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Macroalgae is regarded as a promising third-generation marine biomass that can be utilized as a sustain-
able feedstock for bio-industry due to the high sugar level and absence of lignin. Alginate, composed of
1,4-linked D-mannuronate (M) and L-guluronate (G), is one of the major carbohydrates in brown
macroalgae. It is difficult to be assimilated by most industrial microorganisms. Therefore, developing
engineered microorganisms that can utilize alginate as a feedstock in order to produce natural products
from marine biomass is critical. In this study, we isolated, characterized, and sequenced Vibrio sp. SP1

f/{e;/;«:g:]is;e which rapidly grows using alginate as a sole carbon source. We further engineered this strain by intro-
: 5 ducing genes encoding enzymes under the control of synthetic expression cassettes to produce lycopene

Biorefinery X . X X o

Alginate and B-carotene which are attractive phytochemicals owing to the antioxidant property. We confirmed

Vibrio sp. SP1 that the engineered Vibrio sp. SP1 could successfully produce 2.13 + 0.37 mg L™! of lycopene, 2.98 = 0.

Carotenoids 43 mg L' of B -carotene, respectively, from 10 g L™! of alginate as a sole carbon source. Furthermore,

Genome sequencing

our engineered strain could directly convert 60 g L~! of brown macroalgae Sargassum fusiforme into 1.
23 +0.21 mg L' of lycopene without any pretreatment which had been vitally required for the previous
productions. As the first demonstrated strain to produce high-value product from Sargassum, Vibrio sp.
SP1 is evaluated to be a desirable platform for the brown macroalgae-based biorefinery.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Selection of the biomass to be utilized is one of the major issues
in microbial bioproduction industry in terms of economic effi-
ciency and environmental concerns. Currently, the resources of
biomass are expanded and categorized by its properties. First-
generation biomass is based on food resources such as sugarcane
and corn. Although they contain high level of sugars that can be
efficiently utilized by industrial microbes, ethical controversy such
that meals for developing countries are used for other purposes
still remains [1,2]. Utilizing lignocellulosic biomass as second-
generation biomass (e.g. wood and grass) does not cause that kind
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of problem, but high thermal energy is required for the saccharifi-
cation process due to the presence of lignin [3,4], and by-products
tend to be toxic to the cell [5]. From these aspects, algae, known as
third-generation biomass, are suitable resources for solving prob-
lems related to land biomass [6,7]. Moreover, a recent study
showed that the brown macroalgae Sargassum is widespread and
increasing in quantity in the Atlantic [8], meaning it could be
another potential feedstock that could be used for the biorefinery.

Rapid cellular growth and flexibility in fermentable carbon
sources are the desirable properties in choosing chassis for biopro-
duction. Among diverse species, the marine bacteria Vibrio species
[9-12] are known to have the shortest doubling time. Especially
when it comes to industrial application, Vibrio bacterium is getting
gradual attention since its characteristics such as high biomass
yield, fast growth, and resistance to salinity have advantages over
other bacteria. Among various Vibrio species, the most commonly
studied and engineered strain is Vibrio natriegens [13]. Metabolic
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engineering for the bioproduction enabled the strain to produce
high value-added chemicals such as melanin [14], selenium
nanoparticle [15], B -carotene and violacein [16]. However, despite
the merit of the strain, it lacks ability to assimilate third generation
biomass, alginate, a prominent sugar in brown macroalgae.

As a fast-growing marine bacterium, alginate utilizing Vibrio
strains have been steadily reported to be isolated from thalassic
environment [17-19]. Due to the lack of genetic tools for such
non-conventional strains, recent studies have shown the possibil-
ity to convert alginate into biofuels using conventionally well-
known microorganisms such as Escherichia coli and Saccharomyces
cerevisiae by introducing heterologous enzymes originated from
Vibrio species [20,21]. Direct genetic modification of non-
conventional host was also endeavored. Newly isolated Vibrio sp.
dhg [22] was characterized to utilize alginate and produce diverse
high-value added products, while exhibiting fast growing profile
and engineering potential. Further investigation revealed that
enzymes mediating the methylerythritol-4-phosphate (MEP) path-
way found in the strain exhibits better activity than those of E. coli,
implying Vibrio species could be an promising workhorse when
producing isoprenoid or carotenoid metabolites [23]. Likewise,
the accumulation of microbial and genetic resources is expected
to enrich the realm of genetic compartments regarding metabolic
engineering of Vibrio species for the production of value-added
products. Considering the limitless immensity of the marine
micro-ecology, broader investigation to find industrially applicable
marine microorganism and its genetic resources are booming and
has a long way to be carried on.

Here, we isolated fast-growing marine bacterium which is cap-
able of not only decomposing but also metabolizing alginate as
well as brown macroalgae as a sole carbon source. Computational
analysis of data from whole genome sequencing disclosed the
genetic resources regarding alginate decomposition, utilization
and endogenous pathways. For further verification to engineer this
bacteria, genetic compartments such as promoters and replication
of origins were examined by expression of a fluorescent protein. At
last, we verified the potential of Vibrio sp. SP1 as a platform for
brown macroalgae-based biorefinery by demonstrating that this
engineered strain can directly convert the brown macroalgae Sar-
gassum fusiforme into lycopene and B -carotene, which are well-
known chemicals with anti-oxidative activities for food, nutraceu-
ticals, cosmetic industries [24,25].

2. Material and methods
2.1. Bacterial strain and reagents

All strains and plasmids used in this study are listed in Table S1.
Escherichia coli Mach-T1® was used for routine cloning process.
Cloning materials for restriction endonucleases, Phusion DNA poly-
merase, NEBuilder HiFi DNA Assembly Cloning kit, and Quick liga-
tion kit were purchased from New England Biolabs (NEB, Ipswich,
MA, USA). EmeraldAmp polymerase chain reaction (PCR) Master
Mix was supplied by Takara Bio Inc. (Takara Bio Inc., Shiga, Japan).
Plasmids were prepared by GeneAll DNA Plasmid SV kit (Geneall,
Seoul, Republic of Korea). The PCR purification kit and Gel extrac-
tion kit were purchased from Zymo Research (Zymo Research,
Irvine, CA, USA). All primers used in this study were synthesized
by Bioneer (Bioneer, Daejon, Republic of Korea).

2.2. Culture condition and medium composition

For bacterial isolation, a consortium, a symbiotic culture
extracted from the intestine of a starfish, which was discovered
from the seashore in Incheon, Republic of Korea, was aerobically
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cultured at 30 °C with shaking at 250 rpm (rotation per minute)
in 20 mL of alginate minimal medium (pH 6.8) containing 10 g
L1 of alginate, 30 g L™! of NaCl, 5 g L™! of (NH,),S0,4, 1 mM of
MgSO4, 2 g L~ of K,HPO, and 10 mL L~! of trace metal solution
(Table S2). After a series of subcultures from overnight cultured
broth, the enriched consortium was spread on the agar plate con-
taining alginate for the isolation of single colonies. We then picked
the earliest visible colony for isolation and identification. The cul-
ture condition and medium composition for the comparative
growth profiling of Vibrio sp. SP1 on other sugar sources was iden-
tical to alginate minimal medium, except for the type of sugar
source, where 10 g L™! of alginate were replaced by 10 g L~! of glu-
cose, mannitol, sucrose, fructose, and glycerol, respectively.

2.3. Genome sequencing, assembly, annotation and taxonomic analysis

To generate for long reads data, genomic DNA (gDNA) from Vib-
rio sp. SP1 was extracted with genomic DNA extraction kit (Gen-
eAll, Seoul, Republic of Korea). The concentration and purity of
the genomic DNA were measured by Nanodrop™ (Thermo Fisher
Scientific, Waltham, MA, USA) and agarose gel electrophoresis.
The sequencing library was constructed by using SMRTbell Tem-
plate Prep Kit (Pacific Biosciences, Menlo Park, CA, USA), qualified
by Bioanalyzer DNA 12,000 chip (Agilent Technologies, Santa Clara,
CA, USA), and sequenced by the Pacific Biosciences (PacBio) RSII
sequencer (Pacific Biosciences, Menlo Park, CA, USA). We obtained
a total of 141,551 reads with mean length of 9,924 bases for
1,404,837,926 bases and de novo assembled the reads using RS
HGAP Assembly (v3.0). Then, Illumina short-read sequencer (Min-
iSeq) was used to polish the putative errors in the draft genome. A
gDNA library (300 bp average) for short reads was prepared using
the KAPA HyperPlus Kit according to the manufacturer’s instruc-
tions (KAPA Biosystems, Wilmington, MA, USA) and sequenced
by the MiniSeq 300-cycle mid-output kit (Illumina, San Diego,
CA, USA). Paired-end reads obtained from MiniSeq were mapped
to the genome generated from PacBio data using the breseq pipe-
line with default options [26]. The quality of obtained output gen-
ome was validated by CheckM to have 100% of completeness and
0.41% of contamination level [27]. After validation, the complete
genome sequence was uploaded to Rapid Annotation using Subsys-
tem Technology (RAST) server [28] for the annotation and the cir-
cular form of complete genome was created using DNAplotter [29].
The sequencing data were deposited to the open database (Gen-
Bank accession no. CP060589 and CP060590). To further specify
the taxonomic characteristics, UBCG [30] and MEGA-X [31] were
used to generate phylogenetic tree. Specific naming of the newly
isolated strain as ‘Vibrio sp. SP1’ was followed by the taxonomic
analysis which conforms to the ‘International Code of Nomenclature
of Prokaryotes (2008 revision)’ [32].

2.4. Plasmid construction and identification

In order to test the applicability of various types of plasmid ori-
gins, five different replication origins (p15A, pMB1, CloDF13, RSF,
and pUC) were constructed to have either chloramphenicol or
tetracycline resistance gene. All detailed sequences of primers used
in this study is presented in Table S3. To test origin of replication
and construct modified plasmids with appropriate selectable mar-
ker for Vibrio sp. SP1, chloramphenicol resistance gene (Cm®) from
pPACYCDuet-1 was amplified with Avrll_C-F and BamHI_C-R and
inserted in pCDFDuet-1 after digestion with Avrll and BamH], yield-
ing pCDF-C. To prepare pRSF-C, chloramphenicol resistance gene
from pdCas9 and pRSFDuet-1 backbone were amplified using
Bsal_CAT_F, Bsal_CAT_R and Bsal_pRSF_F, Bsal_pRSF_R followed
by Bsal digestion and ligation, resulting in pRSF-C. For pUC-C
preparation lacl-ECK120029600 terminator fragment was pre-
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pared with overlap extension PCR using Bsu36I_term_F, over-
lap_term_R, overlap_lacl_F and lacl_BamHI_R then ligated to
amplified pMD19 backbone, which was prepared by
Bsu36I_pMD19_F and BamHI_pMD19_R, after digested with
BamHI and Bsu36l. Multiple cloning site was amplified from
pACYCDuet-1 using Bsu361_MCS_F and duet_check R and ligated
to pMD19-lacl-ECK120029600 vector after digestion with Bsu36I.
Resulted vector was Amplified using Bsal_ pMD19_F and
Bsal_pMD19_R which was ligated with Cm® from pdCas9 after
digested by Bsal. Site directed mutagenesis was conducted using
Site_deletion_F and Site_deletion_R to remove redundant enzyme
site, yielding pUC-C at last. For the identification of positive colo-
nies, check primers which specifically binds to each origin of repli-
cation were used as follows: p15A using check1-F and checkl-R,
CloDF13 using check2-F and check2-R, pMB1 using check1-F and
check3-R, RSF using check3-F and check4-R, and pUC using
check1-F and check1-R.

To construct pTac-sGFP for testing compatibility of isopropyl B -
D-1-thiogalactopyranoside (IPTG)-inducible promoter, we ampli-
fied fragment containing tac promoter from coding sequence of
synthesized superfolder-green fluorescent protein (sGFP) using
primers Ptac_BamHI-F and sGFP_AvrlI-R. The amplified DNA frag-
ment was inserted into pACYCDuet-1 by cleaving with BamHI
and Avrll, creating pTac-sGFP. For constitutive promoters, DNA
fragments of sGFP with J23100, J23108, and ]J23117 were firstly
amplified by an overhang primer sGFP-F1, and then secondly
amplified with  ]J23100_BamHI-F, ]J23108_BamHI-F  and
J23117_BamHI-F respectively, both using sGFP_AvrII_R as reverse
primer. The cloning strategy was identical with constructing
pTac-sGFP, yielding pJ23100-sGFP, pJ23108-sGFP and pJ23117-
SGFP.

To complete the carotenoid biosynthetic pathway in Vibrio sp.
SP1, three heterologous genes (crtE encoding geranylgeranyl
diphosphate (GGPP) synthase, crtB encoding phytoene synthase
and crtl encoding phytoene desaturase) from Lamprocystis purpurea
were introduced for lycopene production, and additional crtY gene
encoding lycopene cyclase from Pantoea ananatis was introduced
for B -carotene production. For the plasmid of lycopene production,
p1EBI plasmid which encodes crtE-crtB-crtl gene under same Py,
promoter in a polycistronic manner was used [23]. To prepare B -
carotene plasmid, p1EBIY, vector fragment was amplified using
the primers of crtY_v-F and crtY_v-R with p1EBI as a template.
The gene of crtY from Pantoea anantis amplified using crtY-F and
crtY-R primers was used to generate p1EBIY. Finally, all amplified
fragments were assembled by using NEBuilder HiFi DNA Assembly
Cloning kit. pRSF-EBI and pRSF-EBIY were additionally constructed
by inserting fragments cleaved from p1EBI and p1EBIY respectively
into pRSF-C with HindlIIl and Bsu36I digestion. Same strategy was
applied to construct pUC-EBI and pUC-EBIY except that pUC-C
was used for the backbone vector.

2.5. Transformation of Vibrio sp. SP1

All plasmids were introduced into Vibrio sp. SP1 based on previ-
ously demonstrated electroporation method for Vibrio natriegens
[33]. Briefly, a single colony of Vibrio sp. SP1 was inoculated into
5 mL of fresh Brain Heart Infusion (BHI) supplemented with v2 salt
(11.92 g L' NaCl, 0.3 g L"1 KCl, and 2.2 g L~! MgCl,) liquid medium
(BHIv2). After overnight culture grown in medium, the seed was
diluted to ODggpg 0.05 in 50 mL of fresh BHIv2 medium. When the
cell density reached ODggg 0.7 corresponding to exponential phase,
cell was harvested and incubated for 10 min on ice. Then, cell was
centrifuged at 4 °C with centrifugation 14,000 x g and washed
three times using electroporation buffer (680 mM of sucrose and
7 mM of K;HPOy; pH 7.0). Finally, 1 pg of plasmid DNA was elec-
troporated under the following conditions: 1.1 kV, 25 pF and
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200 ©Q in 1 mm cuvette using Gene Pulser Xcell (Bio-Rad, Hercules,
CA, USA). After recovery culture for 1 h in 700 mL of BHIv2 med-
ium, whole cells were spread on alginate agar plate or LB agar plate
supplemented with additional 5 g L~ NaCl (total of 15 g L~! NaCl)
containing antibiotics.

2.6. Plasmid copy number determination

Method was adapted from the previous work and modified
accordingly [34]. Absolute copy number of DNAs were measured
via quantitative PCR (qPCR) using StepOnePlus Real-time PCR sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA) and primers
amplifying each target. Reaction mixtures were prepared in tripli-
cates using Accupower 2X greenstar qPCR Master Mix (Bioneer,
Daejon, Republic of Korea), using purified DNAs or cell lysates as
templates. All culture was incubated in 30 °C, 250 rpm shaking
chamber.

To develop standard curves, concentrations of freshly purified
plasmids and PCR-amplified partial rpoA containing flanking
regions were measured using Qubit 3.0 Fluorometer (Thermo
Fisher Scientificc Waltham, MA, USA) and serially diluted. All
diluted standard was subjected to qPCR with qPCR_target_F and
qPCR_target R primers where target corresponds to p15A,
CloDF13, RSF, pUC and rpoA. Standard curves were plotted with
log10 of template molecules and cycle of threshold (Ct) values.

To calculate plasmid copy number, cultures of either plasmid
bearing Vibrio sp. SP1 or E. coli K-12 W3110 were grown overnight
in LBv2 or LB, respectively, with 34 mg L~! chloramphenicol. The
seed cultures were inoculated to initial ODggg of 0.05 and grown
for 6-8 h, which were regarded to be in stationary phase. 1 mL
of the cultures were centrifuged and washed with chilled electro-
poration buffer or deionized water, respectively. Then cells were
diluted with deionized water to 20 - 100 fold and boiled for
10 min at 95 °C to make cell lysates. Cell lysates were subjected
to qPCR and absolute copy number of plasmid or gDNA were
obtained substituting Ct values for standard curve equations. Sub-
sequently, ratio of plasmid to gDNA copies was considered as plas-
mid copy number.

2.7. Fluorescence measurement

Expression of sGFP was analyzed by Hidex Sense Microplate
Reader (Hidex, Turku, Finland) using transformed Vibrio sp. SP1
with pTac-sGFP, pJ23100-sGFP, pJ23108-sGFP and pJ23117-sGFP.
Each strains were cultivated for overnight in 5 mL of glucose min-
imal medium (10 g L~! glucose, 10 g L™! NaCl, 5 g L™! (NH4),SO4,
1 mM of MgSO,4, 100 mM K,HPO,4, 100 mM KH,PO, and 10 mL
L' trace metal solution) supplemented with 12 pug mL™" of chlo-
ramphenicol. The overnight cultures were 100-fold diluted for
refreshment, and reinoculated as ODggg 0.1 after it reached 1.0.
For the induction of tac promoter, 0.1 mM of IPTG was added to
the culture broth when ODgg reached 0.4. The fluorescence inten-
sity of 150 pL broth was detected using excitation and emission
wavelength of 485 nm and 535 nm, respectively, after 6 h and
12 h of cultivation. The optical density of the cell was measured
using 600 nm wavelength at Jenway 7300 Visible Spectrophotome-
ter (Jenway, UK). Subsequently, the specific fluorescence was
obtained by normalizing the fluorescence value by cell density
and subtracting it from the autofluorescence of the cells bearing
empty plasmid backbone.

2.8. Quantification of alginate from purified sugar and raw material
To measure the amount of alginate, modified carbazole sulfuric

acid method was used [35]. Briefly, 0.025 M of sodium tetrabo-
rate-10H,0 in absolute sulfuric acid and 0.125% (w/v) of carbazole
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in absolute ethanol were used. In glass test tube, samples were
diluted to a concentration of 0 to 1 g L™!. Subsequently, 1 mL of
sodium tetraborate solution was added and mixed vigorously.
After waiting for 5 min for the reaction to be stabilized on ice,
40 pL of carbazole solution was added and each 100 pL of samples
was then quantified at the wavelength of 530 nm.

2.9. Culture condition and quantification of carotenoids production

To measure carotenoids amounts, each recombinant strain har-
boring plasmids for the production of lycopene (p1EBI), B -carotene
(p1EBIY) and backbone (pACYCDuet-1) as negative control were
cultivated in the alginate minimal media with addition of 5 pg mL™!
of chloramphenicol. In brief, the overnight cultures in 5 mL of algi-
nate minimal media were refreshed by inoculation into the same
medium. When optical density of the cells at 600 nm reached
exponential phase, the refreshed seed was inoculated at ODggg
0.05 in 250 mL baffled flask containing 20 mL medium. The cells
were cultured aerobically at 30 °C with continuous shaking
(250 rpm). When optical density of the cells reached 0.4 at
600 nm wavelength, 0.1 mM of IPTG was added for inducing gene
expression. At each time points, the 1 mL of culture was harvested
to quantify lycopene. The culture experiments were conducted
with biological triplicates. For lycopene extraction, the harvested
cell pellet was lysed by adding 1 mL of absolute acetone. The tubes
were incubated at 55 °C for 15 min and intermittently vortexed to
enhance the extraction. The cell debris was removed by centrifuga-
tion at 19,000 x g for 15 min at room temperature and only super-
natant containing products was obtained. The analysis of products
was carried out by high-performance liquid chromatography
(HPLC) equipped with an Agilent Poroshell 120 EC-C18 column
(4 pm, 4.6 x 150 mm, Agilent Technologies, Santa Clara, CA,
USA). The analysis was conducted with a mobile phase of
acetonitrile-methanol (the ratio 65:35 v/v) at a flow rate of 1 mL/
min. The column temperature was set at room temperature during
analysis. The concentration of products was measured by UV/Vis
detector with absorbance at a wavelength of 450 nm. The analyti-
cal standards for authentic lycopene and B -carotene were pur-
chased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
To produce lycopene in 3 L minimal medium culture, aerobic
fed-batch culture was carried out at 5 L of bioreactor from Fer-
mentec (Fermentec, Cheongju, Republic of Korea). Powder of Sar-
gassum fusiforme was bought from Wando, Republic of Korea. 4 g
L~! of purified alginate was supplied to initiate the culture for
the first 6 h with 4 L min~! of filtered air (0, 20% and N, 80%)
and 500 rpm for efficient agitation. After depletion of initial sugar,
20 g L! of brown seaweed powder was fed into bioreactor directly
every 4 h during entire cultivation.

3. Results and discussion
3.1. Isolation and characterization of alginate-assimilating bacterium

Alginate-assimilating bacterium was successfully isolated by
the serial culture of the consortium in alginate minimal media
(Fig. 1A). The isolated bacterium could efficiently utilize alginate
as a sole carbon source with high specific growth rate (Fig. 1B,
i =0.91 + 0.03 h™!). Its comparable growth rate against Vibrio
sp. dhg suggested that both bacteria have similar alginate decom-
posing capability [22]. Moreover, it could also metabolize other
biomass-derived carbons sources such as glucose, mannitol,
sucrose, fructose, and glycerol with high specific growth rate
(Fig. 1C). Notably, when grown in glucose minimal medium, the
maximum specific growth rate of this bacterium (p = 1.16 £ 0.02
h~') was more than twice as high as that of E. coli W3110 (p = 0.
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5644 h™"). In rich media, Vibrio sp. SP1 showed short doubling time
of 20.84 + 0.29 min, similar to that of Vibrio natriegens ATCC 14,048
or Vibrio sp. dhg (Fig. S1).

In order to further characterize this bacterium, we conducted
whole genome sequencing by combining PacBio platform for gen-
erating draft genome and Illumina platform for compensating
errors such as repetitive or misreading sequences [36]. As shown
in Table S4, a total of 41 errors identified by mapping short reads
to PacBio data were corrected to generate the final genome. The
draft genome of this strain contained two circular chromosomes
of 3,344,809 bp and 1,835,230 bp with GC content of 44.8% and
44.6%, respectively (Fig. 1D and Table 1). Based on the RAST anno-
tation, there was a total of 4,654 protein coding sequences (CDS)
and 166 RNAs including 129 tRNAs and 37 rRNAs in two chromo-
somes (Table 1). Among 4,654 annotated genes, 3,202 genes in the
genome were categorized with specific subsystem features
(Table 2). Since it was hard to discriminate among Vibrio species
due to the high similarity in 16 s rDNA sequences, we referred to
the list of the closest neighbors (Fig. S2A) based on the RAST data-
base server and phylogenetic tree was drawn by UBCG [30] analy-
sis. MEGA-X [31] visualization tool presented that the isolated
bacteria was relatively close to Vibrio alginolyticus strains but with
split branch (Fig. S2B). Therefore, we named this novel strain Vibrio
sp. SP1 following the international criteria [32]. Further compara-
tive genomic analysis presented the identity of Vibrio sp. SP1 with
Vibrio sp. dhg, fast-growing Vibrio strain recently isolated to also
utilize alginate, as 79.80% (Fig. S3).

According to previous studies, it has been suggested that algi-
nate can be utilized by the following metabolic pathway [37].
Briefly, alginate polymer which is composed of 1,4-linked D-
mannuronate (M) and L-guluronate (G) is sequentially digested
by extracellular, periplasmic, and cytosolic alginate lyases during
uptake by porins and symporters. Conveyed monomers are then
converted to 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH)
spontaneously or with the help of pectin degradation protein
[38]. Reductase and kinase further convert DEH to 2-keto-3-
deoxy-6-phosphogluconate (KDPG). Finally, aldolase, as a gly-
colytic enzyme, splits KDPG into pyruvate (PYR) and D-
glyceraldehyde 3-phosphate (G3P) leading to TCA cycle. We have
confirmed that all enzymes participating in alginate assimilation
are encoded in the genome of Vibrio sp. SP1 (Table S5, Fig. 2A).
There were three alginate lyases (peg. 985, peg. 988, and peg.
989) and two poly (B -D-mannuronate) lyases (peg. 990 and peg.
991) which can only cleave M—M linked oligoalginate. Two out
of five enzymes, peg. 985 and peg. 988, were predicted to have sig-
nal peptide sequences (MKLNLLVAAMAVTLPTLAIA and
MKHIFFKSLLASSILLAVGCNS) [39], suggesting the presence of
secreted alginate lyases (Fig. S4A). The others are assumed to
cleave oligoalginates in cytoplasmic space. Despite the difference
in cellular location, three alginate lyases identically had consensus
sequences ((R/E) (S/T/N) EL, Q (I/V) H, YFKAG (V/I) YNQ)) which
belong to Polysaccharide Lyase Family-7 (Fig. S4B). These genes
in alginate decomposing pathway were highly conserved in amino
acid sequences compared to other alginate metabolizing Vibrio
species (Fig. S4C).

3.2. Development of genetic tools for Vibrio sp. SP1

The availability of genetic systems is critical for introducing for-
eign DNA into a strain. Current plasmid transformation method for
bacteria requires an appropriate selection marker. For the selection
of proper antibiotics as a selection marker, minimal inhibitory con-
centration (MIC) was measured based on the growth of Vibrio sp.
SP1. We decided to use chloramphenicol and tetracycline as selec-
tion antibiotics with concentrations of 5 ug mL~! in LBv2 media
(Table S6). Next, variable replication origins were also tested. Plas-
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Table 1
The summary of genomic contents of Vibrio sp. SP1.

mids harboring origin p15A, pMB1, CloDF13, RSF, pUC and pSC101
were transformed into Vibrio sp. SP1. Transformants were obtained

Attributes Chromosome except for pSC101. PCR amplified origins verified by electrophore-
1 2 sis demonstrated that five tested origins were compatible in Vibrio

Length 3,344,809 1,835,230 sp. SP1 (Fig. 3A). To set criteria for choosing appropriate expression
(bp) vector, we also measured plasmid copy number (PCN) for each
GC content (%) 448 44.6 replication origin using standard curves (Fig. S5). It was shown that
oons 2090 1554 p15A, CloDF13, RSF, and pUC have 25.0 * 132, 63.7 + 104,
rRNAs 34 3 53.2 + 8.1 and 123.8 + 14.5 copies per cell, respectively (Fig. 3B).

Also, when the stability of the plasmid was measured, the most

1535



S. Park, Sung Won Cho, Y. Lee et al.

Table 2
Distribution of subsystem categories and features of Vibrio sp. SP1 genome based on
the RAST annotation server.

Subsystem Features Counts Ratio (%)
Cofactors, Vitamins, Prosthetic Groups, Pigments 287 8.96
Cell Wall and Capsule 120 3.75
Virulence, Disease and Defense 96 3.00
Potassium metabolism 38 1.19
Photosynthesis 0 0.00
Miscellaneous 39 1.22
Phages, Prophages, Transposable elements, Plasmids 4 0.12
Membrane Transport 245 7.65
Iron acquisition and metabolism 58 1.81
RNA Metabolism 197 6.15
Nucleosides and Nucleotides 94 2.94
Protein Metabolism 280 8.74
Cell Division and Cell Cycle 41 1.28
Motility and Chemotaxis 129 4.03
Regulation and Cell signaling 96 3.00
Secondary Metabolism 4 0.12
DNA Metabolism 106 3.31
Fatty Acids, Lipids, and Isoprenoids 116 3.62
Nitrogen Metabolism 44 137
Dormancy and Sporulation 4 0.12
Respiration 141 4.40
Stress Response 166 5.18
Metabolism of Aromatic Compounds 8 0.25
Amino Acids and Derivatives 428 13.37
Sulfur Metabolism 33 1.03
Phosphorus Metabolism 53 1.66
Carbohydrates 375 11.71
Total 3202 100

stable origin turned out to be p15A, followed by pUC and RSF,
while CloDF13 was the least stable origin where 16.4% of the pop-
ulation lost its plasmid (Fig. S6). Among tested origins, p15A
showed the highest homogeneity of expressed protein. We then
tested the availability of the previously characterized constitutive
(J23100, J23108 and J23117) and inducible (Py,.) promoters in Vib-
rio sp. SP1 by measuring the expression level of sGFP (Fig. 3C). Vib-
rio sp. SP1 harboring pJ23100-sGFP, pJ23108-sGFP and pJ23117-
sGFP presented the expression level (RFU/ODggg) to be 15,446.9 +
1,874.1,900.9 + 654.8 and 85.9 + 673.3) respectively after 12 h cul-
ture, exhibiting the identical order of  strength
(J23100 > J23108 > ]J23117) measured in E. coli (Fig. 3D) [40]. The
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induced recombinant Vibio sp. SP1 harboring pTac-sGFP showed
128-fold higher fluorescence value (160,507.0 + 11,252.8) com-
pared to the uninduced cell and it was the highest among the
tested promoters as expected (Fig. 3D), indicating that the P, pro-
moter and Lacl-based repression system is working well in Vibrio
sp. SP1.

3.3. Carotenoids production from Vibrio sp. SP1 using alginate and
brown macroalgae

Assimilation of alginate in Vibrio sp. SP1 generates KDPG that is
cleaved to G3P and PYR with equimolar ratio through Entner-
Doudoroff (ED) pathway [41]. We hypothesized that it would be
advantageous for Vibrio sp. SP1 to convert alginate into carotenoids
because condensation of G3P and pyruvate is the first step of MEP
pathway for the production of carotenoids (Fig. 4A). From genome
sequence analysis using KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway database [42], we confirmed that Vibrio sp.
SP1 contains genes for MEP pathway to generate farnesyl
pyrophosphate (FPP) (Fig. 4A and Table S7).

For the biosynthesis of lycopene from FPP, expression of three
heterologous enzymes crtE, crtB and crtl was required and encod-
ing genes were introduced into plasmid p1EBI harboring p15A ori-
gin [22]. Expression of single enzyme CrtY was additionally
required for the conversion of lycopene to B -carotene, therefore
crtY was introduced to p1EBI yielding p1EBIY (Fig. 4B) [42]. For
optimal gene expression, each gene was expressed under the con-
trol of inducible Py, promoter and synthetic 5'-UTRs designed by

UTR Designer (http://sbi.postech.ac.kr/utr designer) (Fig. 4B)
[43]. From p1EBI and p1EBIY, we also cloned crtEBI or crtEBIY
expression cassettes in RSF and pUC origin respectively and
obtained four additional plasmids pRSF-EBI, pRSF-EBIY, pUC-EBI
and pUC-EBIY. Vibrio sp. SP1 was then transformed with these
six vectors. However, only p1EBI and p1EBIY transformed plates
showed colored colonies, indicating the production of target prod-
ucts (Fig. 4C), while others seemed to be non-transformable. This
could be explained by toxicity of crtEBI and crtEBIY genes when
excessively overexpressed, destabilizing introduced expression
system [44-46]. Therefore, we determined to use p15A among
tested origins. The successfully transformed Vibrio sp. SP1 with
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Fig. 2. Genomic analysis of alginate assimilation pathway Graphic demonstration of alginate metabolizing pathway in Vibrio sp. SP1 based on sequenced genome data.
Predicted secretion proteins, peg. 985 and peg. 988, were represented as extracellular and periplasmic alginate lyases for convenience. Most related genes were located in

chromosome 2.
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p1EBI and p1EBIY were named as VLY and VLB, respectively, for the
further experiments.

After 12 h cultivation with 0.1 mM IPTG, 2.13 £ 0.37 mg L~! of
lycopene from VLY and 2.98 + 0.43 mg L™! of p -carotene from VBC
were produced using 10 g L~! of alginate as a sole carbon source
whereas the products were non-detectable in wild-type strain
(Fig. 4C). Previous attempt to produce carotenoids from Vibrio
natriegens yielded 0.6 mg L™! of p -carotene from 4 g L~! glucose
[16]. Considering this strain had additional genetic engineering
to integrate genes regarding MVA pathway from Lactobacillus aci-
dophilus to replenish the amount of substrate and the substrate
was glucose, the overall productivity of B -carotene from alginate
in the engineered Vibrio sp. SP1 seems to be sufficiently competi-
tive. Even comparing the production of lycopene from alginate
with the formerly isolated and engineered Vibrio sp. dhg producing
0.47 mg L~! in 9 h exhibits the promising potential prospective of
Vibrio sp. SP1 as a cell factory [22].

Next, we tested if the brown macroalgae Sargassum fusiforme
powder could be used as a feedstock directly for the production
of lycopene in the engineered Vibrio sp. SP1 without any pretreat-
ment. Given that alginate, despite its relatively low cost compared
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to monosaccharides, demands additional alkaline extraction from
brown macroalgae, it was worthwhile to examine the ability to
directly utilize brown macroalgae without pretreatment for possi-
bility of industrial production. Unlike production from alginate, we
scaled-up the reaction working volume to 3 L in 5 L bioreactor to
obtain the detectable amount of production. Because of the dark
pigments and lots of sediment of brown macroalgae, it was impos-
sible to determine the exact amount of cell and carbon sources.
From total of 60 g L~! brown seaweed in bioreactor, engineered
Vibrio sp. SP1 could produce 1.23 # 0.21 mg L' of lycopene
(Fig. 4D), demonstrating the first step of directly utilizing brown
macroalgae Sargassum to produce value-added products.

4. Conclusions

In this study, we isolated a novel bacterium Vibrio sp. SP1 which
could efficiently degrade alginate and various carbohydrates. Using
this strain, we could produce lycopene and B -carotene from algi-
nate. Additionally, by fed-batch cultivation, 1.23 = 0.21 mg L~! of
lycopene was successfully produced directly from 60 g L~! of the
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brown seaweed Sargassum. To our knowledge, the strain is the first
engineered bacterium to directly convert the brown seaweed Sar-
gassum into lycopene without any pretreatment. Nevertheless,
additional development of this strain using various genetic tools
is mandatory to further increase titer, yield, and productivity of

the time of the addition of brown seaweed powder. The photograph on lower right side
rs represent the standard deviations of biological triplicates. (For interpretation of the
of this article.)

value-added products for brown macroalgae-based biorefinery in
the future. Previously, elevation in bottleneck enzyme expression
[47], heterologous expression of mevalonate (MVA) pathway
which is absent in most bacteria [48], and deletion of competing
pathways were endeavored and proved to increase their titer in
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several folds [49]. Introducing such extensive modifications would
become a lot more easier owing to recently developed natural
competent system in Vibrio species [50,51].

5. Data availability

The complete genomic sequence of Vibrio sp. SP1 for this study
was deposited at GenBank under the accession number CP060589
and CP060590.
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