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CHAPTER |
INTRODUCTION

The enhancing of ultraviolet radiation (UVR) reaching to the Earth surface
becomes an important issue in recent decades. UVR (UV-B, 280-315 nm, UV-C, 100-
280 nm) adversely affects mostly to photosynthetic organisms, particularly marine
organisms such as algae and cyanobacteria (Platt and Honninger, 2003). Cyanobacteria
present in all habitats from terrestrial, fresh water and marine. As they are
photosynthetic microorganisms, cyanobacteria are directly expose to the intense solar
radiation. Among the broadly wavelength of UVR, UV-B has the greatest potential for
cell damage in various mechanisms (Hader et al., 2015). UVR has many harmful effects
on biomolecules (ie. DNA and proteins), physiology and morphology (ie. cellular

differentiation and motility) (Rastogi et al., 2014).

Due to the exposure to harmful UVR, cyanobacteria have various strategies to
avoid the damage from UVR exposure to survive and grow in high-UV environment.
These strategies included UVR avoidance, antioxidative defense system, excretion of
extracellular polysaccharide, and synthesis of extracellular polysaccharide (Rastogi et
al., 2014). The most important mechanism to prevent the adverse effects of UVR is
the synthesis of UV-absorbing/screening compounds. The important biomolecules in
this strategy include mycosporine-like amino acids (MAAs) and scytonemin. These
compounds acts as the effective photoprotectant in cyanobacteria against UV-A and/or

UV-B (Singh et al., 2010).

MAAs are a family of small-molecule secondary metabolite (<400 Da) with
colorless and water soluble capacity. MAAs have strong UV protection due to
extremely high UV absorption maxima (310-362 nm) and strong molar extinction
coefficient (€ = 28,100-50,000 M* cm™) (Wada et al., 2015). MAAs structures are
composed of a cyclohexanone or cyclohexenimine ring conjugated to the nitrogen

substituent by one or two amino acid (s) at the third (and the first) carbon of the core



ring (Singh et al., 2008a; Pope et al., 2015). Variation in attached groups and nitrogen
substituents come about the difference among the absorption spectra of MAAs (Sinha

et al., 2007).

To date, biosynthetic pathway of MAAs were investicated in some
cyanobacteria, such as in Nostoc punctiforme ATCC 29133, Anabaena variabilis PCC
7937, and Aphanothece halophytica (Singh et al., 2008a; Waditee-Sirisattha et al,,
2014). MAA is believed to be synthesized by cyanobacteria from two pathways,
pentose phosphate pathway and shikimate pathway (Pope et al, 2015). MAA
production in cyanobacteria is directly regulated by UVR. UV-B radiation plays the most
important role in MAA induction (Bebout and Garcia-Pichel, 1995). Other stresses were

found to be inducers for MAA biosynthesis, such as desiccation and hypersalinity.

MAAs play vital role as ‘natural sunscreen compound’ or primary UV sunscreen
with additional biological activities (Shick and Dunlap, 2002). Substantial evidences
were shown MAAs contribute as (1) antioxidant compounds, (2) protection against
desiccation or thermal stress, (3) osmotic regulation and (4) intracellular nitrogen

reservoir.

MAAs are the potential natural sunscreen compound with many beneficial
additional biological activities. Therefore, they are promising natural products for use
in pharmaceutical and cosmetic industries. One of the distinct MAA is mycosporine-2-
glycine (M2G), it has the highest scavenging activity among common MAAs, such as
shinorine, porphyra-334, palythine, and mycosporine glycine (Cheewinthamrongrod et

al., 2016).

To improve productivity of MAAs, the heterologous expression is one of
interesting approaches to MAAs overproduction in potential hosts. Heterologous
expression of MAA biosynthesis gene cluster from cyanobacteria has been reported in

some organisms, such as Escherichia coli, Streptomyces and yeast cells. However,



these organisms exhibited the limited succeed in heterologous production of

cyanobacterial natural products (Ziemert et al., 2008).

Although the previous description, heterologous expression of MAAs
biosynthesis gene cluster have been performed in diverse microorganisms. However,
the MAAs production still obtained considerably low contents. Alternatively,
cyanobacteria may display as suitable hosts on heterologous expression. This study
aimed to examine the heterologous expression of M2G synthetic gene cluster from
halotolerant cyanobacterium A. halophytica in fresh water cyanobacterium
Synechococcus elongatus PCC 7942 and demonstrate the expression of M2G
biosynthetic gene cluster in heterologous cells and the overproduction of M2G under

salt stress.

The objective of this research

1. To express the M2G biosynthetic gene cluster encoding for Ap3858 (dimethyl 4-
deoxygadusol synthase; Ap-DDG), Ap3857 (O-methyltransferase; Ap-OMT),
Ap3856 (C-N ligase; Ap-CN ligase), and Ap3855 (D-ala-D-ala ligase; Ap-AA ligase)
from A. halophytica in S. elongatus PCC 7942

2. To analyze transcriptional and translational products of M2G biosynthetic gene
cluster in heterologous expressing cells under salt stress

3. To analyze M2G in expressing cells under salt stress

The hypothesis in this research

M2G biosynthetic gene cluster from A. halophytica can be expressed in S.
elongatus PCC 7942 and its gene product can be modulated under salt stress

conditions.



CHAPTER Il
LITERATURE REVIEW

2.1 Effects of UVR on living organisms

The enhancing of UVR reaching to the Earth surface becomes an important
issue in recent decades. The damage of the ozone layer causing by anthropogenically
released atmospheric pollutants, such as chlorofluorocarbon, chlorocarbons, and
reactive nitrogen species (RNS) (Smith et al., 1992). Enhancing of UVR (UV-B, 280-315
nm, UV-C, 100-280 nm) adversely affects mostly to photosynthetic organisms,
particularly marine organisms, such as algae and cyanobacteria (Platt and Honninger,
2003). Substantial evidences on adverse effects of UVR on photosynthetic organisms
have been showed. For example, UV-B irradiation induced the format changed in
filamentous cyanobacterium (Figure 1) (Ehling-Schulz et al., 1997). In this study, we

place special emphasize on the effects of UVR in cyanobacteria.

Figure 1. Synthesis of sheath material surrounding the filaments on filamentous
cyanobacterium N. commune DRH1 grown in liquid culture. Typical appearance of
DRH1 grown in liquid culture without UV-B (A) DRH1 cells after exposed to UV-B
iradiation (1.0 W m™) for 72 h. (B) Bars indicate 10 mm (Ehling-Schulz et al., 1997).



2.2 UV-B damage in cyanobacteria

Cyanobacteria present in a variety of habitats including terrestrial, fresh water
and marine. Terrestrial cyanobacteria are directly exposed to the intense solar
radiation. Marine and fresh water cyanobacteria are also exposed to the high UVR, due
to UVR penetrates deep into the water up to several meters. Among the broadly
wavelength of UVR, UV-B has the greatest potential for cell damage in various
mechanisms (Hader et al., 2015). UVR has many harmful effects on biomolecules (i.e.
DNA and proteins), physiology and morphology (i.e. cellular differentiation and motility)

(Rastogi et al., 2014).

Biomolecules

The primary targets of UVR on cellular are proteins and nucleic acids including
DNA and RNA (Rastogi et al, 2014). UV-B can cause protein lost and regulate some
proteins in many cyanobacteria. For example, in Synechocystis sp. PCC 6803, it was
reported dramatic protein response to UVR exposure; 66 proteins were up-regulated
and 46 proteins were down-regulated (Gao et al., 2009). DNA molecules directly absorb
UV-B irradiation. In addition, UVR also induces the formation of thymine dimers or
cyclobutane-pyrimidine dimers which disrupt genomic integrity (Hader and Sinha,

2005).

Biochemistry and physiology

Adverse effects of UVR on pigmentation and photosynthesis in cyanobacteria
have been reported. For instance, UVR causes the decreasing of chlorophyll a,
carotenoids, phycocyanin, and phycobiliproteins. Reductions of photosynthetic
pigments result in disassembly of phycobillisomal complex in many cyanobacteria.
Thus, UV-B exposure dramatically reduced the efficiency of photosystem Il (PSIl)
(Rastogi et al., 2014). PSIl is more sensitive to UVR because the most important target

of UVR is in the oxygen-evolving complex of PSII (Jiang and Qiu, 2011). In filamentous



cyanobacteria, UVR effects N, fixation by inhibit nitrogenase activity (Kumar et al,,

2003).

Morphology and cellular differentiation

UVR affects the morphology and cellular differentiation in many cyanobacteria.
A significant disruption of the differentiation of heterocysts and akinetes in Anabaena
sp. PCC 7420 after exposing to UV-B was reported. The changing balance of heterocysts
and vegetative cells could have a harmful effect on survival (Gao et al., 2007). Upon
the exposure to UVR, the broken of filamentous and spiral in cyanobacteria were
shown. The exact mechanism (s) of these breakages still unknown but highly reactive
oxygen species (ROS) induced by UV may cause lipid-oxidation in cell membrane

(Donkor et al., 1993).

Motility and orientation

Motility and orientation are important mechanisms for avoiding from UVR that
protect cyanobacteria from cell damage. UVR seriously reduce in the motile filament
of cyanobacteria, resulting in an impaired ability to escape from UVR (Donkor et al,,

1993).
2.3 Protective mechanisms in response to UVR in cyanobacteria

Cyanobacteria have various strategies to avoid the damage from UVR exposure
to survive and grow in high-UV environment. These strategies included UVR avoidance,
antioxidant systems, excretion of extracellular polysaccharides, synthesis of
extracellular polysaccharides, and synthesis of UV-absorbing/screening compounds

(Rastogi et al., 2014).



UVR avoidance

The first mechanism in many cyanobacteria to avoid from the harmful effect
of solar UVR is migration. Motile species of cyanobacteria have ability to move upward
or downward related with the incident light intensity to escape high UV levels. A
number of reports have shown that UV-A and UV-B radiation act as the guidance
controlling for vertical movement. For example, The cyanobacterium Microcoleus
chthonoplastes and Oscillatoria cf. laetevirens gliding vertical downward to escape

the UV light (Bebout and Garcia-Pichel, 1995; Bhaya, 2004).

Enzymatic/nonenzymatic antioxidant systems

Cyanobacteria have mechanisms to capture light energy while avoiding
oxidative damage from harmful ROS, including the superoxide anion (O,), hydrogen
peroxide (H,0,), hydroperoxyl radical (HO,) and hydroxyl radical (OH’) which induce by
high irradiance. To respond to these oxidative molecules, cyanobacteria have adapted
enzymes as a second line to defense against UVR. These mechanisms involve
enzymatic and nonenzymatic antioxidants. Enzymatic antioxidants: superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and ascorbate
peroxidase (APX) work by breaking down and removing free radicals. Few examples of
the nonenzymatic antioxidants are carotenoids, a-tocopherols (vitamin E), ascorbic acid

(vitamin C) and glutathione (Ehling-Schulz et al., 2002)

SOD is one of important enzymes in antioxidant scavenging systems. This
enzyme scavenges superoxide radical and converts them to H,O, which is then
converted H,0O, and O, via combined catalase-peroxide system (Miyake et al., 1991).
Nonenzymatic antioxidant molecules seem to be an indirect mechanism to prevent
cells from oxidative stress. Glutathione protects the thiol groups of many enzymes,
such as glutathione-dependent thiol peroxidase and involves in the production of

ascorbate (Gaber et al., 2004).



Synthesis of extracellular polysaccharides

Cyanobacterial extracellular polysaccharides compose of high-molecular-mass
heteropolysaccharides with various compositions and roles. These productions depend
on microorganisms and environments (Pereira et al., 2009). Synthesis of extracellular
polysaccharides in cyanobacteria is an important strategy to allow them live and
survive in high UV environment. Cyanobacteria having extremely thick polysaccharides
sheath can better survive in high solar radiation. Cyanobacteria produce
exopolysaccharide to provide a matrix for UV-absorbing/screening compounds, such
as MAAs and scytonemin in order to response the high UVR (Ehling-Schulz and Scherer,

1999).

Synthesis of UV-absorbing/screening compounds

Cyanobacteria have ability to produce UV-absorbing or screening compounds
as significant strategy to defense the toxicity of solar radiation (Singh et al., 2010).
Important biomolecules in this strategy include MAAs and scytonemin. These
biocompounds act as the effective photoprotectant in cyanobacteria against UV-A

and/or UV-B. (Rastogi et al., 2014).
2.4 Mycosporine-like amino acids (MAAs)

Feature of MAAs

MAAs are a family of small-molecule secondary metabolite (<400 Da) with
colorless and water soluble capacity. MAAs have strong UV protection due to
extremely high UV absorption maxima (310-362 nm) and strong molar extinction
coefficient (€ = 28,100-50,000 M cm™) (Wada et al., 2015). MAAs molecules generally
contain a central cyclohexanone or cyclohexenimine ring conjugated to the nitrogen
substituent of an amino acids or imino alcohol which is responsible for UV absorption.
MAAs generally contain a glycine subunit at the third carbon. Variations in attached

groups and nitrogen substituents come about the difference among the absorption



spectra of MAAs (Figure 2) (Sinha et al., 2007). Some MAAs also have sulfate esters or
glycosidic linkages at the imine substituent positions (Sinha and Hader, 2008).
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Figure 2. Structures of some common MAAs found in cyanobacteria (Rastogi et al,,

2014).

MAAs distribution

The accumulation of MAAs in cyanobacteria was firstly reported in 1969
(Shibata, 1969). Currently, MAA family consists of > 33 compounds. MAAs are
widespread in various microorganisms. Form a survey of 152 species of marine
microalgae showed that they all contained UV-absorbing compounds (Wada et al.,
2015). Various kinds of MAAs have been found in a variety of freshwater and marine
organisms, including cyanobacteria, fungi, micro/macroalgae as well as many marine
invertebrates and vertebrates such as shrimp, sea urchins including fish through the
food chain or symbiotic algae (Shick and Dunlap, 2002). A number of cyanobacteria

have been reported on the production of different MAAs in diverse species and
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habitats. Representative MAAs and cyanobacterial strains are shown in Table 1 (Conde

et al., 2000).

Table 1. Occurrence of MAAs in various cyanobacterial species.

MAAs Amax (nm) Cyanobacterial strains
Mycosporine-taurine 309 Synechocystis sp. PCC 6803
Mycosporine glycine 310 Scytonema sp., Synechococcus sp.

N. vommune

Chlorogloeopsis PCC 6912

Palythene 320 A. halophytica
Mycosporine-2-glycine 334 Euhalothece sp.
Shinorine 334 Anabaena sp., Gleocapsa sp.

Scytonema sp., Lyngbya aestuarii

Microcystis aeruginosa
Porphyra-334 334 Microcystis aeruginosa

N. harveyana

N. spumigena

Euhalothece-362 362 Euhalothece sp.

Biosynthesis of MAAs in cyanobacteria

To date, biosynthetic pathways of MAAs were investigated in N. punctiforme
ATCC 29133, A. variabilis PCC 7937, A. halophytica, Microcystis aeruginosa PCC 7806,
Scytonema cf. crispum UCFS10 and UCFS15, Cylindrospermum stagnale PCC 7417, N.
flagelliforme CCNUN1 and Fischerella sp. PCC9339 (Singh et al., 2008a; Gao and Garcia-
Pichel, 2011; Waditee-Sirisattha et al., 2014; Hu et al., 2015; D'Agostino et al., 2016;
Katoch et al., 2016; Shang et al., 2018; Yang et al., 2018). As shown in Table 2, in the
first six cyanobacteria, four genes were shown to be involved in MAA biosynthesis. Very
recently, it was found that genes for MAA biosynthetic consisted of a cluster of five
genes in Cylindrospermum stagnale PCC 7417 (Katoch et al., 2016) and N. flagelliforme
CCNUNT1 (Shang et al., 2018).
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MAA biosynthesis gene cluster in first six cyanobacteria (ie. N. punctiforme
ATCC 29133, A. variabilis ATCC 29413, A. halophytica, M. aeruginosa PCC 7806,
Scytonema cf. crispum UCFS10 and UCFS15, and Fischerella sp. PCC 9339) consists of
NpR5600 to NpF5597, ava 3858 to ava 3855, Ap3858 to Ap3855, mysA to mysD, mysA
to mysE, and FsA to FsD, respectively. The first three genes in these cyanobacteria
encode putative proteins for DDG synthase, O-MT, and C-N ligase, respectively. The
fourth gene in A. variabilis ATCC 29413, S. cf. crispum and Fischerella sp. PCC 9339
encode a nonribosomal peptide synthetase (NPRS ligase) while the fourth genes in

other three cyanobacteria encode for AA ligase.

Table 2. MAA biosynthetic gene clusters from six cyanobacterial strains and their

MAA products

Strains MAA biosynthesis gene clusters MAA products References
N. punctiforme ,:" ----- . Shinorine (Singh et al,,
ATCC 29133 NpR5600 5599 NpR5598 NpF5597 2008a)
A. variabilis -:>| >. > Shinorine (Gao and Garcia-
ATCC 29413 ava_3858 3857 ava_3856 ava_3855 Pichel, 2011)
A. halophytica ..:>:>r““" Mycosporine-2- (Waditee-
phyt —) o ycosp
ap3sse ap380T apiste an368s glycine Sirisattha et al.,
2014)
M. aeruginosa ‘:>|:>'_‘_‘_‘_‘_T:, Shinorine, (Hu et al., 2015)
PCC 7806 mysA mysB mysC mysD Porphyra-334
A
S. cf. crispum -:>| '\. ) 3 Shinorine (D'Agostino et al.,
P v v
UCFS10 and mysA mysB mysC mysE 2016)
UCFS15
Fischerella sp. Ny Shinorine (Yang et al., 2018)
P ) y :
PCC9339 FsA FsB  FsC FsD
C. stagnale r b, Shinorine (Katoch et al.,
[ oy iy s
pPCC 7417 mylA myl8  mylC mylD mylE 2016)
N. flagelliforme -:>:>,-____1\,____1\ mycosporine-2- (Shang et al,,
———lmeen
4 W
CCNUN1 mysA mysB mysD mysC2  mysC1 (4-deoxygadusolyl 2018)
ornithine)

Genes are indicated by arrows: black, DDG-synthase; gray, O-MT; black dashed, AA ligase; white, C-N ligase; double-
outlined, NRPS-like protein; gray with black dashed, ATP-grasp type ligase. Direction of arrows indicates direction of
transcription. Ap3858* is distal to the other genes in the A. halophytica M2G synthetic gene cluster.
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MAA is believed to be synthesized in cyanobacteria from two pathways,
pentose phosphate pathway and shikimate pathway. Sedoheptulose-7-phosphate
(SH7-P), the intermediate derived from pentose phosphate pathway, is supposed to
be a common precursor compound utilized in MAA biosynthetic pathway. By the
reaction of DDG synthase, SHP is converted to form DDG. Further, DDG is converted to
form 4-DG by O-MT and can be produced from the shikimate pathway by a
dehydroquinate synthase (DHQS). The third step, C-N ligase catalyzes the addition of
glycine to 4-DG to produce mycosporine glycine. Further condensation of serine (or
glycine, in case of A. halophytica) onto mycosporine-glycine yields shinorine (or M2G,
in case of A. halophytica), which is catalyzed by NRPS or AA ligase (Singh et al., 20083;
Gao and Garcia-Pichel, 2011; Waditee-Sirisattha et al., 2014; Hu et al., 2015; Pope et
al., 2015; D'Agostino et al., 2016; Katoch et al., 2016; Shang et al., 2018; Yang et al,

2018).

Regulation of MAA biosynthesis under stress condition

MAA production in cyanobacteria is directly regulated by UVR. Among three
ultraviolet wave lengths, UV-B radiation plays an important role in MAA induction
(Bebout and Garcia-Pichel, 1995). Moreover, other stresses were found to be inducers

for MAA biosynthesis, such as desiccation and hypersalinity.

UV Radiation

UVR is generally the strongest inducer for the biosynthesis of MAAs along with
their function as sunscreen compounds. Special photoreceptors appear to be present
to sense the need for MAA synthesis induction (Oren and Gunde-Cimerman, 2007). In
cyanobacteria Chlorogloeopsis PCC 6912, the wavelengths between 280 and 320 nm
are the most effective inducers for shinorine production (Portwich and Garcia-Pichel,
2000). The same as observing in A. doliolum, the induction of porphyra-334 and

shinorine biosynthesis were found under high UV-B radiation (Singh et al., 2008b).
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Therefore, a number of cyanobacteria could adapt themselves to overcome UVR via

UV-regulation of MAA biosynthesis (Zhang et al., 2007).

Hypersalinity

The higher salt concentration in where microorganisms live, the higher its
intracellular solute concentrations have to be. MAAs appear to have an action
response to osmotic stress. The highest accumulation of MAAs was reported in a
halotolerant cyanobacterium ‘Euhalothece’ type, inhabiting in a gypsum crust in a
hypersaline saltern pond. MAAs in these cells reached an extremely high concentration
>98 mM or at least >3% of wet weight (Oren, 1997). Determining the accumulation
level of M2G in A. halophytica in salt upshock conditions (0.5 to 2.5 M NaCl), the result
showed that M2G was significantly increased at the highest level of 28.38 + 1.2 umol/g

(dry weight) when grown in 2.0 M NaCl (Waditee-Sirisattha et al., 2014).

Desiccation

There is also evident that MAA production can be regulated by desiccation
environment. In filamentous sheath forming cyanobacteria including Lyngbya,
Plectonema, and Scytonema habiting in biological soil crusts in India showed that MAA
synthesis was stimulated by the combination of desiccation and irradiation (Tirkey and
Adhikary, 2005). Cyanobacterium N. commune, living in natural habitat, was subjected
to simultaneous stress of desiccation. This condition led to a thick extracellular matrix

in which glycosylated MAAs were embedded (Wright et al., 2005).

Biological function of MAAs

Substantial reports revealed that MAAs play a role as ‘natural sunscreen
compound’ or primary UV sunscreen with additional biological activities (Shick and
Dunlap, 2002). Substantial evidences were also shown MAAs contribute as (1)

antioxidant compounds, (2) protection against desiccation or thermal stress, (3)
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osmotic regulation and (4) intracellular nitrogen reservoir. The followings are evidence

to show that MAA acts as multipurpose secondary metabolites.

Sunscreen compound

The most important function of MAAs is photoprotection in cyanobacteria.
They are commonly described as ‘microbial sunscreen’ (Oren and Gunde-Cimerman,
2007). These compounds have ability to disperse the harmful UVR into heat energy
without forming reactive photoproducts (Conde et al., 2000). MAAs strongly absorb UV-
A and UV-B radiation with high molar extinction coefficients and resistance to several
abiotic stressors, in high solar radiation conditions in particular (Hader and Sinha, 2005;
Whitehead and Hedges, 2005). MAAs located in cytoplasm prevent three out of every
ten photons from reaching sensitive cellular targets (Garcia-Pichel et al., 1993).
Moreover, the biosynthesis of MAAs can be strongly induced by UVR in many
cyanobacteria. For example, MAA biosynthesis in Anabaena was strongly induced
under 280 and 320 nm of UVR (Rozema et al., 2002). These results give the strong

evidence that MAAs act as efficient photoprotective compounds in cyanobacteria.

Antioxidant molecules

Although MAA biosyntheses mainly produce in response to UVR but they also
play additional roles in UV protection. Recently, they also act as novel antioxidants.
MAAs have ability in scavenging ROS, such as singlet oxygen, superoxide anions,
hydroperoxyl radicals, and hydroxyl radicals (Oren and Gunde-Cimerman, 2007). The
certain MAAs, namely mycosporine glycine and mycosporine taurine, exhibit a strong
antioxidant activity by quenching the reactive oxygen species (ROS) (Wada et al., 2015).
Mycosporine glycine effectively reduced the amount of singlet oxygen formed under
illumination with greater capability to donate electrons to stabilize and inactivate the

free radicals (Suh et al., 2003).
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Protection against abiotic stress factors

MAAs play another role in protection against abiotic stress factors, such as
osmotic pressure, desiccation, and temperature. MAAs were found in cyanobacteria
which live in high-salt ecosystems and often called ‘osmotic solutes’ or ‘compatible
solutes’. Many microorganisms accumulate MAAs within intracellular space for relieving
pressure from salt stress in high salinity environment (Oren and Gunde-Cimerman,
2007). There are many reports that cyanobacteria accumulated high concentrations of

MAAs after exposing to drought stress (Whitehead and Hedges, 2005).
2.5 Engineering for UV sunscreen compound synthesis in microorganisms

MAAs are the potential natural sunscreen compound with many beneficial
additional biological activities. Therefore, MAAs are promising natural products for use
in pharmaceutical and cosmetic industries. One of the distinct MAA is M2G. It has the
highest scavenging activity among common MAAs, such as shinorine, porphyra-334,

palythine, and mycosporine glycine (Cheewinthamrongrod et al., 2016).

To improve productivity of MAAs, the heterologous expression is one of
interesting approaches to overproduction of MAAs in potential host. Heterologous
expression of MAA biosynthesis gene cluster from cyanobacteria has been reported in
some organisms, such as E. coli, Streptomyces strains and yeast. The first heterologous
production of MAAs was shown in heterologous expression of M2G synthesis gene
cluster from A. halophytica in E. coli. This heterologous expression resulted in the
accumulation of M2G under the high-salinity condition (0.30 M NaCl) about 85.2 + 0.7
umol/g (dry weight) (Waditee-Sirisattha et al., 2014). This result was consistent with the
heterologous expression of M2G biosynthetic gene cluster of A. halophytica in E. coli
in various salt conditions. The result showed the highest transcription level of M2G
biosynthesis gene cluster (Ap3858-3855) in E. coli expressing cells under NaCl stress

condition (Cheewinthamrongrod et al., 2016). A shinorine producing Corynebacterium
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glutamicum strain was constructed for expressing four genes from Actinosynnema
mirum DSM 43827. The combined deletion of transaldolase (tal) gene and
overexpression of 6-phosphogluconate dehydrogenase (¢nd) gene increased the
precursor; sedoheptulose-7-phosphate and improved shinorine production (Tsuge et
al.,, 2018). However, in Corynebacterium glutamicum expressing cells still showed
considerably low amount of desired MAAs (Ziemert et al., 2008). In E. coli heterologous
expression, cultivation and media costs are rather expensive; therefore, manipulation
in cyanobacteria in which a very low cost for cultivation would be one of attractive

points.

Cyanobacteria may display as suitable host(s) on heterologous expression for
producing photosynthetically cyanobacterial products due to several advantages (1) it
has a short doubling time compared with algae (Emlyn-Jones et al., 2006); (2) it is
enable to genetic modifications with a variety of available tools (Holtman et al., 2005);
(3) it provides products that conveniently to isolate and identify (Weber et al., 2015);
and (4) it is cost-effective because cyanobacteria use common medium for their growth
(Yang et al., 2018). Therefore, the heterologous expression of foreign gene clusters in
cyanobacteria is one of interesting way for MAAs overproduction. The first heterologous
production of MAA in photosynthetic cyanobacteria demonstrated by expressing of a
shinorine gene cluster from the filamentous cyanobacterium Fischerella sp. PCC 9339
in Synechocystis sp. PCC 6803 with multiple promoters. Shinorine productivity
increased about 10-fold (2.37 + 0.21 mg/g dry biomass weight), comparable to
commercially used shinorine producer (Yang et al.,, 2018). Since the MAA; M2G has
superior biological activities (Cheewinthamrongrod et al., 2016; Tarasuntisuk et al.,
2018); therefore, the heterologous expression of M2G in cyanobacteria may be an

alternative way to overproduction M2G.
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The objectives of this research:

1. To express the M2G biosynthetic gene cluster encoding for Ap3858 (dimethyl 4-
deoxygadusol synthase; Ap-DDG), Ap3857 (O-methyltransferase; Ap-OMT),
Ap3856 (C-N ligase; Ap-CN ligase), and Ap3855 (D-ala-D-ala ligase; Ap-AA ligase)
from A. halophytica in S. elongatus PCC 7942

2. To analyze transcriptional and translational products of M2G biosynthetic gene
cluster in heterologous expressing cells under salt stress

3. To analyze M2G in expressing cells under salt stress



CHAPTER 1lI
MATERIALS AND METHODS

3.1 Instruments

Autoclave: Model SS-325 and ES-215, TOMY Digital Biology, Japan
Autopipette: Eppendorf Research plus, Eppendorf, Germany
Biomate 3S UV-visible spectrophotometer: Thermo Scientific™, USA
Biophotometer D30: Eppendorf, Germany

Concentrator 5301: Eppendorf, Germany

Disposable syring: Nipro, Thailand

Gel imaging: Model Gel Doc EZ", Bio-Rad, USA

Gel electrophoresis: Model MJ-105, Major Science, USA

High Performance Liquid Chromatography (HPLC): Shimadzu, Japan
Incubator shaker: Model innova 4330, New Brunswick Scientific, USA
Laboratory glassware: Pyrex, USA

Laminar flow: Model H1, Microtech, Thailand

Magnetic stirrer: Model MMS-3000, Biosan, Latvia

Microscope: Olympus, Japan

Mini-PROTEAN tetra cell: Bio-Rad, USA

Nanodrop 2000 UV-Vis Spectrophotometer: Thermo Scientific™, USA
Orbital shaker: Model TT-20: Hercuvan Lab Systems, Malaysia

Petri dish 90x15 mm: Biomed, Thailand

pH meter: SevenEasyW, Mettler Toledo, USA



Refrigerated microcentrifuge: Model 5418 R, Eppendorf, Germany
Spectrophotometer cuvette: Spectronic 401, Milton Roy, USA

Trans-Blot® SD Semi-Dry Transfer Cell: Bio-Rad, USA

TT-100H/TT-100C Thermo Shaker Incubator: Hercuvan Lab Systems, Malaysia
Twelve-well cell culture plate: SPL life science, Korea

Ultrasonic bath: Bandelin, Germany

Vortex mixer: Model K-550-GE: Scientific Industries, USA

3.2 Chemicals and media

Acetic acid: Merck, Germany

Agar powder: Himedia, India

Agarose gel: Bio-Rad Laboratories, USA

Anti-Histidine (Mouse monoclonal IgG): R&D systems, USA
Anti-mouse 1IgG (AP-linked): Cell signaling technology, USA
Bacto® tryptone: Merck, Germany

BCIP/NBT solution: Amresco, USA

Bio-Rad Protein assay dye reagent concentrate: BioRad, USA
Boric acid: Merck, Germany

Calcium chloride: Merck, Germany

Chloroform: Sigma-Aldrich, USA

Citric acid: Merck, Germany

Cobalt(ll) nitrate: Ajax Finechem Pty Limited, Australia

Copper(ll) sulfate: Ajax Finechem Pty Limited, Australia
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DEPC (Diethylpyrocarbonate), Amresco, USA

Dipotassium phosphate: Ajax Finechem Pty Limited, Australia
DynaMarker DNA low D: BioDynamic laboratories, Japan
DynaMarker Protein MultiColor lll: BioDynamic laboratories, Japan
EDTA (Ethylenediaminetetraacetic acid): Amresco, USA
Ethanol: Merck, Germany

Ferric ammonium nitrate: Merck, Germany

GeneAmp® 10 mM dNTP Mix: Applied Biosystems™, USA
Glycerol: Merck, Germany

Glycine: BioRad, USA

Isopropanol: Merck, Germany

L-Serine: Sigma, USA

Magnesium chloride: Merck, Germany

Magnesium sulfate: Merck, Germany

Methanol: Merck, Germany

PCR buffer (10X): Applied Biosystems™, USA

Precision plus protein dual color standard: Biorad, USA
Purified BSA 100x: BioLab, USA

Sodium carbonate: Merck, Germany

Sodium chloride: Ajax Finechem Pty Limited, Australia
Sodium dodecyl sulfate: Ajax Finechem Pty Limited, Australia

Sodium nitrate: Merck, Germany



Streptomycin: Sigma, USA

SYBR® safe DNA gel strain: Invitrogen, USA

Thirty percent Acrylamide/Bis Solution: BioRad, USA

Trizma (2-amino-2-(hydroxymethyl)-1,3-propanediol): Sigma, USA
TRIzol® reagent: Invitrogen, USA

Yeast extract powder: Himedia, India

Zinc sulfate: Ajax Finechem Pty Limited, Australia

3.3 Membranes
YM-3 membrane Ultracel®-3K: Millipore, USA

Minisart filters pore size 0.2 pm: Merck, Germany

3.4 Kits

HiYield" Plasmid Mini Kit, RBC Bioscience, Taiwan

SuperScriptw Il First Strand Synthesis system, Invitrogen, USA

3.5 Enzymes
BamHI: New England Biolabs, USA
Tag DNA polymerase: Invitrogen, USA

Xhol: New England Biolabs, USA
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3.6 Plasmids and microbial strains

Table 3. Plasmids and bacterial strains used in this study

22

Strains and plasmids

Descriptions

Sources/References

Ap3858-3855/pUC303  2.76 kb Ap3858 (native Waditee-Sirisattha et
promotor and coding region of al., 2014
Ap3858) together with 3.63 kb
Ap3857-3855 (native promotor
and coding region of Ap3857-
3855) cloned into pUC303
E. coli DH5Q( Invitrogen, USA

d8olaczAM15 AlaczYA-argh)
U169 recAl endAl hsdR17 (1K,
mK*) phoA supE4d A~ thi-1
gyrA96 relAl

S. elongatus PCC 7942

Freshwater cyanobacterium

Research Institute of

Meijo University, Japan




3.7 Primers

Table 4. Primers used in this study
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Primers

Sequences (5 —*>3")

Base pairs number

Ap3855 Forward
Ap3855 Reverse
Ap3856 Forward
Ap3856 Reverse
Ap3857 Forward
Ap3857 Reverse
Ap3858 Forward
Ap3858 Reverse
7942cat_Forward
7942cat_Reverse
7942s0dB_Forward
7942s0dB_Reverse
7942tpxA_Forward
7942tpxA Reverse
SynPCC 7942 2522 F
SynPCC 7942 2522 R
SynPCC 7942 0808 F
SynPCC 7942 0808 R
Syn7942mpB_Forward
Syn7942mpB_Reverse

TTATCCGAGAAACTCTCC
AGGTCATACTTATCCTGAG
GGATCCAATGCTTCTATTTGTCCGAGG
ATAGTAACTAGAAACGGGAC
GGATCCAATGACGATCACTAACGATAAAC
ATGCAGAATAGCCCGTAAAC
GGATCCAATGACGAAAACAACCTCTG
TGAGGATCGGTTTCCACAAG
CTACCGAATTGCCGA
GGGATTGGTGCTTGG
ACCAAGGAAACGCTG
CGGCTTGTTTGAACTC
CCGTAAAGAAGGTGGT
CTTAACAGGGTCGGG
CTATCAAGTTGGATTCCG
CCGGTTATCTAACAACTC
GAAGTCTTGAAAGAGTGG
CTGATGGGAATAGATTGAC
GAGGAAAGTCCGGGCTCCC
TAAGCCGGGTTCTGTTCTC

18
19
27
20
29
20
27
20
15
15
15
16
16
15
18
18
18
19
19
19
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3.8 Culture conditions

S. elongatus PCC 7942 cells were grown in blue-green 11 (BG11) liquid medium
under photoautotrophically (70 uE m™ s™) condition (Waditee-Sirisattha et al., 2014)
with shaking 150 rpom at 30 °C. S. elongatus PCC 7942 cells harboring empty vector
(PUC303) or MAA synthetic genes (pUC_Ap3858-3855 303) were grown under the same
condition as the wild-type cells. Streptomycin (50 pg/ml) was supplemented in case
of growing the expressing cells. The growth of cyanobacterial cells were measured by
a UV-visible spectrophotometer (Thermo Scientific™ Biomate 3S, USA) at absorbance
730 nm. E. coli DH5Q expressing cells were grown in Luria-Bertani (LB) medium with

streptomycin (50 pg/ml) at 37 °C.

3.9 Plasmid extraction and analysis
3.9.1 Restriction enzyme analysis

The E. coli DH5Q cells harboring empty vector (pUC303) and recombinant
plasmids (pUC_Ap3858-3855 303; as shown in Figure 3) were used as the materials for
plasmid preparation. Plasmids were extracted using Plasmid mini kit (RBC Bioscience).
Concentration and purity of plasmids were measured by NanoDrop 2000 (Thermo

Scientific™, USA). Restriction enzyme analysis was performed by using BamHI and Xhol.

3.9.2 Polycistronic transcription analysis

Polycistronic transcription of Ap3858-3855 was analyzed by using A.
halophytica complementary DNA (cDNA) as template. Plasmid pUC303 and
pUC Ap3858-3855 303 were used as negative and positive controls, respectively.
Ap3856 forward primer and Ap3855 reverse primer were used in polymerase chain
reaction (PCR). A. halophytica cDNA were used as templates with specific primers:
Ap3856 and Ap3855. The PCR products were analyzed onto 1.2% (w/v) agarose gel
electrophoresis precasting with 0.1 ul/ml SYBR Safe DNA Gel Stain (Invitrogen, USA).

The relative intensity was quantitated by ImageJ (htttp://imagej.nih.cov/ij/).
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(Ap3858)

(His)e-tag
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Native
promoter

Streptomycin

resistant (Sti¥)
Figure 3 Map of a shuttle vector harboring M2G biosynthetic genes (Ap3858-3855)
from A. halophytica. (Ap3858: demethyl-4-deoxygadusol (DDG) synthase; Ap3857: O-
methyltransferase; Ap3856: C-N ligase and Ap3855: D-ala-D-ala ligase).

3.10 Transformation of S. elongatus PCC 7942 and stress treatment

3.10.1 Transformation of M2G biosynthetic gene cluster into S. elongatus

PCC 7942

S. elongatus PCC 7942 cells were grown in BG11 until reaching to optical
density at 730 nm = 1.00. The purified pUC303 and pUC_Ap3858-3855 303 plasmids

were transformed into S. elongatus PCC 7942 by natural transformation protocol
(Vioque, 2007). Briefly, One milliliter of cyanobacterial culture was centrifuged at 4,500
rom for 10 min. Cell pellets were collected and subsequently washed with fresh BG11
for three times. The washed cells were re-suspended in 1 ml BG11. One hundred
microliters of cells suspension were mixed with 300 ng purified plasmids. This
suspension were incubated at 25 °C under dark condition for overnight. Recovery of
the transformed cells were performed in two separated sets. The first set, the
transformed cells were laid onto BG11 agar plates. After 10 days, the candidate
transformants were selected by supplementing with streptomycin (50 pg/ml). The

second set, the transformed cells were cultured in BG11 in 12-well plates. After seven



26

days, the candidate transformants were selected by transferring onto BG11 agar plates
supplemented with streptomycin (50 pg/ml). All of transformed cells were grown at
the same condition as wide-type at 30 °C. To analyze the candidate transformants, a
single colony was used as a template DNA for colony PCR analysis using specific primer

pairs for Ap3858-3855 genes (Table 2).
3.10.2 Stress treatment

For salt stress treatments, S. elongatus PCC 7942 transformant cells

were grown in BG11 liquid medium supplemented with 0.35 M NaCl or 0.35 M KCL.

Cells were adjusted to optical density at 730 nm = 0.8-1.0 prior stress treatment.
Transformants growing under these stress treatments were harvested for further

analysis.
3.11 Analysis of transformants
3.11.1 Growth profile

S. elongatus PCC 7942 cells harboring empty vector or MAA synthetic
genes were grown under the same condition as described in section 3.8. Growth
profiles were measured by UV-visible spectrophotometer (Thermo Scientific™

Biomate 3S, USA) at absorbance 730 nm.
3.11.2 Phenotypic analysis

For measurement of chlorophyll and phycobiliprotein contents, control
cells and transformants were grown under control and stress conditions. Then, the
cultures were used to determine spectrophotometrically for chlorophyll a,
phycocyanin, phycoerythrin and allophycocyanin, respectively. Each pigment was

calculated its content using the following equations (Colowick & Kaplan, 1988).
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Chlorophyll a (pg/ml) = ODggs X 13.9

A620 - (07 X A650)

Phycocyanin (PC) (mg/ml) =
7.38

A650 - (019>< AéZO)

Allophycocyanin (AP) (mg/ml)
5.65

Asgs — 2.8[PC] — 1.34[AP]

Phycoerythrin (PE) (mg/ml)

7.38

3.11.3 Gene expression analysis by semi-quantitative reverse transcription

polymerase chain reaction (RT-PCR)
3.11.3.1 RNA extraction and cDNA conversion

Total RNA was extracted from S. elongatus PCC 7942 harboring
empty vector (control) and pUC Ap3858-3855 303 (expressing cells) using Trizol®
reagent (Invitrogen, USA) according to manufacturer’s instructions. Quantity of total
RNA was measured by Thermo Scientific™ NanoDrop 2000. RNA integrity was confirmed
by agarose gel electrophoresis. Four micrograms of total RNA were converted to cDNA
using SuperScript® Ill First-strand (Invitrogen, USA) according to the manufacturer’s

instructions. The cDNAs were kept at -20°C for further experiments.

3.11.3.2 Expression of M2G synthetic gene cluster

The cDNA products were used as templates in RT-PCR analysis
with specific primer pairs for four M2G biosynthesis genes: Ap3858, Ap3857, Ap3856,
and Ap3855 (Table 2). Synechococcus rmpB gene (Syn7942rnpB) was used as an internal
control. The PCR products were analyzed onto 1.2% (w/v) agarose gel electrophoresis
precasting with 0.1 ul/ml SYBR Safe DNA Gel Stain (Invitrogen, USA). The relative

intensity was quantitated by ImageJ (htttp://imagej.nih.gov/ij/).
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3.11.3.3 Expression of antioxidant-related genes

The cDNA products were used as templates in RT-PCR analysis
with specific primer pairs of 3 genes: cat, sodB and tpxA (Table 2) using the same

protocol as described in section 3.11.3.2.

3.11.3.4 Expression of glycerol and sucrose synthetic genes

The cDNA products were used as templates in RT-PCR analysis
with specific primer of 2 genes: SynPCC 7942 2522 and SynPCC 7942 0808 (Table 2)

using the same protocol as described in section 3.11.3.2.

3.11.4 Protein expression analysis by western blotting

3.11.4.1 Transformants culture under salt stress for protein

analysis

S. elongatus PCC 7942 cells harboring empty vector or MAA
synthetic genes were cultured in BG11 liquid medium with streptomycin (50 pg/ml)
supplemented with 0.35 M NaCl or 0.35 M KCL. Initial cell concentration was adjusted
to optical density at 730 nm = 0.8-1.0. Cells were harvested at 0, 24, 48 and 96 hours
by centrifugation at 8,000 rom for 10 minutes. The samples were measured for cell

wet weight to get approximately 100 mg.

3.11.4.2 Crude protein extraction

Cell pellets obtained from step 3.11.4.1 were washed with 500
pl of 0.1 M Tris-HCl pH 8.2. Then, cells were centrifuged at 12,000 rpm for 5 minutes.
The supernatants were discarded. Cell pellets were resuspended in 200 pl of 0.1 M
Tris-HCl pH 8.2 and subjecting to sonitation with 40% amplitude for 10 seconds
(repeated for 5 times). Supernatants were collected by centrifugation at 12,000 rpm, 4

°C for 5 minutes. Protein concentration was determined by the Bio-Rad Protein Assay
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Kit (Bio-Rad) using BSA as protein standard (appendix 5). Crude protein extracts were

kept in -20 °C for further experiments.

3.11.4.3 Sodium dodecyl sulfate polyacrylamind gel
electrophoresis (SDS-PAGE) analysis
SDS-PAGE was prepared according to standard protocol

(Sambrook et al., 2001). Running buffer (appendix 6) was added into mini cell. Protein
samples were loaded into gel with final concentration of 200 ug for each sample. SDS-
PAGE was performed by using Mini-PROTEIN Tetra cell using 150 voltage for 1.30 hours.
The SDS-PAGE gel was stained with 1% Coomassie brilliant blue (CBB). The molecular
mass of target protein was determined by comparing to standard protein marker

(Biorad, USA).

3.11.4.4 Western blotting analysis

Western blot analysis was performed as described in standard
protocol (Sambrook et al., 2001). A polyvinylidene difluoride (PVDF) was treated with
90% methanol for 10 seconds and gently soaking in western blotting buffer. SDS-PAGE-
separated protein bands were transferred to PVDF membrane using western blotting
buffer. Blotting was performed at 100 mA for 1.30 hours using Trans-Blot® SD Semi-
Dry Transfer Cell (Bio-Rad, USA) and then blocking with blocking solution (1X PBS,
0.01% Tween 20 and 5% skim milk) for 1 hour. The blocking membrane was incubated
overnight in 30 ml 5% skim milk with primary antibody (antibody raised against Histidine
6X: Mouse monoclonal 1gG) (1:500) from R&D systems (USA). The membrane was
washed by gently shaking in 5% skim milk in 1X PBS for 3 times (20, 20 and 10 minutes,
respectively). Then, the membrane was incubated in 30 ml 5% skim milk in 1X PBS for
2 hours with secondary antibody (anti-mouse 1gG) (1:500) from Cell signaling technology
(USA). After incubating, the membrane was washed with 1X PBS solution three times

as previous step. To detect protein band signal, the membrane was developed with
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BCIP/NBT solution (AMRESCO, USA). The molecular mass of target protein were

determined by comparing to standard protein marker (BioDynamic laboratories, Japan).

3.12 Metabolite analysis
3.12.1 Analysis of M2G
3.12.1.1 Stress treatment

S. elongatus PCC 7942 cells harboring empty vector or M2G
synthetic genes were cultured in BG11 liquid medium with streptomycin (50 pg/ml)

supplemented with 0.35 M NaCl or 0.35 M KCL. Initial cell concentration was adjusted

to optical density at 730 nm = 0.8-1.0. Calls were harvested at 0, 2, 4 and 7 days by

centrifugation at 8,000 rpm for 10 min. Cell fresh weights were measured.

3.12.1.2 Exogenous supplementation of amino acid

S. elongatus PCC 7942 cells harboring empty vector or M2G
synthetic genes were cultured in BG11 liquid medium with streptomycin (50 pg/ml)
supplemented with 0.35 M NaCl or 0.35 M KCl. The culture media were added with

glycine and serine (at final concentration of 1 mM). Initial cell concentration was

adjusted to optical density at 730 nm = 0.8-1.0. Calls were harvested at 0, 7 and 14

days by centrifugation at 8,000 rpm for 10 minutes. Cell fresh weights were measured.

3.12.1.3 M2G extraction

The harvesting cells were extracted by adding 500 ul of 100%
high performance liquid chromatography (HPLC)-grade methanol and were disrupted
by sonication with 40% amplitude for 30 seconds (repeated for 5 times). The extracted
cells were centrifuged at 12,000 rpm for 10 minutes. The supernatants were transferred
to new Eppendorf microcentrifuge tubes and were evaporated in a vacuum evaporator

at 45 °C. Dried residues were kept in -20 °C for further use in HPLC analysis.
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3.12.1.4 High performance liquid chromatography (HPLC)

The extract residues from step 3.12.1.3 were dissolved in 100-
200 pl of 1% acetic acid. Dissolved samples were mixed for 15 minutes. To collect the
supernatant, samples were centrifuged at 15,000 rpm for 15 min at 25 °C. After that,
the upper water phase was passed through an Ultracel YM-3 membrane (Millipore,
USA) by centrifugation at 15,000 rpm at 25 °C. The flowthroughs were subjected to
HPLC analysis.

Ten microliters of each filtrated samples from previous step
were injected into Shim-pack FC-ODS reverse phase (3 um: 150x4.6 ml) with flow rate
0.4 ml/min. The column oven temperature was set at 35 °C. The mobile phases were
1% acetic acid in H,O and 100% methanol. The absorption spectra of samples were
detected at 330 nm. Shinorine was used as authentic compound. The M2G content of

each samples were calculated by comparing with standard calibration curve.

3.12.2 Amino acids analysis
3.12.2.1 Stress treatment

S. elongatus PCC 7942 cells harboring empty vector or M2G
synthetic genes were cultured in BG11 liquid medium with streptomycin (50 pg/ml)

supplemented with 0.35 M NaCl or 0.35 M KCL. Initial cell concentration was adjusted

to optical density at 730 nm = 0.8-1.0. Calls were harvested after 2 days by

centrifugation at 8,000 rpm for 10 min. Cell fresh weights were measured.

3.12.2.2 Amino acids analysis

The harvested cells from stress treatment from previous step
were extracted with methanol. Cell pellets were broken by sonication. The
supernatant was collected by centrifugation at 12,000 rpm for 5 minutes. Then, the

pellets were dried by using centrifugal vacuum concentrator 5301 (Eppendorf,
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Germany). Dried residue was dissolved in 400 pl of mobile phase (acetonitrile and

methanol).

Amino acids content in control and transformant cells were
measured by Amino acid analyzer L-8900 (Hitachi, Japan) as manufacture’s instruction.
Forty microliters of each sample was injected into column with flow rate 0.175 m{/min.
The absorption spectra of amino acids in samples were detected at 570 and 440 nm.
The content of amino acid in samples were compared with 17 amino acids (alanine,
arginine, aspartic acid, cystine, glutamic acid, slycine, histidine, isoleucine, lysine,
leucine, methionine, phenylalanine, proline, serine, threonine, tyrosine, valine) and

ammonia.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Plasmid extraction and analysis
4.1.1 Restriction enzymes analysis

The plasmids used in this study were obtained from the previous work
(Waditee-Sirisattha et al., 2014). Empty vector (pUC303) and recombinant plasmids
(pUC_Ap3858-3855 303) were extracted and performed restriction enzymes analysis
by single digestion using BamHI or Xhol. The result showed that the size of inserts that
appeared after digestion by BamHI and Xhol were 2.3 and 3.6 kb, respectively (Figure
4). These insert sizes confirmed the correct ones. Thus, the purified plasmids were
further used in transformation into the fresh water cyanobacteria S. elongatus PCC

7942.

-
>000 — S W —36kb

3,000 — B
3,000 T =R e 2.3kb

1l

Figure 4. Restriction enzyme analysis of biosynthetic gene cluster for M2G synthesis
genes in pUC_Ap3858-3855 303 (map of the expressing vector was described in
Materials and Methods section 3.9). Single digestion of pUC Ap3858-3855 303 with
BamHI (lane 1) and Xhol (lane 2). Agarose gel electrophoresis 1.2 % (w/v) precasting
with 0.1 p/ml of SYBR® safe DNA gel stain was used to analyze restriction enzyme

reaction.



34

4.1.2 Polycistronic transcription analysis

To analyse mono- or polycistronic transcription of biosynthetic gene
cluster for M2G, cDNA derived from A. halophytica and the plasmids obtained from
section 3.1 were used. The gene organization of Ap3858-3855 were showed in Figure
5A. The transcription of Ap3856-3855 genes were expected to be polycistronic
transcription as these two genes lining very close in gene organization. The analysis
was performed by using specific primer pairs for Ap3856 and Ap3855 as showed in
black arrow sign in Figure 5A. There was no PCR product when empty vector was used
as template. The band size 1,869 bp was detected in expressing vector due to no
transcription of gene cluster (Figure 5B). By using cDNA of A. halophytica, it showed
that there was no PCR product. Therefore, this result confirmed that Ap3856-Ap3855
genes are not polycistronic transcription. When A. halophytica cDNA was used as
templates with specific primer pairs for Ap3856 (forward-reverse) and Ap3855 (forward-
reverse), it clearly showed that PCR product band were detected as 422 and 521 bp,
respectively.

Polycistronic transcription analysis revealed that these 4 genes in M2G
biosynthetic gene cluster are independently transcribed. Therefore, these genes likely

transcript as “monocistronic mMRNA”.
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Figure 5. Gene organization of Ap3858-3855 in A. halophytica. The direction of Ap5856
forward primer and Ap5855 reverse primer were shown (A). Polycistronic transcription
analysis was performed by PCR with specific primer pairs. The first three lanes were
analyzed by using Ap3856 forward primer and Ap3855 reverse primer. The last two
lanes were analyzed by using specific primers: Ap3856 and Ap3855, respectively (B).
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4.2 Transformation of S. elongatus PCC 7942 and stress treatment
4.2.1 Transformation of M2G biosynthetic gene cluster

The purified pUC303 and pUC Ap3858-3855 303 plasmids were
transformed into S. elongatus PCC 7942 by natural transformation for overnight under
dark condition at 25 °C. The recovery of transformant cells were performed in 2
separate sets. Streptomycin (50 pg/ml) was used as a selectable marker for
transformant cells. The results showed that transformant cells could not grow on BG11
agar plate. However, transformant cells could be recovered in BG11 broth with
streptomycin supplementation. As showed in Figure 6A, only transformant cells
harboring expressing vector could grow in BG11 supplemented with streptomycin. After
7 days of cultivation, candidate transformants were streak onto BG11 agar plate

supplemented with streptomycin to obtain single colony (Figure 6B).

A)

BG11

BG11+

Streptomycin

Figure 6. Culture of candidate S. elongatus PCC 7942 transformants in 12 wells plates
(A), Candidate transformants on BG11 plate supplemented with streptomycin (50
ug/ml) (B).
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To confirm the presence of M2G biosynthetic gene cluster in transformant cells,
the single colony was used as a template for colony PCR analysis with specific primer
pairs for Ap3858, Ap3857, Ap3856, and Ap3855 genes, respectively. Colony PCR analysis
revealed the successful of transformation. The specific PCR products of Ap3858-3855
genes were detected for each gene (Figure 7). While, no band was detected when

empty vector was used as template.

Ap3858 Ap3857 Ap3856 Ap3855 primer pairs

M VvV E V E V E V E

bp
=
700 —
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300 —

Figure 7. S. elongatus PCC 7942 transformant harboring Ap3858-3855 was analyzed by
colony PCR with specific primer sets for Ap3858 to Ap3855. PCR products were
analyzed on 1.2 % (w/v) agarose gel precasting with 0.1 ul/ml SYBR Safe DNA Gel Stain.
V: S. elongatus PCC 7942 harboring pUC303; E: S. elongatus PCC 7942 transformant
carrying pUC_Ap3858-3855 303.
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4.3 Transformant analyses
4.3.1 Growth profile

S. elongatus PCC 7942 cells harboring empty vector or M2G synthetic
genes were growth under salt stress. Growth rate was measured by UV-visible
spectrophotometer at absorbance 730 nm. The results showed that transformant cells
harboring MAA synthetic genes had higher growth rate than the cells harboring empty
vector in BG11 medium (Figure 8). Along with the cultivation in 0.35 M NaCl, the growth
rate was no significantly different in both groups in early period of cultivation. After 6
days, growth rate of transformant cells harboring M2G synthetic genes was significantly
faster than empty vector. The growth rate of both sets continuously increased up to
7 days of cultivation. However, the growth rate of transformants cells cultured in both
salts (NaCl and KCl) were lower than cultured in BG11 medium. In contrary, cultivation
in 0.35 M KCL, the growth rate of both sets could not survive.

Apart from the major role of M2G as UV protective compound, from these
results indicated that the cells harboring M2G synthetic genes confer NaCl stress
tolerance. It is likely the biosynthesis of M2G in the transformed S. elongatus PCC 7942

prevent cells from NaCl stress.
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Figure 8. Growth of S. elongatus PCC 7942 harboring empty vector (pUC303) or MAA
synthetic genes (Ap3858-3855) cultured in BG11 under salt stress: 0.35 M NaCl and
0.35 M KCl for 7 days. Growth profile was measured by spectrophotometer at
absorbance 730 nm (A). Cell numbers were calculated by standard conversion protocol
for unicellular cyanobacteria (Colowick & Kaplan, 1988) (B). Data are mean + standard
error of mean (SEM) from at least three independent experiments. *** denoted

significantly differences by unpaired student’s t-test (p < 0.0001).
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4.3.2 Phenotypic analysis

Since the transformant cells conferred NaCl stress tolerance (Figure 8) so
chlorophyll and phycobiliprotein contents were further measured. The result showed
that in BG11 and 0.35 M NaCl supplemented media, all of pigments in transformant
cells harboring M2G synthetic genes were always higher than those of empty vector
ones (Figure 9). The pigments content of both transformants continuously increased
up to 7 days of cultivation. However, pigment contents of transformants cells cultured
in both salts were lower than culturing in BG11 medium. This is consistent with the
growth rate in previous section (Figure 8). The pigments content of both transformants
cultured in 0.35 M KCLl slightly decreased as the decrease of growth rate. Therefore,
the production of pigments in S. elongatus PCC 7942 was consistent to the growth rate
and was not effect by salt stress.

Under salt stress, chlorophyll and phycobiliprotein contents were
decreased due to the degeneration of the cells. In M2G harboring cells, chlorophyll
and phycobiliprotein contents were higher than that of empty vector ones (Figure 9A-
D). It is probable that the biosynthesis of M2G in the transformed S. elongatus PCC

7942 relieves cells from NaCl stress.
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Figure 9. Chlorophyll and phycobiliproteins of S. elongatus PCC 7942 harboring empty
vector (pUC303) or MAA synthetic genes (Ap3858-3855) grown in BG11, 0.35 M NaCl,
and 0.35 M KCl, respectively. The content of chlorophyll a (A), allophycocyanin (B),
phycocyanin (C) and phycoerythrin (D) were determined follow the standard protocol
(Colowick & Kaplan, 1988).
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4.4 Gene expression analysis by semi-quantitative reverse transcription

polymerase chain reaction (RT-PCR)
4.4.1 Expression of M2G synthetic gene cluster

M2G biosynthetic gene cluster was analyzed at transcriptional level to
monitor the effects of salt stress in heterologous expression. S. elongatus PCC 7942
cells harboring empty vector (control) and pUC Ap3858-3855 303 (expressing cells)
were upshocked in concentrations of 0.35 M KCl and 0.35 M NaCl for 0, 4, and 8 hours,
respectively. Total RNA was extracted by using Trizol® reagent. RNA integrity was
confirmed by agarose gel electrophoresis (Figure 10). Syn7942rnpB was served as an
internal control.

The transcriptional analysis showed that all of 4 M2G biosynthetic genes
(Ap3858-3855) were up-regulated under 0.35 M NaCl condition, all of M2G biosynthetic
genes (Ap3858-3855) were up-regulated. The highest expression levels were found in
Ap3857, followed by Ap3856, Ap3858 and Ap3855, respectively. Expression of Ap3857,
Ap3856, Ap3858 and Ap3855 were increased for 2.39 + 0.25, 1.68 + 0.10, 1.25 + 0.09,
and 1.11 + 0.06 folds, respectively (Figure 11A). The same trend was observed under
0.35 M KCl stress. The highest expression levels was found in Ap3856, followed by
Ap3857, Ap3858 and Ap3855, respectively. Expression of Ap3856, Ap3857, Ap3858 and
Ap3855 were increased in transcriptional level for 3.70 + 0.35, 3.59 + 0.45, 2.78 + 0.13,
and 2.73 + 0.47 fold, respectively (Figure 11B).

In accordance with the previous work, transcription of M2G biosynthesis
in the halotolerant cyanobacterium A. halophytica under salt stress condition (2.50 M
NaCl) were up-regulated. An increase up to 8-fold was found in Ap3858 (Waditee-
Sirisattha et al., 2014). Cheewinthamrongrod et al (2015) reported the heterologous
expression of M2G biosynthetic gene cluster in E. coli The result showed the
upregulation of transcription level of all M2G biosynthesis genes and induced by ionic

stress but not osmotic stress.
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The results obtained in this study suggested that M2G biosynthetic genes
from A. halophytica can be highly expressed at transcriptional level in photosynthetic

microorganisms as well as observing in bacteria.
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Figure 10. Transcriptional analysis of M2G biosynthesis genes: Ap3858-3855 in
S. elongatus PCC 7942 expressing cells after upshocking in salinity stress (NaCl or KCl)
for 0, 4, and 8 hours. cDNA was prepared by using SuperScript® Ill First-strand. RT-PCR
analysis was performed as described in Materials and Methods. Syn7942rnpB was used
as an internal control. PCR products were subjected to 1.2 % (w/v) agarose gel

electrophoresis precasting with 0.1 ul/ml of SYBR® safe DNA gel stain.
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Figure 11. Relative intensity of the specific PCR products of M2G biosynthesis genes:
Ap3858-3855 genes after upshocking for 0, 4, and 8 hours in salinity stress: 0.35 M
NaCl (A) and 0.35 M KCL (B). Relative values were analyzed by ImageJ program. Data
are mean = standard error of mean (SEM) from at least three independent experiments

(*** p < 0.001 by two-way ANOVA).
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4.4.2 Expression of antioxidant-related genes

Subjecting to salt stress is eventually induced oxidative stress, we
therefore examined transcriptional of antioxidant-related genes. Three antioxidant-
related genes were analyzed in this study. NaCl and KCl were used as salt stresses as
the same procedures as in section 4.1. An equal internal control was determined by
using Syn7942rnpB specific primer pairs (Figure 12A, 13A).

Under 0.35 M NaCl condition, the expression of three antioxidant-related
genes (sodB, cat and tpxA) were all up-regulated in empty vector control. The highest
up-regulated was observed in tpxA, followed sodB and cat. The expression level of
sodB, cat and tpxA in were increased for 2.09 + 0.07, 2.05 + 0.52 and 1.61 + 0.23 folds,
respectively. In expressing cells, there were no statistically significant differences in the
expression of sodB and cat genes. The up-regulated only observed in tpxA. The
expression level of tpxA was increased for 4.58 + 0.58 folds (Figure 12B, C and D).

Under 0.35 M KCl condition in empty vector control, the expression of
sodB and tpxA were up-regulated. In contrast, the expression of cat gene was
downregulated. The expression level of sodB, cat and tpxA at 8 hours of upshocking
were 3.37 + 0.40, 0.45 + 0.13 and 12.45 + 0.64 folds, respectively. In expressing cells,
the highly up-regulated were observed in sodB and tpxA genes. The expression level
of sodB and tpxA was increased for 4.09 + 0.86 and 11.81 + 1.02 folds, respectively.
There was no statistically significant difference in the expression of cat gene (Figure
13B, C and D).

This results indicated that the expression of antioxidant related genes
tend to be up-regulated in the expressing cells under salt stress. This result was
consistent with heterologous expression of M2G biosynthetic genes in S. elongatus PCC

7942 under H,0, stress condition (Tarasuntisuk, 2017).
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Figure 12. Transcriptional analysis of antioxidant related genes: sodB, cat and tpxA
genes in S. elongatus PCC 7942 expressing cells after upshocking in 0.35 M NaCl for 0,
4, and 8 hours (A). cDNA was prepared by using SuperScript® Il First-strand. RT-PCR
analysis was performed as described in Materials and Methods. Syn7942rnpB was used
as an internal control. PCR products were subjected to 1.2 % (w/v) agarose gel
electrophoresis precasting with 0.1 ul/ml of SYBR® safe DNA gel stain. Relative intensity
of the specific PCR products of antioxidant related genes: sodB (B), cat (C) and tpxA (D)
were analyzed by ImageJ program. Data are mean + standard error of mean (SEM) from

at least three experiments (* p < 0.05, *** p < 0.001 by two-way ANOVA).
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Figure 13. Transcriptional analysis of antioxidant related genes: sodB, cat and tpxA
genes in S. elongatus PCC 7942 expressing cells after upshocking in 0.35 M KCl for 0,
4, and 8 hours (A). cDNA was prepared by using SuperScript® Il First-strand. RT-PCR
analysis was performed as described in Materials and Methods. Syn7942rnpB was used
as an internal control. PCR products were subjected to 1.2 % (w/v) agarose gel
electrophoresis precasting with 0.1 ul/ml of SYBR® safe DNA gel stain. Relative intensity
of the specific PCR products of antioxidant related genes: sodB (B), cat (C) and tpxA (D)
were analyzed by ImageJ program. Data are mean + standard error of mean (SEM) from

at least three experiments (* p < 0.05, ** p < 0.01, *** p < 0.001 by two-way ANOVA).
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4.4.3 Expression of glycerol and sucrose synthetic genes

Glycerol and sucrose are important osmolytes responding to stress
condition in cyanobacteria, ionic and osmotic stresses in particular.

In this study, sucrose phosphate synthase (Synpcc7942 0808) and
glycerol-3-phosphate dehydrogenase (Synpcc7942 2522) genes were additionally
analyzed at transcriptional level to monitor the effects of salt stress in heterologous
expressing cells. NaCl and KCl were used as salt stresses with similar procedures as in
section 4.1. An equal internal control was determined by using Syn7942rnpB specific
primer pairs (Figure 14A, 15A).

Under 0.35 M NaCl condition, there was no statistically significant
difference in the expression of Synpcc7942 0808 in empty vector harboring cells. While
Synpccr942 2522 was downregulated. In expressing cells, Synpcc7942 0808 was
hishly up-regulated. The expression level was about 3.89 + 0.30 fold. While
Synpcc7942 2522, there was no statistically significant difference in the expression
level (Figure 148, C).

Under 0.35 M KCl, the expression of Synpcc7942 0808 and
Synpccr942 2522 were modulated in empty vector harboring cells. In contrast, gene
expression in expressing cells, Synpcc7942 0808 and Synpcc7942 2522 were highly
up-regulated. The expression level of Synpcc7942 0808 and Synpcc7942 2522 were
increased for 9.40 + 0.88 and 3.52 + 0.29 fold, respectively (Figure 158, C). Expression
analysis of sucrose phosphate synthase (SPS) in a fresh water cyanobactrium
Synechocystis sp. PCC 6803 showed that SPS was up-regulated after treating with NaCl
(Cumino et al, 2010). To date, the upregulation of glycerol-3-phosphate
dehydrogenase (G3P-D) under salt stress in cyanobacteria has never been reported.

From our result, both sucrose and glycerol synthetic genes were up-
regulated under salt stress. This can be explained that many cyanobacteria naturally
synthesize and accumulate glycerol and sucrose in response to abiotic stress. SPS
catalyzes the rate-limiting step in sucrose synthesis. Induction of sucrose production
in a sucrose-secreting strain of S. elongatus PCC 7942 showed that glycogen could

serve as a supportive carbon pool for the synthesis of sucrose (Qiao et al., 2018). The
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synthesis of low-molecular weight molecules, such as glycerol or sucrose is one of the
strategies to control the osmotic balance in cyanobactrial cells (Oren and Gunde-
Cimerman, 2007).

M2G biosynthetic gene cluster induced the expression of glycerol and
sucrose synthetic genes. This likely promoted expressing cells to be tolerated to salt
stress. This result consistent with growth rate and phenotype observing in previous

sections (Figure 8 and 9).
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Figure 14. Transcriptional analysis of slycerol and sucrose synthetic genes:
Synpcc7942 0808 and Synpccr942 2522 genes in S. elongatus PCC 7942 transformant
after upshocking in 0.35 M NaCl for 0, 4, and 8 hours (A). The cDNA was prepared by
using SuperScript® Il First-strand. RT-PCR analysis was performed as described in
Materials and Methods. Syn7942rnpB was used as an internal control. PCR products
were subjected to 1.2 % (w/v) agarose gel electrophoresis precasting with 0.1 pi/ml of
SYBR® safe DNA gel stain. Relative intensity of the specific PCR product bands of
glycerol and sucrose synthetic genes: Synpcc7942 0808 (B) and Synpcc7942 2522 (C)
were analyzed by ImageJ program. Data are mean + standard error of mean (SEM) from

at least three experiments (** p < 0.01, *** p < 0.001 by two-way ANOVA).
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Figure 15. Transcriptional analysis of sglycerol and sucrose synthetic genes:
Synpcc7942 0808 and Synpccr942 2522 genes in S. elongatus PCC 7942 transformant
after upshocking in 0.35 M KCl for 0, 4, and 8 hours (A). The cDNA was prepared by
using SuperScript® Il First-strand. RT-PCR analysis was performed as described in
Materials and Methods. Syn7942rmpB was used as an internal control. PCR products
were subjected to 1.2 % (w/v) agarose gel electrophoresis precasting with 0.1 pl/ml of
SYBR® safe DNA gel stain. Relative intensity of the specific PCR product bands of
glycerol and sucrose synthetic genes: Synpcc7942 0808 (B) and Synpcc7942 2522 (C)
were analyzed by ImageJ program. Data are mean + standard error of mean (SEM) from

at least three experiments (* p < 0.05, *** p < 0.001 by two-way ANOVA).
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4.5 Protein expression analysis

In addition to the transcriptional analysis, protein expression analysis was also
performed. To analyze the expression of M2G synthetic protein, SDS-PAGE and western
blotting were carried out. Control and expressing cells were cultured under salt stress.
Cells were harvested at 0, 24, 48 and 96 hours for crude protein preparation. Equal
amounts of proteins (200 pg) were subjected to the analysis. SDS-PAGE could not
detected the induced or specific bands of target proteins (Figure 16A, B). The
expression of target protein was further analyzed by western blotting.

Due to the construction of M2G biosynthetic genes contained 6X Histidine tag
at C-terminus of Ap3858 and Ap3855 genes (Figure 3). Therefore, the detection of target
protein can be probed by using antibody raised against 6X Histidine. Western blotting
analysis of expressing cells harboring Ap3858-3855 genes showed the target protein
band of DDG-synthase corresponding to 69.7 kDa (Waditee-Sirisattha et al., 2014)
(Figure 16D). However, the target protein band of D-ala-D-ala ligase could not be
detected likely due to the low level of expression.

The expression of target protein was highly induced in the M2G expressing cells
cultured in 0.35 M NaCl. The target protein band could not be detected at 0 hour
(before upshocking). This is likely due to a low translational level. The strongest target
protein band was clearly observed at 96 hours of upshocking. In contrast, under 0.35
M KCLl condition, this salt was not affected the expression of Ap3858 (DDG-synthase).

The relative intensity of each protein band was analyzed by ImageJ program.
The intensity of target protein band at 24 hour was used to normalize the signals by
set as 1. Under 0.35 M KCl condition, the relative intensity of protein bands were
equally throughout 96 hours of cultivation. In contrast, using 0.35 M NaCl condition,
the relative intensity of protein bands progressively increased until reaching the highest

level to about 7.20 folds at 96 hours of upshocking.
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These results can be concluded that M2G biosynthetic protein was up-
regulated by salt stress (0.35 M NaCl). Our western blotting analysis was consistent with

the RT-PCR result, in which showing the upregulation of M2G biosynthesis gene cluster.
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Figure 16. SDS-PAGE and western blotting analyses. Crude protein extracts were

prepared and were measured protein concentration. SDS-PAGE and western blotting

were carried out as described in section 3.11.4.3-4. Equal amounts of proteins (200 ug)

were separated on 12.5% acrylamide gel. Protein bands were stained with CBB. For

western blotting, antibody raised against Histidine 6X and anti-mouse 1gG were used as

primary and secondary antibodies, respectively. The target protein band was visualized

by BCIP/NBT solution. Intensity of the target protein band were analyzed by Imagel.

Empty vector (A, C and E) and M2G expressing cells (B, D and F).
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4.6 Metabolite analysis
4.6.1 Detection of M2G
4.6.1.1 M2G production under stress treatment

We finally analyzed metabolite production (M2G) by using HPLC.
As shown in HPLC chromatogram (Figure 17). Time course measurement of M2G upon
salt stress was demonstrated in Figure 18. It should be noted that empty vector could
not detect M2G (data not shown). M2G accumulation significantly increased when
expressing cells were grown in both salinity conditions. Under 0.35 M NaCl stress
condition, M2G accumulation was continuously increased from 0 day to 7 day of
upshocking. The highest M2G level was observed about 5.05 + 2.03 ng/mg fresh weight
at 7 day of cultivation. In KCl stress condition, M2G accumulation was slightly increased.
M2G level reached to 4.08 + 1.03 ng/mg fresh weight at 7 day of cultivation, which
lower than in 0.35 M NaCl condition. M2G biosynthesis in S. elongatus PCC 7942
expressing cells was shown to respond to salinity both 0.35 M KCl and 0.35 M NaCl.
Metabolite analysis was consistent with the upregulation of M2G biosynthetic gene
cluster under salt stress (Figure 10, 11).

According to Cheewinthamrongrod et al (2015), the expression of
M2G biosynthesis gene cluster in E. coli showed that M2G accumulation in E. coli was
induced under salt stress (0.5 M KCl and 0.5 M NaCl). M2G highest level was found in
0.5 M NaCl condition which reached 2.88 + 0.14 mg/g dry weight (2,880 ng/mg DW).
This result showed that M2G accumulation in E. coli expressing cells was efficient than
that of S. elongatus PCC 7942 expressing cells in this study. The lower M2G
accumulation in this study may cause by several plausible reasons, such as (1) the
lower transcriptional level of Ap3855 (Figure 11), (2) insufficient substrate for M2G
production, (2) the condition for inducing M2G accumulation in S. elongatus PCC 7942
may be different from E. coli. Therefore, exogenous amino acid supplementation

(slycine and serine) was performed in the next section.
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Figure 17. HPLC chromatogram. M2G was extracted and partial purified as described
in section 3.12.1. S. elongatus PCC 7942 expressing cells cultured in BG11 under salt
stress: 0.35 M KCl and 0.35 M NaCl for 7 days. Ten milliliters of each purified was
injected into a Shim Pack FC-ODS reverse-phase column. M2G was detected by using
a UV-VIS detector at 330 nm. The mobile phase was run at a flow rate of 0.4 ml/min.
MAA (shinorine) was use as standard (A). The maximum area peak of M2G were found
at day 7 of cultivation under 0.35 M NaCl (B) and 0.35 M KCl (C) conditions. The arrow

symbol represents Shinorine and M2G peak.
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Figure 18. M2G accumulation in S. elongatus PCC 7942 expressing cells cultured in
0.35 M KCl and 0.35 M NaCl for 7 days. Data are mean + standard error of mean (SEM)
from at least two experiments (* p < 0.05 by two-way ANOVA).
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4.6.1.2 M2G production with exogenously supplementation of amino
acid

M2G structure composes of two glycine molecules. Thus, glycine
can be considered as cruicial substrate in the structure of M2G molecule (Waditee-
Sirisattha et al., 2014). Glycine can be synthesized from the interconversion of serine
by serine hydroxymethyltransferase (SHMT) (Waditee-Sirisattha et al., 2017). Therefore,
glycine and serine were applied in this study. The exogenous supplementation of
glycine and serine (final concentration 1 mM) were added into BG11 liquid medium in
the presence of 0.35 M NaCl or 0.35 M KCl. The M2G content was analyzed by HPLC.

The content of M2G in S. elongatus PCC 7942 expressing cell
culturing in both salt medium supplemented with glycine and serine was shown (Figure
19). Under 0.35 M NaCl condition, there was no different in M2G accumulation between
7 and 14 days of cultivation without amino acid supplementation. In glycine
supplementation condition, M2G content was increased and reached the highest level
at 7 days with 5.39 ng/mgFW. Its level was decreased at 14 days of cultivation. In serine
supplementation condition, M2G content was continuously increased from 7 days and
reached the highest level at 14 days of cultivation with 7.53 ng/mgFW of M2G.

Under 0.35 M KCl condition, the results was similar as observing in
NaCl stress. In glycine supplementation condition, M2G content was increased to reach
the highest level at 7 days with 5.96 ng/mgFW and decreased at 14 days of cultivation.
In serine supplementation condition, M2G content was continuously increased from 7
days and reached the highest level at 14 days of cultivation with 6.67 ng/mgFW of
M2G.
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Figure 19. The content of M2G accumulation in S. elongatus PCC 7942 expressing cells
cultured in 0.35 M KCl (A) and 0.35 M NaCl (B) for 14 days with exogenous

supplementation of 1 mM glycine or serine.
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4.6.2 Amino acids analysis

Amino acids (glycine and serine) are important precursors in M2G
biosynthesis (see section 6.1). Under stress condition, M2G accumulation was clearly
increased, suggesting glycine (and serine) must be used in vivo (Figure 19). Intracellular
amino acid contents in S. elongatus PCC 7942 expressing cells were therefore analyzed
(Table 5). The result showed that serine content in S. elongatus PCC 7942 expressing
cells cultured in KCl condition were severely decreased. Lesser decreased was
observed in NaCl stress. For glycine content, a slight decrease was observed in KCl
condition. Whereas, the glycine content was almost unchanged in NaCl condition. It
should be noted that proline content significantly increased under NaCl stress (3 folds),
suggesting proline may serve as osmolite in this expressing cell. The result from amino
acid analysis revealed that the M2G precursors: glycine and serine in S. elongatus PCC
7942 are low level. This may cause the low M2G level in expressing cells (Figure 18).

In contrary, exogenious supply of glycine or serine resulted in higher M2G contents.
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Table 5. Amino acids composition in S. elongatus PCC 7942 harboring M2G synthetic
genes (Ap3858-3855) grown in BG11 under 0.35 M NaCl and 0.35 M KCl for 2 days.

The unit was represented as nmol/mgFW.

Amino Acid BG11 BG11+KCl BG11+NaCl Relative Relative
KCl/Control NaCl/Control

Alanine 25.76 36.45 26.63 1.41 1.03
Arginine ND 1.14 0.73 ND ND
Aspartic acid 31.24 18.09 29.29 0.58 0.94
Cystine 28.81 5.85 24.06 0.20 0.83
Glutamic acid 294.17 479.89 770.03 1.63 2.62
Glycine 5.87 3.44 7.70 0.59 1.31
Histidine 0.91 0.87 0.38 0.95 0.42
Isoleucine 0.95 2,72 1.30 2.85 1.37
Lysine 0.72 1.19 1.56 1.65 2.16
Leucine 1.83 2.52 1.82 1.38 0.99
Methionine 392 1.34 2.48 0.34 0.63
Phenylalanine 0.99 2.00 0.80 2.03 0.81
Serine 10.53 1.85 8.07 0.18 0.77
Threonine 5.73 4.95 6.08 0.87 1.06
Tyrosine 7.43 10.44 5.26 1.40 0.71
Valine 3.27 294 4.04 0.90 1.24
Proline 4.42 5.12 13.54 1.16 3.06

NH3 5.02 11.80 20.48 2.35 4.08
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Figure 20. Amino acid analysis of S. elongatus PCC 7942 harboring M2G synthetic genes

(Ap3858-3855) grown in BG11, 0.35 M KCl and 0.35 M NaCl for 2 days. The content of

amino acids were determined.
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CHAPTER V
CONCLUSIONS

M2G synthetic genes (Ap3858-3855) in M2G gene cluster are all monocistronic
mMRNAs in which independently transcribed.

M2G synthetic gene cluster from A. halophytica was successfully expressed in S.
elongatus PCC 7942.

Transcriptional analysis revealed four M2G biosynthetic genes (Ap3858, Ap3857,
Ap3856, and Ap3855) in expressing cells were highly expressed under salt stress
(NaCl and KCl). Heterologous expression of M2G biosynthetic gene cluster in
expressing cells enhanced the expression of antioxidant-related genes (sodB,
catB and tpxA), glycerol synthetic gene (glycerol-3-phosphate dehydrogenase:
Synpcc7942 2522), and sucrose synthetic gene (sucrose phosphate synthase:
Synpcc7942 0808). Upregulation of these genes likely confer stress tolerant in
expressing cells.

Protein analysis by western blotting showed that M2G synthetic protein in
expressing cells was highly induced under salt stress condition. The highest level
was observed about 5.05 + 2.03 ng/mgFW under 0.35 M NaCl condition at 7 day
of cultivation.

Metabolite analysis revealed that M2G accumulation increased significantly when
expressing cells were grown in both salinity conditions. M2G highest level was
observed about 5.05 + 2.03 ng/mg fresh weight under 0.35 M NaCl condition at
7 day of cultivation.

Exogenous supplementation of amino acids increased M2G content in both salt
stress. The highest content was found under the condition of 0.35 M NaCl
supplemented with serine at 14 days of cultivation with M2G content was 7.35

ng/mgFW.
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APPENDICES



BG11 Solution

NaNO3

KoPOq

MgSOy-7H,0

CaCl,*2H,0

Na2C03

EDTA*2Na

Citric acid

Ferric ammonium nitrate

Dissolved all compositions with distilled water up to 1 liter.

Trace element solution

H,BO,

MDCLQ'4HZO

Zn504'7H20

CUSOq'SHzo

Co(NOs),*6H,0

Dissolved all compositions with distilled water up to 1 liter.

APPENDIX 1

BG11 medium

1.5

40

75

36

20

2.8

1.81

0.22

0.079

0.049

ms

ms

ms

ms

ms

ms

ms

72
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APPENDIX 2

LB medium
Bacto tryptone 10 g
Yeast extract 5 g
NaCl 10 g

Dissolved all compositions in 800 ml deionized water, adjusted the pH to 7.6
with NaOH. Adjusted volumn of solution to 1 liter with deionized water. Autoclaved at
121 °C, 15 Wb/in? for 15 minutes. For agar media, added bactoagar 1.5 g per 100

milliliter.
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APPENDIX 3

Antibiotic solution

Streptomycin (100 mg/ml)
Streptomycin 1 g
Dissolved streptomycin in 10 ml deionized water, filtrated through the filters

pore size 0.2 pm. Keep solution in -40 °C for further use.
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APPENDIX 4

Primer design

Ap3858 (Aphanothece halophytica Ap-DDG gene for dimethyl 4-deoxygadusol
synthase)

MRNA size: 2,374 bp Accession number: AB854643.1

AAAAAAGTCTAGCTGTATCTCTACTTTTTTAATAAGCCTGACGGGTTTTTCACCATCTTTGGGCTTGTTCGATT
CTAGCAGACACAGAGGACTAAAGTCCTCCCTTGTCATTCATGAGGGGCTGTCGTCGGAACGAGGGTGACGACG
CTTGTAAGCCCCGTCCATCGGTTTGAAGCCGATGGCTTTCTGACTGAATCGTTGTAATCAGTGCCAGTTTGTTA
TTTCTAGGCGCGATTGCCTTTGGCACTTTACGTCATTTCGAGCGTCCTCACACTTAAGAATTAACCCTGAATTT
TTCAGAAATTAAGT TAAAAATTAATAAAAAATTAGATAAAAATCAGCTAATAATGGCGGTGGAATGATACCACT
GCTAGGAATTTTTTGTCTTAACCCCCTTGCTCGTTTCGTCAATAACACCACTGTTAAGGCTTGTTTTAACTGGT
TTTCAGAAAATCACTCTTTTTGAAAACACCGAGAAAACCGTCTCTATAGAAAGATAGAAATTCCGACTGGAGGG
CTGTTCTAAGATGAGAGGCGTGTTAACTTATATTAAGCAAATTCGCTGCTTTCTGAGTAACACCATCTGTAAAT
TTGTTCTGAGAACTCAATCATGACGAAAACAACCTCTGCTGTAAAAGCGTTTATCGCCACCTATAACAATGAAC
CTTTAACCAAGGAAGACTTAAATGAGGCTGTCGAAGCGATTATTGGCACAACTCCTTTTAGGCATCTACTTTTA
TCACTGATTGATAGTGATGCGT TCTCCCCTGATCTGGGAGAAGAAT TTGCTGAAGCAGAAGCGATTGAAGGTT
TAGCAGCGTGTCGCCAACTGCGGACT TGTCTGAATCATTCTCTCAGTCACTTCTTTGGGTTATTAGCGCAATTA
ATCGCAGGTTTTGATGAAAATGCTGCTTCTGAGTGGTATCGCTTTTCCAACCGTATCCATCATTCTGAAATCGC
AAAAACCAAACTGCTGGATTGTCTCTTACAAAGCGAAGATGGGAAATTTTATCAAGAACTTTCCTCGCGCCTTG
TGGAAACCGATCCTCATGCGGTTTATCCCACATCCAGTTATCGTCAAAGTCGGGGTTATGTCGTCAGTACAGA
AGATGACCAAACTGTGGAAGCGGTCATGAGTGCGAGCACTTTCACT TCGATTAAAGTGCTGGAAAATTGTCTT
GATCCGCAAGAGACGGTTTTAAGAGATCTATATATTTCTTTAGGTCGCTGTGTCTGTTTGGTGGATCAGAATGT
AGAACAATACTATGGCGAGCAGATTAACAATTATTTTGAATATCACGAAATTCAGTTAGATAAACTCGTCTATC
GCGCCATGGAAGTGGATAAAGGGATTCATACGGTAGAAAGAATGCTCGGCGACTTTAAACGTCTGGGGGTTTC
TCGGAATGAACCCGTTTTAATTGTCGGTGGAGGCGTTTTAACCGATACAGGTGGCTTAGCTTGTGCGTTATAC
CATCGCAACACGCCTTATGTGATGCTTTCCACGTCTATTGTCGCTGGAATTGATGCGGGTCCGTCTCCTCGCA
CCTGCTGTGATGGCT TTGGTTATAAAAATCTCTTTGGGGCT TACCACGCACCCATTCTTTCTCTCACAGATCGC
TCTTTCTTTAAAACATTACGAGAAGGATGGCTGCGACATGGTATTGCTGAGATTTTGAAGATGGCAGCGGTTA
AAGATGCGGAATTATTCAGTGATCTCGAAGAAGCAGGGGAGGACTTAATAACCACTCGCTTTGGGACACTTAA
CTCCGAACAGAATGACAAAATTAGTGTTCTATCTCAGAAAATTCTCGGTGCAGCGATGCGGAGT TATGTGGAA
GCGGAGTATGATAACCTCTACGAAACCCATCAGTGTCGTCCTCATGCTTACGGACATACTTGGTCTCCTGGAT
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TTGAAATTGAAGCAGGAT TGTTACACGGACACGCAGTTGCAGTTGGGATGGGCTTTAGCGCGTACTTGAGTTA

TCGCAATAACTGGCTCAGTCACGAAGATTTCCATCGCATTCTTAAGCTGATTAGTTCCTTTGGTTTGAGTCTGT
GGCATGATGTGTTACTGAACGAAGAAACCGTTTGGGCAGCCCAAGAGAAAATGGTGCAGAAACGAGGGGGAAA

TTTAGCAGCACCGATGCCAAAAGGGGAAATTGGCAAATGTGGCTATCTCAATCAGTTGAGTCGTGAGGAGTTA

GGCAGCGCGATCGCGCAATACCAAGCGATTTGTGCAGAATATCCCCGAAAAGGCTTAGGAATTGAAGCCCATT

GTCATGAAGTAGGCT TAGAAAATCCTTCTACGGTTGGTCATCATCTTCCTGTGAACACATCTGAAGAACCAGAA

GAACTGTTATCTACAGTCTAG

Forward Primer

Pos

Len

m

Reverse Primer

Pos

Len

m

Amp

5- GGATCCAATGACGA
AAACAACCTCTG -3

610

27

68.3

5-TGAGGATCGG
TTTCCACAAG-3

1,050

21

58.4

440




"

Ap3857-3855 (Aphanothece halophytica Ap-AAligase, Ap-CNligase, Ap-OMT genes for
D-ala-D-ala ligase, C-N ligase, O-methyltransferase, respectively)
MRNA size: 4,028 bp Accession number: AB854644

AAAGGTAAGGGT TGGTCATTTGTCATTAGTCTTTTCGGTTACGGGTACATCACTCTCCCTAAAATTAAAACACG
CTTAAGAGTTCTTATCACTTCTGGCTAAAAATAGGGATTTCTCTGATTTTTAATAAGTTTTCTAAAGGTATTCT
GAGAAAGCGCTGCGTCATCTATCAAGGGAAATACTTTAAGCTCTGAGCACTAAAAACAAGATATAACAGGGAT
TTAGACGTAAACATAGAGAAAAGT TATAAATCAAAAGGAAGATTAATCTGAAAAATGGCAGCGCGATCGTGAC
ATTTTTCTTAACAATATTCTAAGATAAGGACGGCGATGCTTCCCTCGCCAAAGCCAAATTGTAATCATCCTCAT
GTAAAAGCAGTATTAAGAGAGAGTATTGGCAAATGACGATCACTAACGATAAACCCAGTCAAAAAACCGCAAG
ACCTGTAACTCCCTTGGGGATTTTAGTTCAGCAGTTAGAACAGATTGTGGAACAAGGAAAAGAAGAAGGGATT
TCTTCTCAGTTACAAAGCGCGATCGAAAGTGCTTATGAACTGGGTGCTGGACTTGACCCCTATCTGGAACAAA
TCACGACCCAAGAATCAGAAGCCTTAGCTAACT TAGATCGCAAAACCCGTGAAGAAGACTGGAGTCAATCGTT
TTCTGATGGGGAAACGGTACGCCGTTTAGAACAAGAAATGCTGTCAGGTCATATTGAAGGACAAACCCTGAAA
ATGTTTGTTCACATGACAGGCGCAAAACGGAT TTTAGAAGTGGGGATGTTTACGGGCTATTCTGCATTAGCTAT
GGCGGAAGCCCTTCCTGAAAACGGTCGTGTGGTTGCTTTAGAGGTCGATCCTTACACCGCGCAATTGGGTCGC
AACTGCTTTGATGTTTCTCCTCACGGTCAAAAAATCGAAATTATGGTCGATTCCGCGATTAACAGCATGAAGAA
GTTAGCTGCGGATGGTCAGACGTTCCAACTGGCGTTTCTGGATGCAGATAAGACCGAATATAAAGATTACTAT
CGCCTCCTGCTAGATGAAGGGTTACTAGAAGACGGTGGCTATATTTTTGTCGATAATAGCTTGTTACAAGGAC
AGGCGTATCTCCCGCCAGAAAAACGAACTCTAAATGGTGACGCGATCGCGCAATTTAATCAAATGGTCGCCGA
TGATCCTCGTGTGGAACAAGT TTTGCTTCCCCTCCGTGATGGCT TAACTATGATTAGAAAACTGTAATCTTTGA
CTTGGGTGAGGTACATTTTTTGTTCTTTGTTCTTTGTTCGTTGTTCTTTGACAATCTCAAAAATTTTGGACAGC

AGTTCTAGTAATCAAAAATGAACATGAACATCCACCGACTCCCATTACGTACCTCAACAGACTAAGAAACGCTA
TATAGCAGTATGATGTCATTTGTAAAAAGTAGATTAACTGACGATCCCCCCTATCCCCCCTTACTAAGGGGGGA
ATTAAAGGGGGGAT TGCTGGGGGGGACAACTGATTTAGGATTGCTATAGATCAGATTTTTCTACAGAACACAG

GGAAGGATTGAGCAGAAATGATATCAGCAATTTTTGAGTCTCTTCCCTGTCCCTTTTAACCAATAATGTCAAGA
CG'I_I'CC/-\TAGAACGCCTCAAATAACAA/—\TAACCAAGAACCAAGAACAAATAA_
ACGAATCAATTCCGCAGTCAAAACGATGGGGACATTAACCTTACTGTTAATCGCTTTCCCCATCAATTTAATCA
CCGTCTTGTTCTCTTTTTTGACTCAGGAGAAACT TAGGCAAGCTGTTACTGATAATCCTAAGCGTATCCTAATT
ACGGGTGGCAAAATGACAAAATCGCTACAGTTAGCGCGATCGTTTTATCAAGCGGGACACACCGTTTTCCTCG

TCGAAACCCATCGTTACTGGCTATCAGGTCATCGCTTCTCCCAAGCTGTAAGCGGATTTTACACCGTTCCCGC

ACCCGAAAAAGACCCAGAAGGCTATCGTCAAGGACTGCTTGATATTGT TAAAAAAGAGCAAATTAATGTTTTTA

TFCCCG"I“I“I'GC_GATI'CCACCGCAAA/—\CC/—\'I_I'ACTCACAGAAGTAGG'I_I'GTGAA

GTCATTCA GATCCAGACATTACCGCAATGCTGGATAATAAATATGAA GTAAACAAGCGCAAGCCCT
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AGGACTTGCTGCACCAAAAGTTTTTAAGT TTACTTCTCCCCAAGAAGTTTTAGATTTTGACTTTGAAGCCGATG
GTAGTCGTTACATTATTAAAAGTATTAATTACGATTCCGTTCGCCGTTTAGATCTGACTAAACTTCCCTTTCAA
GGAATGGAAAGTTATATCAAAACTCTTCCTATCTCAAAAGATAATCCTTGGGTGATGCAAGAGTTTATTCGCGG
GAAAGAATTTTGTACTCATAGCACCGTTCGCAATGGCAAAATTCAAGTCCATTGTTGTTCTGAATCTTCTCCCT
TTCAAGTCAATTATCAAAAAGTCGATCATCCAGAAATTTTCGCT TGGGTGAAACACTTTGTCGGGGAATTAAAG
TTAACGGGTCAAATTTCTTTTGACTTTATCGAAACCCCAGATGGCAATATTTATCCCATTGAATGCAACCCTCG
CACTCATTCGGCGATTACGATGTTTCATGATCATCCTAATTTAGCATCTGCT TATTTAGAAGATAATCATTATT
CTGAACCGATTGCGCCTTTACCCAATAGCAAACCCACTTACTGGCTATATCACGAACTGTGGCGACTAACTGA

AATTCGTTCCTTAGAAGACT TAACAAAATGGTGGCAAAAAATCACGCAAGGAACCGATGGAATTTTTCGTAAA

GATGACCCCTTACCCTTTTTATTTGTCCATCACTGGCAAATTCCCCTATTACTTTTAAGTAACTTAAAACGTTT
CCAAGATTGGATTCGCATTGACT TCAACATCGGAAAAATTGTCAAATTAGGAGGAGATTAATTCATGTCTTTAT
TACGAGTTTTACACTTAGCAGGGTCAAGGGT TTCGCAATTTTATTACAATTTGTCCATGCTATATGCAAAAGAA
GTGGTGCAACCTGCTAACATAAAAAGT TACTATGCAGTAGTGCATCCTGATGGGGT TTGGCAACTGGGGTCAT

CTTTAGAGAATITTATCCGAGAAACTCTCCCTGCAAGAAACGATCGCGCAACT TCCCGAGGTTGATGTGGTTGT

TCCTCACTTATTTTGCT TTCCAGGAATGACTAGT TTTCGGGGATTTTTTGAAGACTTACTCGGTTTACCCGTTG
TTGGTTCTCCCGCCCACTGTACCGCATTAGCTAGTAATAAAGCCCACACCAGAAGCGTTGTTGAAACCATGGG

CGTTACCGTCGCAAAAGCACAACAAATCCGTTCTGGGGATACAGTGACAATGAAACCGCCATTTATCGTCAAA

GCCAACTCCGAAGATAACTCTTTAGGGTTAACCTTAGTCAAAACCAAAGATCAAATTGCAGCAGCGTTACAGA

CAGGCTTTGAATATGACGACACTCTACTTGTAGAAGATTATATTCCAGGACGAGAACTGCGTGTGGGAGTCAT

TGAACGGGGGAATGAATTGTATGTTCCCTCCATGATTGAATACGTATTCCCCAAAGATCACACCATTCGCACCA
CTCAGGATAAGTATGACCTACAAGCCGATGGAACGCCTGGAAAACAACCCGATCAACCCGTCGCAAAACCCCA
GTGTCCCGCCGAAGTTACGCCAGAATTATTCGAGAAACTCGCAGATGCAGCAAGAAAAGCCCATATCGCCCTT

GGTTGTCGCGATTATTCCCTGTTTGATTTTCGCGTTCATGAAGAAACAGACGAACCTTATCTTTTAGAAGCGGG
ACTCTTTTGGTCATTCGGAGAAATTAGTATGATCTCTCGGATGCTACTCGCAGATGGAGAAATGTTAGAAGATG
TGGTAGCTGAAGT TTGGCGCAATGCGTCTCAACTAAGAGT TCTGAATGCGGGCTAA

Gene Forward Primer Pos Len | Tm Reverse Primer Pos Len | Tm | Amp
Ap3857 | 5-GGATCCAATGACGATCA 399 29 | 67.6 5-ATGCAGAATAG 800 20 | 56.4 | 401
CTAACGATAAAC-3' CCCGTAAAC-3
Ap3856 5-GGATCCAATGCTTCTAT 1,668 | 27 | 68.3 5-ATAGTAACTAG 2,090 | 20 | 543 | 422
TTGTCCGAGG-3' AAACGGGAC-3
Ap3855 5-TTATCCGAGAAACTC 3,176 | 18 | 51.6 5-AGGTCATACTT 3,697 | 19 53 521
TCC-3 ATCCTGAG-3'
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cat (Catalase/peroxidase)

MRNA size: 2163 bp KEGG accession number: Synpcc7942 1656

ATGACAGCAACTCAGGGTAAATGTCCGGTCATGCACGGCGGAGCAACAACCGTTAATATTTCGACTCTGAGTG
GTGGCCAAAGGCACTCAACCTGGATATTTTGAGCCAGCACGATCGCAAGACCAACCCAATGGGGCCAGACTTC
AACTATCAGGAAGAAGTCAAGAAACTGGATGTCGCTGCGCTCAAGCAAGATTTACAGGCGCTGATGACCGATA
GCCAAGACTGGTGGCCGGCAGACTGGGGTCACTACGGCGGTCTGATGATTCGCCTCACTTGGCACGCGGLGG
GCACCTACCGAATTGCCGATGGTCGCGGTGGTGCAGGCACGGGGAACCAGCGCTTTGCTCCCCTCAATTCTTG
GCCAGACAACACAAATTTAGACAAAGCGCGTCGCTTGCTTGGCCGATCAAGCAAAAGTACGGCAACAAGTTGA
GTTGGGCAGATTTAATTGCCTATGCCGGCACGATCGCCTACGAATCGATGGGGCTTAAAACCTTTGGTTTTGC
CTTTGGACGAGAAGATATTTGGCATCCTGAGAAAGATATCTACTGGGGGCCTGAGAAGGAATGGGTTCCCCCA
AGCACCAATCCCAACAGTCGCTATACGGGCGATCGCGAACT TGAAAATCCGCTAGCAGCCGTGACAATGGGGC
TGATTTACGTCAACCCCGAAGGCGTGGATGGCAATCCTGATCCGCTCAAAACCGCCCATGACGTGCGCGTCAC
CTTTGCGCGGATGGCGATGAACGATGAGGAAACGGTGGCGCTAACTGCTGGTGGACACACCGTTGGCAAATGT
CATGGCAATGGCAATGCTGCTTTGCTAGGACCCGAACCGGAAGGGGCGGATGTGGAAGATCAAGGCTTGGGC
TGGATCAATAAAACCCAGAGCGGTATTGGTCGCAACGCTGTCACCAGTGGGCTGGAAGGGGCTTGGACACCCC
ACCCGACTCAATGGGACAACGGCTATTTCCGTATGCTCCTGAACTATGACTGGGAACTGAAGAAAAGCCCTGC
AGGCGCATGGCAGTGGGAACCGATTAATCCCCGAGAAGAAGATCTACCGGTCGATGTCGAAGATCCATCGATT
CGCCGCAACTTGGTGATGACCGACGCCGACATGGCCATGAAGATGGACCCAGAGTATCGGAAAATCTCGGAGC
GCTTCTACCAAGATCCGGCCTACTTTGCGGATGTGT TTGCACGGGCTTGGTTCAAGTTAACCCACCGCGATAT
GGGGCCGAAAGCCCGTTACATTGGCCCGGATGTGCCACAGGAAGACCTGATTTGGCAGGATCCAATTCCGGCG
GGCAACCGCAACTATGACGTGCAAGCGGTGAAAGATCGGATTGCTGCCAGTGGACTAAGTATCAGTGAGCTAG
TCAGCACAGCTTGGGATAGCGCCCGTACTTATCGAAAT TCGGATAAGCGGGGCGGGGCGAATGGGGCACGGA
TTCGGTTAGCACCCCAGAAAGATGGGAAGGGAATGAACCCGATCGCTTGGCGAAAGTGCTGGCTGTGCTGGAA
GGAATTGCTGCCGCTACTGGGGCGAGCGTTGCCGACGTCATTGTTCTGGCTGGCAATGTTGGGGTGGAGCAAG
CAGCCAGGGCTGCCGGTGTTGAAATTGTGCTTCCCTTTGCGCCGGGTCGTGGCGATGCAACGGCTGAGCAAAC
GGATACGGAATCCTTTGCAGTGCTGGAGCCGATTCACGATGGCTATCGCAACTGGCTCAAGCAGGACTATGCG
GCAACGCCTGAAGAATTGCTGCTTGATCGCACGCAACTGTTGGGTCTGACGGCTCCAGAGATGACGGTGTTGA
TTGGTGGCCTGCGTGTCTTGGGAACCAACCATGGCGGTACGAAGCACGGTGTCTTCACCGATCGCGAAGGGGT
GTTAACGAATGACTTTTTCGTGAATCTGACCGACATGAATTATCTGTGGAAACCGGCTGGAAAAAACCTGTATG
AAATCTGCGATCGCAAGACGAATCAGGTGAAGTGGACGGCAACGCGAGTCGATTTGGTCTTTGGATCAAATTC
GATTCTGCGAGCCTACTCAGAGCTCTATGCACAAGACGACAACAAAGAGAAGT TTGTGCGAGACTTTGTCGCT
GCCTGGACGAAGGTGATGAATGCCGATCGCTTTGAT CTGGACTAA

Forward Primer Pos Len m Reverse Primer Pos Len Tm Amp

5-CTACCGAATTGCCGA-3 295 15 52.46 5-CCAAGCACCAATCCC-3 595 15 53.86 300




sodB (Fe/Mn-superoxide dismutase)

MRNA size: 690 bp

KEGG accession number: Synpcc7942 0801
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GTGCTGCAGGAGACGCTCAGACGAGGGAAGCGTCCGG ATTAATCTAGGTAAAGACAACCTGCTCAAGA

GAACACACTGCATGTCCTACGAATTGCCAGCATTGCCCTTTGACTACACGGCACTGGCGCCTTACATCACCAA
GGAAACGCTGGAGTTCCACCACGATAAGCACCACGCGGCCTACGTCAATAACTACAACAACGCCGTCAAAGAC

ACCGACCTCGATGGCCAGCCGATCGAAGCCGTGATCAAAGCGATCGCGGGTGACGCTAGCAAAGCCGGTCTG
TTCAACAATGCGGCTCAAGCTTGGAACCACAGC ACTGGAACTCGATCAAGCCCAATGGCGGETGGCGLTC

CCACCGGCGCGTTGGCCGACAAAATCGCCGCTGACTTCGGCAGTTTCGAGAACTTCGTGACCGAGTTCAAACA

AGCCGCAGCAACCCAGTTCGGCAGCGGCTGGGCTTGGTTGGTGCTGGACAATGGCACCCTCAAAATCACCAAA

ACCGGCAACGCCGACACCCCGATTGCCCATGGTCAAACCCCGCTACTGACCATCGATGTCTGGGAACACGCTT
ACTACCTCGACTACCAAAACCGTCGTCCCGACTACATCAGCACCTTCGTTGAGAAGCTGGCGAACTGGGACTT

CGCCTCT GCCAACTACGCAGCTGCGATCGCTTAG

Forward Primer

Pos

Len

Tm

Reverse Primer

Pos

Len

Tm

Amp

5'-ACCAAGGAAACGCTG-3

141

15

53.34

5'-GAGTTCAAACAAGCCG-3’

441

16

5294

300




81

tpxA (Thioredoxin peroxidase)

MRNA size: 597 bps KEGG Accession number: Synpcc7942 2309

ATGACCGAAGGAGCCCTGCGCGTCGGCCAATTGGCCCCCGATTTTGAAGCGACTGCAGTCGTTGATCAGGAAT
TCCAGACGATCAAGCTATCCAATTACCGGGGCAAATACGTCGTTCTGTTCTTCTATCCCCTCGACTTCACCTTT
GTTTGCCCGACCGAAATTACTGCTTTTAGCGATCGCTATGCAGACT TTTCAGCCCTGAACACCGAAATCTTGG
GTGTCTCGGTCGATAGCCAATTCAGCCACTTGGCTTGGATTCAAACCAGCCGTAAAGAAGGTGGTTTGGGTGA
CTTGGCTTACCCGCTGGTTGCTGACCTCAAGAAAGAAATCAGCACTGCCTACAACGTGCTTGATCCGGCTGAA
GGCATTGCCCTGCGCGGTCTGTTCATCATCGACAAAGAAGGTGTGATCCAGCACGCCACCATCAACAACCTGG
CGTTTGGCCGCAGCGTTGATGAAACCCTGCGGGTGCTGCAAGCCATTCAGTACGTCCAAAGTCACCCCGATGA
AGTTTGCCCCGCCAATTGGCAACCGGGTGCAGCGACGATGAACCCCGACCCTGTTAAGTCGAAAGAGTTCTTC
GCTGCAGTCTAG

Forward Primer Pos Len Tm Reverse Primer Pos Len m Amp

5'-CCGTAAAGAAGGTGGT-3 269 16 52.56 5'-CCCGACCCTGTTAAG-3 569 15 52.28 300
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Synpcc7942 2522 (Glycerol-3-phosphate dehydrogenase (NAD(P)"))

MRNA size: 927 bp KEGG Accession number: Synpcc7942 2522

ATGCAAGAGGCAAAAGTTGCGGCAATTTTGGGAGCCGGTGCTTGGGGAACGACCCTGGCTCAGCTCTTGCGCA
GCAATGGCCTTGAGGTGCGGCAATGGTCTCGCCGAAGTGAGACCTCTTTGGCAGCAACATTGGCAGAGGCCGA
TCTCTGGATTATGGCGGTCTCCATGGCCGGCTTGGCTTCCGTGGCGGATCAAGT GGCAGCCCTCCAACTGGGC
GATCGCGCGATTTGGGTGAGTGCAACTAAAGGACTGGCGGATCTGGGCTGGCGGACTCCCTCTCAGGTTCTCA
GCGATCGCTTCCCGCTGCAGCCGATTACGGTGCTCTCAGGGCCCAATCTTTCCAAGGAAATTAGCCAGGGATT
ACCCGCAGCGACCGTGATTGCCAGTCGCGATCGCCATGCAGCGGCCGTGGTTCAGCAGGCGTTTGCCAGCGA
TCGCTTTCGGGTCTATACCAATCGCGATCCCCTCGGAACCGAGCTGGGCGGGGCTCTCAAAAATGTGATTGCG
ATCGCTGTCGGGGTCTGTGATGGTCTCTGTCTGGGTGCCAATGCGCGATCGGCCTTGGTAACGCGAGCCTTGG
CAGAAATTCTGCGCGTGGGGGCCTATTTCGGTGCCCGCACGGAAACGTTCTTTGGACTGTCAGGGCTAGGTGA
TTTACTGGCGACCTGCACCAGTCCGCTCAGTCGCAACTATCAAGTTGGATTCCGGCTCGCGCAAGGTGAGAGC
TTGGCTGCGGCACTAACGGCGATCGCAGCCACGGCTGAAGGCGTATCTACCGCTCGAGTGCTGGCCCAGLCTG
GCCAGCCGTGAGGGACTAGAGTTGCCGATCGCAGCCTGTGTGGCGGAGTTGTTAGATAACCGGATTTCGCCAA
CAACCGCCATTGAGCGGCTGATGGCTCGCGATCTGAAAGCGGAATTGGTCTGA

Forward Primer Pos | Len Tm Reverse Primer Pos | Len Tm Amp

5-CTATCAAGTTGGATTCCG-3 693 18 51.6 5-CCGGTTATCTAACAACTC-3 864 18 51.6 171
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Synpcc7942_0808 (Sucrose-phosphate synthase)

mMRNA size: 2,130 bp KEGG Accession number: Synpcc7942 0808

GTGGCAGCTCAAAATCTCTACAT TCTGCACATTCAGACCCATGGTCTGCTGCGAGGGCAGAACTTGGAACTGG
GGCGAGATGCCGACACCGGCGGGCAGACCAAGTACGTCTTAGAACTGGCTCAAGCCCAAGCTAAATCCCCACA
AGTCCAACAAGTCGACATCATCACCCGCCAAATCACCGACCCCCGCGTCAGTGTTGGTTACAGTCAGGCGATC
GAACCCTTTGCGCCCAAAGGTCGGATTGTCCGTTTGCCTTTTGGCCCCAAACGCTACCTCCGTAAAGAGCTGC
TTTGGCCCCATCTCTACACCTTTGCGGATGCAATTCTCCAATATCTGGCTCAGCAAAAGCGCACCCCGACTTG
GATTCAGGCCCACTATGCTGATGCTGGCCAAGTGGGATCACTGCTGAGTCGCTGGTTGAATGTACCGCTAATT
TTCACAGGGCATTCTCTGGGGCGGATCAAGCTAAAAAAGCTGT TGGAGCAAGACTGGCCGCTTGAGGAAATTG
AAGCGCAATTCAATATTCAACAGCGAAT TGATGCGGAGGAGATGACGCTCACTCATGCTGACTGGATTGTCGC
CAGCACTCAGCAGGAAGTGGAGGAGCAATACCGCGTTTACGATCGCTACAACCCAGAGCGCAAGCTTGTCATT
CCACCGGGTGTCGATACCGATCGCTTCAGGTTTCAGCCCTTGGGCGATCGCGGTGTTGTTCTCCAACAGGAAC
TGAGCCGCTTTCTGCGCGACCCAGAAAAACCTCAAATTCTCTGCCTCTGTCGCCCCGCACCTCGCAAAAATGT
ACCGGCGCTGGTGCGAGCCTTTGGCGAACATCCTTGGCTGCGCAAAAAAGCCAACCTTGTCTTAGTACTGGGC
AGCCGCCAAGACATCAACCAGATGGATCGCGGCAGTCGGCAGGTGTTCCAAGAGATTTTCCATCTGGTCGATC
GCTACGACCTCTACGGCAGCGTCGCCTATCCCAAACAGCATCAGGCTGATGATGTGCCGGAGT TCTATCGCCT
AGCGGCTCATTCCGGCGGGGTATTCGTCAATCCGGCGCTGACCGAACCTTTTGGTTTGACAATTTTGGAGGCA
GGAAGCTGCGGCGTGCCGGTGGTGGCAACCCATGATGGCGGCCCCCAGGAAATTCTCAAACACTGTGATTTCG
GCACTTTAGTTGATGTCAGCCGACCCGCTAATATCGCGACTGCACTCGCCACCCTGCTGAGCGATCGCGATCT
TTGGCAGTGCTATCACCGCAATGGCATTGAAAAAGT TCCCGCCCATTACAGCTGGGATCAACATGTCAATACC
CTGTTTGAGCGCATGGAAACGGTGGCTTTGCCTCGTCGTCGTGCTGTCAGTTTCGTACGGAGTCGCAAACGCT
TGATTGATGCCAAACGCCTTGTCGTTAGTGACATCGACAACACACTGT TGGGCGATCGTCAAGGACTCGAGAA
TTTAATGACCTATCTCGATCAGTATCGCGATCATTTTGCCTTTGGAATTGCCACGGGGCGTCGCCTAGACTCTG
CCCAAGAAGTCTTGAAAGAGTGGGGCGTTCCTTCGCCAAACTTCTGGGTGACTTCCGTCGGCAGCGAGATTCA
CTATGGCACCGATGCTGAACCGGATATCAGCTGGGAAAAGCATATCAATCGCAACTGGAATCCTCAGCGAATT
CGGGCAGTAATGGCACAACTACCCTTTCTTGAACTGCAGCCGGAAGAGGATCAAACACCCTTCAAAGTCAGCT
TCTTTGTCCGCGATCGCCACGAGACTGTGCTGCGAGAAGTACGGCAACATCTTCGCCGCCATCGCCTGCGGLT
GAAGTCAATCTATTCCCATCAGGAGTTTCTTGACATTCTGCCGCTAGCTGCCTCGAAAGGGGATGCGATTCGC
CACCTCTCACTCCGCTGGCGGATTCCTCTTGAGAACATTTTGGTGGCAGGCGATTCTGGTAACGATGAGGAAA
TGCTCAAGGGCCATAATCTCGGCGTTGTAGT TGGCAAT TACTCACCGGAATTGGAGCCACTGCGCAGCTACGA
GCGCGTCTATTTTGCTGAGGGCCACTATGCTAATGGCATTCTGGAAGCCTTAAAACACTATCGCTTTTTTGAGG
CGATCGCTTAA
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Forward Primer

Pos

Len

™

Reverse Primer

Pos

Len

m

Amp

5-GAAGTCTTGAAAGAGTGG-3'

1,540

18

51.6

5'- CTGATGGGAATAGATT
GAC -3’

1,848

19

53.0

308
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rnpB (RNA component of RNaseP)

MRNA size: 312 bp KEGG Accession number: Synpcc7942 R0036

GAGGAAAGTCCGGGCTCCCAAAAGACCAGACTTGCTGGGTAACGCCCAGTGCGGGTGACCGTGAGGAGAGTGCCACAGAAACATA
CCGCCGATGGCCTGCTTGCAGGCACAGGTAAGGGTGCAAGGGTGCGGTAAGAGCGCACCAGCAACATCGAGAGGTGTTGGCTCG
GTAAACCCCGGTTGGGAGCAAGGTGGAGGGACAACGGTTGGTCTTTTACCTGTTCCGTTTATGGACCGCTAGAGGTGGCTAGTAA
TAGCCATCCCAGAGAGATAACTGCCCTCTGTCTTCGACAGAGAACAGAACCCGGCTTA

Forward Primer Pos Len m Reverse Primer Pos | Len m Amp

5-GAGGAAAGTCCGGGCTCCC-3 1 19 63.80 | 5-TAAGCCGGGTTCTGTTCTC-3" | 312 19 57.3 312
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BSA standard curve
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APPENDIX 6
Preparation for polyacrylamide gel electrophoresis

1. Tris-HCl Buffer 1.5 Molar pH 8.8

Trisma base (C4H;;NO3) 18.17 g

Dissolve Trisma base in distilled water 80 ml and adjust pH to 8.8 with
concentration HCl. Adjust to final volume at 100 ml.
2. Tris-HCl Buffer 0.5 Molar pH 6.8

Trisma base (C4H;,;NO3) 6.06 ¢

Dissolve Trisma base in distilled water 80 ml and adjust pH to 6.8 with

concentration HCl. Adjust to final volume at 100 ml.

3. 10% Sodium dodecyl sulfate (SDS)
Sodium dodecyl sulfate (SDS) 10 g

DI water 100 ml

4. 10% Ammonium persulphate (APS)
Ammonium persulphate (APS) 10 g

DI water 100 ml
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5. Separating gel 10% (recipe for 1 gel)
Distilled water
30% Acrylamide
Tris-HCl Buffer 1.5 Molar pH 8.8
10% Sodium dodecyl sulfate
10% Ammonium persulphate

TEMED

6. Stacking gel 5% (recipe for 1 gel)
Distilled water
30% Acrylamide
Tris-HCl Buffer 1.5 Molar pH 8.8
10% Sodium dodecyl sulfate
10% Ammonium persulphate

TEMED

3.56

2.25

90

75

7.5

1.4

830

625

25

25

A&

88

ml

ml

ml



7. 10X running buffer

Glycine 144 g
Trisma base (Ci4H11NOs) 302 g
Sodium dodecyl sulfate 10 g

Dissolved all compositions into 1,000 ml of deionized water. Keep in room

temperature.

8. 1X running buffer
10X running buffer 100 ml

Dissolved in 900 ml of deionized water. Keep in room temperature.

9. Coomassie blue staining solution

Coomassie blue staining 1 g

50% Methanol 500 ml
10% Acetic acid 100 ml
DI water 400  ml

10. Destaining solution

40% Methanol 400 ml

10% Acetic acid 100 ml

DI water 100 ml



APPENDIX 7

Preparation for western blotting analysis

3. Western blotting buffer

Tris(hydroxymethyl)laminomethane 3 8
Glycine 144 ¢
Methanol 200 ml
DI water 800 ml

2. Phosphate-buffer-saline: PBS 1X
Sodium Phosphate 10 mM pH 7.4
Sodium Chloride 150 mM

Adjust to final volume at 1,000 ml

3. Blocking buffer

5% skim milk and 0.01% Tween 20 dissolved in 1X PBS
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APPENDIX 8

HPLC chromatogram of M2G produced by S. elongatus PCC 7942 expressing

cells
Shinorine (3.93 pg/ml) standard curve (2 replicates) retention time at 6.01 min
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Cultured in 0.35 M
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Cultured in 0.35 M NaCl (2 replicates) retention time at 5.99 min
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