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SUMMARY

I. Title
— A Status Report on the Global Research in Microbial Metabolic

Engineering

IT. Concept of metabolic engineering and its status in bio-industry

— Metabolism is the set of chemical reactions that occur in living organisms
in order to maintain life and numerous bioproducts including primary and
secondary metabolites, recombinant proteins, and other biopolymers are
being produced by microbial fermentation

— Metabolic engineering has come far in the past decade and the main
goals of metabolic engineering can be summarized in the following four
categories; (1) improvement of vyield, productivity and overall cellular
physiology, (2) extension of the substrate range, (3) deletion or reduction
of by-product formation and (4) introduction of pathways leading to new
products

— The redirection of cellular metabolism to create or enhance desirable
attributes has been accomplished with a variety of novel techniques and
applied towards an even greater variety of goals

— Therefore, the insights of the integrated view of metabolism generated
by metabolic engineering will have profound implications in
biotechnological applications, as well as in devising rational strategies for
target selection for production and screening candidate drugs or

designing gene therapies

IM. Current research status on microbial metabolic engineering
— Early metabolic engineering has mostly been carried out by “trial and
error’ type approaches
— However, most of these attempts, did not yield successful results, and
furthermore various side effects were observed

— Recently, with the rapid advances in the development of new analytical,



cloning, and mathematical tools for the analysis of biological data,
metabolic engineering strategies have become more rational

Whole genome sequences have allowed researchers to identify genes and
use homologous comparisons to assess their biological roles, thus
providing new and important data for an increased understanding of
cellular metabolism

In addition, the so-called ‘-omics’ technologies, mainly functional
genomics, proteomics and metabolomics contribute significantly towards
metabolic engineering as large amounts of data are produced, which can
be used to gain a better understanding of flux control and consequently
lead to improved models of metabolic pathways

A new strategy, generally called “Systems Biotechnology”, which uses
data from organism-wide metabolic networks to modify the metabolic
pathways toward efficient production of target bioproducts, has ushered
In a new era in modern metabolic engineering

Recent experimental advances in high throughput technologies have
enabled wholesale generation of new genomic, transcriptomic, proteomic,

and metabolomic data

IV. Application of microbial metabolic engineering technology

Metabolic engineering has found many applications, especially in
microbial fermentation

It has been applied to increase the production of chemicals that are
already produced by the host organism, to produce desired chemical
substances from less expensive feedstock, and to generate products that
are new to the host organism

Other challenges associated with metabolic engineering are the
biosynthesis of secondary metabolites, the generation of organisms with
desirable growth characteristics, and the manipulation of pathways for
the production of chiral compounds as intermediates in the synthesis of
pharmaceutical products

The first successful genetic engineering of Escherichia coli by Cohen,



Boyer and co-workers in 1973 and shortly afterwards followed many
successes in the production of recombinant proteins, e.g. the production
of human insulin by a recombinant E. coli

The first breakthrough in genetic engineering paved the way for a
completely new route for production of pharmaceutical proteins such as
human growth hormone(hGH) and human insulin, as well as opening the
possibility to produce many other pharmaceuticals

Today there are more than 55 protein drugs, largely recombinant
proteins and monoclonal antibodies, which are often referred to as
biotech drugs, and the top-selling drugs represent sales of billions of US

dollars

V. Conclusion

This report describes the current research status of the microbial
metabolic engineering technology

Biotechnology industry is now a global 'Mega—Trend’ and metabolic
engineering technology has important role is this area

Therefore, many countries has made efforts in this field to produce top
value added bio—products efficiently using microorganisms

Information in this report will be useful for designing and fulfilling a
research using microbial genetic engineering

Additionally, it will be also practical for successful metabolic engineering
and to understand basic concepts of metabolic engineering and examples
of applications in the production of primary and secondary metabolites,

improving cellular properties, and biomedical engineering.
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R
(3) HE dAEARE GAA, ALYE} 2o FAR, AAREAE 0T
@ ol b fr1EAe) YAkl 8T e

(4) Pt styrened styrene oxide® HAFA|71A] FE3HA|WF Pseudomonas
sp. r#l¢ styrene monooxygenase THAE HNIEUE =T o FH
styrene oxideg® & ¥ A o=z A4kt 4 lom o] W slehA Q] A
Wl tiAl T L

(5) T3 TS ol & Z}9l polyhydroxyalkanoates =

ASHAIE A 2E 2ZE A A& o] thAL AFE9l isoprenoids=

AHAIE g Aol F2 4 s [21,36]

ol
e o
r>~1
o
Sh
ol
oX,
[‘-1[!:

nl, 71EF AE EA W3

4 =4 s
@ olei@ J1&5e Ayl FRUA B Edo] FurEA 27 wWE
2

o

(3) Axgstold Axd w4 7€ ol&ste] Axe A4 SAS

(4) v A}t 2l Methylophilus ~ methylotrophus< glutamate
dehydrogenase f+A7F §lol bR Yolg zkgtsty] f&l ATPE 8=
3} glutamine synthase®} glutamate synthase system< ©]-&w tha
ol Fgl ¥ glutamate dehydrogenase A4S M. methylotrophus©ll
E]iskd bR Yol zstso] Fobd A ASEHER=7F AASHA S

-

JEEFEY Bae] waw 20049 FulolM o] & 7]
©)

2 AgHE AEaee A9

i

A3 A% FAIEE) B8 wFo] A mol A SR 311%E

™
— 1 B0 g ol§ HFo] 2 Ve ‘uwd ¥ 7)='(235%), et
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71E7(21.9%), ‘BEAY Al o] & 71E(21.8%) ol

[e3]
AN
— 2=y 9 A9 A Tlek fHer & oH EF gAESTlEe W

= S A~ VA= >~ = L=
AT & 5 lem, 2 fok Al=F AgEerEa 8Tt
=0 3 ElE = 3.5} 7] 2= ©. 6 o) X o
7S XFstH A9 RE AYITIEy dAHA Jd5& & T S
25070
21574 Ogssds
M O-lag 383 2mz o8
s0074 | Er &8 dTEAL. TR L o 8
- W &8 A E S o B
16374
16278 [] 16178
15074 ] ]
12678
121?1! i 1172
HEJI ™
10074 BO7H
[T+
5070 487% 4578
2474
LETSS L L L L L L L
ASH Bet#E Crlch DMz YEAAH Foyi GJEHAEKH‘J LEH Jl: KH4E LME M
eI TeANER £ 3% YES IFHoeIH e 4a SgIe Hof HIRIL =HAL —-—FEI"I
Zervg e e cigve U HIERA @ 1
sE =y Hio| 2 *Jﬂﬂ%—.‘lﬂw 2
7@ off 1% 7| @& Hrt7le 7@

2. = dAE S I%S BE Ay A
— 20069 % ] AE AFY AARTEE 23 77149 €4(2003d 23 7919 )
om AU 145%7} F713 [2]
— S, 20049 AUl AR A FFFAL P FY) FRE 3% 9299
S = 20039¢] 22 592394 H]3 19.3%7F 57l
— Pl A MFS AU, Hho] 24 E (U1%)7 WEF (40%)e] o
B8 AAsD o, AREIHTY), BRRYG%), AREH, ALA =
9 ATAELE%), A2FR D 71712%)9] %)
1504 mhol @ Eah B FY Hio] 86%9 A MFS M,
Apol o A EAF el g 2 MFS AAT AL Tl oAt YAk Ao
1A Akl ol glolul, £E MFS MUE nbo] 0 A EAY
FEe AXsdtE o 94 MARNATNES B8 Foldl ©

A&l olg A [2] (% 2)

o

|
U °
o o

o,
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[ 2] 20049 % AR A4 Fopd Tyl el £Ee 2 599 [2)

(9] - mursl, %)
Lk
] SHERY | *2 2o | A
3% (o5 | 3% 65|
R 802,061 719 313.012] 2B.1|1.115,068| 573.027| 1,688,090
S 140.747] 811 4.32] 18.9] 164500 51.629]  236.28
S[OISATEAY | 7.05| 25.9] 88204 74.1|1.1%6.2%0] 7.752 1.1,011
e 18,95 9.3 5.38| 3.7 144,373 2.30 146,743
HEHAA 10472 B2 850 4.8 18.%1 70 19,681
BE2%5 9 JUI0Y | B0d 778 12.50] 22 .04 2.8 20.25
o =1
T 76| %4 76| 49 15461 280 18,34
= _|_ _I
GELT ST | w04 7w 86 oiw 2 o120
23 1,500,316 5.6|1.231.070| 44.4|2.771,396| 791.150| 3,562,545

3. =l A= AbdolA diAlEstrlse 91
— AE Aol TS vE
ofl AF7F Ber 3 FEEES Adsts 44 ez #d F2 7
BEAM Aot &
— @A FE2 Aol tARtE, AR @i, ada oy AAaas
Ao MAE HAE B Lol ofsir AatEa glo
TGAA dAatEsriEe]l E8H1 d5S € F dS (2™ D
— ALE S| &L Hlo] oAl FolME Hlol
ol

Hol e &4 & W2 woF

A 55 AAstE VlsolH, AA s AEAL Y AZuE ALE T o
o} 34 WAool oyA v A AR B

— HAES 4749 FAAd d= A AEE &t a9 e o
4 & AAkste] oF 20000719 &eukgs dovHA WA AHEE
A&tal Q= A= v A (microfactory) o]gkal 8 4 d&

— QIZFE ol mA =] JHAAL Qe vreFg shehnkge] diE wAtU S
&3t QItte] B8R ot F&3 ELAS AL F 4 lew AEY 2
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aelal FEo] vhFshA] etk A2 oA alel A tiAbE ekl e

Aads g [ £ 3)
[ 3] 2003 £ = wheleatiAl S AR (1]
(k] iRk 9l %)
No. 3% AdEdeE) e TEE
1 AR HIEA golal 5,060(24) 280 4,800
2 AFA7E 9t 1,340(9) 90 1,750
3 @ A &Fa 794(4) 644 150
4 B3I rEWA 633(3) 183 450
5 FAA A 7T-ACA 544(3) 72 472
6 gl of v 525(3) 25 500
7 d4d ASA 409(2) 407 2
4. =] diAbErlE &8 99
= AA A=e diAbe sl 53 e Shged] AN ddskE 9l
of Z7HA ALAlM w2 =S ATt S
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Development”el] thgt Ao|Qtel A g a}ste] o] 717} 27, A, &

A, oA Ak

Mz ddds AArstH, A& 7ttt Ad 5 A

A gstel ANFEALel g ARFS APt HAsolor G A

ek, BH - AH REAAY AT 7 A FHL H7
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‘EuropaBio’E %3} "Bio-based Economy”’E 43 3}7]
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of W& Zhekal

T3k 2003 McKinseyAbe] ol Zell ot tiAlE 87 &
Ao R WAT Aoz o FeA S

fEAQ dAE 7l AFoZs HEY By A4 (Hoffmann La-Roche,
%4), 7-Amino-Cephalosporanic acid A4t (Blochemie, & Y/Q ~Eg|o}),
Cephalexin A4F (DSM, W€ #=) Amino acids A%t (Tanabe, ¥¥),
S-chloropropionic acid 34t (Avecia, 9=7), Acrylamide (Mitsubishi
Rayon, ¥¥) wulolo Z W (Cargill Dow, "), 2EA 7|8 Esask
(Cereol, 5¢), AA7}s A= (logen, AU So] U=

T3k DuPont, Monsanto, Cargill, Dow, Genencor, Maxygen, Diversa,
DSM & 7IgdEe°l 24 ZE3AYE, FAA, SAA ZHE obn| =4k BlE

W, B4R, R, AR wek AeBHEd 5 dAEee F9 44
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o
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51 3} o] = =

— 238 WX 7] Yol A combinatorial G A F37|ES A Lste] Hio]lQ v
SA A A5E Fdstan L, 1T §938te] in silico B d 284
WA S e oke ZIWke] HlawF HokaAw HsTlel =
A<

— FAA G2 dpRe] dMAs s wdEstal dEF AAkeke Al AE
of tigk A77F WY Folvh A LHA~E ETAAI~F FeEd A

>

1—%}
— IR 2 5
9434 AN FAE weE 5o ZRAEs Adnd duw
LR
- BeEge ATHE RNFAAEe] BaE BEW HATHY ATYS
o Az AF 35S AT F9

7F. vl =

(1) “Biomass R&D Act 2000”0 €& wl= o|A4 (DOE)¥ FHF
(USDA)ol| A &= ufol o mj~ & a8 uk 20059 8 wE o] du] 2 A
¥3tdal, ATP (Advanced Technology Program)-& Hfo] Q ufj 2 2 K E
& ststA|ES Axst= FAQA 1,3-propandiol FAe] 3HT E& A
A9+ [33]

(2) “2020 2=w"S F3 2020 7hA] Y=l 20%, 205039 &= 50%, 2099
o= 100%E AW 7I's3 &= (Renewable biochemicals) S = th A
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st WS Adsty] fst s 3 T A
(3) GTL(Genome-to-life) ¢ Microbial cell project% %’S o2 YAEst
HE Y9H7ES Adeta 9gon, NSFE= 753 2D nho] o nj

22RE gEAog A8AYS AT 4 dE biorefinery Aol B

(3

[e) [e) == =)
< =¥s A5 e

(4) ") =+9] Bio-ethanol& Al &3 ¥z A

2 AAE AL, SR EE 20039

o

H713e] x9S B8 vid 10%
TR B ALkt 2% E R =

(1) AAAAAL 20043 “vlo] @ TR A~ &3LAF " T} “ulo] @ Zef ¥
BAFATO 269 A& FAbete] #wE VeS SRSk low, 2007d7HA
A5 202 08 AFY

(2) 2001 “Development of basic technologies for industrial process based
on biological functions” ©]#}+ GreenBio ProjectE® %3 3}staA4S 11
&/ A AETAHLE A FW FY

(3) 3] “Host cell creation technology development” Z 213 E3[4 E.
coli & F& AuAEAdA =3 FHAE A7EE "Minimum
genome factory (MGF)" % Al&ste] 4 A=A A& FAHE A
Ho B BAR MAZUE 9o ALZ A58 F9

o 4
(1) ‘EuropaBio’E %3} “Bio-based Economy”’2 Z21sl7] 98] ## &
< AL AA 7hse vlojextd &8 H s - vlo] A -

Hpo] 9 & 7 A FH F Y

(2) EuropaBio= 205017 3}ekikdol A BT7F oF 50%E A Zow o

Aate], Sa AushRopol A 2010074 AR 60%5 4 BT
b e dos dgaas
(3) WEAL AE/5E A BFoE 25l AXTFOR BEHA

= “Cell factory” ZEI1H o7 theksl A2 2138 9
4) Ydsa=9 A $ oF% “Bio-based polymers’E A slo] ZgH
A4 (Dutch polymer institute)®} AP A EAFAFAEH  (Kluywer

)
s

_19_



center for genomics of industrial microorganisms)S T oZE FAEH
Public private patership Z =13 <l B-BASIC (Bio-based sustainable
industrial chemistry)¥2] §8H& F3l g3} nlolo o] §F&
ZA3e] AEAS Y3 =v]7]E (Advanced catalytic technologies for

sustainability, ACTS)S 4 <ol A

gt ==t
(1) #37] E F3 7AR), of2F@EAE 5 W& FIAEF AMAEE g
Fata AzF 1509 B 3+R29] Bio-ethanol AAHEAR]E FE&= 5 UA

Hadcs AT A VIT o trtaadd+ES A3sl=  Industrial

5)
biotechnology sectione il tAFE S A3kl A&

HEdd== TNO 248t vlo] oA 5H9F Kluywer center for genomics of

industrial microorganisms < &%

Adr o AIST 2F3}e] Biotech dA+24, AF+#eAT4, Keio g W9
metabolonomics ¥ MGF 7+ WEHA & A A442E &9

v =1 o] LLNL synthetic biology group, berkeley LNL synthetic biology&

3l section® & Fi1 9l Berkeley center:= WANEE, #3424 ZAA=E,

[e)

bio—nanostructure, molecular motors, biomembranes &< Q731 U=

32

3. sl AAdAL] Td #E
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Mitsubishi chemical Ajinomoto®} 3 & o2 HAA A 7]&S J)dtst
a2 o AEEA mE=Ql PBS (polybutylene succinate)E A 4FaFo]

Cargill®] PLA AlgolA AATE Aoz o444+

%
23 A 7}5 biopolymer building-blocks A4, &3k vty C 34
5SS Mt 5 @3 35S AANS S

Niho shokubaix ¥E=wolA 1,3-propandiol At A ol WA dAFS ¢

d es AE T4

. BASFO] HIERY] By AAA] 7]1£9] sttt oial 19719 2asds =9

=
ste] FAIFEY 400% P, A7F 40% Ao ERE AFAT, el of
u A g F S 48kl Novozymed} ofn| =4k H g, 3esA] &
A Aol e F4
Cargill-Dowt Al A FE35t] Alxstd THAE Ul ST
Y52 3 vlo] o EFYWE AAetal low, M f{frtAo] AdF 7

o] it Fold Ao oy

Cargill2 Dowel d=H AlFE niole &y Alde FXsileH, ==

Major7} ot oy A g b= HAl <

vl Z gl PLA (polylactic acid)® &) A ZArE7F 28 F3gd,

=
FHAE SolA 459 ah=oln, &% FebsE Wy g2 4
3 959 Hle= AlFo 2 AA3e] market opportunityE 100

ERES
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ZF. DSM< ‘Plug-bug’ system= 70l AFAA 9] F-4 =

7}.

3ok Aakstel volo Hujz whe A7 el 8T S B
& WPHoR 29, 25% ool AsEAL whele WMo Azt
Hlsko 7 A Q33 ¢S

FAA Cephalexin AATA 71E9] 10807 4 - sheb G wash &
abgo R tiAste], Amsh ol U elA 2t 65% #BH T St

JEF 917} 50% 4o E9Es AFAS

N

Genencor 59| HFo]l o 7|F®T oflY2} Toyota, Sony & HFo]Q H|IH
719 E At lse vd ARAAAHY A or PGristal, 7Rk A5
2 &8 U= ZAY Aol TS ol Jdon, fEAS dAE
gt FozE HEW By, A (Hoffmann La-Roche, S
7-amino-cephalosporanic acid A4t (Blochemie, %Y/ 2~E2¢}), Amino
acids AAF (Tanabe, € *), S-chloropropionic acid A4t (Avecia, %9 =) &

ol &

Mo o

)
“~
SN—"

¢

4. 3¢l WA e wA Ak

7}

.

Post-genome A #2 el & g9 At wlele v fd At
AL gretan Fx7IN @ud sty 23tr)e-Tvh aidy

t}o
A3

gl nlo] @ Full (Maxygen, Xencor, Applied molecular evolution §)E
o
=]

o2
ol

FaL 9l

ol o Ful 2 Fashsl ALEEE
gl ABA Fele ko] 2 %)

1} (Diversa, BioTrove, Fluidigm
FAA, DA, WA A] AR 5 Tt AE FHES AAT Al

= H b
Watstel WEY Y FEE Aol f§ N oy YA AA

A
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M 4 & thats=se| tiEH A+ Al

WS opmedt 0 ol B A

O O Qs =
7}, W&k ofn| :=4k¢l phenylalanine, tryptophan, tyrosine 1@ il 1 @ &
AE g Hoz 433t market volumes TFA8HL S
. Tryptophan< A ¢F¥} 213 Hof &8¢ @ oJdE& zta QJox
Sa META F WAL g PR oF RAFoR A Fuy
Eol Belz AR H7hA SRR Aol
t}. Phenylalaninee % Nutrasweet &7l o3t Az =gl 7u|A| o} ulgt
e fle A, A5 AE 7Y vE ses SAR 28
=]
=4
2}, Tyrosine< 22 @92 Aibyw F-gz1~ Ao A=A DOPA<k
Basedow Z¥ A5} HolnFAZ &84 [12] (& 4)
* 4 WIS ol x4ty &= R A [12]
Listed price (USD/kg)
Use Main producers Market volume (tpa)* Feed/chemical Pharma
L-Tryptophan  Feed additive, food additive, Ajinomoto Co., Mitsui 500-600 48-54 116-133
infusion liquids, injectables, Chemicals, Tanabe Seiyaku Co.,
antidepressant, treatment of pellagra, ~ Kyowa Hakko Kogyo,
sleep induction (5-hydroxytryptophan, ~ Archer Daniels Midland,
serotonin), nutritional therapy Amino GmbH
L-Phenylalanine ~ Aspartame precursor, infusion fluids, — Nutrasweet Kelco, 11000-12000 20-24 30-40
diet aids, nutraceutical, intermediate Ajinomoto Co., Tanabe
for synthesis of pharmaceuticals Seiyaku Co., Yoneyama
(HIV protease inhibitor, Yakugin Kogyo Co.,
anti-inflammatory drugs, rennin Daesang, Amino GmbH,
inhibitors, etc.), flavor enhancer Rexim/Degussa
L-Tyrosine Raw material for .-DOPA Ajinomoto Co., Kyowa 150+ 18-20 34-35
production, treatment of Hakko Kogyo, Tanabe
Basedow’s disease, dietary Seiyaku Co., Yoneyama
supplement Yakuhin Kogyo Co.,

Amino GmbH, Rexim/Degussa

“ tpa, metric tons per annum in 1997 (source: Chemical Economics Handbook, SRI International, 1999).
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2. t=F Ak 9

e

oA

ok
o

4 Q5

7} A%=E A (erythrose-4-phosphate, phosphoenolpyruvate)®] &4 % <7}
(1) - &toll A erythrose-4-phosphate®] &w<S 71417171 Y& =4
] transketolase®] ARl thtAS Hetd A7l A2 A GAZ

st E4E HIEAA ANEE 7ol 7 SRR [12]
(2) Transketolase®] hdL x4l o] A AP FFF9
Corynebacterium glutamicumol| A = Wk olu| = = 7]
(3) ¥} transketolase?] HA&HA-2 w59 A S27F A E FAE8=

42

G6P dh

Glucose > 6P-Gnt

¢o;
Ppe

a9 2. E. coli TANAISY} WS oAt AeE2 A)
dd AR EH =2 [12]
(4) Transaldolase®] #}%3-S phenylalanine®d 433k A4 Z71E 7bA gk,
transketolase®} Al ¥td & 749 phenylalanine®] A4Hdo] ¢ %

7S
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(5) G4 =2 Q& phosphoglucose isomerase®] F+7A5E A AT 44 o
et ol A tryptophan®] AAbS Al F oul 7k A
(6) = 2 A &4 phosphoenolpyruvate (PEP)9 &+ =712 93k A

TE B AT} A9HAL

(7) PEP= A5 AXE diAle] T4 S7HAlolH, &t olA] PEP carboxylase

et
e
i)
oX,
S

pyruvate kinase®] ®&43E F3l4 % phenylalanine®] AJ4ho]

. Feedback #&e 747+
(1) W= oAt A3 HZo| = vt feedback A3l 7F =A]g

(2) Tyrosines 2= A WHA FA

pot
e

2bEol 9l DAHP synthase €739 e sl 74w, allosteric

=537 98] ofn At FAMAIE AFE S feedback A s|7F Ak ek

ok

EdWo] #FE0] AZEAS
3. 3-Dehydroshikimic acid A§4F

7}. 3-Dehydroshikimic acide "3 ofnjx=2t AFAH A2l F
catechol, vanillic acid, ~22] 3 adipic acid & %3 2 31FE
Aegdoly, HZoE 2757 dwAlel oseltamivir (Tamiflu)9]
A8 FF AREHA L &

1}, Shikimateol A ©& @AZ W& 7+ shikimate kinase +dAF7}F

DAHP synthase®] &4 20% A=
A8k A171H, phenylalanine 80%7+A] A8} Al7| B2 AiHAF5L ol&
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5 olF&T (E coli,

S. cerevisae)ol| A 9] Z=§ 4

carotenoid A &4 [36]

Gene combination®

Major carotenoid Reference

E. coli

crtMg, + criN

rr.rMi{ + cm\";: +ortlgy

crtMyy + criNg + criQyy,

crtE, By, + ertl

crtE, By + crtlyp + crtXpy,

crtE, By + crtl gy + crt¥ gy

ertE, Bpy + crtl gy + crtl-byr

crtE, By + ertl g+ cnt¥py + crtCpe
crtE, By, + ertl gy + ert¥gy,

crtE, By + crtl gy + crtl-b g or crtl-ep
crtE, Bpy + crtl gy + crtl-ep

crtE, Byy + crtl gy + crtl-byp + cril-e gy
ertE, By + crtlpe + crtl-byy

crtE, Bpy + crtlge+ crtl-e4p

crtE, By, + crtlpe + crt¥ gy or crtl-bey
ertE, By + crtl gy + crt¥ gy + oty

crtE, By, + r:rrf:-L. +crYs

ertE, By + crtl g+ crt¥ gy + ortyp

crtE, By + crtlyp + ontY gy + crtX gy + criZy;

crtE, By, + ertlpy + C-"]‘C*RS + cn}’;_, +oridyy,

ertE, By, + ertl gy + ont¥ gy + crtp, + ertXg,;

crtE By, + ertlpe + crt¥py + crtg,

ertE, By, + r:m‘fé + ot gy + gy,

ertE, By + crtl gy + crt¥ gy + crtOygy

crtE, By + crtl gy + crt¥ gy + bkt

crtE, By, + CFJ'I:-L. + cn‘}’:-y + ortWy, or crtWg,

ertE, By + crtl gy + ontY gy + crtWy,

crtE, By + crtl gy + crtY gy + oty + bkt

crtE, By, + crffi'_-b. + C."]‘Y:-L. + oty + mﬂu +criW,,
crtE, By, + ertl gy + cnt¥ gy + ortdy, + crtXg, + crtW,,
crtE, By, + ertl gy + cntY g + oty + bkt

ertE, By + crtl gy + ortY gy + crtZpy + ertWy
crtE, By + crtl gy + crt¥py + crtdyy + criWy,
crtE, By + Al-1 + crtC

crtE, By + crtl gy + cn‘ﬂs +ontDyg

crtE, By + crtl gy + crtCy

ertE, By + crtl g+ crtCpe

g MLy,

crtE, By, + ertlpe + crtCpe + crtDys
ertE, By + crtl gy + crtEbey
crtE, By, + crff:_-b. + crtEbpg + crt¥epn + crt¥feg

Yeasts

criE, By, +cril

ertE, By, + ertl gy + crtY gy,

crtE, By, + ertl gy + crtYgy + entf,, + cntW,,
crib, By, + crff_-b.

crtE, By, + crff:_-b. + crt¥ gy

4.4'-Diaponeurosporens® Wieland et al. 1994

Diapolycopene® Raisig and Sandmann 2001
Diapolycopene® Raisig and Sandmann 2001
Lycopene Misawa et al. 1990
Lycopene Verdoes et al. 1999
p-Carotene Misawa et al. 1990
-Carotene Cunningham et al. 1996
E-Carmcnc Albrecht et al. 1997
C-Carotene Takaichi et al. 1996
C-Carotene Cunningham et al. 1996

ep-Carotene
e-Carotene

Cunningham et al. 1996
Cunningham et al. 1996

-Zeacarolene Cunningham et al. 1996

{eurosporene Cunningham et al. 1996
Dihydro-B-carotene Takaichi et al. 1996
Zeaxanthin Misawa et al. 1990
Zeaxanthin Misawa et al. 1995b
Zeaxanthin Linden 1999
Zeaxanthin Verdoes et al. 1999
Zeaxanthin Albrecht et al. 2000

Misawa et al. 1990
Takaichi et al. 1996
Albrecht et al. 1997

Zeaxanthin-f-diglucoside
Dihydrozeaxanthin
7.8-Dihydrozeaxanthin

Echinenone Femandez-Gonzalez et al. 1997
Canthaxanthin Lotan and Hirschberg 1995
Canthaxanthin Misawa et al. 19952
Canthaxanthin Misawa et al. 1995b
Canthaxanthin Linden 1999
Astaxanthin-f-glucoside Yokoyama et al. 1998
Astaxanthin Yokoyama et al. 1998
Astaxanthin Kajiwara et al. 1995
Astaxanthin Misawa et al. 1995b
Adonixanthin Misawa et al. 1995b
1-HO-3" 4'-Didehydrolycopene Albrecht et al. 2000

1. 1"-(HO),-Tetradehydro lycopene Albrecht et al. 2000

1. 1"-Dihydroxylycopene Albrecht et al. 1997

Hydroxyneurosporene Albrecht et al. 1997;
Femandez-Gonzalez et al. 1997

Demethylspheroidens Albrecht et al. 1997
Flavuxanthin® Krubasik et al. 2001a
Decaprenoxanthin® Krubasik et al. 2001a
Lycopene® Miura et al. 1998b

f-Carotenes Miura et al. 1998b
Astaxanthin® Miura et al. 1998b

Lycopened Miura et al. 1998a

p-Carotened Miura et al. 1998a

2 C30 carotenoids
B C50 carotencids

© Candida utilis as a host
d Saccharomyces cereviseae as a host

gf. SolstAE o] EH2 dHE AlQstal it FAAE] o] F s FolA
wdo] 7heste], olFwT FE AT SAHE 15070 FAAe]
s 23S T dFAAdEE AT FE olFAe (& 5 [14]

ab, 283l AFAQ] isoprenoid FH Y F7HE 9% IPP AFAH A=Y x4
ANzF FAA 23] dd #d 24", g AEw Qe AEolY]
ol FA¥ carotenoid A% FxFel ol digh AF7F wol o] FolAl
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474 Polyhydroxyalkanoate®] 234t

1. Polyhydroxyalkanoate®] &4 % &
7}. Polyhydroxyalkanoate (PHA)E & g8 952 2 d48Ad o
o, ks A Aol oA FAEE HAAd EYHE2E AT
. v E 7b & A3 E PHAE poly(3-hydroxybutyrate) o] A 5 1407) o] A2
GFA 7 EAE
o PHAv YAz 7+% &7, 7t4yg23A, A8 o ol &y, koz
AAH ZetaE Aak FE o]lE AY [3]
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Polyhydroxyalkanoate
A A= [37]
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