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In this study, to biosynthesize PHA with properties more similar to polypropylene, a Bacillus sp.
EMK-5020 strain that biosynthesized poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was iso-
lated from soil. Bacillus sp. EMK-5020 strain biosynthesized PHBV containing 1.3% 3-hydroxyvalerate
(3HV) using reducing sugar contained in Makgeolli lees enzymatic hydrolysate (MLEH) as a single
carbon source. As the amount of propionic acid, which was added as a second carbon source, increased,
the content of 3HV also increased. PHBV containing up to 48.6% of 3HV was synthesized when
1.0 g/l of propionic acid was added. Based on these results, the strain was cultured for 72 hr in
a 3 1 fermenter using reducing sugar in MLEH (20 g/1) and propionic acid (1 g/l) as the main and
secondary carbon sources, respectively. As a result, 6.4 g/l DCW and 50 wt% of PHBV (MLEH-PHBV)
containing 8.9% 3HV were biosynthesized. Through gel permeation chromatography and thermogravi-
metric analysis, it was confirmed that the average molecular weight and the decomposition temperature
of MLEH-PHBV were 152 kDa and 273 C, respectively. In conclusion, the Bacillus sp. EMK-5020
strain could biosynthesize PHBV containing various 3HV fractions when MLEH and propionic acid
were used as carbon sources, and PHBV-MLEH containing 8.9% 3HV was confirmed to have higher

thermal stability than standard PHBV (8% 3HV).
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Table 1. Comparison of PHBV production by Bacillus sp.
EMK-5020 using glucose or MLEH as a sole carbon
source

DCW PHBV PHBV PHBV composition (%)

Carbon

@) (@) (%) 3HB 3HV
Glucose 1.4 0.5 40.6 99.5 0.5
MLEH 1.7 0.1 8.9 98.5 1.3
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Fig. 1. GC analysis of PHBV. (A) Standard PHBV (8% 3HV) from Sigma-Aldrich, (B) PHBV produced by isolated Bacillus
sp. EMK-5020 using 20 g/l glucose as a sole carbon source.
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Fig. 2. Effect of different growth conditions on DCW, PHBV content, and PHBV composition in Bacillus sp. EMK-5020. (A)
Nitrogen source concentration, (B) Incubation time, (C) pH, and (D) Temperature.
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Table 2. Effect of secondary carbon concentration on PHBV production by Bacillus sp. EMK-5020 with 20 g/l reduced sugarvien

as the main carbon source

DCW PHBV PHBV PHBV composition (%)
Secondary carbon  Concentration (g/l) o

(g €0 (%) 3HB 3HV
- - 1.58 0.7 43.7 99.1 0.9
0.4 2.08 0.9 43.7 99.7 0.3
Valeric acid 0.6 2.11 0.7 344 99.3 0.7
0.8 1.96 0.6 31.1 99.3 0.7
1.0 1.93 0.6 29.1 99.2 0.8
0.4 2.12 0.8 39.7 78.1 21.9
Propionic acid 0.6 222 0.9 40.0 70.4 29.6
P 0.8 2.01 0.6 319 65.7 343
1.0 2.11 0.8 374 514 48.6
0.4 1.63 0.7 45.9 99.8 0.2
Levulinic acid 0.6 1.62 0.7 44.7 99.9 0.1
evuinie ae 0.8 1.79 0.9 47.9 99.8 0.2
1.0 1.85 0.8 45.9 99.8 0.2
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Table 3. Effect of secondary carbon concentration on PHBV production by Bacillus sp. EMK-5020 with 20 g/l glucose as the
main carbon source

: DCW PHBV PHBV PHBV composition (%)
Secondary carbon  Concentration (g/l) o
(g (€0 (%) 3HB 3HV
- - 1.35 0.5 40.6 99.6 0.4
0.4 1.75 0.5 30.8 89.0 11.0
Valeric acid 0.6 1.19 0.6 52.5 89.2 10.8
0.8 0.23 0.0 16.7 90.4 9.6
1.0 0.00 0.0 0.0 0.0 0.0
0.4 1.63 0.9 55.8 88.6 114
Propionic acid 0.6 1.18 0.5 42.8 75.9 24.1
P 0.8 0.82 0.2 22.8 67.6 324
1.0 0.00 0.0 0.0 0.0 0.0
0.4 1.68 0.3 17.9 99.4 0.6
Levulinic acid 0.6 1.11 0.4 37.0 99.5 0.5
0.8 0.80 0.3 422 99.4 0.6
1.0 0.00 0.0 0.0 0.0 0.0

yvaleryl-CoAE AgetE= Aoz 4e1d ATH27]. Bacillus Aol fElstths 21e E2lstAth. =T propionic acid
sp. EMK-5020E 49U ° 2 MLEH®} glucoseS 2+t A} 57} 275 E 3HV %7t E71eE AL 215k
£3= 74§ EF propionic acid®] FX7}F S7Fgel wet ™ propionic acid®] %ol W} 3HV %7/} 2d2
3HV %7t S7Fshe A& U 5 o ol & T3t = 2o ® A e HTHFig. 3).

Bacillus sp. EMK-50207} 3HV A &4 AFAZ pro-

0 o Lo

pionic acid& M &3sh= 2-& GRS Bacillus sp. EMK- Fermentation
5020-> valeric acidE PB-oxidation 4 ZE F3ll 3-hydrox- = g 21 g13517] st F gAY = 20
yvaleryl-CoAZ A %3}l= 34 Xt} propionic acidS pro- g/19] By AU Z 1 g/19] propionic acid

pionyl-CoAE R 3+3}o] 3-hydroxyvalerayl-CoAS 343} S 3718l pH 7, 37 Coll A 72413t 5t fermentationS
= AZ2E Azste Aoz Als "} webA Bacillus sp. 18 5} A ThH(Fig. 4). Fermentation©] Zgj & wha} v =] W
EMK-50209] A4 2 3HV %7} & PHBV Ad4<S 9 S F(glucose)o] A& 08 ABE G o™ i 30 hrol
|4 MLEHE F ©49°2 A8-3}3 propionic acidE Z glucose®] 87.5%7F A&HI= o 2.5 g/19] glucose”’} %
BREALYOR AMESE Z1°] 3HV %7t %<& PHBV A ste As gtk viA] W S (glucose) 42H] &}

2o

A N DCW (g/l) B
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Fig. 3. Effect of the concentration of propionic acid as a secondary carbon source on cell growth (DCW), PHBV content, and
PHBV composition in Bacillus sp. EMK- 5020. The strain was incubated with (A) MLEH or (B) glucose as the main
carbon source.
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Fig. 4. Biosynthesis of PHBV by Bacillus sp. EML-5020 at batch fermentation. The strain was cultivated at 37°C in a 3 1
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1.5 vvm, and no additional N-source).

A Az Aol F7Fst vl 30 hroll A 6.25 g/19]
DCWE &5t o m Hjeko] Euh= 72 hroll A 6.6 g/19]
DCWE < 5 AQUTh AAYe 18 w7kA F43 4n)
s HYgon wd T8 526 gt AFREES
SkQlsteith. PHBVE HIA W AAe] E4)et #A R0
HioF A&k FAl] FES] /3 E o] 48 hrell Al FH T 50%
(ww)e] PHBV A4S &Rlst o vl 54 kA
A= Aot wjeko] APHFE st wjgdo] TR
= 72 hroll A 30% (w/iw)e] PHBVZ} =218 3ttt
ol wjF Lo eraflo] udHol wet AT 1B
2 A B UA YO R AR 210 AlsHTh
=3 vk W propionic acid 442} @& PHBV U
3HV §&F2 ol 6 he7hx] 543 S71she Fd40%) =
B o vjeko] 18 A4E v g W propionic acid 2]
Ba A v A SHVE S gadsts AgS B
hr ©]% 8.9%2] 3HVE 73 PHBV/} A% E
k1

PHBV SMEA
MLEH$} propionic acidg 217t 5+ €49 9 REeks
Yo 2 A}8319] fermentationS E3 H3A H 8.

8.9% 3HV
%S A'd PHBV (MLEH-PHBV)E EA4£40)) o] &3}

Table 4. Characteristics of standard PHBV and MLEH-PHBV

%2 standard PHBV (natural origin, 8% 3HV)<} H] a3}
ATt

& B3] =(temperature decomposition, 7d)E &<135}7]
A3l TGA #2418 Al st A} standard PHBV S| TdE= 253
Com MLEH-PHBVS| Td= 273 CE 20C 7 713
A& A5 thFig. 5). DSC B4 AT Tg= SH A
ko™ standard PHBV Y] Tm2 148°C, AHm-S 47 J/go.
2 MLEH PHBVS| Tm 156C, AHm 58 J/g3} Bln 3}
MLEH-PHBV S| Tm3} AHm7} 2% Z7}sh= AL &213)
ATHFig. 6). =AF E4E 918 GPCEAS Hayg A3}
(Fig. 7) standard PHBV 2] number average molecular weight
(Mn)+= 133,708 Da, MLEH-PHBV 2] Mn2 60,691 DaS &
A AAske AS FAs AT Weight average mo-
lecular weight (Mw)< standard PHBVZ} 314,123 Da, MLEH-
PHBV7} 152,613 Dao. 2 Mn? FL3HA ARt 743 Z1e
813+t Polydispersity index (PDI)E standard PHBV
2.35, MLEH PHBV 2512 #<l% % t}(Fig. 7). Standard
PHBV®} MLEH PHBV®| E4& #2413 A& Table 4|
YERH AT Standard PHBV O 13 MLEH-PHBV®] & <F
4ol 20C ¥ o} MLEH-PHBVE Eoll eHg 3k a1 8-}
A& 15+ 2 ™, Simon Bengtsson 52 ATl &J3tH
B Zfo]7F U= A2 PHAs 3 £59F @] 3l

1d (C)  Tg (C) AHm (J/g) Tm (C)  Mn (Da) Mw (Da)  PDI
Standard PHBV (8% 3HV) 253.8 - 47 148.7 133,708 314,123 2.35
MLEH-PHBV (9% 3HV) 273.2 - 58 156.8 60,601 152,613 2.51
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Fig. 5. TGA analysis of PHBV. (A) Original PHBV (8% 3HV) and (B) MLEH-PHBV (9% of 3HV) synthesized by Bacillus
sp. EMK-5020 using 20 g/l reduced sugarmien and 1 g/l propionate as carbon sources.

ow PHAs =32 £%7} WSE PHAs #He =77} A%t MLEH-PHBVE= 71Z 9] standard PHBVl H| & Qo
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A% 2po] & Q18 PHBV 49 o7}t vy Rud o] =R AUttt [ EAFA LA o5t A
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Fig. 6. DSC analysis of PHBV. (A) Original PHBV (8% 3HV) and (B) MLEH-PHBV (9% of 3HV) synthesized by Bacillus
sp. EMK-5020 using 20 g/l reduced sugarmien and 1 g/l propionate as carbon sources.
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=E:0tdz| FH JlEsl A=21 propionic acidE EIARISZ 0|88t Bacillus sp. EML-
5020 #F25E poly (3-hydroxybutyrate-co-3-hydroxyvalerate) AMgtM

1 1 1,2
A ABA - ZHS
(SRSt AP etst, *FPdET S 7] 29 AP L)

Poly (3-hydroxyalkanoates) (PHA)= ©t&U 3 oA Yo 2 A vAlEe] AHFHZ AFAFst= 7144
Zgl~golth PHA % 7FF A7} ®o] E polyhydroxyburyrate (PHB)= ¥ AA A EAX 7] 4&
AARE QS| A B SEHLATE Al otk whebA] E AT A= polypropylened} £ T FARE AE S
A PHAE A @433l 2A}, 3-hydroxybutyrate®} 3-hydroxyvalerat®] &5 32 poly (3-hydroxybutyrate-co-3-
hydroxyvalerat) (PHBV)E A &4 3}= Bacillus sp. EMK-5020 ¥ 5 EJA] EE3tAth Se2=3 =2 u)
&gt A3, Bacillus sp. EMK-5020 ¥ 5% &4& ©]&3% 22 F49 71413 4HE (enzymatic makgeolli
less hydrolysate, MLEH)ol Z3-% 233 Zveen) s TY HAYO R o] &3l 1.3%<] 3HVZF &
PHBVE AP oH, HExet4ad o2 713 propionic acide] o] F71&2 3HVE| o] =713}
o] o 48.6%2] 3HV7} 235 PHBVE 433ttt o] 27E niet o2 S Dyen (20 g/1)} propionic
acid (1 g/)E 22 + &4 9 BEXHAY0 R o] 83ty 3 1 BaV| A #F5 724 wjge A
6.4 g/l DCWS} 8.9% 3HVE 3-53t= PHBV (MLEH-PHBV)Z 50 wi% &4 3S eyt A E3
a2rfEgd s 48 535 MLEH-PHBVS Hd £A3F2 152 kDal E standard PHBVY] B A&
(314 kDa)ol| HI3} dRio g 7HA4%k A& gRlstglon, €5 3FS &4% 23 MLEH-PHBVS] &3 257}
standard PHBVET} 20C &2 273C Y& A3tAth A2H 02 B AT 4= Bacillus sp. EMK- 50207
FE ©| &3t MLEH ¥ propionic acidE& ©AY SR AE-3te] ThYFEk 3HV 8-S 35t PHBVA &4
g F ddon, ke o) AFA D 8.9% 3HVE &3 PHBV-MLEHE standard PHBV (8% 3HV)
of Hlg] & d tHAE A AE Rl



