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Abstract
Background Zymomonas mobilis is traditionally recognized for its industrial ethanol production; however, it has recently gained attention as a potential
source of bioactive secondary metabolites. This study aimed to evaluate the antibacterial and antidiabetic potential of crude extracts from different Z.
mobilis strains and to explore their metabolomic and genomic characteristics.

Methods Crude extracts from three Z. mobilis strains (ZM4, ZM401, and ZM6) were evaluated by disk diffusion after liquid–liquid extraction/fractionation.
The active peaks were separated by high-performance liquid chromatography (HPLC), and the active fractions were analyzed by gas chromatography–mass
spectrometry (GC–MS) for compound identification. In silico genomic analysis of the reference strain ZM4 was conducted to investigate the presence of
biosynthetic gene clusters. Antidiabetic activity was assessed by measuring glucose uptake in dexamethasone-induced insulin-resistant L6 myotubes.

Results Among the tested strains, ZM6 exhibited the strongest antibacterial activity, particularly against MDR Escherichia coli and Klebsiella pneumoniae.
GC–MS analysis of the n-butanol fraction revealed the presence of diketopiperazines, predominantly cyclo(Pro–Leu) (up to 56.02%), along with β-carboline
compounds. Genomic analysis showed the absence of canonical biosynthetic gene clusters, including cyclodipeptide synthases and non-ribosomal peptide
synthetases, suggesting the involvement of alternative or uncharacterized biosynthetic pathways. Additionally, the ZM6 aqueous crude extract significantly
enhanced glucose uptake in insulin-resistant L6 myotubes, reaching approximately 20 mM, which was associated with the detection of D-allose-rich fractions
(44.28%).

Conclusions These findings demonstrate that Z. mobilis, particularly strain ZM6, is a promising source of bioactive metabolites with antibacterial activity
against MDR pathogens and potential antidiabetic effects. The discrepancy between metabolite production and genomic predictions suggests the existence
of unexplored biosynthetic mechanisms that warrant further biochemical and genomic investigation.

Introduction
Zymomonas mobilis is a Gram-negative facultative anaerobic bacterium well known for its exceptionally high ethanol productivity driven by the energy-
efficient Entner-Doudoroff (ED) pathway. This pathway generates one mole of ATP per mole of glucose and supports near-theoretical ethanol yield (up to
98%), combined with rapid glucose uptake rates, making Z. mobilis a valuable industrial microorganism for bioethanol production [1, 2]. Z. mobilis also
exhibits strong tolerance to harsh fermentation conditions, including high sugar concentrations (up to 400 g L− 1) and elevated ethanol levels (up to 160 g L− 

1), further enhancing its suitability for industrial bioprocesses [3, 4, 5].

Importantly, Zymomonas mobilis is generally recognized as safe (GRAS), enabling its application beyond biofuel production in food-related fields. Previous
studies have demonstrated that Z. mobilis can produce fructooligosaccharides (FOSs), well-established prebiotic compounds known to selectively stimulate
beneficial gut microbiota. Consumption of FOSs produced by Z. mobilis has been associated with reduced cholesterol and blood lipid levels in both clinical
and animal studies [6, 7]. Metabolic engineering studies have further expanded the biosynthetic capacity of Z. mobilis for the production of value-added
compounds such as pyruvate, succinic acid, and lactic acid, underscoring its versatility as a microbial cell factory [8–14].

Beyond its industrial relevance, Z. mobilis has attracted growing interest due to its diverse biological activities. Several studies have reported the production
of metabolites exhibiting antibacterial, antitumor, and antiparasitic effects, including bacteriocins, levans, and peroxide-related metabolites [15, 16, 17].
Specifically, inhibitory effects against Schistosoma mansoni infections and antitumor activity against Sarcoma 180 have been documented [18, 19, 20].

Despite these findings, the specific mechanisms and compounds underlying the antibacterial activity of Z. mobilis remain partially characterized.
Bacteriocins produced by Zymomonas mobilis Z1-87 have been suggested to contribute to broad-spectrum antibacterial activity against human pathogens
[17]. In contrast, antibacterial effects observed in Z. mobilis strains ZM4 and ZM6 have been primarily attributed to acidic metabolic byproducts, such as
acetate and propionate, generated under aerobic conditions [21]. These contrasting interpretations highlight a critical knowledge gap regarding the nature of
the antibacterial compounds produced by Z. mobilis, particularly under non-aerobic cultivation conditions where organic acid production may differ.
Furthermore, while the antibacterial potential has been debated, comparatively little attention has been paid to the potential antidiabetic properties of Z.
mobilis-derived secondary metabolites, limiting our understanding of its broader therapeutic potential.

Thus, this study aimed to systematically evaluate the antibacterial and antidiabetic activities of Z. mobilis strains (ZM4, ZM401, and ZM6) to address these
gaps in the context of the increasing global concern of multidrug-resistant (MDR) bacterial infections and metabolic disorders. Unlike previous studies
focusing on acidic byproducts or proteinaceous bacteriocins, we employed a bioassay-guided fractionation approach coupled with gas chromatography-
mass spectrometry (GC-MS) analysis to identify specific bioactive small molecules. By linking the observed therapeutic phenotypes, specifically inhibition of
MDR pathogens and enhanced glucose uptake, to distinct metabolic profiles, this work provides new insights into the potential of Z. mobilis as a microbial
platform for producing bioactive metabolites with therapeutic potential.

Materials and Methods

Bacterial strains and cultivation
All Zymomonas mobilis strains (ZM4, ATCC 31821; ZM401, ATCC 31822; and ZM6, ATCC 29191) were cultivated for 48 h at 30°C under stationary conditions
in Rich Medium (RM) broth [22]. The medium contained 20 g L− 1 D-glucose (98%, Junsei Chemical Co., Tokyo, Japan), 10 g L− 1 yeast extract (food

microbiological grade, Cellconic, Seoul, Republic of Korea), 2 g L− 1 potassium phosphate monobasic (99%, Sigma-Aldrich, St. Louis, MO, USA), 1 g L− 1

magnesium sulfate anhydrous (99.5%, Shinyo Chemical Co., Ltd., Republic of Korea), and 1 g L− 1 ammonium sulfate (extra pure, Samchun Chemical Co., Ltd.,
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Republic of Korea), with the pH adjusted to 6.5. Glucose was autoclaved separately to prevent thermal degradation. Fourteen pathogenic bacterial strains
were used as indicator strains for antibacterial assays. Five Vibrio species were cultivated on trypticase soy agar (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA), while MDR Escherichia coli and Klebsiella pneumoniae were cultivated on nutrient agar (Becton, Dickinson and Company) [23]. All indicator
strains used in this study are listed in Table 1.

Table 1
Disk diffusion assay indicator strains of Z. mobilis against gram-positive and gram-

negative pathogens.
Gram’s stain Bacterial pathogens Strains

Gram-negative Vibrio parahaemolyticus KCCM 11965

Vibrio anguillarum KCTC 2711

Vibrio damsela JF21023NE

Vibrio harveyi Vh21fl

Vibrio scophthalmi JF21004NE

Pseudomonas aeruginosa ATCC 27853

Escherichia coli multidrug-resistant CPEc171209

Escherichia coli ATCC 25922

Klebsiella pneumoniae ATCC BAA-2146

Klebsiella pneumoniae ATCC BAA-1706

Klebsiella pneumoniae multidrug-resistant CPKp171210

Gram-positive Enterococcus faecalis ATCC 29212

Staphylococcus aureus ATCC 29213

Bacillus subtilis KCCM 11779

Fermentation and extractions
Seed cultures were prepared by inoculating a single colony of each Z. mobilis strain into 200 mL of RM broth and incubating at 30°C until reaching an optical
density (OD) at 660 nm of approximately 1.0. The seed culture (10% v/v) was then inoculated into 1.5 L of fresh RM broth and fermented for 48 h under
stationary conditions. The cell-free supernatant was obtained by centrifugation (9000 rpm, 5 min) and filtration using 0.20 µm syringe filters (SFCA03022,
SOOMBIO, Republic of Korea) to remove any remaining particulate matter. The supernatant was sequentially extracted with hexane (99%, Duksan, Ansan,
Republic of Korea), ethyl acetate (99.7%, Samchun Chemical Co., Ltd., Republic of Korea), and n-butanol (99%, Duksan, Ansan, Republic of Korea) at a
supernatant-to-solvent ratio of 1:2 (v/v). After each extraction step, the organic phase was separated, and the remaining aqueous phase was subjected to
extraction with the next solvent. The organic layers were concentrated using a rotary evaporator (Ev-1001V Diagonal type, Scilab, Republic of Korea) at 45°C
and lyophilized for 72 h at -76°C using a freeze-dryer (FDU-2200, Eyela, Republic of Korea) to obtain dried crude extracts. All glassware used for extraction
was acid-cleaned prior to use to eliminate potential contaminants [24].

Antibacterial susceptibility assays
The antibacterial activity of the crude extracts was evaluated using a modified Kirby-Bauer disk diffusion method [25]. Bacterial suspensions were adjusted
to the 0.5 McFarland standard (approximately 1 x 108 CFU mL− 1) [26]. Paper disks (6.5 mm, Advantec, Tokyo, Japan) were loaded with 20 µL of each crude
extract (5 mg mL− 1), which had been dissolved in distilled water prior to use. All treatments, including positive and negative controls, were applied in an equal
volume of 20 µL per disk. Enrofloxacin (99.0%, Sigma-Aldrich; 50 µg mL⁻¹) was used as the positive control, and 1× phosphate-buffered saline (PBS; Bylabs,
Republic of Korea) served as the negative control. The inhibition zones were measured after incubation at 37°C for 24 h.

High-performance liquid chromatography fractionation
Crude extracts were fractionated using a Waters Alliance 2695 HPLC system (Waters, Milford, MA, USA) following a modified protocol [27]. Chromatographic
separation was conducted on a SunFire C8 column (4.6 × 250 mm, 5 µm; Waters). The mobile phases consisted of 0.1% formic acid in water (solvent A) and
0.1% formic acid in acetonitrile (solvent B). Isocratic elution was performed with 95% solvent A and 5% solvent B at a flow rate of 0.7 mL min⁻¹. The injection
volume was 50 µL, and the column temperature was maintained at 25°C. Fractions corresponding to each chromatographic peak were collected from 60
repeated injections and pooled to obtain sufficient material for downstream analyses. The collected fractions were subsequently freeze-dried.

Antibacterial screening of high-performance liquid chromatography fractions
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The dried HPLC fractions were dissolved in distilled water prior to screening and evaluated for antibacterial activity against Vibrio parahaemolyticus using a
96-well plate assay. Each well contained 50 µL of bacterial suspension (1.5 × 10⁸ CFU mL⁻¹ in tryptic soy broth) and 50 µL of each resuspended fraction.
Enrofloxacin (50 µg mL⁻¹, 50 µL per well) was used as the positive control. After incubation at 20°C for 24 h, bacterial growth was assessed by measuring
turbidity to identify active fractions.

GC-MS identification of bioactive compounds
Active HPLC fractions were analyzed using a Shimadzu GC-MS QP-2010 Ultra system (Shimadzu, Kyoto, Japan) equipped with a DB-5MS Ultra capillary
column (30 m × 0.25 mm, 0.25 µm film thickness) [28]. Samples were prepared by dissolving dried fractions in HPLC-grade methanol (300 µL). A 1.0 µL
aliquot was injected in split mode (50:1) at an injection temperature of 280°C. The oven temperature was programmed from 60°C to 200°C (10°C min⁻¹) and
then to 320°C (20°C min⁻¹). Helium (99.9%) was used as the carrier gas at 1.0 mL min⁻¹. Compounds were tentatively identified by matching electron impact
(EI) mass spectra against the NIST 17 library, using a similarity index threshold of > 90%. The five best matches ranked by similarity index were considered
for compound annotation. The system operated at 70 eV, generating characteristic fragmentation patterns.

Semi-quantitative analysis of bioactive compounds
A semi-quantitative analysis based on GC-MS total ion chromatograms (TIC) was performed to evaluate the relative composition of the identified bioactive
compounds. The relative abundance (%) of each compound was calculated using the following equation:

This approach identified major constituents contributing to the observed antibacterial and antidiabetic activities.

Cell culture and cytotoxicity assay
L6 rat myoblasts (ATCC CRL-1458) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM, Corning, NY, USA)) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Corning, NY, USA)) and 1%
penicillin-streptomycin solution at 37°C in a humidified atmosphere containing 5% CO2. Differentiation was induced by switching the medium to DMEM
supplemented with 2% FBS for 7 days. Cytotoxicity was evaluated using the WST-1 assay [29]. Differentiated L6 cells were treated with crude extracts at
concentrations of 100, 200, and 400 µg mL⁻¹ for 24 h. Cell viability was determined by measuring absorbance at 450 nm using an EZ-Cytox Cell Viability
Assay Kit (DoGenBio, Seoul, Republic of Korea) according to the manufacturer’s instructions.

Glucose consumption assay
Glucose uptake was assessed in differentiated L6 myotubes divided into three groups: differentiated-only control (D.O.), insulin-stimulated control (Ins), and
dexamethasone-induced insulin-resistant group (Dex). Insulin resistance was induced by treating cells with 0.25 µM dexamethasone for 24 h prior to
treatment. The culture medium was replaced with serum-free DMEM to eliminate serum interference. Cells were then treated with crude extracts (400 µg
mL⁻¹) for 24 h. For Ins and Dex groups, 100 nM insulin was co-administered during treatment. Residual glucose in the medium was measured using a
Glucose Colorimetric Assay Kit (E-BC-K234-S, Elabscience, Houston, TX, USA), and glucose consumption was calculated accordingly.

In silico analysis

Genes involved in the biosynthesis of secondary metabolites were identified using bioinformatic tools, including BLAST, UniProt, PRISM, and antiSMASH, to
analyze potential biosynthetic gene clusters.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Data are presented as mean ± standard deviation
(SD). Differences among groups were analyzed using two-way ANOVA followed by Tukey’s post-hoc test. Statistical significance was considered at p < 0.05.

Results
Antibacterial activity and strain-dependent profiles of Z. mobilis crude extracts

To evaluate the antibacterial activity of crude extracts from Z. mobilis strains (ZM4, ZM401, and ZM6), a disk diffusion assay was performed, as shown in the
heatmap in Fig. 1. Antibacterial activity varied depending on both the extraction solvent and the producing strain. The hexane and ethyl acetate fractions
showed no detectable antibacterial activity against any of the tested indicator strains. In contrast, the n-butanol fractions exhibited inhibitory effects against
multiple bacterial strains.

Among the tested strains, ZM6 showed the highest antibacterial activity. The n-butanol extract of ZM6 produced inhibition zones of 14.0 mm against
Staphylococcus aureus and 12.7 mm against Vibrio anguillarum. Notably, inhibitory activity was also observed against multidrug-resistant (MDR) Klebsiella
pneumoniae and Escherichia coli, with inhibition zones ranging from 6.5 to 8.0 mm. In contrast, no inhibition zones were observed for these MDR strains in
the presence of enrofloxacin under the tested disk diffusion conditions.

Relative abundance (%) = ( ) × 100
peak area of individual compound

total peak area
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Regarding the water-phase crude extracts, strain-dependent differences were observed. Overall, the water-phase extracts showed no detectable activity
against Gram-positive bacteria or MDR strains. However, weak inhibitory activity was observed against several Vibrio species, with inhibition zones ranging
from 6.8 to 9.0 mm.

Chromatographic profiles and fractionation
All crude extracts (n-butanol and water-phase fractions) were subjected to high-performance liquid chromatography (HPLC) to separate individual fractions
for subsequent antibacterial screening. Fraction activity was evaluated against Vibrio parahaemolyticus, which was selected as a representative indicator
strain due to its consistent susceptibility to both n-butanol and water-phase extracts. The detailed fractionation profiles, relative abundance of major peaks,
and antibacterial screening results for the water-phase extracts are summarized in Table 2, while those for the n-butanol extracts are presented in Table 3.
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Table 2
HPLC fractionation profile, relative abundance, and antibacterial screening results of water-phase crude extracts from Z. mobilis strains.

Strain Peak ID
(Fig. 2)

Retention time
(min)

HPLC relative
peak area (%) a

Antibacterial
activity b

Major compound identified

(by GC-MS)

GC-MS relative
abundance

(%) c

ZM6 WP1 3.6 57.43 +++ α-Amino-�-caprolactam 58.95

Cyclo (Pro-Leu) 6.27

Cyclo (Pro-Phe) 3.72

WP2 5.1 22.65 ++ 1,2,3-Propanetriol 38.75

5-Oxoproline methyl ester 5.80

Cyclo (Val-Ala) 3.85

WP3 5.3 6.09 ++ D-Allose 27.82

1,2,3-Propanetriol 27.07

5-Oxoproline methyl ester 6.70

WP4 5.5 5.79 ++ D-Allose 44.28

1,2,3-Propanetriol 10.71

2-Pyrrolidinone 4.53

WP5 5.8 3.68 ++ D-Allose 31.77

1,2,3-Propanetriol 10.45

2-Methyl-N-(2-methylbutylidene)
butan-1-amine

6.69

WP6 6.3 4.37 +++ 2-Methyl-N-(2-methylbutylidene)
butan-1-amine

56.62

D-Allose 11.09

1,2,3-Propanetriol 2.46

ZM401 WP1 3.6 59.28 - 1,6-anhydro-β-D-glucopyranose, 12.68

1,4:3,6-dianhydro-α-D-
glucopyranose

2.46

1,2,3-Propanetriol 2.08

WP2 5.1 23.03 ++ 1,2,3-Propanetriol 31.38

2-Pyrrolidinone 11.08

D-Alanine 5.73

WP3 5.6 6.08 ++ D-Allose 41.65

1,2,3-Propanetriol 22.69

1,6-Anhydro-α -D-galactofuranose 4.64

WP4 5.9 5.87 ++ D-Allose 37.66

1,2,3-Propanetriol 4.63

Levoglucosenone 4.18

WP5 6.4 5.74 ++ α-Amino-�-caprolactam 29.40

Cyclo (Pro-Phe) 8.73

Cyclo (Pro-Leu) 7.08

aRelative fraction area (%): calculated from the HPLC chromatogram (Fig. 2) at 210 nm, representing the proportion of each fraction within the crude
extract.

bAntibacterial activity was assessed qualitatively by the visual observation of turbidity in 96-well plates compared to untreated negative controls: (+++)
indicates strong/complete growth inhibition (clear well); (+) indicates partial growth inhibition (noticeably reduced turbidity); (-) indicates no inhibition
(dense growth equivalent to the control).

CGC-MS relative abundance (%): calculated based on the gas chromatography-mass spectroscopy (GC-MS) total ion chromatogram described in Section
2.8, representing the proportion of the specific compound within the fraction.
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Strain Peak ID
(Fig. 2)

Retention time
(min)

HPLC relative
peak area (%) a

Antibacterial
activity b

Major compound identified

(by GC-MS)

GC-MS relative
abundance

(%) c

ZM4 WP1 3.6 66.67 - α-Amino-�-caprolactam 26.33

Cyclo (Pro-Phe) 11.72

Cyclo (Pro-Leu) 11.42

WP2-1 4.9 13.62 - 2-Pyrrolidinone 31.41

5-oxoproline methyl ester 13.85

α-Amino-�-caprolactam 8.88

WP2-2 5.1 8.96 ++ 1,2,3-Propanetriol 48.77

Cyclo (Pro-Gly) 3.18

Octadecanoic acid 2.48

WP3 5.2 4.49 ++ 1,2,3-Propanetriol 46.73

D-Allose 10

Cyclo (Val-Val) 2.15

WP4 6.2 6.27 ++ 2-Methyl-N-(2-methylbutylidene)
butan-1-amine

35

D-Allose 13.12

1,2,3-Propanetriol 5.29

aRelative fraction area (%): calculated from the HPLC chromatogram (Fig. 2) at 210 nm, representing the proportion of each fraction within the crude
extract.

bAntibacterial activity was assessed qualitatively by the visual observation of turbidity in 96-well plates compared to untreated negative controls: (+++)
indicates strong/complete growth inhibition (clear well); (+) indicates partial growth inhibition (noticeably reduced turbidity); (-) indicates no inhibition
(dense growth equivalent to the control).

CGC-MS relative abundance (%): calculated based on the gas chromatography-mass spectroscopy (GC-MS) total ion chromatogram described in Section
2.8, representing the proportion of the specific compound within the fraction.
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Table 3
HPLC fractionation profile, relative abundance, and identification of bioactive compounds in the n-butanol extract of Z. mobilis strains.

Strain Peak ID

(Fig. 3)

HPLC retention
time (min)

HPLC

relative peak
area (%) a

Antibacterial
activity b

Major compound identified

(by GC-MS)

GC-MS relative
abundance

(%) c

ZM6 BP1 3.3 3.30 ++ Cyclo (Pro-Leu) 28.47

Cyclo (Pro-Gly) 12.47

Cyclo (Pro-Phe) 5.87

BP2 3.6 2.61 +++ Cyclo (Pro-Leu) 56.02

Benzeneacetic acid 12.68

Cyclo (Pro-Phe) 2.31

BP3 3.8 2.76 +++ Cyclo (Pro-Leu) 53.87

Benzeneacetic acid 10.76

Cyclo (Pro-Phe) 3.79

BP4 4.0 1.40 - (Z)-13-Docosenamide 17.49

(Z)-9-Octadecenamide, 14.03

2-Pyrrolidinone 9.27

BP5 4.8 17.04 - N-Ethylproline methyl ester 10.36

(Z)-13-Docosenamide 9.22

Benzeneacetic acid 2.22

BP6 5.0 43.60 - (Z)-13-Docosenamide 16.17

Niacinamide 2.59

Cyclo (Phe-Trp) 1.88

BP7 5.9 10.79 - (Z)-13-Docosenamide 9.88

Tyramine 3.95

Cyclo (Gly-Ala) 1.55

BP8 6.2 6.71 - (Z)-9-Octadecenamide, 14.65

(Z)-13-Docosenamide 5.85

Niacinamide 3.16

BP9 6.5 3.72 - 2-Methyl-N-(2-methylbutylidene)
butan-1-amine

22.05

(Z)-13-Docosenamide 8.98

(Z)-9-Octadecenamide, 2.12

BP10 8.4 2.96 - (Z)-9-Octadecenamide, 12.14

(Z)-13-Docosenamide 7.64

2-Pyrrolidinone 2.69

BP11 8.9 5.10 ++ Cyclo (Pro-Gly) 24.83

Cyclo (Pro-Phe) 3.21

9H-Pyrido[3,4-b] indole (β-
carboline)

0.78

ZM401 BP1 3.1 1.69 - (Z)-9-Octadecenamide, 28.52

aRelative fraction area (%): calculated from the integration of the HPLC chromatogram (Fig. 3), representing the abundance of the fraction in the extract.

bAntibacterial activity was assessed qualitatively by the visual observation of turbidity in 96-well plates compared to untreated negative controls: (+++)
indicates strong/complete growth inhibition (clear well); (+) indicates partial growth inhibition (noticeably reduced turbidity); (-) indicates no inhibition
(dense growth equivalent to the control).

CGC-MS relative abundance (%): calculated based on the gas chromatography-mass spectroscopy (GC-MS) total ion chromatogram described in Section
2.8, representing the proportion of the specific compound within the fraction.
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Strain Peak ID

(Fig. 3)

HPLC retention
time (min)

HPLC

relative peak
area (%) a

Antibacterial
activity b

Major compound identified

(by GC-MS)

GC-MS relative
abundance

(%) c

(Z)-13-Docosenamide 15.54

Hexadecanoic acid 4.45

BP2 3.4 8.07 - (Z)-9-Octadecenamide, 31.04

(Z)-13-Docosenamide 21.05

Hexadecanamide 4.16

BP6-1 5.2 62.85 - (Z)-13-Docosenamide 18.39

(Z)-9-Octadecenamide, 6.83

Hexadecanoic acid 5.17

BP6-2 5.6 7.05 + (Z)-13-Docosenamide 32.20

Cyclo (Pro-Phe) 2.56

9H-Pyrido[3,4-b] indole (β-
carboline)

1

BP7 5.9 10.38 - (Z)-13-Docosenamide 13.59

(Z)-9-Octadecenamide, 12.72

Tyramine 3.98

BP8 6.3 7.15 - 2-Methyl-N-(2-methylbutylidene)
butan-1-amine

10.73

(Z)-13-Docosenamide 6.69

(Z)-9-Octadecenamide, 3.23

BP9 6.6 2.81 - (Z)-13-Docosenamide 10.42

2-Methyl-N-(2-methylbutylidene)
butan-1-amine

8.57

(Z)-9-Octadecenamide, 4.43

ZM4 BP1 3.3 1.69   Cyclo (Pro-Gly) 8.69

- Cyclo (Pro-Leu) 7.68

  Tyrosol 2.74

BP2 3.6 1.36   (Z)-13-Docosenamide 33.55

- Cyclo (Pro-Leu) 7.24

  Tyrosol 5.58

BP3 3.9 3.76   (Z)-13-Docosenamide 36.12

- Cyclo (Pro-Leu) 7.71

  Tyrosol 4.79

BP4 4.1 1.34   (Z)-9-Octadecenamide, 14.42

- Cyclo (Pro-Leu) 8.44

  (Z)-13-Docosenamide 3.70

BP5 5.4 54.60   (Z)-13-Docosenamide 16.92

- Niacinamide 3.44

aRelative fraction area (%): calculated from the integration of the HPLC chromatogram (Fig. 3), representing the abundance of the fraction in the extract.

bAntibacterial activity was assessed qualitatively by the visual observation of turbidity in 96-well plates compared to untreated negative controls: (+++)
indicates strong/complete growth inhibition (clear well); (+) indicates partial growth inhibition (noticeably reduced turbidity); (-) indicates no inhibition
(dense growth equivalent to the control).

CGC-MS relative abundance (%): calculated based on the gas chromatography-mass spectroscopy (GC-MS) total ion chromatogram described in Section
2.8, representing the proportion of the specific compound within the fraction.
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Strain Peak ID

(Fig. 3)

HPLC retention
time (min)

HPLC

relative peak
area (%) a

Antibacterial
activity b

Major compound identified

(by GC-MS)

GC-MS relative
abundance

(%) c

  Cyclo (Phe-Trp) 0.92

BP6 6.0 12.15   (Z)-13-Docosenamide 14.04

- Niacinamide 5.54

  Cyclo (Phe-Trp) 1

BP7 6.4 10.86 - 2-Methyl-N-(2-methylbutylidene)
butan-1-amine

17.93

(Z)-9-Octadecenamide, 6.91

(Z)-13-Docosenamide 5.32

BP8 6.7 6.55 + Cyclo (Pro-Leu) 11.48

2-Methyl-N-(2-methylbutylidene)
butan-1-amine

10.46

9H-Pyrido[3,4-b] indole (β-
carboline)

1.21

BP9 9.2 7.70 + Cyclo (Pro-Gly) 18.63

(Z)-9-Octadecenamide, 8.94

9H-Pyrido[3,4-b] indole (β-
carboline)

0.74

aRelative fraction area (%): calculated from the integration of the HPLC chromatogram (Fig. 3), representing the abundance of the fraction in the extract.

bAntibacterial activity was assessed qualitatively by the visual observation of turbidity in 96-well plates compared to untreated negative controls: (+++)
indicates strong/complete growth inhibition (clear well); (+) indicates partial growth inhibition (noticeably reduced turbidity); (-) indicates no inhibition
(dense growth equivalent to the control).

CGC-MS relative abundance (%): calculated based on the gas chromatography-mass spectroscopy (GC-MS) total ion chromatogram described in Section
2.8, representing the proportion of the specific compound within the fraction.

Note: Ubiquitous lipophilic compounds such as 9-octadecenamide and (Z)-13-docosenamide formed a common background profile across multiple non-
active fractions due to solvent partitioning.

The water-phase extracts exhibited a limited number of detectable chromatographic peaks across all strains, as shown in Fig. 2. In contrast, the n-butanol
extracts displayed more complex chromatographic profiles with higher peak intensities, as illustrated in Fig. 3.

Major peaks from the water-phase extracts were designated as WP1–WP6, whereas peaks from the n-butanol extracts were designated as BP1–BP11.
These fractions were collected over 60 repeated HPLC runs, lyophilized, and subsequently screened for antibacterial activity against V. parahaemolyticus.
Among the tested strains, ZM6 exhibited the most prominent chromatographic peaks in the n-butanol fraction compared to ZM4 and ZM401. Fraction-level
bioactivity data for all strains are provided in Supplementary Figures S1 and S2.

GC-MS identification of active fractions
All HPLC fractions were screened for antibacterial activity, and fractions exhibiting activity were further analyzed using gas chromatography–mass
spectrometry (GC–MS) to characterize their chemical constituents.

In the water-phase extracts, antibacterial activity (+++) was observed primarily in ZM6-derived fractions. Fraction WP1 showed a high relative abundance of
α-amino-ε-caprolactam (58.95%), whereas WP6 was dominated by Schiff base compounds, including 2-methyl-N-(2-methylbutylidene) butan-1-amine
(56.62%). Diketopiperazine (DKP) derivatives, including cyclo(Pro-Leu) and cyclo(Pro-Phe), were also detected in WP1 at lower relative abundances. D-allose
was detected across multiple fractions from all strains; however, its direct contribution to antibacterial activity could not be determined from GC–MS
analysis alone.

In the n-butanol fractions, DKP derivatives were frequently detected in active fractions, particularly in ZM6. Fraction BP6 showed the highest relative
abundance of (Z)-13-docosenamide (16.17%) but did not exhibit antibacterial activity. In contrast, strong antibacterial activity (+++) was observed in BP2 and
BP3, where cyclo(Pro-Leu) was detected as a major component (56.02% and 53.87%, respectively). Fraction BP11 showed moderate activity (++) and
contained cyclo(Pro-Gly) (24.83%), along with minor detection of 9H-pyrido[3,4-b]indole (β-carboline, 0.78%).

Antidiabetic potential of Z. mobilis extracts

The effect of Z. mobilis crude extracts on glucose uptake was evaluated in differentiated L6 myotubes under normal and dexamethasone-induced insulin-
resistant conditions. Prior to the glucose uptake assay, cytotoxicity was assessed using a WST-1 assay. All crude extracts showed no significant cytotoxicity
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at the tested concentration (400 µg mL⁻¹), with cell viability exceeding 95% in differentiated L6 myotubes. Under normal physiological conditions, treatment
with crude extracts, either alone or in combination with insulin, did not significantly affect glucose consumption compared with controls (data not shown).

In contrast, under insulin-resistant conditions, treatment with Z. mobilis extracts significantly improved glucose consumption. The n-butanol crude extracts
(400 µg mL⁻¹) induced a significant increase in glucose consumption (approximately 18–19 mM, p < 0.05) across all strains, as shown in Fig. 4A.

The water-phase extracts showed a more pronounced effect, as shown in Fig. 4B. Water-phase fractions from ZM4 and ZM401 significantly increased
glucose consumption (p < 0.05) compared with the insulin-resistant control. Notably, the ZM6 water-phase extract exhibited the strongest effect, increasing
glucose consumption to approximately 20.30 mM (p < 0.001) relative to the untreated dexamethasone-induced group.

In silico analysis of biosynthetic pathways

The genome of Z. mobilis ZM4 (NCBI accession No. NZ_CP023715.1) was analyzed using bioinformatic tools including BLAST, antiSMASH, and PRISM to
explore potential biosynthetic gene clusters associated with metabolite production. Genes involved in central carbon metabolism were identified, including
glycerol-3-phosphate dehydrogenase (GPD; ZMO1905). However, glycerol-3-phosphatase (GPP) was not annotated in the current genome dataset, despite
the detection of glycerol-related metabolites in the experimental analysis. The Entner–Doudoroff (ED) pathway genes were confirmed and were consistent
with the well-characterized metabolic framework of Z. mobilis.

Putative genes related to branched-chain amino acid metabolism, including aminotransferases, were identified; however, a complete set of enzymes required
for canonical Ehrlich pathway conversion to higher alcohols and aldehydes was not fully resolved based on current genome annotation.

In addition, genome mining using the selected tools did not identify canonical cyclodipeptide synthases (CDPS), non-ribosomal peptide synthetases (NRPS),
or tryptophan decarboxylase homologs that are typically associated with diketopiperazine or β-carboline biosynthesis. These observations suggest that the
detected metabolites may be produced through alternative or currently uncharacterized biosynthetic routes in Z. mobilis.

Discussion
Based on the differential antibacterial activity observed across all solvent fractions, the results suggest that the bioactive compounds produced by Z. mobilis
strains are influenced by solvent polarity. In particular, the absence of activity in hexane and ethyl acetate crude extracts, together with the strong activity
observed in n-butanol crude extracts, indicates that the active antibacterial constituents are likely enriched in the semi-polar fraction [30]. The antibacterial
activity of the ZM6 n-butanol extract, particularly against MDR Klebsiella pneumoniae and Escherichia coli, together with its activity pattern differing from that
of enrofloxacin under the tested conditions, suggests the presence of bioactive compounds that may act through mechanisms distinct from those of
conventional antibiotics.

In contrast, the antibacterial activity of water-phase crude extracts was mainly limited to Vibrio species, suggesting that hydrophilic compounds may exhibit a
narrower antibacterial spectrum. This solvent-dependent distribution supports the idea that different classes of metabolites are partitioned according to
polarity, with broader activity observed in semi-polar fractions. These findings differ from previous reports attributing the antibacterial activity of Z. mobilis
primarily to bacteriocins or organic acids such as acetate and propionate. In the present study, solvent extraction combined with bioassay-guided
fractionation suggests that the observed activity is associated with extractable small-molecule fractions rather than highly polar acids or macromolecular
proteins.

GC–MS analysis of active fractions indicated that antibacterial activity in ZM6 crude extracts may be associated with nitrogen-containing metabolites,
particularly diketopiperazines and heterocyclic compounds. However, due to the limitations of GC–MS-based identification, these associations should be
interpreted cautiously and do not confirm direct causality.

In the water-phase crude extracts, antibacterial activity correlated with fractions enriched in α-amino-ε-caprolactam and Schiff base (imine) derivatives,
which may plausibly originate from condensation reactions involving amino acid-derived degradation products potentially linked to Ehrlich-type pathways.
These observations suggest that low-molecular-weight nitrogenous compounds may contribute to antibacterial effects in hydrophilic fractions. Aliphatic
amines and imine derivatives have been reported to exhibit antimicrobial properties [14]. Their amphiphilic nature, involving protonatable nitrogen groups and
hydrophobic alkyl chains, may enable interactions with bacterial membranes, potentially contributing to membrane perturbation and leakage of intracellular
components [31]. The presence of diketopiperazines as minor components may indicate a supportive or secondary contribution to the overall activity rather
than a dominant role in the active fractions. In addition, detection of D-allose across moderately active fractions may suggest a possible association with
metabolically active fractions, although its direct functional role remains speculative.

Regarding the n-butanol-phase crude extracts, antibacterial activity did not show a clear correlation with total peak abundance. Instead, the frequent
detection of diketopiperazine (DKP) derivatives, particularly cyclo (Pro-Leu), in the most active fractions suggests a potential association between these
cyclic dipeptides and the observed antibacterial activity in Z. mobilis strains, especially ZM6. DKPs have been reported to exhibit antibacterial and antibiofilm
activities, potentially through membrane interactions and modulation of cellular signaling processes [32, 33]. It should be noted that DKPs may also form
artifactually during sample processing or GC–MS analysis through cyclization of dipeptides. However, their repeated detection across multiple bioactive
fractions supports the possibility that they may represent genuine metabolites in addition to potential analytical artifacts. The detection of β-carboline
compounds, although at low relative abundance, suggests that minor heterocyclic compounds may also contribute to antibacterial activity. β-carbolines have
been reported to exhibit biological activities, including potential effects on bacterial efflux systems [34, 35].
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The absence of a measurable effect under normal conditions suggests that Z. mobilis extracts do not significantly alter glucose metabolism under
physiologically balanced conditions and do not excessively enhance basal insulin-responsive pathways. In contrast, restoration of glucose uptake under
insulin-resistant conditions suggests that the extracts may selectively improve glucose utilization under pathological metabolic states, acting more as
metabolic modulators rather than direct insulin mimetics. This observation is particularly relevant in the context of dexamethasone-induced insulin
resistance, which is widely used as an in vitro model of type 2 diabetes due to suppression of glucose transport pathways [36]. The strong activity observed
in the ZM6 water-phase crude extract is consistent with its chemical profile. GC–MS analysis identified a relatively high abundance of D-allose in this
fraction, a rare sugar previously reported to be associated with modulation of glucose metabolism and insulin-related pathways [37]. This supports the
possibility that D-allose may be associated with the observed improvement in glucose uptake under insulin-resistant conditions [38]. In addition, the presence
of primary metabolites such as glycerol and other carbohydrate-derived compounds suggests that the observed bioactivity may not be attributable to a
single compound but rather to a combined metabolic effect [39].

Although a canonical glycerol-3-phosphatase (GPP) is not explicitly annotated in the ZM4 genome, as confirmed by database analysis, the dephosphorylation
of glycerol-3-phosphate may be mediated by non-specific or promiscuous phosphatase activities, as previously suggested in similar systems. This may help
explain the detection of glycerol-related metabolites despite the absence of a dedicated GPP gene. These genes, as well as the Entner–Doudoroff (ED)
pathway, are highly conserved in Z. mobilis [40, 41]. In addition, rare sugars such as D-allose are not typically encoded by dedicated biosynthetic gene
clusters in bacteria; therefore, their formation may plausibly arise from promiscuous enzymatic activities within central carbon metabolism, particularly
within the ED network. However, this interpretation remains speculative and requires experimental validation.

The biosynthesis of the Schiff base 2-methyl-N-(2-methylbutylidene) butan-1-amine cannot be fully explained by canonical Ehrlich pathway enzymes in Z.
mobilis. While branched-chain aminotransferases are present, previous studies have reported that pyruvate decarboxylase (PDC: ZMO1360) exhibits limited
substrate flexibility toward bulky branched keto acids. Kinetic analyses showed that wild-type PDC preferentially utilizes short-chain substrates such as
pyruvate, with negligible activity toward sterically hindered 2-keto acids [42]. This suggests that aldehyde intermediates may arise through non-enzymatic
reactions, such as Strecker-type degradation during fermentation or extraction, followed by spontaneous Schiff base formation. However, this remains a
hypothesis and requires further validation.

In contrast, no clear genetic evidence was found supporting canonical biosynthetic routes for diketopiperazines or β-carbolines. These compounds are
typically associated with cyclodipeptide synthases, non-ribosomal peptide synthetases, or tryptophan decarboxylases, none of which were detected in the
ZM4 genome [43, 44]. This suggests that their formation in Z. mobilis may involve non-canonical, highly divergent, or currently uncharacterized biosynthetic
mechanisms. Multifunctional or sequence-divergent enzymes, potentially similar to McbB-like proteins, may contribute to these transformations [45].
However, the current genomic data are insufficient to definitively assign these biosynthetic pathways. Therefore, isotopic labeling and transcriptomic
approaches will be required to clarify the metabolic origins of these secondary metabolites.

Limitations
This study provides valuable insights into the antibacterial and antidiabetic potential of secondary metabolites derived from Z. mobilis, however, several
limitations must be acknowledged. First, the biological evaluations were conducted using crude extracts and partially purified HPLC fractions rather than
isolation of pure compounds. Although GC–MS tentatively identified putative bioactive molecules, such as cyclo (Pro-Leu), β-carbolines, and D-allose, the
direct attribution of the observed bioactivities to these individual compounds remains to be experimentally validated using purified compounds or authentic
standards. Second, the experimental models utilized in this study were strictly in vitro. The antibacterial effectiveness was evaluated using disk diffusion and
microbroth dilution assays, and the antidiabetic potential was assessed via glucose uptake in dexamethasone-induced insulin-resistant L6 rat myotubes.
While these serve as strong preliminary screening models, they do not account for the complex pharmacokinetics, bioavailability, and potential toxicity of
these active metabolites within a living organism. Therefore, in vivo animal studies are required to confirm the physiological relevance, safety, and therapeutic
index of these extracts. Third, the GC-MS analysis was semi-quantitative, calculating the relative abundance of metabolites based on total ion
chromatograms. A targeted, fully quantitative metabolomic approach including internal standards would provide a more precise concentration profile of the
active compounds. Finally, a significant barrier encountered in this study was the difference between the metabolomic profile and the in silico genomic
predictions. Despite the detection of diketopiperazines, genomic analysis of the reference ZM4 strain failed to identify canonical biosynthetic gene clusters
(BGCs), such as cyclodipeptide synthases or non-ribosomal peptide synthetases. As a result, the exact biosynthetic pathways responsible for the production
of these secondary metabolites could not be fully elucidated. Future research should prioritize transcriptomic analyses, gene knockout studies, and the
screening of isolated, pure compounds in in vivo models to definitively map these uncharacterized biosynthetic mechanisms and validate their clinical
potential.

Conclusion
In summary, this study highlights the bioactive potential of Zymomonas mobilis ZM6 as a potential source of extracellular metabolites with antibacterial and
antidiabetic activities. Through bioassay-guided fractionation, we demonstrated that ZM6 n-butanol extracts exhibit inhibitory activity against a range of
bacterial strains, including multidrug-resistant (MDR) isolates, while the water-phase extracts, enriched in D-allose-associated fractions, enhanced glucose
uptake in insulin-resistant L6 myotubes.

However, a discrepancy was observed between the bioactivity profiles and the available genomic annotations, which do not fully account for the biosynthesis
of several detected metabolites. This suggests the possibility of non-canonical or currently uncharacterized metabolic pathways in Z. mobilis. Future studies
employing stable isotope labeling (¹³C-glucose), targeted metabolomics, and multi-omics approaches will be required to validate de novo biosynthesis and
exclude potential contributions from media-derived compounds.
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Overall, these findings support the potential of Z. mobilis as a microbial source of bioactive metabolites relevant to both metabolic regulation and
antimicrobial applications.
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Figures

Figure 1

Heatmap of the antibacterial sensitivity profile of Z. mobilis crude extracts against 14 pathogenic bacteria. The heatmap displays the inhibition zone
diameters (mm) produced by water phase and n-butanol extracts from three Z. mobilis strains (ZM4, ZM401, and ZM6). The color intensity represents the
magnitude of the inhibition zone, with darker colors indicating higher antibacterial activity. Statistical significance compared to the negative control is
denoted by asterisks within the cells: *p < 0.05; **p < 0.01; ***p < 0.001. Note: The positive control (enrofloxacin, 50 μg mL⁻¹) exhibited distinct inhibition zones
(> 30 mm) against most tested strains; however, these data were excluded from the heatmap to optimize the visual resolution of the extract activities (6–14
mm).  

Page 16/19



Figure 2

HPLC chromatograms of water-phase crude extracts from Zymomonas mobilisstrains (ZM4, ZM401, and ZM6) showing peak fractionation profiles used for
subsequent activity-guided analysis.Chromatograms illustrate strain-dependent differences in the number and distribution of detectable peaks withinthe
polar metabolite fraction. The major peaks were collected and labeled WP1–WP6. ZM6 exhibited a higher number of resolvable peaks compared to ZM4 and
ZM401, suggesting a broader diversity of polar metabolites. These fractionation profiles served as the basis for downstream antibacterial activity assays and
compound identification. (*WP1: water phase peak number 1).
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Figure 3

HPLC chromatograms of n-butanol phase crude extracts from Zymomonas mobilis strains (ZM4, ZM401, and ZM6) showing peak fractionation profiles
used for downstream compound analysis. Chromatograms revealed strain-dependent differences in the number and distribution of peaks within the n-
butanol extract, with ZM6 exhibiting the highest number of resolvable peaks (BP1–BP11), followed by ZM401 (9 peaks) and ZM4 (7 peaks). Labeled peaks
indicate fractions collected for subsequent compound identification and the literature-based evaluation of potential antibacterial relevance (Table 3). (*BP1:
n-butanol phasepeak number 1).
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Figure 4

Antidiabetic activity of Z. mobilis crude extracts on glucose consumption in dexamethasone-induced insulin-resistant L6 rat myotubes. (A) Glucose
consumption following treatment with n-butanol extracts (ZM4-B, ZM401-B, and ZM6-B) at a concentration of 400 μg mL⁻¹. (B) Glucose consumption
following treatment with water-phase crude extracts (ZM4-W, ZM401-W, and ZM6-W) at a concentration of 400 μg mL⁻¹. NC represents the normal basal
control, and DEX PC represents the dexamethasone-induced insulin-resistant control. Data are presented as mean ± SD. Significance level: * p < 0.05; *** p <
0.001 vs. DEX PC control.
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