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Production of Biofuel using Hazardous

Alien Species Spartina sp.

Hyun Jin Cho

School of Marine and Fisheries Life Science (Major in Biotechnology),

The Graduate School, Pukyong National University

Abstract

Growing public awareness of renewable energy, zero carbon and
climate change is driving interest in the use of microbial fermentation
technologies for biofuels and chemical production. This study was
performed the production of ethanol and 2,3-butanediol from Spartina
sp. as lignocellulosic waste. The invasive alien species Spartina sp.
spread in Ganghwa-do, Han River estuary, Republic of Korea was used
as a blomass resource. Waste Spartina sp. has high carbohydrate and
fiber contents which can be obtained sugar.

To obtain a high reducing sugar yield from Spartina sp.. The
enzymatic saccharification and thermal acid pretreatment conditions was
optimized. Experiments were carried out with various acid catalyst type,
acid concentration, enzyme type, enzyme mixXing ratio, reaction time and
temperature. Finally, after adding 300 mM nitric acid (HNOj), 10% of
biomass content heat treatment at 120°C for 60 minutes was selected as

the optimal thermal acid hydrolysis condition. When enzymatic

Vi



saccharification was conducted for 72 hours with Cellic CTec? single
enzyme after thermal acid hydrolysis, a maximum vyield of 90.66% of
enzymatic saccharification was obtained.

Ethanol fermentation using Saccharomyces cerevisiae SRS, Candida
tropicalis and Kluyveromyces marxianus was performed on the Spartina
sp. hydrolysis. Among them, S. cerevisiae SR8 produced 16g/L ethanol
with Yzon=0.39 at 72 h.

To increase the production of 2.3-butanediol (2,3-BDO), the ethanol
production gene adhl and the 2,3-butanediol production gene BDHI
involved in the 2,3-butanediol pathway of S. cerevisiae SRS were
engineered. Then, ethanol production and 2,3-BDO production were
compared through fermentation in the Spartina sp. hydrolysis using the

recombinant strain.
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pneumoniae, K. oxytoca S°| St} ol I Il
23-BDOE Aitd & oy A=ddsH 25w e® ER¥0l A4 &
ol A48 A B At 2 9AE et S AYa Q7] o
3k theto &2 &Rl Saccharomyces cerevisiaesS ©]-&3F 23-BDO A4k
of that A 7} AadH o, a3 GRAS(Generally Recognized As
Safe) @2 <tdel #Fx4 A7 & deAd A AR ERE=
2,3-BDO Aatgro] vro} thatg et o LA 7E 4o st7,17]

B 3= S cerevisiaedl A E=& 23-BDO ABAMEHS A7) 3 WY &
CRISPR/Cas9(clustered regularly interspaced short palindromic
repeats/CRISPR-associated systems9) 7| < o]&3 42 AxFgS A
=3kl

Cas9 32k 7kl 71&2 A5 #lolgl=e Hdol didtstr] fgh qhe
gote] AFgHAgmAYFoR  2I7fHAT18]. CRISPR/Cas9 Al
DNA| =¢1dolE =dets F 74 8 A2 7= CasH= 7
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WE ) Adz(Falsi B =deDol ZAste] ALE e 2 A AdS

oY Fo g BFHEE ALE(Spartina sp)ols AEZS2Z 29 nAE
227 FHS Ao=r BadE vl gloj[9], ¥ AFdAE olE HaxAdE
| &3] AR 2 3A4AYEE 35

2% Auagead Fo P4 B9 xylosed WAF & 5 e Ax
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22 diolowja=m
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2. A5 H UH

21 A3A=

B Ao = 23-butanediol HEES Y3 nlolewjag dfUIA T
& 7F sholl A Al A 73 AEE(Spartina sp)E AHESEATE 7
A AEES AHS X303 eAEA AAE H8 33 AFEAeH, z
4 mmeQl A =E¥HE EEste] A}

1
Sl AZEe FAAES SHHTG R FAARSFA T L0 Bt &

BAHH,SO.) 200 mMoll Als 5% (w/v)E 3083 A Azl & A
AIZE 60, € HHg=% 130TColA A7l E X8t 3 10 N NaOH
& o]&3to pH 5.0o=2 F3lsldtt. @4% Cellic CTec2(Novozymes,

Denmark), Cellic HTec2(Novozymes, Denmark)ES AF&3th @d & A9}
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T E3AE 47 1, 21, 31, 41 v &R &3] AR FAY 20%E A
713k 3 k) ol A 50T, 150 rpm O E 72417 B Wk A AT EA
AZE 2447 vith A F o] A E AT FS SHsA o
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A7IA ASpst 24D Al AAAEE SHTY wX(g/L)olH, TC= A
2 (Spartina sp.)d & Er3}E(total carbohydrate)?] & (g/L)o]t}H5I.

2.2.2. GA7} £ 3

T2 FF 9 BAYE RS AT F AT s 24
2 A ER, WSS, AFE, dolevls FE, MANEE HHots

ot Working volume 40 mL 7]& A#E A% 5%(w/v)ell 200 mMe] &
2HH.SO,), ZAHHNO;) HEv FAHHCDS #A7Fsk o5 130TedlAl 30 -
90F FF At A FF L A At BE AAYELES Y]
< dA7 2%(100-150C), A& %=(100-500 mM), AEE A
TE(25-125%(w/v)), A AIZH0-120 min)S WMFE st on, BE
4

Aobend % Adse aigas Ags.
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ALES it 7his 32 aadstete] 42 7t AteEs o8-8t
of et WFEE WPt Xylose 2H| 7} 7Fsdttta 4d X Candida
tropicalis, Kluyveromyces marxianus®t xylose WA} 7VesbA A 2%
H S. cerevisiae SRS HETE TEZ AFESITH24, 25]. Al &R EF
working volume 50 mL<% YPD broth(yeast extract 10.0 g/L, peptone
20.0 g/L, dextrose 20.0 g/L)oll A 24A17F &<t vl =] SITH2].

gd are dAEZ7IE ol&ste] HiAE AAE F 250 mL flask
okol 100 mL working volume?] Z&ujxlo] HZF &R F%7F O.D 600
nmol A 08¢] HEZ HFEAtH2] dEMAE ALE JtFE e
H| £38le] 7hpdslEey 9 &S 3183 glucose, xylose, glucose®}
xylose &% WIAI7F AREH AT Zhzbe] HiA|e] 25 g/ NH.CL, 50 g/L
KoHPO,, 0.25 g/ MgSQy, and 5.0 g/L yeast extract’} F7l=2 &35
ow ALE JlFEAENS o83 Ha® A APHUH HE &
shaking incubatoroll A 30T, 150 rpmC 2 120417 E¢t wjokstgion A
4 Alztuith AR5 A SR TH2I.

A&+ 17000 rpmeol| A 1538 & 9 s & AT dS FAs R o
ol €t2 & A4 (Ethanol Yield Coefficient, Ygion, g/g)s= 2 (2)& e}
W ATH26].

uu?

Yreon (g/g) = [EtOHlma/ISugarlin; 21(2)

1714 [EtOHlpa= 98-S 23S =5 AAFHE Y e 5%
(g/L)o]lH, [Sugarlnys o2 g %=7] o 349 (g/L)o|tH2l.



2.4. CRISPR/Cas9 A/ 2"& B3 a5 N

241 45 H wWjg=z=A

= Matstr] Y8 FEdistal Yeast Metabolic Engineering <374
2RY 4L xylose 4FA7F 7V seAl MFE S cerevisiae SRS A3}
ATHIL, 14]. ¥ dAFelA AHE 2 759 BEe d59 FgavE=Es
Table 1ol YeEbATE #F2] wikS YPD brothE o] &3] 435 A}
AeupA R FAAAB00 pg/mL hygromycin - B 2 100 pg/mL
nourseothricin) & AF-&3tR o™, ol& i3k aA A A A 2wk
H At} Seed-culture= & 714 22718k 30°Col A 24A4]13F &<t 150 rpmell

A e g s



Table 1. Plasmid and strain used in this study

Plasmid or Strain Description Resources
Plasmid
A single—-copy plasmid containing
PRS4IN-Cas9 Cas9 and a natMX marker [12]
A multi-copy plasmid containing a
pRS4ZH Hygromycin B marker [12]
Strain
F®80lacZAM15 A(lacZYA-argF)U169
FEscherichia coli recAl endAl hsdR17
DHb5a (rK -, mK+)phoA supE44 A - thi-1
gyrA96 relAl
S. cerevisiae D452-2 expressing the
xylose oxidoreductase pathway
derived
Sacchar, it from Pichia stipitis (XYL1, XYL2, -
cerevisiae .
and XYL3), Aald6, adaptive
laboratory
evolution on xylose
SR8 with Cas9 protein expressing
SR8 pRS41IN-Cas9 ] [13]
plasmid
SR8 strain with insertion of CCWI12
SR8 CCWI12p-BDH]  bromoter insertion in front of BDHI This study
gene
SRS _Aadhl SR8 strain with deletion of adhl gene This study
SRS SR8 CCW1Z2p-BDHI strain with
deletion of adhl gene This study

CCW1Z2p-BDHI: Aadhl




2.4.2. CRISPR/Cas9 A 28< $3 $34 H2d 2L 24

b

2,3-BDO AAtes Z7FA17]17] 918] CRISPR/Cas9 7I|Ho=z FHdx 3
e 2 AbA|Edth WA 23-BDO Aatel #ojstE BDH1I 4 #He]

promoterE strong promoter® <& % CCWI12 promoter® LA s}al of g

& gavel gojahs §AA adhle AHal s CHIS],
FA7 224e e 2ol $4% CRISPR/Cas9 A28l< o] 4349

BDHI19] promoter®} adhl~ € < 20bpE Guide RNA (gRNA)= t]x}<lst
Atk 20bp sequence™ 57] NGG protospacer-associated motif(PAM)
sequence % 2} A9} A¥s 4= = binding sequenceol] 9] X3k A
o2 FA3ET1,3]. Al#E gRNAE PCRZ S%39 E coli DH5a0
transformationst®] pRS4IN-Cas9¢l transfection 3t TH1].

Donor DNAY: 7} 4 A9 specific sequence F£2 22 F AEE A
25 0™ gene binding sequence®| 9 A8l ¢k 50bpe] 2% DNAZ
d¥ o]l Donor DNA 4 S 98l HxFQl ¥ primeret gRNA+ Table
20 vER TSI

Transfection® 5+ nourseothricin 100 ug/ml. % hygromycine B
300 pg/mL7F ¥3E YPD A wjAlo A AW E At} Transformation <]
2= 3slr] s tlAd® primer®t EmeraldAmp® GT PCR Master
Mix(TaKaRa, Japan) ©]&3te] colony PCRE 3o ALg=
primeri= Table 39 YWEFNATH3, 4].



Table 2. gRNA and Donor DNA primers used in this study

Name Sequence (5° — 3’)

ATTCTTTCCTCCTTACG

pRSAZH BDHLLE | o AGAGCTAGAAATAGCAAG

CGTAAGGAGGAAAGAATAG

PRSAZH BDHLLR | o ATCATTTATCTTTCACTGCG

CTTGATGGCCGGTCACT

PRSAZH adhl.LE | G T TAGAGCTAGAAATAGCAAG

AGTGACCGGCCATCAAGTT

pRSAZ adhllR 0 ¢ ATCATTTATCTTTCACTGOG

CCTTTTCGTTTCGACGGAGAGAAGAAACCG

Donor BDHLLE | /64 cCCATGAACCACACGGT

ACCCTTCTTGAAATATGCCAAAGCTCTCAT

Donor BDHLLR. 1 1 A PTGATATAGTGTTTAAGC

CAATATTTCAAGCTATACCAAGCATACAAT

Donor adhl1E 1 0 A ACTATCTCGCGAATTTCT

CTTATTTAATAATAAAAATCATAAATCATA

Donor adhL.LR 1 A GAAATTCGCGAGATAGTTG

10



Table 3. Colony PCR primers used in this work

Name Sequence (5° — 3’)

colony_BDHI.1_F GCCGGATTTGCTCACGCTAC

colony_BDHIL.1_R GTCGGTTTGGATTTCTGGCCT

colony_adhl.1_F ACGGCCTTCCTTCCAGTTAC

colony_adhl.1_R CCTGAGAAAGCAACCTGACCTA

11



2.5. 2,3-Butanediol ¥&

ATFES G4 7hr s 2 g49stste] & 7 AHES o &3
o] 2,3-butanediol & & T3 Th Xylose HHA Vs34 AxTEH 5

i)

S. cerevisiae SR8¥ F7}E CRISPR/Cas9 7|HozZ /M3 #3355

8 FR2 ALY F 25 working volume 50 mL¢e YPD

i

broth(yeast extract 10.0 g/L, peptone 20.0 g/L, dextrose 20.0 g/L)ell A
24X 3F E)F A g A

Hgd aRs dAEY7E ol &ste] HiAE AAE F 200 mL flask
¢to] 50 ml working volume®] W& riA|o] HZF= &% %7} O.D 600nm
A 08°] HES HFeAT LaMAR ALE 7t Ates £33
= YPujA 7} AtgE Qo thERFLOFE glucosedt xylose £38HE YPHE A
7F ARgEA e FUtE APE Vi Ets o] &% HER 3 19

Hth HE $ shaking incubatoro]A 30C, 150 rpmo 2 1204137 &<t
HjFstd o dA A talthk Al8 5 A8k tH16].

12



2.6. EAUY
ATE drb7bris] 2 24932 AAdE Y-S 35-dinitrosalicylic

acid (DNS)® © & spectrophotometer (V-1100, EMCLAB Inc., Germany)
= o] &3}e] 580 nmolA =A3A o, glucose (Sigma-Aldrich, USA)Z=
TEA2 A9 AE 3% 3 spectrophotometerE AFE-3H S
™ 600 nmell A =4 ATH1]

ZheRsE 2 g2 AR glucose, xylose, ethanol 2 2,3-BDO %
= HPLC (Agilent 1100 Series, Agilent. Inc., USA)®} RID (refractive
index detector), Aminex HPX-87H column (Biorad, USA)E ©]&3}o] &
A8 AL

I3t Axte] EAF A= SPSS software package(ver. 23.0; SPSS
Inc., USA)E A}-83}9] one-way analysis of variance (ANOVA)=Z #2435}
ATH2].

13



3. 23 4 n&

3.1. A Z(Spartina sp.) AE 4

Lignocellulosic biomass®! ZA¥-E(Spartina sp.)d T+AAES A3 2
I AH 33.16%, @A 7529, AW 0.98%, ash 9.84%, ®©3}&E 485%7}
ShfrElo] At Table 4] o] A3 AEZAA &8 = A= F @53

= GEE 8L66%E volem R st gestal.

14



Table 4. Composition analysis of Spartina sp.

Composition (%)

Species : 3 e
Fiber Protein Lipid Ash Carbohydrate

Spartina sp. 33.16 752 0.98 9.84 48.5

15
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Fig. 1. Effect of enzymatic saccharification using various enzymes and
mixture(C : Cellic CTec2, H : Cellic HTec2). Cellic CTec2 and Cellic
HTec2 were mixed in 1:1, 2:1, 31 and 4:1 ratio.
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322 47t =21 HA 3}

HHEE L BLYHE A4 F DR A9zAL 2489
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Fig. 2. Effect of acid catalyst and thermal acid hydrolysis time on
saccharification (S.A : sulfuric acid, N.A : nitric acid, H.A : hydrochloric
acid). 0 h and 72 h indicate after pretreatment and after enzymatic

saccharification.

20



(A)

(B)

50 100 50 100
. 0h
Oh
5 7oh a [ 72
a
5 a [} a o E (%
o (%) . L [ sth a a
4 L < a
40 b 80 40 , s O % 80
- E = - M = > []
E c E c = T ~
5 30 ) L 60 5 30 [} 60
o _ o -
S = = =
F = @ =
> - &
S 20 F 40 S 201 k40
S S
=1 =1
I °
o o
104 F20 104 i 20
0- = = = = T 0 0- T T T T T 0
100 10 120 130 140 150 100 200 300 400 500
Reaction temperature (C) Nitric acid concentration (mM)
100 100
. 0h I 0h |
= 7 t 100 = 72h . 100
a E,(%)
o E(%) ﬁ o 5
80 | o [} 4 80 | [} b b
¢ ¢ ¢ T o I * 3 &
— . L} [] F 80 — [
< = EI M M
> =
= 60 5 607 .
2 0 =3 % =
@ = 2 .
=3 Cg P=3 w
o w =
5 S 40
S 4 E] F 40
E] F 40 = d
5
o @ [ ]
204
20 2 20
0 y ! p s 0 ® 8 M 2 ’
25 5 75 10 125

Biomass concentration (%)

Reaction time (min)
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S. cerevisiae SR8, C. tropicalis, K. marxianusS ©|&3to] 2385} on
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Fig. 4. Ethanol production using engineered S. cerevisiae SR8 with (A)

glucose, (B) xylose, (C) glucose and xylose mixed media, (D) Spartina

sp. hydrolysis, and (E) only Spartina sp. hydrolysis media.
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Fig. 6. Ethanol production using Kluyveromyces marxianus with (A)
glucose, (B) xylose, (C) glucose and xylose mixed media, (D) Spartina

sp. hydrolysis, and (E) only Spartina sp. hydrolysis media.
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3.4. 2,3-Butanediol ¥&
341. 5 NHF

Xylose A# % A7} s3 5 S cerevisiae SR89 2,3-BDOA AL &
< 7FA1 7171 918l CRISPR/Cas9 Al~®lS o] &3ste] Axd dF&5 e
ol oeg sk FA4A F el adhl AHAl 2 23-BDO AAE F-7#19]
promoterS CCWI12 promoter® A3t A-S &2lsl7] ¢3] Table 3o 1}
g ¥ primerE AF&3le] &% colony PCRE %3af #1353t vH3]. 2d a3
HZ79 colony 5 FAAZR AHEe] asg o™ colony PCRY

& A3E Fig. 7 YEH AT Fig. 7 (A~ adhl
AR 2HA| S el Aol 1HE Z+el S cerevisiae SR8, 2¥H-&

adhl FAA 2tA€ A

b

agarose gel A7]¢

e

= S. cerevisiae SR8_Aadhl, 33} 4H L
BDHI1 promoterE CCWI12 promoter® wAd = adhl FHAAES 2HA 3
A S cerevisiae SRS CCWI12p-BDHI:Aadhl®lt}. 2, 3, 4H L+
adhl fAA7F AAEAS o Y= AAE 331bp #1x]o] M=r} ©

AE gl & 4 Jddu. Fig. 7 (B) BDHI #+# A2 promoterE

CCWI12 promoter= A g Z& Igt AolH, 1 iz, 5

rr

BDH1 promoterE CCWI12 promoter® I2a3t Ad* S cerevisiae
SR8 CCW12p-BDH]1, 313 42 BDHI1 promoterES CCWI12 promoter &=
HFAHg & adhl FHAAE A AYT S cerevisiae SR8
CCW12p-BDH]I: Aadhl ©|t}. 5, 3, 41 25 CCWI12 promoter”} A4 ¥ %)
= W UeuEE A" 834bp Ao W=7 me e F I U
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300bp

Fig. 7. Agarose gel electrophoresis of colony PCR for edited gene
verification. (A) adhl gene knock out with 1054bp deletion: Lane 1
control samples, others were experimental group samples. Colony PCR
products of edited adhl gene were 331bp, and original were 1385bp.

(B) Overexpression of the BDH1 with the CCWI12 promoter: Lane 1
control samples, others were experimental group samples. The colony
PCR products of BDH1 overexpressed with the CCW12 promoter was
834bp, and the original was 381bp. (Lanes 2 was SR8_Aadhl, Lanes 3
and 4 were SR8 CCWI1Z2p_BDHI:Aadhl and Lane 5 was SR8
CCW12p_BDH]I).
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3.4.2. AL E(Spartina sp.) 7t &L o] &3 2,3-Butanediol &5

Xylose A#7VsstA AMEzTHE 1+ S, cerevisiae SR8F} CRISPR/Cas9
ZIWMoer F7FE N3 o5 S cerevisiae SRS Aadhl (SR8-a), S.
cerevisine SR8 CCWI12p-BDHI1 (SR8-B), S. cerevisiae SR8
CCWI12p-BDHI:Aadhl (SR8-Ba)E ©]&3te] AFEE 7l4-Ea] AbEeolA

)

rgE MastAn. HE v A= glucose 12.9 g/L, xylose 102 g/LE X3t
FaL itk

Fig. 82 glucose®} xyloseZ} X3tE YPHJA|o (A) SRS, (B) SR8-a,
(C) SR8-B, (D) SR8-Ba wFE& o|&3sle] 724]
HE Yetlidth SR8 TF = 24450 Ao BE Fs &M oH, 81
g/Leo] o eSS Aibstar 48417k 0.1 g/Le] 2,3-BDOE AAHst 3 th(Fig.
8 (A). & B4 #3872 5 stuel adhle AAS 5 SR8-atT 244
7 ot RE glucoseE AH|E o 484 7ke] 79 B E xyloseE AH]
StATH 241 7Fol A 4.6 g/Le] ol ghsa AL 0w 4841k A 0.64 g/L
°] 23-BDOE AAtete] EitS=of nlulsto] of 1.8¥) wt2 o g3 AL
7 oF 6v) F713k 2,3-BDO ABAFS R AT (Fig. 8 (B)).
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il

Ol

B

s EEE WY 4

CCW12 promoter® A3+ #F SR8-Bi= glucose®} xylose’t &3+ YP
w2 ol A} 24X 7kl A ] BRE @GS Av|etd o™ 84 g/Le] A E©ES AYA
skal 72A17ke] Hd 015 g/Le] 2,3-BDOE A4bste] SR8 -9k *}o]
7F YetuAl % kek(Fig. 8 (O)).

Fig. 8 (D)= SR8 9l adhl A=A 24 2 BDHI® promoter&
CCWI12 promoter® A ¥ F SR8-BaZ W& st Aifo|t} 244 7ol A

TE glucoseE AMEHYom, 4847k AL RE xyloseE AH| &)
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Fig. 8. Fermentation of (A) S. cerevisiae SR8, (B) S. cerevisiaze SR8_A

adhl, (C) S. cerevisiae SR8 CCWI12p-BDHI and (D) S. cerevisiae SR8

CCW12p-BDHI: Aadhl strains with glucose and xylose in YP medium.
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Fig. 9% ALE 7A5Rel2e LT YPUA, Fig 108 ALE 5%
ABEe WA R Abgte] AXF EFES T2A B AR ANE
Ehol 2l o,

YPui A7} 23HE Tk =l SR8 w4843

-

o = glucoses
ARl oY xyloser= 2.3 g/L &FEskqlal 72417 el Ao ol&E 95
g/L, 2,3-BDO 0.3 g/LE& A4t th(Fig. 9 (A)). ¥FH SR8-a w5+ A
Z TR E 29 glucose 3.3 g/L, xylose 14 g/LRHe AW o™ AE
A% BodlerE AS A shA XAl 484kl A 06 g/LE A
A3 tHFig. 9 (B)). SR8-BHF+ 724 7boll 2E glucoseE 4AH|3F S
U xylose= 45 g/l A% AH|8HA] FEelAth 7247kl A] Hd 87 g/L9
oets A4 2 017 g/Le] 23-BDOE AAtste] SR8Y Hlw3tAS o,
ojmgt zpo]lE Holx] 2UTHEFig. 9 (C)). SR8-aB W F+ ALE 7t

9] glucose 4.3 g/L, xylose 1.5 g/L3S Z2ujstgd o AxAx 2L o

\]

tH(Fig. 9 (D).
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strains with Spartina sp. hydrolysis
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bt e AbERES WA R ARESEe] SR8 wFE T2A1XF 9k HEEtsl
S uf 244 %be] B glucoseE AH|EF oW T2A17F < 4.1 g/LE A9
Sk xyloseE AH|SFH tH(Fig. 10 (A)). olu o &8 724174 FHo 10
g/LE Aitstd e, 23-BDO+= 0.13 g/L ARt (Fig. 10 (A)). SR8-a
5% glucose®t 34 g/l AH| &L xylose &H] 2 o g2 AAaLe 7 o &}
A B oy 48A17el Al 23-BDOE 05 g/L AAke sl th(Fig. 10 (B)).
SRS-Bif5%+ SRS 9 mz7A & 2447k B E glucoseE AH| 3]
o 52 g/LE A9 xyloses AH|sFA T 484 Tkoll A 9.1 g/Lo] o &h&
< AAketR om 23-BDO+ 0.12 g/L= SR8 ¢ HW3HS o Fe
& zols HolA FtHFig. 10 (C)). SR8-Ba #F& ALE 71413
AETHS wiAR AMRSle] MEE XU S W SR-avwTe FASHA
glucose % xylose® A9 AHlstA] Xstal 1.1 g/L= o & AibkFe] 4

Ao 4847k A 051 g/l 2,3-BDOE A4kt

oft
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