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Increase in atmosphetic carbon dioxide and global warming has attracted attention
towards use of photosynthetic oraganisms that derive energy from carbon dioxide.
Cyanobacteria (blue-green algae) are especially attractive because their photosynthetic and
biomass production rates are higher than terrestrial plants, they do not require arable land,
and can grow with minimal nutrient requirements, utilizing atmospheric carbon dioxide and
sunlight: In addition, as cyanobacteria are prokaryotes, their metabolic processes are more
readily amenable to genetic modifications designed to enhance the production of energy-rich
compounds than those of eukaryotic algae. Cyanobacteria possess relatively small genomes,
many of ‘which have been sequenced. Thus, compared with eukaryotic algae, it is less

complicated to utilize cyanobacteria in systems biology research.

To date, of all cyanobacteria, Synechocystis Sp. PCC 6803 is the best-characterized
species for genetic engineering, due to its naturally transformablity, and with its genome
sequenced. In 1% chapter PCC 6803 was genetically modified for the production of lactic acid.
Here, we engineered Synechocystis sp. PCC 6803 to produce lactic acid using a lactate
dehydrogenase (Jdh) gene from different lactic acid-producing bacteria, namely, Lactococcus
lactis (IdhB and 1dhX), Lactobacillus plantarum (IdhL and Idh), and Lactobacillus

_ rhamnosus (IdhL). Following the introduction of lactate dehydrogenase gene, its expression

was confirmed in all strains by by reverse transcription-PCR. Growths of mutant strains were
not influenced by introduction of Idh genes. Lactic acid production varied from 0.03 to 0.04
mM concentration. In order to secrete the lactic acid produced inside the cell a lactate
transporter gene (lldp) from L. plantarum was introduced to mutants harboring Idh gene. Co-
expression of lldp with IdhB from L. plantarum or ldhL from L. rhamnosus led to the
secretion of lactic acid into the medium with concentration of 0.17 + 0.02 or 0.14 = 0.02 mM
after 18 days cultivation. -

Cyanobacteria tend to accumulate carbohydrates duﬁng change in cultivation v
conditions or due to environmental factors. A broad understanding of primary metabolism {s
necessary to manipulate electron flux towards these products for bioenergy applications. In
Chépter 2, therefore, we decided to investigate the mechanism for storing glycogen in
cyanobacteria. Previous studies have shown that in PCC 6803 nitrogen depletion leads to
accumulation of glycogen. 2-Oxoglutarate acts as a signalling pathwé,y for nitrogen depletion.
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A response regulator protein Rre37 acts as Ia regulatory protein for sugar catabolism, but its
role in glycogen accumulation is still unknown. Therefore, methods are proposed to clarify
the role of Rre37 using a Rre37 disrupted strain by metabolomic analysis and gene expression
studies. In Rre37 disrupted strain, delay in accumulation of 2-oxoglutarate and glycogen was
found under nitrogen depleted condition compared with wild type strain. Expression of sugar
genes gigC (glycogen synthase) and glg4 (glucose-1-phosohate adenylyltransferase) involved
in glycogen accumulatbn (sugar anabolisin) was reduced in rre37 disrupted strain, from this
it revealed that Rre37controls the expression of sugar anabolic genes. In addition icd
(isocitrate dehydrogenase) genes that are involved in the generation of 2 -oxoglutarate, and
glnd genes involved in GS-GOGAT system (glutamate-ammonia ligase), gltB gene (NADH-
dependent glutamate synthase expression large subunit), gitD gene (NADH-dependent
glutamate synthase small subunit) was reduced. It’s known that icd and glnA are under the
control of NitcA promoters, Low upregulation of ntc4 gene have lead to reduction in icd and
gind gene regulation. However, NtcA promoter for gltB and gltD genes, related to the
GOGAT system, has not been found. Therefore; Rre37 might play an important role in
regulatory mechanism on expression of gltB and gitD during nitrogen starvation.

In metabolic analy;sis, metabolites in glycolytic pathway such as fructose -6-
phosphate, 1, 6 bisphosphate fructose, glyceraldehyde 3 —phosphate were reduced by Rre37
disrupted strain compared with the wild strain, thus supports that Rre37 is related to the
regulation of gene sugar catabolism. TCA cycle metabolites play a role as carbon sink under
nitrogen starved condition. All the metabolites of the TCA cycle except citrate increased
during nitrogeﬁ depletion in the wildtype strain, whereas oxaloacetate, fumarate, sucbinate,
aconitate, and 2-OG decreased in Rre37 dirupted strain. From above findings we conclude

that 1) Rre37 positively regulated glycogen anabolic genes, thereby accumulating glycogen.

2) Rre37 positively regulated sugar catabolism, and was involved in 2-OG accumulation. 3)
Rre37 urged accumulaﬁon of TCA cycle metabolites such as malate, fumarate, and succinate.
Here we showed that Rre37 is also involved in the regulation of nitrogen metabolism, and
therefore, future studies could extend the roles of Rre37 into areas other than sugar
metabolism in this cyanobacterium.

(Name: Ancy Joseph NO.3)

In Chapter 3, we tried to enhance the biomass and glycogen production by distruptic;n
of antenna protein. Photosynthetic efficiency is directly related to the size of light-harvesting
antenna complexes and in response to light intensity antenna size is optimized. At high light
intensities, the rate of photon absorption by the chlorophyll antenna molecules in the surface
layer of microalgal and cyanebacterial cells in cultures or pond environments exceeds the rate’
of photosynthetic reactions, resulting in the dissipation or loss of excess photons and/or
photoinhibition of photosynthesis. Minimizing, or truncating, the chlorophyll antenna size of
the photosystems can improve photosynthetic solar emergy conversion efficiency and
productivity up to 3-fold. Synechocystis sp. PCC 6803 strain has an antenna protein called
phycobilisomes; it is possible to reduce the antenna protein by disrupting the ApcE protein
that is part of a linker protein connected to the thylakoid membrane. The impact of
distruption of apcE gene on biomass and glycogen accumulation has not yet been analysed.
ApcE dirupted muatnats were constructed and were cultivated under photoautotropic
conditions. Absorption spectra analysis showed a large reduction in phycobilisome. Biomass
production of apcE gene-disrupted strain, was almost double (1.24 g-cell-dry weight/L) than
that of wild type strain (0.75 g-cell-dry weight/L). In addition, glycogen content also
increased from 11.1% of the wild-type strain, to 24.2% in apcE gene-disrupted strain. Thus,
under photoautotrophic conditions, absorbed CO, would be utilized by the apcE gene-
disrupted strain for cell growth, rather than the production of phycobilisomes. Together, these
results demonstrate that antenna truncation by deleting the apcE gene was effective for

increasing biomass production and glycogen accumulation under photoautotrophic conditions

in Synechocystis sp. PCC 6803.

In chapter, 4 we investigated direct ethanol production from cyanobacterium
Arthrospira (Spirulina) platensis using lysozyme and a recombinant amylase-expressing
yeast strain to eliminate the need: for biomass pretreatment and amylase hydrolysis.\
Arthrospira (Spirulina) platensis is an attractive feedtock for biorefinery due to its highest
growth rate and tolerance to high pH and salt. During environmental stress or change in
cultivation conditions Spirulina tend to produce large amounts of a-polyglucan in the form of
glycogen. Under nitrogen reduced conditions (3mM NaNO3) it was found that glycogen

' ‘content is increased up to 60.9%. Here we tried to utilize this glycogen directly from

spirulina without any pretreatment by using a recombinant amylase-expressing yeast S.

N
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cerevisiae strain, éecreting o-amylase from Streptococcus bovis and displaying glucoamylase
from Rhizopus oryzae on the cell surface was used for the direct production of ethanol. By
using recominant yeast the ethanol production was 2.2 g/ L. Addition of lysozyme to the
fermentation media with recominant yeast énhanced the ethanol production to 6.5 g/ L. The
total ethanol yield based glycogen consumption was 86% of theoretical yield, which to our
knowledge, is the highest yield of bioethanol from an oxygenic photosyhtheﬁc

microorganism.

Consolidating all the above we were able to construct mutants of PCC 6803 that can
utilize atmospheric carbon dioxide for the production of building blocks for biochemical and
biofuel. The knowledge of metabolic analysis and genetic engineering will open new paths for
utlization of cyanobacteria for further usefull chemicals. A consolidated methedology for the

_ production of ethanol from cyanobacterial glycogen would be ecnomical and will reduce cost
of production. This study gave useful implications for energy production using carbon
dioxide
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Lactic acid and glycogen production from cyanobacteria by metabolic engineering and utilization of
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KEF ZRURFREOHME & HIZEBEAETLTWAIRRIIBNT, B% 7 /177 Y7)
FPHALTIBMEREL Y mRAX -2 G2 BHFRERER TS, Zhik, 1) EESRLMELREE
BOoreLEL LTBLERELZBRNLTEFT TEIHELZALTVS, 2) EHLERTEROXER
BEIIELS . POETHEENE BHERMBPLEL L2V, BEEHEL W5, ZHETIE - ER1LHA
TRNX—HEETHE, cERORFTOVTAZRE I 7R (R#E) 0BEAMHCRREZEZH, &
R L7,

CEPRFER T H B Synechocystis sp. PCC 683 kR ER LT . S A 75 XF v 7 DR CH 2B
PERTEL BRI E Lo, Synechocystis sp. PCC 68038kiX Y ) ADEFE SN THE Y RIETHENARET
HEDITERALE, LBEEDRICERTIMEL LTABERALATWS R, ABEORETS
Synechocystis sp. PCC 68038RIZ WV MR/ b TR o e, & 2 THEE Lactobacillus lactis<?
Lactobacillus rhamnosus 8 ¥ Dlactate dehydrogenase®{R-F(IdhBI & UNdnL) % 8 THE L TSynechocystis
sp. PCC 68038RICHEA L2 IZ, Zh b DBEFRREAL CWHELWEEPCRIZLVERBLE, Zhb
OERER X UFEBROLHEMEEREI30.03~0.04RFMTHY | £FRHIEELTORWERERLE, ¥
7= 0.04mMOLEE B Synechocystis sp. PCC 6803BEIT AR L TV AR LHER L, BERCAER LB
P SN 3= DI Lactobacillus plantarum® + 5 2 AR — F —BEF(lldp) % RIEFIZEA Lz, £OR
B, TE{LRTE X Y Synechocystis sp. PCC 6803 DERRE A L T, 18 A OFRHE ITIFHFIT0.14~0.17mM
DL-LBEEERTHFIER LI,

EErOLOEGY, EEFIEERTES ) a—F i AM AV Iy A F ) —EHE LT RAF—
PERERTHIERTRTHS, TICT. EBOV ) a—F U3 EBMTHB B2/ 5¥L Lk,
Synechocystis sp. PCC 6803 HRIZBWTHOMIShTELLIRERRZIMRCIY Y a—F U EXBRE L
BERFELOERCHBL TV, R 24X Y SAINERERL 2-4F Y IV INVEBEN LTk
REFRES L TEERZ VI TABGEINIERALN TS, ZRODOEFOPFTH Rre37 & FFX
5237 &ix, Synechocystis sp. PCC 6803 IZRW THERLOBHE 2 H-WETRHEERE(L T 58S
D/FBNT SV THEHEL M E Ro TR, £ 2 T, Rre37 BEKREZER L TREFHHREFAE L T Rre37
OBREZALHITTHIEEZEMNE L7, Re37HERTRERRZHRILRONE V) a—FrBl U 2-4
X ININBOERB LD CnE, 7Y a—FroBERCBE LTSS ) a— U RbkET
glgA(glycogen synthase)33 & T} glgC(glucose-1-phosohate adenylyltransferase) DFEHHET L TV iz, LA EDOF
BRIV Re37B 7Y a—FUREBETFORRERIFICLY 7Y a—FC 0ERCHE L TV HHH
bk ok, £, 24XV PAFNBOERICES LTV icd B{nF(isocitrate dehydrogenase)®® 2-
AV TNENEED LD GS-GOGAT ¥ A7 AR5 T 5 gind Bi5F(glutamate-ammonia ligase). gitB #15
F(NADH-dependent glutamate synthase large subunit), glitD ##{=FNADH-dependent glutamate synthase small
subunit) DEBRRET LTV, icd BE W gind BEFIIESERT NteA RLVHEHI TV 2ER@LR
STWB S, ghtB B LR ghtD BIBF D NicA 70 E—F1IIERENTB LY, Rre37 2 GS-GOGAT ¥ A F A
OHRAIEE L T\ A REENTRIN, SBROAROERPFLND, RBMHEOETICI VBRI
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WCTNT h—R6 Y VB, TANI F—RA 1,6 ERY VB, FYVEATAFTE F3 ) VBROEREBEKE |
ET Rre37 BB TR LTEBY | Rre37 BERCOBEFORMTBEE L CWAELERATARERL
27, EBIZ TCA VA /I NVBEEORBY THAAF VI oEiEE, 7B, anJB Tazy MNBROEMN
b Rre37 BEKR TEDR TV, TCA A ZVEEORBYITERERZHICRER L LTORIERETE
Ao TEBY, Rre37 B TCA A 7 VEEORBHOERCHE L TWAEIN TR I L, ULEOBRX
Y BRRZFED Synechocystis sp. PCC 6803 BRIZE1 B Rre37 OFHROKBL LT 1) 7V a—F LRl
FEERFBLCIY a-SUEFER2ELTWS, 2) BRELPECHBAL T 2-AX Y A NBOERY
ELTWS, 3) TCA ¥4 7 VBEORBUOEMICBEE L Ta, EXAL,TELE,

Symechocystis sp. PCC 6803¥EDAEB M EE, b7 a—FroEFEPBMsSE3ERXEETh T
B, —H. BEIBWTT U T v AR 3R L VAT M SRR EELTWE, 7
TFEORIRENEEBRRICHAT 3 ORBOBEEROEFTNEESNIFER, BBOEEOEE 216
L CREOEFHZ MG LT UE 5, Synechocystis sp. PCC 68038KiZ 7 4 a Y Y — L LT B TV FF ¥V
NIBEBFLTCVAR. FI7a4 FEREGITE) I — 2RI BO—8CHBApEX V7 BE RS
TRRREVTUTFIUIERRBLERDIENTETHS, LIL, 2OEFRYY a—FLrEf~0
ERBCRALTRFRATH LD, ThE2ALMITH2EZANE Lz, KK TIR2AMEELEER, B4
PR TH0.75 g-cell-dry weight/L Cdh o 7278, apcEB{ETREEHR TiX1.24 g-cell-dry weightiZ#M L Tz, b
FFENL B4k & qpe ERAG FRUEBR T, TREN213B L U4 & Bb b dv» e B E KO BB 19
MUTHWEERAGI LR, Eh. 7Y a—F U E8RVFAERDIL1%D b | apcER{EFREER TH24.2%
{50 U T, Synechocystis sp. PCC 6803RRIZZERRZMFIZT Y a—F U 2 EHT 3 LABICEZHOS WV
TUTFFEURIRESBRTIAERAMONTRY ., TV T FH U7 BEOREILTY :l—’f/%ﬁk.‘b’é‘%
ThIERALh LRSI,

BB 2 E 5 Arthrospira(Spiruling) platensis RO Y a— 2 ER L L TEEN LEEOT ¥
S —IWERERI . A platensis iTHRBENTEL 7Y 2a—F L OMHRBEE THH-OERLE, )=
—F U EERT OERAGERF LERER,. SmM NaNO; & BB ERSDEVEHIL T Y a—Frd
HEDR 0.9%CETHMT 3ELRH L. 4 platensis 2 BH, 7 I 7 - CRBRTEBIE L5,
)= VEREIZ22 gL LFLNWDLO TIPS, TI T, E6RY S F—LaZMIE-BR. 65 gL
o:&/—w%&&?6$kﬁ%Ltoh@ﬁwﬁ)=—¢x#6®15/—wém@$dw%kébr%
D, BERSVa—-FroRboRbE T/ —NVERDREERTIEITRII LI,
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