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ABSTRACT

Fermentation process of Escherichia coli DHBarboring phbCAB operon was optimized to achieghdst PHB
productivity. Neutral pH (7.0) is optimal for PHBquluction of E. coli that can be applied at indisstrscale as
neutral and basic environment (pH7) permit bacteria growth. In this study, PlacketBurman experiment design
was used to evaluate the effects of various phlysimmical factors on PHB yield — in which Molassasount,
fermentation time and pH were proved to affectrttest. This study also utilized response surfacéade(RSM)
and central composite design (CCD) to achieve agdtialue of molasses amount (120g/1), fermentatiime (48h)
and pH (7.0), which yieled 3.36g/l cell dried wdid&€DW) and 0.87g/l PHB products. The design mauzas$
applied in 150ml aerated fermentor and 1.5 autdm&rmentor, achieved 3,3g/l CDW with 0,86g/l (AH®d
3,49/l CDW with 0,99/l PHB, respectively.

Key worlds: PHB: poly$—hydroxybutyrate, fermenter, Eschirichia coli Di5phbCAB operon, Plackett —
Burman, RSM — CCD

INTRODUCTION

Polyhydroxybutyrate (PHB) is a biopolymer which dr&ds to polyhydroxyalkanoate (PHA) family. It wassff
discovered irBacillus megateriunin 1926 by French biologist Maurice Lemoigne. Thayester existed as lipid
inclusion bodies accumulated inside the cell, malet 97 — 98% of the bodies themselves. The atheponents
are protein (2%) and lipid (0.5%) [1]. Industrigbsed manufacture of this polymer has been impleetesince the
late 1950s; Baptist and Werber of W.R. Grace (Uaje considered as pioneers of PHB commercialymtizh
[2-3]. Current researches focus on minimization ufacture cost by utilizing cheap materials, effntie®HB-
accumulating bacteria, implementation of more eifecfermentation and recovery processes. PHB diegranto
(D)-3-hydroxybutyric acid, an intermediate of anlnmaetabolic pathway; therefore it is possible toplamt this
polymer into living bodies without transplant rejea. Such excellent biocompatible enable PHB's ewid
application in medicine and healthcare, for examgimmedical materials, pharmaceuticals, pharmazaut
capsules, degradable sutures, joints in bone fadieatment, suturing blood vessels,... without aoyious
effects. Moreover, due to similar properties, PHB de used as replacement for synthetic plastiegrapping,
packages, covering materials... to mitigate enwvivental pollution. PHB’s biodegradability by termgst
microorganisms enables its application in pestigideerbicides, fertilizers, seed packages; plamsery bags...
since there is no need of waste treatment aftevekting [4]. Various researches about PHB syntiregiz
microorganisms has been carried out and resultezbmsiderable achievements. Much of the works fedusn
Ralstonia eutrophgalso known aglcaligenes eutrophu$-9].

In Vietnam, several papers reported how to obtdiB From native or mutated bacterial [10-12]. In qurevious

publication, a 4985 bp DNA fragment including thole phbCAB operon fromAlcaligenes eutrophubl16 was
cloned intoEscherichia coliDH5a and the PHB powder was harvested for evaluat®ihemistry and physical
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characters[13-14]. However, none efforts has beaderin Vietham to optimize PHB yields from reconarih
E.coli using Plackett — Burman matrix and response seirfaethod (RSM) — (central composite design (CCD).
Furthermore, it should be noted that inexpensilestsates for PHB production by recombin&ntoli still attracts
much attention from researchers.

Optimization of fermentation for high yield and irasing manufacture scale is critical in industajplication of
theoretical researches. Plackett and Burman (184é3dy proposed an optimization multifactor expemnt design
which is effective, low-cost and able to estimdtte optimal value for each factor, and their deiga been widely
used in screening environmental components in shai@rmentation, followed by experiments using RSMCD
for optimization of chosen factdi$,16]. This study optimized physical-chemical fast of the fermentation
following Plackett — Burman design and RSM — CCDestimate the maximal cell dried weight (CDW) ardBP
amount from recombinafscherichia colDH50 harboring phbCAB operon.

EXPERIMENTAL SECTION

Inoculum and fermentation medium

Recombinank.coli DH50 phbCAB operon in previously study was used in thiskjdr3]. Cells were maintained in
LB 2% glucose agar slant at ®5and 150rpm of shaking. Fermentation medium coathi(per liter) 120g of
molasses, 4g of (NPLSO, (for assessment of carbon and nitrogen’s eff@dg)of KH,PO,, 49 of K;HPO, (for
stabilization) with 5% micronutrients content angutral pH (7.0). Inoculum size was 5% and ferméoatime
was 48h.

Quantification of cell dried weight and PHB
Cell dried weight (CDW) was quantified by direct amserement, while quantification of PHB was perfodnwa
measurement of optical density (OD) at 235mm antsitaction of a linear correlation directrix to iesite PHB

content.
Table 1. Correlation between standard PHB contentrad OD,3svalue

PHB content (ug/mL) 0.5 1.0 1.5 2.0 2.5 3.p 35 40 4.5 5.0 55 6.0
ODg3: 0.017| 0.018] 0.03% 0.050 0.068 0.088 0.094 0.00912%0} 0.150| 0.152 0.192

Y =0.2X -2.8761

R? =0.9825
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Figure 1: Linear correlation directrix of PHB content

Plackett — Burman design, response surface methoBR$M) and central composite design (CCD)

Eight factors were chosen to evaluate the effestBldB synthesis of recombinaltcoli DH5a harboringphbCAB
operon: molasses, (NHSO;, KH,PO,, K,HPO,, pH, inoculum size, fermentation time, micronuttie€ontents.
Experiments were design following Plackett — BurnmaatrixX'>® with 8 factors in 12 experiments (Table 2) to
screen for the most vital factors affect PHB yi@d). Low (-1) and high levels (+1) of the factorere listed in
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Table 2. Three main RSM — CCD factors were optichized evaluated at five levelsi(-1, 0, +1, #) (Table 3) in

the CCD of 20 experiments

CDW (g/l) and PHB (g/l) were selected responsetionc The model was expressed by a quadratic exjuati

(Table 4) [18].

Y =bo + blx1l + b2x2 + b3x3 + b11x12 + b22x22 + b32 +b12x1x2 + b23x2x3 + b13x1x3

in which b1, b2, b3 were linear coefficients; bb?2, b33 were quadratic coefficients; and b12, HAB were
interactive coefficients of each factors couple; x4, x3, x11, x22, x33, x12, x23, x13 were indegpamt variables.
Statistics were analyzed by Design expert 9.0.0ffwsoe of Stat-Ease Inc. USA. Optimal value of eéattors

were inferred from the analyzing results.

Table 2. Variables of Plackett — Burman matrix andtheir effects

Symbol Variables — (C_‘;;’Edk'ﬁs’ﬁ' 3y | Effectlevel | Reliabilty
X1 Molasses (g) 100 140 0.51] 0.0556
X2 pH 5 9 0.38 0.0785
X3 (NH4)>SO, (9) 3 7 0.08 0.3070
X4 KHHPO, () 1 4 0.008 | 0.7370
Xs KzHPQ, (g) 2 8 0.005 | 0.7874
Xe Inoculum size (%) 4 8 0.14| 0.2087
X7 Micronutrients (%) 0.02 0.1 0.007 0.7537
Xs Fermentation time (h) 24 72 6.90 0.0015

aSignificant ata = 0.1 reliability; bInsignificant ata = 0.1 reliability
Table 3. Plackett — Burman experiment matrix
Experiment Variables Observed criteria (48h)
X1 ) X3 Xa Xs Xs X5 Xsg CDW (g/l) PHB (g/l)

1 1 1 1] 1] 1 1] -1 -1 2.94 0.5

2 1] 1 1] -1 1] 1 1] -1 2.86 0.5

3 1 1| -1 1 1 1 1 1 2.76 0.4

4 1] 1 1] -1 1] -1 1 1 1.07 0.04
5 -1 1 -1 1 -1 1 -1 1 2.19 0.3

6 ] -1 1| 1) 1 1 1] -1 2.07 0.3

7 1 1 1) -1 -1 -1 1 1 1.47 0.04
8 1 -1 1 1) -1 1 -1 1 2.37 0.3

9 1]1-1] 1 1 1| 1] 1] -1 1.16 0.02
10 -1 -1 1 1 1 -1 -1 1 0.74 0.01
11 1 10 1] 1 1] -1 -1 -1 1.18 0.03
12 -1 -1 -1} -1 -1 -1} -1 -1 0.57 0.03

Table 4. Value of studied factors in RSM — CCD
. . Coded level
Symbol Variables Range of interest ” X 0 1 ™

X1 Molasses (g) 86.36-153.63 86.36 1p0 120 140 158.63
Xz pH 3.63-10.36 3.63 5 7 9 10.3p
X3 Time (h) 7.63-88.36 7.63 24 4 7P 88.36
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Table 5. Experiment outline for optimization of CDW follow RSM — CCD

Factors Observed criteria
Experiment | Molasses| pH| Time (h) Y. (COW) g/l Predicted from model
X1 X2 X3
1 -1 -1 -1 1.49 1.52
2 1 -1 -1 1.46 1.48
3 -1 1 -1 1.34 1.42
4 1 1 -1 1.24 1.35
5 -1 -1 1 2.87 2.98
6 1 -1 1 2.81 3.02
7 -1 1 1 2.48 2.56
8 1 1 1 2.69 2.98
9 o 0 0 1.64 1.92
10 +o 0 0 2.97 3.12
11 0 s 0 0.67 0.79
12 0 ot 0 0.93 1.01
13 0 0 € 1.12 1.18
14 0 0 ol 2.68 2.86
15 0 0 0 2.98 3.04
16 0 0 0 2.92 2.99
17 0 0 0 3.02 3.22
18 0 0 0 3.06 3.36
19 0 0 0 3.30 3.42
20 0 0 0 3.05 3.14

Table 6. Experiment outline for optimization of PHB production follow RSM — CCD

Factors Observed criteria
Experiment | Molasses| pH| Time (h) Y. (CDW) g/l Predicted from model
X1 Xz X3
1 -1 -1 -1 0.05 2.68% 0.06
2 1 -1 -1 0.04 3.42% 0.06
3 -1 1 -1 0.04 2.99% 0.05
4 1 1 -1 0.03 2.42% 0.05
5 -1 -1 1 0.5 17.42% 0.6
6 1 -1 1 04 16.13% 0.5
7 -1 1 1 0.4 14.23% 0.5
8 1 1 1 0.4 14.87% 0.6
9 o 0 0 0.3 18.29% 0.4
10 +o 0 0 0.7 23.57% 0.9
11 0 o 0 0.1 14.93% 0.2
12 0 ot 0 0.2 21.51% 0.3
13 0 0 € 0.02 1.79% 0.02
14 0 0 ! 0.6 22.39% 0.7
15 0 0 0 0.7 23.49% 0.8
16 0 0 0 0.7 23.97% 0.8
17 0 0 0 0.7 23.18% 0.7
18 0 0 0 0.8 26.14% 0.9
19 0 0 0 0.8 24.24% 1.0
20 0 0 0 0.7 22.95% 0.8

Evaluation of experiment model

Experiments of theoretical optimal fermentation ®loglere performed in 150ml aerated fermentor abt Bioflo
110 Bioreactor (New Brunswick Scientific, USA). The5| bioreactor was self-controlled at pH 7.0°G025%
dissolved oxygen (DO) and automatically relgulededation rate.

RESULTS AND DISCUSSION

Recombinank.coli DH5a harboring phbCAB operon could grow in a broad rafgeH (5 to 9), that consistent with
previous researches about the bactéfilffl. Optimal pH value for PHB synthesis was 7.0. Hemeeombinant
E.coli DH5a harboring phbCAB operon may be able to functiobasic environment (pH > 7) and can be used in
industrial production. Highest PHB productivity wachieved after 48h and strated to decrease &fter 7

Various growth conditions proved to highly affecetCDW of recombinar. coli. The first to be mentioned was
fermentation time. Molasses was another importactof for observed criteria due to its role botltahon source
and material for cell components. The next one lshba pH since bacteria growth is only favouralsiebasic or
neutral condition. LKHPO, and KHPQO, toghether at certain ratios could stabilize thegmd considerably increase
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the observed criteria. (NJ$SO; as anitrogen source also made its own contribution. rivhaitrients such as Mg
CUW*, Zr?*, F€”... functioned as ion supply and co-factor of variegsential enzymes for microorganisms’ growth
[19, 21-25].

Screening for vital factors of CDW and PHB accumuléion of recombinant E.coli DH5a harboring phbCAB
operon

Plackett — Burman matrix resulted in 0.57 — 2.998CDW and 0.03 — 0.5g/I of PHB from ferment extis (Table
3). Effect of each fator on PHB and CDW yield watcalated by Design expert® 9.0.0 software (TablePDsitive
and high effect value meant great effects on th®& Bitld. Amongst the evaluated factors, fermentation time,
molasses concentration and pH exerts highest effe&HB yield with significance af= 0.05, therefore they were
chosen for the next RSM — CCD experiments.

Optimization for maximum CDW and PHB yield

After screening, the chosen factors were optimirgdg RSM — CCD and Design expert® 9.0.0 softwateserved
and predicted values of response function wereepted in Table 5 and 6. After performing ANOVA, CD&xd
PHB yield were estimated via regression equatiahénfollowing model:

Y = 0,33 — 0,031x— 0,027% — 0,16% + 3,89.10%;X, — 8,24.10%;x3 — 0,014%x5 — 4,28.10%%, + 0,26X%, + 0,048%;

In which Y was CDW yield (g/l), X X2, X3 were molasses concentration (g/l), pH and ferntiemaime (h),
respectively. Regression coefficient’(Rvas identified as 0.981, which means 98.1 % gfeeinent data was
compatible with the value predicted via the modef. > 0.75 means the model was also compatible with
experiments. Predicted’Ralue (0.7714) was on accord with modifietl (R.981) with deviation of 0.1556 < 0.2.
Signal: noise ratio was 19,301 > 4, which meansstfpals were sufficient. Response surface diadfigure 2)
presented the interaction between each couplectdriaand from the diagram it was possible to ifiettie optimal

of each ones for the maximum value of responsetifumcThe model predict the optimal molasses cotraéan
(120g/1), fermentation time (48h) and pH (7.0) tchizve maximal CDW and PHB vyields (3.4g/l and 0,99/
respectively). Increase of CDW and PHB yields ceupith the rise of molasses content, however metaasd pH
only increased to a certain extend and decreasedvafd.

Model experiment in 150ml and 1.5ml fermentors

The model was experimented in aerated 150 ml fetoneand 1.5 | automated bioreactor. Experiment 50l
fermentor was repeated 3 times while the otherwa® done once. Results were presented in Tablég CDW
reached 3.36 + 0.5g/l in 150ml fermentor, simitaptedicted value (3.42g/l). Automated bioreacair3d C + 3;
pH 7.0 £ 0,2; airflow 1 vwvm; aerated rate 300 rpngnaged to yielded 3.4g/| CDW and 0.9g/I PHB.

CDW (g/l)

B: pH

100 110 120 130 140

A: mat ri duong (g/l)

Figure 2 CDW response surface by pH and molasses
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'PHB (g/l)

B: pH

A: mat ri duong (g/l)

Figure 3 PHB response surface by pH and molasses

CDW (g/l)

PHB (g/l)

140

"0 A: mat ri duong (g/)

Figure 5 Three-dimensional PHB response surface lpH and molasses

Table 7. PHB and CDW yields from recombinantE.coli DH5a harboring phbCAB operon

Capacity | Fermentation mode | CDW (g/l)| PHB (g/l)

150ml Aerated 3.36 0.86
1.51 Automated fermentol 3.4 0.9
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Plackett — Burman optimization multifactor experimhelesign and response surface method — centrabasita
design can be considered as powerful instrumentsséoeening and optimization of factor values thiaee
maximum function response. Using these instrumérdgether with Design expert® software will reducee
consumption and number of experiments; the uselsis able to select one amongst the solutions gexbby the
software.

Molasses is cheap and yields considerable PHB aimpanetheless it is still inferior to some otharlmon sources.
That is an obstacle in up-scaling PHB productiomfavorable working conditions rendered non-molasses
substrates inaccessible to this study. Due to sgtificity of recombinar.coli DH5a harboringphbCAB operon,

it is necessary to conduct further researches loer alifferent carbon sources.

CONCLUSION

This study managed to identify a number of optimatrient and environmental conditions for PHB pretihn by
recombinantE.Coli in which 120g/L of molasses, 48 hours of fermgota neutral pH, 4g/L of (NE,SO, as
nitrogen source, 29/l of K{PO, 4g/L of KHPO, 0.05% of micronutrient contents and inoculum sigé. ¥ia
fermentation experiments using pre-determined agtimedium and system, this study managed to aclsiewiéar
results to other studies in 150ml fermentor, inakhhe CDW amounted to 3.3 £ 0.05g/L and PHB acdatian of
26.2 = 0.05% (w/w). Although the result was relatjvmodest, it can be used as basis for furtheliesuo improve
the PHB synthesis efficiency.

Acknowledgments
This research was supported by Ministry of Sciermses Technology, Vietnam, under grant NobL2012.G/35 to
HDT

REFERENCES

[1] | Chodak,2008 In: MN Belgacem, A Gandini. Monomers, polymersl @omposites from renewable resources,
Elsevier, Amsterdan2008 451-477.

[2] IN Baptist; FX WerbetJS Patent US,107,172 A19630ct 15. 2p.

[3] S Philip; T Keshavarz; | Roy. Chem. Technol. Biotechn®007, 82(3), 233-247.

[4] M Mekala; R Rajendran; K Suganytat. J. Environ. Scj.2013 3(6), 2261-2276.

[5] B Wang, Master's thesis North Carolina: North Carolina State UniversiZ11 235p.

[6] M Raberg; B Voigt; M Hecker; A Steinbiich&loS one2014 9(5).

[7]1 SY Lee; KM Lee; HN Chang; A Steinbuch8liotechnol. Bioeng1994 44(11), 1337-1347.

[8] SJ Liu; A Steinbiichel\ppl. Environ. Microbiol.200Q 66(2), 739-743.

[9]1 R Kelwick; M Kopniczky; | Bower; W Chi; MHW Chin; $an; J Pilcher; J Strutt; A J Webb; K JendeloS
Oneg 2015 10(2).

[10]LTT Le; PN Kieu; VL Bui,J. Sci. Technol. — University & Nang, 2006 1(13), 47-52. (in Vietnamese)
[11]TH Pham; DM Tran; Y Tokiwa]. Biotechnol.2008 6(4), 489-496. (in Vietnamese)

[12]PN Kieu; TT Nguyen; MT Tran; TV Nguyen; TT Tran; VBui, J. Biotechnol.201Q 8(3B), 1551-1556. (in
Viethamese)

[13]HD Tran; VH Huynh; CH Pham; AD Chung; QD Trah,Sci. Technol. — University of F12016 (accepted) (in
Viethamese)

[14]HD Tran; BN Ong; TL Le; VH Huynhint. J. Eng. Res. Techng2016 5(06) — in print

[15]RL Plackett; JP Burmamiometrikg 1946 33(4), 305-325.

[16]DKJ Lin; NR DraperMetrika, 1995 42(1), 99-118.

[17]Y Li; Z Liu; F Cui; Z Liu; H Zhao,Appl. Environ. Microbiol. 2007, 77(2), 285-291.

[18]C Liu; ZT Sun; JH Du; J Wand, Ind. Microbiol. Biotechno)2008 35(7), 703-711.

[19]S Slater; T Gallaher, DAppl. Environ. Microbiol. 1992 58(4), 1089-1094.

[20]P Schubert, A Steinbiichel, HG SchlegelBacteriol, 1988 170(12), 5837-5847.

[21]SK Hann; YK Chang; SY Ledppl. Environ. Microbiol. 1995 61(1), 34-39

[22] TV Ojumu; J Yu; BO Solomonifr. J. Biotechnol.2003 3(1), 18-24.

[23]1BS Kim; HN ChangBiotechnol. Tech1995 9(5), 311-314.

[24] SPM Mahdi Biores. Bull, 2013 1, 20-34.

[25]1Q Chen; Q Wang; G Wei; Q Liang; Q Qippl. Environ. Microbiol. 2011, 77(14), 4886-4893.

441



