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Abstract
Background  During the screening of pigment-producing microbes from domestic sources, 102 yellow- or orange-
pigmented bacteria were isolated. Among these, two novel Flavobacterium strains, F. sedimentum SUN046T and F. 
fluvius SUN052T, were identified as zeaxanthin producers. A polyphasic taxonomic characterization, combined with 
comparative genomic analysis of 45 Flavobacterium species, was conducted to determine their taxonomic positions 
and explore potential evolutionary relationships in zeaxanthin biosynthesis.

Results  Both strains utilized the mevalonic acid (MVA) pathway and possessed the crt gene cluster (crtB, crtI, 
crtY/crtYcd, and crtZ). Strain SUN046T exhibited unique features in the carotenoid biosynthesis pathway, notably the 
absence of HMG-CoA synthase (HMGCS) in the upper MVA pathway and the presence of the rare lycopene β-cyclase 
crtYcd, which is uncommon among bacteria. The CrtYcd in SUN046T possessed a single active site and direct lycopene-
binding modes. Conversely, CrtY in SUN052T exhibited multiple active sites, which is flavin adenine dinucleotide 
(FAD) dependent. These structural differences has impacted catalytic efficiencies, as evidenced by zeaxanthin yields 
of 6.49 µg/mL in SUN046T and 13.23 µg/mL in SUN052T. Variations in carotenoid biosynthetic pathway among other 
Flavobacterium species were also observed.

Conclusion  These findings suggest that both strains represent valuable new resources for zeaxanthin production 
and provide foundational insights for biotechnological applications involving the genus Flavobacterium, highlighting 
the genetic and evolutionary complexity of microbial carotenoid biosynthesis.
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Background
Carotenoids are diverse group of pigments that are 
widely distributed and found in bacteria, fungi, algae, 
and plants [1]. These pigments exhibit a range of orange, 
yellow, and red colors, resulting from variations in their 
chemical structures [2]. Distinct chemical configurations 
of carotenoids contribute to their diverse functions, such 
as antioxidant activity [3], antimicrobial properties [4], 
potential anti-carcinogenic [5], anti-inflammatory, anti-
diabetic, and Alzheimer’s disease-preventative effects 
[6, 7]. Due to these benefits, carotenoids are extensively 
applied in industries including food, pharmaceuticals, 
animal feed, and cosmetics [8]. Carotenoid-rich foods are 
nutritionally valuable, as they can serve as precursors to 
vitamin A or act as antioxidants, with their intake associ-
ated with a reduced risk of skin cancer, chronic diseases, 
and cardiovascular conditions [9].

Among carotenoids, zeaxanthin (3,3’-dihydroxy-β-
carotene, C40H56O2) stands out for its unique role as an 
anti-photosensitizer, filtering blue light to protect eye tis-
sues from sunlight damage. It is worth noting that ani-
mals and humans must obtain zeaxanthin through diet 
because they cannot synthesize it endogenously [10]. 
However, extracting zeaxanthin from algae and plants is a 
complex and costly process [11], with challenges includ-
ing waste generation, low extraction efficiency and yield, 
instability and environmental impact [12, 13]. Therefore, 
microbial production of zeaxanthin has gained interest, 
as bacteria can synthesize it more efficiently through sim-
pler processes (Zafar et al., 2021).

The genus Flavobacterium, a member of the family Fla-
vobacteriaceae, was first established by Bergey et al. [14] 
and has since been expanded upon by various researchers 
[15–18]. Currently, there are 313 recognized Flavobacte-
rium species with valid names, according to the List of 
Prokaryotic Names with Standing in Nomenclature (​h​t​t​p​​
s​:​/​​/​l​p​s​​n​.​​d​s​m​​z​.​d​​e​/​g​e​​n​u​​s​/​F​l​a​v​o​b​a​c​t​e​r​i​u​m). Most Flavobac-
terium strains display yellow to orange coloration due to 
flavonoid pigments or carotenoids. Some strains mainly 
produce zeaxanthin as their sole pigment and their pro-
duction has been improved by the application of genetic 
engineering, especially targeting lycopene β-cyclase, 
which is a key enzyme in the carotenoid biosynthe-
sis pathway responsible for producing γ-carotene and 
β-carotene. Three types of lycopene β-cyclase are known: 
CrtY (or CrtL), heterodimeric and CruA/CruP-type 
(Göttl et al., 2023). Among them, CrtY is the predomi-
nant isozyme in Gram-negative bacteria. Notably, CrtYcd, 
a fusion of bacterial CrtYc and CrtYd in a heterodimeric 
structure, was reported in Algoriphagus sp. KK10202C 
which produces flexixanthin through genes (crtB, crtI, 
crtYcd and crtW) involved in flexixanthin biosynthesis 
[19]. The crtYcd gene has also been identified in halophilic 
archaea (such as Natronomonas, Halobacterium and 

Haloarcula) and halophilic bacteria [20]. Studies have 
shown that although the similarity between CrtYcd and 
CrtY is relatively low, CrtYcd is also located in the carot-
enoid biosynthesis gene cluster and plays a similar func-
tion to CrtY [21].

Using a comprehensive multiphase pheno-
typing approach, we characterized two novel 
Flavobacterium strains, designated Flavobacterium sedi-
mentum SUN046T and Flavobacterium fluvius SUN052T. 
Genomic comparative studies of their carotenoid bio-
synthesis pathways with closely related Flavobacterium 
species revealed distinct characteristics, primarily dif-
ferentiated by two evolutionary patterns: the presence 
or absence of HMGCS (Hydroxymethylglutaryl-CoA 
synthase) in the upper MVA pathway and variations in 
lycopene cyclase (CrtY or CrtYcd). This study examines 
the effects of different lycopene β-cyclase genes on zea-
xanthin biosynthesis in the two isolates through con-
served domain analysis, protein structure prediction, 
and molecular docking analysis. The findings offer new 
insights into microbial diversity within ecosystems and 
provide a foundation for exploring the biotechnological 
potential of the genus Flavobacterium, especially con-
cerning microbial carotenoid synthesis.

Methods
Microbe isolation, preservation, and culture conditions
The strains SUN046T and SUN052T were isolated from 
water samples collected at Daechicheon and Yongso 
Waterfall in South Korea. Standard dilution plating tech-
niques were applied, followed by plating onto R2A agar 
plates and incubation at 28  °C for five days. After incu-
bation, individual yellow colonies were isolated. Refer-
ence strains (F. koreense KACC 14969T, F. chungnamense 
KACC 14971T, and F. aquatile KACC 11692T) were 
obtained from the Korean Agricultural Culture Collec-
tion (KACC). SUN046T and SUN052T were deposited in 
the Korean Collection for Type Cultures (KCTC), Fresh-
water Bioresources Culture Collection (FBCC), and the 
China Center for Type Culture Collection (CCTCC). All 
strains were cultured under identical conditions for sub-
sequent experiments.

Morphological and physiological characteristics
Colony morphology was observed after 48  h of cultiva-
tion at 28  °C on R2A agar plates, with cell morphology 
further examined using a scanning electron microscope 
(FEI Quanta 250 FEG; FEI). Antibiotic susceptibility 
was assessed using the disk diffusion method. Cell sus-
pensions at 0.5 McFarland concentration were prepared 
from cultures grown on R2A agar. Each strain suspension 
(80 µL) was spread on R2A agar plates, and the follow-
ing antibiotic disks were tested (µg per disk): nalidixic 
acid (30), tetracycline (30), amikacin (30), ampicillin/
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sulbactam (20), kanamycin (30), vancomycin (30), chlor-
amphenicol (30), teicoplanin (30), streptomycin (25), 
gentamicin (30), spectinomycin (25), rifampicin (30), 
lincomycin (15), and erythromycin (30). Sensitivity was 
determined by measuring the diameter of inhibition 
zones, with zones larger than 10  mm considered posi-
tive. Growth was tested across a range of temperatures 
(4–45 °C), pH levels (4.0–14.0, at intervals of 1 pH unit), 
and NaCl concentrations (0–10%, w/v) using R2A media.

Microbial growth was assessed on eight types of media: 
Bennett, Luria-Bertani, ISP4, ISP2, R2A, potato dextrose, 
nutrient, and marine (Difco) agar. Catalase activity was 
determined by observing bubble formation after treating 
cells with a 3% (v/v) H2O2 solution [22]. Biochemical tests 
were performed using API 20NE and ZYM kits according 
to the manufacturer’s instructions (bioMérieux).

Biochemical characteristics
For fatty acid profiling, the isolates and three reference 
strains were cultured on R2A agar media at 28  °C for 
three days. Cells were harvested during the exponen-
tial growth phase and standardized by MIDI ​(​​​h​t​t​p​:​/​/​w​w​
w​.​m​i​c​r​o​b​i​a​l​i​d​.​c​o​m​​​​​)​. Fatty acid profiles were performed 
using gas chromatography, with results compared to the 
TSBA6 database. Polar lipids were extracted following 
the method by Minnikin et al. [23] and identified via two-
dimensional thin-layer chromatography (TLC), employ-
ing various detection reagents [24].

Phylogenetic analysis
DNA extraction and purification for both strains were 
performed using the FastDNA™ spin kit for soil (MP Bio-
medicals). The 16S rRNA genes were amplified by PCR 
using two universal primers (27F and 1492R) and assem-
bled with SeqMan software (DNASTAR). The sequences 
were then compared against the EzTaxon database to 
confirm 16S rRNA-based similarity [25]. Phylogenetic 
trees were constructed using MEGA (version 11.0) [26] 
with neighbor-joining (NJ), maximum-likelihood (ML), 
and maximum-parsimony (MP) algorithms. Evolutionary 
distances were calculated using Kimura’s two-parameter 
model.

Whole genome sequencing
Genome libraries were prepared using the TruSeq Nano 
DNA kit and sequenced on the Illumina platform. Illu-
mina sequencing-by-synthesis (SBS) technology, which 
incorporates individual bases into the DNA template 
strand via reversible terminators, was employed. Qual-
ity control of the raw sequence data from whole-genome 
sequencing was conducted with FastQC (v0.11.5). Trim-
momatic was used to remove adapter sequences and 
low-quality reads, minimizing potential analysis biases. 
The base quality plot generated by FastQC was examined 

to assess overall data quality. Raw data were processed 
by converting BCL/cBCL files to FASTQ format using 
bcl2fastq.

Prior to assembly, k-mer analysis was performed to 
estimate genome size in the sample. De novo assembly 
was performed using the De Bruijn Graph (DBG) algo-
rithm, with the optimal k-mer selected based on assem-
bly metrics such as contig count, contig sum, and N50. 
Genome assembly was conducted with SPAdes (v3.15.0) 
[27], and its quality was evaluated using BUSCO (v3.0.2) 
[28], which compares the gene content of the genome 
assembly with expected evolutionary benchmarks. 
PROKKA (v1.14.6) was then used for genome annota-
tion, including predictions for CDS (Prodigal), rRNA 
(RNAmmer), and tRNA/tmRNA (Aragorn) [29].

Following assembly, BLAST analysis was applied to 
identify species most closely matching each scaffold. 
Best-hit results were determined using the NCBI NT 
database, and species verification was conducted by com-
paring Average Nucleotide Identity (ANI) values to refer-
ence sequences, applying a 95% similarity threshold. To 
evaluate bacterial strain relationships, ANI similarity val-
ues for 37 Flavobacterium genomes were calculated. The 
whole-genome ANI values were obtained using the ANI/
AAI-Matrix (Genome-based distance matrix calculator) 
[30] and visualized with the pheatmap package (1.0.12) 
in R (4.3.2). Whole-genome taxonomy analysis was per-
formed using the Type Strain Genome Server (TYGS) 
(http://tygs.dsmz.de) [31] and visualized using the iTOL 
tool [32].

Genome annotation and comparison
To facilitate genome analysis, we categorized predicted 
homologous genes into functional categories using the 
EggNOG database [33]. Draft genomes were annotated 
through RAST (Rapid Annotation using Subsystem 
Technology) [34], enabling gene function assignment 
and identification of various genetic elements. Genome 
assembly and annotation were conducted using PATRIC 
(BV-BRC 3.28.5) [35]. Biosynthetic gene clusters (BGCs) 
related to secondary metabolite production were identi-
fied with antiSMASH 7.0 [36], which provided additional 
annotations using tools like KnownClusterBlast, Cluster-
Blast, SubClusterBlast, ActiveSiteFinder, and RREFinder. 
To ensure accuracy in gene function predictions, amino 
acid sequences of functional genes were aligned and con-
firmed using NCBI BlastP (​h​t​t​p​​s​:​/​​/​b​l​a​​s​t​​.​n​c​​b​i​.​​n​l​m​.​​n​i​​h​.​g​o​v​
/​B​l​a​s​t​.​c​g​i).

Multiple sequence alignment for lycopene β-cyclase
Lycopene β-cyclase sequences from reference species 
were retrieved from NCBI based on BLAST analysis of 
SUN046_CrtYcd and SUN052_CrtY. Multiple sequence 
alignments of all lycopene β-cyclases were performed 

http://www.microbialid.com
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with Clustal Omega (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​T​​o​o​​l​s​/​m​s​a​/​c​
l​u​s​t​a​l​o​/), and alignment results were refined and ​v​i​s​u​a​l​i​z​e​
d using Jalview (Jalview 2.11.2.0). Docked structures were 
analyzed and visualized with BIOVIA Discovery Studio 
2024 Client [37].

Carotenoids extraction and detection
Strains SUN046T and SUN052T were cultured on R2A 
agar media to facilitate pigment analysis. After 48  h of 
growth, colonies were harvested and transferred to cen-
trifuge tubes. Ethanol was added, and the mixture was 
subjected to 10 min of sonication. The extracts were fil-
tered through a 0.45  μm filter paper and concentrated 
with a rotary evaporator. The dried extract was weighed 
and dissolved in ethanol at a final concentration of 1 mg/
mL for HPLC analysis, performed using a C18 analyti-
cal column (5 μm, stainless steel, 250 mm × 4.6 mm i.d.; 
Waters). The mobile phase consisted of solvent A (ace-
tonitrile/methanol/water/1  M Tris-HCl) and solvent 
B (methanol/ethyl acetate) with the following gradi-
ent (v/v): starting with 100% solvent A, shifting to 100% 
solvent B at 19 min, and returning to 100% solvent A at 
25  min. The flow rate was set at 1.2 mL/min, with a 20 
µL injection volume, and the column was maintained at 
ambient temperature. Pure carotenoid standards (DHI; 
Water & Environment) were used as references. HR 
ESI-MS (High-Resolution Electrospray Ionization Mass 
Spectrometry) analysis was performed at the Korea Basic 
Science Institute (KBSI) (Ochang, Center of Research 
Equipment). For analysis of extracts from SUN046T 
and SUN052T, high-resolution mass spectrometry was 
performed on a Synapt G2-HDMS mass spectrom-
eter (Waters, Manchester, UK) operated with MassLynx 
4.1 software. The extracts were analyzed in positive ion 
mode with an ESI source, acquiring a mass range of m/z 
50 to 1,200. Other MS parameters were optimized as 
follows: capillary voltage of 2.5 kV, cone voltage of 40 V, 
source temperature of 120 ºC, and desolvation gas flow 
rate of 500 L/h.

Results
Phylogenomic analysis and genomic characteristics
This study aimed to isolate and characterize pigment-
producing bacteria from Korean freshwater environ-
ments for the potential biotechnological application of 
microbial pigments in the cosmetic industry. A total 
of 264 strains exhibiting a broad spectrum of pigmen-
tation (ranging from reddish, pink, purple, and green 
to yellow, orange, brown, and black) were isolated and 
taxonomically classified into diverse bacterial lineages. 
Among these, members of the genus Flavobacterium 
were the most prevalent (14.7%), with all isolates display-
ing a yellow pigmentation characteristic. To investigate 
the biosynthesis of yellow pigments in Flavobacterium, 

two novel strains, designated SUN046T and SUN052T, 
were selected for in-depth taxonomic, physiological, 
and genomic characterization. Blasting of the 16S rRNA 
gene sequences of SUN046T and SUN052T showed high-
est similarity to F. chungnamense KACC 14971T (96.8%) 
and F. aquatile KACC 11692T (97.3%), both of which fall 
below the 98.7% threshold typically used to demarcate 
bacterial species [38]. In the 16S rRNA phylogenetic tree, 
constructed using the neighbor-joining method, both 
strains clustered with F. koreense KACC 14969T, F. chun-
gnamense KACC 14971T and F. aquatile KACC 11692T 
(Fig.  1A). This clustering pattern was consistent across 
phylogenetic trees generated with the maximum-likeli-
hood and maximum-parsimony methods (Fig. S1).

Circular graphical maps of the draft genome annota-
tions for strains SUN046T and SUN052T are shown in 
Fig.  1F and G, highlighting the locations of CDS, RNA 
genes, GC content, virulence factors and antimicrobial 
resistance genes. The genome of SUN046T was assem-
bled into 49 contigs, with 33.9% GC content and a total 
length of 4,140,562 bp. It included 3,452 protein-coding 
sequences (CDS), 43 transfer RNA (tRNA) genes and 4 
ribosomal RNA (rRNA) genes. The genome of SUN052T 
was assembled into 33 contigs, comprising 3,363,512 bp 
with 31.3% GC content. It contained 2,987 CDS, 43 tRNA 
genes, 3 rRNA genes and 1 transfer-messenger RNA 
(tmRNA) (Table S1).

Phylogenomic analysis using the TYGS platform indi-
cated that both isolates clustered with F. aquatile KACC 
11692T (Fig.  2A), consistent with the 16S rRNA phy-
logenetic tree. Genetic similarity between strains was 
assessed by calculating ANI values for the whole genome, 
which ranged from 76.9 to 81.1%. These ANI values fall 
below the 95% threshold, supporting sufficient genetic 
divergence to demonstrate the isolates as novel species 
(Fig. S2).

Phenotypic and chemotaxonomic characterization
Both strains were aerobic, rod-shaped, non-motile and 
Gram-negative. Colonies of SUN046T were light yellow 
(Fig. 1B) with cells measuring approximately 3.8 × 1.4 μm 
(Fig. 1C), while SUN052T colonies were yellow (Fig. 1D) 
with cell sizes at approximately 1.2 × 0.6  μm (Fig.  1E). 
Both strains grew well on R2A and nutrient agar but did 
not grow on Luria-Bertani, ISP4, ISP2, potato dextrose, 
Bennett and marine agar. Strain SUN046T grew at tem-
peratures from 10 to 30  °C (optimal at 20  °C), within a 
pH range of 5.0–7.0 (optimal pH 7.0) and with 0.5–1.0% 
(w/v) NaCl (optimal 0%). Strain SUN052T grew from 4 to 
30 °C (optimal at 20 °C), at pH 7.0–9.0 (optimal pH 7.0) 
and tolerated NaCl concentrations of 0.5–1.5% (w/v) 
(optimal 0%). Both strains exhibited morphological char-
acteristics typical of the Flavobacterium genus.

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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API 20NE results indicated that both strains hydro-
lyzed esculin, with strain SUN052T additionally posi-
tive for gelatin and β-galactosidase. ZYM test showed 
that both strains were positive for lipase (C14), tryp-
sin, α-chymotrypsin, α-galactosidase, β-galactosidase, 
β-glucuronidase, N-acetyl-β-glucosaminidase, 
α-mannosidase and α-fucosidase, while strain SUN046T 
was also positive for β-glucosidase (Table  1). Both 
strains were sensitive to 14 antibiotics (µg/mL): nali-
dixic acid (30), tetracycline (30), amikacin (30), ampicil-
lin/sulbactam (20), kanamycin (30), vancomycin (30), 

chloramphenicol (30), teicoplanin (30), streptomycin 
(25), gentamicin (30), spectinomycin (25), rifampicin 
(30), lincomycin (15) and erythromycin (30). Although 
rifampin resistance genes (rpoB) were identified in 
their genomes, both strains remained sensitive to this 
antibiotic.

Menaquinone-6 (MK-6) was identified as the pre-
dominant menaquinone in both strains. For SUN046T, 
the major fatty acids were iso-C15:1ω9c (16.9%), summed 
feature 1 (iso-C15:1-H and/or C13:0-3OH; 11.5%) and 
summed feature 5 (ante-C18:0 and/or C18:2ω6, 9c; 10.9%), 

Fig. 1  Phylogenetic tree, morphological characterization, and genome map of strains SUN046T and SUN052T. (A) Neighbor-joining tree of strains 
SUN046T and SUN052T based on 16S rRNA gene sequences. Bootstrap values > 50% are shown at branch points. Scale bar: 1 nt substitution per 100 nt. 
Cultivation photos of strains: (B) SUN046T and (C) SUN052T; and scanning electron microscopy images of strains: (D) SUN046T and (E) SUN052T. Circles at 
branch points represent consensus across various phylogenetic tree-building methods. Circular genome maps of (F) SUN046T and (G) SUN052T display 
the distribution of genome annotations, arranged from outer to inner rings as follows: contigs, CDS on the forward strand, CDS on the reverse strand, RNA 
genes, CDS with homology to antimicrobial resistance genes, CDS with homology to virulence factors, GC content, and GC skew
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while SUN052T predominantly contained C18:1ω5c 
(16.3%), iso-C15:1ω9c (14.3%) and C16:1ω11c (13.6%). 
There were qualitative and quantitative differences in the 
fatty acid profiles between the two strains, particularly in 
C16:1ω9c, alcohol-C16:1ω9c, summed feature 1 (iso-C15:1-
H and/or C13:0-3OH), summed feature 3 (C16:1ω6c and/
or C16:1ω7c) and summed feature 5 (anteiso-C18:0 and/or 
C18:2ω6, 9c) (Table S2). The polar lipid profile of SUN046T 
included one phosphatidyl monomethyl ethanolamine 
(PME), one phosphatidylethanolamine (PE), nine uniden-
tified amino lipids (AL), one unidentified glycolipid (GL) 
and two unidentified polar lipids (UL). SUN052T con-
tained one PE, two ALs, three GLs, two ULs and one 
unidentified phospholipid (PL) (Fig. S3). Although simi-
lar to those reference strains, the polar lipid profiles dif-
fered in the quantities of AL, GL, UL and PL.

Based on phenotypic, physiological, chemotaxonomic, 
and phylogenetic data, we propose that strains SUN046T 
and SUN052T represent novel species within the Flavo-
bacterium genus, designated as Flavobacterium sedi-
mentum SUN046T and Flavobacterium fluvius SUN052T, 
respectively (Table S3).

Genomic annotation and prediction of secondary 
metabolites
Genome annotation, secondary metabolite predic-
tion and functional gene analysis were conducted using 
genomic data. Genome annotation was performed with 
the RAST server, revealing 3,788 coding sequences in 
strain SUN046T and 3,024 in strain SUN052T. Approxi-
mately 17% and 21% of these genes, respectively, were 
annotated within subsystems. Using the EggNOG data-
base for orthology annotation, a total of 1,736 genes in 
strain SUN046T were classified into 21 COG categories, 
while 1,646 genes in strain SUN052T were assigned to 20 
categories.

Secondary metabolite prediction analysis using anti-
SMASH indicated that SUN046T possessed only one 
terpene cluster, whereas SUN052T contained three bio-
synthetic gene clusters, including one T3PKS cluster and 
two distinct terpene clusters (Fig. 2B). Both strains exhib-
ited three major types of terpenes: carotenoid, isorenier-
atene and (2R,3  S,3’S)-2-hydroxy astaxanthin. Although 
arylpolyene (APE) pigments were present in roughly half 
of the Flavobacterium species studied, strains SUN046T 
and SUN052T lacked APEs, suggesting that their pig-
mentation is primarily derived from carotenoids. APE 

Fig. 2  Phylogenomic tree and genome annotations based on sequence data. (A) Genomic tree of isolates (bolded and marked in blue) and related Fla-
vobacterium species, generated via TYGS and visualized using iTOL. (B) Annotation of secondary metabolites in Flavobacterium genomes, analyzed with 
antiSMASH 7.0. The index represented the number of biosynthetic gene cluster (BGC) types
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pigments, which are yellow and localized in bacterial 
membranes, help protect against oxidative stress by neu-
tralizing reactive oxygen species. The absence of APEs 
in SUN046T and SUN052T differentiated their pigment 
composition from strains with APEs, indicating that 
these two isolates solely relied on carotenoids, which 

simplified purification and enhanced zeaxanthin isolation 
efficiency.

Comparative analysis using the PATRIC database 
showed that strains SUN046T, SUN052T and F. aquatile 
KACC 11692T shared 19 identical antibiotic resistance 
genes. These genes were categorized as follows: antibi-
otic targets in susceptible species, regulators modulating 
antibiotic resistance gene expression, antibiotic target 
replacement proteins, genes conferring resistance by pro-
tein absence and proteins altering cell wall charge to con-
fer antibiotic resistance. Additionally, strains SUN052T 
and F. aquatile KACC 11692T contained the KatG resis-
tance gene which provides protection against the oxida-
tive burst from phagocytes [39]. For transporter features, 
all three strains possessed the GldJ gene, which is sig-
nificant for virulence [40]. Strain SUN046T uniquely con-
tained the oligosaccharide repeat unit polymerase Wzy, 
while proteorhodopsin was present in both SUN052T and 
F. aquatile KACC 11692T. Genome annotation from BV-
BRC revealed that strain SUN046T contained CRISPR-
related genes (5 CRISPR_Repeat, 4 CRISPR_Spacer and 
1 CRISPR_Array), which were absent in strains SUN052T 
and F. aquatile KACC 11692T (Table S4).

Carotenoid biosynthesis pathway and Zeaxanthin 
production
Genome annotation results indicated that strains 
SUN046T and SUN052T possess the MVA pathway for 
isopentenyl pyrophosphate (IPP) synthesis. Six genes 
encoding enzymes associated with the MVA pathway 
were identified in both strains: acetyl-CoA acetyltrans-
ferase (ACAT), hydroxymethylglutaryl-CoA synthase 
(HMGCS), HMG-CoA reductase (HMGCR), mevalonate 
kinase (MEVK), phosphomevalonate kinase (PMEVK), 
diphosphomevalonate decarboxylase (DPMVD) and 
isopentenyl diphosphate isomerase (IDI) (Fig.  3). Nota-
bly, strain SUN046T lacked the HMGCS gene but still 
retained functionality in the MVA pathway. Similar 
absences of HMGCS in the MVA pathway were observed 
in some other Flavobacterium species (Table S5), sug-
gesting that a non-homologous enzyme might have sub-
stituted for HMGCS, or that an alternative pathway for 
HMG-CoA synthesis might have been presented in these 
species.

Both isolates contained four key enzymes involved 
in the carotenoid biosynthesis pathway: phytoene syn-
thase (CrtB), phytoene dehydrogenase (CrtI), lyco-
pene cyclase (CrtY) and β-carotene hydroxylase (CrtZ). 
These enzymes catalyze the conversion of geranylgera-
nyl pyrophosphate (GGPP) to zeaxanthin via lycopene 
and β-carotene. However, lycopene ε-cyclase (LCYE) 
and carotene ketolase (CrtW), which are responsible 
for catalyzing the biosynthesis of lutein from lycopene 
via α-carotene and astaxanthin from β-carotene via 

Table 1  Different characteristics of the novel strains and 
closely related type strains. Strains: 1, SUN046T; 2, SUN052T; 
3, Flavobacterium koreense KACC 14969T; 4, Flavobacterium 
chungnamense KACC 14971T; 5, Flavobacterium aquatile KACC 
11692T

Characteristic 1 2 3a 4a 5b

Isolation source Sediment Sediment Cheonho 
reservoir

Cheon-
ho 
reservoir

-

Morphology Rod Rod Rod Rod Rod
Colony colour Pale 

yellow
Yellow Cream 

yellow
Cream 
yellow

Pale 
yel-
low

Growth on:
  Nutrient agar + + + + -
  Tryptic soy agar - - - - -
Gliding motility - - - - -
Flexirubin-type 
pigments

- - + + -

Range of:
  Temperature 
(℃) (optimum)

10–30 
(20)

4–30 (20) 4–37 (25) 10–30 
(25)

10–
37
(20–
30)

  pH range 
(optimum)

5.0–7.0 
(7.0)

7.0–9.0 
(7.0)

6.0-9.5
(7.0–8.0)

6.5–9.5
(7.5-8.0)

6.5-
8.0 
(7.0)

  NaCl (%, w/v) 0–1 (0) 0-1.5 (0) 0-0.5 (0) 0-0.5 (0) 0-
0.5 
(0)

Hydrolysis of:
  Esculin + + + + +
  Gelatine - + + + +
β-galactosidase - + - - -
Enzymatic 
activities
  Lipase + + + + +
  Trypsin + + + + +
  α-chymotrypsin + + + + +
  α-galactosidase + + + + +
α-mannosidase + + + + +
α-fucosidase + + + + +
  β-galactosidase + + + + +
  β-glucuronidase + + + + +
β-glucosidase + - + + +
  N-acetyl-β-
glucosaminidase

+ + + + +

  DNA G + C 
content (%)

33.9 31.3 31.5 33.2 33.0

* Data from this study. a Data from [51]; b [52]
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adonixanthin, were absent. All Flavobacterium spe-
cies contained the crt gene cluster, except for F. gilvum 
EM1308T, which displayed a unique phenotype with a 
creamy white color [41] in contrast to the typical yellow 
to orange pigmentation of zeaxanthin-producing Flavo-
bacterium species.

The zeaxanthin biosynthesis capability of the isolated 
strains was evaluated, and yields were quantified via 
HPLC analysis (Fig. 4). Both strains showed a prominent 
peak corresponding to zeaxanthin, an unidentified peak, 

and a trace β-carotene peak in their carotenoid profiles. 
Zeaxanthin production was further validated by LC-MS/
MS analysis (Fig. 4D, E). The zeaxanthin yields of strains. 
The zeaxanthin yields of strains SUN046T and SUN052T 
were measured as 6.49 µg/mL and 13.23 µg/mL, respec-
tively. Several Flavobacterium strains with different zea-
xanthin productivity had been reported, as summarized 
in Table 2. These results indicated that strains SUN046T 
and SUN052T yielded higher levels of zeaxanthin as com-
pared to other Flavobacterium species.

Fig. 3  Proposed MVA (mevalonate) and zeaxanthin biosynthetic pathways in strains SUN046T and SUN052T, based on RAST seed annotation and an-
tiSMASH prediction. (A) antiSMASH prediction and RAST annotation of gene localization in Flavobacterium sp. SUN046T and SUN052T. (B) The pathway 
intermediates include acetyl-CoA, acetoacetyl-CoA, HMG-CoA (3-hydroxy-3-methylglutaryl-CoA), MVA, MVP (5-phosphomevalonate), MVPP (5-diphos-
phomevalonate), IPP (isopentenyl diphosphate), DMAPP (dimethylallyl diphosphate), GGPP (geranylgeranyl pyrophosphate), phytoene, lycopene, 
γ-carotene, β-carotene, β-cryptoxanthin, and zeaxanthin. Enzymes involved are ACAA (3-ketoacyl-CoA thiolase), HMGCS (hydroxymethylglutaryl-CoA 
synthase), HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase), MEVK (mevalonate kinase), PMEVK (phosphomevalonate kinase), MVD (diphosphomeva-
lonate decarboxylase), IDI (isopentenyl-diphosphate delta isomerase), CrtB (phytoene synthase), CrtI (phytoene dehydrogenase), CrtY/CrtYcd (lycopene 
cyclase), and CrtZ (β-carotene hydroxylase)
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Comparison of different types of lycopene cyclase in 
Flavobacterium
Both strains possessed distinct types of lycopene cyclase, 
referred to as CrtY and CrtYcd, respectively. The CrtY 
type found in strain SUN052T was commonly observed 
in bacteria, fungi, algae and plants, whereas the CrtYcd 
type in strain SUN046T was rarely found in only 5 out 
of 45 species in the Flavobacterium genus (Fig.  5A and 
Table S1). To explore the functional and mechanistic dif-
ferences due to structural variations between CrtY and 
CrtYcd, we conducted amino acids alignment, 3D struc-
ture prediction, and molecular docking analysis with rel-
evant substrates.

A distinct pattern in the amino acid sequence of CrtY 
was noted between the two isolates. Sequence align-
ment of SUN046_CrtYcd showed significant conserva-
tion with the N-terminal domain of CrtYB, arising from 

a concatenated fusion involving the crtYc-crtYd and crtB 
genes [42]. A key feature within these domains was the 
highly conserved PXE(E/D) motif (Fig. 5C) which served 
as an active site. This motif was a universal signature in 
this class of lycopene β-cyclases, found across archaea, 
fungi and bacteria, underscoring its importance in enzy-
matic function [43]. The conservation of this motif in 
various cyclases suggested a central role in the catalytic 
mechanism.

In contrast, sequence alignment of SUN052_CrtY 
and other bacterial CrtY types revealed N- and C-ter-
minal deletions compared with plant and cyanobacte-
rial LCYBs. Conserved regions were identified not only 
in the lycopene cyclases (LCY) of other bacteria and 
plants but also in SUN052_CrtY. Analysis of conserved 
motifs highlighted the presence of a dinucleotide-binding 
domain, an LCY-specific motif, cyclase motifs 1 and 2, 
along with three β-LCY CAD regions (Catalytic Activ-
ity Domains) which were essential for lycopene cyclase’s 
enzymatic activity [44]. Orthologous proteins such as 
CrtY in bacteria and CrtL (including CrtL-b and LCY-b) 
in cyanobacteria, algae and higher plants exhibited sub-
stantial structural homology, containing NAD(P)/FAD 
binding motifs [42]. Within these conserved sequences, 
the motif V/IXGXGXXGXXXA (highlighted in red, 
Fig. 5B) was associated with FAD/NAD cofactor binding. 

Table 2  Zeaxanthin production by unmodified species in the 
genus Flavobacterium
Strain Carotenoid Yield Reference
F. sedimentum SUN046T Zeaxanthin 6.49 µg/mL This work
F. fluvius SUN052T Zeaxanthin 13.23 µg/mL This work
F. sp. ATCC 25582 Zeaxanthin 0.75 ± 0.03 µg/mL  [53]
F. sp. P8 Zeaxanthin 0.27 ± 0.02 µg/mL  [11]
F. multivorum ATCC 55238T Zeaxanthin 9.8 ± 0.09 µg/mL  [54]

Fig. 4  Carotenoid chromatogram profiles of a standard mixture and the isolates SUN046T and SUN052T. (A) Standards: neoxanthin (7.183 min), violax-
anthin (9.000 min), lutein (15.057 min), zeaxanthin (16.341 min), chlorophyll B (18.528 min), chlorophyll A (20.132 min), and β-carotene (21.325 min). (B) 
Strain SUN046T: zeaxanthin (16.351 min). (C) Strain SUN052T: zeaxanthin (16.367 min), β-carotene (21.326 min). LC/MS spectra of zeaxanthin (C₄₀H₅₇O₂) in 
strains (D) SUN046T (569.4338 m/z) and (E) SUN052T (569.4327 m/z)
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Additionally, a glutamic acid residue within the con-
served FLEET motif was critical for β-carotene biosyn-
thesis [44].

We further analyzed lycopene β-cyclases for potential 
membrane or cytosolic localization by predicting mem-
brane helices using DeepTMHMM. Three distinct types 
of lycopene β-cyclases were identified and tested: cyto-
solic lycopene β-cyclase type (CrtY, LYC), membrane-
bound lycopene β-cyclase (CrtYcd) and bifunctional 
CrtY/CrtB-type (Fig.  5D and Table S1). To achieve a 
comprehensive understanding of how these conserved 
regions contributed to enzymatic activity, we conducted 
an in-depth examination of the 3D structural models.

Molecular docking studies provided deeper insights 
into the binding of lycopene with different CrtYcd and 
CrtY types. The binding affinity of SUN046_CrtYcd and 
SUN052_CrtY with lycopene and FAD was recorded as 
-11 and − 9.4  kcal/mol, respectively. The cavity volumes 
(Å³) of the two enzymes were 960 and 2,335, with the 
binding site coordinates at (5, -1, -4) and (4, 7, 3), respec-
tively, pinpointing precise locations within the protein 
structures. Key residues involved in SUN046_CrtYcd 
included PRO (75, 201), LEU (76, 202) and GLU (77, 
78, 203, 204). For SUN052_CrtY, the FAD-binding site 
involved key residues GLY (10, 12) and ALA15, consis-
tent with the conserved motifs in the amino acid align-
ment (Table S6).

Discussion
In this study, we successfully identified and classified 
two novel species F. sedimentum SUN046T and F. fluvius 
SUN052T through a polyphasic taxonomic approach. 
Comparative genomic analysis with 45 closely related 
Flavobacterium species provided insights into the genetic 
and evolutionary diversity of zeaxanthin biosynthesis, 
particularly focusing on lycopene β-cyclase within the 
Flavobacterium genus.

Along with other Flavobacterium species, both iso-
lates only utilized the MVA pathway for IPP synthesis, 
whereas most bacteria and plastids typically employed 
the 2-C-methyl-D-erythritol 4-phosphate (MEP) and/
or partial MVA pathways. The MVA pathway gener-
ally encompassed two different types which were from 
eukaryotic or archaeal (modified). In the modified MVA 
pathway, certain enzymes, particularly phosphomevalon-
ate kinase (PMK) and diphosphomevalonate decarboxyl-
ase (DMD) in the lower pathway (from mevalonate to IPP 
synthesis), were replaced by non-homologous enzymes 
or similar reactions to complete the pathway [45]. While 
enzyme replacements in the lower MVA pathway had 
been documented in archaea and Chloroflexi bacte-
ria, the absence of enzymes in the upper MVA pathway 
(up to mevalonate synthesis) was rarely observed [46]. 
Comparative genomic analysis revealed that HMG-CoA 
synthase (HMGCS) was absent in SUN046T and other 

Fig. 5  Phylogenetic analysis and sequence alignment of lycopene β-cyclases in Flavobacterium. (A) Phylogenetic tree of crtY and crtYcd genes construct-
ed using MEGA 6.0. (B) Characteristic regions of CrtY and LCYB, marked below the LCYB sequence: dinucleotide binding site, LCY-specific motif, cyclase 
motifs 1 and 2, charged region and β-LCY CAD (catalytically active domain). (C) Two active sites of CrtYcd. (D) and (E) Structural variations in lycopene 
β-cyclase in SUN046T (CrtYcd) and SUN052T (CrtY)
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Flavobacterium species among the 45 examined (Table 
S1). These findings suggested that Flavobacterium spe-
cies may have acquired an incomplete MVA pathway 
through horizontal gene transfer from eukaryotic or 
archaeal sources, potentially representing another type of 
modified MVA pathway. Further genetic studies are war-
ranted to identify non-homologous enzymes that may 
replace HMGCS in strain SUN046T and some of the Fla-
vobacterium species.

Genome annotations results revealed that crtY and 
crtYcd genes were presented across the Flavobacte-
rium genus, though the crtYcd gene was only found in 
six strains, including SUN046T (Table S1). Interestingly, 
crtYcd in these strains showed high sequence homology 
with genes from archaea and fungi (Fig. S4). This obser-
vation aligned with previous studies of describing the 
unique structural features of the crtYcd gene in archaea, 
which includes a fusion of crtYc and crtYd domains con-
nected by an additional transmembrane segment [47]. 
This domain arrangement may be an adaptation to the 
distinct environmental conditions in archaea. In fungi, 
the presence of crtYB reflected a further fusion of crtYcd 
and crtB genes [43], suggesting evolutionary innova-
tion. Additionally, the CrtY in strain SUN052T displayed 
amino acid sequence conservation with LCY from micro-
algae and plants, indicating that these organisms shared 
a common phylogenetic origin and retained an ancient 
genetic connection [48].

The differences in ligand-binding modes and catalytic 
domain structures between CrtY and CrtYcd implied that 
distinct catalytic mechanisms might have affected carot-
enoid biosynthesis efficiency (Fig. S4). The CrtY sequence 
contained multiple catalytic domains and cyclase motifs, 
whereas CrtYcd had only two catalytic domains. The pro-
duction of zeaxanthin in strain SUN052T was approxi-
mately twice of SUN046T. This correlation between 
catalytic domain abundance and zeaxanthin biosynthesis 
efficiency was further supported by 3D protein structure 
analysis, which showed more β-strands in the structure 
of strain SUN052T (Table S6). The increased number 
of β-strand might contribute to additional active sites, 
potentially enhancing the carotenoid production capacity 
of this strain [49]. However, further studies are needed to 
explore the influence of the differing position of promot-
ers in crtY and crtYcd in SUN052T and SUN046T on zea-
xanthin yield. In crtYcd of SUN046T, the crt gene cluster 
is arranged as an operon (crtI-crtB-crtZ-crtYcd), regulated 
by a single promoter for the entire gene cluster. In con-
trast, crtY in SUN052T is positioned separately from the 
crt operon, which may allow for more robust expression, 
regardless of the promoter distance (Fig. S5).

Lycopene β-cyclase had attracted great interest owe to 
its role in promoting high-value carotenoid production 
across various organisms. Overexpression of the crtY 

gene had significantly increased lycopene production in 
E. coli through advanced genetic modifications [50]. This 
approach had also been applied to plants like tomato, 
Arabidopsis and sweet potato, demonstrating that crtY 
could enhance resistance to environmental stresses, 
including drought and salinity [55]. Although the impor-
tance of lycopene β-cyclase in carotenoid biosynthesis is 
well recognized, our study is the first to conduct a com-
parative genomic analysis of structural variations in lyco-
pene β-cyclase and the carotenoid biosynthesis pathway 
within Flavobacterium species. The identified crtY and 
crtYcd in these two novel Flavobacterium species repre-
sent promising targets for metabolic and protein engi-
neering, and have the potential to improve the enzyme 
activity for zeaxanthin production in future studies.

Conclusion
This study provides valuable insights into the carotenoid 
biosynthetic and genetic diversity of Flavobacterium 
strains. Two novel species, SUN046T and SUN052T, dis-
play distinct zeaxanthin biosynthetic pathways, high-
lighting their potential for biotechnological applications. 
Notably, the absence of APE pigments in these strains 
streamlines the purification process, enhancing the effi-
ciency of zeaxanthin extraction and making them as 
promising candidates for industrial-scale production. 
Future research needs to explore the functional proper-
ties of these variants, their applicability in various organ-
isms and innovative strategies to utilize their biosynthetic 
capabilities for sustainable and efficient zeaxanthin 
production.
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