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High-Quality Genome Assembly, 
Metabolome, Pangenome, and 
Metabolic Models of Megasphaera 
hexanoica KCCM 43214T

Darsha Prabhaharan1,3, Seongcheol Kang1,3, Pranav Sasidharan Nair1,3, Byeoung Seong Jeon2 
& Byoung-In Sang1 ✉

Megasphaera hexanoica KCCM 43214T, isolated from cow rumen, is capable of producing medium-chain 
carboxylic acids such as hexanoate and octanoate. In this study, we present a high-quality genome 
assembly, along with intracellular metabolomic profiling and pangenomic analysis. Illumina sequencing 
generated 2.3 Gbp from 15,293,634 reads with a GC content of 49.5%, while PacBio HiFi sequencing 
produced 331.5 Mbp across 45,266 reads, with an average read length of 7,323 bp and a HiFi read N50 of 
8,214 bp. Hybrid assembly of short and long reads resulted in a single 2.88 Mbp contig, containing 2,835 
protein-coding genes. Genome-scale metabolic models were constructed to evaluate its metabolic 
capabilities under specific growth conditions. Intracellular metabolomic analysis of cells grown in 
medium containing fructose and lactate revealed key metabolic activities associated with chain 
elongation. Pangenomic analysis across nine annotated genomes identified 6,721 orthologous genes 
using OrthoMCL, emphasizing the genetic and functional diversity within the Megasphaera genus. This 
dataset offers valuable insights into the metabolism and biotechnological potential of M. hexanoica 
KCCM 43214T.

Background & Summary
The production of medium-chain carboxylic acids (MCCAs) has attracted significant interest as a sustainable 
approach to bio-based chemical synthesis. MCCAs, such as hexanoate and octanoate, serve as versatile plat-
form chemicals, finding applications in antimicrobial formulation, cosmetic, flavor, fragrance industries, and 
advanced biofuels. Recent studies have focused on the conversion of organic waste materials, such as food waste 
and agricultural by-products, into MCCAs, aiming to reduce waste and carbon emissions while generating high 
value products.

Despite growing interest in microbial production of MCCAs, the understanding of the metabolic and genetic 
mechanisms underlying MCCA biosynthesis remains limited. Megasphaera hexanoica KCCM 43214T, a bac-
terium isolated from the cow rumen, has been shown to utilize both fructose and lactate as carbon source 
for chain elongation1. Notably, this strain is capable of producing not only hexanoate but also longer chain 
carboxylic acids such as octanoate1,2. A key feature of M. hexanoica KCCM 43214T is the presence of 9 acetate 
CoA transferase (ACT) genes, which are involved in the reverse β - oxidation (rBOX) pathway and exhibit 
broad substrate specificity towards carboxylic acids3,4. During chain elongation, these ACT enzymes play a piv-
otal role by catalyzing the terminal step where they transfer the CoA moiety from an elongated acyl-CoA to a 
short-chain carboxylate, such as acetate. This crucial reaction not only releases the final MCCA product but 
also recycles the free CoA, thereby driving continuous and efficient cycles of the rBOX pathway. This enzymatic 
versatility contributes to the strains superior MCCA production capabilities. However, it remains unclear how 
the regulatory mechanisms and overall system-level metabolic fluxes, such as intracellular carbon routing from 
diverse substrates like fructose and lactate differ from those of other chain elongating bacteria. Furthermore, the 
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genetic distinctions and evolutionary metabolic adaptations of this strain relative to other diverse members of 
the Megasphaera genus have not been systematically characterized. To bridge this specific knowledge gap, in this 
study, we present a hybrid genome assembly, comprehensive functional annotations, genome scale metabolic 
models (GSMMs), pangenomic comparison, and intracellular metabolomic profiling of M. hexanoica KCCM 
43214T, providing new insights into its metabolic potential and paving the way for its application in biotechno-
logical processes. The genomic DNA (gDNA) from the active culture was sequenced using Illumina and PacBio 
HiFi technologies. Illumina sequencing generated high-quality paired-end reads, while PacBio sequencing pro-
duced HiFi reads suitable for long-read assembly. Together, these datasets provided reliable sequencing data for 
downstream genome assembly and analysis. Genome assembly of M. hexanoica KCCM 43214T was performed 
using SPAdes5,6 for Illumina data, Flye7 for PacBio data, and Unicycler8,9 for hybrid integration. The SPAdes 
assembly yielded 2,766 genes across 24 contigs, while Flye assembly produced a single contig of 2,882,543 bp 
with 2,800 genes. The Unicycler hybrid assembly resulted in a single contig of 2,882,434 bp with 2,801 genes. 
All assemblies were annotated using Prokaryotic Genome Annotation System -v1.14.5 (PROKKA)10 and Rapid 
Annotations using Subsystems Technology - v1.073 (RAST)11. Domain annotation was performed using multi-
ple libraries, highlighting high functional relevance and numerous non-hypothetical genes.

Using the RAST-annotated hybrid genome, GSMMs were constructed and gap-filled with both glucose 
rich auxomedia and strain-specific fructose and lactate media. Metabolite profiling of M. hexanoica KCCM 
43214T was performed using GC–TOF/MS on cultures grown in fructose and lactate supplemented media. 
Phylogenomic analysis utilized Insert Set of Genomes into Species Tree - v2.2.04312. Pangenomic analysis, com-
bining prominent strains of the Megasphaera genus, identified 6,721 orthologous gene from nine annotated 
genomes using OrthoMCL13. It is anticipated that the data provided here will enhance the understanding of 
MCCAs production mechanisms and support advancements in production process research.

Methods
Isolation and extraction of genomic DNA from M. hexanoica KCCM 43214T.  In this study, 
gDNA was extracted from actively growing liquid cultures of M. hexanoica KCCM 43214T using the DNeasy 
UltraClean Microbial Kit (Qiagen Korea Ltd., South Korea), following the manufacturer’s protocol. The con-
centration of the extracted gDNA was initially assessed using a NanoDrop spectrophotometer (ThermoFisher 
Scientific, USA) to estimate DNA concentration and evaluate sample purity prior to sending the sample to the 
sequencing service provider. Additional DNA quantification was performed by the sequencing service provider 
using fluorescence-based assays, including the Quant-iT™ PicoGreen™ dsDNA Assay Kits and dsDNA Reagents 
(ThermoFisher Scientific, USA) and the QuantiFluor® dsDNA System (Promega Corporation, USA), measured 
with the Victor Nivo Multimode Microplate Reader (PerkinElmer, Inc., USA). Both PicoGreen and QuantiFluor 
are well-established fluorescence-based dsDNA quantification reagents that operate on the same principle and 
deliver equivalent analytical performance, and were applied as part of the sequencing facility’s standard quality 
control (QC) workflow. These fluorescence-based assays provide accurate quantification of double-stranded DNA 
for sequencing library preparation, and no significant discrepancies were observed between the measurements, 
confirming the reliability of the gDNA quantification data14,15. The integrity and quality of gDNA were evaluated 
using two complementary platforms. The Agilent 2100 Bioanalyzer (Agilent Technologies, USA) was used for 
general DNA quality assessment, providing an initial evaluation of gDNA integrity and fragment size distri-
bution. The Femto Pulse System (Agilent Technologies, USA), which can measure fragment sizes up to 165 kb, 
was used for high molecular weight (HMW) DNA verification specifically required for PacBio HiFi long-read 
sequencing, as it is the officially recommended platform by PacBio for sample QC prior to long-read library 
preparation16. The average fragment size was approximately 18,400 bp, which is well suited for both sequencing 
platforms used in this study. For Illumina short-read sequencing, gDNA is fragmented during library preparation 
to a target insert size of approximately 350 bp, making the initial fragment size of 18,400 bp entirely sufficient17. 
For PacBio HiFi long-read sequencing, the PacBio Microbial Library Kit v3.0 specifies a minimum average frag-
ment size of 15 kb, and the 18,400 bp average fragment size of the M. hexanoica KCCM 43214T sample exceeds 
this requirement, confirming its suitability for high-quality long-read library preparation. RNase treatment was 
performed prior to library preparation to eliminate RNA contamination. While A260/280 and A260/230 purity 
ratios were not separately measured, this is consistent with the standard QC protocol for the PacBio Microbial 
Library Kit v3.0, which specifies sample QC criteria based on average fragment size of ≥15 kb and total DNA 
amount of ≥3 µg rather than purity ratios for microbial samples18. Additional quality validation was performed 
via agarose gel electrophoresis. As presented in (Table 1), the final gDNA concentration was 164.91 ng/µL in a 
100 µL volume, yielding a total of 16.491 µg of high-quality gDNA suitable for downstream applications (Table 1).

Genome sequencing.  The extracted gDNA from M. hexanoica KCCM 43214T was sequenced using both 
Illumina short-read and PacBio HiFi long-read technologies.

Illumina short-read sequencing.  For the Illumina short-read library, whole genome de novo sequencing was 
conducted using 151 bp paired-end reads. Library preparation was carried out using the TruSeq Nano DNA 
Kit (Illumina, USA) with an average insert size of 350 bp, following the manufacturer’s protocol19. The reported 
average fragment size of 650 bp represents the total library fragment length, including the 350 bp target insert 
size and adapter sequences ligated during library preparation, which is consistent with the expected size dis-
tribution for the TruSeq Nano DNA Kit. This difference between insert size and fragment size does not reflect 
any quality issue and had no negative impact on sequencing quality or assembly performance. The library QC 
metrics indicated that the final library had a concentration of 64.64 nM (corresponding to 27.31 ng/μL) and 
an average fragment size of 650 bp, confirming high quality DNA suitable for sequencing. The library passed 
all quality assessments, confirming its suitability for further downstream analysis. Raw data statistics from the 
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Illumina sequencing provided a comprehensive overview of read quality, including total bases, read count, GC 
content, and Q-scores. Illumina sequencing of the M. hexanoica KCCM 43214T generated 15,293,634 reads, 
resulting in approximately 2.3 Gbp of data (Table 1). The GC content was 49.5%, and the Q20 and Q30 scores 
were recorded at 98.5% and 95.2%, respectively, indicating excellent read quality for downstream applications.

PacBio HiFi long-read sequencing.  PacBio HiFi sequencing of M. hexanoica KCCM 43214T was performed 
using the whole-genome de novo workflow on the Sequel IIe platform (Pacific Biosciences, USA), with library 
preparation carried out using the PacBio Microbial Library Kit v3.0 (Pacific Biosciences, USA). Library QC con-
firmed a concentration of 23.6 ng/μL in a 15 μL volume, with an average fragment size of 6,349 bp. The guideline 
for the PacBio Microbial Library Kit v3.0 specifies a DNA shearing target insert length of 7–10 kb for microbial 
samples. It is important to note that in PacBio library QC reporting, the fragment size is reported as the DNA 
insert size prior to SMRTbell adapter ligation, unlike Illumina where the reported fragment size includes adapter 
sequences. Therefore, the reported average fragment size of 6,349 bp represents the DNA insert size prior to 
SMRTbell adapter ligation. The library QC of M. hexanoica KCCM 43214T confirmed a main peak of 8,183 bp, 
which falls well within the recommended 7–10 kb range for microbial samples20. Thus, the M. hexanoica KCCM 
43214T sample met the required criteria, confirming its suitability for HiFi library construction and that the 
fragment size had no negative impact on read length, yield, or data quality.

As summarized in (Table 1), HiFi read statistics revealed a total of 45,266 reads, generating approximately 
331.5 Mbp of sequencing data. The N50 read length, indicating that 50% of all bases are contained in reads of 
this length or longer, was recorded at 8,214 bp. The distribution of HiFi read lengths and corresponding qual-
ity scores is visualized in (Fig. 1). The average read length was 7,323 bp, reflecting a high degree of continuity. 
Additionally, the average read quality reached Q30, signifying excellent sequencing accuracy, with an average 
of 20 polymerase passes per read. These metrics confirm the high quality and reliability of the long-read data, 
supporting its suitability for hybrid genome assembly and downstream functional analysis.

Genome assembly.  Genome assembly of M. hexanoica KCCM 43214T was performed using three comple-
mentary strategies: Illumina short-read assembly with SPAdes - v3.15.35,6, long-read assembly with Flye - v2.9.47, 
and hybrid assembly with Unicycler - v0.4.88,9.

Read preprocessing and quality control.  Prior to assembly, Illumina reads were quality checked with FastQC 
app - v0.12.121 and poor sequences were trimmed with Trimmomatic – v0.3622. Out of a total input read pairs, 
98.6% were retained with both reads surviving the trimming process. Additionally, 1.3% of read pairs retained 
only the forward read, while 0.1% retained only the reverse read. A minimal percentage of reads, 0.0% (3,021 
pairs), were dropped due to insufficient quality or adapter contamination. PacBio HiFi reads were filtered using 

gDNA Conc. Illumina read statistics

ng/µL Total bases (bp) Total reads GC (%) AT (%) Q20 (%) Q30 (%)

164.91

2,309,338,734 15,293,634 49.5 50.5 98.5 95.2

PacBio read statistics

HiFi reads bases HiFi reads HiFi read N50 Avg. read length Avg. read quality

331,500,498 45,266 8,214 7,323 Q30

Table 1.  gDNA Concentration and Sequencing statistics.

Fig. 1  Sequencing metrics: (a) distribution of HiFi read lengths and (b) quality scores.
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Filtlong - v0.2.123, with the target set to 298,350,448 bp. After filtering, 298,353,003 bp of high-quality long reads 
were retained, optimizing the dataset for accurate long-read assembly.

Illumina assembly with SPAdes.  To obtain an approximate estimate of genome size and basic assembly sta-
tistics, Illumina reads were assembled with SPAdes - v3.15.35,6 and the resulting assembly was evaluated using 
QUAST - v4.424. From (Fig. 2a), the assembly yielded 24 contigs in total, with 21 contigs measuring over 
1,000 bp, 16 contigs over 10,000 bp, and 12 contigs exceeding 100,000 bp. The largest contig reached 372,334 bp, 
contributing to an overall assembly length of 2,844,982 bp, with an estimated genome coverage of approximately 
812 × based on the filtered ilumina reads used for assembly. Notably, the length of contigs ≥100,000 bp summed 
up to 2,587,535 bp, highlighting the assembly’s robustness.

Assembly metrics indicate an N50 of 243,554 bp and an N75 of 160,662 bp, with L50 and L75 values of 5 and 
8 contigs, respectively, reflecting the assembly’s contiguity. The GC content was calculated at 48.97%, and only 
94 ambiguous bases (Ns) were identified in the entire assembly, corresponding to 3.3 Ns per 100 kbp, indicating 
a low incidence of gaps. Gene prediction revealed 2,076 unique genes, including 1,957 genes over 300 bp, 442 
genes over 1,500 bp, and 79 genes exceeding 3,000 bp.

Long-read assembly with Flye and polishing.  The Flye assembler - v2.9.47 produced a highly contiguous 
single contig of 2,882,543 bp (Fig. 2b), covering the full genome at approximately 104 × coverage based on 
quality-filtered PacBio HiFi reads used for assembly. Both the N50 and N75 values matched the total contig 
length, and L50/L75 were 1, confirming that the genome was fully assembled into a single piece. The GC con-
tent was 49%, and no Ns were present. Gene prediction identified a total of 2,083 unique genes, including 1,977 
genes that were at least 300 bp long, 446 genes longer than 1,500 bp, and 80 genes exceeding 3,000 bp. The Flye 
assembly was further polished using Polypolish - v0.6.025, with Illumina reads used as the short-read input for 
error correction. After polishing, the contig maintained a total length of 2,882,543 bp and a GC content of 49%, 
confirming the assembly’s robustness and accuracy.

Hybrid assembly with Unicycler.  The hybrid genome assembly for M. hexanoica KCCM 43214T was gener-
ated using Unicycler - v0.4.88,9, which integrates Illumina short reads and PacBio HiFi long reads. Assembly 
parameters were set to include a minimum contig length of 100 bp, a minimum long-read length of 100 bp, and 
a moderate threshold for contig bridging to balance contiguity and assembly accuracy. The resulting hybrid 
assembly produced a single contiguous sequence measuring 2,882,434 bp (Fig. 2c), with Illumina and PacBio 
HiFi reads contributing approximately 801 × and 104 × coverage, respectively, based on the filtered reads used 
for assembly. Both the N50 and N75 values were equal to the full contig length, and the L50 and L75 values were 
each 1, indicating that the genome was assembled completely in a single piece. The GC content was 49%, and no 
Ns were detected throughout the assembly. Gene prediction based on the Unicycler assembly identified 2,075 
unique genes, with a total of 2,101 genes including partial or overlapping fragments. Among these, 1,974 genes 
were at least 300 bp in length, 446 genes exceeded 1,500 bp, and 80 genes were longer than 3,000 bp. This hybrid 
assembly effectively leverages the high base accuracy of Illumina reads and the structural continuity of long-read 
sequencing, resulting in a highly reliable genome for functional and comparative genomic analyses.

A comparison of genome assemblies generated by different methods is presented in (Fig. 2), highlighting 
the superior contiguity and completeness achieved through long-read (Fig. 2b) and hybrid assembly strategies 
(Fig. 2c).

Genome annotation.  After genome assembly, all assemblies were annotated using PROKKA-v1.14.510 
and RAST-v1.07311 simultaneously, providing complementary insights into the genomes. Detailed annotation 

Fig. 2  Visualization and annotation of the genome assembly of M. hexanoica KCCM 43214T. (a) Genome 
assembly using SPAdes with Illumina short reads, (b) Long-read genome assembly using Flye with PacBio HiFi 
data, and (c) Hybrid genome assembly using Unicycler.
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statistics generated by PROKKA and RAST for all assemblies are summarized in (Supplementary Tables 1, 2), 
respectively.

In the Illumina reads-based SPAdes assembly, a total of 2,766 predicted genes were identified, with 2,714 
classified as protein-coding genes using PROKKA. Among these, 1,553 genes exhibited non-hypothetical func-
tions, while 707 were assigned with EC numbers, indicating their enzymatic roles. The average protein length 
across this assembly was approximately 310 amino acids. While, the RAST based functional annotation resulted 
in 2,923 new features, including 102 non-coding features, with the output comprising 2,821 coding genes, 49 
non-coding repeats, and 53 non-coding RNAs. This annotation provided a comprehensive overview of the 
genome, highlighting its functional capabilities.

In contrast, the PROKKA annotation of PacBio HiFi read-based Flye assembly yielded 2,800 predicted genes, 
with 2,723 identified as protein-coding. This annotation included 1,586 genes with non-hypothetical functions, 
and 707 were assigned EC numbers, reflecting their enzymatic roles. The average protein length was slightly 
higher at 311 amino acids. The RAST annotation of the PacBio HiFi assembly revealed 2,971 new features, which 
included 138 non-coding features and 2,833 coding genes, 63 non-coding repeats, and 75 non-coding RNAs. 
Additional feature types scanned included rRNA, tRNA, selenoproteins, pyrrolysoproteins, repeat regions, and 
CRISPR elements. In total, 2,971 new features were identified, which included 138 non-coding features. The 
output features consisted of 2,833 coding genes, 63 non-coding repeats, and 75 non-coding RNAs. The analysis 
provided valuable insights into the functional potential of the genome derived from PacBio sequencing.

Finally, the PROKKA annotation of Unicycler hybrid assembly resulted in the prediction of 2,801 genes, 
with 2,724 classified as protein-coding. Consistent with the previous assemblies, 1,586 genes exhibited 
non-hypothetical functions, and 707 were assigned with EC numbers. The average protein length was approx-
imately 310 amino acids. The RAST annotation for the Unicycler assembly identified a genome sequence con-
sisting of a single contig with 2,882,434 nucleotides. A total of 2,973 new features were identified, with 138 
classified as non-coding. The output revealed 2,835 coding genes, 63 non-coding repeats, and 75 non-coding 
RNAs. Additional genomic features identified during RAST annotation included rRNA, tRNA, selenoproteins, 
pyrrolysoproteins, repeat regions, and CRISPR elements.

All three assemblies demonstrated a significant number of genes with non-hypothetical functions and EC 
numbers, indicating their functional relevance. The annotations from RAST offered additional insights into the 
genomic features and functional capabilities of each assembly. Additionally, all assemblies with both RAST and 
PROKKA annotation were domain annotated using the KBase Annotate Domains in a Genome app - v1.0.10, 
with all available domain libraries i.e., COGs - v3.1926, NCBI-CDD - v3.1927, SMART - v6.028,29, PRK - v6.0, Pfam 
- v35.030, TIGRFAMs - v15.031, and NCBI PGAP - v8.032 (refer to Table 2). Furthermore, the RAST-annotated 
hybrid genome assembly of M. hexanoica KCCM 43214T was analyzed using Phylomarker, Bioelements, 
dbCAN2 HMMs match, and DRAM33 for comprehensive functional annotations. The COG functional category 
distribution of the hybrid assembly is summarized in (Supplementary Table 3). The CAZyme families identified 
by dbCAN2 and the key metabolic features identified by DRAM are summarized in (Supplementary Tables 4, 
5), respectively.

Genomic scale metabolic models.  A GSMM of M. hexanoica KCCM 43214T was reconstructed using 
CarveMe v1.5.2, a top-down automated framework that generates organism-specific metabolic models from 
genome sequences34. A total of 2,835 protein-coding sequences derived from RAST annotation of the hybrid 
genome assembly were used as input for model reconstruction. CarveMe establishes gene-protein-reaction (GPR) 
associations through DIAMOND based homology searches against the BiGG universal reaction database35,36. The 
initial draft model comprised 1,749 reactions, 1,135 metabolites, and 730 gene-associated reactions, representing 
a comprehensive whole-cell metabolic network. This draft included 220 exchange reactions, 442 transport reac-
tions, and 296 spontaneous reactions, accounting for extracellular metabolite exchange, membrane transport 
processes, and non-enzymatic conversions, respectively. These reaction types were automatically included in the 
initial CarveMe generated draft model without manual intervention. No gapfilling was applied at this stage, and 
the draft model was retained as a genome-derived baseline for subsequent manual refinement. This approach 
was intentionally adopted to preserve transparency of the reconstruction process and to allow evaluation of the 
unrefined genome-derived network prior to curation.

Manual curation was subsequently performed to improve pathway completeness, eliminate non-physiological 
flux routes, and ensure biological relevance, with particular emphasis on central carbon metabolism and rBOX, 

Domain Libraries

Hybrid PacBio HiFi Illumina

RAST PROKKA RAST PROKKA RAST PROKKA

Genes Domains Genes Domains Genes Domains Genes Domains Genes Domains Genes Domains

COGs 2,008 1,891 2,003 1,890 2,009 1,891 2,004 1,890 1,999 1,890 1,996 1,889

NCBI-CDD 1,352 4,606 1,349 4,601 1,352 4,606 1,349 4,601 1,348 4,605 1,345 4,600

SMART 518 221 517 221 518 221 517 221 518 221 517 221

PRK-CDD 1,571 4,568 1,568 4,545 1,571 4,568 1,568 4,545 1,572 4,568 0 0

Pfam 2,176 1,235 2,172 1,231 2,176 1,235 2,172 1,231 2,165 1,237 2,162 1,233

TIGRFAMs 826 716 826 715 826 716 825 715 821 716 821 715

NCBI PGAP 957 827 955 826 956 827 954 826 948 826 947 825

Table 2.  Domain annotation summary for PROKKA and RAST in M. hexanoica KCCM 43214T.
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which are critical for MCCA acid production. A detailed list of all reactions added or modified during manual 
curation, along with their associated pathways and functional roles, is provided in (Supplementary Tables 6, 7).  
A total of 20 reactions were added and 7 reactions were modified during curation. Key reactions were introduced 
to complete the rBOX pathway, including thiolase (THLA), 3-hydroxyacyl-CoA dehydrogenases (HACD1, 
HACD3), and condensation and elongation steps (HEXCOAT and HEXCOATRANS), enabling the conversion 
of acetyl-CoA to hexanoate. A pathway-level assessment of model completeness, including missing elements and 
curation actions, is summarized in (Supplementary Table 8).

To ensure efficient carbon flux into this pathway, reactions involved in pyruvate to acetyl-CoA conversion, 
including pyruvate dehydrogenase (PDH) and pyruvate:ferredoxin oxidoreductase (POR5), were incorporated. 
Transport reactions for key metabolites, including lactate (L_LACt2), pyruvate (PYRt), acetate (ACt), and 
hexanoate (HXAt), were added to enable proper exchange between intracellular and extracellular compart-
ments under simulated growth conditions. In addition, several reactions were constrained or modified to pre-
vent non-physiological flux distributions, including glycerol-3-phosphate dehydrogenase reactions (G3PD1ir, 
G3PD2), lactate dehydrogenase variants (L_LACD2, L_LACD3), and methylglyoxal synthase (MGSA), thereby 
improving flux realism and eliminating alternative bypass routes. To better represent growth in complex media, 
amino acid interconversion pathways were incorporated through transaminase reactions (e.g., ALATA_L, 
ASPTA, VALTA, LEUTA, and ILETA), improving nitrogen assimilation, redox balance, and connectivity 
between carbon and nitrogen metabolism. Together, these curation steps systematically improved pathway com-
pleteness and flux realism, enabling biologically consistent simulation of hexanoate production.

Flux balance analysis (FBA) was performed under anaerobic conditions, with oxygen uptake constrained to 
zero. Simulations were conducted using media conditions designed to reflect experimental cultivation, including 
fructose and lactate based substrates37. These conditions correspond to complex media due to the presence of 
yeast extract. In the model, yeast extract was represented through uptake of amino acids, vitamins, and essential 
cofactors. Carbon source uptake rates were fixed according to experimentally measured values. In the fructose 
condition, fructose uptake was fixed while lactate uptake was blocked, whereas in the lactate condition, lactate 
uptake was fixed and fructose uptake was blocked. In addition, butyrate uptake and acetate secretion rates were 
constrained based on experimental observations. An additional auxomedia condition was used as a permissive 
rich medium, in which multiple nutrients were made available without uptake constraints to evaluate model 
feasibility. Other nutrients, including minerals and cofactors, were left unconstrained. The detailed composition 
of all simulated media is provided in (Supplementary Table 9).

To investigate MCCA production, FBA simulations were specifically analyzed with respect to hexanoate pro-
duction flux, while biomass production was retained as the primary objective function. The objective function 
for all FBA simulations was biomass flux maximization, representing the predicted specific growth rate (h−1). 
The biomass reaction was automatically incorporated during model reconstruction using CarveMe v1.5.2, based 
on the universal Gram-negative biomass composition from the BiGG database, which includes standard mac-
romolecular components such as proteins, lipids, carbohydrates, DNA, RNA, and cofactors. No species-specific 
biomass composition is currently available for M. hexanoica KCCM 43214T; therefore, simulated growth rates 
should be interpreted as relative indicators of metabolic performance across conditions rather than absolute val-
ues. Biomass was retained as the primary objective function to ensure physiologically realistic flux distributions, 
while hexanoate production was analyzed as a key metabolic output.

The final curated model comprised 1,769 reactions and 1,147 metabolites, with 730 gene associations, ensur-
ing all reactions remained genome-supported. Mass and charge balance of the curated model was evaluated 
using COBRApy v0.26.338,39. All manually curated internal reactions were individually verified and confirmed 
to be balanced. During this process, an initial imbalance in the BUTKr reaction was identified and resolved by 
correcting missing formula and charge information for the metabolite butanoyl phosphate (butp_c). Apparent 
imbalances observed in exchange reactions and the biomass reaction are expected due to their boundary or 
pseudo-reaction nature, while imbalance in the POR5 reaction reflects known limitations in formula definitions 
for ferredoxin-related metabolites. Details are provided in (Supplementary Table 10).

Intracellular metabolite extraction and analysis in M. hexanoica KCCM 43214T.  For intracellular 
metabolite analysis, M. hexanoica KCCM 43214T was cultured in a medium containing both fructose and lactate 
to simulate the optimal conditions for maximal MCCA production, as previously demonstrated, and incubated 
at 37 °C with 150 rpm. Upon reaching the mid-exponential growth phase (18 hours post-inoculation, determined 
based on prior growth kinetics under identical conditions), triplicate biological samples containing 0.5 mg of cell 
dry weight was used for intracellular metabolome extraction. Immediately after sampling, cellular metabolism 
was quenched by mixing the sample with an equal volume of prechilled saline solution40. Prechilled saline was 
selected to rapidly reduce metabolic activity while minimizing osmotic shock and potential metabolite leakage 
from the cells. The mixture was centrifuged at 12,000 rpm for 2 min under 4 °C, and the supernatant was dis-
carded. The resulting cell pellet was resuspended in saline solution to remove extracellular metabolites, followed 
by centrifuging again under the same condition and subsequent removal of the supernatant. The cell pellet was 
dried for 2 hours at 4 °C using a centrifugal evaporator CVE-3000 (Eyela, Japan) and stored at −80 °C until further 
metabolome extraction. This drying step at 4 °C was introduced to minimize solvent dilution during subsequent 
extraction. While we acknowledge that this process may potentially compromise the stability of certain thermo-
labile metabolites, all biological triplicates were handled under strictly identical conditions to allow for consistent 
analysis. For intracellular metabolite extraction, a 1:1 (v/v) solution of acetonitrile and water, spiked with 1 μM 
adonitol as an internal standard, was used as the extraction solvent. To the tube containing the dried cell pellet, 
100 mg of glass beads (425–600 μm) and 1 mL of extraction solvent were added. The tube was tightly sealed and 
vortexed vigorously for 2 min to disrupt the cell wall and extract intracellular metabolites. Following vortexing, 
the sample was centrifuged at 12,000 rpm for 2 min at 4 °C, and 800 μL of the resulting supernatant containing 
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intracellular metabolome was transferred to a new microtube. For subsequent derivatization, the metabolite solu-
tion was completely dried in a centrifugal evaporator CVE-3000 (Eyela, Japan) at 4 °C for 6 to 8 hours. The dried 
sample was subjected to two-step derivatization to enhance volatility and improve detection sensitivity prior to 
GC × GC-TOF/MS system (Pegasus BT 4D, LECO, USA) analysis. For methoximation, 10 μL of methoxyamine 
hydrochloride in pyridine (20 mg mL−1) was added to the sample and incubated at 1,000 rpm for 90 min at 30 °C. 
This was followed by silylation, achieved by adding 90 μL of N-Methyl-N-(trimethylsilyl) trifluoroacetamide 
(MSTFA) and reacting at 1,000 rpm for 30 min at 37 °C. The derivatized samples were transferred to glass vials and 
analyzed using a GC × GC-TOF/MS system (Pegasus BT 4D, LECO, USA) operated in 1D GC mode for GC × GC 
setup. This 1D configuration was intentionally chosen over 2D mode to ensure high-confidence metabolite iden-
tification. Operating in 1D mode allowed us to utilize extensive, established 1D Retention Index (RI) libraries for 
precise compound verification, which was prioritized because corresponding RI databases for 2D mode are cur-
rently limited. In this configuration, although the secondary column was connected downstream of the primary 
column to enable GC × GC analysis, the flow modulator was not activated, and the samples were analyzed in a 
conventional 1D manner—sequentially passing through the primary and secondary columns before reaching the 
detector. A DB-5MS UI capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness; Agilent, USA) was utilized 
as the primary column, while an Rxi-17Sil MS column (1 m × 0.25 mm i.d., 0.25 μm film thickness; Restek, USA) 
was employed as the secondary column in the series. Helium was used as the carrier gas at a constant flow rate of 
1 mL min−1. A volume of 1 μL was injected in splitless mode, with an inlet purge time of 30 seconds. The inlet tem-
perature was set at 250 °C. The oven temperature program began at 50 °C (held for 1 min), increased to 320 °C at 
a rate of 20 °C min−1, and was held at 320 °C for 6.5 min. The secondary oven temperature was maintained at 5 °C 
above the main oven temperature throughout the analysis, and the transfer line temperature was maintained at 
280 °C. Mass spectra were acquired after a solvent delay of 385 seconds, scanning a mass range of 50–500 m/z at an 
acquisition rate of 20 spectra per second. To establish a retention index reference, a mixture of C7–C30 saturated 
alkanes was analyzed under the same conditions. Additionally, various standard compounds, including amino 
acids, sugars, and organic acids, were derivatized and analyzed to build an in-house spectral library.

Using Non-Target Deconvolution algorithm (NTD) in ChromaTOF software – v5.51.0641, overlapped peaks 
were deconvoluted and the peaks were identified by comparing the mass spectra with NIST library and in-house 
library database. To strictly exclude analytical impurities and prevent false-positive identifications in our 
non-targeted approach, the minimum signal-to-noise (S/N) ratio and minimum similarity for matching were 
set to 300 and 500, respectively. An alkane scale retention index method was applied to calculate the retention 
index of each identified peak. The processed data were then exported to mzML format.

Phylogenomics and pangenomics.  The hybrid assembly of M. hexanoica KCCM 43214T was used for 
phylogenomic analysis using Insert Set of Genomes into Species Tree - v2.2.043 tool in KBase12. This approach 
reconstructs species trees using 49 conserved universal marker genes derived from Clusters of Orthologous 
Groups (COG) families, primarily consisting of ribosomal proteins, translation-related factors, and essential 
housekeeping genes. The marker genes from each genome were inserted into curated multiple sequence align-
ments that were trimmed using GBLOCKS to remove poorly aligned regions, and the resulting alignments were 
concatenated for phylogenetic reconstruction. The species tree was inferred using FastTree2 (v2.1.10) employ-
ing an approximate maximum likelihood algorithm under the Whelan and Goldman Model (WAG) + Category 
Model (CAT) model of evolution, with Shimodaira Hasegawa like local support values calculated for each node. 
The resulting phylogeny positioned M. hexanoica KCCM 43214T close to a previously deposited 454-based 
assembly. To quantitatively support this relationship, average nucleotide identity (ANI) was calculated between 
the two genomes, revealing an ANI value of 99.991%, confirming their extremely close genomic relationship. 
Pangenomic analysis was performed across popular type strains belonging to the Megasphaera genus to identify 
core and accessory genes, with particular focus on genomic features unique to M. hexanoica KCCM 43214T that 
may underlie its distinct chain elongation capacity (Fig. 3). The strains selected for pangenomics are listed below, 
i.e., Megasphaera vaginalis DSM 111203T42, Megasphaera sueciensis DSM 17042T43, Megasphaera stantonii DSM 
106750T44, Megasphaera elsdenii DSM 20460T45, Megasphaera micronuciformis F035946, M. hexanoica KCCM 
43214T47, Megasphaera massiliensis DSM 26228T48, Megasphaera paucivorans DSM16981T49, and Megasphaera 
cerevisiae DSM 20462T50. All genomes were retrieved from the NCBI database and annotated using the RAST 
-v1.073 toolkit11. Additionally, domain-level annotations were conducted using major domain libraries, includ-
ing COGs26, CDD27, SMART28,29, and PRK models30 from the NCBI Conserved Domain Database (CDD v3.19), 
analyzed with RPS-BLAST (v2.13.0) using an E-value cutoff of 1e−4. In parallel, domain identification was also 
performed using Pfam (v35.0)30, TIGRFAMs (v15.0)31 from the J. Craig Venter Institute, and NCBIfam (PGAP 
v8.0)32 from NCBI, employing HMMER (v3.3.2) with model-specific trusted cutoffs.

All nine RAST and Domain annotated genomes were utilized for building pangenome with Build 
Pangenome with OrthoMCL – v2.013 implemented in KBase under default settings, resulting in 6,721 orthol-
ogous genes. Orthologous groups were identified through all-against-all BLASTP similarity searches followed 
by Markov clustering using default parameters, including a BLASTP E-value cutoff of 1 × 10−5, a minimum 
sequence identity threshold of 30%, and an inflation parameter of 1.5. Paralogous sequences were retained 
and grouped according to sequence similarity as part of the standard OrthoMCL workflow. All genomes were 
re-annotated using the RAST toolkit prior to pangenome analysis to ensure consistent gene prediction and 
functional annotation across strains, thereby minimizing bias in ortholog identification and in the estimation 
of core and accessory gene sets. Genome completeness and contamination were evaluated using CheckM, and 
all genomes showed high completeness with contamination levels within acceptable limits for publicly available 
reference genomes (Supplementary Table 11), confirming that all genomes are of sufficient quality and suitable 
for pangenome analysis. Core, accessory, and unique gene families were functionally annotated using COG and 
Pfam databases, and comparatively interpreted to distinguish conserved and variable functional features across 
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Megasphaera genomes. This analysis revealed a total of 22,721 protein-coding genes across all genomes, organ-
ized into 6,721 gene families. Of these, 3,409 were homologous gene families, defined as clusters of genes sharing 
significant sequence similarity across two or more genomes, encompassing 19,409 genes. The remaining 3,312 
were classified as singleton families, representing genes unique to single genome with no detectable homologs 
elsewhere in the dataset. Each genome specific genes count, homologs genes count, singleton gene count, and 
homolog families are represented in (Table 3).

In (Fig. 4), the pangenome was visualized using the Pangenome Circle Plot – v1.2.0, with our hybrid assem-
bly of M. hexanoica KCCM 43214T set as the reference genome. The feature sets including singletons, core 
genomes, and non-core genome elements were extracted and were subsequently analyzed for functional anno-
tation using the COGs - v3.1926, and Pfam - v35.030 domain libraries.

Data Records
The data represented in this study has been deposited in NCBI under the BioProject number PRJNA287738. 
The accession number for both the Illumina and PacBio HiFi raw reads are SRP53654851, and the 
GenBank accession number for the genome assemblies are listed as follows: Illumina SPAdes (JBIEKR
010000001-JBIEKR010000024)52, PacBio Flye (GCA_043949995.1)53, and Hybrid Unicyc ler assembly 
(GCF_043520715.1)47. The functional annotation of the genome assembly, GSMMs with related data, GC-MS 
data, and pangenomics data have been deposited in Figshare54.

Technical Validation
All the raw data processing steps, software, and parameters used in this study are described in the “Materials and 
Methods” section. The quality scores for the genome reads were assessed using FastQC v0.12.121. The quality 
of the genome assemblies was validated using QUAST-v4.424,55 and Compare Assembled Contig Distributions 
– v1.1.256.

Fig. 3  Phylogenetic Tree Construction for M. hexanoica KCCM 43214T Using Insert Set of Genomes into 
SpeciesTree App v2.2.0. The tree was generated with 49 core COG genes, including a selection of closely related 
genomes from the public database, and visualized with FastTree2.

Genome Genes Homologs genes Singletons genes Families genes

Megasphaera vaginalis DSM 111203T 2,327 1,883 444 1,820

Megasphaera sueciensis DSM 17042T 2,937 2,489 448 2,281

Megasphaera stantonii DSM 106750T 2,568 2,144 424 1,978

Megasphaera elsdenii DSM 20460T 2,224 2,007 217 1,914

Megasphaera micronuciformis F0359 1,692 1,512 180 1,460

M. hexanoica KCCM 43214T 2,835 2,433 482 2,283

Megasphaera massiliensis DSM 26228T 2,503 2,113 390 2,139

Megasphaera paucivorans DSM16981T 2,915 2,433 482 1,992

Megasphaera cerevisiae DSM 20462T 3,122 2,534 588 2,337

Table 3.  Pangenome analysis of Megasphaera strains: gene count, homologs, singletons, and homolog families.
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To further validate the assemblies, sequencing reads were mapped back to their respective assemblies and 
evaluated using Qualimap v2.2.157. Illumina short reads showed a high mapping rate of 98.89%, with a mean 
coverage of 784.82 × based on mapped reads. PacBio HiFi reads showed a mapping rate of 100.0%, with a mean 
coverage of 114.85 × across the Flye and hybrid assemblies. Together, these results confirm strong agreement 
between the raw sequencing data and all assembled genomes.

Genome completeness and contamination were assessed using CheckM58. The assembled genome exhibited 
100% completeness and 0.2% contamination, as shown in (Fig. 5a), confirming the high quality and purity 
of the genome assembly. Genome completeness was further assessed using BUSCO v5 against the bacteria_
odb10 dataset of 124 genes, evaluated in both genome and protein modes across all three assemblies including 
Flye, Unicycler, and SPAdes59. As shown in (Fig. 5b), all assemblies yielded identical scores of 122 complete 
single-copy BUSCOs, representing 98.4% completeness, with zero duplicated, two fragmented, and zero missing 
genes in both modes. The consistent results across all assemblers and modes confirm that the genome is highly 
complete and free of contamination or mis-assembly artifacts. The absence of duplicated BUSCOs is consistent 
with a pure haploid bacterial isolate, and the two fragmented BUSCOs likely reflect minor sequence divergence 
from the reference profiles rather than assembly gaps, as they persist even in the closed single-contig assemblies 
produced by Flye and Unicycler.

Fig. 4  Pangenome Circle Plot of Megasphaera Species. This figure displays a pangenome circle plot for 
the Megasphaera species, encompassing ten genomes namely, M. hexanoica KCCM 43214T (Genome 
0), Megasphaera cerevisiae DSM 20462T (Genome 1), Megasphaera massiliensis DSM 26228T (Genome 
2), Megasphaera paucivorans DSM16981T (Genome 3), Megasphaera elsdenii DSM 20460T (Genome 4), 
Megasphaera stantonii DSM 106750T (Genome 5), Megasphaera sueciensis DSM 17042T (Genome 6), 
Megasphaera vaginalis DSM 111203T (Genome 7), and Megasphaera micronuciformis F0359 (Genome 8). The 
plot categorizes the genes into core, singleton, and non-core pangenomes. Core genes are present in all the 
analyzed genomes. Singletons are unique to individual genomes, and non-core pangenomes represent genes 
found in some but not all genomes. The functional profiles for these gene categories are accessible on Figshare54.
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To provide comparative context for the genome annotation, the coding gene count, non-coding RNA con-
tent, and CRISPR elements of M. hexanoica KCCM 43214T were compared with all eight Megasphaera type 
strains included in the pangenome analysis, all annotated using the same RAST pipeline for consistency, as sum-
marized in (Supplementary Table 12)42–50. The coding gene count of M. hexanoica KCCM 43214T is 2,835, which 
falls within the range observed across the genus of 1,692 to 3,122. The total non-coding RNA content is 150, 
which includes tRNA and rRNA, and is consistent with the genus range of 51 to 150, comparable to M. stantonii 
DSM 106750T, which also has 150 non-coding RNA elements. No CRISPR arrays were detected in M. hexanoica 
KCCM 43214T, which is consistent with M. vaginalis DSM 111203T and M. paucivorans DSM16981T, indicating 
that the absence of CRISPR elements is not uncommon within the Megasphaera genus. These comparisons 
confirm that the annotation results of M. hexanoica KCCM 43214T are typical for the genus and support the 
reproducibility and reliability of the genome annotation.

GSMMs checked and validated using FBA analysis and Memote, respectively39. The curated model achieved 
a Memote score of 86%, indicating high stoichiometric consistency, annotation completeness, and network con-
nectivity. A summary of model statistics, predicted versus experimental hexanoate production, and key flux 
differences in the rBOX pathway is presented in (Fig. 5c–e). Model predictions were evaluated under experimen-
tally relevant fructose and lactate-based conditions. Experimental results showed that hexanoate production was 
higher under lactate conditions, reaching 9.126 mmol/gDW/h, compared to 2.711 mmol/gDW/h under fructose 
conditions. The model successfully reproduced this substrate-dependent trend, predicting hexanoate produc-
tion of 13.74 mmol/gDW/h under lactate and 3.22 mmol/gDW/h under fructose, as illustrated in (Fig. 5d).

This agreement confirms that the model captures the metabolic shift toward enhanced rBOX under lactate 
feeding. Consistent with this, flux through key rBOX reactions, including HACD1, HACD3, HEXCOAT, and 
HEXCOATRANS, was higher under lactate conditions, supporting increased chain elongation and hexanoate 
production, as shown in (Fig. 5e).

Data availability
All sequencing datasets have been deposited at NCBI under BioProject PRJNA287738. Raw reads (both Illumina 
and PacBio HiFi) are available in the Sequence Read Archive under SRP53654851. Genome assemblies are 
available as: Illumina SPAdes WGS accession JBIEKR010000001–JBIEKR01000002452.; PacBio Flye GenBank 
assembly accession GCA_043949995.153; and hybrid Unicycler RefSeq assembly accession GCF_043520715.147. 
The derived resources including functional annotations of the assemblies, GSMMs, and associated inputs, and 
pangenome datasets are deposited on Figshare54. The intracellular metabolomics data generated in this study have 
been deposited in the MetaboLights repository under the accession number MTBLS1401960.

Fig. 5  Genome quality assessment and GSMM summary and validation of hexanoate production in M. hexanoica 
KCCM 43214T. (a) CheckM assessment showing genome completeness and contamination. (b) BUSCO assessment 
of genome completeness across all three assemblies including Flye, Unicycler, and SPAdes evaluated in both 
genome and protein modes against the bacteria_odb10 dataset. (c) Model statistics before and after manual 
curation. (d) Comparison of predicted and experimental hexanoate production under fructose and lactate 
conditions. (e) Flux comparison of key rBOX pathway reactions, showing increased pathway activity under lactate 
conditions.
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Code availability
All versions of third-party software and scripts used in this study are described and referenced accordingly in the 
Materials and Methods section.
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