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Abstract  Macroalgae has been strongly touted as an alternative biomass for biofuel production
due to its higher photosynthetic efficiency, carbon fixation rate, and growth rate compared to
conventional cellulosic plants. However, its unique carbohydrate composition and structure limits
the utilization efficiency by conventional microorganisms, resulting in reduced growth rates and
lower productivity. Nevertheless, recent studies have shown that it is possible to enable micro-
organisms to utilize various sugars from seaweeds and to produce some energy chemicals such
as methane, ethanol, etc. This paper introduces the basic information on macroalgae and the overall
conversion process from harvest to production of biofuels. Especially, we will review the successful
efforts on microbial engineering through metabolic engineering and synthetic biology to utilize
carbon sources from red and brown seaweed.
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Figure 1. Overall process for bioconversion of macroalgae
to products (especially, biofuel). Polysaccharides in red,
brown, green seaweed are hydrolyzed during pre-treatment
and saccharification process. The sugars are then metabolized
and converted into biofuels by microorganisms(e.g., E.coli
and S. cerevisiae).
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Z 5 H(formic acid) 5ol A E T [31]. wEbA, &l
Tk 20e W3lE s soA BAEe Ty
< A% HAgehs Zlo] dasit H, 4 S
2 7HE del 2ole a4 A, Ajke ARS
gkl T2/ FolA 7P xS 7 HAHEE £
Mehe 39S AAstet A7 AP [32]. 4

ARl x4k A9 kAl A ES AP B
7hHed B o8, dA 2R ZQ FFolzt AYH F
styAo]l EASHA ettt oyl d4ks o '®
AdoE AE & e oY Y rdEEC] B
aEJA=H, F =Sl 7HA L A= &4
3l &4 (Alginate lyase)E ©| 83t % I33A
< M 5 s o= B [33-36].
EXZRE S& HO|2 HE Wit

TEFE TE I, AEE S FOE FAH
AsH, A Eoll R aAadE AAge A dEES
(Galactose)®} EE(Glucose)E ©HAYOE S

ATt (Figure 2).

Sugars from Red seaweed Sugars from Brown seaweed

Galactose Glucose Mannitol DEHU
1 ATP—ADP l l

Galactose Glucose-6-P Mannitol DEHU
ATP—ADP 1NAD‘—»NADH 1

ADPATP. NADH->NAD*

Galactose-1-P Fructose-6-P <— Fructose KD
ATP—ADP ATP—»ADPl

Glucose-1-P F-1,6-BP KDPG

DHAP — G-3-P |
NADH<«NAD* 1 l

L 1,3-PG — 3-PG —2-PG —> PEP— Pyruvate
ADP—ATP

ADP—ATP

Figure 2. Metabolic pathway of various sugars from
macroalgae.  Galactose can be  converted into
Glucose-6-phosphate by several enzymatic reactions (Leloir
pathway). UDP-Glucose and UDP-Galactose are also related
in galactose metabolism, however, both were not shown in
this figure. Mannitol is converted into Fructose-6-phosphate,
but not in S.cerevisiae. DEHU generates Glycerol-3-phoshphate
and pyruvate. Symbol:G-3-P, Glycerol-3-phosphate; DHAP,
Dihydroxyacetone phosphate; 1,3-PG, 1,3-biphosphoglycerate;
3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP,
Phosphoenolpyruvate; DEHU, 4-deoxy-L-erythro-5-hexoseulose
urinate; KDG, 2-keto-3-deoxygluconate; KDPG,
2-keto-3-deoxy-6-phosphogluconate

o] i dojx= AFEAE TLFo| o] JAA =,
52 v EES A 7Hs3EA R, “Leloir 3
278 Bt 2ET-6-Qto® HdHo g
A (glycolysis)oll Froqst7] wiEoll Lol H|slo
=2 AEE7E Doy XA "} [25, 37]. AA
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A T2 oY) oF 39% =9 AFETE BRI [25].
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A=, SEZ7HAHEE 4 B3 & FH, S
(solventogenic) P1A& <1 Clostridium tetanomorphum
ATCC49273, Clostridium acetobutylicum ATCC824,
aurantibutyricum  NCIMB10659, and
Clostridium beijerinckii NCIMB8052-& ©]-83}o] &
TS AN, 4 ] A EZX A B obA
E 4Hacetate), F-© 4H(butyrate), ol EF-2(ethanol), o}All
E(acetone) 52 =0l ALY S ERISIHY. 1
A3, C. acetobutylicum ATCC824 TF7}1 ZAHFEX
WAHSE T Egom, $EA R Bo A4
o] 7h Wtttk [41].

el gulAA PIAES BESE AL o,
ot A8} 7] < (inverse metabolic engineering)< &
3 ZHEXE ME SE2 tAsHY] T ATE
W S ATk WA, Saccharomyces cerevisiae®] HAY
A& 2~5kbe] AHOE whEo] FgtAv|To F2
Y3k 3, A E2 aj Ao A Al s st
*4%4\—1:7} w2A Yehue 755 SR o

T dlg w5l 23= %E}éﬂl‘:?— glste] det
Ei Akl B3Rl RS Elski. gid
% A= SEC53(phosphomannomutase), SNR84(small
nuclear RNA), @& o] 24% TUPI(YREAR]
zx.d_mw)omonq A fAAE 3 2d A2
2 A% ZHEL A g oSl Tl o
2.5HH —0—7}L AE YEAT [42].

T3 71E] AR FEARE VEAE AL
o2k g EX tiabEo] wokzl dxpr) Ba
H A} S cerevisiae®] ZHFE2 HAZZE 243}
+ S4xH @ HQl GAL6, GALSO, MIG1S 4
Aol A 2kAIgE A} oF 41%2] €4 thAFEo] S7ts)

5 1 (4.25 mmol gal/lg CDW/h), ol &2 o] A4k
A} T3} 6.48 mmol EtOH/g CDW/h & 239 % =719
Ang Gep) Ak [43]

AW, BeEs AR ST Anes

Clostridium

© TEHA g2, TR/ 3 Fols 2
gtEmn ol g XEg % 37 A8 wjZo)
T [44]. 232 A Eo] HSsts AU o EA,
e AU A Qe Ag WA deHo g o

ALZE o] R0l Rt} [22]. o] Ed =4 7]12HE F3) v
AEL Bads dg98os And 4 A HA
Tk ol & FA A= thAE = gAY o] WEke
Aol A A A7) (lag phase)7} AB71A Ha A}z o
2 QAo dojx= o] ATt [45, 46].

UA AFT TA AL 73S FE3H7] 98 A,
Zerdo] fajE7] Al oA Fefjo d=nto]le
Z>(cellobiose)E ©]-&3t] FAAL 7538l ES
g AT7F AAEAS AT A, JFgH o2
o] H2| ke ¥ E(cryptic operon)S 7FA AL
A=, ol& F asc LAEH chh LHES 3
dHFS 7IA = FAA ZZ ZE(constitutive pro-
moter) S AH&-3t] AR o] dojd = YA 3
oh 1 Ad op Y 0] A A =Znlo] e 29 o
A7V BE7VssEAI R, 73 ‘%}?ﬁi VA =5 245
$ol= druto]l @ 20 A} 75T [47]. S.
cerevisiae®] 7339 = Neurospora crassa V1 EZ 5
E] A 2 ¢ ~E Y(cellodextrin) 5T A 3} A 2
oA 2FFZ A H o] 2x(glucosidase) S L& sFo] Al
Zhulo] o 25 At =S & 4 UUTE [46]. ©] F
7HA e B AlEE Yol EAste S FIZaE
CCR 7]%o] FFES A9 mAA gethe A
&3 ZolH [46], AHA o2 HAATEH 259
SAHAZE 7hHs s AT S, cerevisiae®] 73-F-, S
A 25 ol ek Aatell 2 8AZS o Al A%
< 64% STt om, ek AL 2 AL
29% S7Fste AAE ERISIATH [46].

=, e FAA HPE AFHoE =4
shal, B4 thALS 29 JHA S Fot] d=tEX
of TS FAUALE 7HsA 3 A7 BaES]
o A= EX AL BRI 2ol Hl§) H3tstal,
AEAE HoAAAAR G AT galR A
AHA 2 AL 2 ] - 2K (galP, pgm, galE, galT,
galK, galM)®] AEELH ZTIZREZ wA 2
mRNA 2] 5°UTR(5’-untranslated region)= = % 5}3j|
TAT [48]. T A HAHELS fd BAadoR
sk HiA oA o] AR~ dAbe ‘ZF
53% S7FEAAL, SR =T oF 45% S7HE
Sl = AT [25] =%, I AE Eodﬁi
A3 i A4E0] CCRA 22 Td =4 74
w22 eral A FA HAlgel wet, g &
SE27 FAUAE 75 e RAFAT [25].
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AHE2E o] &5t &S oo A o
2 3g] AFEL 5];(]1:]- Exo = 93 1T A
Aol o] 1™ (2R, 3R)-F-EHT] 2 (butanediol) S A 4F
starzl sk AT 7E WA H AT [49]. v FEAEE T}
Z B A &4 (pyruvate  decarboxylase)®] B]ZAd 3}
MTHI(EER Ash Bad AARIzhe] sad
2 Z18}3} 4 (adaptive evolution)e] A3} T3} -
S22 B0 BT PER AR, REHEL
AT [49]. ATolA AR 5 ol 84
&9 o 10%Y=E Ao, vﬂﬂﬁ%k(fed
batch) 2} 300Xkl A3} 100g/L 7hA] A4k 4
AR [49].

Bog FTXx 9] gHd(agar)o] EalEH ZASE
2 olglo = T2 E2+(3,6 anhydrous gal-
actose)j}- /\@/\}5] E-]] [50], A E X~ g ool A
AFE HARE o] A thAeA EaT @)
22X 36-FradYgES AA S FFA Z Aol
QA [51], FF vhole GE A4 A3kl vl
i Aole 2 Bedgel Aadow ds
nlole SgEE Asd 5 lojob Ak mekA
3,6-FFAgES H-_'c:f} A0 OAE F A=

Fo Mol Hod Aow HAY

4F(Mannuronic acid)®} =5 &4 guluronic acid)®]
B-1,4 23t 1 E8EA FHE A= =42 TF
me} TR EAt o 2 FAH e iy SFE
Ao ® FAEN BE, T893 F AV EF
o A& FiEol AT [34]. A4S F= FAS)
A (stabilizer) Y} 57 A (viscosifier), 2% 3 7He(food
additives) 2 AFEE o] =t [34], &4 ALY 5
J%E mul oYz}, HkA Q] HYEEE YAFSHA

ot ok, dXi4ko]l 23 E Q= A REE H
Oli Al AR S WA = Sphingomonas
sp. Al & A7 HgEo] &4k Fadtia &
A AT [36, 52].

AEFE 5o vlo]e dnE *3*&'8}71 914
eN
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off
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£ &85t oehES AL

BMME} [44, 53-55]. At} Ak 2l B
2~(cellulose) B & E?]-Lﬂ o] /\(glucanase)

NS AH Zymomonas mobilisZ5-E o &S A4
2E°] =YE E coli KOIl #F5 01%0}01 o gH-&
LS Frtsk T 1 A3} oF 04 g ethanol/g sug-
ar ) ANFS DYoL} TS T AR F W
S5 2RITW PABD BOLL B AR
Z37] Wil 7 R BaAs BAT [44]

ARgog pole FFZ AHAO
T Yo, AAE G4

A& 5 A= Sphingomonas sp. Al
S AT RO EAT [56]. Sphingomonas
A s R E Tl = ST o &ah=d,
LA ARZAE AE WE S99 5 de wHA
& 2R3t ok [57]. &, AN BAE A=
YWE Boj5o Mz e I Bl assE &
SHAIA thARE Al Hot slE AT RS o] FAE
ol Z. mobilis e NEE AIE FH A H(pde,
adhB)E F7H2 02 =481, o8 A4 329
BAES FAA AolA AR A 3L AA
13.0g/Le] A&HE&S AASEATH [56].

A2, dAE 2 AUE ARE AT
4k A IS ATH A BaEQ
t}. BAL(Bio Architecture Lab) L&l A=, 78 o
FAQ v ABER] E colis ©]-83td &4 thALE]

g 75 =Yt A3 Ak [52, 58] €31
AHS 28] ¥ (oligomen) 2 B3 < U= Aly E4AF
Pseudoalteromonas sp. SM0524 oA =3 L
o|F A|E Hto® FHA7|7] $f5to /‘ﬂii‘?i%@_
(cell surface display) "WH O 2 AHZ E. coli AHA| 2]
Agd3d} 5 @iid e HEn. FUkE dd AL
< ot Az FRA HiA R EH] HEE 53
of Buje §4% AAHE 704 S8 E Vibrio
splendidus 12B012] A& gho] B 2l g
(fosmid library) 2 A|2}sle] SR ¢HHhilzd s 5
 AZ W= =AHAL, o] F F7H2Q 450
o] sl @EFA(4-deoxy-L-erythro-5-hexoseulose urinate,
DEHU)Z &3l %o A= AT} (Figure 2). &3 o
2 ogg A IRE =903 A3 ZxFo 4dF
{1 Saccharina japonica=5F-¥ 47147 T ES T
AFte] €k 4.7 % vive] dlEE ALEEFS B AT [52].
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T3 US HZ AT7E A= S cerevisiaes 7N St
o d4HE S F e A7V IPHAG

[58]. 719 AFolAE &4HS S8 FHE
MEZ WZ FE3te] WASEE AT, Asteromyces cru-
ciatus V| EZH-E DEHUE AlX W2 5
UeE GHADHTHS 48 2 TAAHT. =3
DEHU7Z} Al W2 S0 o] %o sfgdagel 3o
SHA H&= 4 S0 B3R FRO, V. splen-
didus frel 2] DehR E4E SYFOZH tIALS| =
5 T F AAJY. FIMHE O Z | S cerevisiae2] 73
S WU E9] tlA B2} Ecolie] AZEnlo] 9
AAH B A Fe 78 A cryptic gene) = F
ojlol WA E7EsSEAIRE [59], M2DH(man-
nitol-2-dehydrogenase) &4} 5o -S 23 A
A BB oA 5 AES s HEH o,
T4 F33A S 53 DEHUZ 288 wjx|olA s
cerevisiae's W]t oeh&S AAST 11 A
oF 46 % vivel olhg W4T} o] 27 80| §3%S
A= 7 AAT [58].

Table 1. Total amounts of generated ATP and NADH from

each sugars during glycolysis.

Product ATP NADH
Galactose 2 PYR 2 2
Glucose 2 PYR 2 2
Mannitol F-6-P 2 3
DEHU G-3-P + PYR 1 0

27 Ao A F7HA 02 Agsiof &
A, &xl4ke] @kl DEHUE tlALSHAl =4 3
g o A 2] & ¥ (reducing equivalent)] YA &
o] TEF(1EAF 2712] NADHAY4holl Hlshe]
%3¢ JEl(DEHUS] 79 NADH A4 & §l5)ldl,
oo Hlste] WM &S ARG oA 2= vl
st F74A <l S =€ 1A 3712 NADH)S A3
/33t (Table 1). SHAd o] #& -2 A 433 At
= SIRHE(53], vlol 2 A R)o] A4k A H o=
B HA7] wzol v FL3tth [60]. wHEkA
7HA G adE SAlO] tAbSHA 2 ) dRA o

—n

2 Agate] aoE g #YS A=
o /\g

0 Es & F s Ze=

2 =

2 THAE, vl BAYeE F5E W o
ZRE AE FAS S5t vl dRE st
a2 g FHZ Aol et ATfskd T thARE-S)
2 AHYESS ot s x2Fol X3¢ dadS
A7) 913 =S50 AFF oo, ko g9
A 7hsAde]l 8 ASE A, AA7A =
T2 GAUS A 918 A 2 Jide s
o 7] wZoll, viol 2 AR EA = oe-Eol g
AEo] Yl Holth AL dE FAE A=
of Hiole ARE EZFI 4T sig=E AHA =
E =dad el Aol Hsdk AAtA B
(advanced fuel), 4

S YA H5 Ao
© FNARE thASte] NEFE Bkl Hole

AT B HATL ANSLA T
T
-

_

(o

ZAfel 2
B AT sfduto] et dAlaAd Ty A

o2 FYPEPth
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