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Plants produce a large variety of isoprenoids as secondary metabolites through the
mevalonate (MVA) pathway and the 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway. These isoprenoids have appealing characteristics such as flavour, fragrance,
and therapeutic properties. However, since plants have many limitations in producing
high yields of isoprenoids, systems such as Escherichia coli and Saccharomyces
cerevisiae have been engineered as heterologous hosts to produce plant isoprenoids.
Lactococcus lactis, a food grade homofermentative bacterium, is another potential
heterologous cell factory for plant isoprenoids. Interestingly, L. lactis uses the MVA
pathway more commonly found in eukaryotes for isoprenoid production. In this study,
two different plant sesquiterpene synthases from Vanda Mimi Palmer (VMP) and
Polygonum minus, respectively, were cloned and expressed in L. lactis. VMP is a
highly scented tropical orchid hybrid of Vanda tesselata and Vanda Tan Chay Yan
while P. minus is a highly fragranced local herbaceous plant commonly used for

cooking in local delicacies. Four plasmid constructs denoted pNZ:VMPSTS,
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pNZ:VMPSTS:mvaA, pNZ:PMSTS and pNZ:PMSTS:mvaA were developed in this
study. The sesquiterpene synthases from both plants were expressed optimally at 40
ng/ml nisin, 2 h post-induction. The recombinant proteins were purified and its
function identified through in vitro enzymatic assays followed by GC-MS analysis.
The VMP sesquiterpene synthase was found to produce multiple sesquiterpene
products with germacrene D dominating its profile while the sesquiterpene synthase
from P. minus was identified to be a B-sesquiphellandrene synthase. However, only
the recombinant L. lactis expressing the P. minus B-sesquiphellandrene synthase was
able to produce B-sesquiphellandrene in vivo. Using this recombinant L. lactis strain,
an attempt to increase f-sesquiphellandrene production by overexpressing the HMG-
CoA reductase (HMGR), an established rate-limiting enzyme in the eukaryotic MVA
pathway, was conducted. However, this effort was shown to increase the production
of B-sesquiphellandrene only by 1.25-1.60 folds. Therefore, the MVA pathway’s
transcriptomic profiles of the wild-type L. lactis and the various recombinant L. lactis
constructed in this study were compared in hope of gaining some insights on the
prokaryotic MVA pathway and future metabolic engineering strategies which may be
feasible for the optimisation of plant isoprenoid production in L. lactis.
Transcriptomic analysis revealed that HMGR may not be the rate-limiting enzyme in
the prokaryotic MVA pathway and instead mvk encoding MVA kinase may be a
better metabolic engineering gene target for increased isoprenoid production. Also,
the genes mvaD and fni encoding diphosphomevalonate decarboxylase and
isopentenyl pyrophosphate isomerase, respectively, may be important genes involved
with the ability of the lactococcal host to produce heterologous isoprenoids in vivo. In
conclusion, apart from demonstrating L. lactis as an alternative host for plant

isoprenoid production, this study is the first study involving metabolic engineering of
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the prokaryotic MV A pathway for increased isoprenoid production and also provides

important information on the potential bottle-necks in the lactococcal MV A pathway.
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Tumbuhan menghasilkan pelbagai jenis isoprenoid sebagai metabolit sekunder
melalui tapak jalan mevalonate (MVA) dan tapak jalan 2-C-methyl-D-erythritol-4-
phosphate (MEP). Isoprenoid ini mempunyai ciri-ciri yang menarik seperti perisa,
wangian dan ciri terapeutik. Walau bagaimanapun, oleh kerana tumbuhan mempunyai
banyak batasan untuk menghasilkan isoprenoid dalam jumlah yang tinggi, sistem-
sistem lain seperti Escherichia coli dan Saccharomyces cerevisiae telah dijurutera
sebagai hos heterologus untuk penghasilan isoprenoid tumbuhan. Lactococcus lactis,
sejenis bakteria gred makanan yang berciri homofermentasi merupakan kilang sel
heterologus untuk penghasilan isoprenoid tumbuhan yang berpotensi. Amat menarik
bahawa L. lactis menggunakan tapak jalan MVA yang biasanya dijumpai di dalam
eukariot untuk penghasilan isoprenoid. Dalam kajian ini, dua ‘“sesquiterpene
synthase” dari Vanda Mimi Palmer (VMP) dan Polygonum minus telah diklon dan

diekspreskan di dalam L. lactis. VMP merupakan sejenis orkid tropikal yang sangat



beraroma dan merupakan hibrid dari Vanda tesselata dan Vanda Tan Chay Yan. P.
minus pula merupakan tumbuhan herba tempatan yang beraroma tinggi yang biasanya
digunakan untuk memasak juadah tempatan. Empat plasmid yang dinamakan
pNZ:VMPSTS, pNZ:VMPSTS:mvaA, pNZ:PMSTS dan pNZ:PMSTS:mvaA telah
dihasilkan di dalam kajian ini. “Sesquiterpene synthase” dari kedua-dua tumbuhan ini
telah diekspreskan secara optima dengan 40 ng/ml nisin, 2 jam selepas induksi.
Rekombinan protein kemudiannya telah diasingkan dan dikenal pasti melalui
pencerakinan enzimatik in vitro diikuti dengan analisis GC-MS. ‘“Sesquiterpene
synthase” dari VMP didapati menghasilkan pelbagai produk sesquiterpene dengan
germacrene D mendominasi profilnya manakala sesquiterpene synthase dari P. minus
telah dikenal pasti sebagai “B-sesquiphellandrene synthase”. Walau bagaimanapun,
hanya L. lactis rekombinan yang mengekspreskan “B-sesquiphellandrene synthase”
dari P. minus berupaya menghasilkan [-sesquiphellandrene di dalam sel. Dengan
menggunakan L. lactis rekombinan ini, cubaan untuk meninggikan penghasilan -
sesquiphellandrene melalui “overexpression” HMG-CoA reductase (HMGR), enzim
kadar-penghad di dalam tapak jalan MVA eukariot telah dilakukan. Walau
bagaimanupun, wusaha ini telah berjaya meninggikan penghasilan B-
sesquiphellandrene sebanyak 1.25-1.60 kali sahaja. Oleh kerana itu, profil
transkriptomik tapak jalan MV A untuk L. lactis jenis asal berbanding dengan L. lactis
rekombinan yang telah dihasilkan di dalam kajian ini telah dianalisis dengan harapan
untuk mendalamkan ilmu pengetahuan mengenai tapak jalan MV A di dalam prokariot
dan strategi kejuruteraan metabolik yang boleh digunakan untuk meninggikan
penghasilan isoprenoid tumbuhan dengan lebih berjaya untuk kajian masa depan.
Kajian transkriptomik menunjukkan bahawa HMGR mungkin bukan enzim kadar-

penghad di dalam tapak jalan MVA prokariot tetapi mvk yang mengekod “MVA
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kinase” mungkin merupakan calon kejuruteraan metabolik yang lebih baik. mvaD dan
fni yang mengekod ‘“diphosphomevalonate decarboxylase” dan “isopentenyl
pyrophosphate isomerase” juga mungkin memainkan peranan yang penting untuk
membolehkan hos Lactococcus meghasilkan isoprenoid heterologus di dalam sel.
Kesimpulannya, selain dari menunjukkan kebolehan L. lactis berfungsi sebagai hos
alternatif untuk penghasilan isoprenoid tumbuhan, kajian ini juga merupakan kajian
yang pertama yang melibatkan kejuruteraan metabolik ke atas tapak jalan MVA
prokariot dan memberi maklumat yang penting mengenai ‘“bottle-neck” yang

berpotensi di dalam tapak jalan MV A Lactococcus.

Vil



ACKNOWLEDGEMENTS

First and foremost, I would like to thank God for giving me strength and

perseverance, for bringing me to this path and leading me through.

I would like to express my deepest gratitude and appreciation to my supervisor, Prof.
Raha Abdul Rahim for her support and guidance throughout my study. Despite her
very busy schedule, she has always tried her best to make herself available to her
students and to support her students is the best way possible. Also to my supervisory
committee members, Assoc. Prof. Dr. Janna Ong, Assoc. Prof. Dr. Puad Abdullah and
Assoc. Prof. Dr. Norazizah Shafee. For your continuous guidance and valuable

advice, I thank you.

To my husband, Lionel. I would never have pursued my PhD if not for you. You have
always pushed me to be the best I can be, to be ambitious and to reach greater heights.
You have supported me in every way; intellectually, emotionally, financially. Thank
you and I love you. To my parents for always being there throughout my life. I love

you both very much.

I would also like to thank MOSTI for awarding me the National Science Foundation
scholarship. Lastly, I would like to thank my labmates who has helped in various
ways and simply for making this journey so much more colourful by keeping our lab
“alive”. And to others who have contributed in any ways throughout my studies,

thank you from the bottom of my heart.

viil



APPROVAL

I certify that a Thesis Examination Committee has met on 14™ February 2013 to
conduct the final examination of Adelene Song Ai Lian on her thesis entitled
“Functional Expression of Plant Sesquiterpene Synthases for Isoprenoid Production in
Lactococcus lactis” in accordance with the Universities and University Colleges Act
1971 and the Constitution of the University Putra Malaysia [P.U.(A) 106] 15 March
1998. The Committee recommends that the student be awarded the degree of Doctor

of Philosophy.

Members of the Examination Committee were as follows:

Parameswari Namasivayam, PhD

Associate Professor

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Chairman)

Tan Wen Siang, PhD

Professor

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Internal Examiner)

Syahida binti Ahmad, PhD

Lecturer

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Internal Examiner)

Dietmar Haltrich, PhD

Professor

Institute of Food Technology

University of Natural Resources and Life Sciences, Vienna
Austria

(External Examiner)

SEOW HENG FONG, PhD
Professor and Deputy Dean
School of Graduate Studies
Universiti Putra Malaysia

Date:

ix



This thesis was submitted to the Senate of Universiti Putra Malaysia and has been
accepted as fulfilment of the requirement for the degree of Doctor of Philosophy. The
members of the Supervisory Committee were as follows:

Raha binti Haji Abdul Rahim, PhD

Professor

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Chairman)

Mohd. Puad bin Abdullah, PhD

Associate Professor

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Member)

Janna Ong binti Abdullah, PhD

Associate Professor

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Member)

Norazizah binti Shafee, PhD

Associate Professor

Faculty of Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Member)

BUJANG BIN KIM HUAT, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date:



DECLARATION

I declare that the thesis is my original work except for quotations and citations which
have been duly acknowledged. I also declare that it has not been previously, and is not
concurrently, submitted for any other degree at Universiti Putra Malaysia or at any

other institution.

ADELENE SONG AI LTAN

Date: 21 November 2012

xi



ABSTRACT
ABSTRAK

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

APPROVAL

DECLARATION
LIST OF TABLES
LIST OF FIGURES

LIST OF APPENDICES
LIST OF ABBREVIATIONS

CHAPTER

1 INTRODUCTION

2 LITERATURE REVIEW

2.1

2.2

2.3

Isoprenoids

2.1.1 Biosynthesis of isoprenoids

2.1.2 Diversity of isoprenoids and their industrial
importance

2.1.3 Terpene synthase (TPS) and cytochrome P450
genes

2.1.4 Metabolic engineering for isoprenoids production

2.1.5 Isoprenoid metabolic engineering tools

2.1.6 Hydroxy-3-methylglutaryl-CoA Reductase
(HMGR)

2.1.7 Prokaryotic MVA pathway

Lactic Acid Bacteria

2.2.1 Lactococcus lactis

2.2.2 Nisin-Controlled Gene Expression (NICE) System
2.2.3 Metabolic engineering of LAB

2.2.4  Production of isoprenoids in Lactococcus lactis

Plants as source of isoprenoids
2.3.1 Vanda Mimi Palmer
2.3.2  Polygonum minus Huds.

3 MATERIALS AND METHODS

3.1
3.2
33
34
3.5

Bacterial strains and growth conditions
Genomic extraction

Plasmid extraction

Agarose gel electrophoresis

Gene amplification and plasmid construction

Page
ii

viii
X
X1
XV

XVi

XXI1

XX1il

p—

Y AN SN N

16
26
27

29

31
31
34
37
40

42
43
46

48
48
49
50
51
51

xii



3.6
3.7
3.8
39
3.10
3.11
3.12
3.13
3.14
3.15
3.16

3.17

3.18

Colony PCR

Gel purification

Cloning into pPGEM®-T Easy Vector

Preparation of E. coli TOP10 competent cells
Transformation into E. coli TOP10 competent cells
Restriction enzyme (RE) digestion

Ligation reaction

Preparation of L. lactis NZ9000 competent cells
Transformation into L. lactis NZ9000 competent cells
Plasmid stability test

Protein expression

3.16.1 Protein purification

3.16.2 Protein desalting

3.16.3 Bradford assay quantification

3.16.4 Protein sample preparation

3.16.5 SDS-PAGE analysis

3.16.6 Western blot analysis

Enzymatic assays

3.17.1 HMGR assay

3.17.2 Terpene synthase assay

3.17.3 GC-MS analysis

3.17.4 In vivo expression of the sesquiterpene products

Transcriptomic profiling of the lactococcal MV A
pathway

3.18.1 RNA extraction

3.18.2 Bioanalyzer analysis

3.18.3 cDNA synthesis

3.18.4 RT-gPCR

RESULTS

4.1

4.2

4.3

4.4

4.5
4.6

Construction of plasmids

4.1.1 Development of pNZ:VMPSTS plasmid

4.1.2 Development of pNZ:VMPSTS:mvaA plasmid
4.1.3 Development of pNZ:PMSTS plasmid

4.1.4 Development of the pNZ:PMSTS:mvaA plasmid
Plasmid stability test

Expression of recombinant clones

4.3.1 Optimisation of induction conditions

4.3.2 His-tag purification of the recombinant protein
Determination of plasmid-expressed protein functionality
4.4.1 Identification of isoprenoids produced by
recombinant VMPSTS and PMSTS

4.4.2 Plasmid-expressed HMGR functionality
verification

In vivo production of sesquiterpenes

Transcriptomic profiling of the lactococcal MVA
pathway

4.6.1 RNA extraction and cDNA synthesis

4.6.2 Determination of gPCR amplification efficiency

59
59
60
60
61
61
62
63
63
64
65
65
66
66
67
67
69
70
70
71
74
74

77

77
78
78
79

82
82
82
87
96
100
106
108
108
116
119
119

131

135
139

140
144

xiil



4.6.3 Gene expression study of the lactococcal
MVA genes

5 DISCUSSION
5.1 Functional identification of the plant sesquiterpene
synthases in recombinant L. lactis
5.2 Production of plant isoprenoids in recombinant L. lactis
5.3 Transcriptomic profiling of the L. lactis MVA
pathway

6 CONCLUSION, SIGNIFICANCE OF STUDY AND
FUTURE RECOMMENDATIONS

REFERENCES
APPENDICES

BIODATA OF STUDENT
LIST OF PUBLICATIONS

146

156

156

161
165

170

172
185
210
211

Xiv



	FUNCTIONAL EXPRESSION OF PLANT SESQUITEPENE SYNTHASESFOR ISOPRENOID PRODUCTION IN LACTOCOCCUS LACTIS
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTER
	REFERENCES



