mechanism and Glucose-mediated Reversal in

Development of Minimum Killing Concentration

Gentamicin-resistant Vibrio Alginolyticus. Environ. Microbiol. 21,
4724-4739. doi:10.1111/1462-2920.1481119

Zhang, S., Yang, M. ], Peng, B., Peng, X. x., and Li, H. (2020). Reduced ROS
-mediated Antibiotic Resistance and its Reverting by Glucose in Vibrio
Alginolyticus. Environ. Microbiol. 22, 4367-4380. doi:10.1111/1462-2920.
15085

Zhao, X.-1,, Chen, Z.-g., Yang, T.-c., Jiang, M., Wang, J., Cheng, Z.-x., et al.
(2021). Glutamine Promotes Antibiotic Uptake to Kill Multidrug-Resistant
Uropathogenic Bacteria. Sci. Transl. Med. 13, eabjo716. doi:10.1126/
scitranslmed.abj0716

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.

Copyright © 2022 Tao, Xiang, Jiang, Kuang, Peng and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 878651


https://doi.org/10.1128/mSystems.00732-21
https://doi.org/10.1128/mSystems.00732-21
https://doi.org/10.1111/1462-2920.15021
https://doi.org/10.21037/jtd.2018.02.01
https://doi.org/10.1007/s13238-015-0185-x
https://doi.org/10.1016/j.cmet.2015.01.008
https://doi.org/10.1128/msystems.00694-21
https://doi.org/10.1073/pnas.1714645115
https://doi.org/10.1073/pnas.1714645115
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1111/1462-2920.1481119
https://doi.org/10.1111/1462-2920.15085
https://doi.org/10.1111/1462-2920.15085
https://doi.org/10.1126/scitranslmed.abj0716
https://doi.org/10.1126/scitranslmed.abj0716
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	A Microtitre Plate Dilution Method for Minimum Killing Concentration Is Developed to Evaluate Metabolites-Enabled Killing o ...
	Introduction
	Materials and Methods
	Bacterial strains and culture conditions
	MIC determination
	MKC determination
	Antibiotic bactericidal assay
	MBC determination

	Results
	Comparison on Viability, MIC, and MKC Between LB and M9 Medium
	Optimization for Bacterial Number and Incubation Time in MKC Test
	Optimization for Ionic Strength in MKC Test
	Optimization for Inosine Concentration in MKC Test
	Test for Antibiotic Classes in MKC Test
	Feasibility of the MKC Test for Different Metabolites to Clinically Multidrug-Resistant E. coli Strains
	Feasibility of the MKC Test for Clinically Multidrug-Resistant Strains by Using Inosine
	Feasibility of the MKC Test to the Following MBC Test

	Discussion
	Conclusioin
	Data Availability Statement
	Author Contributions
	Funding
	References


