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ABSTRACT

Plants have evolved a network of complex signaling pathways that allow them to cope with the
fluctuations of internal and external environmental cues. GIGANTEA (Gl), a well-known, highly conserved
plant nuclear protein, has been shown to regulate multiple biological functions in plants such as circadian
rhythm, light signaling, cold tolerance, hormone signaling, and photoperiodic flowering. Recently, the role
of Gl in disease tolerance against different pathogens has come to light; however, a detailed mechanism
to understand the role of Gl in pathogen defense remains largely unexplained. Here, we report that
GIGANTEA is upregulated upon infection with a virulent oomycete pathogen, Hyaloperonospora arabi-
dopsidis (Hpa), in Arabidopsis thaliana accession Col-0. To investigate the role of Gl in Arabidopsis defense,
we examined the pathogen infection phenotype of gi mutant plants and found that gi-100 mutant was
highly susceptible to Hpa Noco2 infection. Notably, the quantitative real-time PCR showed that
PHYTOALEXIN DEFICIENT4 (PAD4) and several PAD4-regulated downstream genes were downregulated
upon Noco2 infection in gi-100 mutant as compared to Col-0 plants. Furthermore, the chromatin
immunoprecipitation results show that Gl can directly bind to the intronic region of the PAD4 gene,
which might explain the mechanism of Gl function in regulating disease resistance in plants. Taken
together, our results suggest that G/ expression is induced upon Hpa pathogen infection and Gl can
regulate the expression of PAD4 to promote resistance against the oomycete pathogen Hyaloperonospora
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arabidopsidis in Arabidopsis thaliana.

1. Introduction

Plants are under constant attack from various pathogens. To
maintain their propagation, alterations in flowering time have
been observed during plant-pathogen interactions. For instance,
bacterial pathogens like Pseudomonas syringae and
Xanthomonas campestris and an oomycete, Peronospora para-
sitica infection, cause earlier flowering than uninfected plants in
susceptible Arabidopsis plants." In contrast, in Brassica rapa,
herbivory by the invasive Spodoptera littoralis enhances gluco-
brassicanapin, leading to delayed flowering.” To ensure their
survival and reproduction upon pathogen infection, plants
induce defense pathways mainly by salicylic acid (SA) and jas-
monic acid (JA) signaling pathways. Salicylic acid (SA) signal-
ing-associated mutants such as SA INDUCTION-DEFICIENT2
(sid2), eds5, and nahG suppress flowering by elevating the
expression of floral repressor FLOWERING LOCUS C (FLC)
gene.” On the other hand, SA regulatory genes like HOPW1I-
I-INTERACTING3 (WIN3) and NONEXPRESSOR OF PR
GENESI (NPRI) synergistically affect flowering time by altering
the expression of flowering regulatory genes, FLC and
FLOWERING LOCUS T (FT).* SUMO E3 ligase SIZ1, PLANT
U-BOX 13 (PUBI13), and MYB30, regulators of SA-mediated
defense, have also been documented to regulate flowering time

under biotic stress.”” Like the SA pathway, another defense
signaling pathway, jasmonate (JA) signaling, also regulates
both negative and positive  Fusarium  oxysporum
(F. oxysporum) resistance in Arabidopsis thaliana (At). Upon
infection, bPHLH transcription factors that suppress JA-mediated
defense response promote flowering, while the JA receptor
mutant coil shows extreme resistance to F. oxysporum and
causes early flowering.® Additionally, ethylene (ET)-insensitive
mutants cause a delay in flowering time,” whereas HDA6 and
HDA19, the histone deacetylases that regulate JA and ET-
mediated defense responses, have been shown to enhance the
transition to flowering.'’™"

In plants, the successful transition from vegetative to repro-
ductive growth is a multifaceted trait regulated by a complex
network of different genetic pathways, including the vernaliza-
tion, photoperiod, autonomous, and gibberellin (GA)
pathways."> Additionally, several experiments have demon-
strated the crucial role of flowering-associated genes in the
defense signaling pathway. Regulators of the autonomous
pathway, including FPA (an RNA binding protein) and
FLOWERING LOCUS D (FLD), promote susceptibility to the
bacterial pathogen Pseudomonas syringae'*™'® while LEAFY,
the floral meristem identity gene, represses key regulators of
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basal immunity.'” The phytohormone GA, which promotes the
flowering in Arabidopsis,'® has also been shown to increase
resistance to the bacterial pathogen Pseudomonas syringae and
confers susceptibility to the necrotrophic fungus Alternaria
brassica."”

GIGANTEA (GI) is one such photoperiodic pathway reg-
ulator, and previous studies have shown that GI promotes
susceptibility to F. oxysporum.”® In Arabidopsis, mutations in
GIGANTEA (gi-1 and gi-2) lead to increased resistance to the
F. oxysporum infection compared to wild-type plants, but the
detailed mechanism is unknown.?* Throughout numerous
stages of plant development, GI plays a role in diverse physio-
logical processes such as flowering time regulation, circadian
rhythm, light signaling, starch accumulation, miRNA proces-
sing, chlorophyll accumulation, and transpiration.”'~** GI has
also been shown to regulate abiotic stresses like cold, salt,
drought, and oxidative stresses in plants, but its role in patho-
gen infection remains to be elucidated.**

Pathogen attack in plants is recognized by innate immune
receptors located at the host cell surface or in the cytoplasm.
These receptors bind to the conserved microbial molecules
(pathogen-associated molecular patterns, PAMPs) and induce
PAMP-triggered immunity (PTI), which provides early protec-
tion from pathogens.’® In the course of host-pathogen co-
evolution, PTI becomes suppressed by pathogen-derived viru-
lence factors known as effectors to promote infection in the
host cell.’’ These pathogen effectors are primarily sensed by
intracellular nucleotide-binding/leucine-rich-repeat (NLR)
receptors, which trigger effector-triggered immunity (ETI).
PTI and ETT signaling are associated and increase defense
pathways, including mobilization of Ca*-dependent protein
kinase, production of reactive oxygen species (ROS), activation
of mitogen-activated protein kinase (MAPK) signaling cas-
cades, transcriptional reprogramming, and generation of sal-
icylic acid (SA).**>> SA contributes to PTI and ETI, and its
biosynthesis upon pathogen recognition is mainly regulated by
the SA biosynthetic enzyme gene, ICS1.>*"*” In basal immu-
nity, ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1)
directly binds to PHYTOALEXIN DEFICIENT4 (PAD4) and
upregulates ISOCHORISMATE SYNTHASE 1 (ICSI) expres-
sion leading to SA accumulation. The downstream events of
SA-mediated signaling are executed by the nucleocytoplasmic
regulator NONEXPRESSOR OF PR GENES1 (NPR1),
a transcriptional co-activator of SA-dependent immunity
pathways.*®?

Hyaloperonospora arabidopsidis (Hpa) is an obligate bio-
trophic pathogen of the model plant Arabidopsis thaliana
and has been extensively used to study host/pathogen co-
evolution. Upon infection, it causes downy mildew disease
in Arabidopsis.** EDSI-PAD4 module activates two
branches of immune responses, namely, (i) SA-dependent
signaling in which pathogen-induced SA accumulation via
ISOCHORISMATE SYNTHASE 1 (ICS1) provides resistance
and (ii) SA-independent signaling, which provides resis-
tance via FLAVIN-DEPENDENT MONOOXYGENASE 1
(FMO1).*'"*  Constitutively overexpressing FMOI in
Arabidopsis revealed enhanced resistance to Hpa pathogens,
whereas loss-of-function fimol mutants were compromised
in resistance to Hpa.*"*»** FMO is a pipecolate

N-hydroxylase and catalyzes the biochemical conversion of
pipecolic acid to N-hydroxypipecolic acid (NHP). NHP sys-
temically accumulates in the plant foliage and induces sys-
temic acquired resistance to pathogen infection.*>*°

Here, we have explored the role of GIGANTEA (GI) in
resistance to biotic stress. Our results indicate that the
infection with virulent Noco2 strain of Hpa in Col-0 results
in increased expression of GI. Further, Noco2 infections
also lead to increased expression of PAD4 and its down-
stream defense signaling genes like ICS1, PRI, FMOI, and
PBS3. To confirm our hypothesis that GI mediates the
activation of defense signaling pathways, we tested the
resistance response of gi-100 mutant lines against Hpa
Noco2 infection. In the absence of GI, the pathogen-
induced SA-dependent and SA-independent signaling path-
ways were suppressed leading to increased disease suscept-
ibility. Further, chromatin immunoprecipitation of GI
followed by quantitative real-time PCR of PAD4 shows
that GI binds to the intronic region of the PAD4 gene.
On the other hand, expression analysis of PAD4 in gi-100
mutant indicates that GIGANTEA positively regulates
PAD4 expression after Noco2 infection. Therefore, our
study provides a novel insight into the role of
GIGANTEA that likely involves PAD4-mediated plant
defense responses upon pathogen perception in Arabidopsis.

2. Material and methods
2.1. Plant lines and growth conditions

Arabidopsis thaliana lines used in this study were Columbia
(Col-0), edsI-2, Ws-2, gi-2 and gi-100. Plants were grown on
potting soil in a growth chamber at 22°C with 8 h of light (100
uE/m?/s) and a relative humidity of 75%.

2.2. Growth and infection of downy mildew

Arabidopsis plants were grown at 22°C with ~75% relative
humidity (RH) and an 8 h light period. Virulent Noco2 strain
of Hpa was used for infections. For infection, conidiospore
suspensions (5 x 10* conidiospores ml™') were sprayed on
2-week-old Arabidopsis seedlings grown on potting soil.
Plants were allowed to dry for 1 h and kept at 100% RH for
24 h in a growth chamber with 8 h light at 22°C. Plants were
then moved to ~75% RH for infection to progress, where Hpa
growth on Arabidopsis leaves was scored 6 d post-inoculation
by counting spore numbers using a hezmocy‘(omez‘[er.47’48

2.3. Microscopy

The infection of Noco2 pathogen in the leaves was visualized
by trypan blue staining. Infected leaves were collected in
a 1.5-ml centrifuge tube. A 1:1:1:1 volume of lactic
acid/glycerol/phenol/H,0O with trypan blue (1 mg/ml) was
added. The tubes were placed in a boiling water bath for
1 min. This was followed by the destaining of leaves in chloral
hydrate. The tubes were placed in a speed-vacuum infiltrator
for 1 min to remove air bubbles from the leaves.*” Hpa growth
was detected by differential interference contrast microscopy.



2.4. RNA extraction and real-time PCR

For RNA isolation, ~50 mg of leaf tissue was harvested in liquid
nitrogen and immediately frozen at —80°C. Leaf samples were
processed using a Qiagen Plant RNeasy Plant Mini Kit (Cat
#74104) according to the manufacturer’s protocol. RNA was
quantified using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, USA), and up to 1 pug of RNA was
treated with DNase I (TURBO DNA-free kit, Invitrogen) to
remove genomic DNA. The cDNA was prepared from 1 ug of
RNA of each sample using iScriptTM Reverse Transcription
Super-mix (Cat #1708840, Bio-rad, USA). The quantitative RT-
PCR (qRT-PCR) was performed using the CFX384TouchTM
Real-time detection system (Bio-Rad, USA). Primers used in
qRT-PCR were designed using the Primer Quest tool. All
reactions were carried out in Hard-shell 384-well PCR plates
(supplied by Bio-Rad, Cat #HSP3805), with a reaction volume
of 10 ul per well. The PCR mix and thermocycler program for
the qQRT-PCR were similar to those in O’Maoiléidigh et al.
2021.%° Transcript levels were normalized with the housekeep-
ing gene, ACTINI. Each qRT-PCR reaction was performed on
three biological replicates, and all data were presented as mean
+ SEM. Primers used in the qRT-PCR are listed in
Supplementary Table 1.

2.5. Chromatin immunoprecipitation (ChIP) followed by
gPCR

ChIP experiment was performed as published previously”'
with minor modifications. Three independent biological repli-
cates for Col-0 and 35S::HA:GI were generated. For each sam-
ple, 1 g of 10-d-old seedlings were harvested and cross-linked
twice by infiltration with 1% formaldehyde under a vacuum for
10 minutes. The material was collected from plants grown in
LDs at 22°C for 10 days (16 hlight and 8 h dark). Nuclei were
disrupted by sonication four times for 5 min in cycles of 15 sec
“on”/15 sec “off,” with a 1 min incubation between each soni-
cation treatment using a water bath Bioruptor (Diagenode).
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Chromatin immunoprecipitation was performed by using HA
antibodies (Abcam, ab9110) and Protein A agarose beads
(11719408001, Roche). This was followed by DNA precipita-
tion using 3 mM sodium acetate and absolute ethanol. DNA
pellets were washed with 70% ethanol, air-dried, and resus-
pended in water before qRT-PCR. A small aliquot of untreated
sonicated chromatin was used as the total input DNA. ChIP-
qPCR was analyzed, and the relative enrichment of the IP/
Input was normalized to ACTINS. Primers were designed
from the exon 2 region, intron 1 region and transcription
start site (TSS) of the PAD4 gene, and qRT-PCR was performed
in three biological replicates. Primers used in the ChIP-qPCR
are listed in Supplementary Table 2.

3. Results

3.1. Loss-of-function mutant, gi-100 shows an enhanced
susceptibility to Hpa Noco2 infection

To explore the function of GI in activating defense during
plant-biotrophic pathogen interaction, we first evaluated the
enrichment of GI expression upon pathogen infection using
downy mildew pathogen Hyaloperonospora arabidopsidis
(Hpa). The most common symptom for this obligate bio-
trophic pathogen is the aerial conidiophores. Here, we have
used virulent Noco2 strain of Hpa for infection. To investigate
the possible alteration in GI expression, transcript abundance
was analyzed by QRT-PCR in the Col-0 leaf sample after 48 h of
infection with Noco2 strain. An approximately >1.5-fold
increase in the level of GI transcripts was observed compared
to its uninfected control (Figure 1a). This result revealed that
GI is a pathogen-inducible gene (Hpa Noco2).

To further confirm the role of GI as a resistance factor
during plant-biotrophic pathogen interactions, the well-
characterized GI T-DNA insertional null mutant gi-100°* and
the wild-type Col-0 plants were challenged with Hpa Noco2. It
is known that Ws-2 plants show resistance to Noco2 strain due
to the presence of functional RPP1 receptor proteins and hence
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Figure 1. Involvement of GIGANTEA in regulating Noco2 infection in Arabidopsis. (a) Relative abundance of Gl transcripts in uninfected (0 hpi) and infected (48 hpi) Col-0
plants using qRT-PCR. Transcripts levels were normalized with the internal control gene, ACTIN1. Three biological replicates were used for the experiments. Data
represented as Mean + SE. Student’s paired T-test was used to evaluate the significant differences as *p < .05. ** p < .01, *** p < .001 compared between uninfected and
infected Col-0 plants. (b) Graph showing conidiospores count (*104/9) after 6 d of Noco2 infection in Columbia (Col-0), eds7-2, Ws-2 and gi-100. Plants were grown on
potting soil in a growth chamber at 22°C with 8 h of light and relative humidity of 75%. For Noco2 infections, 2-weeks-old Arabidopsis seedlings of the indicated
genotype were infected with conidiospores suspension (5 x 10* conidiospores/ml) and oomycete sporulation was measured using hemocytometer at 6 dpi. Three
biological replicates were used for the experiments. To test for significance among the dataset, a one-way analysis of variance (ANOVA) followed by Sidak’s multiple
comparisons test was performed using GraphPad prism software at *p < .05. ** p < .01, *** p <.001.
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were used as a negative control for this experiment.”> EDS1
acts as a positive regulator of plant defense signaling, while its
absence makes the plant more susceptible to pathogens, and
hence, eds1-2 mutant plants were used as a positive control.*?
The growth of Hpa is estimated in two ways: counting
conidiospores™* or counting sporangiophores after trypan
blue staining.55 Plants were infected with the Hpa, Noco2
strain (10* conidiospores per milliliter), which is virulent on
Col-0, and the appearance of conidiospores was scored 6 d later
using a hemocytometer. We observed that gi-100 mutant plants
were highly susceptible to Noco2 infection than the wild-type
Col-0 control (Figure 1b). The infection was further evaluated
by trypan blue staining of the conidiospores, which confirmed
the higher colonization of conidiospores in gi-100 mutant
compared to Col-0 (Supplementary Figure S1). Hence, the gi-
100 mutant demonstrated enhanced susceptibility to the Hpa
Noco2 infection in comparison to Col-0 plants. Thus, our
results confirmed the positive role of GI in conferring pathogen
resistance during plant-pathogen interaction. We have also
checked the Noco2 fungal infection severity using another
well-characterized gi mutant, gi-2.>® Similar to gi-100, gi-2
also cause increased susceptibility to Hpa infection; however,
gi-2 mutant has a weaker infection phenotype than gi-100. The
trend of spore count after Noco2 infection in gi-2 was in the
same direction as gi-100 when compared to Col-0. But, unlike
gi-100 mutant plants, gi-2 mutant could not surpass the edsI-2
mutant spore count number after infection (Supplementary
Figure S3). This difference in the severity of phenotypes
could be because both the gi mutants, gi-2 and gi-100, have
been shown to form different sizes of transcripts after T-DNA
insertion.”*
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3.2. Gl binds to the intronic region of PAD4

We further explored the detailed mechanism by which GI
confers resistance against Hpa pathogen infection. In a study
by Nohales et al. 2019, putative GI binding target sites were
identified by chromatin immunoprecipitation sequencing
(ChIP-seq) using a pull-down of GI protein from the
Arabidopsis chromatin preparation. To know the potential
immunity pathway targets of GI, we explored the ChIP-seq
data available online®” and identified PHYTOALEXIN
DEFICIENT4 (PAD4) as one of the putative targets of GI
(Figure 2a). Several studies show that PAD4 along with the
EDSI regulates plant basal immunity against virulent bio-
trophic pathogens.*> It is documented that the regulatory
sequences of the PAD4 gene are present in the promoter as
well as the intronic region of the gene and these regulatory
sequences of PAD4 contain a G-box element.”® G-box-like
elements are considered as potential binding sites of GI.”
Based on the above pieces of evidence, we hypothesized that
GI functions upstream of PAD4 and might regulate PAD4 by
binding to the G-box element present in the intronic regulatory
sequences.

In order to test our hypothesis, we performed chromatin
immunoprecipitation followed by quantitative RT-PCR (ChIP-
qPCR). Chromatin was isolated from plants expressing HA-
tagged GI protein (35S:HA:GI) and control Col-0 plants, fol-
lowed by chromatin fragmentation, and then immunoprecipi-
tation was performed using an anti-HA antibody. Here, Col-0
plants were used as a negative control to ensure the specific
binding of proteins with anti-HA antibody only. Pull-down
was further followed by qPCR from the purified DNA
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Figure 2. Chromatin immunoprecipitation assay to show binding of Gl to PAD4. (a) Visualization of GI ChIP-seq data in the genomic region encompassing the PAD4
locus. Peaks represent the sequence enrichment of PAD4 in Col-0 (red) and Gl-overexpressed (blue) lines. (b) Schematic picture showing the regions of the PAD4 gene
from which the primers were designed. (c) Graph showing enrichment of PAD4 gene after qRT-PCR using chromatin isolated from plants expressing HA-tagged Gl (35S::
HA:GI) and wild type (Col-0). Inmunoprecipitation was done using HA-beads followed by qPCR. Gene expression was normalized to the internal housekeeping ACTINS
gene. In this experiment, Heat shock protein (HSF) gene was used as a negative experimental control to show that binding of Gl to PAD4 is specific and it is not binding
to any random gene sequences. (d) gRT-PCR analysis of different regions of PAD4 gene using HA pull-down chromatin samples from Col-0 and 35S::HA:GI. Primers were
designed from the exon 2 region, intron 1 region, and transcription start site (TSS) of the PAD4 gene. Three biological replicates were used for the experiment. To test for
significance among the dataset, a two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was performed using GraphPad prism software

at *p < .05. ** p < .01, *** p < .001.
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Figure 3. Regulation of PAD4 expression by Gl after Noco2 infection. Graph
showing gqRT-PCR result of PAD4 gene expression relative to ACTINT gene at
48 hpi. Three biological replicates were used for the experiments. Data repre-
sented as Mean * SE. To test for significance among the dataset, a two-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was
performed using GraphPad prism software at *p < .05. ** p < .01, *** p < .001.

fragments using primers specific to the intronic sequences of
the PAD4 gene. Exon-specific primers and Transcription start
site (TSS)-specific primers of the PAD4 gene were used as
a control to show the specific binding of GI to PAD4 intron
in comparison to promoter and exon regions. Our ChIP-qPCR
result detected the highest enrichment of PAD4 in the intronic
region followed by the promoter region of the PAD4 while
binding to the exon region was not significant. In this experi-
ment, heat shock protein (HSF) gene was used as a negative
experimental control to show that binding of GI to PAD4 is
specific and it is not binding to any random gene sequences.
The samples were normalized with ACTINS as an internal
control. Thus, our results confirmed that GI specifically binds
to the intronic region of PAD4 (Figure 2¢ and d).

After confirming that GI can physically associate at the
regulatory sequences of the PAD4 gene, we wanted to explore
whether changes in GI expression can regulate PAD4 gene
expression during Hpa infection. The amount of PAD4 expres-
sion was measured using quantitative RT-PCR in Col-0 and gi-
100 mutant plants, 48 h after inoculation with the virulent
Noco2 pathogen. As expected, pathogen-infected WT plants
displayed much higher levels of PAD4 mRNA expression in
comparison to uninfected plants. However, in the case of gi-
100 mutant plants, the PAD4 expression level was much
reduced in comparison to wild-type Col-0 plants upon infec-
tion (Figure 3). The above observation suggested that GI is
required for the expression of PAD4 gene in Arabidopsis dur-
ing Noco2 pathogen-induced infection.

3.3. GIGANTEA promotes SA-dependent defense genes
after infection

After confirming the role of GI in activating PAD4 expression
to confer pathogen resistance, we further investigated the sta-
tus of PAD4 downstream signaling pathways that are involved
in the disease resistance. Salicylic acid (SA) is the universal
component responsible for conferring resistance against bio-
trophic pathogens. Therefore, we checked the transcription
status of SA marker gene, PRI and genes involved in SA
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production, ICS1 and AVRPPHB SUSCEPTIBLE3 (PBS3).
Quantitative RT-PCR was performed using Col-0 and gi-100
plant samples after 48 h post-Noco2 infection (hpi).
A significant decrease in the transcript level of ICSI1, PRI,
and PBS3 was recorded in the gi-100 mutant in comparison
to the Col-0 plants upon Noco2 infection (Figure 4a—c), indi-
cating that in the absence of GI, pathogen-induced expression
of SA pathway components is compromised after Hpa Noco2
infection.

3.4. GIGANTEA promotes SA-independent defense genes
after infection

In addition to the SA-dependent pathway, EDS1 and PAD4
cooperate to activate the expression of SA-independent signal-
ing genes upon pathogen infection. FLAVIN-DEPENDENT
MONOOXYGENASE 1 (FMOI1), marker genes for SA-
independent pathway, is expressed downstream of EDSI- and
PAD4-mediated defense signaling and is required for basal
resistance to invasive virulent pathogensf“’44 Here, we quanti-
fied FMO1 expressions in Col-0 and gi-100 mutant lines after
infection with Noco2, by qRT-PCR in relation to a constitutive
reference gene, ACTINI. This analysis revealed that the expres-
sion level of FMOI transcripts was significantly reduced in the
gi-100 mutant in comparison to Col-0 plants upon Noco2
infection (Figure 5a). Thus, as a result of compromised activa-
tion of the disease-resistance genes in the absence of GI, the gi-
100 mutant plants are more susceptible to the Noco2 infection.
Taken together, our findings provide a strong indication for
a previously unknown function of GI in conferring disease
resistance during Hpa Noco2 infection.

Discussion

GIGANTEA (GI) is a plant-specific nuclear protein and has
been shown to be involved in the regulation of many physio-
logical and developmental processes in plants.** Recent studies
have revealed a link between GIGANTEA and plant defense
signaling.”>> It was observed that late-flowering mutants are
immune to the Fusarium infection and the absence of GI
makes the plant more resistant to the Fusarium pathogen.*
Another recent publication showed the role of GI as a negative
regulator of plant defense signaling during hemibiotrophic
fungal infection and confirmed that GI causes susceptibility
to Bipolaris sorokiniana in Arabidopsis.”® Based on our results,
we proposed a new model where GI may act as a positive
regulator of defense signaling and can be a resistance factor
for downy mildew disease, which is caused by an obligate
biotrophic pathogen, Hyaloperonospora arabidopsidis (Hpa).
Our studies show an additional layer of transcriptional regula-
tion of the plant-pathogen defense signaling pathway. In gi-100
mutant, upon Hpa Noco2 infection, the formation of aerial
conidiospores is significantly higher than the Col-0 (control),
eds1-2 mutant (susceptible plant to Noco2 infection) and Ws-2
(an accession resistant to Noco2 infection). This suggests that
GI plays a positive role in defense signaling against Hpa Noco2
infection and the absence of GI weakens this defense against
biotrophic fungus pathogens. We have also investigated the
Hpa Noco2 fungal infection severity using another GI T-DNA
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Figure 4. Transcripts accumulation of key genes involved in the Salicylic acid pathway during Hpa Noco2 infection. Relative abundance of ICS7 (a), PR (b) and PBS3 (c)
transcripts, derived from qRT-PCR, after 48 h of Noco2 inoculation in gi-700 as well as Col-0 lines of Arabidopsis. Values are expressed as mean + SD. The Y-axis represents
the 27AT of ICST gene and log10 (2-AAST) of PRT and PBS3 transcription. Transcripts levels were normalized with the internal control gene, ACTINT. Three biological
replicates were used for the experiments. To test for significance among the dataset, a two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons
test was performed using GraphPad prism software at *p < .05. ** p < .01, *** p < .001.
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Figure 5. Function of GIGANTEA in activation of SA-independent defense genes
after Noco2 infection. Graph showing transcripts accumulation of FMOT gene
which is involved in SA-independent defense pathway after 48 h of Noco2
infection in gi-700 as well as Col-0. Values are expressed as mean + SD. The
Y-axis represents the log10 (2"AA") of FMO1 transcription. Transcripts levels
were normalized with the internal control gene, ACTIN1. Three biological repli-
cates were used for the experiments. To test for significance among the dataset,
a two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons
test was performed using GraphPad prism software at *p < .05. ** p < .01, ***
p <.001.

insertional mutant line, gi-2.>° Our results established that gi-2
shows a similar but comparatively weaker phenotype than gi-
100 upon infection. The gi-2 mutant lines were more suscep-
tible to Hpa Noco2 infection in comparison to Col-0 but could
not surpass edsI-2 mutant phenotype. This difference in the
severity of phenotypes could be because both the gi mutants, gi-
2 and gi-100, have been shown to form different sizes of
transcripts after T-DNA insertion,>**® and there could be
a difference in the functionality of truncated proteins formed
in both the mutants. There are previous reports that have

shown a difference in phenotype severity in different alleles of
the same gene. For instance, the gi-1 mutation shortened per-
iod lengths of leaf movement, cab2::1uc luminescence and
RNA transcript abundance rhythms; in contrast, gi-2 caused
a gradual lengthening of the cab2::1uc luminescence and RNA
transcript abundance rhythm along with shortened period
lengths leaf movement.”' In another example, the period of
gi-3 did not display wild-type phenotype at 17°C unlike the gi-
11 mutant.®® Also, the gi-2 allele shows an exception in the
temperature-independent flowering phenotype of gi mutants.®'
Thus, such variations in different gi mutant phenotypes result-
ing from differences in the functionality of truncated tran-
scripts could also explain the difference in the observed
pathogen-related phenotype in our current study. Another
possible explanation for variations in disease severity pheno-
type of gi-100 and gi-2 could be that the expression of GI
neighboring genes is slightly altered in gi-100 mutant
seedlings®® and our data could not rule out the contributions
from the altered expression of the neighboring genes in plant
defense signaling.

Our results also suggest the context-dependent function of
GIGANTEA in plant disease resistance. During hemibio-
trophic vascular infections like Fusarium oxysporum or
Bipolaris sorokiniana, GI functions as a negative regulator
and makes the plant more susceptible to the disease.*>** On
the other hand, during downy mildew infection caused by the
obligate biotrophic pathogen Hpa, GI acts as a positive regu-
lator. To keep the host cell alive, biotrophic pathogens and
hemibiotrophs in their biotrophic stage delay senescence. The
host can achieve resistance by activating senescence-like pro-
cesses. On the other hand, necrotrophic pathogens and hemi-
biotrophs in their necrotrophic stage induce senescence in the
host and preventing early senescence is a resistance approach
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Figure 6. A concluding model depicting the role of Gl in regulating PAD4 expression which is a key player involved in modulating both SA-dependent and SA-
independent pathways. Our result shows that G/ expression is induced in response to Hpa Noco2 infection that contributes to enhanced expression of the PAD4 gene.
Graphical summary of the Gl-mediated immune response against Hyaloperonospora arabidopsidis infection (Figure 6). Activated PAD4 further induces its downstream
signaling genes expression to initiate the immune response against biotrophic pathogens infection by activating SA-dependent and SA-independent signaling

pathways.

of plants.®” This difference in the mode of action could explain
the contrasting phenotypes of gi mutants with these two patho-
gens, Fusarium and Hpa.

Like humans, plants have developed a very effective system
of immunity, which enables them to protect themselves from
infection and to produce seeds successfully. Several studies
demonstrate that PAD4 along with the EDS1 forms one of
the core components to regulate plant basal immunity against
virulent biotrophic pathogens.*” We hypothesized that the
defense responses regulated by GI might also involve
a PAD4/EDSI signaling cascade. It has been shown that the
regulatory region of the PAD4 gene lies within the intron,
which contains the core ACGT sequences, called G-box
sequences, that are required for binding of the bZIP class of
transcription regulators, such as GBF1.® GBFI1 is a well-
established regulator of plant defense signaling and modulates
PAD4 expression.”® It has been speculated that GI can also be
a G-box binding protein;>” however, there is no concrete evi-
dence to date. Based on the above-mentioned findings, we
hypothesized that GI can bind to the regulatory intronic
sequence of the PAD4 gene to direct its expression just like
GBF1. To confirm our hypothesis, we explored the ChIP-seq
results of GI available online,”” and to our surprise, we found
out that GI can directly be involved in the transcriptional
regulation of PAD4. We validated this finding with the ChIP
assay followed by qPCR. We are first to confirm that GI binds
to the regulatory region present in the intron of the PAD4 gene.
Although there is another non-recognized G-box (TACGTA)
present in the PAD4 promoter about 1.26 kb upstream of the

transcription start site, however, we found less enrichment of
the PAD4 start site than the intronic region after pull-down
with GI. However, whether GI and GBF1 function together or
independently to regulate PAD4 expression remains an open
question. It might be possible that GI along with GBF1 forms
a complex that binds to the intronic region of PAD4 to reg-
ulates the plant defense responses. Here, we have confirmed
that GI is required for the upregulation of PAD4 expression
during Noco2 infection as gi-100 mutant showed a reduction in
the expression of PAD4 in comparison to the WT plants. Since
PAD4 expression was not completely blocked in the gi-100
mutant, it led us to propose that several other alternative
regulators (such as GBF1) may function together or indepen-
dent of GI to fine-tune the expression of PAD4, thereby reg-
ulating plant defense response to various pathogens.

After confirming the role of GI in the regulation of PAD4
expression, we next explored the status of PAD4 downstream
signaling events. EDS1 and PAD4 are important regulators of
basal resistance to obligate biotrophic and certain hemibio-
trophic pathogens, governing the accumulation of the phenolic
signaling molecule salicylic acid.**® The EDS1-PAD4 complex
promotes the expression of key genes involved in SA biosynth-
esis, ICS1 and PBS3 genes, and SA marker gene, PR1.*® Our
results demonstrated that following the reduced PAD4 expres-
sion in gi-100 plants after Noco2 infection, PAD4-dependent
defense responses were also faded. Here, we found that after
infection, the absence of GI leads to reduced expression of ICS1,
PBS3 and PRI. Hence, in wild-type plants, Hpa infection results
in increased GI expression, which enhances the PAD4
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expression, leading to the upregulation of downstream defense
genes ICS1, PBS3, and PRI genes, and hence makes the wild-
type plant relatively more resistant to Noco2 infection than gi-
100 plants.

EDSI1 and PAD4 also function through the SA-independent
mechanism that offers resistance in the presence of FLAVIN-
DEPENDENT MONOOXYGENASE 1 (FMO1).*™* FMOI is
the marker gene of the EDS1-PAD4-controlled, SA-independent
signaling pathway. It has been shown that its expression is being
locally and systemically stimulated in Arabidopsis plants upon
inoculation with virulent or avirulent Pseudomonas syringae
bacteria and oomycete, Hyaloperonospora arabidopsidis patho-
gens, whereas fmol loss-of-function mutants lead to compro-
mised resistance to virulent or avirulent P. syringae or
H. arabidopsidis.*"** Our results verified that the absence of
GI leads to downregulation of FMOI after Hpa Noco2 infection,
hence making the plant more susceptible than Col-0 plants.
Further studies in this direction are required to unravel how
GI regulates pattern-triggered and the effector-triggered
immune response in Arabidopsis.

In summary, GI expression is induced in response to Hpa
Noco2 infection that contributes to enhanced expression of the
PAD4 gene. Activated PAD4 further induces its downstream
signaling gene expression to initiate the immune response
against biotrophic pathogen infection by activating SA-
dependent and SA-independent signaling pathways. Thus,
our results provide a framework that addresses the role of
GIGANTEA in regulating plant defense response.
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