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A B S T R A C T

Many environmentally relevant microorganisms remain uncultured or insufficiently characterized, limiting the 
discovery of strains with functional potential for bioelectrochemical applications. Although sodium acetate, 
glucose, and other carbon sources are commonly used for microbial enrichment, the use of sodium lactate as a 
defined single carbon source provides a selective strategy for enriching lactate-utilizing microorganisms with 
potential bioelectrochemical relevance. Therefore, this study developed a sodium lactate-based enrichment 
strategy for isolating microbial strains from environmental samples and evaluating their bioelectricity-generation 
potential in bioelectrochemical systems. Bacterial isolates were identified by 16S rRNA gene sequencing. The 
sediment-inoculated bioelectrochemical system achieved a peak current density of 14.77 μA cm − 2 , and 20 
bacterial strains were isolated, whereas the organic fertilizer-inoculated BES produced 7.91 μA cm − 2 and yielded 
seven isolates. Additionally, 5, 2, and 1 strains were isolated from soil, sediment, and wastewater, respectively. 
Among the tested strains, Aeromonas eucrenophila AS-26 and Paracidovorax citrulli AS-12 exhibited the highest 
current densities of 2.18 and 2.10 μA cm − 2 , respectively, with corresponding anode biofilm protein contents of 
227.59 and 162.41 mg. These findings demonstrate that the sodium lactate-based enrichment method provides 
an effective approach for recovering environmental microorganisms with potential applications in bio-
electrochemical systems.

1. Introduction

Microorganisms play a key role in modern biotechnology and are 
extensively utilized in the production of bioenergy and biofuels (Vibha 
and Neelam, 2012). However, most microbial strains in natural envi-
ronments have not yet been isolated, and their specific functions are 
poorly understood. Bioelectrochemical systems (BESs) utilize mixed 
microbial inoculum from sources such as wastewater, soil, sediments, 
and anaerobic sludge. These microbial communities work together to 
break down complex organic substrates (Beecroft et al., 2012; Sciarria 
et al., 2019; Stratford et al., 2014). Nevertheless, the complexity of 
these communities makes it difficult to fully understand their dynamics 
and the specific roles of individual species in substrate oxidation and 
electron transfer, thereby limiting their effective application in targeted 
biotechnological processes. To overcome this limitation, increasing

attention has been given to the use of defined cultures (Cao et al., 2019), 
which offer a more controlled alternative to complex consortia and 
enable more predictable performance (Aiyer, 2021).

Microbial interactions in anaerobic environments, such as sludge, 
sediments, and wastewater, can be synergistic (Venkataraman et al., 
2011), antagonistic (Powers et al., 2015), or neutral (Read et al., 
2010), which complicates their characterization. This complexity 
poses a major challenge in BES research, particularly in isolating func-
tional strains and identifying suitable carbon sources for their growth 
and activity (Qiu et al., 2022; Yu et al., 2022). Defined substrates can 
help overcome this limitation by selectively promoting microbial 
growth while enriching desired metabolic traits, serving as both nutri-
ents and electron donors. Conventional microbial isolation methods 
primarily focus on supporting microbial growth and maximizing the 
recovery of culturable microorganisms, rather than selectively enriching
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strains with specific functional traits. Therefore, the use of a defined 
carbon source such as sodium lactate provides a function-oriented 
enrichment strategy for selectively enriching microorganisms with 
desired metabolic capabilities. For example, lactate supplementation 
facilitated the isolation of butyrate-producing bacteria from swine feces 
(Liu et al., 2007), while citrate or glycerol-enriched electroactive pop-
ulations in single-substrate systems (Zhang et al., 2020). Similarly, 
substances such as acetate, lactate, or glucose have been associated with 
improved microbial fuel cell performance (Sarmin et al., 2021), high-
lighting the importance of substrate selection in the bioelectrochemical 
process. In addition to substrate-based enrichment, selective media have 
been developed specifically for the isolation of exoelectrogenic micro-
organisms. Nazeer and Fernando (2022) developed an MnO 2 chromo-
genic growth and isolation medium that selectively supported 
exoelectrogenic bacteria and differentiated them through MnO 2 reduc-
tion associated color change. These findings demonstrate the potential 
function-oriented enrichment and selective cultivation strategies for 
recovering microorganisms with extracellular electron transfer (EET) 
capabilities for complex microbial communities.

Most studies investigating the isolation of microorganisms for 
bioelectricity generation have used substrates such as sodium acetate 
(Christgen et al., 2023; Zhou et al., 2024), glucose (Raut et al., 2025) and 
other carbon sources. In the present study, sodium lactate was instead 
used as the primary enrichment substrate to isolate lactate-utilizing 
microbial strains from diverse environmental samples, including soil, 
sediment, wastewater, and BESs. For pure culture isolation from BESs, 
samples derived from organic fertilizer and sediment were enriched in 
media containing sodium lactate or sodium acetate as the primary car-
bon source. Bioelectrochemical performance data were used to guide the 
isolation of dominant strains, which were obtained from anode biofilms 
and identified based on their electricity generation capacity of the 
inoculum sources. This integrated approach provides insights into the 
cultivation of functional microbial strains and enables future co-culture 
strategies with dominant sodium lactate utilizing microorganisms such 
as Shewanella oneidensis MR-1 and others, under the same substrate 
conditions to investigate microbial interaction and their effects on 
bioelectricity generation.

2. Materials and methods

2.1. Reagents and chemicals

All chemicals and reagents used in this study were of analytical grade 
(purity >98%) and were purchased from Aladdin Industrial Corporation 
Co., Ltd., China.

2.2. Sample collection

Ten grams of soil and sediment samples were collected from Jimei 
District in Xiamen City, Fujian Province, and the Institute of Urban 
Environment, Chinese Academy of Sciences, respectively. Wastewater 
samples were aseptically collected in 150 mL sterile screw-cap bottles 
from the Institute's facilities. Commercially available organic fertilizer 
was obtained from local suppliers. All samples were collected in pre-
sterilized bags, transported immediately to the laboratory, and stored 
at 4 ◦ C to preserve microbial viability before processing (De La Cruz-
Noriega et al., 2023; Fayad et al., 2022; Jiang et al., 2016).

2.3. Primary bacterial screening from soil, sediment, and wastewater

One gram of soil (1% w/v), one gram of sediment (1% w/v), and 1 mL 
of wastewater (1% v/v) were separately mixed with 100 mL of sterile 
distilled water in three flasks and thoroughly homogenized. A 1 mL 
aliquot of the mixture was then transferred to a culture medium con-
tained 50 mM phosphate buffer solution (pH 7.0) with the following 
components (g L − 1 ): 10.32, Na₂HPO₄⋅12H₂O; 3.32, NaH₂PO₄⋅2H₂O; 0.31,

NH₄Cl; 0.13, KCl; 10 mM sodium lactate, 1 mL of trace mineral solution 
(containing per liter: 1.5 g NTA, 0.1 g MnCl 2 ⋅4H 2 O, 0.3 g FeSO 4 ⋅7H 2 O, 
0.17 g CoCl 2 ⋅6H 2 O, 0.1 g ZnCl 2 , 0.04 g CuSO 4 ⋅5H 2 O, 0.005 g ALK(SO 4 ) 
2⋅12H 2 O, 0.005 g H 3 BO 3 , 0.09 g Na 2 MoO 4 , 0.12 g NiCl 2 , and 0.02 g 
NaWO 4 ⋅2H 2 O), and 1 mL of vitamin solution (containing per liter: 0.005 
g 4 Aminobenzoic acid (Folate), 0.001 g D (+) biotin (Vitamin H), 0.01 g 
Nicotinic acid (Vitamin B3), 0.0025Ca-D (+) pantothenate (Vitamin 
B5), 0.025 g Pyridoxamine dihydrochloride (Vitamin B6), 0.005 g 
Thiaminum dichloride (Vitamin B1), 0.005 g Cyanocobalamin (Vitamin 
B12). The culture was incubated aerobically at 30 ◦ C with a rotatory 
shaker at 150 rpm for 24 h to promote bacterial growth. A series of di-
lutions was made to reduce the number of cells in the samples (Jalal
et al., 2005). Serial dilutions labeled as 10 − 1 , 10 − 2 , 10 − 3 , 10 − 4 , 10 − 5 ,
10 − 6 , and 10 − 7 were prepared by transferring 1 mL of the homogenized 
sample into sterile test tubes containing 9 mL of normal saline (0.9% 

NaCl) and mixing thoroughly. An aliquot of 0.1 mL suspension from 

10 ¡5 , 10 − 6 , and 10 − 7 dilutions was poured on the surface of respective 
sterile agar plates in the petri dishes containing per liter: 10 mM sodium 

lactate, 10.32 g of Na 2 HPO 4 ⋅12H 2 O, 3.32 g of NaH 2 PO 4 ⋅2H 2 O, 0.31 g of 
NH 4 Cl, 0.13 g of KCl, and trace minerals solution), and 15 g of agar 
powder, and was evenly spread using an L-shaped rod in triplicate. 
Plates were incubated aerobically at 30 ◦ C for 24 h in an inverted po-
sition (Mukherjee and Doyle, 2025; Sankari et al., 2020).

2.4. Screening of microbial isolates from anode biofilm in BES

2.4.1. Preparation of microbial inoculum and culture media
The inoculum sources were organic fertilizer (50 g), sediment (50 g), 

and wastewater (50 mL), which were separately homogenized in 50 mM 

phosphate buffer g L − 1 (10.32 Na₂HPO₄⋅12H₂O; 3.32 NaH₂PO₄⋅2H₂O) 
and then sieved through laboratory gauze to use as inoculum. Two 
culture media were prepared with different carbon sources: 10 mM so-
dium lactate or 10 mM sodium acetate, 50 mM phosphate buffer solution 
(Na 2 HPO 4 ⋅12H 2 O, 10.32 g L − 1 ; NaH 2 PO 4 ⋅2H 2 O, 3.32 g L − 1 ; NH 4 Cl, 0.31 
g L − 1 ; KCl, 0.13 g L − 1 ; trace minerals and vitamins). The medium was 
purged with nitrogen gas for 30 min to remove the dissolved oxygen (Wu 
et al., 2020).

2.4.2. Operation of BES for isolation
A single-chamber BES (Fig. S1) with a total volume of 120 mL and an 

effective working volume of 100 mL was operated using a three-
electrode system configuration. Carbon felt 2 cm × 2 cm, 2 cm × 3 
cm, and Ag/AgCl served as working, counter, and reference electrodes, 
respectively (Xiao et al., 2021). A 20% (v/v) inoculum volume was 
transferred into the BES and operated for 10 days (240 h) using an 8-
channel CHI1000C potentiostat (CHI Inc., Shanghai, China) and 
continuously monitored via a computer. Based on the bioelectricity 
production performance of the inoculum, several strains were isolated.

2.4.3. Preliminary screening of biofilm isolates
Biofilms with a size of 1 cm × 1 cm were dispersed in 50 mL of ul-

trapure water (You et al., 2018). Serial dilutions were made with ster-
ilized water labeled as 10 − 1 , 10 − 2 , 10 − 3 , 10 − 4 , 10 − 5 , 10 − 6 and 10 − 7

were prepared (Jiang et al., 2018). An aliquot of 0.1 mL from the 10 − 5 ,
10 − 6 , and 10 − 7 dilutions was spread onto sterile agar plates containing 
per liter: 10 mM sodium lactate, 10.32 g of Na 2 HPO 4 ⋅12H 2 O, 3.32 g of 
NaH 2 PO 4 ⋅2H 2 O, 0.31 g of NH 4 Cl, 0.13 g of KCl, 20 g of agar powder, and 
trace metal solution and were streaked using an L-shaped rod and 
incubated aerobically at 30 ◦ C for 24 h in an inverted position (Neetha 
et al., 2021).

2.5. Identification of bacterial isolates

After incubation, colonies appearing on the plates were selected for 
secondary screening of pure cultures. Pure cultures were obtained 
through repeated rounds of streaking for testing (Mishra et al., 2019;
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Mukherjee and Doyle, 2025; Mulamattathil et al., 2014). The single 
morphological bacterial colony was transferred separately to another 
0.8 mL of culture medium containing 50 mM phosphate buffer (pH 7.0) 
with the following components (g L − 1 ): 10.32, Na₂HPO₄.12H₂O; 3.32, 
NaH₂PO₄.2H₂O; 0.31, NH₄Cl; 0.13, KCl; 10 mM sodium lactate, 1 mL of 
trace mineral solution, and 1 mL of vitamin solution by means of inoc-
ulation loop. The culture was incubated aerobically at 30 ◦ C in a rotary 
shaker at 150 rpm, and microbial growth was observed within ~48 h 
(Silva et al., 2020; Zhang et al., 2022).

2.5.1. PCR amplification and sequencing of the 16S rRNA gene
The 16S rRNA genes were amplified by polymerase chain reaction 

(PCR) using an Eppendorf Mastercycler Gradient. Universal primers 27F 
(5′-AGA GTT TGA TCC TGG CTC AG-3′) and 1492R (5′-TAC GGC TAC 
CTT GTT ACG ACT T-3′) were used as forward and reverse primers, 
respectively (Hamzah et al., 2020; Zhou et al., 2024). Each 50 μL PCR 
mixture contained 1 μL of DNA, 0.2 μL of each primer solution, 25 μL of 
Taq polymerase, and 23.6 μL of Millipore-filtered water. The mixture 
was centrifuged for 5 min before amplification. PCR was performed with 
an initial denaturation at 95 ◦ C for 3 min, followed by 30 cycles of 
denaturation at 95 ◦ C for 20 s, annealing at 55 ◦ C for 20 s, and extension 
at 72 ◦ C for 30 s. The reaction was completed with a final extension at 
72 ◦ C for 5 min. The 16S rRNA gene of each isolate was purified and 
sequenced by the Biosune Biotechnology Co., Ltd. (Shanghai, China).

2.5.2. Preservation of cultures
The purified strains were initially activated in Luria-Bertani (LB) 

medium and incubated aerobically at 30 ◦ C in a rotary shaker at 150 
rpm. One milliliter of each bacterial culture was aseptically mixed with 
an equal volume of sterile 50% glycerol in cryogenic vials, and the 
suspensions were cryopreserved at − 80 ◦ C for experimental use (Hu 
et al., 2022; Li et al., 2025).

2.5.3. Phylogenetic analysis
Phylogenetic trees were constructed in MEGA 11 using the Neighbor-

Joining method to infer evolutionary history (Saitou and Nei, 1987). 
Homologous DNA sequences were retrieved using the National Center 
for Biotechnology Information (NCBI) Basic Local Alignment Search 
Tool (BLAST) 16S ribosomal RNA (Bacteria and Archaea) database. 
Pairwise sequence alignment was performed using ClustalW. The 
Maximum Composite Likelihood method (Tamura et al., 2004) was used 
to compute evolutionary distance in the units of number of base sub-
stitutions per site. The optimal tree was constructed using bootstrap 
support (1000 replicates) (Felsenstein, 1985). The analysis included 16 
nucleotide sequences, comprising the target strain and 15 closely related 
strains. All ambiguous positions were removed for each sequence pair 
(pairwise deletion option). Finally, the 16S rRNA gene sequences of the 
isolates were submitted to the NCBI GenBank database, where they were 
assigned unique accession numbers for future reference and public 
accessibility.

3. Evaluation of bioelectricity generation by monocultures in 
BES

3.1. Strains and cultivation conditions

Strains Staphylococcus saprophyticus AS-1 (S. saprophyticus AS-1), 
Pantoea endophytica AS-2 (P. endophytica AS-2), Scandinavium goete-
borgense AS-3 (S. goeteborgense AS-3), Staphylococcus succinus AS-4 
(S. succinus AS-4), Staphylococcus succinus AS-5 (S. succinus AS-5), 
Staphylococcus epidermidis AS-6 (S. epidermidis AS-6), Staphylococcus 
edaphicus AS-7 (S. edaphicus AS-7), Enterobacter quasiroggenkampii AS-8 
(E. quasiroggenkampii AS-8), Pseudomonas guariconensis AS-9 
(P. guariconensis AS-9), Paenacidovorax caeni AS-10 (P. caeni AS-10), 
Simplicispira metamorpha AS-11 (S. metamorpha AS-11), Paracidovorax 
citrulli AS-12 (P. citrulli AS-12), Ralstonia syzygii AS-13 (R. syzygii AS-13),

Pseudomonas guezennei AS-14 (P. guezennei AS-14), Comamonas composti 
AS-15 (C. composti AS-15), Comamonas composti AS-16 (C. composti AS-
16), Cupriavidus lacunae AS-17 (C. lacunae AS-17), Microbacterium olei-
vorans AS-18 (M. oleivorans AS-18), Comamonas terrigena AS-19
(C. terrigena AS-19), Enterobacter soli AS-20 (E. soli AS-20), Citrobacter 
pasteurii AS-21 (C. pasteurii AS-21), Delftia rhizosphaerae AS-22
(D. rhizosphaerae AS-22), Delftia acidovorans AS-23 (D. acidovorans AS-
23), Delftia acidovorans AS-24 (D. acidovorans AS-24), Meta-
pseudomonas otitidis AS-25 (M. otitidis AS-25), Aeromonas eucrenophila 
AS-26 (A. eucrenophila AS-26), Pseudomonas guezennei AS-27 
(P. guezennei AS-27), Comamonas terrigena AS-28 (C. terrigena AS-28), 
Priestia megaterium AS-29 (P. megaterium AS-29), Priestia aryabhattai 
AS-30 (P. aryabhattai AS-30), Lysinibacillus cavernae AS-31 (L. cavernae 
AS-31), Microbacterium jejuense AS-32 (M. jejuense AS-32), Delftia rhi-
zosphaerae AS-33 (D. rhizosphaerae AS-33), Comamonas fluminis AS-34
(C. fluminis AS-34), and Stenotrophomonas beteli AS-35 (S. beteli AS-35) 
are the isolated strains used for this experiment.

All isolated strains employed in this study were maintained as 
refrigerated cultures. All strains were resuspended before use, and 
initially cultured aerobically in LB medium composed of 10 g L − 1 

tryptone, 5 g L − 1 yeast extract, and 10 g L − 1 NaCl adjusted to 7.0 pH 
with NaOH or HCl before sterilization. Cultures were incubated at 30 ◦ C 
in a rotary shaker at 150 rpm until the late stationary phase. Cells were 
harvested by centrifugation at 5000 xg for 5 min at 4 ◦ C and washed 
three times with sterile 50 mM phosphate-buffered saline (PBS). The 
supernatant was discarded, and the cells were resuspended in the me-
dium required for the subsequent experiments. The 2 mL cell suspen-
sions were then transferred into an anaerobic medium containing (per 
liter): 10.32 g Na 2 HPO 4 ⋅12H 2 O, 3.32 g NaH 2 PO 4 ⋅2H 2 O, 0.31 g NH4Cl, 
0.13 g KCl, 20 mM sodium lactate serving as the primary carbon source 
and electron donor, 10 mL trace mineral solution, after autoclaving, 
filter-sterilized casamino acids (0.002%), 0.1 g CaCl 2 ⋅2H 2 O, 0.1 g 
MgSO 4 ⋅7H 2 O, and 1 mL vitamin solution were added. The vitamin so-
lution was prepared according to previously described methods (Cao 
et al., 2023).

3.2. BES configuration and operation conditions

A three-electrode configuration was employed as a BES to evaluate 
bioelectricity generation by a single strain culture. All experiments were 
carried out under anaerobic conditions. Each three-electrode system 

consisted of a carbon felt working electrode (2 cm × 2 cm), carbon felt 
counter electrode (2 cm × 3 cm), and Ag/AgCl as the reference electrode 
(Saturated KCl from Shanghai Chenhua Company, China). The carbon 
felt electrodes, obtained from Gansu Haoshi Carbon Fibre Co Ltd., China 
were rinsed with acetone, cleaned with absolute ethanol, and stored in 
deionized water before use. Each electrochemical cell had a total volume 
of 120 mL and contained approximately 100 mL of sterilized culture 
medium as the working electrolyte. Each BES reactor was operated 
under continuous magnetic stirring at 50 rpm.

For each operation cycle, thirty-six groups of three-electrode system 

were operated, including one abiotic control without inoculation and 
the remaining system inoculating with strains S. saprophyticus AS-1, 
P. endophytica AS-2, S. goeteborgense AS-3, S. succinus AS-4, S. succinus 
AS-5, S. epidermidis AS-6, S. edaphicus AS-7, E. quasiroggenkampii AS-8, 
P. guariconensis AS-9, P. caeni AS-10, S. metamorpha AS-11, P. citrulli 
AS-12, R. syzygii AS-13, P. guezennei AS-14, C. composti AS-15,
C. composti AS-16, C. lacunae AS-17, M. oleivorans AS-18, C. terrigena 
AS-19, E. soli AS-20, C. pasteurii AS-21, D. rhizosphaerae AS-22,
D. acidovorans AS-23, D. acidovorans AS-24, M. otitidis AS-25, 
A. eucrenophila AS-26, P. guezennei AS-27, C. terrigena AS-28, 
P. megaterium AS-29, P. aryabhattai AS-30, L. cavernae AS-31, 
M. jejuense AS-32, D. rhizosphaerae AS-33, C. fluminis AS-34, and 
S. beteli AS-35. The cultivation temperature was maintained at 30 ◦ C 
during the experiment, and the potential of the working electrode was 
set at +0.2 V (vs. Ag/AgCl) using an 8-channel CHI1000C potentiostat
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(CHI Inc., Shanghai, China), monitored by a computer.

4. Measurement of anode-attached biomass and biofilm 

visualization

4.1. Measurement of anode-attached biomass by the BCA assay

Anode-attached biomass was determined based on protein content 
using the bicinchoninic acid (BCA) assay. At the peak bioelectricity 
generation time, the anodes were collected from the BES reactors. The 
collected working electrodes were transferred into 50 mL centrifuge 
tube containing 5 mL phosphate buffer saline (PBS; 8 g L − 1 of NaCl, 0.2 
g L − 1 of KCl, 1.42 g L − 1 of Na₂HPO₄, and 0.24 g L − 1 of KH 2 PO 4 , pH ≈ 7.4) 
and vortexed for 2–3 min to detach and resuspend the biofilm cells from 

the working electrode surface. The biofilm suspension (1 mL) was 
centrifuged at 13,000 ×g for 5 min, and the collected cell pellets were 
stored at − 20 ◦ C for 3 h. After a few minutes, 150 μL of 0.1 M NaOH was 
added to the pellets, followed by incubation in a water bath at 90 ◦ C for 
15 min to extract proteins. The samples were then cooled to room 

temperature for 15 min and centrifuged at 8000 ×g for 20 min. The 
protein concentration in the supernatant was determined using a BCA 
Protein Assay Kit (BOSTER, Wuhan, China) according to the manufac-
turer's instructions. Anode-attached biomass was estimated based on 
protein content calculated from a standard curve of protein concentra-
tion versus absorbance at 562 nm, measured using a microplate reader 
(SpectraMax M5, Molecular Devices), following a modified previously 
reported method (Dantanarayana et al., 2025; Tang et al., 2024).

4.2. Anode-attached biofilm visualization by scanning electron 
microscopy

The anode carbon felts were collected from the BES reactors, fixed 
with 2.5% glutaraldehyde, and stored at 4 ◦ C for 4 h. The samples were 
subsequently dehydrated using a series of ethanol solutions (30%, 50%, 
70%, 80%, 90%, and 100%; the final concentration was repeated twice) 
for 10 min each, followed by vacuum drying overnight. The dried carbon 
felts were cut into suitable sizes, mounted on SEM metal stubs using 
conductive tape, and sputter-coated with platinum prior to SEM

observation. The anode biofilm morphology was observed using scan-
ning electron microscopy (SEM; S-4800, Hitachi) at an accelerating 
voltage of 3 kV (Han et al., 2024; Rosenbaum et al., 2011; Sarmin et al., 
2021; Tang et al., 2024).

5. Results and discussion

5.1. Isolation of microbial strains from soil, sediment, and wastewater

Through repeated streaking on sodium lactate-enriched agar me-
dium, eight bacterial strains were successfully isolated from diverse 
environmental sources. BLAST analysis of 16S rRNA gene sequences 
identified a diverse set of bacterial strains originating from soil, sedi-
ment, and wastewater samples (Table 1). Soil-derived isolates were 
predominantly affiliated with the genus Staphylococcus, including 
strains S. saprophyticus AS-1, S. succinus (AS-4 and AS-5), S. epidermidis 
AS-6, and S. edaphicus AS-7, showing high sequence similarity 
(98.27–99.93%). Two isolates obtained from the sediment were identi-
fied as P. endophytica AS-2 and S. goeteborgense AS-3, each showing more 
than 98% sequence identity to known reference strains. The wastewater-
derived isolates, such as E. quasiroggenkampii AS-8, showed a high sim-
ilarity with its closest reference strain. The phylogenetic relationships of 
the isolated strains are further illustrated in the supplementary infor-
mation (Fig. S2).

5.2. Bioelectricity generation of organic fertilizer and sediment derived 
inocula, and isolation of microbial strains from BESs

As shown in Fig. 1a and b, BESs inoculated with mixed microflora 
demonstrated current generation associated with both anode-attached 
biofilms and planktonic cells. Among the tested inocula and carbon 
sources, the sediment inoculum cultured with sodium lactate (SL) ach-
ieved the highest electrochemical performance, reaching a peak current 
density of 14.77 μA cm − 2 at 192 h and an average current density of 
4.14 μA cm − 2 . In comparison, the organic fertilizer inoculum cultured 
with sodium lactate (OFL) reached a peak current density of 7.91 μA 
cm − 2 at 120 h, whereas the organic fertilizer inoculum cultured with 
sodium acetate (OFA) exhibited a lower peak current density of 3.72 μA

Table 1
Identification of bacterial isolates from soil, sediment, and wastewater based on BLAST analysis of 16S rRNA gene sequences and phylogenetic analysis.

Source of isolation Identified bacterial strain Accession number Closest reference strain Accession number Percentage identity

Soil S. saprophyticus AS-1 PX122098 Staphylococcus saprophyticus GTC 843 T NR_041324.1 99.52
S. succinus AS-4 PX122237 Staphylococcus succinus subsp. succinus AMG-D T NR_028667.1 98.82
S. succinus AS-5 PX122239 Staphylococcus succinus subsp. succinus AMG-D1 T NR_028667.1 98.56
S. epidermidis AS-6 PX122258 Staphylococcus epidermidis Fussel T NR_036904.1 98.27
S. edaphicus AS-7 PX122260 Staphylococcus edaphicus CCM 8730 T NR_156818.1 99.93

Sediment P. endophytica AS-2 PX122226 Pantoea endophytica 596 T NR_178843.1 98.59
S. goeteborgense AS-3 PX122228 Scandinavium goeteborgense CCUG 66741 T NR_180446.1 98.80

Wastewater E. quasiroggenkamp AS-8 PX122261 Enterobacter quasiroggenkampii WCHECL1060 T NR_179166.1 99.65
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Fig. 1. Bioelectricity generation in BESs inoculated with organic fertilizer or sediment- derived inocula using lactate or acetate as carbon sources. (a, b) Current 
density profiles and average current density.
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cm − 2 at 240 h, with an average current density of 1.44 μA cm − 2 . These 
results indicate that both inoculum source and carbon substrate may 
influence current generation in the BESs. Previous studies have 
demonstrated the suitability of lactate as a substrate for the enrichment 
or growth of microorganisms with relevant respiratory and electron-
transfer capabilities. Huang et al. (2010), for example, enriched a 
lactate-fed marine sediment BES and subsequently isolated Shewanella 
marisflavi EP1. Kumar et al. (2016) also reported lactate utilization by 
Tolumonas osonensis, while (Wang et al., 2022) described lactate-fed 
bromate-reducing microbial consortia.

In addition to the possible effect of the carbon substrate, the higher 
current generation observed in the sediment-derived BES compared 
with the organic derived fertilizer BES may be associated with differ-
ences in the microbial population originating from the respective 
inocula. Sediments, particularly anaerobic sediments, can harbor mi-
croorganisms capable of EET and may therefore provide favorable 
conditions for the enrichment of electroactive population on the anode. 
Under the same isolated conditions, the sediment inoculum also yielded 
a broader diversity of culturable bacterial strains than the organic fer-
tilizer inoculum, including several genera previously associated with 
electrochemical activity in BESs, such as Aeromonas, Pseudomonas, Cit-
robacter, Enterobacter, Delftia, and Comamonas. For example, Aeromonas 
strains have been reported to perform EET, electroactive Citrobacter and 
Enterobacter strains have been isolated from microbial fuel, and Pseu-
domonas species can facilitate EET through redox-active phenazine 
compounds. Although the recovery of these genera indicates the pres-
ence of potentially electroactive microorganisms in the sediment inoc-
ulum, it does not demonstrate that these organisms were directly 
responsible for the higher current output. Previous studies have shown 
that the inoculum source can strongly influence anodic microbial com-
munity composition and BES performance, with sediment derived 
inocula in some cases exhibiting greater electricity generation than 
other environmental inocula (Ishii et al., 2017; Mei et al., 2015; Sun 
et al., 2016). Thus, the higher performance of the sediment-derived 
BES may reflect differences in the abundance or activity of electro-
active microorganisms, overall community composition, biofilm devel-
opment, or EET capability between the two inocula.

A total of 27 strains were isolated from sodium lactate-enriched BESs

(Table 2), comprising 20 from sediment and 7 from organic fertilizer 
inoculant. The sediment-derived strains are phylogenetically diverse, 
representing members of the genera Pseudomonas, Paenacidovorax, 
Simplicispira, Paracidovorax, Ralstonia, Comamonas, Cupriavidus, Micro-
bacterium, Enterobacter, Citrobacter, Delftia, and Aeromonas. All isolates 
exhibited high sequence similarity (97.00–100%) with their nearest type 
strains based on 16S rRNA gene sequence analysis. The phylogenetic 
relationships of the isolated strains are further illustrated by the indi-
vidual phylogenetic trees provided in Fig. S2. Several species were 
represented by multiple isolates, including P. guezennei (AS-14 and AS-
27), C. composti (AS-15 and AS-16), C. terrigena (AS-19 and AS-28), 
and D. acidovorans (AS-23 and AS-24). These results align with earlier 
studies reporting the enrichment of hydrolytic and lactate-utilizing 
bacteria under similar conditions (Kumar et al., 2016; Wang et al., 
2022).

5.3. Bioelectricity generation performance of monocultures in BESs

In this study, the bioelectricity production performance of diverse 
isolated microbial strains was evaluated at 60 h in BES. As shown in 
Fig. 2a and b, the abiotic control showed negligible current generation, 
with a peak current density of − 0.02 μA cm − 2 and an average current 
density of − 0.21 μA cm − 2 . The results clearly demonstrate substantial 
variability in current production among the isolates. As indicated in 
Fig. 2i and j, A. eucrenophila AS-26 and P. citrulli AS-12 exhibited the 
highest performance, with peak current densities of 2.18 and 2.10 μA 
cm − 2 , respectively, and correspondingly high mean values of 1.78 and 
1.50 μA cm − 2 , respectively. These values were higher than those of the 
other isolates. Comparable current outputs have been reported for 
Gordonia sp. RH-1 and Stutzerimonas sp. CH-1, with values of 2.19 ± 

0.46 μA cm − 2 and 1.73 ± 0.47 μA cm − 2 , respectively (Mukherjee and 
Doyle, 2025).

The relatively high electricity generation performance of 
A. eucrenophila AS-26 may be associated with its physiological charac-
teristics and capacity to participate in EET. Electrochemically active 
Aeromonas strains have previously been isolated from microbial fuel 
cells and shown to contribute to current generation (Chung and Okabe, 
2009; Pham et al., 2003), supporting the potential electroactive

Table 2
Identification of bacterial strains from sodium lactate-enriched in BES and phylogenetic analysis.

Source of isolation Identified bacterial strain Accession number Closest reference strain Closest strain accession number Percentage identity

Sediment inoculum P. guariconensis AS-9 PX122328 Pseudomonas guariconensis PCAVU11 T NR_135703.1 97.90
P. caeni AS-10 PX122329 Paenacidovorax caeni R-24608 T NR_042427.1 97.35
S. metamorpha AS-11 PX122330 Simplicispira metamorpha DSM 1837 T NR_044941.1 97.00
P. citrulli AS-12 PX122331 Paracidovorax citrulli ATCC 29625 T NR_114464.1 98.46
R. syzygii AS-13 PX122332 Ralstonia syzygii R001 T NR_025975.1 97.62
P. guezennei AS-14 PX125560 Pseudomonas guezennei RA26 T NR_114957.1 99.47
C. composti AS-15 PX122473 Comamonas composti YY287 T NR_044039.1 97.10
C. composti AS-16 PX122474 Comamonas composti YY287 T NR_044039.1 97.04
C. lacunae AS-17 PX122672 Cupriavidus lacunae S23 T NR_164934.1 98.47
M. oleivorans AS-18 PX122671 Microbacterium oleivorans BAS89 T NR_042262.1 97.67
C. terrigena AS-19 PX122677 Comamonas terrigena IMI 359870 T NR_028719.1 97.39
E. soli AS-20 PX122676 Enterobacter soli ATCC BAA-2102 T NR_117547.1 99.37
C. pasteurii AS-21 PX122682 Citrobacter pasteurii CIP 55.13 T NR_178769.1 99.45
D. rhizosphaerae AS-22 PX122684 Delftia rhizosphaerae RA6 T NR_157013.1 98.72
D. acidovorans AS-23 PX123006 Delftia acidovorans ACM 489 T NR_114466.1 99.06
D. acidovorans AS-24 PX123010 Delftia acidovorans NBRC 14950 T NR_113708.1 99.86
M. otitidis AS-25 PX123058 Metapseudomonas otitidis MCC10330 T NR_043289.1 99.93
A. eucrenophila AS-26 PX123065 Aeromonas eucrenophila NCIMB 74 T NR_118946.1 99.03
P. guezennei AS-27 PX123144 Pseudomonas guezennei RA26 T NR_114957.1 99.78
C. terrigena AS-28 PX123145 Comamonas terrigena IMI 359870 T NR_028719.1 97.21

Organic fertilizer P. megaterium AS-29 PX123150 Priestia megaterium IAM 13418 T NR_043401.1 99.17
inoculum P. aryabhattai AS-30 PX123151 Priestia aryabhattai B8W22 T NR_118442.1 100

L. cavernae AS-31 PX123158 Lysinibacillus cavernae SYSU K30005 T NR_175531.1 98.43
M. jejuense AS-32 PX123168 Microbacterium jejuense THG-C31 T NR_134085.1 98.23
D. rhizosphaerae AS-33 PX123167 Delftia rhizosphaerae RA6 T NR_157013.1 98.31
C. fluminis AS-34 PX123173 Comamonas fluminis CJ34 T NR_181645.1 97.88
S. beteli AS-35 PX123227 Stenotrophomonas beteli ATCC 19861 T NR_040804.1 99.44
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behavior of this genus. In addition, efficient utilization of the supplied electron donor may enhance intracellular electron availability for
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Fig. 2. Bioelectricity generation performance of isolated strains in BESs. Current density profile and average current densities of (a, b) the abiotic control, (c, d) soil 
derived isolates, (e, f) sediment derived isolates, (g, h) E. quasiroggenkampii AS-8 isolated from wastewater, (i, j) sediment-inoculum isolates, and (k,l) organic 
fertilizer inoculum isolates.
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subsequent transfer to extracellular electron acceptors. For example, in 
the model exoelectrogen Shewanella oneidensis MR-1, lactate metabolism 

generates intracellular reducing equivalents that can subsequently 
contribute to EET (Ishiki and Shiigi, 2019). Thus, differences in lactate 
utilization, metabolic activity, biofilm formation, and cell-electrode in-
teractions may partly account for the relatively 
high-electricity-generation performance of A. eucrenophila AS-26 and 
P. citrulli AS-12.

In contrast, several isolates exhibited low current production. For 
example, environmental sediment- derived isolates, P. endophytica AS-2 
and S. goeteborgense AS-3 showed low current densities, with peak values
of 0.08 and 0.11 μA cm − 2 and average values of 0.04 and 0.07 μA cm − 2 ,
respectively (Fig. 2e and f). Similarly, S. edaphicus AS-7 and C. lacunae 
AS-17 showed negligible current production, with peak current densities 
of 0.02 and 0.05 μA cm − 2 , respectively (Fig. 2c, d, I and j). Similarly, 
Citrobacter freundii An1 isolated from microbial fuel cell showed negli-
gible bioelectricity generation as a monoculture, with a peak current 
density below 0.2 μA cm − 2 (Xiao et al., 2021).

Several genera including Pseudomonas, Enterobacter, Comamonas, 
and Delftia showed moderate bioelectricity generation. E. quasir-
oggenkampii AS-8 produced a peak current density of 0.90 μA cm − 2 

(Fig. 2g and h). P. guezennei AS-14 and C. fluminis AS-34 exhibited peak 
current densities of 1.00 and 0.62 μA cm − 2 , respectively (Fig. 2i and j, 
and Fig. 2k and l).

5.4. Quantification of anode-attached biomass and biofilm visualization 
of selected strains

5.4.1. Quantification of anode-attached biomass in selected strains using 
the BCA assay

To further asses microbial biomass on the electrode surface, anode 
associated protein content was quantified using the BCA assay after 
pretreatment of the electrode in 0.1 M NaOH at 90 ◦ C for 15 min. A 
standard calibration curve was established as (Y = 0.0009× + 0.0979), 
with R 2 value of 0.9995. The protein contents of the anodes colonized by 
A. eucrenophila AS-26 and P. citrulli AS-12 were subsequently calculated 
from the calibration curve as shown in Fig. 3. The anode associated 
protein content of A. eucrenophila AS-26 was 227.59 mg, whereas that of 
P. citrulli AS-12 was 162.41 mg.
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Anode-associated microbial biomass is an important factor affecting 
bioelectricity generation because the formation of biofilms promotes 
microbial attachment and facilitate electron transfer to the anode. Pre-
vious studies have shown that increased active biomass on the anode 
improve microbial fuel cell performance (Li et al., 2017). A positive 
relationship between viable anode biofilm cells and power generation 
has also been reported (Ren et al., 2011). In addition, higher anode 
biomass has been associated with increased current generation under 
suitable operating conditions (Li et al., 2016).

5.4.2. Anode-attached biofilm visualization of selected strains by SEM 

SEM analysis was performed to examine bacterial attachment and 
biofilm formation on the anode surface. As shown in Fig. 4a and b, 
numerous bacterial cells were attached to the carbon felt surfaces 
colonized by A. eucrenophila AS-26 and P. citrulli AS-12. The cells were 
distributed in clusters along the electrode surface, indicating effective 
colonization and biofilm formation by both isolates. Biofilm formation 
provides close contact between microorganisms and the electrode sur-
face which can facilitate EET and contribute to bioelectricity generation 
(Saratale et al., 2017).

5.5. Study limitations and future perspectives

The present study mainly evaluates the bioelectricity generation 
performance of the isolated strains based on the current density. 
Detailed electrochemical characterization, including cyclic voltammetry 
(CV), electrochemical impedance spectroscopy (EIS), and polarization 
curves was not performed. These analyses could provide further infor-
mation on redox activity, electron transfer resistance, electrode inter-
action, and overall, the electrochemical performance. Future studies will 
therefore include these electrochemical measurements to better under-
stand the EET characteristics of the isolated strains. In addition, the 
microbial strains identified in this study provide candidates for future 
coculture studies with S. oneidensis MR-1 and other microorganism using 
lactate as a carbon source, to investigate microbial interactions and their 
effects on bioelectricity generation.

6. Conclusions

This study demonstrates the utility of sodium lactate-based enrich-
ment for recovering environmentally derived microbial strains with 
potential bioelectrochemical activity. Through sodium lactate enrich-
ment, diverse microbial strains were isolated from soil, sediment, 
wastewater, and BES, and their bioelectricity performance was evalu-
ated. These findings highlight the effectiveness of substrate-driven 
enrichment strategies for obtaining microbial strains with potential 
application in bioelectrochemical systems.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.mimet.2026.107731.
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