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One of the well understood mechanisms in plants to overcome biotic and abiotic
stresses is mediated through transcription factors. The APETALAZ2/Ethylene
Response Factor (AP2/ERF) is one of the plant specific transcription factors.
They are categorized into three families, termed AP2, RAV and ERF. ERF family
is divided into two major subfamilies; the Ethylene Responsive Factors (ERF)
and the C repeat-binding factor/dehydration responsive element-binding factor
(CBF/DREB). In this study, a new member of the CBF/DREB was isolated from
oil palm (Elaeis guineensis var. Dura x Pisifera) ripening fruit and designated as
EgCBF3. Bioinformatics analysis revealed that EQCBF3 belongs to A-1 subgroup
of CBF/DREB subfamily. The transcripts of EQCBF3 were detected ubiquitously,
in oil palm’s root, leave and mesocarp tissue. This gene was responsive to the
cold, ethylene, abscisic acid, NaCl and polyethylene glycol treatments. The
EgCBF3::mGFP fusion protein was localized to the nucleus of onion epidermal
cells. Using in vitro and in vivo DNA-protein binding assays it has been shown
that EQCBF3 was able to bind with DRE/CRT element. Expression pattern of
polygalacturonase (SIPG) and SIE8 two fruit ripening related genes were
affected under transient overexpression of EgCBF3 in tomato fruits at four
different developmental stages. Two carotenoid biosynthesis-related genes

phytoene desaturase (SIPDS) and phytoene synthetase (SIPSY) showed up-



regulation at four studied stages. Same result was observed for 9-cis-
epoxycarotenoid dioxygenase (SINCED1). The ethylene biosynthesis related
genes demonstrated an expression pattern related to the fruit developmental
stages. These results predict that EQCBF3 can mediate abiotic stress response in
ripening fruits and regulates the ripening process through modulation of ethylene
and abscisic acid biosynthesis. Functional characterization of EQCBF3 was
further performed using stable transformation of tomato cv. MT1. An in vitro
technique was developed for efficient regeneration of transgenic tomato. Seed
pretreatment with Thidiazuron (TDZ, 1 mg/l) enhanced organogenesis of the
cotyledonary leaf with abaxial side down on MS medium supplemented with 2
mg/l Benzyl Amino Purine (BAP) and 0.02 mg/l Indole Acetic Acid (IAA). The
EgCBF3 tomatoes demonstrated dwarfism for the first few weeks, delayed leaf
senescence and flowering time, increased chlorophyll content (~0.085 mg/cm?)
and abnormal morphology compare to wild type. In vitro studies of the transgenic
lines confirmed that overproduction of EQCBF3 can enhance drought, salt and
cold tolerance in tomato. Expression of ethylene biosynthesis-related genes
encoding 1-aminocyclopropane-1-carboxylic acid synthase (ACS) and 1-
aminocyclopropane-1-carboxylic acid oxydase (ACO) were down-regulated in
transgenic lines. Also, the studied pathogenesis-related genes showed altered
expression in wounded leaves of transgenic plants compared to wild types. These
findings were consistent with the hypothesis that EQCBF3 can modulate plant
growth and development, as well plant biotic and abiotic stress tolerance through

direct regulation of related regulons, and partly via ethylene regulatory pathway.
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Salah satu mekanisma yang difahami secara mendalam adalah perantaraan melalui
faktor transkripsi. ‘APETALA2/Ethylene Response factor’ (AP2/ERF) adalah
salah satu faktor transkripsi khusus tumbuhan. Mereka dikategorikan kepada tiga
famili iaitu AP2, RAV dan ERF. Famili ERF dibahagikan kepada dua subfamili
utama;  ‘Ethylene  Responsive  Factors’ (ERF) dan ‘repeat-binding
factor/dehydration responsive element-binding factor’ (CBF/DREB). Dalam kajian
ini, ahli baru CBF/DREB telah dipencilkan daripada buah kelapa sawit (Elaeis
guineensis var. Dura x Pisifera) masak dan dinamakan sebagai EQCBF3. Analisis
bioinformatik mendedahkan EgCBF3 adalah kepunyaan subfamili CBF/DREB
kumpulan A-1. Traskrip EgCBF3 dikesan merata dalam akar, daun, dan tisu
mesokarp. Gen ini responsif pada rawatan sejuk, etilina, asid absisik, NaCl dan
polietilina glikol. Protein gabungan GFP EQCBF3 tersasar dalam nukleus sel
epidermis bawang. Asai pengikat DNA-protein in vitro dan in vivo menunjukkan
bahawa EgCBF3 mengikat elemen DRE/CRT. Corak pengekspresan
polygalacturonase (SIPG) dan SIE8 dua gen kemasakan buah responsif etilina
menunjukkan perubahan pengekspresan dalam pengekspresan transien EQCBF3
dalam buah tomato pada empat peringkat perkembangan berlainan. Dua gen
berkaitan biosintesis karotenoid, phytoene desaturase (SIPDS) dan phytoene

synthetase (SIPSY) menunjukkan peningkatan tahap pengekspresan dalam



keempat peringkat yang dikaji. Keputusan yang sama telah dilihat untuk 9-cis-
epoxycarotenoid dioxygenase (SINCED1). Gen biosintesis etilina menunjukkan
corak pengekspresan bertalian dengan peringkat perkembangan buah. Keputusan
ini mencadangkan EQCBF3 menjadi perantara tindakbalas tekanan abiotik pada
peringkat kemasakan buah dan mengawal proses peranuman melalui modulasi
biosintesis etilina dan asid absisik. Pencirian kefungsian EgCBF3 selanjutnya
dibuat melalui transformasi kekal menggunakan tomato cv. MT1. Teknik in vitro
telah dibangunkan untuk kecekapan dalam pertumbuhan semula tomato
transgenik. Prarawatan biji benih dengan TDZ (1 mg/L) meningkatkan
organogenesis daun kotiledon dengan bahagian abaksial di bawah di dalam media
MS yang ditambah dengan 2 mg/L BAP dan 0.02 mg/L 1AA.. Tomato EgCBF3
menunjukkan sifat kerdil untuk beberapa minggu, penangguhan senesens dan
pembungaan, peningkatan kandungan klorofil (~0.085 mg/cm?) dan morfologi
bunga yang tidak normal berbanding tomato liar. Kajian in vitro ke atas lajur
transgenik mengesahkan bahawa penghasilan berlebihan EgCBF3 boleh
meningkatkan toleransi terhadap kekeringan, kemasinan dan kesejukan dalam
tomato. Ekspresi gen biosintesis etilena yang mengekodkan 1-aminocyclopropane-
1-carboxylic acid synthase (ACS) dan 1-aminocyclopropane-1-carboxylic acid
oxidase (ACO) telah menurun. Juga gen pengekspresan gen patogenesis yang
dikaji menunjukkan perubahan dalam tisu daun transgenik yang cedera berbanding
jenis liar. Penemuan ini adalah konsisten dengan hipotesis yang EQCBF3 boleh
mengawal pertumbuhan dan perkembangan tumbuhan, juga toleransi terhadap
tekanan biotik dan abiotik melalui kawalan terus regulon dan sebahagiannya

melalui tapak jalan peagawalaturan etilina.
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IV, fruit ripening. (B) Schematic representation of hormonal
fluxes. (C) Sigmoidal growth curve, mitotic index and growth
rate. (D) Some of the genes with altered expression is associated
with hormonal changes in different phases of developing fruit.
The downpointing arrow represents the downregulation of a
gene. Le20ox-1, Le20ox-2 and Le200x-3 (GA20 oxidase 1, 2
and 3, respectively); GAD3 (similar to non-metallo short-chain
alcohol dehydrogenase); Lin5, Lin7 and Lin6 (invertase
isoenzymes); LeACS2, LeACS4, LeACS6 and LeACS1A (1-
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and 1A, respectively); Le30OH-2 (GA 3bhydroxylase); CDKA1
(cyclin-dependent protein Kinases- type A-1); CDKA2 (cyclin-
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receptor 1-6) and LeCTR1 (Constitutive Triple Response 1)
(Srivastava and Handa. 2005).

(A and B) Differential expression of ACSs and ACOs during
fruit development and ripening associated with two systems of
ethylene biosynthesis in tomato. Ethylene production in
autoinhibitory system (system 1) is mediated by a reduction in
LeACS1A and 6 expression. Expression of LeACS2 and 4 and
LeACOL1 and 4 at the onset of fruit development and ripening
mediate autocatalytic ethylene synthesis (system 1l) (Barry and
Giovannoni, 2007; Argueso et al., 2007).
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aminocyclopropane-1-carboxylic acid,; MTA:
methylthioadenine. Inputs that regulate the enzymes are shown
above the pathway, either via a transcriptional or post-
transcriptional mechanism (Argueso et al., 2007).

Representation of ethylene perception and signal transduction in
tomato. Single copper ion (Cu) mediates the ethylene to bind to
the ethylene receptors (LeETR1, LeETR2, NR, LeETR4,
LeETR5, LeETR6). The signal transduction pathway is
negatively regulated by binding of the ethylene to the receptors,
mediated by interaction with LeCTR1, LeCTR3 and LeCTR4.
The MAPK cascade (LeSIMKK and LeMPKB®) is released by
inactivation of LeCTR protein(s) in the presence of ethylene;
resulted in activation of ethylene signaling pathway.
Downstream of the pathway, there are the other components
like LeEIN2, EIN3-like and LeEIL1-LeEIL4 transcription
factors. Expression of the ERFs is mediated by these
transcription factors, which in turn activate ethylene-responsive
target genes (Adams-Phillips et al., 2004).

Schematic representation of DNA-binding domain and
oligomerization site in AP2/ERF transcription factors. Solid box
representing the DNA-binding domain; dotted box,
oligomerization site. In AP2 family there are two AP2 domain
separated with a small conserved sequence (Liu et al., 1999).

Schematic representation of AP2 domain of AP2/ERF
transcription factors. Three B-sheets and an a-helix are indicated
in the picture.

Schematic representation of different signatures and AP2
domain on a DREB/CBF member of Arabidopsis (AtCBF3:
AT4G25480.1) (CLC genomics workbench ver. 3.6.5).

Schematic diagram of pDONR/zeo and the elements on this
vector.

Schematic diagram of pMDC83 destination vector. The ORF of
EgCBF3 was cloned down-stream of 2x35S CaMV promoter
and up-stream of mMGFP as a reporter gene.

Schematic representation of constructs used for transformation
of A. tumefaciens strain LBA4404. The transformed bacteria
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35
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were used for subcellular localization assay.

Schematic map of the pAbAi Vector. This is a yeast reporter
vector in which there is a multiple cloning site (MCS) up-stream
of the yeast iso-1-cytochrome C minimal promoter for cloning
of the Bait sequence. Deduced promoter runs an antibiotic
resistance gene (AUR1-C) that confers resistance to
Aureobasidin A (AbA). Interaction of the proteins with Bait as a
target sequence is used to screen GAL4 AD/cDNA fusion
libraries. Positive interaction of protein with target sequence
drives the expression of AUR1-C and as a result, the yeast
colonies are resistant to AbA.

Schematic illustration of homologous recombination of SMART
DNA (EgCBF3) in the yeast cells (B), and map of the pGADT7-
Rec Vector (A). This vector is Smal-linearized provided by the
kit and engineered to express a fusion protein (GAL4 AD and
ectopic protein) in the yeast cells. Yeast transformation with the
SMART DNA and Smal-linearized pGADT7-Rec is resulted in
fully functional and circular vector. The yeast cellular
recombinases will use the SMART DNA to repair the gap in
pGADT7-Rec. This confers the yeast strain YIHGold to survive
and grow in —Leu medium.

Phylogenetic analysis of selected CBF-related proteins.
Phylogenetic tree constructed for EQCBF3 gene. The tree was
constructed from the amino acid sequences using MEGAG6.06
software, by Neighbor Joining algorithm. The phylogenetic tree
was prepared using bootstrap analysis with 1000 replicates. The
substitutions type and model were amino acid and JTT (Jones-
Taylor-Thornton), respectively.

Multiple sequence alignment of the deduced amino acid
sequences. Comparison of the deduced amino acid sequences of
CBF-related proteins that have maximum sequence similarity
with EQCBF3 (Accession: KC312892.1; GI1:460332880) with
the other CBF proteins (AtCBF1l: AT4G25490.1; AtCBF2:
AT4G25470.1; AtCBF3: AT4G25480.1; SICBF1: AAK57551;
SICBF2: AAS77821; SICBF3: AAS77819; EgCBF-likel:
DQ497736.1; EgCBF-like2: DQ497735.1).

(@) The schematic representation of different motifs and AP2-
domain in EgCBF3. The AP2 domain resides between amino
acids 47-105 flanking with two signatures (ETRHP and
DSAW). Three R-sheets and one a-helix were predicted in the
AP2 domain. A Nuclear Localization Sequence (NLS) was
detected at up-stream of AP2 domain. The deduced amino acid
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3.9

3.10

3.11

3.12

sequence was analyzed using CLC Genomic Workbench ver.
3.6.5 software. (b) The predicted protein structure. The amino
acid sequence was submitted to the Phyre2 software
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)
(Kelley and Sternberg, 2009). Phyre2 uses the profile—profile
matching algorithms to predict protein structure. The three R-
sheets and one a-helix are indicated in the picture.

(a) Prediction of the biological process ontology of EQCBF3.
The horizontal axis is demonstrated as % of reliability
(https://www.predictprotein.org/). (b) Prediction of the
subcellular localization for EgCBF3.
(https://www.predictprotein.org/). In silico analysis showed that
EgCBF3 is localized in the nucleus. Predictprotein uses a
Metastudent predictator for gene ontology (GO). First a BLAST
query is run for a given amino acid sequence. If the target
protein hit a similar sequence, the output is used to calculate GO
and there is no prediction with no similar amino acid sequence
in the BLAST database. Metastudent uses F1 score to predict
the reliability. The maximum F1 score achives in metastudent is
0.36 for the biological process ontology prediction. The F1
score is calculated using the following equation: F1= (2 x
precision x recall)/precision + recall. Where recall means:
‘Precision corresponds to the number of correctly predicted GO
terms divided by the number of all predicted GO terms’.

Subcellular localization of EQCBF3 protein fused to N-terminal
of mGFP in the pMDC83 destination vector. Onion epidermal
cells were transiently transformed with pEXP83:: 35SCaMV-
mGFP (negative control), pEXP83::EqCBF3-mGFP  and
pEXP83::35S:EgAP2-1-mGFP  (positive control)  vectors.
EgCBF3-mGFP fusion protein and control mGFP were detected
with a fluorescent microscope (Nikon). Fluorescent images
(left) and bright field images (right).

In vivo DNA-protein binding assay of EQCBF3 protein using
yeast one-hybrid system. The protein was fused to GAL4 AD of
pGADT7-Rec vector. The first and second rows indicate the
growth of different prey containing Bait-strains in SD/-Leu
medium without antibiotic and with antibiotic, respectively.
Petri dishes are 100mmx15mm.

Electrophoretic Mobility Shift Assay of EQCBF3 with different
cis-elements: a DNA protein binding assay of EQCBF3 protein
with DRE/CRT cis-element and its mutant. b DNA protein
binding assay of EgCBF3 protein with GCC-box cis-element
and its mutant. ¢ nucleotide sequence of DRE/CRT, mutated
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DRE/CRT (mDRE/CRT), GCC-box and mutated GCC-box
(mGCC-box) probes.

(a) Expression profile of EQCBF3 in oil palm’s leaf, root and
mesocarp tissue at different stages of development (waa: weeks
after anthesis). Expression ratio of EQCBF3 in mesocarp tissue
under different treatments: (b) Cold (4°C) treatment, (c) PEG
(20% PEGB8000) treatment, (d) Ethylene (10% (w/v) ethephon)
treatment, (¢) ABA (100 pM) treatment and f NaCl (300 mM)
treatment. The expression ratio was calculated using the
REST2009 software ver.2.0.13 (QIAGEN). Gene expression
was normalized with Elaeis guineensis actine gene (accession
number: AY550991.1) and EQGAPDH gene (accession number:
DQ267444.1). The vertical axis for a, b and d are displayed in
Log, scale.

Expression ratio of fruit ripening related genes (PG and E8),
two carotenoid biosynthesis-related genes (PDS and PSY),
ethylene biosynthesis-related (EBR) enzymes (ACS2, ACS4,
ACO1 and ACO4) and ABA biosynthesis-related gene (NCED1)
in a transient overexpression assay of EQCBF3 in tomato fruit in
four distinct developmental stages (SG: small green, MG:
mature green, BR: breaker and MR: mature red). WT series
indicate the expression of deduced gene in normal fruit for each
gene. Control series are the result of agro-injected fruit with
empty vector. EQCBF3 series show the results of agroinjected
fruit using EgCBF3 containing vector. Cell wall degrading
polygalacturonase (PG), phytoene desaturase (SIPDS),
phytoene synthetase (SIPSY), ethylene-responsive fruit ripening
gene (SIE8), ACC synthase 2 (SIACS2), ACC synthase 4
(SIACS4), 1-aminocyclopropane-1-carboxylate oxidase 1
(SIACO1), 1-aminocyclopropane-1-carboxylate oxidase 4
(SIACO4), 9-cis-epoxycarotenoid dioxygenase (SINCED1). The
expression ratio was calculated using the REST2009 software
ver.2.0.13 (QIAGEN). Gene expression was normalized with
Solanum lycopersicum elongation factor la (SIEFla) gene
(accession number: X53043.1) and actin (SIAct) gene (accession
number: U60480.1). The vertical axis for all figures is displayed
in Log, scale.

Schematic diagram of pMDC32 destination vector. The ORF of
EgCBF3 was cloned down-stream of 2x35S CaMV promoter.

A) Preparation of tomato explants for tissue culture by seed

germination on MS medium with different concentrations of
TDZ (0, 1 and 2 mg/l). (B) Developments of the buds and early
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stage of shoot regeneration on cotyledonary leaf of tomato cv.
MT1, two weeks after culture. (C) Shoot development on
cotyledonary leaf of tomato cv. MT1, three weeks after culture.
(D) Subculture of the regenerated shoots to root induction
medium after four weeks.

Effects of TDZ pretreatment (horizontal axis) on organogenesis
of tomato (cultivar MT1). (A) Percentage of regenerated
explant/replication. (B) Average number of bud(s) per
regenerated explant(s)/ replication. (C) Average number of
shoot(s) per regenerated explant(s)/ replication. (D) Mean of the
explant weight (mg) after 4 weeks. In all Figures rep. is the
abbreviation for replication. The values with the same letter are
not significantly different (p<0.05). Mean comparison using
Duncan’s multiple range test.

Effects of explant type (horizontal axis) on organogenesis of
tomato (cultivar MT1). (A) Percentage of regenerated
explant/replication. (B) Average number of bud(s) per
regenerated explant(s)/ replication. (C) Average number of
shoot(s) per regenerated explant(s)/ replication. (D) Mean of the
explant weight (mg) after 4 weeks. In all Figures rep. is the
abbreviation for replication. The values with same letter are not
different significantly (p<0.05). Mean comparison using
Duncan’s multiple range test.

Effects of different types of cytokinin (horizontal axis) on
organogenesis of tomato (cultivar MT1). (A) Percentage of
regenerated explant/replication. (B) Average number of bud(s)
per regenerated explant(s)/replication. (C) Average number of
shoot(s) per regenerated explant(s)/ replication. (D) Mean of the
explant weight (mg) after 4 weeks. In all Figures rep. is the
abbreviation for replication. The values with same letter are not
different significantly (p<0.05). Mean comparison using
Duncan’s multiple range test.

Effect of different culture media (horizontal axis) on percentage
of regenerated explants per replication of tomato (cv. MT1).
Rep. is the abbreviation for replication. Mean comparison with
Duncan's Multiple Range Test (p<0.05). In horizontal axis the
growth regulator (GR) 1, 2 and 3 means BAP, Kin and ZR,
respectively. The numbers in horizontal axis are in mg/l.

Effect of different culture media (horizontal axis) on average

number of bud(s) per regenerated explant(s)/replication of
tomato (cultivar MT1). Rep. is the abbreviation for replication.

XiX

63

64

65

66

66



4.8

4.9

4.10

411

412

413

4.14

Mean comparison with Duncan's Multiple Range Test (p<0.05).
In horizontal axis the growth regulator (GR) 1, 2 and 3 means
BAP, Kin and ZR, respectively. The numbers in horizontal axis
are in mg/l.

Effect of different culture media (horizontal axis) on average
number of shoot(s) per regenerated explant(s)/replication of
tomato (cultivar MT1). Rep. is the abbreviation for replication.
Mean comparison with Duncan's Multiple Range Test (p<0.05).
In horizontal axis the growth regulator (GR) 1, 2 and 3 means
BAP, Kin and ZR, respectively. The numbers in horizontal axis
are in mg/l.

Effect of different culture media (horizontal axis) on mean of
explant weight (mg) after 4 weeks. Mean comparison with
Duncan's Multiple Range Test (p<0.05). In horizontal axis the
growth regulator (GR) 1, 2 and 3 means BAP, Kin and ZR,
respectively. The numbers in horizontal axis are in mg/I.

Effects of the best treatments from interaction of explant pre-
treatments with different growth regulators and explant type
(vertical axis) on percent of regenerated explant per replication
of tomato (cultivar MT1). Rep. is short for replication.
Extracted from the table C-5 (Appendix C). The numbers in
vertical axis are in mg/I.

Effects of the best treatments from interaction of explant pre-
treatments with different growth regulators and explant type
(vertical axis) on average number of bud(s) per regenerated
explant(s) per replicate of tomato (cultivar MT1). Rep. is the
abbreviation for replication. Extracted from the table C-5
(Appendix C). The numbers in vertical axis are in mg/I.

Effects of the best treatments from interaction of explant pre-
treatments with different growth regulators and explant type
(vertical axis) on average number of shoot(s) per regenerated
explant per replicate of tomato (cultivar MT1). Rep. is the
abbreviation for replication. Extracted from the table C-5
(Appendix C). The numbers in vertical axis are in mg/l.

Effects of the best treatments from interaction of explant pre-
treatments with different growth regulators and explant type
(vertical axis) on mean of explant weight (mg) after 4 weeks of
tomato (cultivar MT1). Extracted from the table C-5 (Appendix
C). The numbers in vertical axis are in mg/I.

Regeneration of transgenic tomato cv. MT1. (A) Cotyledonary
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leaves on selective medium containing appropriate antibiotics,
after Agrobacterium-mediated transformation procedure. (B)
Subculture of the regenerated explants on selective medium
with same antibiotics. (C) Shoot regeneration on selective
medium. (D) The regenerated shoot was transferred to root
induction medium containing antibiotics. (E) Acclimatization of
regenerated tomato plantlets in growth chamber. (F) Transplant
of regenerated tomatoes cv. MT1 to the transgenic green house.

PCR mediated verification of transgenic plants. (A) A PCR
product with ~990bp was observed in transgenic plants using a
primer pairs from inside of 35S CaMV promoter to the end of
EgCBF3 coding region (lines 1-4). (B) There was no band with
the same primers in wild type tomato (lines 5-9). GeneRuler
(GR) (Thermo SCIENTIFIC #SMO0331).

Verification of transgenic tomatoes and constitutive expression
of the EQCBF3 in the root and leaves of transgenic tomatoes.

Morphological comparison of transgenic tomato harboring
EgCBF3 with wild type. (A) Comparison of growth between
transgenic tomatoes and wild type at three weeks and (B) 45
days after hardening, respectively. (C and D) Comparison of
leaf development between EQCBF3 tomato and wild type, at 2
months and three weeks after hardening, respectively.

Comparison of rooting system development by ectopic
expression of EgCBF3 in transgenic tomato (top row) and wild
type (bellow). Transgenic lines produced a huge rooting system
compared to wild type tomatoes under the same condition in the
transgenic green house.

Comparison of the flowers among transgenic tomatoes
overexpression EgCBF3 and wild type. More abnormal flowers
were produced in EgCBF3 tomatoes compared to wild type
tomatoes. The transgenic plants showed altered petal
morphology compare to wild type.

Longevity of individual leaves of EgCBF3 overexpressing
plants and wild type tomatoes. (a) Time to leaf yellowing (days
after hardening). Time to leaf senescence (days after hardening).
Data are demonstrated in mean value + SE.

Effects of drought, salt and cold stresses on development of
rooting system and shoot growth of transgenic lines harboring
EgCBF3 and wild type tomato in in vitro condition. The stress
treatments compared with control plants grown in vitro
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condition without stress (termed normal, as untreated plants)
(A) Effect of different stress treatments on root length (cm), (B)
Effect of different stress treatments on root number, and (C)
Effect of different stress treatments on shoot length (cm).

Comparison of the rooting system and shoot development of
transgenic plants overexpressing EgCBF3 and wild type tomato
in normal in vitro condition. The transgenic tomato produced a
huge and vigorous rooting system in in vitro condition
compared to wild type tomato. The regenerated shoots
demonstrated a dwarf phenotype. The lateral buds in EQCBF3
tomato start to grow in in vitro condition.

Expression pattern of ethylene and ABA biosynthesis-related
genes in transgenic EQCBF3 tomatoes compared to wild type.
The bar on the graph representing the mean average of gene
expression ratioxSE of three replicates in independent
experiment. Expression ratio was evaluated by the Rest2009
software ver. 2.0.13 (QIAGEN). Gene expression was
normalized with SIAct (U60480.1) and SIEF1a (X53043.1).

Expression profile of pathogenesis-related genes in transgenic
plants harboring EQCBF3 and transient assay compared to wild
type tomato cv. MT1, using Real-time PCR. Each bar on the
graphs representing the mean average of gene expression
ratioxSE of three replicates in independent experiment. The
gene expression ratio was calculated by REST2009 V.2.0.13
software (QIAGEN). Gene expression was normalized with
SlAct (U60480.1) and SIEFla (X53043.1).

Schematic diagram representing the effects of cold stress on
induction of CBF transcriptional activators in plants and
possible mechanisms for enhancement of stress tolerance,
growth and development and fruit ripening process. It has been
shown that expression of the CBFs is positively regulated by the
proteins like ICE and at the bigining of the cold stress there is a
transient increase of the ethylene. So, it is predicted that CBFs
can modulate plant stress tolerance, growth and developments
and fruit ripening partly by direct regulation of related regulons
or indirectly through regulation of ethylene biosynthesis-related
genes and resulting in altered level of the ethylene. Also, it is
proposed that CBFs can regulate expression of PRs (or AFPS)
through ethylene signaling pathway or by direct interaction with
regulatory elements on their promoter. CORs: Cold Regulated
Genes; ICE (Inducer of CBF expression); PRs: Pathogenesis
Related genes; AFPs: Anti-freeze Proteins and EBRs: Ethylene
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CHAPTER 1

INTRODUCTION

Oil palm (Elaeis guineensis Jacqg.) is a perennial monocot crop originated from West
and Central Africa (Soh et al., 2009). Oil palm trees produce oil rich fruits and it is the
highest yielder among oil producing crops. This tree is cultivated in 16.4 million
hectares of agricultural lands worldwide (FAO, 2013), and Malaysia is undoubtedly
one of the biggest producers and exporters of the oil palm products, by having about
17.6 million tons (24.1%) of the total global palm oil trade (Oil World, 2013). It is
reported that 77% of the arable land (15% of the total land) in Malaysia is devoted to
oil palm (MPOB 2012). The most economic part of this crop is the fruit, in which two
types of vegetable oil are produced. Almost 95% of total oil of the fruit is crude palm
oil (CPO) produced from the mesocarp tissue, and about 5% of oil is the non-edible
palm kernel oil (PKO).

The oil palm fruit, like tomato and many other fruits where there is a burst in ethylene
production during the ripening stage (Tranbarger et al., 2011), is categorized as a
climacteric fruit. This gaseous hormone plays a key regulatory role in the ripening
process in these fruits. This is clearly indicated through comparative transcriptome
analysis where 37% of the differentially expressed genes during fruit development and
ripening stages in tomato are influenced by ethylene (Alba et al., 2005). Expression of
proteins involved in fruit development and ripening is modulated by regulatory proteins
and transcription factors (TF) especially play a major role in transcriptional regulation
of these genes. Extensive studies have been made on characterization of different
classes of TFs regulating the fruit ripening process, upstream as well as downstream of
the ethylene signaling pathway, however function of the APETALAZ2/Ethylene
Response Factors (AP2/ERF) proteins have received very little attention. This
AP2/ERF superfamily is one of the largest plant specific TFs. The AP2/ERF is
classified into three subfamilies: the APETALA2 (AP2) family with two AP2/ERF
domains; the RAV (Related to ABI3/VP1) family with a B3 domain and an AP2/ERF
domain; and Ethylene Response Factor (ERF) family with one AP2/ERF domain.
There are two major subfamilies of the ERF; the Ethylene Responsive Factors (ERF)
and the C-repeat-binding factor/dehydration responsive element-binding factor
(CBF/DREB). It has been well documented that members of AP2/ERF act as key
regulators in plant developmental processes, plant architecture (Chung et al., 2010),
and biotic and abiotic stress tolerance in plants (Mei et al., 2007). These proteins are
major regulators of fruit ripening via regulation of ethylene biosynthesis and the
signaling pathway (Karlova et al., 2011; Tiznado-hernadndez and Mattoo 2012). Despite
the economic importance of oil palm fruits, functions of the regulatory proteins
involved in different aspects of fruit ripening process are not thoroughly understood.

Fruit ripening transcriptome analysis for lipid and carotenoid metabolism in oil palm
was reported by Tranbarger et al. (2011). Although, their study provided a better
understanding of the molecular mechanisms regulating fruit ripening in oil palm, but
the mechanism is not fully discovered. Tranbarger et al. (2011) reported that a member
of type VII and a type IX transcription factor of AP2/ERF superfamily showed up-
regulation at the transition stage from system | of ethylene production to system Il
(Tranbarger et al., 2011) in the mesocarp tissue of oil palm fruits. Data mining of



transcriptomic datasets provided by Xu et al. (2011), Bourgis et al. (2011) and
Tranbarger et al. (2011) showed no evidence of expression of CBF/DREB in oil palm
ripening fruit.

Although, it has been shown that the CBFs play an important role in plant resistance to
abiotic stresses, especially freezing tolerance, their function in biotic stress tolerance,
as well as fruit ripening process is still under investigation (Yamaguchi-Shinozaki and
Shinozaki, 1994; Stockinger et al., 1997; Thomashow, 1999; Medina et al., 2011,
Zhang et al., 2009b; Li et al., 2011). Alongside the in vitro DNA-protein binding assay
demonstrating preference of the CBFs for the DRE/CRT element, there are some recent
finding verifying possible affinity of this protein with both DRE/CRT and GCC-box
elements in in vivo condition (Gutha and Reddy, 2008; Li et al., 2011).

Among the different biotic and abiotic stresses, freezing condition is a key factor with
adverse effects on plant yield and geographical distribution. However, several reports
showed contradictory role of ethylene in plant cold acclimation. While cold
acclimation in tomato and tobacco was reported to be enhanced by ethylene (Ciardi et
al. 1997; Zhang and Huang 2010), new recent findings indicate negative effects of
ethylene in plant freezing tolerance (Shi et al., 2012; Zhao et al., 2014). In addition,
more recent report indicated that the freezing tolerance in Arabidopsis was negatively
affected by suppression of CBF through ethylene production (Shi et al., 2012).

Ethylene biosynthesis related enzymes contain different cis elements like GCC-box and
DRE/CRT on their promoter sequences (Zhang et al., 2009b). So, it is hypothesized
that a mechanism for the CBFs, to regulate chilling tolerance in plants is mediated
partly through ethylene biosynthesis pathway and as a result, it can regulate plant
growth, development and disease resistance, either directly by binding to the related
cis-elements on different target genes or indirectly by ethylene biosynthesis pathway.
So, the main objectives of this study were:

1. To isolate and clone the oil palm EgCBF3 expressed in ripening oil palm
fruit

2. To determine the EgCBF3 responsiveness to different hormonal and stress
treatments in oil palm mesocarp tissue

3. To characterize the DNA-protein binding and trans-activation abilities of
EgCBF3using in vitro and in vivo assays.

4. To characterize the possible function of £EgCBF3 in regulating ethylene
biosynthesis-related genes, pathogenesis-related genes and abiotic stress
tolerance in tomato cv. MT1 using transgenic approaches.
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