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Abstract: Carotenoids are extensively used in drugs, cosmetics, nutrients, and foods, owing to their
antioxidant and anti-inflammatory characteristics. Diverse marine heterotrophic prokaryotes can
accumulate carotenoids and become promising alternatives for the advancement of carotenoids
production. In this research, 55 strains were isolated and cultivated from tidal flat sediment in
Zhoushan and classified into the phyla Pseudomonadota (n = 24), Bacillota (n = 18), Bacteroidota (n = 9),
and Actinomycetota (n = 4). Nine of them accumulated carotenoids, and most of them belonged
to the families Flavobacteriaceae (n = 4) and Erythrobacteraceae (n = 4). Among those carotenoid-
producing strains, one strain, designated as D39T, was proposed as one novel species belonging
to the genus Croceibacterium through polyphasic taxonomy approaches. Genomic annotations and
carotenoid compound determinations revealed that strain D39T encoded crtEBIYZG genes and mainly
accumulated zeaxanthin as major carotenoids. Furthermore, carotenoid biosynthesis pathway in
the majority of Croceibacterium strains were identical with that in the strain D397, implying that
Croceibacterium members can be sources of producing zeaxanthin. This study enhances knowledge of
microbial biodiversity in tidal flats, proposes a novel carotenoid-producing Croceibacterium species,
and elucidates carotenoid biosynthesis pathway in the genus Croceibacterium, which contribute to
enriching marine carotenoid-producing strains and promoting a comprehensive insight into genomic

contents of them.
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1. Introduction

Carotenoids are lipophilic bioactive triterpene pigments and are mainly divided
into two categories based on their chemical structure: xanthophylls, which are oxidized
carotenoids with oxygen as a functional group, and carotenes, which are hydrocarbon
carotenoids composed of carbon and hydrogen atoms [1]. Carotenoids exhibit a wide
distribution across plants, algae, fungi, and prokaryotes, showcasing various colors in-
cluding red, orange, yellow, purple, and brown [2]. Currently, they are extensively used
in drugs, cosmetics, nutrients, and foods, especially for treating ophthalmic diseases [3].
Compared to carotenoids extracted from plants, algae, and fungi or chemically synthesized,
prokaryote-derived carotenoids are characterized by high efficiency and low environmental
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impact [4]. Consequently, there is a burgeoning interest in the exploration of novel sources
of prokaryotic carotenoids and the advancement of their applications.

Apart from those phototrophic prokaryotes, diverse marine heterotrophic prokaryotes
belonging to the phyla Bacteroidota (known as Bacteroidetes previously) and Pseudomon-
adota (known as Proteobacteria previously) can also accumulate carotenoids for defending
against photooxidative damage and regulating membrane fluidity [5]. The biosynthesis of
carotenoids is regarded as an adaptive response to certain marine environmental adver-
sities, such as excess solar radiation and reactive oxygen species [6,7]. Recently, several
carotenoids that are of significant commercial value—including astaxanthin, used as a
dietary supplement for human, animal, and aquaculture consumption; 3-cryptoxanthin,
which prevents free radical damage to cells and DNA; and zeaxanthin, which relieves age-
related macular degeneration—have been found to be biosynthesized by marine Bacteroidota
and Pseudomonadota members [8-12]. Consequently, marine heterotrophic prokaryotes
could be favorable alternatives for developing novel and sustainable carotenoid sources.

The family Erythrobacteraceae, belonging to the phylum Pseudomonadota, is a repre-
sentative carotenoid-producing group [5,13]. Currently, the family Erythrobacteraceae ac-
commodates 20 genera (https://lpsn.dsmz.de/family/erythrobacteraceae, accessed on
27 December 2023) [14]. Ecologically, the family Erythrobacteraceae strains are commonly
isolated from multiple marine environments, including seawater [15,16], sediments [17,18],
as well as marine fauna and flora [19-21]. The genus Croceibacterium, belonging to the
family Erythrobacteraceae, was proposed by Liu et al. [22], describing Croceibacterium ferulae
as the type species and reclassifying Porphyrobacter mercurialis as C. mercuriale. Subse-
quently, four Altererythrobacter species, including Altererythrobacter atlanticus Wu et al.,
2014, and Altererythrobacter salegens Liang et al., 2017, were reclassified into the genus Cro-
ceibacterium based on the core-genomic phylogeny [23]. At the time of writing, this genus
includes seven validly published species according to the List of Prokaryotic names with
Standing in Nomenclature (https:/ /lpsn.dsmz.de/genus/croceibacterium, accessed on
27 December 2023). In this study, 28 pigmented strains were isolated and cultivated during
a prokaryotic investigation inhabiting the tidal flat of Zhoushan Archipelago, which is the
largest archipelago of People’s Republic of China. Among these pigmented strains, one
carotenoid-producing and yellow-pigmented colony, designated as D397, was specifically
characterized by polyphasic taxonomic approaches and carotenoid profile determinations
to clarify its taxonomic status and carotenoid biosynthesis pathway. The aim of this study
is to enrich marine carotenoid-producing prokaryotic strains and promote a comprehensive
insight into genomic contents of marine carotenoid-producing prokaryotes.

2. Materials and Methods
2.1. Isolation, Cultivation, Preservation, and Identification of Carotenoid-Producing Strains

One tidal flat sediment sample was collected from Zhoushan Archipelago (29.92° N,
122.41° E) and stored at a temperature of 4 °C for short-term preservation. The sediment
subsamples were repeatedly suspended with NaCl solution (3.0%, w/v), diluted by ten-fold
dilution, and then coated on marine 2216 agar (MA; Difco, Sparks, NV, USA). After one
month of aerobic cultivation at room temperature, the colonies were picked and incubated
in marine 2216 broth (MB; Difco, Sparks, NV, USA) for an additional period of three days.
Following a purity test, the mixture was cryopreserved with a solution add with sterilized
glycerol of a same volume at —80 °C.

Taxonomic status of each isolated strain was distinguished using 16S ribosomal RNA
gene sequence identity analysis. In brief, extracted genomic DNAs of each strain were
used as templates for amplifying 16S ribosomal RNA genes by using 27F (5'-GAGAGTTT-
GATCCTGGCTCAG-3') and 1492R (5'-TACGGYTACCTTGTTACGACTT-3') prime pair.
Then the 16S ribosomal RNA gene sequences were sequenced at Tsingke Biotechnology
Co., Ltd. (Hangzhou, China). The EzBioCloud webserver [24] was applied to deter-
mine the sequence identity of all 16S ribosomal RNA sequences, thereby elucidating their
taxonomic classification.
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Furthermore, all pigmented strains were tested for the presence of carotenoids using
spectrophotometry. Cells of MB medium culture solution was centrifuged, washed with
NaCl solution (2.0%, w/v) once, and then resuspended in the acetone/methanol (7:2, v/v)
solution with violent shaking of 10 min. After centrifugation, the acetone/methanol
extracts were collected and analyzed for an absorbance spectrum in the visible range of
300-600 nm by using an ultraviolet spectrophotometer (UV-2700i, Shimadzu Instruments
Manufacturing Co., Ltd., Suzhou, China) [25]. Additionally, the same acetone/methanol
solution was used as a blank control.

2.2. Phylogenetic Relationship and Genomic Characteristics of Carotenoid-Producing Strain D397

In the process of classifying and identifying these colonies, one colony, designated
as D39T, was discovered, which belonged to the Erythrobacteriaceae family and exhibited
yellow pigment production along with carotenoid synthesis. However, the specific taxo-
nomic status remained unknown. To enhance our understanding of carotenoids produced
by prokaryotic bacteria in tidal flats, we conducted an analysis on its classification, identifi-
cation, and composition of carotenoid compounds.

The lyophilized sample of strain D39 was subsequently submitted to Guangdong
Magigene Biotechnology Co., Ltd. (Guangzhou, China) for sequencing its genome on
lumina HiSeq 6000 platform (San Diego, CA, USA). After filtering low-quality reads,
6,000,410 high-quality clean reads with total size of 1,785,766,533 bp were generated.

SPAdes version 3.14.1 [26] and CheckM v.1.0.7 [27] were used to assemble the genome
draft and estimate its assembled complete genome quality, respectively. Subsequently,
Rapid Annotation using Subsystem Technology web server version 2.0 [28] was carried
out to annotate open reading frames (ORFs) and RNA genes. Functional annotations
were performed using eggNOG-mapper v2.0.5 [29]. In addition, the genomes of seven
Croceibacterium type strains and other Erythrobacteraceae relatives were retrieved from NCBI
GenBank database, with comprehensive details enumerated in Table S1.

The complete 16S ribosomal RNA gene sequences of strain D397 were retrieved
as described previously [30] and aligned with 16S ribosomal RNA gene sequences of
other related type strains by using Clustal_ W [31]. Phylogenetic trees based on three
methods— including neighbor-joining [32], maximum likelihood [33], and maximun par-
simony [34]—were reconstructed by MEGA X software v.10.2 [35]. The Kimura two-
parameter model and 1000 repetitions were used as the nucleotide replacement model and
bootstrap values.

The genome relatedness indices were determined by using OrthoANI Tool v.0.93.1 and
Genome-to-Genome Distance Calculator 2.1 webserver [36,37]. Orthologous clusters (OCs)
were searched by the Proteinortho v.5.16b [38] based on the amino acid sequences of ORFs,
with command “-e 1e-5 -cov=50-identity=50". Shared single-copy orthologous cluster amino
acid sequences were aligned by MAFFT v.7.490 [39] and refined by trimAL v.2rev59 [40].
Then one phylogenomic tree was reconstructed employing IQ-TREE v.1.6.12 [41] with
ultrafast bootstraps set to 1000.

2.3. Phenotypic Determinations of Strain D397

In this study, reference strains Croceibacterium salegens MCCC 1K01500" and C. soli
MCCC 1K02066" were employed for parallel comparisons. The NaCl concentration range
for growth (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, 12.0%, w/v) was determined
in sodium-free medium at 37 °C following the formulation of MB. The temperature and
pH ranges for growth were examined by incubation at 4, 10, 25, 28, 30, 37, 40, and 45 °C as
well as pH 5.0 to 10.0 (0.5 pH units per interval and buffer agents added). The motility was
assessed by aseptically transferring a small aliquot of the fresh bacterial solution from the
later stages of growth onto a pre-prepared semi-solid medium (MA, agar concentration
halved), using inoculating needles, followed by incubation for five days under optimal
growth conditions. Colony morphology was observed when strain D397 was cultivated on
MA at 37 °C for four days. Cellular morphology was observed via transmission electron
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microscopy (JEM-1400Flash HC, JEOL Ltd., Tokyo, Japan). Gram-staining was performed as
described previously [42]. Catalase activity was assessed through the production of bubbles
upon the addition of hydrogen peroxide solution, while oxidase activity was detected
by observing the oxidation of N,N-dimethyl-1,4-phenylenediamine oxalate. Anaerobic
growth assay was performed, and the hydrolyses of casein, cellulose, starch, Tweens 20,
40, 60, and 80, as well as tyrosine were carried out according to Xu et al. [43]. Sole carbon,
nitrogen, and energy source utilizations were carried out in oligotrophic MB containing
2.0% (w/v) NaCl, yeast extract (0.1 g/L), peptone (0.5 g/L), and carbohydrates (2 g/L),
organic acids (1 g/L), or amino acids (1 g/L) as substrates. For acid production test,
sugars or alcohols (10 g/L) were supplemented in MOF medium containing 2.0% (w/v)
NaCl. Other phenotypic tests were investigated using API 20NE and API ZYM strips
(bioMérieux, Marcy-l’Etoile, France). All API tests were performed in accordance with the
manufacturer’s instructions, with some modifications aiming to establish experimental
conditions that fostered optimal growth and viability of the cells.

Cells of strain D397, Croceibacterium salegens MCCC 1K015007, and C. soli MCCC
1K02066" were harvested after four days of cultivation on MA at the optimal temperature,
and subsequently subjected to parallel analysis using the Microbial Identification System
under identical conditions [44]. The extraction of intercellular polar lipids was performed
as Minnikin et al. [45]. The polar lipid types corresponding to the points on the silica
gel plate (10 x 10 cm; Merck Millipore, Burlington, MA, USA) were determined based
on the color development results obtained from various lipid spray agents. Lyophilized
cells of strain D39T were stirred overnight to extract the isoprenoid quinone with 45 mL
chloroform/methanol (2:1, v/v) solution. Extracts were evaporated to dryness at 37 °C
after filtering and resuspended in 1 mL chloroform. The isoprenoid quinone was separated
on GF254 silica gel plates (20 x 10 cm; Merck Millipore, Burlington, MA, USA) using
n-hexane/ether (34:6, v/v). The silica gel plate was positioned beneath a 254 nm ultraviolet
lamp for observation, and the corresponding section of the silica gel strip was gently
scraped off. Subsequently, 1ml of acetone was added overnight to facilitate the dissolution
of respiratory quinones present in the silica gel, followed by analysis utilizing HPLC-MS
(Agilent, Santa Clara, CA, USA) [43].

2.4. Carotenoid Determination and Biosynthetic Gene Analysis of Strain D397

The bacterial solution of strain D397, with a volume of 300 mL at the end of logarithmic
growth phase, was centrifuged at 12,000 x g for a half hour to harvest cells. The samples
were subsequently subjected to freeze-drying and pulverization into a fine powder for
subsequent carotenoid extraction. The resulting powder (50 mg) was extracted using a
mixture of n-hexane/acetone/ethanol (1:1:1, v/v/v) under agitation at room temperature
for 20 min, followed by centrifugation at 4 °C and 12,000x g for 5 min to collect the
supernatant. The residue was then extracted under identical conditions, evaporated,
and dried in methylene chloride (100 pL). Finally, the solution was filtered through a
membrane filter with a pore size of 0.22 um prior to analysis. Carotenoids contents were
determined by MetWare based on the AB Sciex QTRAP 6500 LC-MS/MS platform (AB
Sciex, Singapore) [46,47].

As described by Siddaramappa et al. [48], the Crt proteins responsible for carotenoid
biosynthesis—including CrtB (15-cis-phytoene synthase, K02291), CrtI (phytoene desat-
urase, K10027), CrtW (3-carotene/zeaxanthin 4-ketolase, K09836), CrtY (lycopene 3-cyclase,
K22502), and CrtZ (p3-carotene 3-hydroxylase, K15746)—were retrieved based on the Kyoto
Encyclopedia of Genes and Genomes annotations. Furthermore, these genes were con-
firmed by using BLAST searches against NCBI UniProtKB/Swiss-Prot protein sequence
database [49]. Additionally, another two key proteins CrtE (geranylgeranyl pyrophosphate
synthase) and CrtG (2,2'-B-ionone ring hydroxylase) which amino acid sequences were
searched using BLAST against the reference proteins obtained from UniProt database
(Table S2). The Crt protein sequences were subjected to comparative analysis and refine-
ment using MAFFT software v7.490 and trimAL software 1.2rev59, respectively. Then, a
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maximum-likelihood phylogenetic tree based on concatenated Crt protein sequences was
obtained using IQ-Tree version 1.6.12 as described above [41].

3. Results
3.1. Bacterial Isolation of Tidal Flat Sediment

During isolation and cultivation, 55 bacterial strains were obtained from the tidal
flat sediment sample. Based on the taxonomic identification of 16S ribosomal RNA gene
sequences, these strains were classified into four phyla, with dominant one as Pseudomon-
adota (n = 24), followed by Bacillota (n = 18), Bacteroidota (n = 9), and Actinomycetota (n = 4).
Meanwhile, 28 of 55 strains showed obvious colors such as red, orange, and yellow, and
nine of these pigment extracts contained absorbance peaks at 435, 451, 452, 453, 454, 456,
460, 479, 480, 482, and/or 497 nm, suggesting the existence of carotenoid compounds
(Figure 1). The detailed information of 55 strains was listed in Table S3.
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Figure 1. In vitro pigment-absorption spectrum of acetone/methanol extracts from strains D19 (A),
D37 (B), D38 (C), D39 (D), H6 (E), H9 (F), H20 (G), H24 (H), and Z16 (I) extracts. The colonies of each
strain grown on MA were displayed in the middle-right of each subfigure.

3.2. Phylogenetic Relationship and Genomic Comparison of Strain D39"

Strain D39" had the highest 16S ribosomal RNA gene sequence identities with C. salegens
XY-R177 (97.3%) and C. atlanticum 26DY36' (97.0%) as well as sequence identities of <96.7%
with other Croceibacterium members, which indicated that strain D39 could represent one
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novel Croceibacterium species based on those gene sequence identities below the species
threshold of 98.65% [50]. Phylogenetic trees constructed based on the 16S ribosomal RNA
genes illustrated that strain D39T formed a distinct and stable branch exclusively with
C. salgenes XY-R17" (Figure S1). However, due to the low bootstrap value and limited re-
covery nodes, it is challenging to establish conclusive relationships between Croceibacterium
species using the 165 ribosomal RNA gene-based phylogeny. Hence, it was imperative to
construct a more robust phylogenomic tree to elucidate its evolutionary association with
Croceibacterium species, as performed in other Erythrobacteraceae genera recently [23,51-61].

Genomic size of strain D397 genome was 3,347,658 bp, and genomic DNA G + C con-
tent of that was 65.8%. Furthermore, genomic completeness of this genome was determined
to be 99.2% and its contamination was estimated to be 1.0%, indicating that this genome
adheres to the high-quality standard as proposed by Bowers et al. [62]. The genome of
strain D39T encoded 3247 ORFs and 50 RNA genes, respectively. In addition, 2702 (83.2%),
690 (21.2%), and 1904 (58.6%) ORFs were assigned to Clusters of Orthologous Groups
of proteins, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes databases,
respectively. Comparative genomic analysis revealed that genomes of strain D397 and
other seven Croceibacterium type strains had a pan-genome of 10,408 OCs, among which
1149 OCs were common in all Croceibacterium members. A phylogenomic tree based on the
shared single-copy OCs showed that strain D39" was classified within a clade comprising
the genus Croceibacterium and formed a distinct branch with C. salegens MCCC 1K015007,
thereby indicating its affiliation to the genus Croceibacterium (Figure 2).
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Figure 2. Phylogenomic tree based on the partition of 133 single-copy orthologous cluster protein
sequences depicting the phylogenetic relationship among strain D39 and Croceibacterium type strains,
which are colored by red. Only bootstrap values higher than 70% are shown. Rhodospirillum rubrum
ATCC 11170" served as an outgroup.

The average nucleotide identity and in silico DNA-DNA hybridization values of
strain D397, C. salegens MCCC 1K01500T, and C. soli MCCC 1K02066T were determined
to be 83.0% and 44.2%, respectively. Moreover, strain D397 exhibited low overall genome
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relatedness index values of <77.2% (average nucleotide identity) and <20.5% (in silico
DNA-DNA hybridization) when compared with the rest of Croceibacterium type strains.
These findings show that overall genome relatedness indices between strain D39T and
Croceibacterium type strains fell below the species demarcation thresholds for average
nucleotide identity (95-96%) [50] and for in silico DNA-DNA hybridization (70%) [37],
suggesting that strain D39 is a novel Croceibacterium species. Detailed overall genome
relatedness index values for strain D39T and Croceibacterium type strains are presented in
Table 1.

Table 1. The overall genome relatedness index values among strain D397 and Croceibacterium
type strains.

. Average Nucleotide Identity In Silico DNA-DNA
Strain

(%) Hybridization (%)
C. atlanticum DSM 1007387 73.4 14.8
C. ferulae KCTC 620907 73.5 14.7
C.mercuriale DSM 299717 73.9 14.8
C.salegens MCCC 1K015007 83.0 442
C. soli MCCC 1K02066" 77.2 20.5
C. selenioxidans MCCC 1K08007T 744 16.6
C. xixiisoli CGMCC 1.12804T 73.4 14.3

3.3. Phenotypic Characteristics of Strain D397

The colony of strain D39T exhibited the formation of yellow, round, opaque cells
with smooth edges after the incubaction on MA medium for four days. The rod-shaped
cells of strain D39T measured 0.8-1.5 um in length and 0.4-0.7 pm in width, exhibiting a
Gram-negative phenotype and possessing flagella (Figure 3). The motility of the strain was
evidenced by the presence of dendritic colonies at the site where the inoculation needle
was inserted in a semi-solid medium.

Figure 3. Transmission electron micrographs of strain D397 cells incubated in MA medium containing
2% (w/v) NaCl at 37 °C for four days.

Compared with those two reference strains including C. salegens MCCC 1K01500T
and C. soli MCCC 1K02066, strain D39T could be differentiated from them based on opti-
mal temperature and pH for growth, hydrolysis of Tween 60, utilizations of D-galactose
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and D-maltose, and leucine arylamidase activity and acid production from D-maltose
and sucrose. Furthermore, strain D397 could be distinguished from its closest relative
C. salegens MCCC 1K01500" by hydrolysis of Tween 20, utilizations of L-alanine and
D-glucose, -Galactosidase, f-Glucuronidase, a-Glucosidase and oxidase activities, as well
as acid production from D-glucose and glycerol. Specific phenotypic characteristics were
compared in Table 2.

Table 2. Differential characteristics among strain D39T and its Croceibacterium reference strains.
1, strain D397T; 2, C. salegens MCCC 1K015007; 3, C. soli MCCC 1K02066T. All results were determined
in this study, with the exception of temperature, NaCl concentration and pH for growth and oxidase
activities for reference strains, which were cited from Liang et al. [63] and Zhao et al. [64]. +, Positive;
—, negative.

Characteristic 1 2 3

Temperature for growth (°C)

Range 20-45 10-35 4-37

Optimum 37 30 30-32
NaCl concentration for growth (w/v, %)

Range 0.5-5.0 2.0-10.0 0-2.0

Optimum 2.0 3.0-8.0 1.0
pH for growth

Range 5.0-9.5 6.5-8.0 6.5-12.0

Optimum 7.5-8.5 7.0-7.5 7.0-9.0
Oxidase + — +
Hydrolysis of

Casein, Tween 80 and tyrosine — — +

Tween 20 — + —

Tween 60 + - -
Utilization of

L-Alanine and D-glucose + — +

D-Galactose and D-maltose + — —
Enzymatic activity (API ZYM)

Leucine arylamidase — + +
Valine arylamidase + + -
[-Galactosidase and 3-glucuronidase — + -
a-Glucosidase — + -
Reduction of nitrate to nitrite — + +
Acid production from
D-Galactose + + —
D-Glucose and glycerol + - +
D-Maltose and sucrose + - -
Mannitol, salicin and D-trehalose - - +
DNA G+C content (%, by genome) 65.8 64.7 67.0

Strain D39 contained ten major polar lipids, including diphosphatidylglycerol (DPG),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), sph-
ingoglycolipid (SGL), four unidentified glycolipids, and one unidentified lipid (Figure 4).
Compared with reference strains, three unidentified glycolipids were absent in C. salegens
MCCC 1K015007 [63] and C. soli MCCC 1K02066" [64]. Moreover, strain D397 exclusively
contained ubiquinone-10 (Q-10) as its respiratory quinone, which was similar to Croceibac-
terium members [22,23]. Strain D397, C. salegens MCCC 1K01500", and C. soli MCCC
1K02066" exhibited similar fatty acid compositions, characterized by summed feature 8
(Cig1wbc and/or Cyg.1w7c) and Cyg,9 as major fatty acids (>10%). However, strain D39T had
Cig1w7c 11-methyl as a major fatty acid that was different from reference strains, especially
for that not detected in C. salegens MCCC 1K01500". Detailed fatty acid compositions were
listed in Table S4.
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Figure 4. Two-dimensional TLC chromatograms of the polar lipids in strain D39T. Lipids staining
with molybdophosphoric acid (a), sulfuric acid and a-naphthol reagent (b), ammonium molybdate
reagent (c), ninhydrin reagent (d). DPG, diphosphatidylglycerol; GL, glycolipid; L, lipid; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; SGL, sphingoglycolipid.
The arrow 1 indicates the first-dimensional TLC by using chloroform/methanol/water (13:5:0.8,
v/v/v), and the arrow 2 indicates the second-dimensional TLC by using chloroform/methanol/acetic
acid/water (16:2.4:3:0.8, v/v/v/v).

3.4. Carotenoid Composition and Biosynthesis Pathway of Strain D397

In the carotenoid assay of strain D397, x-carotene, B-carotene, lutein dimyristate,
zeaxanthin, zeaxanthin dimyristate, and zeaxanthin dipalmitate were detected as ma-
jor compounds; among these compounds, the highest content was found for zeaxan-
thin (4124 +14.3 x 1073 ug/g), followed by lutein dimyristate with a content of
58.4 4+ 0.9 x 1073 ug/g. Table 3 presented the classification, molecular weight, formula,
and content of these compounds. The regression equation and peak review of six major
carotenoids content in strain D39T are shown in Figure S2.
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Table 3. Major carotenoid contents in strain D39T.

Compounds Class Molecular Weight Formula Content (ug/g)
w-Carotene carotenes 536.44 CyoHsg 426402 x1073
B-Carotene carotenes 536.44 CyoHse 33.64+ 0.1 x 1073
Lutein dimyristate xanthophylls 988.80 CesHi0804 584 +09 x 1073
Zeaxanthin xanthophylls 568.43 C4oH560, 4124 + 143 x 1073
Zeaxanthin dimyristate xanthophylls 989.00 CesHi0804 304+0.1x103
Zeaxanthin dipalmitate xanthophylls 1045.10 C7Hj1604 579 +0.1 x 1073

Functional annotations revealed that the genus Croceibacterium members encoded
crtEBIYZG genes, except for C. mercuriale Coronado! (crtEBIYZGW) and C. soli MCCC
1K02066" (crtEBI). Phylogenetic reconstruction based on both indicated that their topologies
were similar to their phylogenomic one, namely strain D397, C. salegens MCCC 1K015007,
C. soli MCCC 1K02066" and forming clade A and clustered into clade B. (Figure 5).

(A) CrtEBI

Erythrobacter longus DSM 69977 (GCA_000715015)

Strain D39T(GCA_030657335)

Croceibacterium salegens MCCC 1K01500T (GCA _009827435)
Croceibacterium soli MCCC 1K02066T (GCA_009828065)
Croceibacterium selenioxidans MCCC 1K08007T (GCA_018599195)

ECroccibacterium ferulae KCTC 62090T (GCA_003660445)

> Croceibacterium mercurial DSM 299717 (GCA_000802385)

91

Croceibacterium xixiisoli CGMCC 1.12804T (GCA_009827305)

Croceibacterium atlanticum DSM 100738T (GCA_001008165)

0.05
(B) CrtEBIYZG

Erythrobacter longus DSM 69977 (GCA_000715015)

10 EStrain D39T(GCA_030657335)
Croceibacterium salegens MCCC 1K01500T (GCA_009827435)

Croceibacterium selenioxidans MCCC 1K08007T (GCA_018599195)

Croceibacterium atlanticum DSM 100738 (GCA_001008165)

100 Croceibacterium ferulae KCTC 62090T (GCA_003660445)

Croceibacterium mercurial DSM 299717 (GCA_000802385)

Croceibacterium xixiisoli CGMCC 1.12804T (GCA_009827305)

—
0.05

Figure 5. The maximum likelihood phylogenetic tree based on the genus Croceibacterium CrtEBI
(A) and CrtEBIYZG (B) protein sequences with amino acid substitution models of LG+F+R4 and
LG+F+I+G4, respectively. Only bootstrap values higher than 70% were shown. Filled circles indicate
nodes that were also recovered in the phylogenomic tree. Croceibacterium strains are colored in red.
Erythrobacter longus DSM 6997 was used as an outgroup.

During the carotenoid biosynthesis of the genus Croceibacterium members, primarily, a
condensation reaction occurred between one molecule of isopentenyl pyrophosphate and
one molecule of dimethylallyl pyrophosphate, resulting in the production of geranylpy-
rophosphate and elongation of farnesyl diphosphate, which was subsequently converted to
geranylgeranyl pyrophosphate. Zeaxanthin synthesis was completed through the presence
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~ 7 Lycopene (Cy) Canthaxanthin (Cyp -

of crtEBIYZ. Based on this, crtWG genes were involved to form three other pathways to
produce astaxanthin, nostaxanthin, and erythroxanthin, respectively. Comparative ge-
nomic analysis revealed that most of Croceibacterium members had identical carotenoid
biosynthesis genes with strain D39, implying that they had similar carotenoid profiles. The
presumptive carotenoid biosynthesis pathways and their distributions in the Croceibacterium
members were visualized in Figure 6.
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Figure 6. Carotenoid biosynthesis pathways in Croceibacterium members were depicted. The short-
hand notations of enzymes were highlighted in orange (A). The orange box indicates that the corre-
sponding Crt protein was present in the Croceibacterium strains, while the blue box indicates that that
protein was absent in it (B). The pathway scheme is drawn as designed by Siddaramappa et al. [48].

4. Discussion
4.1. Erythrobacteraceae and Flavobacteraceae as Dominant Carotenoid-Producing Taxa

The dominant taxon among bacterial strains isolated and cultivated from the tidal
flat sediment sample of Zhoushan Archipelago is the phylum Pseudomonadota, accounting
for 44% of them, which is similar to cultivation-independent bacterial investigations in
other tidal flat regions, such as those found in China, Germany, Kenya, Republic of Korea,
New Zealand, Oman, and Spain (Table S5) [65-80]. Moreover, nine strains—including
D377, D39T, D40T, H6T, H9T, H14T, H157, H18T, and H20T—have low sequence identities
(<98.65%) for species demarcation [50] to their top hit reference strains, indicating that they
can represent novel bacterial species in the phyla Bacteroidota (the families Flavobacteriaceae
and Prolixibacteraceae) and Pseudomonadota (the families Erythrobacteraceae, Roseobacteraceae
and Sphingomonadaceae). Among those nine strains, strain D37" has been classified as
one novel Maribacter species, for which the name Maribacter polysaccharolyticus has been
proposed lately [81]. Thus, tidal flats contain numerous valuable and novel bacterial
resources responsible for the stabilization of ecosystems.

The dominant taxa of nine carotenoid-producing strains vary obviously from that of
isolated strains, with four Flavobacteriaceae and four Erythrobacteraceae strains belonging to
the phyla Bacteroidota and Pseudomonadota, respectively, that are major marine carotenoid-
producing prokaryotes [5]. Those carotenoid-producing Flavobacteriaceae strains are af-
filiated to the genera Maribacter, Christiangramia (known as Gramella previously), and
Aequorivita, which are mainly reported to produce zeaxanthin [82,83]. Meanwhile, those
carotenoid-producing Pseudomonadota strains are classified into the genera Croceibacterium
and Qipengyuania, whose colony colors indicate different carotenoid compositions, with
yellow-colored colonies mostly containing zeaxanthin, caloxanthin, and/or nostoxanthin,
while orange-colored ones generally biosynthesize zeaxanthin, adonixanthin, and/or ery-
throxanthin [84]. Additionally, the remaining carotenoid-producing strain is classified as
Mesobacillus subterraneus, whose colonies are yellow to orange on tryptic soy agar, whereas
white on nutrient agar, indicating carotenoid production is dependent on substrate com-
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positions [85,86]. Therefore, the urgent exploration and preservation of these tidal flat
microbial resources is imperative to meet sustainable development needs for searching
novel carotenoid microbial producers.

4.2. Carotenoid Synthesis in the Genus Croceibacterium

Functional annotations reveal that strain D397 is identical with most Croceibacterium
members containing crtEBIYZG genes, that are also annotated in the majority of the order
Sphingomonadales bacteria [48]. Phylogenetic reconstruction shows that those crt genes in
the genus Croceibacterium are homologous genes, which have diverged through specia-
tion rather than gene duplication [87]. Pathway reconstructions based on Siddaramappa
et al. [49] point out that most Croceibacterium members have a complete pathway biosynthe-
sizing from dimethylallyl pyrophosphate to nostoxanthin.

However, the carotenoid assay determination reveals that strain D39T accumulates
zeaxanthin as the dominant carotenoid, rather than caloxanthin and nostoxanthin, indicat-
ing that carotenoid 2,2'-B-hydroxylase particulates less in introducing a hydroxyl group
(—OH) into zeaxanthin in the strain D39T. Zeaxanthin, along with lutein, is one of the two
carotenoids that accumulate in the retina, exhibiting higher concentrations in the macula
compared to plasma and other tissues, according to Human Metabolome Database [88].
Zeaxanthin levels in the retina can lower the risk of age-related macular degeneration,
owing to it serving as a protective blue light filter in the retina. Zeaxanthin also modulates
antioxidant systems to protect proteins, lipids, and DNA from damage [83]. The global
zeaxanthin market is projected to arrive at 210 million U.S. dollars by 2030, reflecting a
Compound Annual Growth Rate of 8.2% [89], and further researches into the strain D397,
even the genus Croceibacterium, should be emphasized to promote accumulating zeaxanthin
as a high-value carotenoid.

4.3. Proposal of a Novel Species Croceibacterium aestuarii sp. nov.

Phylogenomic analysis revealed that carotenoid-producing strain D397 is clustered
into a clade consisting of the genus Croceibacterium and forms a stable branch with C. salegens
MCCC 1K01500T. Overall genome relatedness indices between strain D39T and its reference
strains are obviously lower than species demarcation thresholds. In addition, strain D39T
can be distinguished from its reference strains by optimal temperature and pH for growth,
hydrolysis of Tween 60, sole carbon, nitrogen, and energy source utilization of D-galactose
and D-maltose, leucine arylamidase activity and acid production from D-maltose and
sucrose, C1g.1w7c 11-methyl as a major fatty acid, and the presence of three unidentified
glycolipids. Therefore, strain D39" represents a novel species in the genus Croceibacterium,
for which the name Croceibacterium aestuarii is proposed.

Description of Croceibacterium aestuarii sp. nov.

Croceibacterium aestuarii (aes.tu.a’ri.i. L. gen. n. aestuarii, of a tidal flat, from where the
type strain was isolated).

Gram-stain-negative. Rod-shaped with 0.8-1.5 pm in length and 0.4-0.7 pum in width.
Aerobic and motile by flagella. Colonies are yellow-pigmented, convex, circular, and
smooth, with a diameter of 0.5 mm after incubation on MA containing 2.0% (w/v) NaCl at
37 °C for four days. Growth is observed within the temperature range of 20 to 45 °C, with
an optimal growth at 37 °C. The pH and NaCl concentration ranges span from 5.0 to 9.5 and
from 0.5% to 5.0% (w/v), respectively, whereas the optimal ones are pH range of 7.5 to 8.5
and NaCl concentration of 2% (w/v). Produce carotenoids but not bacteriochlorophyll a.
Catalase- and oxidase-positive. Nitrate is not reduced. Hydrolyze Tween 60, while not
hydrolyze Tween 20, 40, and 80, casein, cellulose, tyrosine, and starch. Positive for alkaline
phosphatase, esterase (C4), esterase lipase (C8), valine arylamidase, trypsin, chymotrypsin,
acid phosphatase, napthol-AS-Bl-phosphopydrase activities, S-glucosidase, and hydrolysis
of gelatine (API ZYM and API 20NE). Acid is produced from D-galactose, D-glucose,
glycerol, D-maltose, and sucrose. Utilize L-alanine, D-galactose, D-glucose and D-maltose
as sole carbon, nitrogen, and energy sources. Respiratory ubiquinone is Q-10. Major
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fatty acids (>10%) are summed feature 8 (C1g1w6c and/or Cig.1w7c), Cig1w7c 11-methyl,
and Cy¢,. Polar lipids include diphosphatidylglycerol, phosphatidylethanolamine, phos-
phatidylglycerol, phosphatidylcholine, glycosphingolipid, four unidentified glycolipid,
and one unidentified lipid.

The type strain is D397 (= KCTC 82757 = MCCC 1K07008") and was isolated
from tidal flat in Zhoushan Archipelago, People’s Republic of China. The DNA G+C
content of the type strain is 65.8% (by genome). The GenBank accession numbers for
the 16S ribosomal RNA gene and genome sequences of strain D39 are OP132876 and
GCA_030657335.1, respectively.

5. Conclusions

Fifty-five strains were isolated and cultured from the sediment of Zhoushan tidal
flat, and the dominant phylum was identified as Pseudomonadota. Carotenoids were de-
tected in nine out of the twenty-eight pigment-containing strains, including strain D39".
The predominant families of carotenoid-producing strains were Erythrobacteriaceae (n = 4)
and Flavobacteriaceae (n = 4). Based on polyphasic taxonomic methods including pheno-
typic characteristics, phylogenetic relationship, and genomic comparison, strain D397 was
proposed as one novel Croceibacterium species belonging to the family Erythrobacteraceae.
Genomic analysis revealed that strain D39T encoded crtEBIYZG genes, which were also com-
monly found in most Croceibacterium strains. Detection results of carotenoid compounds
indicated that strain D39T primarily accumulated zeaxanthin. Furthermore, all Croceibac-
terium members except for Croceibacterium soli MCCC 1K02066" possessed a complete
biosynthesis pathway from dimethylpropenyl pyrophosphate to nostoxanthin, supposing
that they can also accumulate zeaxanthin. This study enhances microbial biodiversity in
tidal flats, summarizes the carotenoid biosynthesis pathway in the genus Croceibacterium,
mainly zeaxanthin, and proposes one novel carotenoid-producing species Croceibacterium
aestuarii sp. nov., which contribute to enriching marine carotenoid-producing prokary-
otic strains and promoting a comprehensive insight into genomic contents of marine
carotenoid-producing prokaryotes.
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