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Abstract
WRKY transcription factors (TFs) belong to a large family of
regulatory proteins in plants that modulate many plant processes. Extensive
studies have been conducted on WRKY-mediated defense response in
Arabidopsis thaliana and many crop species. This study aims to investigate
the potential roles and contributions of WRKY TFs regulation in improving
defense response in the resynthesized Arabidopsis allotetraploids (Arabidopsis
suecica) from two related autotetraploid progenitors, Arabidopsis thaliana
(At4) and Arabidopsis arenosa (Aa). Upon infection by Pseudomonas
syringae (Pst), the allotetraploids has showed enhanced resistance against the
pathogen when compared to the parents. Rapid induction of WRKY18,
WRKY40, WRKY38, WRKY53, WRKY6; MAP kinase pathway related genes,
WRKY33, PAD3; SA-pathway related genes, ICS1, EDS1, PBS3, MYB31; was
evident in response to Pst and salicylic acid treatment in the allotetraploids.
Cleaved amplified polymorphic sequences analysis further revealed that the
AtWRKY18, AaWRKY40, AtWRKY33, and AtWRKY60 alleles expressed at
higher levels when compared to their respective homoeologs in the
allotetraploids, suggesting potential altered protein-protein interaction
networks in the hybrids. Therefore, a split-luciferase complementation assay
was used to characterize and quantify protein-protein interaction among these
homoeologous WRKYs in the allotetraploids. Results showed that preferential
protein-protein

interactions

AtWRKY18/AtWRKY18

exist
homodimer

for

the
or

cis-interacting
trans-interacting

AtWRKY18/AaWRKY40 heterodimer when compared to the respective
ii

interacting complexes. In addition, differential affinities of WRKY18 and
WRKY40 homo- and hetero- dimers toward the W-boxes at the WRKY60
promoter were observed. In the allotetraploids, PR1 expression was repressed
under basal state when compared to the progenitors. Although PR1 is
expressed at a higher level in A. thaliana, its expression fold change was
higher and faster in the allotetraploids upon salicylic acid treatment. Transient
expression of WRKY18 or WRKY40 homodimer in various combinations
induced differential expression of PR1 gene in their respective wrky18 and
wrky40 Arabidopsis thaliana mutants. In contrast, similar PR1 induction by
homodimer in various combinations was observed when they were transiently
expressed in the allotetraploids. In addition, transgenic AtWRKY18
overexpression plant displayed enhanced disease resistance against Pst when
compared to AaWRKY18 overexpression lines. Such enhanced disease
resistance was found to associate with the higher expression of PR1 and PR2
in AtWRKY18 transgenic lines. Moreover, differential Pst-induced expression
of the direct targets (ICS1, EDS1 and PBS3) of WRKY18 in the Arabidopsis
AtWRKY18 and AaWRKY18 overexpressors supported a biological
difference between the At and Aa homodimers in mediating the targets
regulation, thus contributing to the difference in disease responses. Overall,
our findings suggested that the rapid differential alleles expression and altered
protein-protein or protein-DNA interactions of WRKY transcription factors
could contribute to the improved defense in the allotetraploids, providing a
molecular basis of for heterotic phenotype development in hybrids.
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Chapter 01
Introduction
Plants continuously face abiotic and biotic stresses in their living environment. In
order to adapt to various environmental changes, plants need a pronounced degree
of phenotypic plasticity during their development [1]. Plants can integrate
environmental signals, allowing them to respond correctly under different stress
conditions. To achieve this, one strategy is to adjust their transcriptome in active
and time-based manners which in turn is predominantly accomplished by the
implementation of a network of many transcription factors (TFs) [2].
1.1 The plant immune system
There are two main branches of plant immune system: pathogen triggered
immunity (PTI) and effector triggered immunity (ETI). In PTI, conserved
microbe-specific molecules, microbial- or pathogen- associated molecular patterns
(MAMPS or PAMPs), are being identified by receptor-like kinases or
receptor-like proteins. Whereas in ETI, nucleotide-binding leucine-rich repeat
(NLR) proteins are employed for recognition of effector virulence proteins from
pathogens [3]. PTI and ETI often trigger a series defense mechanisms, leading to
hypersensitive responses (HR) and cell death, effectively mounting resistance
against pathogens at the infection site [4]. Pathogen induced HR is frequently
connected with the activation of phytohormones such as salicylic acid (SA),
ethylene (ET), jasmonic acid (JA) and abscisic acid (ABA). Activation of
SA-regulated defense mechanisms leads to the induction of systemic acquired
resistance (SAR), thus providing the plants with defense against biotrophic
1

pathogens [5]. In contrast, ET- and JA- mediated signaling pathways are linked
with plant defense against necrotrophic pathogens [6]. Indeed, evidence
suggesting the widespread antagonism among SA-mediated and JA/ET-mediated
defense signaling pathways has been well documented. Consequently, JA
signaling can be promoted by interfering SA accumulation in infected plants, and
the mutation of significant regulators of JA-mediated signaling pathway, such as
MPK4 and COL1, enhance SA level. SA-mediated defense signaling pathway
induces pathogenesis-related (PR) proteins that mount defense responses against
biotrophic and hemibiotrophic pathogens. In contrast, JA/ET defense signaling
pathway regulates the expression of PDF1.2 which associates with resistance
against necrotrophic pathogens [7, 8]. Likewise, other pathogen-induced genes
enhance the biosynthesis of antimicrobial compounds such as phytoalexins or
encode regulatory proteins which are associated with plant defense responses.
In plant defense, transcriptional controls through recognition of cis-promoter
sequences by transcription factors play an important role in mediating the
reprograming of plant transcriptome. It has been discovered that Arabidopsis
genome encodes around 1500 transcription factors by devoting a huge quantity
from

its

genome

for

transcription

(APETALA2/ETHYLENE-RESPONSE

[9].

Among

ELEMENT

them,

BINDING

AP2/ERF
FACTOR),

bHLH (basic-helix-loop-helix), TGA-bZIP (basic domain leucine zipper), MYB,
NAC, and WRKY TFs are all gene families known to be involved in plant defense.
The following paragraphs shortly discuss about these TF families and indicate
several members of each family.

2

AP2/ERF TFs involve in regulation of genes associate with abiotic stress and
biotic stress. AP2/ERF family members have a common 60 amino acids lengthy
DNA binding domain. The Dehydration Response Element (DRE) binding
domain binds to DNA elements, A/GCCGAC thereby regulate gene expression
under abiotic stresses. In addition, ERF subfamily members bind to the GCC
DNA motif and involve in regulations of biotic stress responsive genes associate
with the JA and ET signaling pathway [10, 11].
bHLH proteins contain a DNA binding domain which comprises of 50-60
amino acids. The DNA binding domain permits to form homo- or hetero- dimers
to their DNA conserved element CANNTG. Limited members of this family are
associated with plant defense responses. For example, AtMYC2, AtMYC3, and
AtMYC4 proteins regulate JA-mediated defense responses by facilitating
crosstalk between phytohormones such as SA, ABA, GA (gibberellin), and auxin
[11, 12].
In Arabidopsis thaliana, There are 10 subgroups of bZIP family proteins;
two of them (Groups C and D) are linked with plant defense [13]. In general, bZIP
TFs form homo- or hetero- dimers then bind to DNA conserved sequences ACGT.
In addition, TGA-bZIP TFs recognize palindromic DNA sequence TGAC/GTCA
[14]. Group D TFs regulate SA-signaling pathway thereby improving disease
resistance toward biotrophic pathogens. Moreover, AtTGA2, 5, and 6 involve in
establishment of SAR

and regulate host

ethylene-induced defense responses [11].

3

detoxification by activating

MYB TFs belong to large family and regulate various plant processes such as
development, metabolism, and biotic and abiotic stress. MYB TFs consist of
R2R3MYB

domain

which

binds

to

either

(T/C)AAC(T/G)G

or

G(G/T)T(A/T)G(G/T)T sequence elements. It has been discovered that MYB TFs
from Arabidopsis and barley are involved in in plant immunity [15].
The major role of NAC family TFs is regulation of stress responses against
abiotic stresses. In addition, several TFs; AtANAC019, AtANAC055 and
AtANAC072 are involved in plant defense signaling. NAC TFs proteins bind to
the CATGTG DNA sequence [16, 17].
The WRKY TFs family is one of the most significant and largest TF family
among transcriptional regulators in plants [11]. WRKY TFs regulate multiple
responses by interconnecting network and interactions. The following sections
describe properties, functions, and regulation of WRKY TFs.
1.2 WRKY TFs important regulators of plant processes
In 1994, the first WRKY TF was isolated and characterized from sweet potato
(Ipomoea batatas; SPF1) [18]. Thereafter, many WRKY TFs have been isolated
from different plant species like wild oat (Avena fatua; ABF1, 2), rice (Oryza
sativa; OsWRKY45), parsley (Petroselinum crispum; PcWRKY1, 2, 3), tobacco
(Nicotiana benthamiana; NbWRKY 3, 4), Arabidopsis thaliana (ZAP1), Soybean
(Glycine max; GmWRKY13, 21, 54), and Vitis vinifera (VvWRKY1) [19]. In rice,
more than 100 and in Arabidopsis 74 members are belong to the WRKY TF
superfamily [19]. Although, the WRKY TFs were initially considered as plant
specific TFs, recently few WRKY TFs have been discovered from Dictyostelium
4

discoideum and Chlamydomonas reinhardtii, belong to non-plant eukaryotes.
These findings suggested that WRKY TFs may evolve earlier than eukaryotes and
later expanded into plants [20].
1.2.1 WRKY domain and W-box
WRKY TFs have strong conserved DNA binding domain designated as WRKY
domain which specifically recognizes the W-box (TTGACC/T) at the promoter of
their targets. The WRKY domain comprises about 60 amino acid residues forming
four beta sheets and zinc finger motifs. Most of the WRKY TFs have the invariant
WRKYGQK amino acid sequence at the N-terminus of the WRKY domain.
However, in a small number of WRKY TFs, the WRKY amino acid sequences
have been substituted by WRRYGQK, WSKYGQK, WRKYGQK, WVKYGQK
or WKKYGQK [21]. Depend on the number of WRKY domain at the N-terminus
and the structure of zinc fingers motifs at the C-terminus, WRKY TFs can be
categorized into three groups (Table 1.1). The group I factors comprise two
WRKY domains and two Cx4Cx22-23HxH zinc-finger motifs, the group II
factors comprise one WRKY domain and one Cx4-5Cx23HXH zinc-finger motif
and the group III factors comprise one WRKY domain and one Cx7Cx23HXC
zinc-finger motif. Based on group II factors’ primary amino acid sequence, group
II factors can be further subdivided into five subgroups, IIa, IIb, IIc, IId and IIe,
[19]. Within the zinc-finger motif, cysteine and histidine residues in four β-strands
coordinate with zinc and form zinc-binding pocket that is partly protruded from
one surface of the protein, thus facilitating contact with the W-box of DNA. The
minimal W-box sequences defined as TTGACC/T are recognized by WRKY
domain. Notably, adjacent sequences around the W-box partially regulate the
5

binding preferences of the WRKY domain [22]. For example, AtWRKY26,
AtWRKY38 and AtWRKY43 display high affinity to W-box that have a T, C or
A residue directly 5' to the W-box element, whereas AtWRKY6 and AtWRKY11
bind better to the same motif when a 5' G residue is present at the same position
[19]. Remarkably, experiments showed that few WRKY TFs bind to non W-box
sequences; HvWRKY46 binds to both W-box and sugar responsive element
(TAAAGATTACTAATAGGA)

and OsWRKY13

recognizes

both

PRE4

sequence (TGCGCTT) and W-box [23, 24]. In contrast, NtWRKY12 has
WRKTGQK domain which binds to the SURE-like elements instead of the
W-box [24]. Therefore, the diversity of the binding affinity of WRKY groups
toward the W-box and other elements has provided this family of TFs the
flexibility to function in different aspects of plant development and responses
(Table 1.2 and Table 1.3).
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Table 1.1 Diverse groups of WRKY TFs in A. thaliana.

Group Name1

Protein name

Group I

AtWRKY1, AtWRKY2, AtWRKY3, AtWRKY4, AtWRKY20,
AtWRKY25, AtWRKY26, AtWRKY32, AtWRKY33,
AtWRKY34, AtWRKY44, AtWRKY45, AtWRKY58,
AtWRKY10

Group IIa

AtWRKY18, AtWRKY40, AtWRKY60

Group IIb

AtWRKY6, AtWRKY9, AtWRKY31, AtWRKY36, AtWRKY42,
AtWRKY47, AtWRKY61

Group IIc

AtWRKY8, AtWRKY12, AtWRKY13, AtWRKY23, AtWRKY24,
AtWRKY28, AtWRKY43, AtWRKY48, AtWRKY49,
AtWRKY50, AtWRKY51, AtWRKY56, AtWRKY57,
AtWRKY59

Group IId

AtWRKY7, AtWRKY11, AtWRKY15, AtWRKY17, AtWRKY21,
AtWRKY39,

Group IIe

AtWRKY14, AtWRKY16, AtWRKY22, AtWRKY27,
AtWRKY29, AtWRKY35

Group III

AtWRKY30, AtWRKY41, AtWRKY46, AtWRKY53,
AtWRKY54, AtWRKY55, AtWRKY38, AtWRKY52,

1

The grouping of proteins were reported in [2].
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Table 1.2 WRKY transcription factors and their involvement in different
biological processes.

Gene Species

Function

Ref.

Associate with somatic
embryo formation.
Involve in embryogenesis.
Regulate starch synthesis in
the endosperm.

[25]

ABF1/ABF2 Avena sativa

Induce ABA and repress GA
in aleurone cells during seed
germination.

[27]

OsWRKY51/71 Oryza sativa

Regulate cross-talk between
GA and ABA in aleurone
cells and embryo.
Mediate seed germination.

[21, 28]

Seed development and Germination
DGE1 Dactylis glomerata
ScWRKY1 Solanum chacoense
SUSIBA2 Hordeum vulgare

HvWRKY38 Hordeum vulgare
Vegetative development
AtWRKY27 Arabidopsis thaliana

Negatively regulate GA
signaling in plant growth
and development.
Trichome and seed coat
development.
Involve in seed
development.
Involve in root development.

AtWRKY44 Arabidopsis thaliana
AtWRKY10 Arabidopsis thaliana
AtWRKY75 Arabidopsis thaliana
Senescence
AtWRKY6 Arabidopsis thaliana
AtWRKY53

[26]
[24]

[19]

[29]

[30]
[31]
[32]

Regulate leaf senescence.
[33-35]

AtWRKY70
OsWRKY23 Oryza sativa

Mediate dark-induced leaf
senescence.
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[36]

Table 1.2 cont.
Gene Species
Secondary Metabolism
AtWRKY23 Arabidopsis thaliana
CrWRKY1 Catharanthus roseus
AaWRKY1 Artimisia annua

GaWRKY1 Gossypium arboreum
CjWRKY1 Coptis japonica

AtWRKY6, 42, Arabidopsis thaliana
45, 75
GbWRKY1 Gossypium barbadense

9

Function

Ref

Regulate the production of
flavanols.
Regulate the terpenoid
indole alkaloid biosynthesis
Regulate expression of
Amorpha-4,11-diene
Synthase

[37]

Regulate expression of
Sesquiterpene Synthase
Regulate

[40]

Benzylisoquinoline
Alkaloid Biosynthesis.
Modulator of Phosphate
starvation.
Reduce Pi starvation stress
symptoms.

[38]
[39]

[41]

[32, 42]
[43]

Table 1.3 Functions of WRKY TFs towards stresses responses.

Gene

Species

Function

Ref.

Abiotic stresses
Drought
AtWRKY57

Arabidopsis thaliana

[44]

CsWRKY2

Camellia sinensis

Constitutive expression of
WRKY57 enhanced drought
tolerance by elevating ABA
level.
Under drought condition

[45]

CsWRKY2 is up-regulated
and participates ABA
signaling pathway.
GhWRKY25

Gossypium hirsutum

TaWRKY10

Triticum aestivum

OsWRKY11

Oryza sativa

BhWRKY1

Boea hygrometrica

Enhance
desiccation-tolerance by
regulating galactinol
synthase (GolS) expression.

[49]

Positively regulate plant salt
tolerance.
Overexpression lines
enhanced salt tolerance.

[50]

GhWRKY25

Dendranthema
grandiflorum
Gossypium hirsutum

TaWRKY10

Triticum aestivum

Function as a positive
regulator under salt stresses.

[47]

Salt
DgWRKY3

Reduce plant tolerance to
[46]
drought.
Function as a positive
[47]
regulator under drought
stresses.
Overexpression lines
[48]
significantly induce tolerance
to drought.
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[46]

Table 1.3 cont.
Gene

Species

Function

Phosphate starvation
AtWRKY75/6/42 Arabidopsis thaliana AtWRKY6 and AtWRKY42
are negative regulator for
PHOSPHATE1 expression
while AtWRKY75 positively
regulate Pi acquisition.
OsWRKY74
Oryza sativa
Overexpression lines
enhance tolerance to Pi
starvation.
Cold
AtWRKY34
CsWRKY2

Arabidopsis thaliana Negatively regulate cold
Camellia sinensis

sensitivity of mature pollen.
Under stress condition
CsWRKY2 is up-regulated
and participate ABA
signaling pathway.

Heat stress
AtWRKY33/25/2 Arabidopsis thaliana Positively regulate
6
AtWRKY39

OsWRKY11

Ref.
[51]

[52]

[53]
[45]

[54]

responses to the heat stress.
Arabidopsis thaliana Overexpression lines
[55]
positively regulate functions
between the SA and JA
signaling pathways that
enhanced thermotolerance.
Oryza sativa
Overexpression lines
[48]
significantly induce
tolerance to heat.

11

Table 1.3 cont.
Gene

Species

Function

Ref.

Biotic stresses
Botrytis cinerea (fungus) infection
GhWRKY25
Gossypium hirsutum

[46]

AtWRKY33

[56]

Overexpression lines
enhance sensitivity to the
fungal pathogen
Arabidopsis thaliana Positively regulates
resistance to the
necrotrophic fungus.

Colletotrichum higginsianum (fungus) Pseudomonas syringae (bacteria)
infection
AtWRKY52
Arabidopsis thaliana Mount dual resistance
[57]
against fungus and bacteria.
Pseudomonas syringae (bacteria) infection
AtWRKY18
Arabidopsis thaliana Function as positive
regulator for full induction
of SAR.

[58]

Ralstonia solanacearum infection
CaWRKY27

Capsicum annuum

Overexpression of
CaWRKY27 positively
regulates resistance to
pathogen.

[59]

Magnaporthe oryzae (fungus) Xanthomonas oryzae pv. Oryzae (bacteria)
infection
OsWRKY45
Oryza sativa
Overexpression lines
[60]
enhance resistance to both
pathogens.
Puccinia striiformis f. sp. Tritici infection
TaWRKY70
Triticum aestivum
Positively regulates
pathogen resistance
12

[61]

1.2.2 WRKY TFs response to biotic stresses
Biotic stress, which is the negative impact of living organisms, such as insects,
fungi, parasites, viruses and bacteria causes damages in plants. The biotic stresses
are regulated by multiple signaling pathways involving numerous TFs such as
ethylene-responsive element binding factors (ERF), MYB, basic-domain leucine
zipper (bZIP), and WRKY TFs [62]. It has been shown that WRKY TFs are key
components of the plant immune system thus conferring resistance towards
various bacteria and fungi. Genetic analysis has shown that WRKY TFs modulate
plant defense responses either positively or negatively [63].
In A. thaliana, WRKY TFs are involved in the SA-mediated defense
signaling pathway thereby inducing SAR against the pathogens [63]. In
Arabidopsis, AtWRKY70 is involved in convergence of SA-mediated and
JA-mediated defense signaling pathways; enhancing resistance against specific
bacteria and fungus [64, 65]. Moreover, SA induces expression of AtWRKY46
which plays overlapping and synergetic roles with AtWRKY70 and AtWRKY53 in
enhancing basal resistance against Pseudomonas syringae [66]. Additionally,
AtWRKY33 positively regulates defense responses to the necrotrophic fungi
Alternaria brassicicola and Botrytis cinerea. The expression of AtWRKY33
induces PAD3 expression through mitogen-activated protein kinase4 (MAPK4)
cascade, allowing the production of antimicrobial compound, camalexin [67].
The research on WRKYs is not limited to Arabidopsis. Numerous WRKY TFs
have been identified as participating in defense in other plant species, indicating
the significance of WRKY TFs in plant innate immunity. OsWRKY45-1 and
OsWRKY45-2 are found in the japonica and indica subspecies of Oryza sativa
13

respectively. Both allelic genes encode proteins differing in ten amino acids.
Overexpression of OsWRKY45-1 and OsWRKY45-2 transgenic lines increases the
resistance to rice fungal pathogen Magnaporthe grisea compared with wild type,
showing that both proteins positively regulate the resistance. In barley, mildew
resistance locus A (MLA) protein recognizes the fungal avirulence AVR10
effector, and then associates with HvWRKY1 and HvWRKY2 in the nucleus,
triggering ETI against powdery mildew. In contrast, HvWRKY1 and HvWRKY2
are negative regulators of PTI and showing that WRKY TFs link the two major
defense signaling pathways in plants [68].
In addition, two structurally similar AtWRKY3 and AtWRKY4 are positive
regulators for necrotrophic pathogen resistance in A. thaliana [69]. In grapevine
(Vitis vinifear), VvWRKY2 positively regulates plant defense against Botrytis
cinerea, Pythium spp, and Alternaria tenuis pathogens [70]. Upregulation of
VvWRKY1 in transgenic grapevines activates JA signaling pathway thus enhance
resistance against downy mildew [71]. Constitutive expression of OsWRKY13,
OsWRKY47, OsWRKY53, and OsWRKY31 in rice enhances the resistance against
Magnaporthe grisea when compared to the wild type [72-76]. Within the WRKY
TFs family, many WRKYs also act as negative regulators for plant defense
against stresses. For examples, loss of AtWRKY11 function increases the
resistance of A. thaliana towards virulent Pst strains and wrky11wrky17 double
mutants further improve the resistance, suggesting that AtWRKY11 and
AtWRKY17 negatively regulate basal resistance [77]. Overexpression of
AtWRKY38 and AtWRKY62 in Arabidopsis compromises the resistance against
P. syringae while their mutation enhances plant defense in the mutants, thus
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suggesting their negative roles in plant defense regulation [78, 79]. Stress and
pathogen induced AtWRKY25 and AtWRKY48 alter the expression of PR1 and
have negative influence on SAR [80, 81]. AtWRKY23 belongs to group II, a
negative regulator in response to the nematode Heterodera schachtii [82]. In
barley, mutation of HvWRKY10, HvWRKY19, and HvWRKY28 genes leads
activation of ETI [83]. Virus-induced silencing lines and overexpressor lines have
shown that CaWRKY1 from Capsicum annuum (pepper) negatively regulates
pathogen defense [84].
Based on the nature of pathogens, many WRKY TFs possess dual roles in
defense response. For instance, AtWRKY53 negatively affects the plant defense
in Ralstonia solanacearum while positively regulates plant response against P.
syringae [85, 86]. The three closely related group IIa TFs, WRKY18, WRKY40,
WRKY60, share functionally redundant roles in basal defense. Gene knockout
studies showed that wrky18wrky40wrky60 triple mutant, wrky18wrky40, and
wrky18wrky60 double mutants are more resistance to P. syringae but
susceptible to B. cinerea [87]. Indeed, AtWRKY18 and AtWRKY40 interfere
with the pre-invasion of the powdery mildew fungus, Golovinomyces orontii;
indicating their negative roles in fungus infection [88]. In Arabidopsis,
AtWRKY70 is a positive regulator in SAR and overexpression of AtWRKY70
improves disease resistivity toward the biotrophic Erysiphe cichoracearum
pathogen while increases susceptibility to the necrotrophic A. brassicicola
pathogen [64, 65]. Furthermore, the Arabidopsis wrky8 mutants show less
resistance against B. cinerea but increase resistance to P. syringae infection [89].
In Rice, OsWRKY45-2 positively regulates defense responses to the Xanthomonas
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oryzae (bacterial rice leaf blight) whereas OsWRKY45-1 function as a negative
regulator. Both genes are differently expressed in response to X. oryzae infection
and involved in modulating SA and JA levels in rice. OsWRKY45-2 regulates only
JA level but OsWRKY45-1 regulates both SA and JA levels. [73, 74].
WRKY TFs are also activated by chewing insects and heat stress. For
example, the expression of NaWRKY3 in tobacco Nicotiana attenuates is triggered
by wounding and NaWRKY3 activates the expression of NaWRKY6. Silencing
either NaWRKY3 or NaWRKY6, or both, makes plants susceptible to herbivores
[90]. In Capsicum annuum (pepper), SA, JA, and ET signaling pathways are
regulated by CaWRKY40, thereby coordinating responses to Ralstonia
solanacearum infection and heat stress in pepper [91].
1.2.3 WRKY TFs regulate leaf senescence
Leaf senescence is essential for the recycling processes of nutrients in plants.
Study on cDNA library of leaf senescence in A. thaliana discovered that the
WRKY TFs are associated with leaf senescence [92]. AtWRKY6 positively
regulates

leaf

SENESCENCE

senescence
INDUCED

and

pathogen

RECEPTOR

defense.
LIKE

The

expression

of

SERINE/THREONINE

PROTEIN KINASE (SIRK) is upregulated by AtWRKY6 during leaf senescence.
AtWRKY6 overexpression lines elevate SIRK transcript levels while the wrky6
mutants display less green leaves [33, 93]. AtWRKY53 controls senescence by
regulating expression of SENESCENCE ASSOCIATED GENES (SAGs). Knock
out and overexpression of AtWRKY53 lines display delayed and accelerated
senescence phenotypes, respectively [34]. A mitogen activated protein kinase
kinase kinase (MEKKK1) interacts with AtWRKY53 and phosphorylates
16

WRKY53. The phosphorylation of WRKY53 enhances DNA binding affinity of
WRKY53 in vivo. MEKK1 also binds to the AtWRKY53 promoter to regulate
plant age-dependent genes expression [94]. In A. thaliana, AtWRKY70 negatively
regulates developmental senescence. Loss of function of WRKY70 in Arabidopsis
promotes dark-induced senescence [35]. Moreover, it has been reported that
OsWRKY53 mediates crosstalk between pathogen resistance and senescence.
Overexpression of OsWRKY53 in transgenic rice accelerates leaf senescence in
darkness and increases the expression of PR genes, thereby improving their
resistance against bacteria pathogens [36]. Recently, it has been discovered that
WRKY53-regulated senescence is associated with epigenetic modifications such
as DNA methylation, and histone acetylation [95]. Transient expression of
AtWRKY18 in A. thaliana protoplast indicated that AtWRKY18 able to bind
directly to the W-boxes at the WRKY53 promoter, repressing the expression of
WRKY53. The mutation and overexpression of AtWRKY18 in Arabidopsis clearly
lead to accelerated and delayed senescence phenotypes, respectively. Also,
AtWRKY18/53 heterodimer positively regulates the WRKY53 promoter-driven
gene expression within the 1.1 kbp promoter region [96].
1.2.4 Interactions of WRKYs and their partners
In general, most regulatory proteins seldom function alone, they often physically
interact with other proteins in complexes to regulate different biological processes
[97]. It has been shown that WRKY proteins form complexes with themselves and
other proteins through the leucine zipper motifs present at the N-terminus [87].
Multiple leucine/isoleucine/valine residues in WRKYs at N-termini contribute to
the formation of amphipathic alpha helixes, the secondary structure of a leucine
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zipper. These leucine zipper sequences mediate the widespread protein-protein
interactions between WRKYs, forming homo- or hetero- dimers. Importantly,
amino acid sequence variance at the binding site could alter the strength of
protein-protein

interactions

[98].

In

rice,

bimolecular

fluorescence

complementation (BiFC) assay revealed that OsWRKY71 (group IIa) interacts
with itself and with OsWRKY51 (group IId) [99]. Yeast two-hybrid assay showed
that interactions could be occurred among different WRKY sub-classes. The
WRKY-WRKY protein interactions can alter DNA binding affinity and target
gene expression. For example, interaction between OsWRKY51 and OsWRKY71
cooperatively mediates the ABA and GA controls of Amy32b α-amylase gene
expression during seed germination. OsWRKY51 itself doesn’t bind to the
Amy32b promoter but increases the binding affinity of OsWRKY71 to W-boxes
by forming OsWRKY51/71 heterodimer [99].
It has been well studied that in Arabidopsis, AtWRKY18, AtWRKY40, and
AtWRKY60 form homo- or hetero- dimers through a leucine zipper (LZ) motifs
present at their N-terminus. Additive, cooperative, and antagonistic effects of
WRKY18, 40, and 60 homo- or hetero-dimers in A. thaliana revealed that they
negatively regulate plant basal defense and ABA signaling in seed germination
[87, 100]. High level of ABA induces the transportation of AtWRKY 18, 40, and
60 from the nucleus to the cytosol. This leads to promote their interactions with
chloroplast envelop ABA receptor [101]. Single mutants of AtWRKY18, 40, and
60 show small alternations in response to necrotrophic fungal pathogen (B.
cinerea) and hemibiotrophic bacterial pathogen (P. syringae). Conversely,
wrky18wrky40 and wrky18wrky60 double mutants and wrky18wrky40wrky60
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triple mutants display more resistance to P. syringae but susceptible to B. cinereal
than wild type plants suggesting that their diverse roles in plant defense signaling
pathways [87]. The wrky18wrky40 double mutants show strong resistance toward
both Golovinomyces orontii and powdery mildew fungus infection suggesting that
AtWRKY18 and AtWRKY40 negatively regulate PAMP-triggers basal defense
[68]. In contrast to the negative effects of AtWRKY18, 40, and 60 on basal
defense, transgenic lines overexpressing AtWRKY18 improves plants’ resistivity
towards P. syringae and induces the PR gene expression constitutively. Also, the
wrky18 homozygous mutants were susceptible to P. syringae infection [58, 102].
However, when AtWRKY18 co-expressed with AtWRKY40 or AtWRKY60,
makes plants more vulnerable to both P. syringae and B. cinerea by eliminating
constitutive PR gene expression [87]. These results suggested an antagonistic
effect among the interacting proteins during plant defense. High level of ABA
induces expression of AtWRKY60 while the wrky18wrky40 mutants abolish
ABA-induced AtWRKY60 expression indicating that cooperation between
AtWRKY18 and AtWRKY40 during expression of AtWRKY60. Moreover,
AtWRKY18/40 heterodimer specifically binds to the AtWRKY60 promoter
(W-boxes) and enhances the expression of AtWRKY60 [100]. The three proteins
bind to the W-boxes in ABA-responsive ABI4 and ABI5 genes promoters thereby
cooperatively

repress

their

expressions

[103].

Indeed,

AtWRKY18/40

hetero-complex significantly enhances binding affinity towards oligo DNA probe
which comprise two W-boxes separated by several number of nucleotides [87].
AtWRKY60 shows little DNA binding activity for DNA probe contain two direct
repeats of W-boxes. By adding AtWRKY18 to the AtWRKY60 binding mixture
could enhance binding affinity. In contrast, AtWRKY60 reduces the binding
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affinity of AtWRKY40, suggesting that AtWRKY60 modulates the DNA binding
affinity of AtWRKY18 and AtWRKY40 [87]. Interestingly, combinations of all
three WRKY proteins completely eradicate their binding to the W-boxes,
signifying their cross regulation through protein-protein interactions [103].
1.2.5 WRKY-MAPK interactions
WRKY TFs interact with an extensive range of proteins that are involved in
defense signaling, transcription, and epigenetic modifications. MAPKs signaling
pathway plays significant roles in plant response to abiotic and biotic stresses.
Mutants or overexpression transgenic lines studies have indicated that, biotic and
abiotic stresses-induced MPK3, MPK6 and MPK4 expressions play critical roles
in Arabidopsis defense system [104]. In Arabidopsis, AtWRKY33 forms
complexes with MPK4 and MPK4 substrate 1(MKS1) in the absence of pathogens
[67]. Upon infection by bacteria or flagellin treatment, MPK4 gets activated,
phosphorylating MKS1 and resulting in the release of AtWRKY33 into the
nucleus. AtWRKY33 induces its expression by binding to its promoter thus
enhances the AtWRKY33-mediated defense responses through a positive
feedback mechanism [67]. Specifically, AtWRKY33 binds to the upstream region
of PAD3, a biosynthetic enzyme required for the production of antimicrobial
compound, camalexin [67]. Therefore, AtWRKY33 positively regulates resistance
against necrotrophic pathogens. Using a high density microarray, it has been
shown that WRKY proteins belong to other WRKY sub-classes are also activated
by the MAPK cascade. These WRKY proteins include group I (AtWRKY 3, 20,
23, 44, and 58), group IIa (AtWRKY40), group IIb (AtWRKY6, 36, 47, 61, and
72), group IIc (AtWRKY8 and 75), group IId (AtWRKY 7, 21, and 39), group IIe
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(AtWRKY 22, 27, 65, and 69), and group III (AtWRKY 46, 53, 55, 62, and 66)
[105]. AtWRKY53 is a regulator of leaf senescence, whose cis-acting elements
are recognized by MEKK1. Binding of MEKK1 to the promoter of AtWRKY53 is
essential for the regulation of AtWRKY53 in an age-dependent manner. Also,
phosphorylation of AtWRKY53 by MEKK1 enhances its DNA-binding activity to
its own promoter. Therefore, MEKK1 functions as both a protein kinase and a
DNA-binding protein [94].
1.2.6 Regulations of WRKYs
1.2.6.1 Genetic regulations of WRKYs’ expression
Tight regulations of TFs are required to achieve an accurate balance of cell
response for biotic and abiotic stresses. Some WRKY TFs requires effectors for
its activation and action in ETI. The existence of multiple W-box elements at the
promoter region of WRKYs suggests that they are either autoregulated or cross
regulated by other WRKYs. For examples, W-box elements at the AtWRKY18
promoter are recognized by both recombinant AtWRKY18 and SA-induced
WRKY DNA in nuclear extract. Mutation of these W-box from TTGAC to
TTGAA eliminates its binding. Moreover, these W-box elements function as
negative regulatory elements, thereby repressing AtWRKY18 expression in healthy
plants under normal condition [102]. In vitro DNA binding assays have revealed
that several WRKY TFs alter their binding site preferences based on the extra
flanking DNA sequences at the TTGACY-core motif of the W-box [19]. A cluster
of W-box elements at the WRKY60 promoter is recognized by WRKY18 and
WRKY40 and trigger WRKY60 expression in protoplasts. WRKY60 is a direct
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target of WRKY18 and WRKY40 since wrky18 and wrky40 mutants eliminate the
ABA-inducible expression of WRKY60 [100]. This was further confirmed by
ChIP-seq experiments showing that flg22-induced WRKY18 and WRKY40
bound to the promoter region of WRKY60, WRKY38, and WRKY53 [106]. The
formation of homo- or hetero- dimers differentially influence their DNA binding
activity for W-boxes, thereby modulating their regulatory functions in
transcription [87]. In a transcriptional network, some WRKY TFs require another
WRKY TFs for its regulation. For instance, in Nicotiana attenuate, expression of
NaWRKY6 can be induced by secretions of Manduca sexta larva containing fatty
acid amino conjugates. However, such activation is dependent on the presence of
NaWRKY3 [90]. AtWRKY22 is a positive regulator of senescence, it can
influence its own expression as well as the expression of AtWRKY53 and
AtWRKY70 [107]. Furthermore, the expressions of WRKY TFs are subjected to
the control of other proteins under different plant physiological conditions. For
example, a zinc-finger protein ZAT12; activated by abiotic stresses,
transcriptionally regulates the expression of AtWRKY25 [108]. ARF7 and
ARF19; auxin response factors control development of root and plant growth by
modulating expression of AtWRKY23 [37].
1.2.6.2 Epigenetic regulations of WRKYs’ expression
Epigenetic mechanisms offer genomic plasticity for the ability to survive and
reproduce in changeable environments. It has been discovered that several WRKY
TFs undergo epigenetic regulation. In addition to the genetic regulations described
above, WRKY TFs are also regulated by miRNAs at post-transcriptional level.
For example, HaWRKY6 responses to high temperature, and is regulated by
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miR396 in sunflower [109]. In Arabidopsis thaliana, histone deacetylases
(HDACs) modulate the expression of defense-related genes. Histone deacetylase
19 (HDA19) removes acetyl groups from histone tails thereby repressing the
expression of AtWRKY38 and AtWRKY62, two TFs that repress the SA pathway
[79]. Transcriptional activation of WRKY70 is induced by ATX1 (Trithorax)
through apparent trimethylation of nucleosomal histone H3K4, stimulates
SA-dependent defense responses [110]. During leaf senescence, expression of
WRKY53 is triggered by H3K4me2 and H3K4me3. Overexpression of SUVH2
(histone methyltransferase) represses the expression of WRKY53 by increasing the
level of H3K27me2 and H3K27me3 at upstream region of WRKY53 [95]. It has
been discovered that the epigenetic machinery controls the transgenerational
systemic acquired resistance (SAR). FLOWERING LOCUS D (FLD) gene in A.
thaliana is essential to activate SAR. FLD initiates the transcription of WRKY29
and WRKY6 genes by promoting methylation at H3K4me2 markers at their
promoters [111]. The chromatin compaction level affects numerous genomic
functions. Linker histone H1 responsible for the condensation of DNA fibers thus
blocks the access of regulatory components. In banana, interaction between
MaHIS1 (Linker histone H1 gene) and MaWRKY1 regulates physiological
processes such as ripening and stress responses [112].
1.3 Heterosis
Heterosis or hybrid vigor is evolutionarily described as crossing between species
with their offspring displaying one or more improved traits such as superior
biomass, height, growth rate, speed of development, and fertility when compared
to the parents. Polyploidy is denoted by cells having more than one set of
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chromosomes, which can be found in many plants and in some animals. Diploids
have two sets (2n) chromosomes in the nucleus. Similarly, cells have three sets
(3n) and four sets (4n) of chromosomes named as triploid and tetraploid
respectively [113]. The process of genome duplication within the same species
will create autopolyploids whereas allopolyploid is formed from hybridization of
genomes among different species with more than two sets of chromosomes.
Allopolyploidization is common in many plants and could effect in an
evolutionary benefit if the hybrids over their progenitors [114].
There are few theories to explain heterosis in plants: dominance [115, 116],
overdominance [117, 118], pseudo-overdominance, [119] and epistasis [120-122].
The dominance and overdominance are the most typical quantitative genetic
models. The dominance model explains that harmful alleles from one parent are
complemented by the corresponding dominant alleles from the other parents,
which contribute to the heterosis. The overdominance model suggests that
favorable synergistic effect from allelic interactions at one or several genetic loci
in the heterozygous hybrids, leading to hybrid vigor when compared to the
homozygous

parents.

In

addition,

pseudo-overdominance

propose

that

complementation of several linked lethal recessive alleles at repulsion phase,
function as overdominance eventually leads to hybrid vigor [123]. The
pseudo-overdominance model is a genetic in-between of dominance and
overdominance models [124, 125]. Many studies have been identified that
epistatic interactions between multiple loci lead to the production of heterosis
[120-122]. The results from these studies suggest that epistatic interactions play
an important role in genetic basis of quantitative traits. Quantitative traits loci
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(QTLs) studies on three nearly isogenic rice lines revealed that the existence of
epistatic interactions between Hd1, Hd2, and Hd3 controls photoperiod sensitivity
[126]. In Arabidopsis thaliana FLC gene is epistatically activated by FRI to
suppress flowering [127]. However, when A. thaliana and A. arenosa genome
were combined in an allopolyploids, AaFRI activate AtFLC, not AaFLC due to
cis-modifications at the AaFLC locus, showing that the novel epistatic interactions
are also possible in allopolyploid plants [128].
The proposed theories have their own limitations, making it problematic to
support one theory over the other. According to dominance theory, all deleterious
alleles from both parents are complemented by advantageous alleles between the
two parents to generate hybrids with superior traits. However, this would be
impossible to occur. For example, better inbred parents created by removing all
deleterious alleles display lower heterosis than cross-pollinated hybrids [118].
The pseudo-overdominance model could not elucidate the heterosis observed
in tomato introgression lines (IL). The heterosis, observed in the tomato IL
hybrids is caused by overdominance of a single locus. Even in the absence of
epistasis, heterosis is established [119]. Furthermore, epistasis, overdominance,
and dominance are contributed to the observed heterosis in hybrid rice. Hence, the
proposed theories cannot be directly linked with hybrid vigor phenotypically or at
molecular level. In a complex gene network, many genes are accountable for
numerous variable traits that contribute to heterosis. Positive and negative effects;
generated by epistatic interactions between the alleles in multiple loci in different
genetic background, can also affect heterosis in hybrids [124, 129, 130].
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The genetic dissimilarities between the two parental strains determine the
degree of heterosis [118]. In general, interspecific hybrids mostly display more
heterosis than intraspecific hybrids. Similarly, hybrids formed same subgenera
show lower heterosis than the hybrids formed different subgenera. For an example,
hybrid rice formed within a subspecies display lower heterosis that the hybrid rice
from two subspecies. Hybrids derived from Raphanus and Brassica show greatest
amount of heterosis [131]. In contrast, genetically similar inbred lines in maize
and tobacco produce hybrids display dramatic level of heterosis. Therefore, the
interaction among few genes or the combinations of few genes in hybrids play a
significant role in heterosis [132]. Remarkably, genetic mechanisms related to
heterosis are different form one plant species to another.
1.3.1 A molecular model for heterosis
Arabidopsis suecica is a natural allotetraploid formed between extant Arabidopsis
thaliana (autotetraploid) and Arabidopsis arenosa (tetraploid) 12,000-300,000
years ago [133]. Arabidopsis thaliana and Arabidopsis arenosa diverged ~6
million years ago which is similar to the distance between humans and
chimpanzees (~6.3 million years ago) [134, 135]. In resynthesized allotetraploids,
A. arenosa phenotypically dominant over A. thaliana [136]. Interestingly, the
allotetraploids show hybrid vigor or heterosis. The resynthesized allotetraploids
improve its overall level of fertility after each generation of selfing and gene
expression divergences between the progenitors are gradually overcome [137].
The allotetraploid system can be used for studying cis- and trans- effects because
a common set of protein factors exist in the same allotetraploid cells. After the
fusion of the A. thaliana and A. arenosa genomes, the expression of orthologs
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become homoeologous in the allotetraploids because of difference between cisand trans- regulation [138]. Cis- regulatory elements drive the expression on
single gene or act on promoter or enhancers which may cause unequal
accumulation of homoeologous transcripts in the allotetraploids. These
resynthesized allotetraploids are meiotically stable, behaving like a diploid in
chromosome segregation. As a result, allotetraploids could maintain their
heterozygosity over generations by overcoming inbreeding depression. In addition,
imprinted genes in Arabidopsis interspecific hybrids are abnormally silenced and
numerous protein coding genes are regulated by epigenetically in allotetraploids
[137, 139]. It has been discovered that the gene expression changes in polyploids
and hybrids are attributed to the sequence divergence at regulatory regions and
epigenetic modifications. Upon divergence of Arabidopsis thaliana and
Arabidopsis arenosa, there are sequence divergence between the WRKY
promoters, potentially lead to different expression levels of WRKYs and
responses in transcriptome upon stress. In addition, after the formation of hybrid,
the interaction of the two genomes could give rise to new protein-DNA interaction
and protein-protein interactions as well as different histone modification status at
the WRKY loci. Therefore, the resynthesized allotetraploids system is ideal for
studying the contribution of WRKY factors regulations to heterosis and hybrid
vigor.
1.3.2 Non-additive gene expression in allotetraploids
Gene expression profiles of hybrids or allotetraploids can be categorized into two
groups, additive and non-additive expression. For additive expression, the
expression level of additively regulated genes in hybrid is equal to the average of
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the two parents (1+1=2, mid parent value). In contrast, if the expression level of
genes shows a lower or higher level when compared to the mid parent value
(1+1≠2); such expression is classified as non-additive regulation. In such case, the
non-additively expressed gene could be positively or negatively regulated, leading
to a higher or lower level of gene expression when compared to the MPV. In
Arabidopsis allotetraploids, most of the rRNA genes from A. thaliana are silenced
and >65% of the non-additively genes are repressed in allotetraploids. Among the
suppressed genes in allotetraploids more than 94% genes are expressed in A.
thaliana at higher level when compared to that in A. arenosa. This data indicate
nuclear dominance and phenotypic dominance of A. arenosa over A. thaliana in
the allotetraploids [136, 140].
1.4 Research question and hypothesis
Microarray and qRT-PCR analyses revealed that WRKY genes are expressed at
higher levels in A. thaliana (At4) than in A. arenosa (Aa) while repressed in the
allotetraploids under normal growth condition [136]. However, we have also
discovered that the allotetraploids showed enhanced resistance upon infection by
Pseudomonas syringae (Pst) when compared to its parents. Given the facts that
WRKY transcription factors are involved in diverse plant defense responses and
developmental processes and their function through homodimer and heterodimer
interactions [87], we hypothesize that expression of homoeologous WRKY TFs
and their interactions contribute to the observed altered defense responses in the
allotetraploids. Although extensive researches have been conducted on
WRKY-mediated defense response in Arabidopsis thaliana and many crop
species, the potential homoeologous WRKY proteins interaction and the
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“regulatory capacity” of WRKY-mediated regulatory pathways in resynthesized
Arabidopsis allotetraploids are poorly understood. Therefore, some significant
questions to be addressed: (1) How are the homoeologous WRKY genes
themselves being regulated in allotetraploids under biotic stress? (2) Does the
formation of homodimer and heterodimer among WRKY homoeologous affect
the binding preference of WRKYs to the W-box elements? (3) How
progenitor-specific gene expressions in the hybrid genome contribute to the
overall improved disease resistance in allotetraploids?
1.5 Objectives of the present study
In this study, we aim to investigate the potential roles and contributions of WRKY
TFs regulation in improving defense response in the resynthesized Arabidopsis
allotetraploids (Arabidopsis suecica) from the two related autotetraploid
progenitors, Arabidopsis thaliana (At4) and Arabidopsis arenosa (Aa). We
assume that homoeologous genome interactions in the hybrids create an extra
capacity for potential improvement of regulatory signaling pathways, contributing
to heterosis in hybrids. Therefore, the overall goal of this study is to use the
Arabidopsis polyploid system as a model to gain new insights to genome
interactions and heterosis in plant defense. To achieve this, the following three
objectives are being investigated. Results obtained are expected to provide
insights to the evolution and modulation of WRKY homoeologs in allotetraploids
and their potential contributions for the improved defense response in
allotetraploids.
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Objective 1: Regulation and expression profiling of WRKY transcription factors
in the allotetraploids
Objective 2: Interactions between WRKY homologous proteins and DNA
bindings
Objective 3: Biological consequences of homoeologous WRKY18 expression in A.
thaliana
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Chapter 2
Regulation

and

expression

profiling

of

WRKY

transcription factors in the allotetraploids
2.1 Introduction
Hybridization and polyploidization mainly occurs in plants, but rare in animals;
which offer an exclusive opportunity for identifying the evolutionary history and
function of complex genomes [141, 142]. Heterosis or hybrid vigor is a major
advantage of polyploidization, it refers to the observed superior traits such as
biomass, height, growth, defense response and yield that are developed in
heterozygotes (hybrids) from crossing between two genetically divergent parents.
A combination of two genetically divergent genomes creates novel gene dosage
regulation, epigenetic changes, and allele interactions in hybrids that may lead to
change in the overall gene expression in hybrids from the progenitors [138, 143].
Non-additive gene expression changes have been observed in hybrid rice, maize
and Arabidopsis, suggesting their contributions to heterotic phenotypes in plant
hybrids [144, 145]. In addition, polyploidization offers gene redundancy and
rearrangement or epigenetic silencing of homoeologs can result in the loss of
functional deleterious alleles [146, 147]. Moreover, duplicated genes in hybrids
offers

the

required

plasticity

for

adaptive

genome

diversification

or

neofunctionalization [148]. Heterosis plays an important role in agricultural
practices. Many agricultural crops: upland cotton (Gossypium hirsutum), bread
wheat (Triticum aestivum), and oilseed rape (Brassica napus) are grown as
allopolyploids and many other crops: sorghum (Sorghum bicolor) and maize (Zea
31

mays) are grown as diploid hybrids. Understanding the mutually inclusive allelic
interactions in hybrids could provide additional mechanistic insights that
contribute to the development of heterotic phenotypes as well as the adaptative
potential of polyploid plants to different environments.
Recognition of pathogen by plants induces plant defense responses which
include a multitude of physiological reactions such as programmed cell death,
modifications of cell walls, and synthesize antimicrobial proteins and metabolites
[149]. These responses are associated with the activation or repression of
defense-related genes in a complex manner. Expression variations of numerous
defense-related genes are controlled by defined spatial and temporal regulations
[150]. According to the defense response model proposed by Tao et al., the
defense mechanisms convert the signal input to gene expression output in a
quantitatively determined manner [151]. Defense related genes are activated or
repressed with different timing and amplitudes depending on the type of input
stimulus. Modulation of the variances in signal amplitudes is important for
mounting effective immune responses during pathogen infection.
WRKY TFs play a key role in transcriptional reprogramming during a
diversity of immune responses. Upon pathogen infection or elicitor treatment, the
majority of Arabidopsis WRKY genes transcript levels are upregulated [152].
However, genetics studies through target genes overexpression or silencing
suggested that strictly regulated WRKY transcript levels are significant for
effective pathogen defense [64, 102]. In addition, the presences of cis-elements
(e.g. W-boxes) at the promoter regions of WRKYs suggested the auto-regulatory
and cross-regulatory properties of WRKY TFs [153]. Widespread research have
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been performed on WRKY-mediated defense response in Arabidopsis thaliana.
However, the regulatory capacity of WRKY-mediated defense responses in
polyploids is scantily understood. Therefore, identifying potential homologous
WRKY protein interactions and their regulatory pathways could provide
molecular insights to altered defense responses in hybrids.
In the resynthesized Arabidopsis suecica allotetraploid hybrid (Allo) that is
derived from an interspecific cross between an autotetraploid Arabidopsis
thaliana (At4) and an autotetraploid Arabidopsis arenosa (Aa), non-additive gene
expression changes are evident [136]. Such gene expression changes could
generate novel interconnected regulatory pathways mediated by WRKY factors in
the allotetraploids, contributing to heterosis. In this chapter, the Arabidopsis
polyploidy system was used as a model system for understanding expression
dynamics of WRKY TFs and defense-related genes under biotic stress in related
Arabidopsis polyploid species (At4, Aa and Allo). The gene expression changes
and the level of susceptibility to Pst challenge or response upon SA induction
were quantified among the related Arabidopsis polyploids. A cleaved amplified
polymorphic sequences (CAPS) analysis was used to discover the preferential
expression pattern of the homoeologous WRKY alleles in the allotetraploids under
biotic stress.
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2.2 Materials and Methods
2.2.1 Plant materials and growth
Arabidopsis thaliana (At4), Arabidopsis arenosa (Aa) and the resynthesized
Arabidopsis suecica (Allo) lines were obtained as described by Wang et al. (2006)
[136]. For plant growth, seeds were plated in MS media containing 3% sucrose
and 0.8% agar, stratified for 2 days at 4°C, and allow to germinate and grow under
long day conditions (16 h/8 h light/dark cycle) at 22oC.
2.2.2 Pathogen and salicylic acid (SA) treatment
Mature plants (At4, Aa, Allo) prior bolting were treated with Pseudomonas
syringae (Pst; ~2x108 cfu/mL, OD600 = 0.4) by dipping inoculation. For mock
infection, 10 mM MgCl2 with 0.05% Silwet L77 was used for dipping treatment.
Inoculated leaves were harvested at 0, 1, 3 and 4 days post infection (dpi),
respectively. Leaf disks from 3 independent plants were pooled and homogenized
in sterile water [154]. Diluted leaf extracts were plated on LB agar plates
containing rifampicin (25 µg/mL) and kanamycin (50 µg/mL). Plates were
incubated at 28°C for 2 days and the colony forming units were counted. For gene
expression analyses, leaves from three plants were collected before and after the
infection at 0, 4, 8, 12, 24, 48, 72, 96 hours post infection (hpi). For SA treatment,
mature plants (At4, Aa and Allo) prior bolting were sprayed with 1mM SA
solution (pH 5.8). Leaves from three plants were harvested before and after the
treatment at 0, 2, 4, 8, 12, 24, 48 hours post treatment (hpt).
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2.2.3 Gene expression analyses
Total RNA was extracted from mature leaves using PureLink plant RNA reagent
(ThermoFisher Scientific, Waltham, MA, USA) and treated with RQ1 DNase
(Promega) according to the manufacturer instructions. 2 µg of DnaseI-treated total
RNA was used for cDNA synthesized with Omniscript reverse transcription kit
(Qiagen, Hilden, Germany) in the presence of oligo dT primers in a 20 µL
reaction. The synthesized cDNA was diluted to 150 µL with H2O and 1 µL cDNA
was used as template for quantitative PCR (qPCR) using FastStart Universal
SYBR green Master (Rox) (Roche Applied Science, Penzberg, Germany).
Expression levels of target genes were normalized against endogenous actin7
(At5g09810) expression. Sequences of primers were listed in Table 2.1. Data
analysis was performed using the ABI SDS 1.4 software program.
Table 2.1 List of primers used for gene expression analyses.

Name

Sequence (5' - 3')

Target(s)

697-WRKY18-F

GCTCGTTTGCACCGTCTTGT

At4g31800

797-WRKY18-R

CAAGTGGTTATGCGTCCCTTCGTA

At4g31800

615-WRKY40-F

GTGACTAGAGACAATCCATCTCCAAG

At1g80840

A
715-WRKY40-R

GACTGATCCTCCACACTTCTCTGAA

At1g80840

438-WRKY60-F

CATCACCAACGATAAAGCGACGGTT

At2g25000

591-WRKY60-R

CGAGCATCTGAAGTAAGCTCTAGGAG

At2g25000

AT
50-PR1-F

TAGGTGCTCTTGTTCTTCCCTCGA
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At2g14610

155-PR1-R

TCCCACTGCATGGGACCTA

At2g14610

ACT7-F

GTCTGTGACAATGGAACTGGAA

At5g09810

ACT7-R

CTTTCTGACCCATACCAACCAT

At5g09810

495-WRKY33-F

CTGCTCCGACCACAACTACAACTA

At2g38470

616-WRKY33-R

ACGAGTCTCGGTTTGGCTCCATT

At2g38470

299-WRKY38-F

TAGGGATTCTTCTCCTCCTCCACA

At5g22570

393-WRKY38-R

CCGGTGAATCGTCCCTCCAATT

At5g22570

590-WRKY53-F

GAGGAGGTTCTAGCGAGAGTCATCA

At4g23810

703-WRKY53-R

CTAAGCCTCTCTCTGGGCTTATTCTCA

At4g23810

705-WRKY6-F

CACTAATGCAGCAACAGCAACAAC

At1g62301

869-WRKY6-R

CCGAACGAGTTCTATCTTCGGATGAA

At1g62301

803-PAD3-F

TGATGATCGATATGAAGAAGAAGCAA

At3g26830

GAGAA
988-PAD3-R

TCTCGTCTTGCACTTTCTTCATCACTCT

At3g26830

476-ICS1-F

TAGAGGAATGTATGCGGGACC

At1g74710

610-ICS1-R

CTTCCAGCTACTATCCCTGTCCC

At1g74710

47-MYB31-F

CATGGACTCCCGAAGAAGAC

At1g74650

164-MYB31-R

GTCTGCAACTCTTGCTACACC

At1g74650

875-EDS1-F

TTGCAGTGAACAACTCGGACG

At3g48090

988-EDS1-R

CTTTCCCATCGACTGTACCAG

At3g48090

2.2.4 Cleaved Amplified Polymorphic Sequences (CAPS) analysis
cDNA was amplified by gene specific primers (Table 2.2) and the PCR products
were digested with ClaI (WRKY18), PvuII (WRKY40), AvaI (WRKY60), or BamHI
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(WRKY33) for distinguishing the At and Aa homoeologous. Digestion reactions of
PCR products in the absence of the restriction enzyme were used as undigested
controls. Reactions were incubated at 37°C for 16-18 hours and fragments were
separated in 1.5% agarose gel and imagined by SYBR-Safe staining. Relative
expression levels of WRKY homoeologous in digested PCR products were
quantified using ImageJ software (National Institutes of Health).
Table 2.2 List of primers used for CAPS analyses.

Sequence (5' - 3')*

Name

Target(s)

96-WRKY18-F

ATGGACGGTTCTTCGTTTCTCGACA

At4g31800

1612-WRKY18-R

TCATGTTCTAGATTGCTCCATTAACCT

At4g31800

CCCAG
144-WRKY40-F

ATGGATCAGTACTCATCCTCTTTGGTC

At1g80840

G
1666-WRKY40-R

CTATTTCTCGGTATGATTCTGTTGATAC At1g80840
AATTTTCCG

SpeI-WRKY60-F

aaactagtATGGACTATGATCCCAACACCA

At2g25000

602-WRKY60-R

GTGTCCCTTCGTAAGTGGCT

At2g25000

495-WRKY33-F

CTGCTCCGACCACAACTACAACTA

At2g38470

1037-WRKY33-R

TGAGCCTTGTTCGAACTCATC

At2g38470

*

Small case letters indicate the sequence with added flanking restriction enzyme

sites in the gene-specific primer.
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2.3 Results
2.3.1 Disease resistance in allotetraploids
To determine the level of resistance against pathogen stress, mature plants (before
blotting) were challenged by Pst through dipping inoculation. Bacterial titer
within the leaf intercellular space was then compared among At4, Aa and Allo
(Fig. 2.1). At 1 dpi, increase in the bacteria growth was observed among all the
genotypes. However, in the allotetraploids, there was only 1.6-fold increase in the
bacterial growth at 1 dpi when compared to the autotetraploid parents (At4, Aa)
and that increase was limited at 3 and 4 dpi. Bacterial growth was significantly
higher in Aa than that observed in At4, suggesting a differential difference in
resistance against Pst between the two autotetraploid parents. Therefore, the data
suggested that allotetraploid display a higher resistance against Pst infection when
compared to the two progenitors.
2.3.2 Kinetics of Pst- and SA-induced homoeologous WRKYs expression in the
Arabidopsis allotetraploids
WRKY factors form complex and interconnected regulatory networks in
mediating various plant processes [19, 63]. It has been suggested that while cis
effect plays a significant role in gene expression divergence among the At4 and
Aa autotetraploids, both cis and trans effects act to shape the transcriptome in the
allotetraploids [155]. Therefore, it is possible that there is different kinetics or
allocation of resources for growth and defense when the allotetraploids are under
biotic stress. It has been discovered that in Arabidopsis thaliana, WRKY18,
WRKY40, and WRKY60 are activated upon biotic stress and share partial
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redundant roles in defense [87, 136]. To understand expression dynamics of
WRKYs upon biotic stress in related Arabidopsis polypoid species, plants were
infected with Pst or treated with SA and the transcript levels of these related three
WRKYs were tested.
Under normal growth condition, WRKY18 was differentially expressed
between At4 and Aa autotetraploids while additive expression was evident in the
allotetraploids (Fig. 2.2A). Expression of WRKY40 was similar among all the
tetraploid species (Fig. 2.2B). In contrast, differential expression (between the At4
and Aa parents) and non-additive repression (between Allo and the mid-parent
value) were observed for WRKY60 (Fig. 2.2C). Upon infection with Pst, a rapid
non-additive induction of WRKY18 and WRKY40 expression was detected in the
allotetraploids when compared to the progenitors. Slower induction kinetics and
lower induction peaks were observed for these WRKYs in the progenitors when
compared to the allotetraploids (Fig. 2.2D-E). In contrast, WRKY60 showed
higher induction kinetics in At4 than in Aa or Allo (Fig. 2.2F). Although WRKY60
was induced upon pathogen challenge in the allotetraploids, it is non-additively
repressed when compared to the progenitors. In addition to Pst treatment, plants
were treated 1 mM SA and similar rapid induction of WRKY18 and WRKY40 was
observed in the allotetraploids at 2 hours post treatment (hpt) (Fig. 2.2G-H). In
At4, WRKY60 was differentially induced and expressed after 8 hpt when
compared to Aa (Fig. 2.2I). The expression of WRKY60 was not induced in the
allotetraploids or in Aa upon SA treatment. Therefore, these data suggested a
more rapid induction of WRKY18 and WRKY40 in the allotetraploids when
compared to its progenitors under stress conditions.
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Fig. 2.1 Allotetraploids showed enhanced resistance against Pst infection
when compared to its progenitors. (A) Mature plants were treated with
Pseudomonas syringae (2x108 cfu/mL, OD600 = 0.4) by dipping inoculation.
Pictures showed disease symptoms of different Arabidopsis genotypes at 0 (top)
and 4 (bottom) days post infection (dpi). At4, autotetraploid A. thaliana; Aa,
autotetraploid A. arenosa; Allo, resynthesized A. suecica. Scale bars = 3 cm (plant
in a pot) and 1 cm (single leaf). (B) Leaf disks were collected at the indicated time
point and bacterial titers [Log (cfu/cm2)] were calculated. Data are mean ± SE
from three biological repeats. “+” and “*” denote significant difference at P <
0.05 for At4 vs. Aa and Allo vs. MPV comparisons, respectively. MPV,
mid-parent value (the average between At4 and Aa).
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Fig. 2.2 Temporal expression of WRKY18, WRKY40 and WRKY60 in related
Arabidopsis species. (A-C) Basal expressions of WRKY18 (A), WRKY40 (B) and
WRKY60 (C) were determined by qPCR. Expression of individual WRKY was
normalized against the expression of ACT7. At4, autotetraploid A. thaliana; Aa,
autotetraploid A. arenosa; Allo, resynthesized A. suecica; MPV, mid-parent value.
Asterisk denotes significant difference at P < 0.05. (D-F) Mature leaves were
infected with P. syringae pv. tomato DC3000 (Pst) by dipping inoculation.
Temporal expressions of WRKY18 (D), WRKY40 (E) and WRKY60 (F) were
determined by qPCR at different time points (hours) after infection (hpi). Data are
mean ± SE from three repeats. “+” and “*” denote significant difference at P <
0.05 for At4 vs. Aa and Allo vs. MPV comparisons, respectively. (G-I) Mature
leaves were treated with 1 mM salicylic acid (SA). Temporal expressions of
WRKY18 (G), WRKY40 (H) and WRKY60 (I) were determined by qPCR at
different time points (hours) after treatment (hpt). Data are mean ± SE from three
biological replicates. Statistics were performed as in D-F.
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To elucidate the relative expression of the homoeologous WRKY alleles upon
biotic stress in the allotetraploids, a cleaved amplified polymorphic sequences
(CAPS) analysis was used (Fig. 2.3). Upon Pst or SA treatment, both AtWRKY18
and AtWRKY60 were found to express at a higher level when compared to the
corresponding Aa homoeologs in the allotetraploids (Fig. 2.3A, B, E, F). In
contrast, AaWRKY40 showed a higher expression when compared to the
AtWRKY40 allele in the allotetraploids (Fig. 2.3C-D). It is also interesting to note
that although WRKY60 was non-additively repressed in allotetraploid compared to
its progenitor, AtWRKY60 allele expression was dominant over AaWRKY60.
Therefore, the observed differential expression of WRKY homoeologs in the
allotetraploids could provide a novel interaction among them. Consequently,
different transcriptional targets and outputs would be generated in the
allotetraploids upon biotic stresses.
In addition to WRKY18, WRKY40, and WRKY60, other groups of WRKY TFs
play significant roles in plant defense signaling pathways [19]. For example,
WRKY33 (group I) and WRKY53 (group III) are involved in MAPKs and
senescence signaling pathways, respectively. In 2003, Dong, et al. have shown
that 49 of the 72 WRKYs are differently regulated in Arabidopsis thaliana under
Pst infection or SA treatment [152]. Among them, WRKY6, WRKY33, WRKY38,
and WRKY53 were induced by either Pst infection or SA treatment. As these
WRKYs belong to different phylogenetic groups within the WRKY family, their
expression dynamics were further examined in our study.
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Fig. 2.3 Homoeologous WRKY alleles expression in the allotetraploids upon
biotic stress. (A, C, E) The relative expressions of the homoeologous alleles in
the allotetraploids were determined using cleaved amplified polymorphic
sequences (CAPS) analysis at the indicated time point upon Pst or SA treatment.
The amplified PCR products from three biological replicates were cut with ClaI
for WRKY18, PvuII for WRKY40 and AvaI for WRKY60 homoeologs, respectively.
U, undigested cDNA; D, digested cDNA. (B, D, F) ImageJ quantifications of the
relative expression level of At and Aa alleles in the allotetraploids from the CAPS
analysis. Data are mean ± SE from three biological replicates.
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MAPKs signaling pathways are activated by various abiotic and biotic
stresses. Mutants and overexpression transgenic lines studies have indicated that
biotic and abiotic stresses-induced MPK3, MPK6 and MPK4 expression plays
critical roles in mediating Arabidopsis defense [104]. WRKY33 belongs to the
group I with two WRKY domains and important for plant resistance against
necrotrophs (Botrytis cinerea). It has been showed that in the absence of pathogen,
WRKY33 forms a complex with the MPK4 (MAP kinase4; mitogen activated
protein kinase4) through interaction with MKS1 (MAP kinase substrate 1) in the
nucleus [67]. Pathogen infection triggers the MAP kinase cascade, releasing
WRKY33 from the complex and allowing it to bind to the promoter of PAD3, an
enzyme for the biosynthesis of the antimicrobial compound camalexin [67]. In
addition to the group IIa WRKY factors (WRKY18, 40, and 60), the expression of
WRKY33 and its target PAD3 were analyzed among the related Arabidopsis
tetraploids (Fig. 2.4). At the basal level, both WRKY33 and PAD3 were additively
expressed in the allotetraploids while PAD3 was differentially expressed between
At4 and Aa (Fig. 2.4A-B). Upon SA treatment, both WRKY33 and PAD3 were
non-additively activated at 4 hpt and the level of WRKY33 expression was
correlated with PAD3 expression in the allotetraploids (Fig. 2.4C-D). Using
CAPS analysis, it further revealed that the expression of the AtWRKY33
homoeolog is dominant in the allotetraploids under biotic stress (Fig. 2.4E-H).
Therefore, a rapid and differential expression of AtWRKY33 in the allotetraploids
could interact with MAPKs signaling pathway related components differently
compared to its parents. A rapid induction of AtWRKY33 in the allotetraploids
would lead to fast binding of AtWRKY33 into PAD3 promoter compared to its
parents. Consequently, the expression of PAD3 is induced much faster in the
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allotetraploids than its autotetraploid parents. Since PAD3 is a key enzyme in
camalexin biosynthesis pathway, the rapid expression of PAD3 may enhances
biosynthesis of camalexin in the allotetraploids quickly. Ultimately, this would
lead to generate different level of resistivity among the tetraploids plants.
In A. thaliana, WRKY38 belongs to the group III WRKY family and
negatively regulates plant basal resistance against P. syringae. The SA-induced
expression of AtWRKY38 is NPR1-dependent [79, 156]. AtWRKY38 interacts
with Arabidopsis HISTONE DEACETYLASE 19 (HDA19), which positively
regulates plant basal disease resistance. The expression of HDA19 is activated by
Pst and the stability of transcript level depends on SA and NPR1. Upon pathogen
infection, HDA19 removes acetyl groups from histone tails in AtWRKY38 gene,
thereby completely abolish the negative activity of AtWRKY38 on plant basal
defense responses [79]. Therefore, to determine the involvement of WRKY38 in
the allotetraploids basal defense system, expression of WRKY38 was examined
after spraying allotetraploids with 1 mM SA (Fig. 2.5). The WRKY38 in the
allotetraploids was non-additively repressed at the basal level (Fig. 2.5A).
Expression of WRKY38 is significantly higher in A. thaliana than that in A.
arenosa at the basal level. However, upon SA treatment a rapid non-additive
induction of WRKY38 expression was detected in the allotetraploids when
compared to the autotetraploid parents (Fig. 2.5D). Slower induction kinetics was
observed in the progenitor when compared to the allotetraploids. After 24 hours of
SA treatment, the transcript level of WRKY38 was reduced to the basal level,
signifying that the SA-induced WRKY38 expression is transient and rapid.
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Fig. 2.4 Temporal expression of WRKY33 and PAD3 in related Arabidopsis
species. (A-B) Basal expressions of WRKY33 (A) and PAD3 (B) were determined
by qRT-PCR. Expression of individual genes was normalized against the
expression of ACT7. At4, autotetraploid A. thaliana; Aa, autotetraploid A.
arenosa; Allo, resynthesized A. suecica; MPV, mid-parent value. (C-D) Plants
were treated with 1mM SA solution. Temporal expressions of genes were
quantified by qPCR at different time points (hours) after treatment (hpt). Data are
mean ±SE from three repeats. “+” and “*” denote significant difference at P <
0.05 for At4 vs. Aa and Allo vs. MPV comparisons respectively. (E-F) CAPS
analysis of homoeologous WRKY33 (BamHI) expression in the allotetraploids
upon SA treatment and Pst infection. U, undigested cDNA; D, digested cDNA.
(G-H) ImageJ quantification of the relative expression level of At and Aa alleles
in the allotetraploids from the CAPS. Data are mean ± SE from three biological
replicates.
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However, induction of negative regulators such as WRKY38 during the initial
stage of defense response might function as a mechanism to avoid needless or
even destructive over-activation of defense signaling pathways when pathogen
population is still at low level.

Fig. 2.5 Temporal expression of WRKY38, WRKY53 and WRKY6 in related
Arabidopsis species. (A-C) Basel expressions of WRKY38 (A), WRKY53 (B), and
WRKY6 (C) were determined by qPCR. Expression of individual WRKY was
normalized against the expression of ACT7. At4, autotetraploid A. thaliana; Aa,
autotetraploid A. arenosa; Allo, resynthesized A. suecica; MPV, mid-parent value.
Asterisk indicates significant difference at P < 0.05. (D-F) Plants were sprayed
with 1 mM SA solution. Temporal expressions of the WRKYs were determined by
qPCR at different time points (hours) after treatment (hpt). Data are mean +/- SE
from three repeats. “+” and “*” signify significant difference at P < 0.05 for At4
vs. Aa and Allo vs. MPV comparisons respectively.
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The senescence signaling pathway is often connected to pathogen defense
signaling with WRKY6 and WRKY53 being the targets of those pathways [157].
AtWRKY6 positively regulates leaf senescence and pathogen defense whereas
AtWRKY53 positively regulates pathogen responses and negatively regulates leaf
senescence [33, 93, 158]. Despite of the negative role of WRKY53 in senescence,
WRKY53 positively modulates systemic acquired resistance which is important
for long-lasting defense against a wide spectrum of microorganisms [58]. Under
normal growth condition, WRKY53 was differentially expressed between At4 and
Aa autotetraploids while additive expression was evident in the allotetraploids
(Fig. 2.5B). Basal expression of WRKY6 was similar between the autotetraploids
parents whereas additive expression pattern was observed in the allotetraploids
(Fig. 2.5C). Upon SA treatment, non-additive induction of WRKY53 and WRKY6
expression was observed in the allotetraploids when compared to the progenitors
(Fig. 2.5E-F). Therefore, non-additive activation of WRKY53 and WRKY6 may
lead to induced SAR in the allotetraploids. Since AtWRKY53 positively regulates
basal resistance, the non-additive activation of WRKY53 in the allotetraploids
could contribute to its enhanced basal defense when compared to the parents.
Moreover, non-additively expressed WRKY6 may induce senescence, which
promote fast cell death at the site of infection. Consequently, pathogen could not
multiply its population and spread into distal tissue due to nutrient depletion at the
infection site. According to the previous findings, allotetraploids showed a higher
biomass reduction when compared to the parents at earlier stage of Pst infection.
Therefore, the non-additive activation of WRKY genes may leads to activate faster
hypersensitive responses in allotetraploids when compared to its parents.
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2.3.3 SA-induced pathogenesis-related gene expression in the allotetraploids
In SAR, SA acts as a signal molecule to induce local and distal PR
(Pathogenesis-related) genes expressions [159]. The expression of PR genes is
considered as markers for SA-dependent SAR, providing the host plant with
resistance against various pathogens such as viruses, bacteria, and fungi. It has
been found that SA-mediated PR genes expressions are regulated via the
NPR1-dependent and NPR1-independent pathways [160, 161]. Also, NPR1
expression is likely to be mediated by WRKY TFs [162]. Indeed, PR1 genes have
clustered W-box elements at their promoters, suggesting that WRKY TFs are
important for regulating PR genes expression [163]. Therefore, to further
determine the regulation capacity of the allotetraploids systemic acquired
resistance, expressions of PR1 and was examined after treatment with 1 mM SA.
Under normal condition, PR1 is differentially expressed between At4 and Aa and
non-additively repressed in the allotetraploids (Fig. 2.6A). Upon SA treatment,
differential expression and upregulation of PR1 expression was observed between
At4 and Aa. Although PR1 expression is lower in the Allo when compared to At4,
non-additive upregulation of PR1 was observed in the allotetraploids when
compared to the MPV (Fig. 2.6B). Relative expression level (REL) indicates the
expression level of target genes relative to the internal control. However, it
doesn’t indicate how fast target genes are expressed compared to the basal
expression. Therefore, the relative expression fold change of PR1 was calculated
to discover induction kinetics of PR1 in the allotetraploids under biotic stress.
When compared the PR1 expression fold change upon SA treatment, a higher and
faster PR1 induction was observed in the Allo and it peaked at 8 hpt. In contrast,
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both At4 and Aa showed a lower and a delayed PR1 induction that peaked at 12
hpt (Fig. 2.6C). Therefore, these data supported a correlation between the rapid
induction of WRKYs and the rapid elevation of PR1 expression level in the
allotetraploids, all of which could contribute to the improved defense responses in
the allotetraploids when compared to the progenitors.

Fig. 2.6 Activation of PR1 in related Arabidopsis species. (A) Basal and 1 mM
SA-induced expression PR1 were determined by qPCR. The relative expression
level (REL) of PR1 expression was estimated using ACT7 as the internal control.
(B-C) Upon 1 mM SA treatment, the temporal expression of PR1 was determined
by qPCR at different hours post treatment (hpt). The relative fold change (RFC) of
PR1 expression was calculated by comparing its REL at different time intervals
against 0 hpt. At4, autotetraploid A. thaliana; Aa, autotetraploid A. arenosa; Allo,
resynthesized A. suecica; MPV, mid-parent value (½ At4 + ½ Aa). All data are
mean ± SE from three repeats. “+” and “*” characterize significant difference at P
< 0.05 for At4 vs. Aa and Allo vs. MPV comparisons, respectively.
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2.3.4 Expression of SA pathway-related WRKY18 and WRKY40 target genes in
the allotetraploids
Salicylic acid (SA) plays a significant role in the signal transduction pathway in
plants. Under stress conditions, activated transcription factors induce the synthesis
of SA thereby leading to LAR and SAR [5]. Mutants or transgenic plants
defective in SA biosynthesis or signaling, cannot induce enough defense
responses to pathogen after infection, indicating that the importance of SA for
LAR and SAR [5]. Several SA signaling transduction pathway-related target
genes such as ICS1 (ISOCHORISMATE SYNTHASE), EDS1 (ENHANCED
DISEASE SUSCEPTIBILITY), PBS3 (AVRPPHB SUSCRPTIBLE3) and MYB31
(ARABIDOPSIS THALIANA MYB DOMAIN PROTEIN 31) were recognized as

targets of WRKY18 and WRKY40 [106] (Fig. 2.7). ICS1 encodes a key SA
biosynthetic enzyme, isochorismate synthase, and it is induced in plants locally
and systemically upon pathogen infection [164]. Mutants defective of ICS1
showed that the level of SA after infection was lower than that in the wildtype and
they were more susceptible to bacterial and fungus infection [164]. In Arabidopsis
thaliana, the W-box elements at the ICS1 promoter were recognized by WRKY18
and WRKY40 [106]. EDS1 positively regulates basal resistance against biotrophic
and hemibiotrophic pathogens that are essential for mounting Toll-Interleukin-1
receptor

(TIR)-type

nucleotide

binding-leucine

rich

repeat

(NB-LRR)

protein-triggered immunity in plants [165]. MYB proteins involve in various plant
processes such as metabolism, response to biotic and abiotic stresses, and
development. Notably, In Arabidopsis thaliana, MYB TFs regulate the expression
of tryptophan pathway genes; those are activated in response to pathogen attack,
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wounding, and starvation. Induced genes increase the production of secondary
metabolites and tryptophan that are vital for plant defense and development [166].
MYB31 gene involve in the regulation of downstream SA responses was
recognized as WRKY18 or WRKY40 targets [106]. PBS3 belongs to GH3 family of
acyl-adenylate/thioester-forming enzymes, important for pathogen-induced SA
metabolism. In Arabidopsis thaliana, upon pathogen infection SA accumulates as
SA-O-b-glucoside, a metabolite of SA. It has been discovered that pbs3 mutants
susceptible to virulent Pst strains and compromised in pathogen-induced
accumulation of SA-o-b-glucoside and PR1 expression [167]. Therefore, the
differential expression of AtWRKY18 and AaWRKY40 in the allotetraploids could
modulate the ICS1, EDS1, MYB31, and EDS1 expressions by binding to the
W-box elements. To understand the expression level of ICS1, EDS1, PBS3 and
MYB31 in the related Arabidopsis polyploids species, plants were infected with
Pst and the transcript level of genes was examined.
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Fig. 2.7 A simplified diagram illustrating relationships of the selected
directed targets of WRKY18 or WRKY40 in the SA signaling pathway. EDS1
promotes SA accumulation and function as upstream regulator in SA signaling
pathway. ICS1 converts chorismic acid into isochorismic acid and finally
synthesized SA. PBS3 regulates SA level through conjugation reaction. Several
MYB factors involve in regulating downstream SA responses. Upon pathogen
infection, expressions of SA-dependent pathogenesis-related genes are activated
then induce LAR and SAR.
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Fig. 2.8 Temporal expression of WRKY18 and WRKY40 target genes in
related. Arabidopsis species. (A-D) Basal expressions of ICS1 (A), EDS1 (B),
PBS3 (C), and MYB31 (D) were determined by qPCR. Expression of individual
gene was normalized against the expression of ACT7. At4, autotetraploid A.
thaliana; Aa, autotetraploid A. arenosa; Allo, resynthesized A. suecica; MPV,
mid-parent value. Asterisk represents significant difference at P < 0.05. (E-H)
Mature leaves were infected with P. syringae (Pst) by dipping inoculation.
Temporal expressions of ICS1 (E), EDS1 (F), PBS3 (G), and MYB31 (H) were
determined by qPCR at different time points (hours) after infection (hpi). Data are
mean ± SE from three repeats. “+” and “*” characterize significant difference at P
< 0.05 for At4 vs. Aa and Allo vs. MPV comparisons, respectively.
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Under normal growth condition, expression of PBS3 (Fig. 2.8C) and MYB31
(Fig. 2.8D) was similar among all the tetraploid species while EDS1 expression
was significantly higher in At4 than Aa (Fig. 2.8B). Basal expression of ICS1 was
significantly higher in Aa than At4 where as non-additive repression was evident
in the allotetraploids (Fig. 2.8A). Consistent with the rapid accumulation of
WRKY18 and WRKY40 transcripts upon pathogen infection, all four genes showed
a rapid induction in the allotetraploids with EDS1, PBS3, and MYB31 expressions
peaked at 12 hpi while ICS1 expression peaked at 24 hpi (Fig. 2.8E-H). For ICS1,
it is noted that there was a delay in its expression peak in the At4 (48 hpi) when
compared to that in the allotetraploids (24 hpi) (Fig. 2.8E), suggesting an altered
SA signaling in the allotetraploids. In general, lower induction peaks were
observed for these genes in the progenitors, especially Aa, when compared to the
allotetraploids (Fig. 2.8E-H). Such observation was also consistent with the
observed difference in defense responses between the related tetraploid species.
It has been shown that the constitutive up-regulation of ICS1 leads to the
up-regulation of SA biosynthesis, which results in activated defense responses
[168]. Therefore, the fast induction of ICS1 in the allotetraploids could initiate SA
biosynthesis faster than its parents. It is assumed that the fast accumulation of SA
activates SA-dependent resistance in the allotetraploids rapidly compared to its
parents. Similar to ICS1, the overexpression of Gossypium barbadense EDS1
(GbEDS1) in Arabidopsis intensely up-regulates SA accumulation [169].
Reversely, SA promotes the expression of EDS1 as parts of a positive feedback
loop which is crucial for the amplification of defense responses. Therefore,
non-additive expression of EDS1 may leads to a higher amplification of
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SA-pathway related defense responses and promotes SA accumulation in the
allotetraploids. Since EDS1 positively regulates the basal resistance, the rapid
activation of EDS1 would activates the basal resistance faster in the allotetraploids
compared to its parents. Moreover, non-additive activation of PBS3 may alter SA
metabolism in the allotetraploids under biotic stress hence PBS3 regulates SA level
through conjugation reactions. It has been discovered that the rapid activation of
the tryptophan pathway genes and trp-derived secondary metabolites in rice and
Arabidopsis thaliana under pathogen invasion [170, 171]. Therefore, the rapid
activation of tryptophan pathway related genes such as MYB31 in the
allotetraploids could initiate secondary metabolites production in the hybrids
faster than the tetraploids parents. The obtained data explained that non-additive
activation of SA-pathway related genes may alter SA signaling transduction
pathway in defense in the allotetraploids under biotic stress. This will further
elaborate that the differential expression of AtWRKY18 and AaWRKY40 could
alter their target gene expressions in the allotetraploids by modulating DNA
binding affinity to their W-box elements.
Overall,

the

obtained

results

supported

that

allopolyploidization,

consequence in fast initiation and non-additive gene expression in the
allotetraploids under biotic stress. Such non-additive gene expressions under
stress conditions were observed in natural polyploids such as allotetraploid cotton
[172-174], and allohexaploid wheat [175-177]. The results displayed that
allotetraploids can down-regulate homoeologs, allowing transcriptionally induce
only those best suitable to the biotic stress responses and thus optimizing the cost
associated process of protein synthesis. According to the results obtained, A.
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thaliana genome was the most responsive homoeolog (AtWRKY18, AtWRKY60,
and AtWRKY33) under biotic stress. Among the autotetraploids parents, A.
thaliana

displayed

most

resistance

towards

pathogen,

evidencing that

transcriptional dominance of A. thaliana genome in the allotetraploids under
biotic stress. Genome-specific gene expression pattern has mainly been attributed
to increases in protein amino acid sequence difference and probable to gain new
protein functions by mutation of redundant loci. In addition, epigenetic events or
new transcription factors and promoter combinations also contribute to
maintaining heterozygosity in the allotetraploids [178].
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Chapter 3
Interactions between WRKY homologous proteins and
DNA bindings
3.1 Introduction
Regulation of transcription factors is extremely complex, coordinated changes not
only occurred at transcriptional and translational levels, but also in
post-transcriptional, subcellular localization, protein-protein interactions, and
DNA targeting levels. Transcription factors interact with each other or DNA
either transiently or permanently, to regulate various biological processes. In
addition, the strength of protein-protein and protein-DNA interactions could affect
the target gene expressions and signaling cascades [179-182]. Many transcription
factors form dimers or multimers to increase or decrease the stability of the
protein-DNA complex, allowing tight regulation of their targets. For instance,
animal nuclear receptors for vitamin D, trans-retinoic acid interacts with
cis-retinoic acid receptor and form heterodimer which binds to DNA sequences,
whereas steroid hormone receptors recognize DNA elements in palindromic
orientation entirely as homodimers [183]. However, those heterodimers recognize
DNA elements with different spacer length suggesting that the heterodimers
asymmetrical protein-protein interface in DNA binding domain is critical for the
target recognition [184]. Another study found that dimerization and dimer-specific
activation of vertebrate NFAT protein are necessary to activate its target genes,
signifying that DNA-directed dimerization with specific TFs and coactivators is
required for transcriptional reprogramming [185]. Also, homodimers or
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heterodimers effects on signaling cascade are controlled by association with other
factors [185].
In plants, NAC family TFs regulate plant development and stress responses.
NAC TFs form homo- or hetero- dimers and those dimers recognize DNA
elements differently [17, 186, 187]. In Arabidopsis thaliana, bZIP TFs are known
to be involved in energy metabolism and oxidative stress responses. The
formation of heterodimer between S-group bZIP and C-group bZIP enhances their
target genes expression by binding to the DNA elements. These heterodimer form
ternary complexes with VP1 class TFs and further trigger gene expression [188].
WRKY TFs are known to be interacted with extensive range of regulatory
proteins that are involved various plant processes [97]. It has been well studied
that WRKY18, WRKY40, and WRKY60 can form homo- and hetero- dimers in A.
thaliana, playing an important role in response to biotic stress [87]. Increased or
decreased DNA binding affinities of those homo- or hetero dimers were observed
[87]. The present study has shown that rapid and differential induction of
AtWRKY18 and AaWRKY40 homoeologs in response to Pst and SA treatment in
the allotetraploids (Chapter 2). Therefore, the differential expression and sequence
divergence of the homoeologous At and Aa WRKY factors in the allotetraploids
may alter their interactions through the formation of homo- or hetero- dimers
protein complexes. Such formation of novel homo- or hetero- dimers could also
potentially affect their target DNA binding affinities, leading to a novel
homoelogs interaction and contributing to the differential expression of
defense-related targets in the allotetraploids upon biotic stresses. In this chapter,
biochemical approach was used to elucidate the interactions of WRKYs from the
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two progenitor genomes in the allotetraploids and the consequences of such
interactions in DNA binding. A split-luciferase (split-LUC) complementation
assay was used to determine if differential affinity of protein-protein interactions
exist between the A. thaliana and A. arenosa WRKY homoeologs. The binding
affinity/strength of homologous At or Aa WRKY factors toward DNA was
determined using electrophoretic mobility shift assay (EMSA) with target DNA
fragment containing W-box.
3.2 Materials and Methods
3.2.1 Cloning of WRKY homoeologs from Arabidopsis allotetraploids
cDNA from the resynthesized allotetraploids (Allo) were used to amplify the
homoeologous WRKYs from A. thaliana and A. arenosa. Oligonucleotide primers
were designed based on the A. thaliana genome and the amplified WRKYs.
Sequences of primers were listed in Table 3.1. All amplified fragments were
cloned into pGEM-T vector (Promega, Madison, WI, USA) for sequence
verification.
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Table 3.1 List of oligonucleotides used for cloning.

Name

Sequence (5'- 3')*

Target(s)

ERI-W18-F

gagaattcATGGACGGTTCTTCGTTTCTC

At4g31800

Sac-Sal-W18-R

ctgagctcgtcgacTCATGTTCTAGATTGC

At4g31800

ERI-W40-F

gagaattcATGGATCAGTACTCATCCTCTTTG

At1g80840

Sac-Sal-W40-R

ctgagctcgtcgacCTATTTCTCGGTATGAT

At1g80840

ERI-W60-F

gagaattcATGGACTATGATCCCAACACC

At2g25000

Sac-Sal-W60-R

ctgagctcgtcgacTCATGTTCTTGAATGC

At2g25000

*

Small case letters indicate the sequence with added flanking restriction enzyme

sites in the gene-specific primer.
3.2.2 Cloning of split-LUC constructs and transient expression in Nicotiana
benthamiana
WRKY cDNA from A. thaliana (At4) and A. arenosa (Aa) were amplified using
gene specific primers (Table 3.2) with introduced att sites for gateway cloning
into pDONR and pENTR vectors (Thermo Fisher Scientific). For creating various
NLUC-WRKY and CLUC-WRKY fusion constructs (containing the At and Aa
WRKY18, WRKY40 and WRKY60 homoeologs), split-luciferase vectors
containing the NLUC (pDEST-GFP-NLUCGW) and CLUC (pDEST-FP611-CLUC
GW

) fragment were used [189]. A NLUC split-luciferase construct containing a

P53 (murine p53 coding region) was created and used as a negative control vector
in the transient expression and protein-protein interaction assays. All expression
constructs (Table 3.3) were introduced into E. coli (DH5α) for cloning and into
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Agrobacterium tumefaciens (GV3101) for transient expression in Nicotiana
benthamiana. For transient expression, A. tumefaciens containing various
split-LUC constructs and an GUS calibration vector (pEXP-GUS) were grown in
LB plates containing gentamycin (30 µg/mL), and rifampicin (25 µg/mL) and
appropriate antibiotics for the selection of the target plasmid and incubated at
28°C for 2 days. Tobacco infiltration and transient expression of the constructs
were carried out as described by Gehl et al. (2011) [189]. For each constructs
combination, multiple leaves from 4 independent plants were used for the
infiltration.
3.2.3 Floated-leaf luciferase complementation imaging (FLuCI) assay
For quantification of positive protein-protein interactions, luminescence of leaf
disks (1.2 cm in diameter) from infiltrated leaves (2 days after infiltration) was
measured according to the methods described by Gehl et al. (2011) [189]. For
luciferase activity measurement, leaf disks were placed in 24-well plate and LUC
assay solution (2 mM luciferin dissolved in 0.5% v/v DMSO, 50 mM MES/KOH
pH7) were added and incubated at room temperature. Luminescence
measurements (relative light units per second; RLU/s) were taken every 30
minutes over an incubation period of two hours using the EnSight TM multimode
plate reader (PerkinElmer, Waltham, MA, USA). For normalization of the
luciferase activities between each tested combination, the GUS activity from the
pEXP-GUS construct were measured using fluorometric assays as described by
Jefferson et al. (1987) [190]. The same leaf disks were used for the GUS activity
assays after all the luciferase activities were recorded. In addition, histochemical
GUS staining was performed by immersing a leaf disk (from the same infiltrated
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leaf) with 1 mg/mL X-gluc (5-bromo-4-chloro-3-indolyl glucuronide) solution [in
50 mM NaH2PO4 (pH 7.2), 0.1% Triton X-100, 10 mM EDTA, 5 mM K4Fe(CN)6,
5 mM K3Fe(CN)6]. After overnight incubation at 37oC, the leaf disk was then
treated with 70% ethanol to remove chlorophyll and images GUS-stained leaves
were taken using an Olympus SZX16 dissecting microscope with digital camera.
In addition to LUC activity measurement, luminescence from the same leaf disc
was also visualized using a ChemiDocTM Touch Imaging System (Bio-Rad,
Hercules, CA, USA) with a 1200 s exposure time setting for all images.
3.2.4 Cloning of WRKY homoeologs into bacterial expression vector
Individual Aa/At WRKY18 or WRKY40 cDNA was PCR amplified (Table 3.1)
and cloned into the pMalC2 vector containing the 5' Maltose binding protein
(MBP) and a Tobacco Etch Virus (TEV) protease cleavage site (New England
Biolabs, Ipswich, MA, USA), generating pMal/rAtWRKY18, pMal/rAaWRKY18,
pMal/rAtWRKY40, and pMal/rAaWRKY40, respectively. The pMalC2 vector
expressing the MPB-TEV fusion was used as the negative control. Individual
plasmid was transformed into Rosetta (DE3) competent cells (Merck, Kenilworth,
NJ, United States) for bacterial expression of the recombinant proteins.
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Table 3.2 List of primers used for creating split-LUC constructs.

Name

Sequence (5' - 3')*

Target(s)

attB1-WRKY18-F

ggggACAagtTTGtacAAAAAAgcaGGCtt

At4g31800

tATGGACGGTTCTTCGTTTCTC
attB2-WRKY18-R

ggggACcacTTTgtaCAAgaaAGCtgggttTG At4g31800
TTCTAGATTGCTCCAT

attB1-WRKY40-F

ggggACAagtTTGtacAAAAAAgcaGGCtt

At1g80840

tATGGATCAGTACTCATCCTCTTTGG
attB2-WRKY40-R

ggggACcacTTTgtaCAAgaaAGCtgggttTT

At1g80840

TCTCGGTATGATTCTGTTG
attB1-WRKY60-F

ggggACAagtTTGtacAAAAAAgcaGGCtt

At2g25000

tATGGACTATGATCCCAACACCA
attB2-WRKY60-R

ggggACcacTTTgtaCAAgaaAGCtgggttTG At2g25000
TTCTTGAATGCTCTATC

attB1-P53-F

ggggACAagtTTGtacAAAAAAgcaGGCtt

murine p53

tCCTGTCACCGAGACCCCTGG
attB2-P53-R

ggggACcacTTTgtaCAAgaaAGCtgggttGT murine p53
CTGAGTCAGGCCCCACTT

attB1-SVTA-F

attB2-SVTA-R

ggggACAagtTTGtacAAAAAAgcaGGCtt

SV40 large

tGGAACTGATGAATGGGAGCA

T antigen

ggggACcacTTTgtaCAAgaaAGCtgggttTG SV40 large
TTTCAGGTTCAGGGGGAG

64

T antigen

*

Small case letters indicate the sequence with added att sites (for gateway cloning)

in the gene-specific primer.
Table 3.3 List of split-LUC constructs used for FLuCI assay.

Name

Description

pDEST-GFP-NLUC-AtWRKY18

NLUC::AtWRKY18 fusion1,3

pDEST-GFP-NLUC-AtWRKY40

NLUC::AtWRKY40 fusion1,3

pDEST-GFP-NLUC-AtWRKY60

NLUC::AtWRKY60 fusion1,3

pDEST-GFP-NLUC-AaWRKY18

NLUC::AaWRKY18 fusion2,4

pDEST-GFP-NLUC-AaWRKY40

NLUC::AaWRKY40 fusion2,4

pDEST-GFP-NLUC-AaWRKY60

NLUC::AaWRKY60 fusion2,4

pDEST-GFP-NLUC-P53

NLUC::P53 fusion (+ve control)5

pDEST-FP611-CLUC-AtWRKY18

CLUC::AtWRKY18 fusion1,4

pDEST-FP611-CLUC-AtWRKY40

CLUC::AtWRKY40 fusion1,4

pDEST-FP611-CLUC-AtWRKY60

CLUC::AtWRKY60 fusion1,4

pDEST-FP611-CLUC-AaWRKY18

CLUC::AaWRKY18 fusion2,3

pDEST-FP611-CLUC-AaWRKY40

CLUC::AaWRKY40 fusion2,3

pDEST-FP611-CLUC-AaWRKY60

CLUC::AaWRKY60 fusion2,3

pDEST-FP611-CLUC-T

C-LUC::T fusion (+ve control)5

1,2

Cis-interacting homodimer or heterodimer combinations

3,4

Trans-interacting homodimer or heterodimer combinations

5

positive control interaction
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3.2.5 Bacterial expression and purification of recombinant Aa/At WRKY18 and
WRKY40
A single colony containing the target plasmid was inoculated into 1 mL
LB/glucose medium containing 100 mg/L ampicillin and incubated overnight at
37°C with shaking. Overnight 1 mL culture was then sub-cultured into 100 mL
LB/glucose/ampicillin medium (1:100 dilution) and incubated at 37°C until OD600
reached 0.6 in a shaking incubator. Expression of the recombinant proteins was
induced by adding 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and
incubation at 37°C for 3hours with shaking. For protein purification, bacteria cells
were harvested by centrifugation at 4,000 g for 20 minutes at 4°C. The cells were
then resuspended in 4 mL column buffer (20 mM TrisHCl pH 7.4, 200 mM NaCl,
1 mM EDTA) containing 1 mg/mL lysozyme and 1 mg/mL phenylmethylsulfonyl
fluoride (PMSF) and incubated on ice for 30 minutes. For lysis, the bacteria cells
were sonicated and centrifuged at 14,000 g for 20 minutes at 4°C. The crude
extract was diluted 1:5 with column buffer and loaded into amylose resin (New
England Biolabs) for the purification of the MBP-tagged recombinant proteins.
The amylose column was washed with 12 volumes of column buffer and the
recombinant proteins were eluted with column buffer containing 10 mM maltose.
The eluted proteins were quantified using Bradford assay (Bio-Rad, Hercules, CA,
USA) and 10 pmol purified proteins were prepared as protein working stocks for
electrophoretic mobility shift assay (EMSA). The purity and quality of the
purified proteins was confirmed using 10% SDS-PAGE.
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3.2.6 Electrophoretic mobility shift assay (EMSA)
EMSA was performed using the oligonucleotide probes, the AtWRKY60 (5'
GCTTGACTTGACCCATTGACTATGCCCTG 3') and the AaWRKY60 (5'
GCTTGACTTGACCCATTGACTATGGCCCT 3') containing three W-boxes.
DNA probes labeling was performed using the Biotin 3' End DNA labeling kit
(Thermo Fisher Scientific), while EMSA and detection of DNA signals was
performed using the LightShift® Chemiluminescent EMSA Kit (Thermo Fisher
Scientific) according to the manufacturers’ instruction. In brief, 10 pmol
recombinant WRKY protein and 20 fmol DNA probe were used in binding
reaction. The protein-DNA complexes were then resolved with 5% native
polyacrylamide gel electrophoresis and transferred onto Amersham HybondTM-N+
membrane at 400mA at 23oC for 1 hour using 0.5X TBE buffer in semi-dry
blotting (Bio-Rad). The membrane was then subjected to crosslinking using the
SpectrolinkerTM XL-1500 UV crosslinker. Detection of DNA signals was
performed

according

to

the

instructions

provided

in

the

LightShift®

Chemiluminescent EMSA Kit. Images were captured using a CCD camera of the
ChemiDoc™ Touch Imaging System (Bio-Rad). ImageJ software was used to
measure the intensities of the shifted DNA probes.
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3.3 Results
3.3.1 Sequence comparison of WRKY homoeologous
In addition to the expression divergence of the homoeologous WRKYs (WRKY18,
WRKY40 and WRKY60), protein sequence divergence among the homoeologous
WRKYs could lead to potential changes in their dimerization and DNA binding.
Therefore, cDNAs of the At and Aa WRKY homoeologous were cloned from the
allotetraploids for sequence comparison as well as subsequent protein-protein and
protein-DNA interaction studies. Lengths of coding sequences of WRKY18,
WRKY40, and WRKY60 were 936 bp, 909 bp, and 816 bp, respectively. The
coding sequences of the three homoeologous WRKYs showed high similarity
between them with 95% for WRKY18 (Fig. 3.1), 97% for WRKY40 (Fig. 3.2)
and 96% for WRKY60 (Fig. 3.3) at the nucleotide level. The presence of
conserved residues and synonymous substitution among WRKY homoeologous
indicate that the all sites required for the correct folding or activity of proteins are
retained intact. The nucleotide divergence with nonsynonymous substitutions
among the WRKY homoeologous may lead to altered protein properties and
protein-protein interactions. The translated nucleotide sequences of WRKY18,
WRKY40, and WRKY60 homoeologous have an equal number of amino acids, 310
aa, 302 aa, and 217 aa, respectively. However, the estimated molecular mass and
calculated pI (deduced from ExPASy) of proteins were different (Table 3.4). It
has been shown that pI has a significant influence on functional properties of
proteins such as subcellular localization, pigment production, radial growth rate
[191, 192]. Therefore, homoeologous WRKYs with different pI may have
impacted on physiological processes in hybrids. Protein sequence alignments
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among the WRKY18, 40 and 60 homoeologs revealed the expected conservation
at the WRKY domain between the At and Aa homoeologs. Interestingly, sequence
divergence was observed at the N-terminal leucine zipper region among these
homoeologs (Fig. 3.4). This leucine zipper was showed to be important for
interaction between WRKY proteins [193]. An investigation of the degree of
sequence divergence at the N-terminal leucine zipper region among the
homoeologs provides insight into the differential affinity/ strength of
protein-protein interactions in allotetraploids.

Table 3.4 Molecular weight (kDa) and pI values of WRKY homoeologs.

Protein

kDa

pI

AtWRKY18

34.77

7.20

AaWRKY18

34.63

8.28

AtWRKY40

33.70

8.59

AaWRKY40

33.78

8.18

AtWRKY60

30.57

9.21

AaWRKY60

30.59

9.04
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AtWRKY18
AaWRKY18

1 ATGGACGGTTCTTCGTTTCTCGACATCTCTCTCGATCTCAACACCAATCCTTTCTCCGCA
1 ATGGACGGTTCTTCGTTTCTCGACATCTCTCTCGATCTCAACACCAATCCTTTCCCCGCA

AtWRKY18
AaWRKY18

61 AAACTTCCGAAGAAGGAGGTCTCAGTTTTGGCTTCTACTCACTTAAAGAGGAAATGGTTG
61 AAACTTCCGAAGAAGGAAGTCTCGGTTTCGGCTTCTACTCATTTAAAAAGGAAATGGTTG

AtWRKY18
AaWRKY18

121 GAGCAAGACGAGAGCGCAAGTGAGTTACGAGAGGAGCTAAACAGAGTTAATTCAGAGAAC
121 GAGCAAGACGAGAGCGCAAGTGAGTTACGAGAGGAGCTAAACAGAGTCAATTCAGAGAAC

AtWRKY18
AaWRKY18

181 AAGAAGCTAACAGAGATGTTAGCTAGAGTCTGTGAGAGCTACAACGAACTACATAATCAT
181 AAGAAGCTAACAGAGATGTTAGCTAGAGTCTATGAGAGCTACAACGCACTACATAATCAT

AtWRKY18
AaWRKY18

241 TTGGAGAAGCTTCAGAGTCGCCAGAGCCCTGAAATCGAGCAGACCGATATACCGATAAAG
241 TTGGAGAAGCTTCAGAGTCGACAGAGCCCTGAAATCGATCAGACCGACAAACCGATAAAG

AtWRKY18
AaWRKY18

301 AAAAGAAAACAAGACCCGGATGAGTTCTTAGGCTTTCCTATTGGACTCAGTAGTGGAAAA
301 AAAAGGAAACAAGACCCGGATGACTTCTTAGGCTTTCCTATTGGACTCAGTAGTGGAAAA

AtWRKY18
AaWRKY18

361 ACTGAGAACAGCTCCAGCAACGAAGATCATCATCATCATCATCAGCAACATGAGCAGAAA
361 ACTGAGAACAGCTCCAGCAACGAAGATCATCAGCAACAGCAACAGCAACACGAGCAGAAA

AtWRKY18
AaWRKY18

421 AATCAGCTTCTTTCATGTAAAAGACCAGTCACTGATAGCTTCAACAAAGCAAAGGTTTCG
421 AATCAGCTTCTTTCGTGTAAAAGACCAGTCACTGATAGCTTCAACAAAGCAAAGGTTTCC

AtWRKY18
AaWRKY18

481 ACTGTCTACGTGCCTACTGAAACATCGGACACAAGCTTGACAGTTAAAGATGGATTTCAA
481 ACAGTCTACGTGCCTACTGAAACATCGGACACAAGCTTGACAGTAAAAGATGGATTTCAG

AtWRKY18
AaWRKY18

541 TGGAGGAAATACGGACAAAAGGTTACAAGAGACAACCCGTCACCTAGAGCTTACTTTAGA
541 TGGAGGAAATACGGACAAAAGGTTACAAGAGACAACCCATCACCTAGAGCTTACTTTAGA

AtWRKY18
AaWRKY18

601 TGCTCGTTTGCACCGTCTTGTCCAGTAAAAAAGAAGGTACAACGCAGCGCAGAGGATCCA
601 TGCTCATTTGCACCGTCTTGTCCAGTAAAAAAGAAGGTACAACGCAGCGCAGAGGATCCA

AtWRKY18
AaWRKY18

661 TCGTTACTTGTAGCGACATACGAAGGGACGCATAACCACTTGGGTCCAAATGCTTCTGAA
661 TCGTTACTGGTAGCAACATACGAAGGGGCGCATAACCACTTGGGTCCAAACGCTTCTGAA

AtWRKY18
AaWRKY18

721 GGGGATGCTACAAGCCAGGGTGGGTCAAGCACAGTGACTTTGGATCTGGTTAATGGCTGT
721 GGGGATGTTACAAGTCAGGGTGGGTCAAGCACAGTGACTTTGGATCTGGTTCATGGTGGT

AtWRKY18
AaWRKY18

781 CATAG---ACTAGCGTTGGAGAAAAACGAAAGGAATAATACGATGCAAGAGGTTCTGATT
781 CATAGCTTATTAGCTTTGGAGAAGAAGGAAAGG---AATACGATGCAAGAGGTTCTGATT

AtWRKY18
AaWRKY18

838 CAACAAATGGCGTCATCGTTAACAAAAGATTCGAAATTTACAGCTGCTCTTGCTGCTGCT
838 CAACAAATGGCGTCATCGTTAACAAAAGATTCAAAATTTACAGCTGCTCTTGCTGCTGCT

AtWRKY18
AaWRKY18

898 ATATCTGGGAGGTTAATGGAGCAATCTAGAACATGA
898 ATATCTGGGAGGTTAATGGAGCAATCTAGAACATGA

Fig. 3.1 ClustalW alignment of homoeologous WRKY18. Homoeologous A.
thaliana (At4) and A. arenosa (Aa) WRKY18 in the resynthesized A. suecica
allotetraploids were aligned using ClustalW. Identical nucleotides between
homoeologs are marked in black. Gray boxes mark the synonymous substitutions
and the unshaded nucleotides mark the nonsynonymous substitutions. Dashes
indicate nucleotide deletions.
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AtWRKY40
AaWRKY40

1 ATGGATCAGTACTCATCCTCTTTGGTCGATACTTCATTAGATCTCACTATTGGCGTTACT
1 ATGGATCAGTACTCATCCTCTTTGGTCGATACTTCATTAGATCTCACTATCGGCGTTACT

AtWRKY40
AaWRKY40

61 CGTATGCGAGTTGAAGAAGATCCACCGACAAGTGCTTTGGTGGAAGAATTAAACCGAGTT
61 CGTATGCGAGTTGAAGAAGATCCACCGACAAGTGCTTTGGTGGAAGAATTAAAGCGAGTG

AtWRKY40
AaWRKY40

121 AGTGCTGAGAACAAGAAGCTCTCGGAGATGCTAACTTTGATGTGTGACAACTACAACGTC
121 AGTGCTGAGAACAAGAAGCTCTCGGAGATGCTAACTTTGATGTATGACAACTACAACGTC

AtWRKY40
AaWRKY40

181 TTGAGGAAGCAACTTATGGAATATGTTAACAAGAGCAACATAACCGAGAGGGATCAAATC
181 TTGAGGAAGCAACTAATGGAATATGTTAACAAGAGCAACATAACCGAGAGAGATCAAATC

AtWRKY40
AaWRKY40

241 AGCCCTCCCAAGAAACGCAAATCTCCGGCGAGAGAGGACGCATTCAGCTGCGCGGTTATT
241 AGCCCTCCCAAGAAACGCAAATCTCCGGCGAGAGAGGACGCATTCAGCTCGGCGGTTATT

AtWRKY40
AaWRKY40

301 GGCGGAGTGTCGGAGAGTAGCTCAACGGATCAAGATGAGTATTTGTGTAAGAAGCAGAGA
301 GGTGGAGTGTCGGAGAGTAGCTCAACGGATCAAGATGAGTATTTGTGTAAGAAGCAGAGA

AtWRKY40
AaWRKY40

361 GAAGAGACTGTCGTGAAGGAGAAAGTCTCAAGGGTCTATTACAAGACCGAAGCTTCTGAC
361 GAAGAGACTGTTGTGAAGGAGAAAGTCTCAAGGGTCTATTACAAGACCGAAGCTTCTGAC

AtWRKY40
AaWRKY40

421 ACTACCCTCGTTGTGAAAGATGGGTATCAATGGAGGAAATATGGACAGAAAGTGACTAGA
421 ACTACCCTTGTTGTGAAAGATGGGTATCAATGGAGGAAATATGGACAGAAGGTGACTAGA

AtWRKY40
AaWRKY40

481 GACAATCCATCTCCAAGAGCTTACTTCAAATGTGCTTGTGCTCCAAGCTGTTCTGTCAAA
481 GACAATCCATCTCCAAGAGCTTACTTCAAATGTGCTTGTGCTCCAAGCTGTTCTGTCAAA

AtWRKY40
AaWRKY40

541 AAGAAGGTTCAGAGAAGTGTGGAGGATCAGTCCGTATTAGTTGCAACTTATGAGGGTGAA
541 AAGAAGGTTCAGAGAAGTGTGGAGGATCAGTCCGTGTTGGTTGCGACTTATGAGGGTGAA

AtWRKY40
AaWRKY40

601 CACAACCATCCAATGCCATCGCAGATCGATTCAAACAATGGCTTAAACCGCCACATCTCT
601 CATAACCATCCAATGCCATCGCAGATCGATTCAAACAATGGCTTAAACCGCTACATCTCT

AtWRKY40
AaWRKY40

661 CATGGTGGTTCAGCTTCAACACCCGTTGCAGCAAACAGAAGAAGTAGCTTGACTGTGCCG
661 CATGGTGGTTCAGCTTCAACACCCGCAGCAGCCAACAGAAGAAATAGCTTGACTGAGCCA

AtWRKY40
AaWRKY40

721 GTGACTACCGTAGATATGATTGAATCGAAGAAAGTGACGAGCCCAACGTCAAGAATCGAT
721 GTGACTACCGTAGATTTGACTGAATCAAAGAAAGTGACGAGCCCAACATCAAGAATCGAT

AtWRKY40
AaWRKY40

781 TTTCCCCAAGTTCAGAAACTTTTGGTGGAGCAAATGGCTTCTTCCTTAACCAAAGATCCT
781 TTTCCCGAAGTTCATAAACTTTTGGTGGAGCAAATGGCTTCTTCCTTGACCAACGATCCT

AtWRKY40
AaWRKY40

841 AACTTTACAGCAGCTTTAGCAGCAGCTGTTACCGGAAAATTGTATCAACAGAATCATACC
841 AACTTTACAGCAGCTTTAGCAGCAGCTGTTACCGGAAAATTGTATCAACAGAATCATACC

AtWRKY40
AaWRKY40

901 GAGAAATAG
901 GAGAAATAG

Fig. 3.2 ClustalW alignment of homoeologous WRKY40. Homoeologous A.
thaliana (At4) and A. arenosa (Aa) WRKY40 in the resynthesized A. suecica
allotetraploids were aligned using ClustalW. Identical nucleotides between
homoeologs are marked in black. Gray boxes mark the synonymous substitutions
and the unshaded nucleotides mark the nonsynonymous substitutions.
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AtWRKY60
AaWRKY60

1 ATGGACTATGATCCCAACACCAATCCGTTCGACCTTCATTTCTCCGGTAAACTTCCGAAA
1 ATGGACTATGATCCCAATACCAACCCTTTCGACCTTCATTTCTCCGGTAAACTTCCGAAA

AtWRKY60
AaWRKY60

61 AGAGAAGTCTCGGCTTCAGCTTCTAAAGTTGTAGAGAAGAAATGGTTAGTGAAAGACGAG
61 AGAGAAGTCTCGGATTCAGTTTCTGTAGATGTAGAGAAGAAATGGTTAGTGAAAGACGAG

AtWRKY60
AaWRKY60

121 AAGAGAAATATGTTACAAGAGGAGATAAACCGGGTTAAATCGGAGAACAAGAAGCTAAGC
121 AAGAGAAATATGTTACAAGAGGAGATAAACCGGGTTAAATCAGAGAACAAGAAGCTAAGC

AtWRKY60
AaWRKY60

181 GAAATGTTAGCAAGAGTCTGTGAGAAGTACTATGCTCTTAATAATCTTATGGAGGAGTTG
181 GAAATGTTAGCAAGAGTCTGTGAGAAGTACTATGCTCTTAATAATATTTTGGAGGAGTTG

AtWRKY60
AaWRKY60

241 CAGAGTCGAAAGAGTCCTGAAAGTGTTAACTTTCAGAACAAACAGCTAACGGGGAAACGA
241 CAGAGTCGAAAGAGTCCTGAAAATGTTACCTTTCAGAACAAACAGTTAACGGGGAAACGA

AtWRKY60
AaWRKY60

301 AAACAAGAACTTGATGAGTTTGTTAGCTCCCCAATTGGACTCAGTCTCGGACCAATCGAG
301 AAACAAGCGCGGGATGACTTTGTTAGCTCCTCAATTGGACTCAGTCTCGGAACAATCGAG

AtWRKY60
AaWRKY60

361 AACATCACCAACGATAAAGCGACGGTTTCAACCGCTTACTTTGCTGCTGAGAAGTCTGAC
361 AATATTACTACCGATAAAGCGATGGTTTCAACTGCCTACTTTGCTGCTGAGAAGTCTGAC

AtWRKY60
AaWRKY60

421 ACAAGCTTGACTGTGAAAGATGGATATCAATGGAGGAAATACGGGCAAAAGATTACGAGA
421 ACAAGCTTGACTGTGAATGATGGATATCAATGGAGGAAATACGGGCAAAAGATTACGAGA

AtWRKY60
AaWRKY60

481 GATAATCCATCTCCTAGAGCTTACTTCAGATGCTCGTTTTCACCGTCTTGTCTAGTCAAG
481 GATAATCCATCTCCTAGAGCTTACTTCAGATGTTCGTTTTCACCGTCTTGTCTAGTCAAG

AtWRKY60
AaWRKY60

541 AAGAAGGTGCAACGAAGTGCAGAAGATCCATCTTTCTTGGTAGCCACTTACGAAGGGACA
541 AAGAAGGTTCAACGAAGTGCAGAAGATCCATCTTTCTTGGTAGCCACTTACGAAGGGACA

AtWRKY60
AaWRKY60

601 CATAACCACACCGGACCACATGCAAGTGTGTCCAGGACAGTGAAACTTGATCTAGTTCAA
601 CATAACCACACCGGACCACATGCAAGTGTGTCCAGGACAGTGAAACTTGATCTAGTTCAA

AtWRKY60
AaWRKY60

661 GGTGGGCTTGAACCAGTTGAGGAAAAGAAAGAGAAAGGGACGATTCAAGAGGTTTTGGTG
661 GGTGGGCTTGAACCAGTTGAGGAAAAGAAAGAGAAAGGGACGATTCAAGAGGTTTTGGTG

AtWRKY60
AaWRKY60

721 CAACAAATGGCTTCTTCGTTGACCAAAGATCCTAAGTTCACTGCAGCTCTTGCGACTGCT
721 CAACAAATGGCTTCTTCGTTGACCAAAGATCCTAAGTTCACTGCAGCTCTTGCGACTGCT

AtWRKY60
AaWRKY60

781 ATTTCCGGGAGATTGATAGAGCATTCAAGAACATGA
781 ATTTCCGGGAGATTGATAGAGCATTCAAGAACATGA

Fig. 3.3 ClustalW alignment of homoeologous WRKY60. Homoeologous A.
thaliana (At4) and A. arenosa (Aa) WRKY60 in the resynthesized A. suecica
allotetraploids were aligned using ClustalW. Identical nucleotides between
homoeologs are marked in black. Gray boxes mark the synonymous substitutions
and the unshaded nucleotides mark the nonsynonymous substitutions.
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Fig. 3.4 ClustalW protein sequence alignment of WRKY homoeologs.
Homoeologous Arabidopsis thaliana (At) and Arabidopsis arenosa (Aa) WRKYs
in the resynthesized Arabidopsis suecica allotetraploids were aligned using
ClustalW (A) WRKY18, (B) WRKY40 and (C) WRKY60. Identical amino acids
between homoeologs are in black. Red lines under the amino acid sequence mark
the highly conserved WRKY DNA binding domain. The putative Leu zipper
motifs that are important for interaction between these WRKY proteins are
marked by the green line underneath.
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3.3.2 Homoeologous WRKY interactions in allotetraploids
The observed preferential expression of WRKY alleles in the allotetraploids could
modulate defense-signaling pathways through differential affinity/ strength of
protein-protein interactions occurred in trans, leading to altered downstream DNA
targeting [186, 188]. To test and compare the homodimeric and heterodimeric
interactions among the three closely related WRKYs and their homoeologs,
homologous At and Aa WRKY18, WRKY40 and WRKY60 cDNAs were cloned
separately into two split-LUC vectors, creating the N-LUC or C-LUC fusion of
the target protein (Fig. 3.5A-C) [189]. The resulting constructs were then
transiently expressed in Nicotiana benthamiana for quantitative measurement of
protein-protein interactions by a FLuCI assay (Fig. 3.5D) [189]. Luciferase
reconstitution resulted from positive protein-protein interactions was visualized
and quantified (Fig. 3.6).
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Fig. 3.5 Schematic presentation of split-LUC constructs used for FLuCI
assay. Binary Gateway expression vectors (A) pEXP-NLUC-WRKY (LUC amino
acids 1-416) and (B) pEXP-CLUC-WRKY (LUC amino acids 398-550) used for
FLuCI assay are presented. Sub-fragments from luciferase are cloned
N-terminally to the WRKYs, connected by a GGSG (Gly/Ser) linker. All
expression vectors contain a kanamycin gene for selection in E. coli and GV3101.
p35S (Cauliflower Mosaic Virus) promoter drives the ectopic expression of
recombinant proteins. Related restriction and attB sites are showed. (C) The
calibration vector, pEXP(GFP)-GUS is also presented. NosT, nopaline synthase
gene terminator; T35S, 35S terminator; proID, steroid promoter; GFP, green
fluorescent protein; GUS, β-Glucuronidase reporter gene. (D) Nicotiana
benthamiana plants were used for quantitative measurement of protein-protein
interactions by a FLuCI assay.
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Fig. 3.6 Homo- and hetero- dimer interactions between WRKY18, WRKY40
and WRKY60. Homologous WRKY18, WRKY40 and WRKY60 from A.
thaliana and A. arenosa were cloned to the binary split-LUC vectors for in Planta
transient expression and quantification of interaction using FLuCI assay.
Split-LUC constructs and the GUS calibration vector (pEXPGUS) were
transiently expressed in Nicotiana benthamiana leaves through Agrobacterium
tumefaciens (GV3101) infiltration. LUC activities (relative light unit; RLU)
resulted from positive protein-protein interactions were quantified using floated
leaf disc assay. (A-C) Quantifications of cis- and trans- homodimer interactions
for WRKY18 (A), WRKY40 (B) or WRKY60 (C) from A. thaliana and A.
arenosa. (D-F) Quantification of cis- and trans- heterodimer interactions for
WRKY18-WRKY40 (D), WRKY18-WRKY60 (E) and WRKY40-WRKY60 (F)
from A. thaliana and A. arenosa. Protein-protein interaction between p53 antigen
and AtWRKY18 was used as a negative control. β-glucuronidase (GUS) activity
from pEXP-GUS expression was quantified using the MUG fluorometric assay.
All measured LUC activities were normalized against the corresponding measured
GUS activities. Same letters denote no statistical difference among the mean at P
= 0.05. For each interaction, visualization of luminescence (using the
ChemiDocTM touch imaging system) and the representative GUS-stained leaf
discs were showed. Scale bars = 0.5 cm.
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For WRKY18 homodimeric interaction, AtWRKY18 cis-homodimer showed
a higher interaction strength when compared to the AaWRKY18 cis-homodimer
or the trans-homodimer formed between the homologous AtWRKY18 and
AaWRKY18 (Fig. 3.6A). AtWRKY40 cis-homodimer also showed a stronger
interaction than the trans-homodimer (AtWRKY40-AaWRKY40) (Fig. 3.6B). In
contrast, similar strength of protein-protein interactions was observed among the
AtWRKY60-AtWRKY60,

AaWRKY60-AaWRKY60

and

AtWRKY60-AaWRKY60 homodimers (Fig. 3.6C). Therefore, these data
suggested a general preference of cis-homodimeric interactions for each of these
WRKY factors. In contrast to the homodimeric interactions, trans-heterodimer
between AtWRKY18 and AaWRKY40 showed a stronger non-additive
interaction when compared to the cis-heterodimer formed between AtWRKY18
and AtWRKY40 or AaWRKY18 and AaWRKY40 (Fig. 3.6D). This preferential
protein-protein interaction is consistent with the observed preferential
homoeologous alleles expression in the allotetraploids upon Pst or SA treatment.
Therefore, it is possible that such preferential protein-protein interactions could
change the target DNA binding affinity of the homo- or hetero- dimer, leading to
altered transcriptional output in the allotetraploids. Similarly, cis-heterodimeric
interaction between AtWRKY18 and AtWRKY60 or AaWRKY18 and
AaWRKY60 showed no differences in their interaction. However, a reciprocal
difference

in

the

trans-heterodimer

interactions

was

observed

(AtWRKY18-AaWRKY60 vs. AaWRKY18-AtWRKY60) (Fig. 3.6E). Moreover,
AtWRKY18-AaWRKY60 showed a stronger interaction when compared to the
AtWRKY18-AtWRKY60. Finally, whilst no differences in the interaction
strength

were

observed

among
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the

AtWRKY40-AtWRKY60,

AtWRKY40-AaWRKY60 and AaWRKY40-AtWRKY60 cis-/trans-heterodimers,
AaWRKY40-AaWRKY60 showed stronger interaction when compared to the
AtWRKY40-AtWRKY60 cis-heterodimer or the AaWRKY40-AtWRKY60
trans-heterodimer (Fig. 3.6F). Therefore, these data suggested that the expression
and presence of the WRKY homoeologs could alter the parental proteins
interactions differently in the allotetraploids.
3.3.3 DNA binding affinity of WRKY18 and WRKY40 homo- or hetero- dimer
toward W-boxes
In A. thaliana, altered binding affinities toward the W-box were observed among
the WRKY 18, 40 and 60 homo- and hetero- complexes [87]. The interaction
among AtWRKY18 and AtWRKY40 enhances their DNA binding activity while
WRKY60 differentially affects the DNA binding affinity of WRKY18 and
WRKY40 [87]. FLuCI assay showed that the presence of the WRKY homoeologs
could alter the parental proteins interactions differently in the allotetraploids. It
has been showed that AtWRKY18 and AtWRKY40 could bind to the WRKY60
promoter and enhance its expression in Arabidopsis protoplasts [194]. Therefore,
the formation of cis-/trans- homo- or hetero- dimers could change their DNA
binding affinities toward the W-box. To determine the binding affinity/ strength of
homologous WRKY18 and WRKY40 was determined by electrophoretic mobility
shift assay (EMSA) using the WRKY60 promoter fragment comprising W-box as
the target DNA (Fig. 3.7). The constructed expression vectors (Fig. 3.8)
(pMalC2-AtWRKY18,

pMalC2-AaWRKY18,

pMalC2-AtWRKY40,

and

pMalC2-AaWRKY40) were transformed into Rosetta (DE3) competent cells and
positive clones were grown in LB medium. Recombinant proteins were harvested
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after induction by IPTG (Fig. 3.9). As shown in Fig. 3.10, the purity of the eluted
proteins (10 pmol) was confirmed by running 10% SDS-PAGE. Purified proteins
were used for electrophoretic mobility shift assay.
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AtWRKY60p
AaWRKY60p

1 TCTTTTAAAAACTTTTGTAAAATTTTTATAAAATCTTTTGTAAATCATTTTAAAAAC--1 ------AAATAATGTTACGGGA-------GAGATAGACTTAAGATTATAGCGAAGACCAA

AtWRKY60p
AaWRKY60p

58 ATTTATAA----------------AATCCTTGTGTGTAATTCTAATTGTGCCAA-----A
48 ATTCATAATTGCTGAGAGATTTGGTCTCCTTTGGT----TTCCCTTTATAGTAACTAGTA

AtWRKY60p
AaWRKY60p

97 ATTATAATGTGTATTATGCATATGATAGTGATTGAACATAGAAACAA-------AAATAT
104 AGTGGAGAGAGTGTAATA-ACTTGTCAATTATGAAAACTATAAACCATACGAGTTAATTT

AtWRKY60p
AaWRKY60p

150 TGGAAAAAAACAATACTAATGAAATGTGTAAACAAAAATTGCAAGAAAACTATTTAATTT
163 TATAGATAAATAATAC------AAT---TCTATAAAAATTGCAGGAAAACTATTTAATTT

AtWRKY60p
AaWRKY60p

210 AATACGTATTG-ACAAAAAGCAAGTTGTGTTTAATACGTTGGATTAAATTTGTTGGCTTG
214 AATACGCATTGAAAAAAAAACAAGTTGTATTTAATACGTTGGCTTAAA------------

AtWRKY60p
AaWRKY60p

269 CATCGTAAATACTAAATGCGTGTCCTAAAAAATTAAAAAGGTTAGGTGTTAAATCGTAGT
262 -ATCGTAAATACT-------TGTCCTAAAAATTAAAAAAGGTTAGGTGTTAAATCGTAGT

AtWRKY60p
AaWRKY60p

329 CGAATTGTTATGTTTTGTTGTAATCGGAGAAAACAAGTGTAAAGATGGATCAAAAATCAA
314 CGAAATTTTATATTTTGTTGTCATCGGAGAAAACAAGTGTAAAGATGACTCGAAAATCAA

AtWRKY60p
AaWRKY60p

389 CAATTTCGGCGGATGTCCCATGTCGAAGAAAAATGAGTACTTTACATTAAGTTGCATTGT
374 CAATTTCGGCGGATGTCCCATGTCGAAGAAAAATGAGTACTTCACATTAAGTCGCATTGT

AtWRKY60p
AaWRKY60p

449 AAGATCCAGACCAACTTTCGCTTGACTTGACCCATTGACTATGCCCTGGAGGTTGGCATG
434 AAGATCCAGACGAACTTTCGCTTGACTTGACCCATTGACTATGGCCCTGAGGTTGGCATG

AtWRKY60p
AaWRKY60p

509 TTTA----------ATTTTGTCTCATATTTTTGTTTACTTAATCCTACCTACATTAAGTT
494 TTTGTTTTTCAAATAATTTGTCCCATATTTTTGTTTTCTTAATCCTACAT-TATTACGTT

AtWRKY60p
AaWRKY60p

559 GCATTAGTTAATTATGTCAGCTAGGCAAAATAAG--ATTTCGTTTCCCTTTTTTTT-ATG
553 GCATTATTTAATTATGTCAGCTAGGCAGGGTAAGATATTTCGTTTCTATTTTTTTTAATG

AtWRKY60p
AaWRKY60p

616 TTCATTAAGTTTGAAAGAAAATCATTATTTTTTGTT-TTGTCATCTTTTTTATTAATATT
613 TTCACTAAGTTAGAAAGAAATTCACAACAAAGTGTTAAAGAAAAGGTTTTCAGTAAAAGG

AtWRKY60p
AaWRKY60p

675 ATAAAATAAAAA---TATATTTTCCGATCTTACAAAACCGGCAGAAAACAAAGATATCTT
673 AAAAAAAAAAACCTTTTTCTTTTTTGACATTTTTGGATCGACAAAGCCCAA--------T

AtWRKY60p
AaWRKY60p

732 CGAAAACATAGTTTAAAAGAGAGAATCAAAGCTCCAAAAGAAAGA
725 TGATAATCAATTCTTACTATGCGGAGTAACGCGACTTAGTAGAG-

Fig. 3.7 ClustalW alignment of homoeologs WRKY60 promoter. Arabidopsis
thaliana (At) and Arabidopsis arenosa (Aa) WRKY60 promoter sequences were
aligned using ClustalW. Identical nucleotides between sequences are in black.
Gray boxes mark the synonymous substitutions and the unshaded nucleotides
mark the nonsynonymous substitutions. Dashes indicate nucleotide deletions. The
probe (W-box elements); used for EMSA are marked by the green line
underneath.
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Fig. 3.8 Schematic presentation of pMalC2-WRKY expression vectors.
Expression vectors; pMalC2-AtWRKY18 (A), pMalC2-AaWRKY18 (B),
pMalC2-AtWRKY40 (C), and pMalC2-AaWRKY40 (D) used for studying
protein-DNA interactions using EMSA are shown. WRKY fragments are cloned
into multiple cloning site using EcoRI and PstI restriction enzymes. All
expression vectors carry ampicillin gene for bacterial selection. tac promoter
(Ptac) drives the expression of recombinant WRKYs. Relevant restriction sites are
shown. The expressed recombinant protein will contain a maltose-binding protein
(MBP) domain (encoded by malE) and a hexahistidine tag (His-tag) at its
N-terminus to facilitate purification of the fusion protein using affinity column. A
Tobacco Etch Virus (TEV) cleavage site is presence between the cloned gene and
the his-tag for further purification of the target protein with no extra residues at its
N-terminus. TGA, additional stop codon in reading frame; lacZα, allows
blue-white screening for insert; rrnB, terminator sequence; bla, beta-lactamase
signal peptide required for secretion of protein to the periplasm; M13, allows the
production of signal-stranded DNA; pMB1, origin of replication which controls
expression of the RNAII transcript; laclq, encodes the Lac repressor which
represses Ptac activity in the absence of Isopropyl β-D-1-thiogalactopyranoside
(IPTG).
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Fig. 3.9 SDS-PAGE gel electrophoresis of fractions from the expression of
MBP-WRKY fusion proteins. The constructed expression vectors; as shown in
Fig. 3.8 were transformed into Rosetta (DE3) competent cells. Positive clones
were grown in LB medium and the expressions of recombinant proteins were
induced by adding IPTG to a final concentration of 1 mM. Lysate from cells was
harvested 3hr after induction with IPTG. Cell lysate was separated in 10%
SDS-PAGE and stained with Coomassie blue. Lanes display protein
electrophoresis of cell lysate from uninduced (UI) cells or cells treated with IPTG
(I).

Fig. 3.10 SDS-PAGE of recombinant WRKYs. Bacterially expressed
recombinant WRKYs were purified and resolved in 10% SDS-PAGE. Coomassie
stain of purified recombinant WRKYs with N-terminus maltose binding protein
(MBP) domain from bacterial expression.
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In A. thaliana, WRKY18 and WRKY40 bind to the W-box elements in the
WRKY60 promoter to enhance its expression [100]. The existence of W-boxes in
both the At and Aa WRKY60 promoters (Fig. 3.7) suggests that expression of
WRKY60 gene may be regulated by homoeologous At or Aa WRKYs. Therefore,
to determine whether non-additive activation of AtWRKY18 and AaWRKY40 alter
DNA binding through the formation of homo- or hetero- dimers, two DNA probes
were generated from At and Aa WRKY60 promoter sequence, respectively (Fig.
3.11A and 3.12A). For EMSA experiment, an equal amount of protein and probe
was used to quantify the binding affinity of homologous WRKYs to the W-box. In
an EMSA using equal molar amount of the recombinant proteins, the AtWRKY18
and AaWRKY40 cis-homodimers showed a relatively higher binding affinity
toward the WRKY60 promoter probe (Fig. 3.11B and Fig 3.12B) when compared
to the corresponding homodimer in alternate combinations (Fig. 3.11B and Fig.
3.12B). In both cases, it appeared that the DNA affinity of trans-interacting
homodimer was affected when compared to the cis-interacting homodimer. In
contrast, when WRKY18 and WRKY40 were used in combinations as
heterodimers in the gel shift assay, the trans-interacting heterodimer was found to
possess a slightly higher DNA affinity when compared to the cis-interacting
heterodimer (AtWRKY18-AtWRKY40 or AaWRKY18-AaWRKY40) (Fig.
3.11C and Fig. 3.12C). However, such difference is not as obvious as the DNA
binding of the homodimers. Nevertheless, it is also interesting to note that the
observed

preferential

DNA

affinities

of

AtWRKY18

cis-homodimer,

AaWRKY40 cis-homodimer and AtWRKY18-AaWRKY40 trans-heterodimer are
coincided with their preferential allele’s expression in the allotetraploids as well
as protein-protein interactions. Therefore, these data suggested that the alleles
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expression, interaction and DNA-binding of the WRKY homoeologs could act in
concert to fine tune the interaction between the two parental genomes and the
regulation of transcriptome reprogramming for improved defense signaling in the
allotetraploids.

84

Fig. 3.11 Preferential binding affinity of WRKY18 and WRKY40 homo- or
hetero- dimer toward W-boxes. Recombinant At or Aa WRKY18 or WRKY40
were expressed and purified from bacteria. (A) AtWRKY60p oligonucleotide
containing three W-boxes was used in gel electrophoretic mobility shift assay
(EMSA) with the purified recombinant proteins. (B) EMSA showing binding of
the recombinant At or Aa WRKY18 or WRKY40 homodimer towards the
AtWRKY60p oligonucleotide probe. The shifted DNA bands (arrow) were
quantified by ImageJ densitometry. The density of the shifted band caused by
rAtWRKY18 cis-homodimer or rAtWRKY40 cis-homodimer was set as 1 for
comparison against the shifted band caused by the corresponding rAaWRKY
cis-homodimer and rAtWRKY+rAaWRKY trans-homodimer, respectively. The
relative quantifications were indicated at the bottom. MBP (Maltose binding
protein) was used as a negative control in the EMSA. (C) EMSA showing the
binding of WRKY18-WRKY40 heterodimer in various cis- and trans- interacting
combinations toward the AtWRKY60p oligonucleotide probe. Quantification of
the shifted DNA band was done as described in (B) and the relative
quantifications were indicated at the bottom.
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Fig. 3.12 Differential binding affinity of WRKY18 and WRKY40 homo- or
hetero- dimer toward W-boxes in the AaWRKY60 promoter. Recombinant At
or Aa WRKY18 or WRKY40 were expressed and purified from bacteria. (A)
AaWRKY60p oligonucleotide containing three W-boxes was used in gel
electrophoretic mobility shift assay (EMSA) with the purified recombinant
proteins. (B) EMSA showing binding of the recombinant At or Aa WRKY18 or
WRKY40 homodimer towards the AaWRKY60p oligonucleotide probe. The
shifted DNA bands (arrow) were quantified by ImageJ densitometry. The density
of the shifted band caused by rAtWRKY18 cis-homodimer or rAtWRKY40
cis-homodimer was set as 1 for comparison against the shifted band caused by the
corresponding rAaWRKY cis-homodimer and rAtWRKY+rAaWRKY
trans-homodimer, respectively. The relative quantifications were indicated at the
bottom. MBP (Maltose binding protein) was used as a negative control in the
EMSA. (C) EMSA showing the binding of WRKY18-WRKY40 heterodimer in
various cis- and trans- interacting combinations toward the AaWRKY60p
oligonucleotide probe. Quantification of the shifted DNA band was done as
described in (B) and the relative quantifications were indicated at the bottom.
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Chapter 4
Biological consequences of homoeologous WRKY18
expression in A. thaliana
4.1 Introduction
As explained in the previous chapters, the non-additive up-regulation of WRKY18
was observed during pathogen infection and AtWRKY18 allele was observed to be
the dominant expression in the allotetraploids. Such differential gene expressions
from the homoeologous loci were observed from natural polyploids such as cotton
and wheat in response to environmental stress [172-174, 176, 177]. Using the
split-LUC assays, we further showed that the cis-interacting AtWRKY18
homodimer (AtWRKY18/AtWRKY18) displayed high protein-protein interaction
when compared to the AaWRKY18/AaWRKY18 and AtWRKY18/AaWRKY18
dimers. For protein-DNA interaction, EMSA showed that the AtWRKY18
cis-homodimer has a relatively higher binding affinity toward the AtWRKY60 or
AaWRKY60 promoter when compared to the AaWRKY18 cis-homodimer and
At/AaWRKY18 trans-homodimer. It has been discovered that AtWRKY18
function as a positive regulator for induction of SAR [58]. Therefore, it is possible
that altered expression kinetics, protein-protein and protein-DNA interactions
involve in the WRKY18-mediated defense regulatory networks contribute to
improve defense responses in the allotetraploids. To further understand if the
detected changes in protein-protein or protein-DNA interaction indeed have a
functional consequence in contributing to the defense output in allotetraploids, we
transiently expressed various homoeologous combinations of WRKY18 and
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WRKY40 using an Agrobacterium-mediated transient assay and examined their
effects on PR1 expression in Arabidopsis. In addition, stable transgenic lines
overexpressing either At or Aa WRKY18 were assayed for their pathogen
resistance and defense-related genes expression upon Pst treatment.
4.2 Materials and Methods
4.2.1 Identification and genotyping of knockout mutants
The A. thaliana wrky18 T-DNA mutant (SALK_093916C) seeds were ordered
from the Arabidopsis Biological Resource Center (ABRC). The wrky40 mutant
was kindly provided by Prof. Zhang DP as described by Liu et al. (2013) [195].
For plant growth, seeds were germinated in MS media containing 3% sucrose and
0.8% agar for 2 days at 4°C and grown under long day conditions (16 h/8 h
light/dark cycle) at 22oC. Genotyping PCR was performed using a combination of
T-DNA border or Ds transposon primer and gene specific primers (Table 4.1)
[195].
Table 4.1 List of primers used for genotyping.

Name

Sequence (5' - 3')

G-wrky18-LB1

CGATATTTGTCACCTTCATCG

G-wrky18-RB1

TCATTTCGATGCAAAGACATTC

G-pROK2-RB1

ATTTTGCCGATTTCGGAAC

G-WRKY-40-F2

CGGAGATGCTAACTTTGATGTG

G-WRKY-40-R2

GGAGCACAAGCACATTTGAA

Ds-trans-R2

ACCCGACCGGATCGTATCGGT

1

For genotyping of the wrky18 mutant

2

For genotyping of the wrky40 mutant
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4.2.2 Transient expression of WRKY homoeologs in Arabidopsis
For WRKY18 and WRKY40 interactions, the same combinations of split-LUC
constructs (Chapter 3; Table 3.3) used for transient expression in tobacco were
used for infiltration into either A. thaliana or the resynthesized A. suecica via
Agrobacterium-mediated infiltration. In brief, A. tumefaciens (GV3101) colonies
containing the split-LUC-WRKY constructs were cultured in 10 mL LB
containing gentamycin (30 µg/mL), kanamycin (50 µg/mL), and rifampicin (25
µg/mL) at 28◦C overnight with shaking. Next, the overnight culture was
subcultured in fresh LB (1:10 v/v) and allowed to grow until the OD600 reaches
0.8-1. The cells were pelleted by centrifugation and then resuspended in
infiltration medium (10 mM MES/KOH pH5.6, 10 mM MgCl2, 0.5% w/v MS, 2%
w/v sucrose and 100 µM acetosyringone. For infiltration, 0.5 OD600 cells were
incubated at room temperature for 1 hours with moderate shaking (90 rpm) and
equal volume (~0.5 mL) of the agrobacterial cell cultures was used for syringe
injection at the abaxial side of the mature leaves of different plants. Leaf pairs
from 3 individual plants were infiltrated. For controls, leaves were infiltrated with
the infiltration medium (-ve control) alone or resuspended cell culture containing
split-luciferase fusion constructs expressing the P53-NLUC (murine p53 fused
with NLUC) and SVTA-CLUC (SV40 large T-antigen fused with CLUC) fusions
(negative control). After infiltration, plants were covered with clear polyethylene
film and kept in long day condition at 22oC for two days. For gene expression
analyses, leaf pairs from three independent plants were harvested for RNA
extraction and qPCR as described in chapter 2 section 2.2.3
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4.2.3 Construction of pEG100:AtWRKY18p:Myc:AtWRKY18 and
pEG100:AtWRKY18p:Myc:AaWRKY18 plasmids
Promoter region (position -1001 to +95 relative to the transcription start site) of
Arabidopsis thaliana WRKY18 gene (At4g31800) was amplified from A. thaliana
genomic DNA and cloned into pGEM-T vector (Promega, Madison, WI, USA)
for sequence verification (Table 4.2). pGEM-T vectors containing AtWRKY18
and AaWRKY18 cDNA were digested by restriction enzyme (NdeI and SpeI) to
obtain the corresponding cDNA fragments. Myc-tag linker was created by
annealing of two complementary oligonucleotides (XhoI-NcoI-Myc-NdeI-F and
NdeI-Myc-NcoI-XhoI-R) (Table 4.2). Restriction digestion (XhoI and SpeI) was
performed on a binary BASTA-selectable vector pEG100 (pEarleyGate) [196]
and the target WRKY cDNA and Myc-tag were cloned into pEG100 to generate
pEG100:35S:Myc:AtWRKY18 and pEG100:35S:Myc:AaWRKY18. The 35S
promoter in the binary vector was replaced with the endogenous AtWRKY18
promoter (from -1001 to +95 relatives to the transcription start site), generating
pEG100:AtWRKY18p:Myc:AtWRKY18

and

pEG100:AtWRKY18p:Myc:AaWRKY18 or stable transformation into A.
thaliana. Expression constructs were transformed into E. coli (DH5α) for cloning
and into Agrobacterium tumefaciens (GV3101) for plant transformation (Table
4.3).
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Table 4.2 List of Oligonucleotides used for cloning and preparation of linkers

Sequence (5' - 3')*

Name
ERI-1kb-AtW18p-F

cgaattcACACTGCCCCGCCGA

XhoI+95-AtW18p-R

cgctcgagAAAAGAAACCTTTATCTTAAGATA
CAAAC

XhoI-NcoI-Myc-NdeI-F

TCGAGCCCATGGCGGAGGAACAGAAACT
GATCTCCGAAGAAGATCTGCA

NdeI-Myc-NcoI-XhoI-R

TATGCAGATCTTCTTCGGAGATCAGTTTCT
GTTCCTCCGCCATGGGC

*

Small case letters indicate the sequence with added flanking restriction enzyme

sites in the gene-specific primer
Table 4.3 List of plasmid constructs and plant background for transgenic plants
generation.

Plasmid construct

Plant background

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0 or wrky18

pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0 or wrky18

4.2.4 Arabidopsis transformation
A. tumefaciens (GV3101) colonies containing the binary constructs were cultured
in 5 mL LB containing gentamycin (30 µg/mL), kanamycin (50 µg/mL), and
rifampicin (25 µg/mL) at 28◦C overnight with vigorous shaking. The overnight
culture was then sub-cultured into 200 mL fresh LB and allowed to grow until the
91

OD600 reached 1.0-2.0. Then the cells were pelleted by centrifugation at 3500 rpm
for 20 minutes and resuspended in infiltration medium containing 0.215% MS,
5% sucrose, and 0.05% silwet L-77 at pH5.7. Floral dipping was performed for
both the wild type (Col-0) and the wrky18 mutant (Table 4.3) [197]. Dipped plants
were incubated at dark condition for overnight. In the next day, plants were
uncovered and transferred into long day conditions (16 h/8 h light/dark cycle) at
22oC for maturation and seeds collection.
4.2.5 Genomic DNA extraction
Arabidopsis rosette leaves were ground in a 1.5 mL eppendorf tube using blue
pestle. Extraction buffer (0.2 M Tris-HCl pH7.5, 0.25 M NaCl, 25 mM EDTA,
0.5% SDS) was added (200 µL) into the tube and mixed with the ground tissues.
Suspension was centrifuged at 13,200 rpm for 5 minutes. Supernatant (200 µL)
was transferred into new tube containing isopropanol (200 µL) and incubated at
room temperature for 5 minutes to precipitate genomic DNA. Genomic DNA was
then centrifuged at 13,200 rpm for 5 minutes. The pellet was washed with 75%
EtOH and air-dried. Then the pellet was re-suspended in 40 µL distilled water and
stored at -20°C.
4.2.6 Isolation of BASTA-resistant transgenic lines
For successful transformants selection, seeds were obtained from the dipped
plants (T0) and plated in MS medium containing 7.5 mg/L BASTA. BASTA
resistance plants (T1 plants) were selected and transferred to soil 10 days later and
grown in long day condition. Genomic DNA was extracted from the selected
transformants and genomic PCR was used for genotyping to confirm the
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transgene insertion using primers listed in Table 4.4. Seeds (T1 seeds) from the
confirmed transgenic lines were collected for subsequent selection and analyses.
Table 4.4 List of primers used for genotyping of transgenic lines.

Sequence (5' - 3')*

Name
Myc-F

CATGGCGGAGGAACAGAA

AtW18-1648-R

CTAAACAAACAAAAACAATACATTCACTAAAAACG
TTCA

*

The
primer
pair
amplifies
AtWRKY18p:Myc:AtWRKY18
or

transgene
from
either
the
the
AtWRKY18p:Myc:AaWRKY18

construct.

4.2.7 Segregation analyses of T2 transgenic lines
To screen homozygous transgenic lines, a seed germination assay was performed.
T1 transgenic lines seeds were sterilized and placed on MS medium containing
7.5 mg/L BASTA. The germination percentage was documented 10 days later.
Chi-square test was performed to examine the goodness-of-fit between observed
germination percentage in T2 progeny and expected Mendelian ratio.
4.2.8 RT-PCR analyses of transgenic lines for the transgene expression
Leaves from three weeks old independent transgenic lines (T2) were collected for
RT-PCR analyses. RNA extraction and cDNA synthesis were performed as
described in section 2.2.3. cDNA was amplified by using primers listed in Table
4.4 and the PCR products were separated in 1% agarose gel and imagined by
SYBR-Safe staining. The expression level of WRKY18 homoeologs in
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independent transgenic lines (T2) was quantified using ImageJ software (National
Institutes of Health). Transgenic lines with similar transgene expression level
were selected for subsequent defense studies.
4.2.9 Western blot analysis for detection Myc-AaWRKY18 and Myc-AtWRKY18
expression
Leaves from three weeks old transgenic lines were collected for protein
extraction. Total protein from leaves were extracted in protein extraction buffer
(50 mM Tris-HCL pH8, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Trition
X-100 and 2 mM PMSF), followed by centrifugation at 12,000 g for 5 minutes at
4°C. The supernatant was transferred into new tube and total protein was
quantified by Bradford assay (BioRad, Hercules, California, United States). The
total protein (20 µg) was separated by SDS-PAGE through a 15% acrylamide gel.
Two equivalent gels were run for total leaf protein resolution. For internal control,
the total protein was assayed by staining of SDS-PAGE gel with coomassie blue
after electrophoresis. Proteins from the parallel gel were electro-blotted onto
PVDF membrane (Amersham, Little Chalfont, UK) for western blot analysis.
Membrane was blocked in 5% skim milk in TBS-T (19 mM Tris, 137 mM NaCl,
2.7 mM KCl, and 0.1% Tween-20 [pH7.4]) for overnight at 4°C. After blocking,
primary antibody (Invitrogen, Carlsbad, California, United States) was diluted at
1: 5000 in TBS-T with 5% non-fat milk. Then membrane was incubated for 2h at
room temperature and washed twice with TBS-T for 10 min before secondary
antibody incubation. Blot was further incubated with Goat anti-Mouse IgG (H +
L) secondary antibody, HRP-conjugate (Invitrogen) at 1:2000 dilutions in TBS-T
with 5% skim milk for 2h at room temperature. After that membrane was washed
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five times with TBS-T and then proteins signals were visualized by ChemiDocTM
Touch Imaging System (Bio-Rad, Hercules, CA, USA) using the super signal
west pico chemiluminescent substrate kits (ThermoFisher Scientific) following
manufacturer’s instructions.
4.3 Results
4.3.1 Differential induction of defense genes by transient WRKY expression
The transient experiment provided an initial assessment of the potential functional
consequences in expressing the homoeologous WRKYs in Arabidopsis and their
regulation of defense gene. Therefore, to further test the functional consequences
of various At/Aa WRKY18 and WRKY40 homologs interactions, an
Agrobacterium-mediated transient assay in Arabidopsis leaves was used [198].
Different combinations of WRKY18 and/or WRKY40 split-LUC constructs
(Table 4.5) were transiently expressed in the corresponding wrky18 or wrky40
mutant in A. thaliana. It is expected that the transient ectopic expression of
WRKYs could induce defense-responsive genes expression. Therefore, the
expression of ICS1 and PR1 was quantified using qRT-PCR at 2 days after the
infiltration. As controls, all expressions were normalized against ubiquitin and the
expression of targets was corrected against the relative expression of the effector
constructs. Since the Agrobacterium-mediated infiltration could also lead to
induced defense genes expression independent from the effector constructs, the
relative expression fold change (RFC) of the targets was calculated by comparing
their corresponding relative expression in the presence of the P53 and T-antigen
expression vector (negative control; Table 4.5). As expected, strong induction of
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ICS1 and PR1 was evident in the presence of the transiently expressed AtWRKY18
in the wrky18 mutant (Fig. 4.1A-B). The transiently expressed AtWRKY18
homolog induced higher expression fold changes of the targets than the
AaWRKY18 homolog. When AtWRKY18 and AaWRKY18 were co-expressed to
produce the trans-interacting homodimer, a less efficient induction of ICS1 or
PR1 was observed.
Table 4.5 List of plasmid constructs used in transient expression assay in
Arabidopsis and Allo.

Name of construct

Type of construct

pDEST-GFP-NLUC-AtWRKY18

Effector control1,3

pDEST-GFP-NLUC-AtWRKY40

Effector control1,3

pDEST-GFP-NLUC-AaWRKY18

Effector control2,4

pDEST-GFP-NLUC-AaWRKY40

Effector control2,4

pDEST-FP611-CLUC-AtWRKY18

Effector control1,4

pDEST-FP611-CLUC-AtWRKY40

Effector control1,4

pDEST-FP611-CLUC-AaWRKY18

Effector control2,3

pDEST-FP611-CLUC-AaWRKY40

Effector control2,3

pDEST-GFP-NLUC-P53

Negative effector control5

pDEST-FP611-CLUC-T

Negative effector control5

1,2

Cis-interacting homodimer or heterodimer combinations

3,4

Trans-interacting homodimer or heterodimer combinations

5

negative effector control interaction
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Fig. 4.1 Transient expression of homo- or hetero- dimers interacting in cis- or
trans- affect ICS1 and PR1 expression in Arabidopsis. WRKY18 homodimer,
WRKY40 homodimer and WRKY18–WRKY40 heterodimer effector constructs
were transiently expressed in the A. thaliana wrky18 (A, B), wrky40 (C, D), and
wrky18wrky40 (E, F) mutants as well as in the allotetraploids (G, H) through
Agrobacterium tumefaciens (GV3101) infiltration. Expression of ICS1 and PR1
were quantified using qRT-PCR and normalized against the endogenous control
(ACT7 or UBI10). The relative expression fold change (RFC) was calculated by
comparing the corresponding expression in the presence of the P53-NLUC and
SVTA-CLUC expression vectors (negative control, dashed line). All expression
was corrected against the relative expression of the effector constructs (WRKYs).
Data are mean ± SE from three replicates. Differences in expression between
different treatments were calculated using Student’s t-test (P < 0.05). Same letters
denote no statistical differences among means. Asterisk denotes a significant
induction/repression of target gene when compared to the negative control
(dashed line).
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Using a similar approach, AtWRKY40 and AaWRKY40 were transiently expressed
in

the

form

of

cis-homodimer

(AtWRKY40-AtWRKY40;

AaWRKY40-AaWRKY40) or trans-homodimer (AtWRKY40-AaWRKY40)
combination in the wrky40 mutant (Fig. 4.1C-D). The cis-homodimers induced
higher ICS1 and PR1 expression when compared to the trans-homodimers
(AtWRKY40-AaWRKY40) in the wrky40 mutant. Therefore, these data
suggested an interference of the AaWRKY homolog in both ICS1 and PR1
induction by the ectopically expressed WRKY18 or WRKY40 in the respective
mutant.
Since preferential expression of AtWRKY18 and AaWRKY40 was observed
in the allotetraploids upon Pst or SA treatment, the effect of the expression of the
heterodimer on ICS1 and PR1 expression was tested using the transient expression
system in the A. thaliana wrky18wrky40 double mutant and in the allotetraploids
(Fig. 4.1E-F). In the wrky18wrk40 mutant, co-expression of AtWRKY18 with
AtWRKY40 resulted in no induction of ICS1 (Fig. 4.1E) or PR1 expression (Fig.
4.1F). Moreover, the trans-interacting AtWRKY18-AaWRKY40 heterodimer was
found to reduce PR1 expression. In A. thaliana, it has been shown that
overexpression of WRKY18 leads to PR1 accumulation; however, this positive
regulation is antagonized by the co-overexpression of WRKY40 in the WRKY18
overexpressor [87]. This may explain why in the wrky18wrky40 double mutant,
complementation with the transient expression of AtWRKY18 and AtWRKY40
did not lead to an increase in ICS1 or PR1 expression. In contrast, heterodimer
involving AaWRKY18 and At/AaWRKY40 were able to induce target gene
expression. Notably, for these two heterodimer combinations, the corresponding
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protein–protein interaction strengths were lower than for either the AtWRKY18–
AtWRKY40 or AtWRKY18–AaWRKY40 heterodimers. In this case, the
“antagonistic” effect of the overexpression of WRKY18 and WRKY40 on ICS1 or
PR1 accumulation was attenuated, resulting in increased expression of these
genes. Therefore, these data further support the idea that the A. arenosa WRKY
homolog interfere with the AtWRKY18–AtWRKY40 heterodimer functionally.
In the allotetraploid, different ICS1 and PR1 induction patterns were
produced by the WRKY18–WRKY40 heterodimers (Fig. 4.1G-H). When
AtWRKY18 was used for heterodimer formation with either AtWRKY40 or
AaWRKY40, higher ICS1 and PR1 inductions were observed than when
AtWRKY18 was used to form the corresponding heterodimer with AaWRKY18.
In addition, consistent with the preferred expression and interaction of
AtWRKY18 and AaWRKY40 in the allotetraploids, the AtWRKY18–
AaWRKY40 trans-heterodimer was found to induce higher levels of the targets
when ectopically expressed in the allotetraploids, suggesting that the signaling
pathways involved in their regulation were altered in the hybrids compared to
those in A. thaliana. However, more in-depth analyses are required to elucidate
the extent and biological implications of these changes in regulation and
interaction in the allotetraploids. Nevertheless, results from the transient
expression of WRKYs in A. thaliana and in the allotetraploids further supported
the hypothesis that changes in the expression and protein–protein interactions of
the WRKY homoeologs could lead to altered regulation and signaling of defense
genes.
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Although transient assay provides a convenient alternative to evaluate the
consequence of WRKYs expression on the PR1 expression, there are several
caveats with the assay. First of all, since A. tumefaciens was used as a medium to
deliver the effector construct, the bacteria itself could also elicit a defense
response in the infiltrated tissues, complicating the interpretation of the result. To
minimize this effect, we have included a negative control in the experiment. In
addition, the expression of WRKYs is controlled by the 35S promoter in the
transient assay that may not reflect the native promoter activity. Therefore, stable
transformants are required for in depth analyses to elucidate the extent and
biological implications of these altered regulations and interactions in the
allotetraploids. Nevertheless, results from the transient expression of WRKYs in A.
thaliana and in the allotetraploids further supported that the differential
expression and protein-protein interactions of the WRKY homoeologs could lead
to altered defense genes regulation, contributing to the improved defense in the
tetraploid hybrids.
4.3.2 Production of transgenic plants expressing WRKY18 homoeologs
To generate stable transgenic plants, homologous At and Aa WRKY18 were
introduced into Col-0 and the wrky18 mutant through Agrobacterium-mediated
transformation. For this, binary vectors pEG100 (pEarleyGate) harboring
AaWRKY18 and AtWRKY18 gene expression cassette was put under the control of
the endogenous AtWRKY18 promoter (Fig. 4.2A-B) for plant transformation.
Putative transgenic plants were obtained by germinating seeds with MS medium
containing phosphinothricin (BASTA 7.5 mg/L). Non-transformed seeds did not
germinate in BASTA plates whereas putative transformants displayed BASTA
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resistance. Therefore, these results showed that the BAR transgene is expressed in
the transgenic lines.

Fig. 4.2 Schematic presentation of the plasmid vector used for transformation
of Col-0 and wrky18 mutant. (A) T-DNA region of the pEG100 (pEarleyGate)
binary vector harboring the AaWRKY18 expression cassette. (B) T-DNA region of
the pEG100 (pEarleyGate) binary vector harboring the AtWRKY18 expression
cassette. LB, left border; RB, right border; BAR, bialaphos resistance gene
encoding phosphinothricin acetyltransferase; pNOS, nopaline synthase gene
promoter; tNOS, nopaline synthase gene terminator; AtWRKY18p, A. thaliana
WRKY18 promoter (-1001/+95); Myc, Myc-tag; Arrows show the positions of
primers used for the genotyping PCR and RT-PCR.

To confirm the insertion of Myc-AaWRKY18 and Myc-AtWRKY18 transgene
in the transgenic lines, genomic PCR was performed with T1 progenies (Fig.
4.3A-D). Integration of transgene was detected in most of the transgenic lines that
exhibited BASTA resistance, whereas no amplified band was observed in Col-0
and wrky18 mutant plants. In the transgenic plant #5 (Fig. 4.3C), a band was not
amplified for Myc-AtWRKY18, which was not selected for further experiments. T1
progenies allowed to self-pollination and resultant seeds were recorded for
segregation under BASTA selection. T2 progenies with an approximately 3:1
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segregation ratio for the herbicide marker (basta selection; χ2 ≤ 3.84) were
selected for further molecular analyses (Table 4.6).
It has been reported that overexpression of AtWRKY18 interferes with the
plant growth and development [102]. The presence of W-boxes in the promoter
region of AtWRKY18 act as negative regulators, thus controlling the basal
expression level of AtWRKY18 [102]. Therefore, 1.1 kb fragment from upstream
region (-1001/+95) of AtWRKY18 gene was isolated and cloned with the
AaWRKY18 and AtWRKY18. To determine the AtWRKY18 promoter activity,
transgenic lines harboring constructs were analyzed upon Pst infection.
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Fig. 4.3 PCR genotyping of transgenic lines. Genomic DNA was extracted from
leaves of 3-4-weeks-old transgenic lines (T1 progenies) and PCR was performed
using Myc-tag sequence specific forward primer and WRKY18 reverse primer (as
shown in Fig. 4.2, Table 4.4). (A) Myc-AaWRKY18 in the wrky18 mutant
background; (B) Myc-AaWRKY18 in Col-0 background; (C) Myc-AtWRKY18 in
Col-0 background; (D) Myc-AtWRKY18 in wrky18 mutant background.
Amplicons were separated in 1% agarose gel electrophoresis. The expected PCR
product (arrow) size is 979 bp. L, 1 kb plus DNA ladder (Invitrogen); C, Col-0;
m, wrky18 mutant.
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Table 4.6 Segregation analysis of T2 transgenic lines.

Construct

Background

Line #

χ2 value1

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

5

6.00

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

6

0.67*

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

7

0.93

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

8

0.67*

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

9

0.24*

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

10

4.51

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

11

0.67

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

12

4.51

pEG100:AtWRKY18p:Myc:AtWRKY18

Col-0

18

1.31

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

4

4.51

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

5

1.31*

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

6

6.00

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

7

0.67*

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

8

1.31*

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

9

11.76

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

10

11.76

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

12

4.51

pEG100:AtWRKY18p:Myc:AtWRKY18

wrky18

13

2.16

pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0

1

0.03*
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pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0

2

54.00

pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0

4

0.24*

pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0

5

64.03

pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0

6

11.76*

pEG100:AtWRKY18p:Myc:AaWRKY18

Col-0

7

80.67

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

1

3.23*

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

2

0.24*

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

4

7.71

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

5

9.63

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

6

11.76

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

7

1.31*

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

8

29.04

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

9

3.23

pEG100:AtWRKY18p:Myc:AaWRKY18

wrky18

10

0.67

1

Chi-square (χ2) value was calculated based on 3:1 (resistance vs. susceptible)
ratio. For each genotype, three transgenic lines with χ2 < 3.84 were selected for
further analyses (marked by "*"). Exception: Since only two independent
transformed lines containing the Myc-AaWRKY transgene were identified with χ2
< 3.84, an additional line (line #6) with the next lowest χ2 value were selected for
further analyses.
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Fig. 4.4 Transcript accumulation in Myc-AtWRKY18 and Myc-AaWRKY18
transgenic lines. RT-PCR was used to detect the expression of Myc-AtWRKY18
and Myc-AaWRKY18 in transgenic lines (T2 progenies). (A-B) Transgene
expression of Myc-AtWRKY18 and Myc-AaWRKY18 in the wrky18 mutant
background at 0 and 24 hpi. (C-D) Expression of Myc-AtWRKY18 and
Myc-AaWRKY18 in Col-0 background at 0 and 24 hpi. Plants were infected with
Pst (1x106 cfu/mL, OD600 = 0.002) through syringe infiltration and leaves were
collected at 0 and 24 hpi. cDNA was amplified with Myc-tag sequence specific
forward primer and WRKY18 reverse primer (as shown in Fig. 4.2 and Table 4.4)
to determine the expression of Myc-AtWRKY18 and Myc-AaWRKY18 in the
transgenic lines. The expression level of EF1α was used as an internal control.
The expression level of transcripts was quantified by using ImageJ. The band
intensities of Myc-AtWRKY18 (979bp) and Myc-AaWRKY18 (979bp) were
compared at 0 hpi and 24 hpi in the wrky18 mutant and Col-0 background. L, 1 kb
plus DNA ladder (Invitrogen); c, Col-0; m, wrky18 mutant.
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Fig. 4.5 WRKY18 expression in transgenic lines in Col-0 background. RT-PCR
was used to detect the expression of WRKY18 in transgenic lines (T2 progenies) in
Col-0 background. (A-B) Expression of WRKY18 in Col-0 background at 0 and 24
hpi. Plants were infected with Pst (1x106 cfu/mL, OD600 = 0.002) through syringe
infiltration and leaves were collected at 0 and 24 hpi. cDNA was amplified with
WRKY18 gene specific forward primer and reverse primer (Table 3.1) to
determine the endogenous expression of WRKY18 in the transgenic lines. The
expression level of EF1α was used as an internal control. The expression level of
transcripts was quantified by using ImageJ. L, 1 kb plus DNA ladder (Invitrogen);
c, Col-0.
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Fig. 4.6 Detection of recombinant Myc-AtWRKY18 and Myc-AaWRKY18
proteins in transgenic lines. Total protein from leaves of transgenic lines (T2
progenies) were extracted at 0 hpi (A, C) and 24 hpi (B, D) with Pst (1x106
cfu/mL, OD600 = 0.002) through syringe inoculation. Proteins (20 µg) were
separated in 15% SDS-PAGE and western blot was performed with antibody
against the c-Myc epitope tag (Invitrogen, Carlsbad, California, United States).
CBS, Coomassie blue stained. Amount of protein (Myc-AtWRKY18 and
Myc-AaWRKY18) was quantified using ImageJ and compared at 24 hpi in the
wrky18 mutant and Col-0 background. L, protein ladder (New England Bio labs);
c, Col-0; m, wrky18 mutant.
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It has been discovered that many T-DNA copies are frequently introduced by
Agrobacterium-mediated transformation. Isolation of transgenic plants having
similar expression of the transgene would allow us to better compare the functions
of Myc-AtWRKY18 and Myc-AaWRKY18 in mediating the defense genes
regulation and expression in the transgenic plants. To achieve this, the expression
of both Myc-AtWRKY18 and Myc-AaWRKY18 were validated by RT-PCR and
western blots analyses. Under normal growth condition, a low level of transgene
(Myc-AtWRKY18 or Myc-AaWRKY18) expression were detected in both the
wrky18 (Fig. 4.4A) and Col-0 (Fig. 4.4C) background, indicating a tight basal
regulation of the transgene expression by the endogenous AtWRKY18 promoter.
However, upon pathogen infection, the transcripts level was drastically increased
in both the wrky18 (Fig. 4.4B) and Col-0 (Fig. 4.4D) transgenic lines, indicating
that the 1.1kb of promoter region was enough to control the inducible expression
of both Myc-AtWRKY18 and Myc-AaWRKY18 upon pathogen infection. In
addition, the overall WRKY18 accumulation was also evaluated in the transgenic
line of Col-0 background under normal growth condition and upon Pst infection
(Fig 4.5A-B). Although primers amplify both Myc-WRKY18 and endogenous
WRKY18, a higher intensity signal band was observed for WRKY18 in normal and
infection conditions in the Col-0 background. This indicated that the endogenous
transcript could be more abundant comparing to the transgene transcript. In
Arabidopsis thaliana, W-boxes at WRKY18 promoter function as negative
regulator for expression of WRKY18 [102]. Therefore, expression of
Myc-WRKY18 is autoregulated by endogenous WRKY18 at both normal and
infection conditions.

109

At the protein level, the estimated size of the Myc-AtWRKY18 or
Myc-AaWRKY18 is about 34 kD (Table 3.4). In the wrky18 mutant background,
expression of both recombinant AtWRKY18 and AaWRKY18 were detected by
western blot. Consistent with the transcript accumulation, low or undetectable
level of protein accumulation was evident under normal condition (Fig. 4.6A).
However, proteins signal of above was detected when the transgenic lines was
challenged by Pst at 24 hpi (Fig. 4.6B). No signal was detected in the wrky18
mutants

(Fig.

4.6A-B).

Transgenic

lines,

Myc-AaWRKY18-2

and

Myc-AtWRKY18-7 showed similar transcript level (Fig. 4.4A-B) and protein
expression level (Fig. 4.6A-B) in the wrky18 mutant background. Therefore, these
two transgenic lines were selected for subsequent disease resistance experiments.
For transgenic lines in the Col-0 background, low expression level of recombinant
Myc-AtWRKY18 and Myc-AaWRKY18 was detected under normal condition
(Fig. 4.6C). No proteins signal was detected in the wild-type Col-0 at 0 hpi (Fig.
4.6C) and 24 hpi (Fig. 4.6D), respectively. In the Col-0 background,
Myc-AaWRKY18-1 and Myc-AtWRKY18-8 transgenic lines were obtained with
similar transcript level (Fig. 4.4C-D) and similar expression level of proteins (Fig
4.6C-D).
The high variability of transgene expression is commonly detected in
independent transgenic lines. Transgene expression levels depend on several
factors such as copy number, chromosome position, and repeat sequences. Small
expression changes of regulatory components in the defense signaling cascade
could alter defense responses in a quantitative manner. Therefore, isolating
homozygous transgenic plants having similar expression of the transgene is vital
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for comparing function of two proteins, especially those are associated with
defense. Based on the similarity of transcript and protein expression level, four
specific transgenic lines (Myc-AaWRKY18-2 and Myc-AtWRKY18-7 in the wrky18
background, Myc-AaWRKY18-1 and Myc-AtWRKY18-8 in the Col-0 background)
were selected for further molecular analyses. RT-PCR (Fig. 4.7 A-B) and western
blot (Fig. 4.8 A-B) were performed again with the selected transgenic lines to
confirm the similar expression level of transcript and protein among the lines.

Fig. 4.7 Transcript accumulation in selected Myc-AtWRKY18 and
Myc-AaWRKY18 transgenic lines. Plants were infected with Pst (1x106 cfu/mL,
OD600 = 0.002) through syringe infiltration and leaves were collected at 0 and 24
hpi. cDNA was amplified with Myc-tag sequence specific forward primer and
WRKY18 reverse primer (as shown in Fig. 4.2 and Table 4.4). RT-PCR was used
to confirm the expression of Myc-AtWRKY18 and Myc-AaWRKY18 in the selected
transgenic lines in the wrky18 (A) and Col-0 (B) background at 0 and 24 hpi. The
expression level of EF1α was used as an internal control. The band intensities of
transcripts were quantified by using ImageJ. The band intensities of AtWRKY18
(979bp) and AaWRKY18 (979bp) were indicated. L, 1 kb plus DNA ladder
(Invitrogen).
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Fig. 4.8 Myc-AtWRKY18 and Myc-AaWRKY18 protein accumulation in
selected transgenic lines. Plants were infected with Pst (1x106 cfu/mL, OD600 =
0.002) through syringe infiltration and leaves were collected at 0 and 24 hpi. Total
protein from leaves of the selected Myc-AtWRKY18 and Myc-AaWRKY18
transgenic lines in the wrky18 (A) and Col-0 (B) background were extracted. The
extracted total proteins (20 µg) were separated in 15% SDS-PAGE and western
blot was performed with antibody against the c-Myc epitope tag (Invitrogen,
Carlsbad, California, United States). CBS, Coomassie blue stained; L, protein
ladder (New England Bio labs). Amount of protein (Myc-AtWRKY18 and
Myc-AaWRKY18) detected by western blot was quantified using ImageJ and
indicated at the bottom.
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4.3.3 Disease resistance in transgenic lines overexpressing At or Aa WRKY18
To determine if the WRKY18 homoeologs contribute differently in conferring
disease resistance phenotypes in transgenic lines containing either the
Myc-AtWRKY18 or Myc-AaWRKY18 transgene, their responses against Pst
infection were analyzed. Under normal growth condition, both selected transgenic
lines did not show any significant phenotypic differences in growth or
development when compared to the controls. The wild-type Col-0 plants
developed more chlorotic symptoms than the transgenic lines expressing
Myc-AtWRKY18 or Myc-AaWRKY18 in Col-0 background (Fig. 4.9A). As shown
in Fig. 4.9B, transgenic lines expressing Myc-AtWRKY18 in Col-0 background
displayed improved resistance against the bacterial pathogen as showed by
decreasing bacterial population when compared to the Col-0. Between the two
transgenic lines, the Myc-AtWRKY18 line showed the lowest bacterial titer when
compared to that in transgenic lines expressing Myc-AaWRKY18 (Fig. 4.9B). This
lower bacterial titer in the Myc-AtWRKY18 line than that in the Myc-AaWRKY18
line is consistent with the observed level of chlorotic symptoms between the two
transgenic lines upon Pst infection (Fig. 4.9A). In the wrky18 mutant, the
Pst-inoculated leaves showed signs of wilting followed by more chlorosis when
compared to that in the transgenic lines overexpressing the recombination
WRKYs (Fig. 4.9C). However, there was a noticeable alteration among the
symptoms

on

the

transgenic

lines

expressing

Myc-AtWRKY18

and

Myc-AaWRKY18 with the Myc-AtWRKY18 overexpressor showing the least level
of chlorosis when compared to the Myc-AaWRKY18 overexpressor in the wrky18
background. Moreover, Myc-AtWRKY18 transgenic lines in wrky18 background
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had the lowest bacteria titer, suggesting a functional difference in conferring
disease resistance phenotype by the At and Aa WKRY18 in the transgenic lines
(Fig. 4.9C-D).
Therefore, the observed higher disease resistance in the Myc-AtWRKY18
transgenic lines is coincided with preferential alleles expression of AtWRKY18 in
the allotetraploids as well as the strong AtWRKY18 cis-homodimeric interaction
and preferential DNA binding affinity of the homodimer toward the WRKY60
promoter. Notably, transgenic lines expressing Myc-AaWRKY18 could develop
disease resistance against Pst infection at certain extent compared to the wrky18
mutants. However, such level disease resistance is lower when compared to
transgenic lines overexpressing the Myc-AtWRKY18. Therefore, it is possible that
formation

of

AaWRKY18

cis-homodimer

or

AtWRKY18/AaWRKY18

trans-homodimer could alter the transcriptional output in the A. thaliana under
biotic stress.
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Fig. 4.9 AtWRKY18 and AaWRKY18 confer different level of resistance
against P. syringae in transgenic Arabidopsis. (A) Disease symptoms of
transgenic lines expressing Myc-AtWRKY18 and Myc-AaWRKY18 in Col-0
background before inoculation (untreated) and at 3 dpi with P. syringae. Plants
were inoculated with Pst (1x 106 cfu/mL, OD600 = 0.002) through syringe
infiltration. (B) The growth of bacterial pathogen in inoculated leaves was
quantified at 0 dpi (open bars) and 3 dpi (close bars). The means and standard
errors were calculated from 3 biological repeats. Identical letters represent no
statistical differences among the plants as analyzed by Student’s t-test (P < 0.05).
(C) Disease symptoms of transgenic lines expressing the recombinant
Myc-AaWRKY18 and Myc-AtWRKY18 in the wrky18 mutant background before
infection (untreated) and 3 dpi with P. syringae. Bacteria treatment was
performed as mentioned in (A). (D) Bacterial growth quantified in the transgenic
lines expressing Myc-AaWRKY18 and Myc-AtWRKY18 in the wrky18 mutant
background was performed as in (B). Scale bar = 1 cm.
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4.3.4 Differential induction of Pathogenesis-related genes in transgenic lines
overexpressing At or Aa WRKY18
Transient expression of various homo- or hetero- dimer combinations of the
At/Aa WRKY18 or WRKY40 homologs could lead to differential induction of
PR1 expression in Arabidopsis (Section 4.3.1, Fig. 4.1). Therefore, to further test
the functional consequences of the homologous interaction between At and Aa
WRKY18 in the stable transgenic line overexpressing either the Myc-AtWRKY18
or Myc-AaWRKY18, quantitative real-time PCR was performed to analyze the
inducibility of PR genes upon Pst infection in the transgenic lines (Fig. 4.10).
Under the normal growth condition, the expression of PR1, PR2, and PR5 were
similar among all transgenic lines when compared to the respective controls (Fig.
4.10). In the wrky18 mutant background, the expression level of PR1 and PR2 was
significantly higher in transgenic lines containing the Myc-AtWRKY18 transgene
than that containing the Myc-AaWRKY18 transgene (Fig. 4.10A-B). Although
expression of PR5 was upregulated upon Pst infection, no difference was
observed between the mutant and the corresponding At or Aa WRKY18
overexpressors (Fig. 4.10C). In the Col-0 background, the Pst-induced PR1 and
PR2 expression was similar in Myc-AaWRKY18 transgenic lines and Col-0 (Fig.
4.10D-E) whereas Myc-AaWRKY18 plants showed higher PR5 expression
compared to the Col-0 (Fig. 4.10F). Overall, a higher level of PR genes
expression in the Myc-AtWRKY18 than that in the Myc-AaWRKY18 suggested that
AtWRKY18 is functionally more active than AaWRKY18 in the transgenic
Arabidopsis. In Col-0 background, the overexpressed Myc-AaWRKY18 could
form

either

cis-Myc-AaWRKY18
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or

trans-interacting

Myc-AaWRKY18-AtWRKY18 homodimers, thereby modulating the signaling
cascade in A. thaliana differently when compared to the Myc-AtWRKY18
overexpressor. As a result, this could explain the low expression level of PR1,
PR2, and PR5 in Myc-AaWRKY18 transgenic lines than that in the
Myc-AtWRKY18 plants. In addition to the cis- or trans- homodimer, AaWRKY18
could also interact with the endogenous WRKY40 in both the wrky18 mutant and
the Col-0 background (Fig. 4.12). Therefore, those AaWRKY18-AtWRKY40
trans-heterodimers could interfere with the function of At-AaWRKY18 cis- or
trans- homodimers and AtWRKY18-AtWRKY40 cis-heterodimer as observed in
transient assay. It is interesting to note that the presence of the A. arenosa
WRKY18 homolog interfere with the expression of pathogenesis-related genes in
A. thaliana under biotic stress. The obtained data further supported that the
preferential expression of AtWRKY18 allele could contribute to the improved
defense signaling in the allotetraploids.
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Fig. 4.10 Pathogenesis-related genes expression in transgenic lines. Transgenic
lines expressing Myc-AtWRKY18 or Myc-AaWRKY18 in the wrky18 mutant (A, B,
C) and the Col-0 background (D, E, F) were inoculated with Pst (1x106 cfu/mL,
OD600 = 0.002) through syringe infiltration. Inoculated leaves from 3 plants were
collected at 0 and 24 hours post-inoculation (hpi) for gene expression analyses.
The relative expression level (REL) of pathogenesis-related genes (PR1, PR2 and
PR5) was calculated using EF1α as an internal control. The means and standard
errors were calculated from 3 biological repeats. Identical letters represent no
statistical differences among the plants as analyzed by Student’s t-test (P < 0.05).
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4.3.5 Differential induction of SA pathway-related WRKY18 target genes in
transgenic lines overexpressing At or Aa WRKY18
The present study has shown that rapid and differential induction of AtWRKY18
and AaWRKY40 in response to Pst and SA treatment in the allotetraploids. Also,
results showed that the AtWRKY18 cis-homodimer displayed higher interaction
strength

when

trans-homodimer

compared
formed

to

the

AaWRKY18

between

the

cis-homodimer

homologous

or

AtWRKY18

the
and

AaWRKY18. The trans-heterodimer interaction between AtWRKY18 and
AaWRKY40 showed a stronger non-additive interaction when compared to the
cis-heterodimer

interaction

between

AtWRKY18

and

AtWRKY40

or

AaWRKY18 and AaWRKY40. In addition, differential affinities of WRKY18
and WRKY40 homo- and hetero- dimers toward the W-boxes at the WRKY60
promoter were observed. In Arabidopsis thaliana, the W-box elements presence at
the promoters of the SA pathway-related target genes, including ICS1, EDS1 and
PBS3, have been shown to be the direct binding targets of WRKY18 and WRKY40
[106]. Therefore, the cis- and trans- interaction of homo- or hetero- dimer could
modulate the binding affinity or expression level of these target genes in A.
thaliana. To determine the effects of cis- and trans- interacting homo- or heterodimer in defense response, qRT-PCR was performed to quantify these SA
pathway-related genes expression upon pathogen infection (Fig. 4.11).
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Fig. 4.11 SA pathway-related genes expression in transgenic lines. Transgenic
lines expressing Myc-AtWRKY18 or Myc-AaWRKY18 in the wrky18 mutant (A, B,
C) and the Col-0 background (D, E, F) were inoculated with Pst (1x106 cfu/mL,
OD600 = 0.002) through syringe infiltration. Inoculated leaves from 3 plants were
collected at 0 and 24 hours post-inoculation (hpi) for gene expression analyses.
The relative expression level (REL) of SA pathway-related genes was calculated
using EF1α as an internal control. The means and standard errors were calculated
from 3 biological repeats. Identical letters represent no statistical differences
among the plants as analyzed by Student’s t-test (P < 0.05).
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Under the normal growth condition, the expressions level of EDS1, ICS1,
and PBS3 were similar among transgenic lines in either of the genetic background
(Col-0 and the wrky18) (Fig. 4.11). Upon Pst infection, a higher induction of
EDS1, ICS1,

and

PBS3

was

evident

in

transgenic lines

expressing

Myc-AtWRKY18 or Myc-AaWRKY18 when compared to their respective control
(Fig. 4.11). However, a differential difference in the expression induction was
observed between the Myc-AtWRKY18 and Myc-AaWRKY18 overexpressors in the
wrky18 mutant background (Fig. 4.11A-C). For the transgenic line expressing
Myc-AtWRKY18 in the wrky18 mutant background, the highest level of EDS1
(Fig. 4.11A), ICS1 (Fig. 4.11B), and PBS3 (Fig. 4.11C) induction was observed
upon pathogen infection when compared to the transgenic line expressing the
Myc-AaWRKY18 (Fig. 4.10A-C). Such high induction of EDS1, ICS1, and PBS3
in Myc-AtWRKY18 transgenic lines is coincided with the preferential expression
and strong interaction of AtWRKY18 cis-homodimer as well as the preferential
DNA binding affinities of AtWRKY18 cis-homodimer toward the W-box. In
contrast, no difference of expression induction was observed for all the targets in
the transgenic lines expressing Myc-AtWRKY18 and Myc-AaWRKY18 in the Col-0
background (Fig 4.11D-F).
In the wrky18 mutant background, the recombinant AtWRKY18 or
AaWRKY18 form a cis-homodimer with itself or trans-heterodimer with
endogenous AtWRKY40 (Fig. 4.12). These two interactions are responsible for
the expression of SA-pathway related target genes under the pathogen infection.
In Col-0 background, the induced ectopic expression of Myc-AaWRKY18 could
form homodimer or interact with the endogenous AtWRKY18 (forming
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trans-homodimer) and AtWRKY40 (trans-heterodimer) (Fig. 4.12). In addition,
AtWRKY18 cis-homodimer and AtWRKY18-AtWRKY40 cis-heterodimer exist
in

the

Col-0

background.

Therefore,

AtWRKY18

cis-homodimer

or

AtWRKY18-AtWRKY40 cis-heterodimer could interfere with the DNA binding
of AaWRKY18 cis-homodimer towards their target genes. In Col-0 background,
there is no difference in SA- pathway related gene expression between
Myc-AtWRKY18 and Myc-AaWRKY18 transgenic lines showing that interference
of endogenous protein dimers with AaWRKY18 cis-homodimer. Therefore, the
complex nature of dimer formation in the Col-0 background leads to
convolution of the data interpretation. However, the data supported that altered
SA signaling pathway in the allotetraploids could be contributed by the novel
interactions between the WRKY homologs, leading to differential targeting of
their downstream targets for improved defense when compared to the progenitors.
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Fig. 4.12 Possible interaction between Myc-AtW18 and Myc-AaW18 in the
transgenic lines in wrky18 mutant and Col-0 background. (A) In wrky18
mutant background Myc-AtWRKY18 transgenic lines form cis- homodimer
(r-AtW18/r-AtW18) and cis- heterodimer (r-AtW18-AtW40). Myc-AaWRKY18
transgenic lines form cis- homodimer (r-AaW18/r-AaW18) and trans- heterodimer
(r-AaW18-AtW40). (B) In Col-0 background Myc-AtWRKY18 transgenic lines
form cis- homodimer with recombinant and endogenous AtW18,
(r-AtW18/r-AtW18), (AtW18/AtW18), (r-AtW18/AtW18) and cis- heterodimer
(AtW18-AtW40), (r-AtW18-AtW40). Myc-AaWRKY18 transgenic lines form cishomodimer
with
recombinant
AaW18
and
endogenous
AtW18,
(r-AaW18/r-AaW18), (AtW18/AtW18), (r-AaW18/AtW18) and cis- heterodimer
(AtW18-AtW40), (r-AaW18-AtW40).
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Chapter 5
Discussion, Conclusion and Future perspective
5.1 Discussion
5.1.1 A rapid and differential expression of WRKYs and defense-related genes
The present study has discovered that allotetraploids showed enhanced disease
resistance compared to its parents under biotic stresses. Constitute expression of
defense genes is associated with fitness cost, limiting the resources available for
plant growth and development [199]. The relatively low basal expression and
repression of WRKYs and defense-related genes in the allotetraploids thus could
allow a more efficient or better allocation of resources for development when
compared to the progenitors under normal growth condition. In contrast, it is
envisioned that a more rapid and potent induction of defense responsive genes
would provide the plants a better chance to fend off the invading pathogens or
withstand the adverse conditions. For example, ABA synthesis is one of the
fastest response of plants to water stress which causes the rapid activation of ABA
pathway related genes thereby triggering stomatal closure, dropping water loss via
transpiration, and finally, restricting cellular growth [200].
Recognition of pathogen by plants induces plant immune responses with a
multitude of physiological changes such as programmed cell death, cell walls
modifications and production of antimicrobial proteins and metabolites [201].
These responses are usually coordinated and associated with complex
transcriptome changes involving the up- and down-regulation of defense-related
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genes. In studying plant pathogen interaction, Tao et al. (2003) showed that the
plant transcriptome reprogramming under biotic stress is regulated by quantitative
mechanisms to which pathogen recognition during compatible and incompatible
interactions generate different extend of output signals within a single signal
transduction system, leading to differential regulations of defense responses
mediated by common regulators [202]. Similarly, in the allotetraploids, an added
layer of rapid induction and differential regulation of WRKY homoeologs alter
the defense transcriptome and contribute to improved defense signaling. Although
majority of Arabidopsis WRKY genes were regulated upon pathogen infection or
elicitor treatment [152], strict regulation of WRKY expression levels are important
for efficient defense against pathogen [102, 203].
In addition, it has been shown that cross-regulation through feedback
mechanisms forms an integral component in modulating different transcriptional
activities and capacities of WRKYs for plant defense and development [63].
WRKY46, WRKY53 and WRKY70 were found to cross-regulate each other and
play synergetic roles in mediating defense against P. syringae infection [204]. In
plant development, the controls of several WRKYs (WRKY22, WRKY6,
WRKY53 and WRKY70) were under feedback regulations in mediating the
transcriptional network for signaling pathways involving leaf senescence [205].
Therefore, non-additive activation of WRKY53 and WRKY6 could further
modulate the cross-regulation system in mediating the transcriptional network for
defense response in the allotetraploids. AtWRKY33 was showed to associate with
the MPK4 (MAP kinase4) substrate, MSK1, in nuclear complexes. Nuclear
dissociation of AtWRKY33-MSK1-MPK4 complexes leads to activation of
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Phytoalexin deficient 3 (PAD3), which is involved in the production of
antimicrobial camalexin [206]. Therefore, the preferential expression of
AtWRKY33 could be important for the functions of the MAPKs pathway in the
allotetraploids. Non-additive activation of SA-pathway-related genes further
support that an altered transcriptome reprogramming under biotic stress in the
allotetraploids when compared to the progenitors.
5.1.2 Differential protein-protein interaction and protein-DNA interaction
At a biochemical level, transcription factors interact with each other either
transiently or permanently to form complexes in targeting different regulatory
gene regions for transcriptome control. Target gene expressions and the
downstream signaling cascades thus could be influenced by the strength of
protein-protein or protein-DNA interactions. It has been found that preferential
repressor protein-interaction in trans and binding to the homoeologous clock
genes promoters are responsible for biased allelic expression of homoeologous
clock genes in the allotetraploids [207]. Homodimer or heterodimer complex
formation between AtWRKY18, -40, and -60 was found to alter their DNA
binding activities. In addition, these factors are induced upon pathogen infection
and different levels of resistance against different pathogens were observed in
single, double or triple mutants of these WRKY factors [193]. In another study,
interaction of two rice WRKY proteins, OsWRKY51 and OsWRKY71, enhances
the binding affinity of OsWRKY71 to the Amy32b promoter while OsWRKY51
alone does not recognize the promoter [208]. The detected preferential expression
and strong protein-protein interaction of AtWRKY18 and AaWRKY40 have
shown correlation with a more rapid induction of WRKY18/WRKY40 target
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genes in the allotetraploids when compared to the progenitors, indicating a novel
regulatory node formed by these WRKY homoeologs in mediating downstream
gene regulation and signaling upon stress.
5.1.3 Homoeologous WRKY18 expression and their functional divergence in
transgenic Arabidopsis
Polyploidy has significant effects on duplicate gene expression by up- or downregulation of one of the duplicated genes. Gene expression analyses on duplicated
protein coding genes in synthetic allopolyploids in Arabidopsis, wheat, cotton,
Citrus, Senecio, and Brassica have shown that the expression level of those genes
was deviated from mid-parent values [128, 136, 175, 209-214]. The biased
expression of homoeologs in the allotetraploids vary by developmental stage or by
organ and tissue type. For examples, Chaudhary et al. (2009) showed that 30% of
homoeologs were differently expressed in natural allotetraploids cotton and
Wandel et al. (2003) discovered that the homoeologous alcohol dehydrogenase
genes in Gossypium hirsutum were reciprocally silenced in organ-specific manner
[215, 216].
This study showed that the expression on At or Aa WRKY18 homolog in A.
thalian background contributed to improve defense responses against Pst
infection at different levels indicating that transgenes are functional in A. thaliana.
However, under biotic stress AtWRKY18 transcript level was higher than that
AaWRKY18 in the allotetraploids, suggesting that the AaWRKY18 homoeologous
gene undergo gene silencing processes. Similarly, altered gene expression
patterns, including epigenetic silencing and up/down regulation of one of the
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duplicated genes, are observed for natural allotetraploids such as cotton and wheat
[209, 215, 217, 218]. It has been shown that the promoter divergence in cis
contributes to the differential expression of a recently evolved miR163 between
two closely related Arabidopsis autotetraploids (At4 and Aa). Additional
trans-regulatory mechanism is involved in the overall repression of miR163
expression in their allotetraploids [219]. Therefore, the divergence of AtWRKY18
and AaWRKY18 promoters may play significant role in regulating gene expression
in allotetraploid system under stress conditions.
Transgenic lines overexpressing Myc-AtWRKY18 transgene have shown a
better enhancement of disease resistance when compared to that overexpressing
the Myc-AaWRKY18. Such observation was found to correlate with the expression
of PR genes and selected WRKY18 direct targets in the transgenic lines under Pst
infection. Therefore, the data indicated a difference between At and Aa WRKY18
homolog in mediating the extend of defense responses in A. thaliana. However,
the transgenic line gene expression data may not completely reflect changes in
transcriptome in the allotetraploids which contain both A. thaliana and A. arenosa
genomes. Nevertheless, the recognized genome-specific gene expression in the
allotetraploid under biotic stress is reminiscent with the transcriptome dominance
discovered in allotetraploid cotton [172]. Therefore, the progenitor dependent
gene expression in the hybrid genome could create novel regulatory nodes for
downstream gene regulation and signaling, providing an adaptive advantage and
plasticity for hybrid growth and development.
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5.2 Conclusion
The existence of diverse regulatory mechanisms of WRKYs and their roles in
various signaling pathways make them one of the most important classes of
factors for studying gene regulation in hybrids. Data obtained from this study
have shown that stress-responsive WRKY transcription factors, defense-related
genes, as well as SA pathway-related genes are non-additively induced in the
allotetraploids. The preferential expression of closely related AtWRKY18 and
AaWRKY40 homologs strongly binds to the W-box elements through the
formation cis-/trans- hetero or homodimer compared to their respective homologs,
thus altering downstream DNA target genes expression in the allotetraploids.
Transient assay and overexpressor transgenic line experiment data further
revealed that the rapid and differential expression of genome-specific WRKYs
modulate defense signaling cascade in the allotetraploids different from its parents
thereby providing necessary genome plasticity to cope with biotic stress
successfully. Therefore, understanding the mechanism of WRKY TFs mediated
defense responses in hybrids will certainly lead to development of new crop
protection strategies.
5.3 Future perspective
Retention of the original function, gene silencing, and functional diversification
are three possible destinies for homoeologous gene in polyploids. Many
evolutionary success allopolyploids have shown that the preservation of function
of all homoeologs in loci and silence in other loci thereby maintaining
heterozygosity. Studies have shown that polyplodization induces epigenetic
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modifications that can lead to gene silencing [137, 212, 220]. Further, epigenetic
modifications such as DNA methylation and reactivation of transposons are
related to the development of hybrid phenotypes [138, 221]. As shown in Fig 5.1,
non-additive activation of WRKY homoeologous under biotic stress in the
allotetraploids may be regulated by epigenetic modifications at their promoter
region. Therefore, chromatin immunoprecipitation (ChIP) could be used to further
evaluate the histone modification changes associate with WRKY expression under
normal and biotic stress conditions. It is expected that data will reveal possible
role of epigenetic regulation on the WRKY expression changes at two levels: (1)
upon genome divergence (differential expression between At and Aa) or
hybridization (non-additive expression) of the Arabidopsis species, and (2) upon
specific pathogen infection in these tetraploid species.
In addition to the epigenetic modification, promoter divergence between two
parents can lead to non-additive gene expression in polyploids. It has been shown
that promoter divergence in trans contributes to repression of miR163 expression
in the allotetraploids [219]. The results from present study have identified that
specific WRKY TFs with interesting expression and induction kinetics among
these Arabidopsis polyploids. Therefore, to further understand the kinetics of
specific homoeologous At and Aa WRKY factors expression, homoeologous
promoter activity will be monitored by using LUC reporter system. It is expected
that data obtained will deliver more understandings to the spatial regulation and
the dynamic of WRKY expression in the related Arabidopsis species upon
pathogen infection.
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The present study proposed that the novel interactions of WRKY homologs
could lead to altered SA signaling pathway by altering expression of downstream
targets in the allotetraploids (Fig. 5.1). It has been discovered that the elevation of
endogenous SA level enhances the resistance against pathogens. The
accumulation of SA level down-regulates the expression of JA signaling pathway
associated genes thus allowing plants to reduce fitness costs associated with
defense [222]. Therefore, it is possible that the rapid and nonadditive activation of
SA biosynthesis enzyme such as ICS1 in the allotetraploids would lead to elevate
SA level upon pathogen compared to its tetraploids parents. Therefore, the level
of SA and JA upon pathogen infection will be measured and compared among
tetraploid species. It is expected that data obtained will provide additional insights
into the SA-mediated defense responses in the allotetraploids.
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Fig. 5.1 Schematic diagram illustrating the contribution WRKYs in
mediating the heterotic defense responses in Arabidopsis hybrids. Ni et al.
(2008) have shown (blue color area) that the circadian clock mediate metabolic
pathway was altered during day time in the allotetraploids [223]. Genome-specific
expression of AtCCA1 and AtLHY activates downstream target genes; AtTOC1
and AtGI. Those genes responsible for production more starch and chlorophyll. As
a result, allotetraploids show growth vigor compared to its parents. The present
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study has discovered that the rapid and differential non-additive genes expression
in the allotetraploids under biotic stress. Genomic-specific expression of
WRKY18, WRKY40, and WRKY60 form cis- or trans- homo-/hetero- dimers
thereby altering DNA binding affinities toward W-box elements presence at
promoter in their target genes. This leads to alter the expression of defense-related
target genes in the allotetraploids finally ends up with the differential
transcriptome output which enhance allotetraploids’ resistivity toward pathogens.
In future (purple color area) transcriptional and post-transcriptional regulation of
WRKYs under biotic stress will be studied.
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