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Abstract

The development of male gametophytes in angiosperms is a highly intricate and synchronized
process, governed by a sophisticated interplay between various hormonal signaling pathways
that ensure the successful progression of fertilization. This process encompasses multiple
critical events, including pollen maturation, anther dehiscence, pollen release, and the
germination of pollen tubes. Central to these regulatory mechanisms are phytohormones, which
act as master integrators of both internal developmental signals and external environmental
cues, thereby orchestrating the fine-tuning of plant growth, reproduction, and adaptive
responses. Jasmonic acid (JA) and its derivatives are critical, modulating processes like
pathogen resistance, root growth, and senescence, while playing a vital role in male reproductive
development, including stamen differentiation, pollen viability, and essential transcriptional
networks for pollen maturation.

The Arabidopsis thaliana genome features a family of High Mobility Group (HMG) chromatin
remodelers known to act as transcriptional activators, pivotal for the regulation of numerous
genes. AtHMGBIS5 stands out as an ARID-HMG protein characterized by an AT-rich interaction
domain alongside the canonical HMG-Box DNA-binding domain, with its expression
predominantly elevated in flowers and pollen grains. This research delves into the molecular
and biological mechanisms by which AtHMGBI15 regulates pollen development, focusing on its
integration with the JA hormone pathway. Detailed phenotypic analysis of the athmgbi5-4
mutant uncovered notable reproductive defects, including delayed flowering, shorter siliques,
reduced seed set, and compromised pollen viability. Mutant pollen grains exhibited abnormal
morphology, delayed germination, and impaired tube growth. Molecular profiling and in silico
analysis revealed a significant down-regulation of genes involved in JA biosynthesis and
signaling in athmgbl5-4 plants, accompanied by a roughly tenfold reduction in jasmonic acid
and its derivatives in floral tissues. Remarkably, exogenous application of methyl jasmonate
rescued pollen morphology and germination, reinstating the expression of JA signaling genes,
which underscores the essential role of AtHMGBI5 in JA-mediated developmental processes.
Furthermore, biochemical assays suggest a direct physical interaction between AtHMGB15 and
the MYC2 protein (a MYC2 transcription factor crucial in the JA pathway), forming a
transcriptional activation complex that upregulates critical JA-responsive genes, including
MYB2Iland MYB24, integral to stamen and pollen development.

These findings highlight AtHMGBI15 as a crucial positive regulator of JA signaling, orchestrating
the precise spatial and temporal expression of developmental regulators. Our work provides
compelling insights into the interplay between chromatin architecture and hormone signaling
in plant reproductive biology, positioning AtHMGBIS5 as a key player in ensuring successful male
gametophyte development. By shedding light on how JA coordinates developmental and
environmental signals, this study not only advances our understanding of plant reproductive
biology but also presents promising implications for improving crop fertility and resilience in
changing environmental conditions.
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INTRODUCTION

Introduction

In the living kingdom, organisms encounter diverse endogenous signals and environmental
stimuli, prompting evolutionary adaptations to sophisticated mechanisms for perception and
response. Cellular physiology, protein modification, gene regulation, and genome remodeling are
orchestrated responses to internal and external stimuli. Regulation of gene expression, which is
pivotal for DNA-dependent processes, occurs within the chromatin. Alterations in chromatin are
crucial for the proper functioning of these processes. Despite considerable knowledge about
specific plant responses to developmental or environmental cues at the level of individual

proteins and genes, their impact on the entire genome remains less explored.

Plant development encompasses both embryonic and postembryonic phases, with the former
involving the establishment of the apical-basal axis, shoot apical meristem (SAM), and root apical
meristem (RAM). The subsequent postembryonic phase involves the formation of leaf, stem, and
flower meristems. Previous studies highlight the role of chromatin remodelers in crucial plant
growth and development processes, such as the establishment and maintenance of meristem,
differentiation of cell and tissue, initiation of organs, flower morphogenesis, and the regulation
of flowering time along with involvement of plant chromatin remodelers responses to major

phytohormone signals (Ojolo et al., 2018).

Stem cells in the root apical meristem (RAM) and shoot apical meristem (SAM) located at the root
and shoot tips, respectively, have been extensively investigated in plants. SWI/SNF chromatin
remodeling ATPases play a crucial role in maintaining the homeostasis and identity of stem cells
in both plants and mammals (Shen et al.,, 2000). Arabidopsis SWI/SNF subfamily chromatin
remodelers, including SPLAYED (SYD), BRAHMA (BRM), Chromatin Remodelling Proteins (CHR12
and CHR23)are implicated in the regulation of various developmental processes in plants
(Farrona et al.,, 2004, Wu et al,, 2012). Disruptions in the Polycomb group (PcG) repressive complex,
chromatin assembly or histone acetylation may result in aberrant development of RAM or SAM

(Xu and Shen, 2008).

Cellular differentiation arises from widespread shifts in gene expression patterns, driven by
numerous transcriptional regulators and epigenetically mediated through chromatin

remodeling. (Taylor-Teeples et al., 2015).

Vegetative phase to flowering transition holds critical importance for reproductive success of

plants and involves the transformation of the shoot apical meristem (SAM) into an inflorescence
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INTRODUCTION

meristem (IM) and the subsequent floral meristems (FMs) initiation (Sablowski, 2007, Kaufmann
et al,, 2010). While the SAM ensures continuous growth, FMs' determinate nature is key for
reproduction and crop yield (Liu et al., 2011). Complex regulatory networks integrate internal
signals (e.g., hormones) and external cues (e.g., photoperiod, vernalization) to control flowering
(Wils and Kaufmann, 2017). In Arabidopsis, a MADS-box repressor complex involving MADS
AFFECTING FLOWERING 4/5 (MAF4/5), FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE
PHASE (SVP) represses flowering by inhibiting FLOWERING LOCUS T (FT) and SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1), with vernalization overriding this repression (Ojolo
et al,, 2018). CONSTANS (CO) activates FT during long days, forming a complex with FD at the
SAM to floral meristem (FM) identity genes LEAFY (LFY)and APETALAI (APJ), initiating floral
development (Takagi et al.,, 2023) (Yamaguchi, 2021). LFY then recruits chromatin remodelers to

activate AGAMOUS, facilitating organ formation (Wu et al., 2012).

Most of these factors are tightly regulated at the transcription level through chromatin
remodeling to controls tissue and stage specific expression during developmental
processes/events. The present study is to understand the role of plant nuclear architectural
protein, ARID-HMG, during pollen development, we will focus the literature survey on different

aspects of flower development and the present knowledge on architectural protein.

Flower development

A flower is the most complex and crucial structure of plants. Flowering plants i.e., the
Angiosperms are most recently diverged branch of plants. The molecular genetics of the flower
was critically studies in the late 1980s thereby giving us one of the classic developmental models
of flowers namely the ABC model. Stages of flower development as described in earlier studies
constitutes about 20 stages from the initiation of floral primordia to the dehiscence of anther
locules enabling seed dispersal (Alvarez-Buylla et al., 2010). Stages 1-4 represent the development
from floral primordia to sepal and pedicel elongation. The four sepals are the first floral organ to
appear at stage 3 of pollen development. Petal, stamen and carpel primordia initiation takes place
almost simultaneous around stage 5 and 6 respectively, followed by differentiation and
elongation within the closed buds from stages 5-9. Stages 6-13 marks the initiation and
development of the gynoecium alongside elongation of petals and stamen filaments. At the 13%

stage the gynoecium is completely receptive to pollination. Stage 14 marks the beginning of
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INTRODUCTION

silique formation thereby representing the Xero hours after pollination (0 HAP). The seeds begin

to develop at stage 15, mature and ready for dispersal through the stages 16-20 (Figure In_1I).

Stage 1 2 3 4 5 6 7 8 9 10
formation of sepal primordia sepal primordia grows to
floral primordia visible enclose floral meristem
— > >
petal and stamen petal and stamen microspores release from
primordia visible continue to develop tetrads within anther lobes
—
gynoecium begins gynoecium stigmatic papillae
to develop continue to develop appear
> >
> >
Stage 11 12 13 14 15 16 17 18 19 20
petals and stamen fertilization followed
h length i
reach same leng by flower opening silique " si_!_ique m.
and elongation maximum size  silique turns yellow alves
ﬁ 11 Vi
tapetum degenerates anthesis and pollen oo drying separate di s“d;a]
pollen mitosis occurs release —lp — 1sper:
> » —

Ilustration: Events during flower development in Arabidopsis

Figure In_1I: Diagram depicting the developmental stages of Arabidopsis flowers.

Genes directing flower development in Arabidopsis

Research on flower development in Arabidopsis thaliana has provided a detailed understanding
of the gene networks governing each floral organ's formation. The homeodomain transcription
factor WUSCHEL (WUS) maintains stem cell identity in the shoot apical meristem, while
CLAVATA (CLV)genes restrict WUS activity, forming a regulatory loop that controls meristem size
(Alvarez-Buylla et al,, 2010, Liu et al., 2011). SHOOT MERISTEMLESS (STM) promotes stem cell
proliferation until a critical size is reached, countered by ULTRAPETALAI (ULT1), which limits
meristem growth. Floral meristem (FM) specification involves dynamic gene expression
changes, with LEAFY (LFY) and AINTEGUMENTA (ANT) playing pivotal roles. LFY is essential
for FM identity, as mutations in Ify result in leaf production instead of flowers, while
overexpression leads to floral transformation of leaves and shoots. Flowering onset requires
repressing TERMINAL FLOWER 1 (TFL1) and EMBRYONIC FLOWER (EMFI, 2) genes, while FMI
genes like LFY, APETALA 1 (APl), APETALA 2 (AP2), and CAULIFLOWER (CAL) are upregulated,
forming a complex gene regulatory network responsive to internal and external cues (Wils and
Kaufmann, 2017, Taylor-Teeples et al, 2015). Vernalization epigenetically downregulates the
floral repressor FLOWERING LOCUS C (FLC), with SHORT VEGETATIVE PHASE (SVP) modulating

flowering in response to temperature. LFY and APl collaborate to maintain FM identity,
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INTRODUCTION

repressing genes like AGAMOUS-LIKE 24 (AGL24) and SUPPRESSOR OF OVEREXPRESSION OF
CO 1 (50CI) (Sheldon et al,, 2000, Liu et al,, 2008). Mutations in /fy and ag suggest their roles in
ensuring floral meristem determinacy, with CAL acting redundantly to AP1 (Liu et al., 2009).
Additionally, microRNAs, including miR156, miR319, and miR172, are crucial in regulating the
floral transition, while MADS-box genes integrate various signaling pathways to coordinate
floral organ development and meristem identity (Waheed and Zeng, 2020, Spanudakis and

Jackson, 2014).

The ABC and extended model

The conceptualization of the ABC model by Merowitz and his group is a pioneer in the study of
flower development. The study described four homeotic mutations namely agamous (ag)
apetalal (apl), apetala 3 (ap3) and pistillata (pi) in Arabidopsis thaliana, affecting fundamental
processes in floral development (Bowman et al.,, 1989). The FM is divided into four regions
eventually giving rise to the floral whorls: sepals, petals, stamens and carpel. LFY protein through
cofactors governs the spatio-temporal expression of AG, AP3 and PI. The ag flowers possess only
sepals and petals with complete absence of stamens and carpels (Coen and Meyerowitz, 1991,
Coen, 1991). MADS-box proteins act as master regulators of floral identity (Yan et al,, 2016). ap2
mutants are temperature sensitive exhibiting different phenotype at different temperatures
mostly affecting the two outer whorls. On the contrary, ap3 mutation affects the first and third
whorls, whereas in the p/ mutants, all whorls except the first are gravely affected. Expanding
upon earlier genetic investigations in Antirrhinum majus (snapdragon) and Arabidopsis
thaliana, Coen and Meyerowitz suggested that specific organ identities are determined by a
distinctive interplay of homeotic 'A, 'B, and 'C' gene functions within each floral whorl (Coen and
Meyerowitz, 1991). The A function specifies sepals, A and B functions make the petals, B and C
define the stamens and C is responsible for carpel development. The extended ABCE model
suggests SEPALLATA (SEP) genes represented as E behave as crucial co-factors necessary for
laying floral meristem identity and organ specification in all whorls shown in Figure In_2(Krizek

and Fletcher, 2005, Ditta et al., 2004, 0'Maoiléidigh et al., 2014, Turczyn, 2011).

Over the past decades great advancements have been made on the ABCE model suggesting the
ABCE genes are mandatory but insufficient to define floral identity. Target genes of the ABCE
genes associate the floral organ specification-Gene regulatory network (FOS-GRN) to processes

in the establishment of organ primordia, initiation and development. Presently a substantial
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network exists with more than thousands of genes responsible for developing each of the floral

organs.
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Iustration: ABCE model showing floral-organ patterning

Figureln_ 2: Diagram depicting the ABCE model describing organ patterning Arabidopsis flowers. a) Diagram portraying
wild-type Arabidopsis thaliana flower has four organ whorls: sepals (class A activity) in the first, petals (class A and B
activity) in the second, stamens (class B and C activity) in the third, and carpels (class C activity) in the fourth, with class
E activity needed for all organ types. b) Diagram showing an apetala 2 (ap2) mutant shows carpels in the first whorl and
stamens in the second and third, with class C activity expanded due to a loss of class A activity. ¢) Diagram featuring
Dpistillata mutant sepals in the first two whorls and carpels in the last two, lacking class B activity. d) Diagram displaying
an agamous (ag) mutant repeated whorls of sepals and petals, lacking class C activity, which leads to expanded class A
activity and loss of determinacy. e) Diagram depicting sepallata (sepl sep2 sep3 sep4) quadruple mutant having repeating

leaf-like structures, losing class E activity and disrupting class A, B and C functions along with floral determinacy.

Development of the third whorl

The stamen comprises two morphologically evident components: the anther and the filament.
The filament, a vascular tube, functions to secure the stamen to the flower and facilitates the
transportation of water and nutrients. The anther houses both reproductive (microgametophyte)
and nonreproductive tissues, playing a pivotal role in the production and release of pollen grains.
This process is essential for the occurrence of pollination and fertilization within the flower.
Immediately after the establishment of stamen primordia, the anther and filament begin

differentiate (Goldberg et al., 1993).

Stamens occupy the third whorl in the flower and its specification of this organ depends
primarily on the overlying activity of the B, C and E genes of the ABCE model (0'Maoiléidigh et
al,, 2014, Turczyn, 2011). The floral meristem, similar to the shoot apical meristem, is organized
into three distinct cell layers, with stamen primordia generally arising from periclinal cell

divisions within the L2 layer. (Jenik and Irish, 2000). The number of stamens is conversed in
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families and the location of stamen primordia is predetermined in the floral meristem (Coen and
Meyerowitz, 1991, Goldberg et al., 1993, Coen, 1991). The specification of stamen primordia occurs
independent of other floral organ primordia (Hicks and Sussex, 1971). Genetic and molecular
investigations have revealed that the specification of stamen primordia is influenced by the
interaction of various homeotic genes, such as APETALA3 (APS), PISTILLATA (PI), and AGAMOUS
(AG)in Arabidopsis, and their equivalents in snapdragon, DEFICIENS (DEF), GLOBOSA (GLO), and
PLENA (PLE)(Sommer et al.,, 1990, Coen, 1991). Mutations in these genes lead to the loss of stamen
primordia and the transformation of third-whorl primordia into a different floral organ type.
Similar homeotic genes with analogous functions have been identified in other plant species,
including tobacco, petunia, tomato, and corn, highlighting their conserved role in stamen
primordia specification across diverse plants (Goldberg et al., 1993, Hansen et al., 1993, Angenent

et al,, 1992, Van Der Krol and Chua, 1993, Pnueli et al,, 1994, Schmidt et al., 1993, Veit et al,, 1993) .

Genes involved in organogenesis and polarity during stamen development

The size, number and boundaries of floral organ primordia is under tight regulation and interplay
between a plethora of genes. Repression of WUS leads to a decline in the number of cells involved
in the floral primordia thereby compromising the floral organ architecture (Weiss et al., 2005).
CLAVATA (CLV)mutation increases meristem size resulting in more number of floral whorls with
altered phyllotaxis (Clark et al., 1993, Fletcher et al., 1999). ULT controls cell proliferation thus
disruption in its activity results in larger SAM and primordia. PERIANTHIA (PAN), encoding a
bZIP class of transcriptional regulator, is under positive regulation of WUS, and plays a role in
initiating the program that commits cells of floral organ primordia to undergo organ initiation
(Fletcher et al,, 1999, Running and Meyerowitz, 1996, Chuang et al., 1999). ANT gene encoding a
transcription factor of the AP2 family regulates the organ size during organogenesis (Krizek,

1999).

ANT and FILAMENTOUS FLOWER/YABBY1 (FIL/YABI) play key roles in organ polarity and
growth by defining abaxial/adaxial organ identity, while NAC transcription factors like CUP
SHAPED COTYLEDON 1 (CUCI), CUC2, and CUC3 establish boundaries and lateral organ
separation through growth repression. CUC genes are epigenetically regulated, and mutations
can lead to fewer petals, fused whorls, and reduced fertility. Organ polarity is critical for
morphogenesis, with hormone gradients contributing to this process. YABBY and KANADI genes
determine abaxial fate, while PHAB family genes REVOLUTA (REV), PHABULOSA (PHB) and

Page | 10



INTRODUCTION

PHAVOLUTA (PHV)along with JAGGED (JAG) and NUBBIN (NUB), guide adaxial fate, particularly

in the two inner whorls (Alvarez-Buylla et al., 2010).

Anther Development

Within the stamen head, the anther compartment comprises diploid cells undergoing meiosis to
generate haploid microspores, which then differentiate into pollen grains or male
gametophytes(Schmitz, 1977). In contrast, sporogenous cells within the ovary ultimately produce
the female gametophyte, or embryo sac, containing the haploid egg cell. The phenomenon of
pollination is necessary to transfer pollen grains to the stigma of the pistil. The compatible pollen
grains successfully grow the pollen tube that carries the sperm cells to the egg cell for

fertilization within the embryo sac (Goldberg et al., 1993)

Extensive studies on the expression of genes in stamen have been conducted in several model
and crop species as early as in the 1980s around the same time as ABC model was established. A
plethora of studies have been conducted since owing to the importance of stamen in crop

development with respect to hybrid vigour.

Structurally, anthers are four lobed structures with a paddle like shape as depicted in Figure In_3
(Goldberg et al., 1993). They exhibit bilateral symmetry, composed of two theca, each comprising
an abaxial (lower) and adaxial (upper) lobe. Each lobe functions as a microsporangium, providing
support to the developing germinal cells. Typically, most angiosperm anthers consist of four
distinct somatic cell layers surrounding the germinal cells at the onset of meiosis: the epidermis,
the endothecium, then the middle layer, and finally the tapetum, arranged from outermost to
innermost. Regions known as intermicrosporangial stripes (IMS) 1 and 2 contain epidermal and
endothecial cells, which undergo structural reorganization before anthesis to facilitate pollen
dispersal (Cheng et al., 1979). The connective tissue, joining the four lobes, encloses the central
vascular tissue, while extending along the Y-axis of the anther into the filament, which connects
the anther to the flower base. Collectively, the filament and anther constitute the stamen

(Marchant and Walbot, 2022).

SPOROCYTELESS (SPL) a downstream target of AG is necessary for sporogenesis during both
stamen and carpel development. It is found to be ubiquitously expressing throughout the early
phase of anther development. AG induces and upregulates SPL but is not crucial for the

maintenance of SPL expression and its sporogenous activity in the microspore cells. Somatic
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differentiation of the sporogenous tissue through division of archesporial cells and subsequent
periclinal division is carried out by BARELY ANY MERISTEM 1 &2 (BAMI & 2). Another crucial
role of the JAG and NUB genes apart from determination of the adaxial fate, is the formation of
four-lobed microsporangia. EXCESS MICROSPOROCYTESI (EMS1) and EXTRA SPOROGENOQUS
(EXS), putative LRR receptor kinase, are involved in establishment of proper number

microsporangial initials followed by production of tapetal cell and middle cell layer identities.

Epidermis

Endothecium
|
57 Middle layers

Microspore
mother cells

Anther

Stamen Pollen:
sacs Cross-section of young anther shows four lobe

Line of
dehiscence

Arabidopsis flower

——Filament —
(stalk) Release of mature

pollen grains

Mature anther shows dehisced pollen sacs

Illustration: Cross-section of an Anther

Figure In_3: lllustration showing the different layers in the four-lobed anthers of Arabidopsis flower.

Research in Datura has shown that the floral meristem is structured into three distinct layers—
L1, L2, and L3—which contribute to the formation of various anther tissues after the initiation of

stamen primordia. (Satina and Blakeslee, 1941).

Similar to the shoot apical meristem in Arabidopsis, the floral meristem is organized into three
histogenic cell layers with distinct lineages: L1 (epidermal layer), L2 (subepidermal layer), and L3
(inner core). Stamen primordia originate primarily from the L2 layer undergoing periclinal

division (Scott et al,, 2004, Jenik and Irish, 2000).

In most plants, specific tissues and cell types originate from a singular germ layer. For instance,
the L1 layer produces the epidermis and stomium, the L2 layer gives rise to archesporial cells,
microspore mother cells, endothecium, and middle-wall layers situated between the epidermis
and outer tapetum, while the L3 layer produces the connective, inner tapetum and vascular

bundle(Schmitz, 1977).
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Goldberg described anther development in tobacco begins with the initiation of primordia to its
culmination post-fertilisation from stages -7 to stage 12 (Goldberg et al, 1993). Anther
development in Arabidopsis was characterised into 14 stages on the basis of distinctive cellular
events(Sanders et al., 1999). In both the studies these stages could be broadly classified into two

phases.

The first phase (stages 1-8) in Arabidopsis depicted development of anther primordia to
microspore tetrad formation and release. The bilateral symmetry was established along with
formation of anther locules and walls, connective and vascular tissue through stages 1 to 4.
Periclinal division in the archesporial cells give rise to parietal and sporogenous cell lineages
further giving rise to the endothecium, the middle layer, tapetum and microspore mother cells
(MMC). The MMC in each of the four locules undergo meiosis to generate tetrad of haploid
microspores through stages 5 to 7. Tapetum becomes vacuolated around stage 6. At stage 8, the
callose layer surrounding the tetrad undergoes degeneration and the microspores are eventually
released from the tetrads. The second phase (stages 9-14) begins at the onset of stage 9 and
continues till the process of fertilisation is complete. Stages 9 to 12 the microspores undergo
differentiation into three-celled pollen grains, starting with microspores developing an exine
wall and forming vacuoles alongside pollen mitosis and initiation of tapetum degeneration.
Anther dehiscence begins during stage 12 and by stage 14 where it dehisces through ruptures
along the stomium releasing the mature tricellular pollen grains and finally the process
culminates by withering off of the stamens, petals and sepals, only the fertilised carpel bearing
the developing seeds stand (Sanders et al.,, 1999, Marchant and Walbot, 2022, Goldberg et al., 1993).
Table In_1 below outlines the events related to each of the 14 stages of anther development
alongside the corresponding stages of flower development (Smyth et al., 1990, Sanders et al., 1999,

Bowman et al., 1989).

Table 1: Events occurring during anther development in Arabidopsis

Anther Development | Description of Events and Corresponding Flower Development

Stages Stages
Stage 1 Emergence of rounded stamen primordia. (Flower Stage 5)
Stage 2 Archesporial cells form in four corners of the L2 layer. Primordia

become oval.

Stage 3 Four mitotic regions form, creating primary parietal and sporogenous

layers. (Flower Stage 7)
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Stage 4 Four-lobed anther forms with stomium regions and vascular

initiation. (Flower Stage 8)

Stage 5 Locules and microspore mother cells (MMCs) wereclearly defined

and established. (Flower Stage 9)

Stage 6 MMCs enter meiosis; middle layer degenerates; tapetum vacuolates.
Stage 7 Meiosis completes, forming tetrads of microspores.
Stage 8 Callose degenerates surrounding the tetrads, releasing individual

microspores. (Flower Stages 10)

Stage 9 Anther expands; microspores develop exine walls; septum cells
visible.

Stage 10 Degeneration of Tapetum begins. (Flower Stages 11-12)

Stage 11 Pollen mitosis; tapetum degenerated; endothecium expands; fibrous

bands and stomium differentiation begin.

Stage 12 Tricellular pollen grains present within anther locules; septum

breaks, forming bilocular anther.

Stage 13 Anther dehiscence and pollen release. (Flower Stages 13-14)
Stage 14 Stamen senescence; cells shrink and degrade. (Flower Stages 15-16)
Stage 15 Stamen falls off from the flower. (Flower Stage 17)

Over the past few years, a plethora of genes have been identified for the specific roles during
anther development. Comparisons between mRNA and nuclear RNA populations in the tobacco
organ system revealed that approximately 10,000 mRNAs are specific to anthers and are not
detectable in the cytoplasm and nucleus of cells, neither in other vegetative nor floral organ
systems (Kamalay and Goldberg, 1984, Kamalay and Goldberg, 1980). These results imply that the
transcriptional activation of specific gene sets is essential for establishing and maintaining
distinguished cell types and roles during anther development. Within the anther lobe
development of pollen grains is yet another aspect of study. The proper and timely development
of Male gametogenesis within these anther lobes is crucial to bring about successful fertilisation.

The process of development of Pollen grains are briefly described in the following subsection.
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Pollen Development

Pollen grains are the highly reduced haploid male gametophytes in flowering plants, typically
composed of two or three cells. Their primary function is to deliver two sperm cells to the embryo
sac for fusion with the egg and central cell. Both these sperm cells are functionally identical and
competent. This double fertilization process, along with the specialized function of the male
gametophyte, is regarded as a crucial innovation in the evolutionary accomplishment of
flowering plants(Gomez et al., 2015, Hackenberg and Twell, 2019). Pollen development requires a
variety of genes expressing during different phases of anther development which govern the
specification of anther cell types supporting pollen growth and maturation (Koltunow et al.,

1990).

The regulatory mechanisms of male gametogenesis encompass several critical processes,
including the influence of asymmetric cell division and cell cycle control in developmental
patterning, the role and regulation of the various transcription factors in cell specification, as
well as chromatin remodeling (Borg and Berger, 2015, Russell and Jones, 2015, Hackenberg and
Twell, 2019). Additionally, effective interaction between germline and non-germline cells plays
a pivotal role in development of male gametophyte (Berger and Twell, 2011). During the
development process establishment of Germ cell fate requires unequal compartmentalisation of
daughter nuclei. Also, the timely mitosis and proper orientation of spindle fibre is crucial for

asymmetric microspore determination and subsequent cell fate determination (Oh et al., 2010).

In higher plants, development of male gametophyte involves a sophisticated process that relies
on the synchronized involvement of various cell and tissue types, each exhibiting specific
patterns in gene expression. Both the gametophytic (pollen) and sporophytic (anther, tapetum)
tissues play quintessential roles in this process. The male gametophytic life cycle consists of two
distinct phases, the first phase is a developmental phase occurring within the developing anther
locules and concludes with the formation of mature pollen grains. The latter or functional phase,
begins when the grains adhere to the stigma surface, continues with pollen tube growth, and
culminates with double fertilization (Honys et al., 2006). In Arabidopsis, the development of the
male gametophyte (Figure In_4) is a tightly orchestrated process that unfolds within the anthers.
It begins with the differentiation of diploid microspore mother cells from archesporial cells.
These microspore mother cells go through meiosis, giving rise to tetrads of haploid microspores
enclosed in a callose wall. Once the callose degrades, the microspores are released and expand,

each preparing for the first mitotic division namely pollen mitosis I. This division results in a
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bicellular pollen grain, comprising a large vegetative cell and a smaller generative cell nestled
within the vegetative cell's cytoplasm. The generative cell subsequently divides once more,
undergoing pollen mitosis II producing two sperm cells. Ultimately, this sequence culminates in
the formation of mature, tricellular pollen, consisting of a vegetative cell and two sperm cells,

primed for double fertilization (Twell, 2011, Scott et al., 2004, Honys et al., 2006).

Studying pollen development provides a window into understanding cell fate, patterning,
polarity, and signaling. The process leading to pollen grain formation and release commences
with meiosis and entails precise structural and molecular alterations, necessitating gene
expression in the gametophytic and sporophytic tissues of the anther (McCormick, 1993).
Flowering plants maintain the stem cell niche in the meristematic tissue which is capable of

forming reproductive organs with diploid sporogenous cells (Pandian, 2022).

microsporocyte meiosis II i S
o N microspore Sporopollenin
meiosis [ Telease deposition and
— —_— ornamentation
micr(c]n:;pore vacuole vegetative
ucleus
callose haploid
diploid nucleus (n) pollen
mitosis I
nucleus (2n) tetrad
pollen tube pollen
germination ’ mitosis IT ' / generative
-— D nucleus
\\ O —3
J \ =
vegetative sperm pollen
nucleus cells tube

mature pollen

Iustration: Pollen development

Figure In_4: Diagram depicting the events occurring during Pollen development in Arabidopsis

Pollen development begins around stage 7 of anther development where the microspore mother
cell (2n) undergoes meiosis forming tetrads of haploid microspores (n) protected by callose layer
(Alvarez-Buylla et al, 2010). Pollen wall synthesis is believed to begin during meiosis when

tapetum-secreted callases degrade callose surrounding the microspores (Hearn, 2002, Zhang et
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al., 2024b). As tapetal cells undergo programmed cell death (PCD), young microspores form
primexine, a cellulose-based matrix that guides sporopollenin deposition (Jiang et al., 2013, Shi
et al,, 2015, Zhang and Li, 2014, Lallemand et al.,, 2013). By pollen maturation, despite species-
specific variations, mature pollen generally consists of three layers: the outermost exine, inner
intine, and tryphine. The exine, with its three sub-layers (reticulate, sexine, and nexine), features
taxon-specific sculpting, crucial for species identification. Composed largely of sporopollenin, a
highly stable and mostly non-degradable biopolymer, the exine's structure varies among species
(Brooks and Shaw, 1968). For example, Arabidopsis pollen has a reticulate surface filled with
tryphine, while wind-pollinated species like rice and maize have smoother surfaces with less
tryphine, reflecting species-specific adaptations(Gong et al., 2015, Wilson and Zhang, 2009, Shi et
al,, 2015).

The tapetum plays a crucial role in pollen development, acting as the source of various nutrients,
sugars, and enzymes necessary for the developing microspores (Parish and Li, 2010). The
mutants compromised in properly developed tapetum exhibit defective pollen phenotype and
male sterility. EXCESS MICROSPOROCY TESI(EMS]I) associated with tapetum specification when
mutated shows an absence of a tapetal layer thereby producing innumerable microspores (Zhao
et al,, 2002). Whereas mutation in the TAPETUM DETERMINANTI (TPDJ) leads to an ill-formed
tapetum that is indistinguishable from nearby cell layers (Yang et al, 2005). Hence the
specification of the tapetum during early anther development is primarily governed by the TPD1-
EMSI1-SERK]1/2 signaling pathway, where TPD1 serves as the ligand recognized by EMS], with
SERK1/2 acting as potential coreceptors (Li et al,, 2017, Jia et al., 2008, Chen et al., 2019, Wei and
Ma, 2023). The callose wall, primarily composed of B-1,3-glucan, must be degraded appropriately
to ensure proper pollen development (Dong et al, 2005). Evidence advocates development of
tapetum and its function are controlled by numerous critical transcription factors, including
DYSFUNCTIONAL TAPETUMI1 (DYT1), DEFECTIVE IN TAPETAL DEVELOPMENT AND
FUNCTIONI1 (TDF1), MALE STERILITY1 (MS1), ABORTED MICROSPORES (AMS), FAT TAPETUM
and AtMYBI103 (Zhang et al,, 2006a, Yang et al., 2007, Xu et al., 2014, Zhang et al., 2007, Zhu et al,,
2008, Sanders et al., 1999, Li et al., 2006).

In nature, there may be two instances where the plant develops male sterility. Either the pollen
formed is defective and hence non-viable or the healthy pollen grains are trapped within
a defective anther where improper or delayed dehiscence doesn’t allow timely pollination and
subsequent fertilization (Sanders et al.,, 1999). The POLLENLESS, SIDECAR POLLEN (SCR), and
GEMINI POLLEN1/2/3 produce defective pollen grains primarily due to disruption in the meiotic

division during pollen development. Whereas, male sterile mutants such as the non-dehiscent 1,
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defective in anther dehiscence 1 (dadl), delayed dehiscence 1/2/3/4/5 (dd1/2/3/4/5) and male
sterile 35 (ms35) may form viable pollen but defective anther dehiscence machinery makes these

plants infertile (Scott et al., 2004, Sanders et al., 1999, Goldberg et al., 1993).

Once pollen grains are formed, the subsequent event of proper pollen tube growth becomes a
critical factor for effective fertilization and many genes are accountable for the same. Mutation
in AtbZIP34 retards the pollen tube elongation (Gibalova et al., 2009). Double mutants ag/66agli164-
2 produced aberrant pollen tubes suggesting the crucial role of MIKC* transcription factors
(AGAMOUS-LIKE 30, AGL65, AGL66, AGL94 and AGL104) in pollen maturation and tube growth
(Adamczyk and Fernandez, 2009, Zobell et al., 2010, Verelst et al,, 2007, Liu et al., 2013, Qiu et al,,
2024). AtMIKC*-type MADS transcription factors, including Agamous like 30 (AGL30), AGL65,
AGL66, AGL94, and AGL104, regulate JINGUBANG transcription and expression, thereby
influencing the level of pollen dormancy in Arabidopsis (Zhang et al, 2024a). The deficit of
Pollen-Expressed Transcription Factor 2 (PTF2) and AtTFIIB1 significantly disrupts germination
of pollen grains and its tube growth, highlighting the crucial roles that TFIIB-related
transcription factors p lay in these processes (Niu et al., 2013, Zhou et al., 2013). The triple mutation
in MYB97, MYBI101, and MYBI120 results in excessive pollen tube growth within the embryo sacs,
consequently hindering proper sperm release (Liang et al., 2013). It was confirmed in a study
conducted in 2014 that a significant role in this process of pollen tube growth is played by the
ARID-HMG DNA-binding protein AtHMGBI15 where its predominant expression is observed in the

vegetative nuclei of tricellular pollen grains and pollen tubes (Xia et al., 2014).

Phytohormone Influence during Anther and Pollen Development

Flower development hinges on a delicate balance between meristem size regulation and organ
initiation, influenced by hormones like cytokinin, gibberellin, and auxin. While auxin is vital for
organ initiation and organogenesis, stamen development relies on almost all phytohormones
specifically gibberellins and jasmonic acid (Song et al., 2013). Petal formation is particularly
affected by gibberellins (GA), auxin, and jasmonic acid (JA), while gynoecium development is

predominantly regulated by auxin (Chandler, 2011).

The development of male gametophytes in angiosperms is an intricately orchestrated process,
seamlessly integrating various plant hormones (auxin, GA, cytokinin, JA, brassinosteroids,
abscisic acid) and signaling pathways to ensure precise coordination (Marciniak and

Przedniczek, 2019, Wilson and Zhang, 2009, Mascarenhas, 1990). The precise timing and spatial
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regulation of crucial hormone signaling factors control pollen maturation, the dehiscence of
anthers, the release of pollen grains onto the stigma, and the subsequent germination of pollen
tubes, all essential for successful fertilization (Tosun and Koyuncu, 2007, Radovic et al., 2016,
Sotomayor et al,, 2012). The increase of auxin in the pistil post-pollination indicates its function

during pollen tube growth and elongation (Wu et al., 2008, Aloni et al., 2006, Radovic et al., 2016).

When studied extensively an interplay between three hormones in the late stages of anther
development (stages 9-13) was observed. During flower development (stage 10), auxin (IAA)
climaxes in the stamens, driving filament elongation and preventing early dehiscence. Auxin
also triggers jasmonic acid (JA) production via the ARF6/8, which surges at stages 11 and 12,
coordinating filament growth, maturation of pollen grains, anther dehiscence, and flower
opening (Nagpal et al,, 2005, Ishiguro et al., 2001). Research has shown that disrupting auxin
biosynthesis or transport can significantly impact initiation of stamen and late-stage
development of stamen (Cecchetti et al., 2008). Specifically, the double mutants yuc2 yucé6 and
mdrl pgpl exhibit defects in filament elongation, anther dehiscence, and maturation of pollen
(Cheng et al,, 2006, Geisler et al.,, 2005). In contrast, the pinl, pin3 pin7, and yucl yuc4 mutants
display severe phenotypes, including the absence or reduced number of stamens (Paponov et al.,

2005, Cheng et al., 2006, Cecchetti et al., 2008).

Gibberellins (GA) support filament elongation and microsporogenesis, with mutants deficient in
GA showing halted pollen development before microspore mitosis(Cheng et al, 2004).
Gibberellins (GAs) are minimally involved in the initiation of stamen development but become
crucial during later stages, especially for tapetum function and pollen (microgametophyte)

formation (Plackett et al., 2011, Marciniak and Przedniczek, 2019).

The GA pathway influences tapetum function by reqgulating OsGAMYB in rice or AtMYB33 and
AtMYB65 in Arabidopsis thaliana, with evidence linking tapetum PCD through GAMYB-
mediated upregulation of OsC6, a gene essential for rice tapetum secretory functions, suggesting
that GAMYB orchestrates various aspects of stamen development (Aya et al,, 2009, Zhang et al,

2010, Plackett et al., 2011).

Research on GA signaling mutants in Arabidopsis thaliana and rice underscores their
importance (Chhun et al., 2007). Mutations in the GA receptors GA-INSENSITIVE DWARF1la and
b (AtGID1a, b) disrupt stamen elongation, highlighting their precise roles in stamen development
(Iuchi et al,, 2007). In rice, the o0sgidi-4 mutant, which lacks the GIDI receptor, exhibits halted
anther development before or during meiosis, blocking tetrad formation and suggesting that

GID1-dependent signaling is vital for meiotic progression, either directly or through effects on
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pollen mother cells (Aya et al., 2009, Griffiths et al., 2006). Transcriptional studies confirm active

GA signaling genes during the premeiotic stage (Liu et al., 2017).

The gal-3 mutant, which is deficient in gibberellin (GA) due to a mutation in ent-copalyl
diphosphate synthase (CPS), an enzyme liable for the conversion of geranylgeranyl diphosphate
(GGDP) to ent-copalyl diphosphate, exhibits male sterility (Sun and Kamiya, 1994). This sterility
is characterized by the failure of filament elongation and the arrest of anther development at
stage 10 of floral development (Cheng et al,, 2004). Impaired filament elongation and disrupted
anther development at floral stages 11 or 12 are a result of mutations in genes that encode the GA-
biosynthetic enzymes, GA 20-oxidase (GA200x) and GA 3-oxidase (GA3ox) (Rieu et al, 2008,
Plackett et al., 2012, Hu et al., 2008).

GA signaling promotes the ubiquitin-mediated degradation of the DELLA protein RGA, with 38%
of RGA-suppressed genes active in the male gametophyte across various microsporogenesis
stages (Hou et al,, 2008). Efficient fertilization relies on the precise timing of elongation in
filamnts, pollen maturation, and anther dehiscence. The overlap in expression of RGA-regulated
and jasmonate-responsive genes suggests a critical interplay between GA and JA pathways

during stamen development (Hou et al., 2008).

Role of Jasmonic Acid in pollen development

Phytohormone JA and its derivatives are essential for two major stamen developmental
processes (elongation of filament and dehiscence of anther) along with the maturation of the

male gametophyte (Huang et al., 2017b, Mandaokar et al., 2006).

Jasmonic acid (JA) biosynthesis initiates with the action of the phospholipase A gene, Defective
in Anther Dehiscence (DAD1), which converts lipids from anther plastids and membrane sources
into a-linolenic acid, the primary precursor for JA as depicted in Figure In_5(Ishiguro et al., 2001).
Lipoxygenases subsequently transform this a-linolenic acid, yielding a substrate for Allene Oxide
Synthase (AOS), which produces epoxylinolinate (Park et al., 2002, Caldelari et al., 2011). Following
this, Allene Oxide Cyclase (AOC3) catalyzes the conversion of epoxylinolinate into phytodienoic
acid (OPDA), with all these reactions occurring within the plastids of the cells (Stintzi and Browse,
2000). Oxophytodienoate Reductase (OPR3) then acts on OPDA to generate 12-oxophytodienoic
acid (OPC8), which undergoes a series of beta-oxidation processes via the ACX1 enzyme in the

peroxisome to produce jasmonic acid (JA) (Avanci et al., 2010). This JA must then be converted
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into its biologically active form, JA-Isoleucine (JA-Ile), within the cytoplasm, allowing it to
migrate into the nucleus and participate in downstream signaling pathways essential for various

physiological responses (Wasternack et al., 2013).

Several male sterile mutants have been detected as being impaired in the biosynthesis of JA
(Sanders et al.,, 2000, McConn and Browse, 1996). These include the fad triple mutant (fad3-2
fad7-2 fad8), which is deficient in the fatty acid precursors necessary for JA synthesis (McConn
and Browse, 1996). Another mutant, defective in anther dehiscence 1 (dadl), encodes a
phospholipase Al enzyme responsible for catalyzing the initial step in the JA biosynthesis
pathway (Ishiguro et al,, 2001). Furthermore, research has revealed that the DADI gene is a direct
transcriptional target of AG, providing insight into the regulatory networks that link JA

biosynthesis with developmental gene expression (Ito et al., 2007).

Notably, these sterile conditions can be effectively reversed through the exogenous application
of JA, demonstrating the hormone’s pivotal role in precisely timing anther dehiscence. Among
the four genes that encode the 13-LOX enzymes, only the Jox3/ox4 double mutant displayed a
male sterile phenotype highlighting the importance of LOX3 and/or LOX4 during stamen
development (Caldelari et al,, 2011). The delayed dehiscence2-2 (dde2-2) mutant displays defects
in filament elongation and anther dehiscence is triggered by a disruption in the gene encoding
ALLENE OXIDE SYNTHASE (AOS) (von Malek et al., 2002).The aos mutant exhibited severe male
sterility where the flowers fail to make silques, caused by defects in anther development,
highlighting the critical role of AOS in the biogenesis of all biologically active jasmonates (Park
et al., 2002). Additionally, the dd! and opr3 mutants belongs to the 12-OXOPHYTODIENOATE
REDUCTASE (OPR3) gene family, which plays a vital role in JA production (Stintzi and Browse,
2000, Ishiguro et al, 2001). The OPR3/DDI gene is expressed specifically in the stomium and
septum cells of the anther, which are essential structures for facilitating pollen release (Stintzi
and Browse, 2000). The sterility phenotypes examined in these mutants bring emphasis to the

significance of JA in anther development.

Additional studies revealed that ARF6 and ARF8 regulate the expression of JA-biosynthetic
genes such as DADI, LOX2, AOS,and OPR3, thereby controlling jasmonic acid production in flower
buds, which is crucial for processes like dehiscence of anther and pollen maturation
indispensable for proper anther development (Nagpal et al.,, 2005, Tabata et al., 2010, Reeves et al,,
2012).

The signaling process initiates when JA-Ile binds to the Jas domain of the JAZ (Jasmonate ZIM

domain) proteins, leading to the displacement of the entire repression complex, which includes
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TOPLESS, NINJA, and JAZ proteins, from MYELOCYTOMATOSIS ONCOGENES 2 (MYC2), a bHLH
transcription factor as illustrated in Figure In_6 (Thines et al., 2007, Browse, 2009, Dombrecht et

al,, 2007, Chini et al., 2007).

This repressor complex is subsequently marked by the E3 ubiquitin ligase SCF-COIl for
degradation via the proteasome (Zhai et al., 2015, Xu et al., 2002, Xie et al., 1998). As a result, MYC2
is released to activate the transcription of downstream target genes (Thines et al.,, 2007, Browse,

2009, Dombrecht et al., 2007, Devoto et al.,, 2002, Wasternack and Song, 2017).
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Figure In_5: Schematic of the JA Biosynthesis pathway showing important genes and the products formed at each step.
The compartment of the cell where the conversion takes place is mentioned on the right. The text in red shows the

mutants associated with the genes at each step of the biosynthetic pathway.

Male sterility is also detected in the coronatine insensitive I (coil) mutant, which serves as a JA

receptor and exhibits severe defects in pollen development and anther dehiscence (Xie et al,,
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1998). In coil flowers, the stamens have short filaments compared to wild-type flowers, and the
anthers remain irreversibly indehiscent even upon exogenous Methyl JA application, having
pollen grains with prominent vacuoles (Xu et al., 2002, Xie et al., 1998, Feys et al., 1994). Jasmonic
acid (JA) gathers in the cytosol, where it is conjugated to various amino acids by the JA-amido
synthetase JASMONATE RESISTANTI (JARI1) (Staswick and Tiryaki, 2004). While the jar/ mutant
remains fully fertile, it exhibits a more than 70% reduction in JA-Ile concentrations in flowers

(Suza and Staswick, 2008).

The MYC2 transcription factor (TF), belonging to the basic helix-loop-helix (bHLH) family, plays
a pivotal role in mediating the plant's response to JA. It exerts its influence by binding to G-box
motifs located in the promoter regions of JA-responsive genes, thereby activating their
transcription (Dombrecht et al., 2007, Pozo et al,, 2008, Kazan and Manners, 2013, Figueroa and
Browse, 2012). Research has demonstrated that MYC2, in conjunction with MYC3, MYC4, and
MYCS5, functions redundantly to regulate critical processes such as development of stamen and

production of seeds (Qi et al., 2015, Gao et al,, 2016).

While individual and double mutants for these genes do not display noticeable defects in stamen
development but triple mutants myc2myc3myc4, myc2myc4myc5, and myc3myc4myc5 exhibit
significantly delayed stamen development (Schweizer et al., 2013, Dombrecht et al., 2007). In
particular, their anthers fail to undergo dehiscence at floral stage 13, leading to a failure of pollen
grains to germinate in vitro. Nonetheless, it is important to note that dehiscence of anther and

pollen maturation can still occur at later stages of flower development.

When examining quadruple mutants, a significantly severe phenotype is observed compared to
their triple mutant counterparts. These quadruple mutants display pronounced deficiencies in
stamen development, exemplified by notably shorter filaments, indehiscent anthers, and the
production of nonviable pollen grains (Qi et al,, 2015). This illustrates the complex interplay and
redundancy among the MYC transcription factors in the intricate control of stamen development

and reproductive success in plants (Kazan and Manners, 2013).

The MYC2 TF plays a crucial role in coordinating JA signaling, particularly through its
interaction with R2R3-type MYB transcription factors, specifically MYB21 and MYB24, during the
maturation of stamens (Song et al,, 2011). This interaction leads to the formation of a MYC-MYB
complex, which not only activates transcription but also interacts with JAZ proteins to inhibit
their repressive effects (Yang et al, 2020, Zhang et al.,, 2021). Additionally, GA is known to
influence the expression of MYB21 and MYB24, thereby promoting stamen growth (Cheng et al,,
2009).
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Research has demonstrated that DELLA proteins, which are key regulators of GA signaling,
inhibit JA biosynthesis by downregulating the expression of genes such as DADI and LOXI In
the absence of GA, DELLA can also form complexes with MYB21 and MYB24, repressing their
transcriptional activities (Cheng et al, 2009). However, the presence of GA triggers the
ubiquitination of DELLA, leading to the upregulation of JA biosynthesis genes, including DADI
and LOXI (Huang et al., 2020). Consequently, the elevated levels of JA promote the expression of
MYB2I and MYB24 (Huang et al., 2020).

This intricate interplay illustrates how GA and JA signaling pathways synergistically regulate
stamen elongation by controlling MYC-MYB signaling networks (Song et al.,, 2014, Chini et al,,
2016). Mutant analyses further elucidate the functional roles of these MYB genes; for instance,
myb21 mutants exhibit shortened filament lengths that prevent them from reaching the stigma,
resultant in complete male sterility, although their pollen grains remain viable (Mandaokar et al.,
2006). In contrast, myb24 mutants are completely fertile, underscoring that MYB21 is needed for
filament elongation, while MYB24 contributes to pollen viability and anther dehiscence. The
myb21/myb24 double mutants, however, demonstrate compromised stamen development and
complete sterility, highlighting the critical importance of MYB2I and MYB24in the regulation of
reproductive success in plants (Mandaokar and Browse, 2009, Huang et al,, 2017a, Song et al.,

2011, Mandaokar et al., 2006, Huang et al., 2017b).

GrL
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Figure In_6: Schematic of the JA Response pathway highlighting the important genes at each step. TOPLESS (TPL),
NINJA and JAZ form a repression complex repressing the activity of MYC2 under low JA levels. Once JA-Ile
concentration increases in the cell, it binds to the Jas domain of JAZ targeting them for proteasomal degradation via
SCF®! E3 ubiquitin ligase. Once the repression is lifted the MYCZ2 switches on the transcription of crucial genes.

Page | 24



INTRODUCTION

Transcriptional reqgulation: role of non-histone protein

In eukaryotic cells, chromatin serves as the foundation for nuclear processes like replication,
recombination, repair, and transcription. The dynamic nature and versatile conformations of

chromatin act as control mechanisms for DNA targeting processes.

The ease of access in eukaryotic DNA is contingent on the hierarchical organization of
chromatin, involving intra- and inter-nucleosome interactions, and the effect of non-histone
chromatin architectural proteins. Interplay exists among these levels, wherein one level may

supersede another or multiple levels may act synergistically. (McBryant et al., 2006)

Nucleosomes are fundamental units of chromatin. At the first level, nucleosome stability relies
on the quantity and type of interactions between core histones and the surrounding DNA, along
with interactions among proteins within the core histone octamer. They consist of a
nucleoprotein core wrapping 147 base pairs of DNA around a core histone octamer, namely, H2A,
H2B, H3, and H4. Factors such as core histone variants, post-translational histone modifications,

and linker histone binding to DNA collectively affect nucleosome organization and stability.

These nucleosome core particles assemble into an array of oligonucleosomes, forming a
progressively compact structural hierarchy of chromatin. Upon linear arrangement of
nucleosomes in chromatin arrays, a level two of organization emerges. Amino terminal tails of
histone proteins establish connections with adjoining and distant nucleosomes, within and

across discrete fibers.

The level three of organization is superimposed on these 'intrinsic’ constraints and is influenced
by chromatin-binding proteins that modify the architecture of the underlying fiber. The compact
structure of oligo-nucleosomes hinders the interaction of DNA-binding protein factors with DNA.
Certain chromatin architectural proteins can circumvent intrinsic constraints, introducing
topological effects and resulting in distinctive supramolecular assemblies that significantly

affect DNA accessibility (McBryant et al., 2006).

Cells have evolved specialized proteins to manipulate complex chromatin structures during
nuclear processes. The modulation of chromatin structure is essential for gene transcription.
This modification of the chromatin landscape is carried out through the coordinated actions of
histone modifiers, chromatin remodelers, and architectural proteins. These activities are
necessary across the entire locus, including the promoter, upstream regulatory regions, and the
gene body, to successfully initiate and sustain transcription. Histone modifiers are enzymes that

add or remove chemical groups (like methyl, acetyl, or phosphate) from histone proteins, altering
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chromatin structure and influencing gene expression. Chromatin remodelers are protein
complexes that use energy from ATP to reposition, eject, or restructure nucleosomes, making
DNA accessible for transcription. Architectural proteins organize and stabilize chromatin
structure, shaping the three-dimensional genome landscape and facilitating or restricting

interactions between regulatory elements and gene promoters.

Architectural proteins

Architectural proteins are a class of proteins that shape and organize chromatin structure,
influencing how DNA is folded within the cell nucleus. They play a crucial role in forming higher-
order chromatin organization and ensuring proper spatial arrangement of the genome, which
impacts gene regulation and overall genome stability. Examples of architectural proteins include:
CCCTC-binding factor (CTCF), Cohesin and Condensin Complexes, High Mobility Group (HMG)
Proteins and Linker Histones (such as H1). By controlling chromatin organization, architectural
proteins are essential for gene accessibility, expression regulation, and the overall functional

organization of the genome.

Proteins exhibiting strong binding affinity to the four-way (Holliday) junction DNA encompass
recombination enzymes, along with a remarkably diverse array of ostensibly unrelated proteins.
These embrace HMGI1 box proteins, members of the HMGI-Y family, winged helix proteins
(including linker histones), the SWI/SNF complex, and some prokaryotic proteins with no
apparent connection (Bustin, 1996). These proteins have a unified tendency to bind to bent DNA,
induce DNA bending upon binding, and/or preferentially interact with DNA crossings.
Consequently, they primarily function as architectural proteins, although some, such as the
SWI/SNF complex, have definite functional roles. Because of their ability to bind to or facilitate
the formation of specific DNA structures, these proteins are often interchangeable in cellular
processes. Moreover, because multiple protein motifs can recognize a particular DNA structure,
it is not astonishing that seemingly unrelated proteins fall into the same functional category
(Zlatanova and van Holde, 1998). High-mobility group (HMG) proteins in eukaryotes are one of
many families of architectural proteins that play a crucial role in stabilizing alternative DNA
structures and modulating chromatin dynamics by influencing the twisting and untwisting of

linker DNA (Roy, 2016, Mallik et al., 2018).
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HMG Proteins

Over five decades ago, studies on the second utmost abundant chromosomal proteins after
histones were published (Bianchi and Agresti, 2005). High Mobility Group (HMG) proteins have
emerged as a distinct class based on their extractability from calf thymus chromatin and unique
biochemical properties (Goodwin, 1973). The term was coined based on its rapid mobility during
gel electrophoresis owing to its small size and high solubility (Zhang, 2008). Mammalian HMG
proteins, divided into three families (HMGA, HMGB, HMGN), exhibit characteristic primary
structures. In plants, the HMGA and HMGB families have been extensively studied, but no
evidence of HMGN proteins has been found, suggesting their exclusivity to vertebrates (Bustin,

2001a, Bustin, 2001b).

HMGB Proteins

Amid the several HMG proteins, the role of high-mobility-group B (HMGB) chromosomal proteins
in disrupting nucleosome structure, a key aspect of regulating DNA accessibility in chromatin,
has been meticulously discussed in previous studies. HMG-box proteins play architectural roles
in nucleoprotein complex assembly and participate in processes, such as transcription and
recombination. The HMGB proteins are characterized by the HMG-box DNA-binding domain
(Grasser, 2003, Grasser, 2006). The HMG-box is a conserved nearly 75-amino acid protein domain
recognized as a characteristic feature of chromosomal high-mobility group (HMG) proteins,
particularly the HMGB type (Antosch et al,, 2012, Stros et al.,, 2007). Its L-shaped fold, formed by
three alpha-helices, exhibits conservation beyond the amino acid sequence similarity.
Functionally, the HMG-box domain primarily mediates DNA binding through the minor groove,
inducing DNA bending by widening the minor groove and compressing the major groove.
Functionally, the HMG -box domain primarily mediates DNA binding through the minor groove,
inducing DNA bending by widening the minor groove and compressing the major groove, thereby
facilitating nucleoprotein complex assembly, recombination, and transcription (Agresti, 2003).
These findings proposed a model in which HMGB proteins, along with histone Hl, modulate the
equilibrium between alternative nucleosome conformations, impacting chromatin compaction,
mobility, and accessibility. Thus, highlighting the potential of HMGB proteins in orchestrating
crucial cellular processes related to gene regulation and chromatin dynamics (Cato, 2008, Mallik

et al., 2018).
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Plant HMGB proteins

Plant genomes encode HMG-box proteins, with small chromosomal HMGB proteins representing
the extremely diversified subgroup. Plant HMGB proteins, typically around 30 kDa, possess a
central HMG-box DNA-binding domain verged by basic N-terminal and acidic C-terminal
domains. In various proteins interacting with DNA, HMG-box domains often occur in
combination with different functional protein domains, contributing to diverse nuclear
functions. The HMGB family in plants exhibits considerable structural variability, with
Arabidopsis HMGB proteins ranging from 14.2 to 26.9 kDa due to differences in N- and C-terminal
domain sizes. Despite the mild conservation of amino acid sequences, these terminal domains
modulate various properties, such as DNA interactions, chromatin association, and protein
interactions. HMGB gene expression varies widely but is generally considered ubiquitous across

different plant species.

Database analyses indicate the presence of HMGB-type proteins in all plants and algae. Studies
have highlighted the dynamic nature of plant HMGB proteins within the cell nucleus, where they
transiently bind to chromatin, thereby influencing chromatin structure and accessibility to

regulatory factors.

Plant HMGB proteins show greater structural diversity than their animal counterparts do. For
example, the Arabidopsis genome encodes eight HMGB proteins based on amino acid sequences.
Experimental analyses revealed differences in functionality, emphasizing the need for

experimental validation, particularly in domains with lower sequence conservation.

Previous findings have highlighted the complexity of HMGB proteins with potential redundancy
among family members. Their expression levels are critical for proper plant performance, and
further research is needed to unravel the specific interactions and regulatory roles of HMGB
variants under different growth conditions. Understanding these aspects is crucial for
comprehending the contribution of HMGB proteins to plant stress responses (Pedersen and

Grasser, 2010).

Plant HMGB proteins play crucial roles as specific cofactors in cellular pathways. The observed
redundancy and specificity among HMGB variants highlights their intricate contributions to

plant development and stress responses.

Phylogenetic analysis encompassing all HMG-box proteins found in terrestrial plants and

primitive species such as Selaginella moellendorfii (pteridophyte), Physcomitrella patens (moss),
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and Chlamydomonas reinhardtii and Volvox carteri, (green algae) classifies them into four
discrete families based on their structure and their similarity in amino acid sequence:
chromosomal HMGB proteins, AT-rich interaction domain (ARID)-HMG proteins, 3xHMG-box
proteins, and Structure-Specific Recognition Proteinl (SSRP1). An overview of the structural and
functional characteristics of the distinct families, highlighting their roles in various cellular

functions, is presented below (Figure In_7).

Chromosomal HMGB Proteins: Plant chromosomal HMGB proteins have structural differences
from their mammalian counterparts, featuring a single HMG-box flanked by basic and acidic
regions, and are known to interact with transcription factors like DOF, though their role in

enhanceosome formation remains unclear.

3xHMG-Box Proteins: Unique to plants, 3xHMG-box proteins contain an N-terminal basic
domain and three HMG-box domains at the C-terminal, are expressed in a proliferation-
dependent manner, and may play roles in chromosome condensation and segregation during cell
division.

SSRP1 (Structure-Specific Recognition Proteinl): As a component of the FACT complex, SSRP1
functions as a histone chaperone facilitating RNA polymerase II transcription, is crucial for plant
development, and influences flowering time, leaf growth, and genomic imprinting in

Arabidopsis.

ARID-HMG Proteins: Characterized by the presence of ARID (AT-Rich Interaction Domain) and
HMG-box domains, ARID-HMG proteins are plant-specific, bind AT-rich DNA sequences, and are
found across both higher and lower plant species, though their precise functions in plants remain
to be determined. The proteins harbouring an ARID and an HMG-box domain seem to be explicit
for plants (Riechmann et al., 2000, Stros et al.,, 2007). A related protein was identified in the
Selaginella moellendorfii and Physcomitrella patens, indicating the occurrence of ARID-HMG
proteins in both higher and lower plant species (Antosch et al., 2012, Hansen et al., 2008, Stros et
al,, 2007).

In summary, the structural and functional diversity of HMG-box proteins, including ARID-HMG,
3xHMG-box, and SSRP1, underscores their significance in various cellular processes, with
specific implications for plant development and genomic imprinting (Antosch et al.,, 2012, Roy,
2016). Ongoing research is aimed at uncovering the precise roles and mechanisms associated

with these proteins in plants.
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ARID-HMG proteins in Arabidopsis

Previous studies searched the Arabidopsisdatabase and the Plant Chromatin Database to identify
plant proteins harbouring both ARID and HMG-box domains. The analysis revealed four such
sequences in Arabidopsis and two in rice, with no similar sequences found in other organisms
through GenBank search. The structural characteristics of ARID-HMG proteins, including size
and domain arrangement, are conserved among different species. The proteins, typically ranging
from ~35 to 52 kDa (except for the larger Physcomitrella protein), exhibit a consistent structural
arrangement. The N-terminal section houses the ARID, whereas the C-terminal part
accommodates the HMG box, as illustrated. To further elucidate the relationships among ARID-
HMG proteins, a neighbor-joining tree was created using amino acid sequences from Arabidopsis,
poplar, rice, maize, and Physcomitrella. Phylogenetic analysis grouped these proteins into
subfamilies showing both monocot- and dicot-specific branches. The amino acid sequences of
the ARID and HMG-box domains, along with a short-conserved region between them, displayed
significant conservation among ARID-HMG proteins from various plant species (Hansen et al.,

2008).

HMGA HMGB HMGN
o IID 0 IIIIIIIIIII IlC ~ . -
Hil-like AT-hook region HMG-box Nucleotide binding Chromatin unfolding
domain domain

N

Plant HMGB Animal HMGB
~ [ IIIII..-JII ~ [l I II
i HMG-box +++  HMG-box(s)
Chromosomal HMGB SSRP1 3X HMG-box ARID-HMG
rJII IIIIL.-JIIClNll IlIIIL_.IIHIIc v I IIIIILIIL-JIIC erl F | HE.N-
HMG-box ++  SSRdomain ~ HMG-box haad HMG-box(s) ARID HMG-box ...

Ilustration: HMG family of proteins

Figure In_7: Diagram illustrating the High Mobility Group (HMG) superfamily members, including HMGA, HMGB, and
HMGN proteins. The HMG-box family is primarily divided into plant and animal HMG-box proteins. Plant HMGBs are
further categorized into Chromosomal HMGB, SSRPI, 3X HMG-box, and ARID-HMG protein subgroups.
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In Arabidopsis thaliana, 15 members of the HMG-box family have been identified that contain at
least one HMG-box domain, a well conserved DNA-binding domain, four of which belong to the
novel ARID-HMG group (Hansen et al,, 2008, Mallik et al,, 2018, Roy, 2016). They are AtHMGB9,
AtHMGBI10, AtHMGBI1 and AtHMGBI15 of which the first two were characterised by Hansen et a/
in 2008 and the latter two in our laboratory by Roy et a/in 2016. Multiple sequence alignment of
the concerned protein sequences from different members of the Brassicaceae family revealed
that AtHMGBI10 and AtHMGBI11 were closely related and diverged from the tree earlier than the
other two members. All four proteins were predominantly localized in the nucleus, although in
AtHMGB9, AtHMGBI10, and AtHMGBI5, fluorescence was noticed in the cytosol, which was

greatly weaker than that in the nucleus but was clearly detectable (Roy, 2016).

Tissue-specific expression of all four ARID-HMGs revealed that AtHMGBII and AtHMGBIS
showed much weaker expression than AtHMGB9 and AtHMGBI0. AtHMGBI0 was expressed
throughout with a spike in imbibed seeds, whereas AtHMGB9 expression peaked in leaves and
siliques compared to other tissues. AtHMGBII expression spiked in the young and mature
siliques. Studies revealed AtHMGBI5 expressed majorly in the seedlings, young and mature

flowers and young pods.

AtHMGBI5 in plant development and stress response

Previous studies from our lab have highlighted the binding bias of ARID-HMGs to AT-rich regions
as observed through the DNA binding assay. AtHMGBI15 also possesses the property of DNA
circularisation like those of other ARID-HMG proteins (Roy, 2016).

A study performed in our lab by Mallik et a/ in 2020, provided an insight to the AtHMGBI15
occupancy in the euchromatin region with the highest enrichment in the gene bodies. They
focussed on the involvement of the ARID or HMG-box domain of AtHMGBI15 in DNA binding
events. DNA binding research conducted with the protein, full-length and its truncated forms
revealed that the DNA binding activity of full-length AtHMGBI5 is predominantly facilitated by
the ARID domain, as no DNA-protein complexes were detected in the case of the HMG domain.
This study simultaneously revealed the DNA recognition sequence of AtHMGBI15 through both
in-vitro and in-vivo analysis from the DNA binding assay. It was found that AtHMGBI5 has a
preference to bind to an AT rich sequence with a motif A(4/C)-ATA—(A/T)(A/T) (Mallik et al.,
2020).
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Another crucial aspect of this study revealed the involvement of AtHMGBI15 during cold stress
response in Arabidopsis seedlings. Initially they investigated for the involvement of
environmental cues dictating expression of AtHMGBI15 which revealed expression for Cold stress
spiked among the other environmental cues namely, salinity, drought, ABA, UV and heat stress.
In silico sequence analysis from the Chip-chip results showed presence of stress responsive
elements in the 500bp upstream region of AtHMGBI5 start site. Genome wide DNA binding
studies indicated a significant enrichment of about 4689 loci during cold stress whereas about
6128 loci were enriched in the control dataset. Analysis of 1855 overlapping loci was crucial as it
accounted for the regions that have the strong binding sites for ATHMGBI15. The outcomes of the
enrichment in Gene Ontology (GO) molecular function (MF) categories related to pollen
development and its germination, as well as transcriptional regulation, are noteworthy. Key
genes within these categories include MICK_MADS transcription factors, proteins involved in
cell wall biosynthesis in pollen tissue, actin-binding proteins, calcium transporters, calcium-
dependent protein Kkinases, helicases, and chromatin remodelers like SWI/SNF. The
reinforcement of chromatin modifications, helicase activity, and actin filament categories further
supports the anticipated associations, given that chromatin remodeling complexes, such as
SWI/SNF or RSC, typically incorporate helicases and Actin-related proteins in their functional
components. Notably, the enrichment in categories related to the response to stress and abiotic
stimuli sheds light on the previously unrecognized role of AtHMGBI15. Network analysis of cold-
induced genes enriched for AtHMGBI15 binding sites revealed three highly connected clusters,

prominently associated with hormone signaling, stress response, and ion transport pathways.

By integrating ChIP-chip data with pre-existing gene expression profiles under cold stress, we
identified Gene Ontology (GO) categories enriched in MAPK signaling, cold response, abscisic
acid response, transcription regulation, abiotic stress response, and hormone-mediated signaling
pathways. AtHMGBI5 was found to bind to transcription factors from DREB, MYB, bHLH, WRKY,
and NAC families, along with Ca2+-binding signaling proteins—all of which are upregulated early
in response to cold. Additionally, AtHMGBI5 binding was detected at 2 hours on genes like
osmoprotectants (AtGolS, AtP5CS, AtRafSl1), LEA family proteins (ERD10, RD17), KIN proteins,
hydrophilic proteins (RD29A, RD29B), cellular metabolism proteins, and other cold-induced genes
(such as COR47), although their peak expression occurred at later stages. Despite the peak
expression of AtHMGBIS5 occurring at 12 hours, conducting ChIP-chip at the 2-hour mark allows
for the identification of AtHMGBI5 binding loci that undergo rapid expression or repression
during the early stages of cold stress response. In cases where gene expression peaks or declines
at later time points, it could be postulated that AtHMGBI5 is involved in priming these loci for

subsequent transcriptional changes, contributing to a delayed response. These results fortified
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the involvement of AtHMGBI5 throughout cold stress response in Arabidopsis seedlings (Mallik
et al,, 2020).

Another study led by Xia et al in 2014, revealed the substantial role of AtHMGBI5 in pollen tube
growth. It exhibits preferential expression in pollen grains and its tubes, localizing specifically
to the vegetative nuclei of tricelled pollen grains and its tubes. AtHMGBI15 expression when
knocked down through Ds insertion resulted in impaired pollen tube growth, causing a
substantial decrease in seed set. Mutation in the athmgbl5-1 impacted the expression of 1686
genes in mature pollen, particularly those associated with the formation of cell wall and its
modification, cellular signaling and transport during pollen tube growth. Furthermore, in vitro
studies indicated that AtHMGBI5 not only binds to DNA but also interacts with transcription
factors AGL66 and AGL104, essential for pollen maturation and tube growth (Xia et al., 2014).

Proper stamen development is necessary for the reproductive success and continuity of plant
species, as any abnormalities in this process can lead to male sterility. This intricate
developmental pathway is governed by precise genetic controls that ensure the correct
anatomical and morphological formation of stamens, as well as the production of viable pollen
grains, which are crucial for successful pollination and fertilization. Plant hormones act as key
endogenous mediators of genetic information, playing a significant role in this process. Research
on the developing stamen of Arabidopsis has provided constructive perceptions into the critical
components of jasmonate signaling involved in stamen maturation. Strong genetic evidence
supports the involvement of various jasmonate-related factors, including key enzymes
responsible for jasmonate synthesis, hormone perception co-receptors, and transcription factors

that facilitate the translation of jasmonate signaling into gene expression changes.

Recent findings reveal AtHMGBI5 emerging as a vital transcriptional regulator within the
vegetative cells of male gametophytes, playing a significant role in growth of pollen tube. This
research focuses on investigating the involvement of the ARID-HMG DNA-binding protein
AtHMGBIS5 in the processes underlying pollen development. However, the mechanistic role of
AtHMGBI5 regulation in pollen development is not well studied. This study aims to explore the
possible intersection between AtHMGBI5 and the jasmonate pathway, focusing on how their
combined actions regulate the spatiotemporal expression of critical factors necessary for stamen

and pollen development in Arabidopsis thaliana.
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Objectives

Phenotypic characterizing of athmgbl5-4 mutant focusing on pollen
properties (morphology study of whole plant, root, silique, seeds, pollen

structure, viability and pollen tube germination).

To identify the principle pathway(s) requlated ATHMGBI5 during pollen
development using RNA seq approach (pathways that are responsible for
this phenotypic defect elucidate the role of the architectural protein
AtHMGBIS5 in the pollen developmental pathway by comparing the

transcriptome of wild type and athmgbl5-4 mutant flowers.)

Generation of complementation Iine. Complementation of mutant
athmgbl5-4 with full length AtHMGBI5 CDS, to study the rescue of
morphological, physiological, and phenotypic defects characterized in

the mutant.

Identifying the player(s) of the principle pathways responsible for the

mutant phenotype.
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Chapter One

Section 1

Phenotypic analysis of athmgbl5 mutants to understand

the role of AtHMGBI5 in pollen development.
Section 2

Comparative transcriptome analysis to decode the

pathways affected by AtHMGBI5 deletion.
Section 3

Complementation of ATHMGBI5 in the mutant background
to confirm the Rescue of defects in complementation lines,

reinforcing the validity of our study.
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Section 1

Plant Material and Growth Conditions

For the current study, the Arabidopsis thaliana ecotype Columbia-0 (Col-0) and athmgbl5-4 (T-
DNA insertion line of AtHMGBI15 (GABI_351D08) previously obtained from Eurasian Arabidopsis
Stock Centre (NASC), and the T-DNA insertion line of AtHMGBI5 (SALK057612C) was obtained
from the Arabidopsis Biological Resource Centre (ABRC) were used. Both the T-DNA insertional

lines were previously screened in our lab.

Seeds were sterilized and sown on Murashige & Skoog (MS) agar plates. After being stratified at
4°C, the seeds were germinated under a light cycle of 16 hours of light (approximately 150+10 jpmol

m~2s7") and 8 hours of darkness at 22°C in the plant growth chamber.

For phenotypic observation and comparative studies, the seedlings were transferred to a soil-rite
mix and grown until maturation. The 14-day-old seedlings were used to compare the rosette
pattern and root length simultaneously. Inflorescence bolting pattern was studied during 25 to
40-day-old plants. Freshly opened mature flowers were harvested around 9 am to 11 am (IST)
during the flowering stage 13 for various flower and pollen grain-related studies. Siliques were

harvested from 45-60 days old plants.

For seed propagation, the seeds were collected from mature siliques, dehydrated via airdrying or

in vials with silica gel and stored for months at a stretch at 4°C.

Sterilization of Seeds and Seed Plating
Preparation of Murashige & Skoog Media:

- 34.08gms (One sachet) of MS media (Himedia PT010) with vitamins and sucrose was
dissolved in 800 ml of Millipore water to prepare one litre of MS media.

- To the solution, 0.44 g of CaCl, was added.

- The pH was then adjusted to 5.6-5.8 using a 10 (N) KOH solution.

- The media was divided into 5 parts and to each conical about 0.8% wt/vol Himedia PT

pure agar was added.
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- To maintain sterility the MS media was autoclaved at 15 psi and 121°C for 15 minutes.
- In alaminar airflow hood, the media was allowed to cool, and approximately 25 ml was
poured per tissue culture plate. For the athmgbi5-4 plants to the plates, Sulfadiazine was

mixed to a final concentration of 5pg/ml.
Solutions Required for Seed Sterilization:

- 70% (v/v) Ethanol Solution: 35 ml of stock 100% (v/v) ethanol was mixed with autoclaved
Millipore water to make up a final volume of 50 ml.

- 50% (v/v) Bleach Solution: 25 ml from 4% (v/v) stock solution of sodium hypochlorite was
added to autoclaved Millipore water to make up a final volume of 50 ml

- 0.05% (v/v) Tween-20 Solution: 25ul of Tween-20 was added to prepare a 50ml of solution.
The solutions were filter-sterilized in a laminar airflow and stored at 4°C.
Sterilization and Plating of Seeds:

- In a sterile laminar airflow hood, Arabidopsis seeds were suspended in 200 ul of 70%
ethanol solution and vortexed gently for 5 to 7 minutes.

- The ethanol solution was eliminated, and the seeds were washed nine times with 600 pul
of filter-sterilized water, with occasional vortexing.

- The seeds were then soaked in 600 1l of 50% bleach solution (sodium hypochlorite) for no
more than 5 minutes, followed by complete rinsing with water as in the previous step.

- The seeds were treated with 600 ul of 0.05% Tween-20 solution for 10 minutes and rinsed
thoroughly with water twelve times or more, with repeated vortexing until all traces of
Tween-20 were removed.

- The seeds were suspended in sterile water, and approximately 20-25 seeds were carefully

placed on MS agar plates.

RNA isolation, Synthesis of cDNA and Real-time PCR

Materials Required Before Starting RNA Isolation:

- TRIzol® (Takara) reagent.

- Liquid nitrogen to enable uniform homogenization of tissue.

- DEPC water: 0.1% DEPC (Sigma) in water, stirred for ~3 hours in the dark.

- Mortar and pestle treated with DEPC water overnight and baked for the next 48 hours at
200°C in a dry heat oven.

- 70% and 75% ethanol made in DEPC water.
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- DNase I (Thermo Scientific) enzyme and 10X DNase I buffer for DNase treatment.

- Centrifuge was set to cold settings to ensure proper isolation of RNA.
RNA Isolation by TRIzol Method:
Tissue Homogenization:

- 100 mg of flower sample was homogenized in liquid nitrogen to a fine powder and
suspended in 1 ml of TRIzol reagent (Invitrogen) per 100 mg of tissue.

- The homogenate was incubated at room temperature for 10 minutes.
Centrifugation and Phase Separation:

- The homogenate was centrifuged at 12,000g for 10 minutes at 4°C, and the supernatant
was transferred to a new autoclaved tube.
- To the supernatant, 200 pl of chloroform per 1 ml of TRIzol reagent was added, mixed

gently, and centrifuged at 12,000g for 15 minutes.
RNA Precipitation:

- Theaqueous phase (supernatant) was collected and total RNA was precipitated by adding
0.5 ml of isopropyl alcohol per 1 ml of TRIzol reagent.

- The samples were centrifuged at 12,0009 for 10 minutes at 4°C.
RNA Washing:

- The RNA pellet was washed with 75% ethanol prepared in DEPC water.
- The RNA pellet was air-dried, dissolved in 50 jl of RNase-free water, and subjected to

DNase I treatment mentioned below.
DNase I Treatment:

- The isolated RNA was treated with DNase I (Thermo Scientific) for 2 hours at 37°C to
ensure removal of any DNA contamination.

- The DNase I digestion reaction was set up as follows:

Component Amount (pl)
RNA 50
10X DNase I buffer with MgCl, 10
DNase I (1U/pl) 4
H,0 136
Total volume 200

Extraction with TRIzol and Chloroform:
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- The reaction mix was extracted with equal volumes of TRIzol (100 ul) and chloroform

(100 pl), mixed properly, and centrifuged at 12,000 rpm for 10 minutes at 4°C.
RNA Precipitation:

- The upper aqueous phase (~200 ul) was moved to a fresh microcentrifuge tube, and 100%
ethanol (2.5X of sample volume) and 3M Na-Acetate pH 5.2 (0.1X of sample volume) were
added, mixed properly, and incubated to precipitate RNA, either at -20°C overnight or at -
80°C for at least 1 hour, respectively.

- The samples were then centrifuged at 13,000 rpm for 30 minutes at 4°C to pellet the RNA.
Final RNA Washing and Dissolution:

- The supernatant was carefully removed, and the RNA pellet obtained, was rinsed using 1
ml of 75% ethanol, followed by centrifugation at 13,000 rpm for 10 minutes at 4°C.
- After centrifugation, the supernatant was discarded, and the RNA pellet was dried and

dissolved in 30 ul of RNase-free water.
RNA Quality Check:

- The RNA concentrations were determined using a Nanodrop spectrophotometer.
- The quality of RNA was checked by denaturing MOPS-formaldehyde agarose gel

electrophoresis.
Denaturing MOPS-Formaldehyde Gel Electrophoresis:

Preparation of 10X MOPS Buffer (1 Litre):

Components Final concentration (mM) Amount
3-[N-Morpholino] propane 200 41.8g of MOPS

sulfonic acid (MOPS)

Sodium Acetate.3H20 20 2.72g of Sodium Acetate
EDTA 10 20ml from 0.5M stock

The pH of the buffer was set to 7.0 using 10N NaOH and filtered using a 0.2uM filter syringe in a

sterile autoclaved container.
Gel Casting and Running:

- 15 g of agarose was added to 10 ml of 10X MOPS buffer and 72 ml of DEPC-treated water,
heated to dissolve the agarose completely.
- After cooling to ~65°C, 18 ml of formaldehyde was added, and the gel was immediately

poured into a gel casting tray and solidified at room temperature.
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- The gel was equilibrated by running it in 1X MOPS running buffer in a gel running tank

for 30 minutes at 80V before use.
Sample Preparation and Electrophoresis:

- Each 10 ul sample was mixed with 3 pl of ethidium bromide (1 mg/ml), incubated at 65°C
for 15 minutes in a dry heat bath, and snap chilled on ice for 5 minutes.

- 61l of 5X RNA loading dye was added to each sample, and the samples were run on the
denaturing MOPS gel.

- The samples were electrophoresed in 1X MOPS at 80V for 2 hours.

- The quality of RNA was confirmed by observing high-quality 18S and 28S bands of RNA.

Total RNA was measured using a NanoDrop spectrophotometer and then subjected to

cDNA synthesis.

Reagent Volume (ul)

Saturated aqueous Bromophenol Blue solution 3.2

600mM EDTA 1.60.4

37% (12.3M) Formaldehyde 1.5

100% Glycerol 0.4

Formamide 616.8

10X MOPS Buffer 0.8

RNase free water 376
cDNA Synthesis from RNA:

To synthesize the first strand cDNA, reverse transcription was conducted using 5 g of RNA and

an oligo dT (18) primer. The process was carried out in two steps:
Step I-Preparation of Reaction Mix A:

A reaction mix was prepared with the following components:

Component Amount

Total RNA 51g

Oligo dT(18) primer (0.5 ng/ul) 1ul

RNase-free water Volume made up to 13 jul

Incubation in Thermocycler: The mix was incubated at 65°C for 5 minutes in a thermal cycler

and then quickly snap-chilled on ice for 2 minutes.
Step II- Preparation of Reaction Mix B:

A second reaction mix was prepared with the following components:
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Component Amount
5X First strand buffer 41l
dNTP mixture (10 mM of each dNTP made in RNase-free | 2 jl
water)

Reverse transcriptase (200 U/ul, RevertAid, Thermo | 1yl
scientific)

Combination of Mixes and Incubation: The contents of mix B were added to mix A, resulting in a

total reaction volume of 20 jl, which was then incubated at 42°C for 1 hour.

Termination: The reaction was terminated by heating up at 70°C for 15 minutes.

Quantitative PCR (qPCR) for gene expression analysis

The gPCR analysis was conducted using the PowerUp SYBR Green PCR Master Mix (Applied
Biosystems, #A25742), with gene-specific primers for the reactions performed on an Applied

Biosystems 7500 FAST machine.

To check the AtHMGBI5 transcript level, RNA was isolated from six independent sets of flower
samples. A total of 5 ng of RNA was utilized for cDNA synthesis using RevertAid RT (Thermo
Scientific) as described above. The relative fold change of the gene of interest was calculated
using the 2-AACt method, with normalization against the AtaEF la transcript (Atlg07920). The
fold change was denoted with regard to the wild type. The primers for this study are listed in

Annexure 1.

Morphological differences between wild-type and athmgbi5-4 mutant plants

Comparison of Seedlings tissue

- The 25-day seedlings were observed to check the growth pattern of the rosettes of
wildtype and athmgbli5-4 plants.

- Theroots of these rosettes were detangled and placed on a black surface to measure using
a mm unit scale.

- The study was conducted using 5 batches grown from independent harvests throughout
one year. Each batch consisted of 20 plants each of wild type and athmgbi5-4 mutant
plants.

- Images were clicked using a DSLR camera against a dark background.
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Comparison of Flowering time

- The wild type and athmgbl5-4 plants were grown meticulously in individual pots
containing soil mix.

- The appearance of the first bolt was noted in each of the plants.

- The number of leaves at the period of bolting was also noted.

- The percentage of plants flowering at 30 days post germination (dpg) and 40 dpg was
noted.

- In a population of 5 batches grown from independent harvests throughout one year.
Every batch consisted of 100 plants each of wild type and athmgbi5-4 plants.

- Images were clicked using a DSLR camera against a dark background.

Comparison of Siliques

- The mature but green siliques were harvested from wild type and athmbi5-4 plants
- They were placed on a dark background to measure using a mm unit scale.

- The images were clicked using a DSLR camera against a dark background.
Visualization of Seeds by Decolorization of Siliques:

- The mature green and dry siliques were collected from wild-type and mutant plants.

- These usually exhibit a greenish tint due to the presence of various pigments in the cells,
such as chlorophyll and the drier ones were opaque.

- Toremove these pigments and make the seeds within the silique visible, the siliques were
boiled in 80% ethanol for over an hour in a water bath. This process effectively caused
the chlorophyll pigments to disappear.

- After the boiling process, the siliques were rinsed thoroughly with lukewarm water to
remove any residual ethanol.

- Subsequently, the siliques were dried in a petri dish, preparing them for further analysis
or experimentation.

- The dried siliques were then placed on a slide and observed under a stereo-zoom

microscope to examine and count the number of seeds present per silique.

Comparison of Pollen Grains
Scanning Electron Microscopy
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- Extraction of Pollen Grains: Pollen grains were meticulously extracted from the anthers
of dried flowers. The flowers were obtained from wild-type plants and the athmgbi5-4
mutant.

- Refinement Process: To ensure purity and uniformity, the extracted pollen grains
underwent a refining process. The pollen was passed through a series of fine meshes with
decreasing pore sizes. This sieving process helped separate the pollen grains based on
size and removed any debris or contaminants.

- Mounting on Brass Stubs: The refined pollen grains were carefully transferred and
mounted onto brass stubs. A layer of carbon tape was used to securely adhere the pollen
grains to the brass stubs. This step was crucial to prevent the samples from dislodging
during subsequent procedures.

- Gold Coating: Once the pollen grains were mounted, they were coated with a thin layer of

gold.
This coating was applied using an Edwards gold sputter coater, which deposited a
uniform gold layer on the samples. The gold coating served to increase the electrical
conductivity of the pollen grains, which is essential for imaging under a scanning
electron microscope (SEM).

- Visualization under SEM: The samples were visualized using a Scanning Electron
Microscope SEM FEI 200 model.

Imaging was performed at different accelerating voltages: 5 kV, 10 kV, and 20 kV, at
various magnifications to understand the topology of the Exine surface and its
ornamentation pattern. These varying voltages allowed for the optimization of image
resolution and contrast, enabling detailed observation of the pollen grain surface

morphology.

Pollen Tube Germination Assay

Pollen germination assay was performed as described previously (Li et al, 1999) with

modifications.

- Harvesting of Pollen: Pollen grains were collected from mature flowers of wild-type and
athmgbl5-4 mutant plants.

- Pollen Collection: Freshly opened flowers were carefully plucked, with 20 to 50 flowers
being collected in a 1.5 ml microcentrifuge tube. The flowers were then allowed to dry at

for 30 minutes, at room temperature with the tube cap kept open.
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- Preparation of Pollen Germination Medium: Freshly prepared pollen germination

medium comprised several key components due to their properties mentioned below:

» Sucrose: Serves as an energy source and osmotic stabilizer.

+ Boric acid: Maintains cell wall integrity.

+ CaCl,, MgSO0,, KCL: Provides calcium ions, essential for pollen tube growth.

mM Tris—MES: Acts as a buffer to maintain pH stability.

« PEG 4000: Controls the water potential of the medium and protects the newly

germinated pollen tubes.

» The pH of the medium was meticulously adjusted to 5.8 with tris base to optimize

conditions for pollen germination.

Components Stock Conc. Final Conc.
MES-Tris (pH5.8) 200 mM 5 mM

KCl 1M 1mM
MgSO0, 1M 0.8 mM
Boric acid 100 mM 1.5 mM
CaCl, 1M 10 mM
Sucrose 5% w/v
PEG 4000 15% w/v

Pollen Submersion: 1 ml of germination medium was added to the tubes, submerging the
flowers completely. The tube was vortexed at maximum speed for 1 minute to dislodge
the pollen grains. The tube was then centrifuged at 3000 rpm for 5 minutes at room
temperature to concentrate the pollen.

Supernatant Removal and Pollen Resuspension: The supernatant, containing floating
flower residues, was carefully removed, leaving behind the pollen pellet.

The pollen pellet was resuspended in 1 ml of germination medium using a vortex, and
the suspension was incubated in a plant growth chamber maintained at 22-25°C.
Observation and Examination of Pollen Germination: Pollen germination was observed
at various time intervals: 2 hours, 4 hours, 6 hours, and 24 hours after incubation in the
germination medium. 10 pl of the pollen suspension was taken and placed on a clean
glass slide. Pollen germination and pollen tube length were visualized under a Nikon
ECLIPSE Ni microscope capturing detailed images of the emerging pollen tubes and the
overall germination dynamics. The Pollen germination rate was assessed by examining

random fields independently selected across the slide surface at various time points.

Pollen Viability Assay by Trypan Blue Staining
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- Preparation of Pollen Samples: Pollen samples were collected from flowers of wild type
and athmgbi5-4 mutant. The collected pollen grains were suspended in water to create a
uniform pollen suspension.

- Dilution with Trypan Blue Solution: The pollen suspension was then diluted at a 1:1 ratio
using a 0.4% Trypan Blue solution. This dilution ensured an optimal concentration of
Trypan Blue for effective staining.

- Principle of Trypan Blue Staining: Trypan Blue staining is a well-established method
used to distinguish dead cells from live cells. The principle behind this method is based
on cell membrane integrity. Cells with intact membranes can effectively exclude the dye,
remaining unstained. Whereas, cells with compromised or damaged membranes cannot
exclude the dye, allowing it to penetrate and stain the cells blue.

- Incubation: The diluted pollen samples were incubated with the Trypan Blue solution for
a specified period to allow adequate staining. This incubation time ensures that dead
cells are thoroughly stained while live cells remain unstained.

- Microscopy and Imaging: After incubation, the stained pollen samples were observed
under a microscope. The microscope allowed for the differentiation between live and
dead pollen grains based on their staining:

+ Stained (Blue) Pollen Grains: Indicate dead cells with compromised membranes.

« Unstained (Transparent) Pollen Grains: Indicate live cells with intact membranes.
The proportion of stained versus unstained pollen grains was analyzed to assess pollen
viability. This analysis provided a clear distinction between viable and non-viable pollen,
allowing for the evaluation of pollen health and viability in both wild-type and mutant

samples.

Quantification and Statistical Analysis

Statistical analyses were performed utilizing GraphPad Prism 8 (GraphPad Software) and IBM
SPSS Statistics (v29.0.2.0). The data presented in the figures reflect either the means of three or
more experimental replicates or the means of three or more independent experiments, as detailed
in each figure caption. A combination of Student'’s t-tests, one-way Analysis of Variance (ANOVA)
and two-way ANOVA was employed to assess statistical significance, depending on the nature
of the data. These analyses were carried out in both GraphPad Prism and IBM SPSS Statistics.
Specific details regarding the statistical tests used, including the conditions under which they
were applied, are provided in the corresponding figure legends to ensure clarity and

transparency.
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Section 2

RNA isolation and Illumina Sequencing

Isolation of RNA:

- Total RNA was isolated utilizing the RNASure® Mini Kit (Nucleopore-Genetix) According
to the Manufacturer's protocol.

- About 200 mg of young flowers (flowering stages 12 to 13) from wild-type and athmgbi5-
4 mutant plants.

- The RNA isolated from three independent replicates was pooled to ensure sufficient

quantity and consistency before being used for sequencing.
RNA sequencing:

- Thepooled RNA samples were outsourced for and sequenced using the Illumina NextSeq
500 platform at Eurofins Genomics India Pvt. Ltd., utilizing 2x75 bp chemistry to generate
approximately 30 million paired-end reads per sample.

- The quality and quantity of the RNA samples were checked on 1% denaturing RNA
agarose gel and NanoDrop/Qubit Fluorometer, respectively.

- The RNA-Seq paired-end sequencing libraries were prepared from the QC-passed RNA
samples using the Illumina TruSeq Stranded mRNA sample Prep kit.

- Quantity and quality of the PCR enriched (QC) of the library were analyzed on Agilent
4200 Tape Station (Agilent Technologies) using high sensitivity D1000 Screen tape as per
manufacturer instructions.

- After obtaining the Qubit concentration for the libraries and the mean peak sizes from
the Agilent Tape Station profile, the PE Illumina libraries were loaded onto NextSeq 500
for cluster generation and sequencing. The Bioinformatic workflow applied for the study
has been mentioned above in the workflow (Figure Chl_1).

- Theraw sequencing reads were processed, beginning with the removal of adaptors using
Trimmomatic v0.35.

- Subsequently, the cleaned reads were mapped to the Arabidopsis genome (TAIR10) using
TopHat v2.1.1.

- Differential gene expression analysis was performed using Cufflink v1.3.0.
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- In this analysis, genes with a fold change (FC) value greater than 0 and a P-value
threshold of 0.05 and those with a fold change greater than 1 and a P-value cutoff filter

of 0.05 were identified as differentially expressed genes.

Raw Reads

l Trimmomatic

[ Quality Filtration / Trimming Of Raw Reads ]

High Quality Reads

Tophat

Map Reads to Reference Genome

I cuffdiff

Differential Gene Expression

TAIRGO / \ KAAS

Gene Ontology Analysis Pathway Analysis

FigureChli_1: Schematic bioinformatic workflow adopted for the study

RNA Sequencing for Replicates:

- For each replicate, total RNA was isolated from young flowers (200 mg) as previously
described.

- The RNA quality was assessed using an Agilent TapeStation, ensuring that the RNA
Integrity Number (RIN) was greater than 7. This quality check was performed by
Theomics International Pvt. Ltd.

- To further confirm RNA integrity, samples were analyzed using an Agilent Bioanalyzer
2100, and only those samples displaying clean rRNA peaks were selected for subsequent

analyses.
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- The libraries for RNA sequencing were prepared using the KAPA Stranded RNA-Seq Kit
with RiboErase (KAPA Biosystems, Wilmington, MA, USA).

- The quality and quantity of the final libraries were meticulously examined using the
Agilent Bioanalyzer 2100 and the Life Technologies Qubit 3.0 Fluorometer, respectively.

- The libraries were then size-selected to obtain fragments of approximately 140 bp +10%.
Sequencing was conducted on the Illumina NovaSeq 6000 platform, achieving an average
depth of 20 million reads per sample using 2x150 bp chemistry.

- The reads obtained were mapped to the Arabidopsis genome (TAIR10) as outlined

previously.

Submission and availability of Sequencing Datasets

The sequencing datasets have been submitted to the NCBI platform to ensure availability in the
public domain. The RNA-seq data is available in the NCBI Sequence Read Archive (SRA)
repository under the following accession numbers: PRINA874885 and PRINA974968.

Validation of the Transcriptome Data by RT q-PCR

The gPCR analysis was conducted using using cDNA obtained from Wildtype and athmgbil5-4
mutant flowers with the PowerUp SYBR Green PCR Master Mix (Applied Biosystems, #A25742),
with gene-specific primers for the reactions performed on an Applied Biosystems 7500 FAST
machine. The genes were selected from the FDR-corrected pool showing significant differential
gene expression. The relative fold change of the gene of interest was calculated using the 2-AACt
method, with normalization against the AtaEF la transcript (Atlg07920). The fold change was

presented with respect to the wild type. The primers for this study are listed in Annexure.

Functional Annotation and Bioinformatic Analysis

The bioinformatics analysis was conducted using several specialized tools and programs. Gene
ontology analysis for the differentially expressed genes (DEGs) was achieved using The ShinyGO
v0.77 program. This analysis encompassed the ontologies of Biological Processes, Molecular
Functions, and Cellular Components, providing insights into the roles of the DEGs within these

categories. Additionally, ShinyGO v0.77 was utilized to identify significantly enriched KEGG
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pathways associated with the DEGs, offering a deeper understanding of the biological pathways

that are affected.

The significantly downregulated genes from the enriched pool were filtered preferentially and

validated for downstream analysis.

Comparative Analyses of Various Datasets with the RNA-Seq data of Wildtype

vs athmgbl5-4 flower tissue

The RNA-Seq data from the flower tissue of Wildtype vs athmgl5-4 was compared with the
previously available dataset from the pollen tissue of Wildtype vs athmgl5-1 published by the
group Xia et al in 2014. This dataset would give us an idea of the common transcription factors

from the datasets.

The RNA-Seq data from the flower tissue of Wildtype vs athmgl5-4 was then compared to the
previously available ChIP on chip dataset from the seedling tissue of Wildtype. This dataset with
AtHMGBI5 binding occupancy under control conditions was generated in our lab and published
in 2020 by Malik et al. The common pool gave us an idea of the differentially regulated

transcription factors and targets that have an AtHMGBIS5 binding occupancy.

For the comparison between various datasets, Venn diagrams were generated using the Venny
v2.0 tool. This allowed for the visualization of overlaps and differences between the gene sets

under investigation.

Hormone Estimation

The estimation of the content of Jasmonic Acid (JA) and derivatives was conducted using
electron spray ionization coupled with mass spectrometry (ESI-MS), following the method

previously described (Liu et al., 2010).

- About 500 mg of fresh flower tissue was collected from wild-type and athmgbi5-4 plants
in triplicates.

- The flower tissue was homogenized in liquid nitrogen and extracted overnight in
methanol (HPLC grade) at 4°C.

- On the following day post-extraction, the homogenates were centrifuged, and the

supernatants were diluted 5 times with HPLC-grade water.
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- The diluted samples were then processed using a Sep-Pak C18 cartridge (Pierce #89870)
for solid-phase extraction (SPE).

- The SPE cartridge was sequentially washed with 20% (v/v) and 30% (v/v) methanol.

- The bound compounds of interest were eluted using 100% (v/v) methanol.

- The eluates were further diluted tenfold with methanol and loaded onto the ESI-MS for
detection.

- The infusion rate was set at 5pl/min and the spectrum list for detected compounds with

a mass of up to 1500g/mol was recorded for subsequent analysis.

Analytical standards of Methyl Jasmonate (MeJA, Sigma #392707), Jasmonic Acid (JA, Sigma
#J2500), and JA-isoleucine (JA-Ile, Cayman Chemical #10740) were used to detect the exact peak

for each compound.

The relative abundance of these derivatives in the wild-type and athmgbi5-4 flowers samples

was quantified and expressed as a fold change relative to the wild-type samples.

Hormone Treatment

Treatment:
The wild-type and athmgbl5-4 plants were grown individually in pots with soil mix.

- At the onset of flowering, Methyl jasmonate (MeJA) treatment was administered to the
inflorescence consisting of buds and unopened flowers, at two different concentrations
of 0.5 mM and 2 mM (Sigma #392707).

- Unsprayed wild-type and mutant flowers were used as experimental controls.
Rate of Pollen Germination:

- To quantify the rate of Pollen Tube germination MeJA treatment was applied to the early
buds twice daily for two consecutive days as described (Park et al., 2002).

- Following the final treatment, the flowers were immediately harvested for further
analysis.

- The harvested flowers were utilized to perform a pollen germination assay at various

time points following the methodology described previously.

Expression analysis:

Page | 52



CHAPTER ONE

Additionally, to check the expression of Jasmonate pathway-related genes an experimental

design was laid out as follows:

- For this experiment, unopened flowers were treated with 0.5 mM MeJA early in the
morning.

- flowers (just opened) were harvested about four hours after the final MeJA treatment.

- Total RNA was isolated from wild-type and mutant flowers (Control and treated) and
subsequent cDNA synthesis was performed as described previously.

- Reverse transcription-quantitative PCR (RT-qPCR) was performed as described
previously, to assess gene expression levels in response to the exogenous hormone
treatment.

- The relative fold change of the gene of interest was calculated using the 2-AACt method,
with normalization against the AtaEF la transcript (Atlg07920).

- The fold change was represented with respect to the wild type. The primers for this study

are listed in Annexure.
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Section 3

Transformation of Arabidopsis Using the Floral Dip Method

The transformation of Arabidopsis through the floral dip method as described by (Zhang et al,,

2006b) requires several key components:
Component Descriptions:
- MS Media: Prepared as outlined in Section 1.
- MS Selection Media: MS media with 25 j1g/ml Hygromycin for selection purposes.
- Liquid LB Medium: Prepared using 10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter.
- Sucrose Solution: Freshly prepared at 5% (wt/vol).
- Silwet L-77: Surfactant used in the transformation process.
- Ethanol 70% (vol/vol): Used for sterilization.
- Agrobacterium Clone: Full-length AtHMGBI15 clone in LBA4404 strain.
- Arabidopsis Plants: Wild-type (WT) Arabidopsis plants.
Preparation of Arabidopsis Plants for Floral Dip:
- Arabidopsis seeds were sterilized and plated as described in Section 1.

- After germination, seedlings were grown under long-day conditions (16 h light/8 h dark

at 20°C) for two weeks before being transferred to moist soil (approximately 6 seedlings

per pot).

- Plants were grown in a growth chamber under short-day conditions for 3—4 weeks,

before being moved to long-day conditions to induce flowering.

- Toencourage the growth of immature flower clusters, the first flower bolts were removed,
allowing secondary inflorescences to proliferate from axillary buds. Agrobacterium

treatment was performed 6-8 days after clipping the first bolts.

- Toincrease transformation efficiency and reduce contamination, siliques were removed
from the plants before transformation, thereby enhancing nutrient supply to newly

transformed cells and decreasing the number of wild-type seeds.
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Floral Dip Transformation Procedure:

- A single colony of Agrobacterium containing the gene of interest in a binary vector was
inoculated into 5 ml of liquid LB medium with necessary combination of antibiotics and

incubated at 28°C for 48 hours.

- This feeder culture was used to inoculate 500 ml of liquid LB with appropriate antibiotics,
which was then incubated at 28°C for 16—24 hours until the cells reached the stationary

phase (OD ~1.5-2.0).

- Agrobacterium cells were harvested by centrifugation at 4,000g for 10 minutes at room

temperature and resuspended in freshly prepared 5% sucrose solution.

- Silwet L-77 was mixed to a concentration of 0.02% (vol/vol), and the suspension was
moved to a 500 ml beaker for dipping. Plants were dipped twice, with a 7-day interval, to

increase transformation frequency.

- The aerial parts of the plants were inverted and dipped in the Agrobacterium suspension
for 10 seconds with gentle agitation, ensuring that both inflorescences and the rosette

were submerged.

- After dipping, the plants were allowed to drain for 3—-5 seconds and were then covered
with plastic to maintain high humidity for 16—-24 hours, avoiding exposure to high

temperatures or excessive light.

- The following day, the cover was removed, and the plants were returned to the
greenhouse or growth chamber for normal growth over the next month. Once the siliques
turned brown, watering was withheld, and the drying plants were wrapped with wax

paper to collect dry seeds.
Screening of Primary Transformants:
- MS selection media plates containing hygromycin were prepared.
- Harvested seeds were sterilized and plated, with approximately 100 seeds per plate.

- Seeds were vernalized at 4°C for 3 days and then moved to a growth chamber under long-

day conditions.

- After 7-10 days, transformants were identified as seedlings with healthy green

cotyledons, true leaves, and roots extending into the selective medium.
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- Potentially positive transformants were transferred to fresh selection plates once true
leaves emerged and were allowed to grow for an additional 1-2 weeks to confirm their

transgenic nature.

- Transformed plantlets were transplanted into soil rite, covered with plastic film to

maintain high humidity for 2 days, and grown under proper light for seed collection.

DNA Isolation and Confirmation of Transgenic Lines

DNA was harvested from the leaves of T2 generation plants to confirm transgenic lines using the
Plant DNAzol method, which relies on a guanidine-detergent lysing solution for RNA hydrolysis
and selective DNA precipitation. PCR was then performed using gene-specific primers to verify

the presence of the transgene.

Validation of Transgenic Lines Using PCR

Following genomic DNA isolation, PCR was conducted utilizing gene-specific primers as detailed

in Annexure 1. The components for the 20 pl PCR reaction were assembled as follows:

PCR Component Volume (in pl)

Reaction buffer (10X) 2.0

dNTPs (10 mM) 0.5

MgCl, (25 mM) 0.6

Forward Primer (10 pM) 0.3

Reverse Primer (10 pM) 0.3

DNA Polymerase (5 U/pl, Abcam) 0.3

Template (1/10th diluted gDNA) 5.0

DMSO 10

Nuclease-free water Volume made up to 20.0

The PCR cycling conditions were set as follows:

PCR Step Temperature Time Cycles
Initial Denaturation 95°C 5 mins 1
Denaturation 95°C 45 secs
Annealing 50°C 45 secs 35
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Extension 72°C 2 mins
Final Extension 72°C 7 mins 1
Hold 4°C

The PCR products were subsequently visualized on a 1.2% agarose gel, and positive clones were

identified and selected based on the results.

RNA Isolation, cDNA Synthesis and Quantitative PCR (gPCR) for Gene

Expression Analysis

RNA was isolated from wild-type, athmgbi5-4mutant, and AtHMGBI5 overexpression in mutant
background (athmgbi5-4-OEA4) transgenic plants. This was achieved using the Nucleopore plant
RNA isolation kit, following the manufacturer’s protocol. To synthesize the first strand of cDNA,
reverse transcription was performed using 5 g of RNA and an oligo dT(18) primer, as described

in Section 1. The RT-gPCR analysis was conducted as described in Section 1.

Morphological differences between wild-type, athmgbi5-4 and athmgbl5-4-
OEa4 plants

Phenotypic analysis and comparison of athmgbi5-4-OE s with wild-type and athmgbl5-4 mutant

plants was performed as described in Section 1.

Hormone Estimation

The estimation of the content of Jasmonic Acid (JA) and derivatives was conducted using
electron spray ionization coupled with mass spectrometry (ESI-MS), following the method

previously described in Section 1.
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Observation and Inference

Section 1

Confirmation of AtHGMBI5expression in athmgbl5 mutants

The mutant lines were previously screened in our lab for homozygous lines. Southern blot and
northern blot analysis were also performed for the athmgbi5-4. To re-confirm the expression of
AtHMGBI5 specifically in the mutant flowers RNA was isolated (Figure Chl_2A) the RT-qPCR
was performed using flower tissue of athmgbl5-4, SALK057612C_9 and SALKO057612C_15. The
expression analysis revealed a 10-fold decrease in AtHMGBI5 expression in athmgbi5-4 flowers
and about a 5-fold reduction in Salk lines when compared to the levels in wild-type flowers
(Figure Chi_2B). This difference in expression was possibly due to the difference in the site of T-
DNA insertion in the mutant lines. In the athmgbi5-4 mutants the AtHGMBI15 gene was disrupted
with a T-DNA insertion in the 15t exon whereas, in the SALK057612C_9 and SALK057612C_15 lines,
the insertion is at the 1kb promoter region of the AtHMGBI5 gene. Therefore, we selected and
proceeded with athmgbi5-4 for most of our phenotypic studies due to its lowered expression of

athmgbl5-4in comparison to the other two mutant lines.

A B Figure Chl_2: Expression of
RNA visualisation AtHMGB15 transcript AtHMGBI5 transcripts in mutant
levels flowers. A) Visualization of RNA

== Wildtype Isolated from flowers of wild type vs

° E - % '; ;‘I:'I'_"'(g‘;;s_":mc = mutants. B) RT-gPCR showing

z E’ = <! = ALK DS7é150 significant reduction of AtHMGBI5

= s 2 & . transcript in mutant lines. The fold

change was represented with
respect to the wild type. Error bars
represent mean+SD (n=6). The
significance of the results was
assessed through a one-way ANOVA
with Tukey's post hoc test (* denotes
P < 0.05 ** denotes P s 0.001, ***
denotes P < 0.0001).

28S rRNA<—
18S rRNA<—

1.2% MOPS Gel

FOLD CHANGE

Morphological differences in the seedling stage between wildtype and

athmgbl5-4 mutants

The seedlings of wild type and athmgbi5-4 were compared from the day of germination to 25

days. The rosette of both plants was healthy with no observable difference in the leaf numbers
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and size (Figure Chl_3A). However, when we observed the length of the roots at the same stage

there was a difference between the two (Figure Chi_3B). The roots of mutant seedlings were

slightly shorter in comparison to those of the wild type. The study was conducted over one year

in five batches to rule out the possibility of season variation (Figure Chil_3C).

Wildtype athmgb15-4
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c ROOT LENGTH
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Figure Chl_3:
Morphological analysis at
the Seedling stage. A)
Rosettes of wild type and
athmgbl5-4 showing no
visible difference in size.
Scale bar=2 cm. B) Roots
of wild type are slightly
longer than athmgbl5-4.
The experiments were
repeated with 100 plants
for each and 5§ seedlings
from wildtype  and
athmgbli5-4 were used for
pictorial representation.
The scale bar (orange) is
Icm. C) Quantification of
root length. Measurement
was done using 100
seedlings  for  each
observation. Error bars
represent mean * SD
(n=100) The significance
was calculated by paired
two-tailed students t-test
Asterisks represent
significant  differences
between Wildtype and
athmgbl5-4, ***P< 0.001.

The root length was measured in over 100 plants and represented through a bar graph. Thus, it is

undeniable that ATHMGBI5 plays a crucial role during Root development in Arabidopsis.

Although it is beyond the scope of this study, it could be investigated further.

AtHMGBI5 influences Flowering time in Arabidopsis

The wildtype and athmgbl5-4 plants were potted in a soil mix and grown under regular growth

conditions (long days) to study the flowering time. Notably, wild-type plants bolted around 27-30

days from the time of germination. But, to our surprise, the athmgbi5-4 plants did not bolt until
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35 to 37 days on average (Figure Chl_4A). This observation motivated us to study the time of
flowering in a larger population of plants for one year to negate the effects of seasonal variation.
During the study of around 300 plants, we saw a high percentage of athmgbil5-4 mutants
exhibiting delayed bolting (Figure Chl_4B-E).

The number of leaves at the time of bolting was calculated (Figure Chl_4F). Wild-type plants
bolted when the rosette comprised about 12-15 leaves. Whereas, the rosettes of athmgbi5-4
mutant plants consisted of 17-21 leaves at the time of first bolt emergence. This indicated a delay
in the time of conversion from the vegetative phase to the inflorescence stage of the mutant
plants. A plausible explanation could be that the chromatin remodeller AtHMGBIS is involved in

the flowering time which could be another topic of investigation in the future.

The siliques were shorter in the athmgbi5-4 mutants

Another interesting observation while studying the morphology of the aerial portion of the plants
was that the siliques were visibly shorted in the mutants. Siliques are elongated, capsule-shaped
fruits of the Arabidopsis plants bearing the seeds. A silique splits at maturity into two segments,
known as valves, which remain attached at the top. These valves separate to reveal a central
partition that retains the seeds. Upon closer analysis under a stereo-zoom microscope, it was
revealed that the mutant siliques had a lower number of fertilized seeds within each pod (Figure
Chl_5A-C). The fresh weight of the mature siliques of the wild type was higher than that of
athmgbl5-4 mutants (Figure Chl_5D). The overall shorted siliques and reduced seeds per silique

culminated in a lower seed yield in our mutants (Figure Chl_5E).

The lowered seeds produced per plant in mutants could be due to a poor rate of fertilization. In
dicot plants, the seeds are healthy when a proper and timely double fertilization occurs. The
abortive seeds are an alibi for poor or unfertilized ovules and directly hint at a defective male
gametophyte. This is when the current research took an eventful turn to delve deep into the study

of Pollen properties in the athmgbl5-4 mutants.

The Pollen grains of athmgb15-4 mutants were defective in morphology

The mature pollen grains were carefully isolated from the wild type and athmgbi5-4flowers and
subjected to visualization under a scanning electron microscope (SEM) (Figure Chl_6). The

pollen grains of typical Arabidopsis wild-type plants are ellipsoidal. They are about 35-40um long
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and the diameter at the center is about 20um. There is the presence of three equally spaced
longitudinal slits representing each of the pollen apertures. The apertures are the regions in the
pollen where the exine layer is absent, i.e., the sporopollenin deposition is absent. These
apertures are specialized openings where the intine extends into the pollen tube at the time of

pollen tube germination during fertilization.

The wild-type pollen grains in Arabidopsis display a uniform layer of sporopollenin. The
ornamentation pattern is honeycomb-like, exhibiting a reticulate pattern of exine wall formation.
The SEM analysis revealed more than 30% of mutant pollen grains were spheroidal and
irreqularly shaped, while the rest of the pollen grains were morphologically identical to wild-
type pollen. The defective pollen grains were smaller in size than the wildtype pollen measuring
only 20um in diameter. The exine wall in these spheroidal pollen grains was somewhat
undulating without a clear reticulate pattern of ornamentation. The non-uniform sporopollenin

deposition masked the pollen apertures as observed under the SEM (Figure Chl_7).

The SEM analysis revealed more than 30% of mutant pollen grains were spheroidal and
irregularly shaped, while the rest of the pollen grains were morphologically identical to wild-
type pollen. The defective pollen grains were smaller in size than the wildtype pollen measuring
only 20um in diameter. The exine wall in these spheroidal pollen grains was somewhat
undulating without a clear reticulate pattern of ornamentation. The non-uniform sporopollenin
deposition masked the pollen apertures as observed under the SEM (Figure Chl_7). The apertures
are crucial for the pollen tube germination that is prompted on the stigmatic surface at the time
of fertilization. Conclusively, the SEM imaging analysis confirmed defects in pollen morphology

owing to pollen grain shape, size, aperture and ornamentation pattern of the exine wall layer.

Pollen tube germination was retarded in athmgbl5-4 mutants

Upon morphological analysis of the pollen grains, we were interested in studying the
physiological activity in both the wild-type and mutant pollen grains. We isolated freshly opened
flowers and subjected them to the Pollen germination media (PGM) to monitor the rate of pollen
tube germination under the light microscope (Figure Chl_8A). The PGM mimics the environment

on the stigmatic surface of the female gametophyte at the time of onset of fertilization.

A time-dependent in-vitro pollen tube germination assay was conducted where the number of
germinated pollen grains was noted at 2 hours after adding the mature pollen grains to PGM

followed by observation at 4 hours and 6 hours.
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Figure Chi_4: Delayed flower bolting in athmgbl5-4 mutant. A) Wild type and athmgbl5-4 mutant plants to monitor the
flower bolting phenomenon. The experiments were repeated with 120 pots for each and 5 pots from wildtype and
athmgblib-4 were used for pictorial representation. Scale bar (orange) is 2.5cm. B) Quantitative analysis of flower bolting
between athmgbl5-4 and wild type. The experiments were done from seeds of 4 to 5 independent harvests. Data were
collected from 100 plants of each batch. Error bars represent mean+SD (n=400), and significance was calculated by paired
two-tailed Student’s t-test. Asterisks represent significant differences between wild type and athmgbl5-4, *P<0.05. dpg,
days post-germination. C) Delayed flowering of athmgbl5-4 compared to wild type. Scale bar=2 cm. E) Days from
germination to flowering. Error bars represent mean+SD (n=27), and significance was calculated by paired two-tailed
Student'’s t-test. Asterisks represent significant differences between wild type and athmgbl5-4, ***P<0.001. F) Number of

Page | 62



CHAPTER ONE

rosette leaves at bolting. Error bars represent mean+SD (n=27), and significance was calculated by paired two-tailed
Student’s t-test. Asterisks represent significant differences between wild type and athmgbl5-4, ***P<0.001
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Figure Chil_5: Shorter Siliques and reduced seed set observed in athmgbl5-4 mutant. A) Comparative silique length of
wild type and athmgbl5-4. Scale bar=5 mm. B) Comparitive seed set between wild type and athmgbl5-4. Scale bar=2.5
mm. C) Quantitative analysis of silique length between wild type and athmgbl5-4. 20 siliques were measured for each
observation. Error bars represent mean+SD (n=20). D) Quantitative silique fresh weight between wild type and athmgbl5-
4. Measurement was taken using 20 siliques for each observation. Error bars represent mean+SD (n=20). E) Number of
seeds per pod was counted from mature siliques of wild type and athmgbl5-4. Error bar represents mean+SD (n=30). The
significance of all these results was analyzed by paired two-tailed Students t-test Asterisks represent significant
differences between wild type and athmgbl5-4, ***P<0.001.

Imaging under a light microscope revealed a steady increase in the number of germinated pollen
grains in wildtype was observed. From 50% germinated pollen grains at 4 hours to almost >95%
of pollen grains germinated by the 6-hour window. Except that was not the situation with the
athmgbl5-4mutant pollen grains. The mutant pollen grains were extremely retarded in their rate
of germination as revealed in the time-kinetics analysis. Initially, at 2 hours, less than 5% of the

pollen grains germinated and at 6h hours about 40% of pollen grains germinated (Figure Chi_8B).

The poor rate of germination was alarming but the underlying reason is connected to the masked
pollen apertures. The previously reported morphological defect and an inappropriate layer of
sporopollenin at the regions of the aperture hindered the proper exudence of the pollen tube at

the time of pollen tube germination.
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Figure Chl_6: Morphological differences between wild type and athmgbl5-4 pollen grains. Upper panel showing SEM of
pollen grains isolated from wild type showing ellipsoidal shape with reticulate ornamentations. Lower panel represents
the defective pollen morphology of athmgbl5-4 mutant having a spheroidal shape with irregular ornamentation. The
experiment was repeated at least 10 times with pollen grains isolated from different batches of wild type and athmgbl5-
4.

Pollen viability is compromised in the mutants

Pollen viability is crucial to ensure successful fertilization of the egg cells to produce the seeds.
To ensure the vitality and reproductive vigor of the plants the pollen cells must be viable. To
check the viability, pollen grains of both wildtype and athmgbl5-4were isolated and stained with
Trypan blue solution. Trypan blue is an acid azo-dye a negatively charged dye, which stains the
dead, non-viable cells. It labels the dead cells by entering the cytoplasm through the leaky
channels and porous cell membranes of the dead cells. The non-viable cells take up a stain bright
blue and are easily distinguishable from the healthy cells which do not take up any stain. The
number of viable wild-type pollen grains was significantly higher than those of mutants. The
fields observed under the microscope showed a higher percentage of blue cells in athmgbi5-4

corresponding to a higher number of dead non-viable cells (Figure Chl_9A-B).
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Figure Chl_7: Morphological differences between wild type and athmgbli5-4 pollen grains. Upper panel showing SEM of
pollen grains isolated from wild type showing fully developed pollen aperture. The lower panel represents the defective
pollen morphology of the athmgbl5-4 mutant having an underdeveloped pollen aperture. The experiment was repeated
at least 10 times with pollen grains isolated from different batches of wild type and athmgbl5-4.

Therefore, we could conclude that almost half the population of pollen grains was nonviable in
the athmgbl5-4mutant. this number is similar to the percentage of non-germinated pollen tubes
in the mutant, hinting at a correlation between the two. Also, the number of morphologically

challenged pollen grains was almost similar to this numerical.

Hence conclusively it can be stated that the poor rate of germination, defective morphology of
pollen grains and the overall reduced viability in the mutants are directly associated with the
absence of ATHMBGIS in the mutants thereby highlighting the importance of AtHMGBIS in the

development of Male gametophyte in Arabidopsis thaliana.
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Figure Chl_8: Pollen germination rate is retarded in athmgbl5-4. A) Freshly isolated pollen grains from wild type and
athmgbli5-4 were subjected to time depedent in-vitro germination assay. B) Graphical representation of the rate of pollen
germination of wild type and athmgbl5-4 at the given time points. Error bars represent mean+SD (n=10). The significance
was analyzed by paired two-tailed Student’s t-test. Asterisks represent significant differences between wild type and
athmgbl5-4, *P<0.05, ***P<0.001.
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Figure Chl_9: athmgbl5-4 reveals a higher number of non-viable pollen grains. A) The Tryan blue stain colors the dead
cells bright blue. Wild type shows a lower number of blue-stained cells in comparison to athmgbl5-4 pollen grains. B)
Graphical representation of the number of viable pollen grains in wild type vs athmgbl5-4 mutants. The significance
was analyzed by paired two-tailed Student’s t-test. Asterisks represent significant differences as indicated **P<0.01
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Section 2

Analysis of the Transcriptome Data

To investigate how AtHMGBI5 regulates the gene expression during pollen development
transcriptome profiling was carried out using flowers from wild type and athmgbi5-4 plants.
High-quality data was generated for Wildtype samples were in the range of 5.51 Gb and Mutant

in the range of 4.41 Gb. A detailed summary of the report obtained is mentioned below.
- Library Preparation

The QC-passed RNA samples were then processed for library preparation. The PE libraries were
prepared from total RNA using TruSeq stranded mRNA Library Prep Kit as per the kit protocol.
The mean of the libraries fragment sizes are 359bp and 37lbp for samples Wild type and
athmgbl5-4 mutant, respectively. The libraries were sequenced on NextSeq 500 using 2 x 75 bp

chemistry.
- High Quality Read Statistics

Adapter removal and quality trimming were carried out on raw sequencing data using
Trimmomatic v0.35, eliminating adapter sequences, ambiguous reads (with over 5% unknown
nucleotides “N”), and low-quality sequences (with more than 10% of bases below a 20 Phred
score). Reads shorter than 50 nucleotides were also discarded, resulting in high-quality, paired-
end reads suitable for reference-based mapping. These processed reads were then mapped to the
reference genome using TopHat under default parameters, achieving approximately 96.5%

alignment for both Wildtype and athmgbl5-4 mutant samples.
- Differential Gene Expression (DGE) Analysis

The reference genome of Arabidopsis thaliana, with a genome size of 116.846 MB was used for
analysis. The GFF (Gene Feature Format) files used for analysis were used from TAIR database.
There is total of 37,891 genes present in Arabidopsis thaliana GFF file. The differential gene
expression analysis was carried out using Cufflink v1.3.0 along with the GFF file. Genes with Fold
Change (FC) values above zero and a P-value threshold of 0.05 were classified as up-regulated,
while those with FC values below zero were marked as down-regulated. Further categorization
of these genes was based on their statistical significance (which can be either "yes" or "no),
determined by an FDR (False Discovery Rate) of 0.05 following Benjamini-Hochberg correction

for multiple testing.
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Differential gene expression analysis was carried out using cuffdiff between Wildtype vs Mutant,
total commonly expressed genes were 23,888, which includes 1,863 significantly upregulated

genes and 1,933 significantly downregulated genes.

Graphical Representation of Differentially Expressed Genes via Volcano Plot

The R script was used to depict the graphical representation and distribution of differentially
expressed genes which were found in wildtype as well as athmbgi5-4samples. The ‘volcano plot’
arranges expressed genes along dimensions of biological as well as statistical significance

(Figure Ch1_10).

The red block to the right of zero indicates upregulated genes, while the blue block to the left
represents significantly downregulated genes. The Y-axis shows the negative log of the p-value
(p = 0.05) from the statistical test, where data points with lower p-values (indicating high
significance) appear higher on the plot. Non-differentially expressed genes are represented by

the black block.

Graphical Representation of Gene Ontology Analysis

Geno Ontology Analysis was initially performed using TAIR GO database and ShinyGO for genes

expressed in Wildtype and Mutant samples.

A detailed GO analysis of differentially enriched genes is shown as a histogram (Figure Chi_1]).
The results are reviewed under GO categories: biological process, molecular function, and cellular

component.

The bubble plot representing gene ontology (GO) term enrichment analysis of differentially
expressed genes (DEGs) highlights significant enrichment in biological processes such as pollen
tube development, cell growth and regulation, cell wall development, biogenesis and
organization, hormone-mediated signaling and response pathways, response to jasmonic acid

(JA), as well as various biosynthetic and metabolic processes (Figure Chl_12).
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Figure Chl_I0: Volcano plot representing the distribution of differentially regulated genes. Blue dots represent the
significantly downregulated genes, the red dots represent the significantly upregulated genes of the dataset and the black
dots represent genes below the p-value 0.05 cutoff, hence not significant.

Graphical Representation of Functional Annotation of Pathways

Functional annotation of pathways was carried out using KAAS online server for genes

expressed in Wildtype and Mutant samples.

All the sample genes were mostly categorized into different functional KAAS pathway categories.
The majority of the genes were annotated for Signal transduction, Translation and Carbohydrate

metabolism (Figure Chl_13).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis further revealed significant
enrichment in pathways such as a-linolenic acid metabolism, carotenoid biosynthesis, and

secondary metabolite biosynthesis within our dataset, as outlined below.

Heatmap showing Differentially Expressed Genes
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An average linkage hierarchical cluster analysis was performed on selective differentially
expressed genes using R version R4.4.1. Differentially expressed genes were subjected to
hierarchical clustering analysis. To visualize the expression patterns, heatmaps were generated
using log-transformed and normalized gene expression values. The clustering was performed

based on Pearson’s uncentered distance metric and the average linkage method (Figure Chl_14).
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Figure Chl_11: Gene ontology analysis of differentially expressed genes represented as a histogram. The results are
categorized under the GO classifications: Biological Process, Molecular Function, and Cellular Component.
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Figure Chl_12: Bubble plot representing the gene ontology enrichment. The data was distributed into six major
subcategories namely Cell development, Flower Development, Hormone Pathway, Pollen, Response to Stimuli and Signal
Transduction. The size of the bubble represents the gene size and the Colour scale represents fold enrichment.

In the heatmap, each horizontal row corresponds to an individual gene, identified by its gene ID.

The color gradient reflects the logarithmic scale of gene expression levels, with high expression

values represented in red and low expression levels in blue.

Expression Profile of Pollen-Related Genes

The Differentially regulated genes from the enriched gene pool were analyzed. The GO analysis

highlighted the enrichment of the genes involved in Cell wall Organisation and Biogenesis,
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Pollen development-related genes, Protein Kinases, and Phosphatases involved in Pollen

development, Biosynthesis, and Response to Hormones along with a few more clusters.
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Figure Chl_I13: Histogram showing the KEGG ontology of Differentially Enriched Genes.
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These genes were then selected and categorized into two groups and heatmaps showing the

hierarchical clustering were plotted for each group (Figure Chi_15). The first group consisted of

genes involved in overall Pollen Development (Figure Chi_15A) Related genes and the second

consisted of Cell Wall Biogenesis (Figure Chl_I15B).

Validation of Differentially Expressed Genes

While delving deep into the transcriptome data we identified many subgroups that were

significantly enriched in our dataset. We were concerned with the genes involved in Pollen

development and Pollen related processes.
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Figure Chl_14: A composite heatmap showing the level of gene abundance in wildtype (WT2/3/4) and athmgbl5-4
(MUTZ2/3/4) flowers. The scale represents the log2FC ratio of gene abundance between samples.

We were particularly interested in the down-regulated dataset and hence took help from the
literature made available over the last few years that highlighted the importance of the genes

involved in Pollen Development.
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Figure Chl_15: Heatmap showing the relative expression of major gene pool belonging to the Pollen Development and Cell
wall Biogenesis and Organisation. The heatmaps show the level of gene abundance wildtype (WTZ2/3/4) and athmgbl5-4
(MUTZ2/3/4) flowers. The scale represents the log2FC ratio of gene abundance between samples.

Table Chi_1: List of top 10 significant differentially expressed genes involved in Pollen

Development and Related Processes:

Gene ID Gene Name log2 FC P-value Gene Description

AT5G50260 CEPI 2.65204 2.22E-16 Cysteine proteinases superfamily protein

ATIG72520 10X4 26074 222E-16 PLA T/LHZ ' domain-containing  lipoxygenase
family protein

AT2G33100 CSLDI -2.529 8.88E-16 cellulose synthase-like DI

AT4G17615 CBL1 -16824 8.88E-16 calcineurin B-like protein 1

AT3G20190 PRK4 -1.3076 3.33E-15 Leucine-rich repeat protein kinase family protein

AT3G48360 BT2 2.88277 104E-14 BTB and TAZ domain protein 2

AT3G48520 CYP94B3 -2.3747 180E-14 | OVlochrome P450, family 94, subfamily B,
polypeptide 3

ATIG47270 TLP6 -0.9663 4.34E-13 tubby like protein 6

ATIG17420 LOX3 -2.3125 3.14E-10 lipoxygenase 3

AT2G39800 P5CSI 13749 4.88E-10 deltal-pyrroline-5-carboxylate synthase 1

Upon analysis, we selected a few targets that showed significant downregulation in the mutant

(as shown in Table Chi_1 and Annexure_3) and proceeded with their validation via the RT-qPCR.

Pollen-related Protein kinases and phosphatases were enriched in our dataset. Few critical
kinases identified as necessary genes involved in ensuring proper and timely pollen

development were downregulated (Figure Chi_16). The MAP Kinases such as the MPK3 MKES,
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and MKK9 were significantly downregulated in the dataset. Pollen-related Kinases, i.e., PRK2A,
PRK3, PRK4, PRKS5, PRK6. The calcium-depenedent protein kinases like CPK16, CPK17, CPK24,
CPK34 were downregulated. As observed earlier the pollen grains of the mutant exhibited
defective pollen cell wall and hence to gain further insights, we analyzed the transcriptome data
for genes associated with cell wall biosynthesis. Our RNA-seq analysis uncovered a notable
reduction in the expression of genes associated with cell wall biosynthesis in athmgbi5-4
flowers. This includes genes like pectin lyase, cellulose synthase, pectin methylesterase, and
extensin, all of which are essential for proper pollen wall formation. (Figure Chl_17). We then
selected genes from the Hormone biosynthesis, response and signaling and validated them.
There was a significant downregulation of the genes belonging to the ethylene pathway,
Gibberellic Acid, Jasmonic Acid and Auxin response pathway in the athmgbi5-4 mutant flower

(Figure Chl_18).

Comparative Analysis of DEGs between athmgbl5-4 and athmgbi5-1

Our transcriptome data had a good spread of DEGs as represented through the GO and KEGG
enrichment and hence we considered comparing it to pre-existing datasets. Previously published
work on athmgbis-1 mutants by Xia et al 2014 carried out a microarray analysis from the pollen
tissue showing 1986 differentially expressed genes in the mutant (Xia et al., 2014). We compared
757 genes of the FDR-corrected upregulated from our dataset with 1101 upregulated genes from
the microarray dataset and extrapolated 60 genes that were common to both the mutants as
listed in the Table Chl_2 and Annexure_4. Whereas about 111 genes ( 7able Chl_3 & Annexure_>5)
were common in the downregulated pool of 905 and 585 genes in the athmgbl5-4and athmgbl5-

Idata sets, respectively.

The common genes listed in the tables were represented as venn diagrams (Figure Chi_19A-B)
and then subjected to GO enrichment to get a fair idea of the processes they were involved (Figure
Chi_19C). Though the pollen microarray did not consist of many genes from the early pollen
development pathway, instead exhibited genes enriched during Pollen tube growth, pollen tube
cell tip elongation, pollination and regulation of pollen tube growth. Cell tip elongation and its
guidance through the style of the female gametophyte to reach the ovary is a crucial step in the
process of fertilization. The protein kinases and the serine-threonine kinases involved in pollen

tube compatibility and recognition were enriched.
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BIOSYNTHESIS AND RESPONSE TO HORMONES

FOLD CHANGE

FOLD CHANGE

CELL WALL BIOSYNTHESIS AND ORGANISATION

FOLD CHANGE

1.2+

PROTEIN KINASES AND PHOSPHATASES

= Wildtype
Bl athmgb15-4

GENES INVOLVED IN

= Wildtype
B athmgb15-4

= Wildtype
B athmgb15-4

Figure ChIl_16: Expression of differentially
regulated genes was analyzed between
wildtype and athmgbl5-4 using RT-qPCR.
The fold change was represented with
respect to wildtype. Error bars represent
mean * SD (n=5). The significance for each
gene was analyzed by paired two-tailed
Student’s t-test  Asterisks  represent
significant differences between Wildtype
and athmgbl5-4, ***P< 0.001.

Figure Chl_17: Expression of differentially
regulated genes was analyzed between
wildtype and athmgbl5-4 using RT-gPCR.
The fold change was represented with
respect to wildtype. Error bars represent
mean * SD (n=5). The significance for each
gene was analyzed by paired two-tailed
Student’s  t-test  Asterisks  represent
significant differences between Wildtype
and athmgbl5-4, ***P< 0.001.

Figure Chl_18: Expression of differentially
regulated genes was analyzed between
wildtype and athmgbl5-4 using RT-gPCR.
The fold change was represented with
respect to wildtype. Error bars represent
mean + SD (n=5). The significance for each
gene was analyzed by paired two-tailed
Student’s t-test.  Asterisks represent
significant differences between Wildtype
and athmgbl5-4, ***P< 0.001.
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Table Chl_2: Summary of top 10 from the 60 upregulated genes common to athmgbi5-1 and

athmgbl5-4 mutants:
Gene ID Gene Name log2 FC P-value Gene Description
AT1G28327 F3H9.2 6.08527 4.98E-05 E3 ubiquitin-protein ligase
ATIGI8860 WRKY61 523186 6.19E-11 WRKY DNA-binding protein 61
AT5G19560 ROPGEFI0 476675 7.35E-08 ROPuanine nucleotide exchange factor
AT4G32375 AT4G32375 426237 3.2IE-10 Pectin lyase-like superfamily protein
AT3G09240 BSK9 424345 443E-09 152’,13221 Z;Za e jgf;’g > tide repeat
AT3G01900 CYP94B2 353445 2.97E-05 g’ ;Z‘;ﬁ; Zﬁf d]:. 4250' family 94, subtamily
AT2G30240 ATCHXI3 340899 1.90E-05 ;f;‘;fn/ hydrogen  exchanger family
AT3G09520 EXO70H4 319734 8.54E-06 s t subunit exo70 family protein
ATIG02580 MEA 2.80852 4.36E-06 SET domain-containing protein
AT4G00955 AT4G00955 270456 142E-07 fofe f;socja ted receptor kinase-like

Table Chl_3: Summary of top ten from the 111 down-regulated genes common to athmgbl5-1 and

athmgbl5-4 mutants:

Gene ID Gene Name log2 FC P-value Gene Description

AT5G55980 MDA7.2 -5.8234 4.36E-11 serine-rich protein-like protein

ATIG67623 FI2A21.25 -5.4693 0.00026 F-box family protein

ATIG24110 F316.3 -5.0964 9.42E-11 Peroxidase superfamily protein

AT3G05140 RBK2 -4.4381 0 ROP binding protein kinases 2

AT2G03840 TETI3 -3.9394 9.35E-10 tetraspaninl3

AT5G25430 Fi18GI18.170 -3.8626 4.33E-14 HCO3- transporter family

AT3G21570 AT3G21570 -3.8023 0 proline-rich — nuclear  receptor
coactivator

ATIGI9090 RKE2 36964 1.24E-10 ;eceptor-lzke serine/threonine kinase
HMG (high mobility group) box

ATIG04880 FI3M713 -3.5488 3.71E-08 protein with ARID/BRIGHT DNA-
binding domain-containing protein

AT5G48140 MIF21.3 -3.6101 0 Pectin lyase-like superfamily protein

Also, to our surprise apart from the pollen-related processes, Linolenic acid metabolism-related
genes were enriched. a-linolenic acid is the precursor of the JA and hence we believe that the JA
pathway could be a point of study. JA is widely known to contribute to the proper development
of the male gametophyte. So, we were confident that this plant hormone and its pathway may be

an important aspect of this study.
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Comparative analysis of DEG in athgmbi5-4 flower vs CHIP-chip AtHMGBI15

binding in wildtype seedlings

We then considered comparing the DEGs of athgmbi5-4 flower RNAseq data with previously
published CHIP-chip AtHMGBI5 binding in wild-type seedlings from our lab (Figure Chl_20A-B).
This common pool obtained from this comparison sheds light on the genes that are differentially
regulated in the athgmbi5-4 mutant flowers and also have the AtHMGBI15 binding occupancy
(Figure Chi_20C). This tells us about the binding pattern of AtHMGBI5 involved in various
pathways that may be crucial to pollen development. There were about 583 and 520 genes
common to the CHIP-chip AtHMGBI5 control binding in wildtype with the FDR-corrected

downregulated and upregulated DEGs of athmgbl5-4 flower tissue, respectively.

A) () Oxictoraductans activity
Downregulated genes Lincleate 138 liponygenase activity
Linoleic acia metatoliem
Regulation of short-day photoperiodism, flowering
Reguintion of polten tube growsn .
Pollen tube .
Pimsia membeans bounaed cen projection |18
Cell projection M Fold enrichment
o
athmgb15-4 athmgb15-1 Fnenne s mamnenn . I;:
sarawih %
B) .
Upregulatedgenes ~ soten tube doveropment . Hursrof e
Cell tip growth . "
(X
Regulation of cell growth . (]
Developmental call growth .
itinati; L
" e nt L]
athmgb15-4 athmgb15-1 rotein serinefthreonine kinase activic :
.

Figure Chi_19: Comparative analysis of DEGs (flower tissue) with Xia et al 2014 (pollen tissue) datasets: A&B) Venn
diagrams representing 111 downregulated genes and 60 upregulated genes in comparison with Xia et al 2014 (pollen
tissue) dataset, respectively. C) Bubble plot showing GO term enrichment of a common set of genes between athmgbl5-4
and Xia et al 2014 (pollen tissue) dataset.

We analyzed the GO enrichment for the 1103 genes (Annexure 6&7) from the common pool and
observed a high number of genes involved in Reproductive processes including pollen cell wall,
pollen tube and cell tip growth, anther dehiscence, and circadian rhythm along with Lipid
metabolic processes and Cell wall development. A few of the pollen cell wall components like

the galacturonases, polysaccharides, pectins and cellulose synthases were also affected.

Hormone metabolic processes, and plant hormone-mediated signal transduction pathway-
related genes were also gravely enriched. Kinase activity was also enriched especially The MAP

Kinase signaling. We observed that overall, many signaling pathways associated with plant
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hormones such as Ethylene, Salicylic acid and JA were enriched. Genes related to the JA
precursor metabolism, biosynthesis and response pathways were all enriched.

A) C)
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Figure Chl_20: Comparative analysis of DEGs (flower tissue) with CHIP-chip AtHMGBI5 control binding in wildtype
Mallik et al 2020 (seedling tissue) datasets. A&B) Venn diagrams representing a total of 580 downregulated genes and 518
upregulated genes in comparison with wildtype ChIP-chip dataset_I and 2 from Mallik et al 2020 (seedling tissue),

respectively. C) Bubble plot showing GO term enrichment common between athmgbl5-4 (flower tissue) and ChIP-chip

dataset from Mallik et al 2020 (seedling tissue).

AtHMGBIS5 affects the Jasmonic Acid pathway

The above comparisons and analyses revealed a promising direction to our study hinting at the
involvement of AtHMGBIS5 in regulating the JA during pollen development. We then analyzed the
JA-related genes and saw a significant number of biosynthesis and response-related genes were

differentially regulated (7able Chl_4 and Annexure_8).

Table Chi_4: List of top 10 significant differentially expressed genes involved in JA Biosynthesis,

Response and Signaling:

Gene ID Gene Name log2 FC P-value Gene Description

AT2G06050 OPR3 -2.0484 0 oxophytodienoate-reductase 3

ATIG17380 JAZS -18745 0 jasmonate-zim-domain protein 5§

ATIG20510 OPCLI -1.9844 0 OPC-8:0 CoA ligasel

AT4G35770 SENI 299227 0 Rbodanes:e/C’e]] c;./cle control phosphatase
superfamily protein

AT5G13220 JAZIO -15969 0 jasmonate-zim-domain protein 10

ATIG72520 | LOX4 -26074 220c16 | PLATLHZ _ domain-containing
lipoxygenase family protein

AT4G16740 TPS03 107668 31IE-15 terpene synthase 03

AT3G48360 BT2 288277 1.04E-14 BTB and TAZ domain protein 2
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AT3G48520 | CYP94B3 -2.3747 180E-14 | OViochrome P50, family 94, sublamily B
polypeptide 3

AT2G46370 JARI -1.4501 2.17E-13 Auxin-responsive GH3 family protein

AT2G06050 OPR3 -2.0484 0 oxophytodienoate-reductase 3

The table of the JA pathway genes revealed that major JA biosynthesis genes were
downregulated in the mutant flowers. Also, the JA response and signaling-related genes were
lowered in expression. The JA biosynthesis begins when the Phospholipase A encoding gene,
Defective in in Anther Dehiscence (DADI) converts the available anther plastids and membrane

lipid into the a-Linolenic Acid, the widely known major precursor of the JA (Figure 5).

This a-linolenic acid is then acted upon by the lipoxygenases 3/4 to give the subsequent substrate
for Allene Oxide Synthase (AOS)to give epoxylinolinate. The Allen Oxide Cyclase (AOC3)converts
the previous product to phytodieonic acid or OPDA. These steps occur in the plastid of the cells.
The Oxophytodieonic Reductase (OPR3) produces OPC8 where a series of beta-oxidation takes
place via the ACXI giving the JA occurring in the Peroxisome. This JA has to be converted into
the bioactive JA-Isoleucine within the cytoplasm which migrates into the nucleus to carry out

the downstream signaling process.

The signaling begins at the onset of JA-Ile binding to the Jas domain of the JA ZIM domain
protein (JAZs) and migrating the whole repression complex consisting of TOPLESS-NINJA-JAZ
away from the MYC2, a bHLH Transcription factor. This repressor complex is then tagged with
E3 ubiquitin ligase SCF-COI1 for the proteasome degradation pathway. This renders the MYC2

free to carry out the transcription of the downstream pathway genes (Figure 6).

After the in-silico analyses, from the JA pathway genes as shown in the heatmap (Figure
Chi_21A), we selected a handful of genes involved in the JA pathway, that were significantly
downregulated, to validate our transcriptome data by RT-gPCR. It resulted in low expression of
all the candidate genes, proving the role of AtHMGBI5 in governing the JA biosynthesis and

Response.

The JA biosynthesis and signaling genes were significantly downregulated in the athmgbil5-4
mutant flowers (Figure Chl_2IB-C). To confirm the role of AtHMGBI5 in manipulating the JA
pathway we intended to reconfirm the theory in other lines of athmgbil5 mutants, namely
SALK_057612C_15 and SALK_057612C_9. These mutants have a T-DNA insertion at the promoter
region of the gene as shown in the schematic (Figure Chi_22A). The lines were checked for
homozygosity and were used for subsequent analyses (Figure Chi_22B). The wildtype and Salk

line mutant flowers were collected and the RNA isolated was converted to cDNA to check the
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expression of JA genes via RT-qPCR. As anticipated, there was significant downregulation of all
the candidate JA pathway genes as observed in the flowers of atmhghl5-4 mutants (Figure
Chl_22C). This experiment confirmed that in the absence of AtHMGBIS5, the plants exhibited
lowered expression of JA pathway-related genes. This led to the avenue to inspect the levels of

JA and its derivatives in the mutant flowers.

Estimation of hormones in athmgbl5-4flowers

The transcriptome data analysis revealed a lowered expression of the genes involved in the
biosynthesis of JA. We were curious to check whether this downregulation reflects the JA levels
in the flower tissue. We took the approach of measuring the hormone content by Electron Spray
Ionization coupled Mass Spectroscopy. To carry out the hormone estimation experiment, we
procured three different JA and their derivatives namely Methyl Jasmonate (MeJA) and

Jasmonic Acid Isoleucine (JA-Ile).

We identified the peaks of the standards based on their molecular weight and noted them (Figure
Chl_23A). We then proceeded with the flower tissue of wildtype and athmgbl5-4 mutants for

estimation.

As predicted, there was a sharp reduction in the amount of all the derivates (Figure Chl_23A).
There was about a 10-fold decline with the least for Ja-Ile which is the bioactive form of JA within
the plant cell (Figure Chi_23B). It is JA-Ile that migrates from the cytoplasm to the nucleus and
binds to the JA-responsive repressor complex. This sets the MYC2 free to transcribe and further
allows the transcription of other JA-responsive genes to carry out the necessary cellular

functions associated with the development of male gametophytes.

Methyl jasmonate application restores normal pollen development and

expression of JA pathway genes in athmgbl5-4 mutants

Given the observed reduction in JA levels in the flowers of the athmgbil5-4 mutant, it was crucial
to explore the potential of exogenous MeJA (methyl jasmonate) treatment to compensate for this
deficiency. The effect of applying MeJA externally to the flowers after a 48-hour treatment was
investigated by evaluating pollen tube germination (Figure Chil_24A). The results were
compelling, as they revealed that exogenous MeJA application on buds and young flowers of the

athmgbl5-4 mutant effectively restored pollen tube germination (Figure Chl_24B). Remarkably,
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the germination rate of these treated mutant pollen grains reached levels comparable to those

observed in wild-type pollen grains, suggesting a significant recovery.

A) Bi) Figure ChI_21: A)
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qPCR. The fold change was represented with respect to wild type. Error bars represent mean+SD (n=6). The significance
for each gene was analyzed by paired two-tailed Student's t-test. Asterisks represent significant differences between wild
type and athmgbl5-4, *P<0.05, **P<0.01, ***P<0.001.

In addition to observing the phenotypic changes, we also conducted a thorough analysis of the
expression levels of key JA biosynthesis and signaling genes following the MeJA treatment. The
results indicated a pronounced upregulation in the expression of genes such as A0S, OPR3, MYC2,

JAZI and JAZI0in wild-type and athmgbi5-4 flowers post-treatment (Figure Chl_25).

This upregulation points to a direct response to the exogenous application of MeJA, suggesting
that the treatment successfully reactivated the JA signaling pathway. The combined
observations from the restoration of pollen tube germination and the induction of JA signaling
genes strongly suggest that the reduced endogenous JA levels in athmgbl5-4 plants are indeed
responsible for the diminished expression of JA-responsive genes during pollen development.

These findings provide valuable insights into the critical role of JA in pollen development.
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Figure Chl_22: A) Schematic diagram
showing the T-DNA (red triangle)
insertion in the AtHMGBI5 promoter
region in SALK_057612C. White
rectangles represent the exon regions.
Red arrow denotes the Transcription
start site. B) PCR screening of
homozygous lines of SALK_057612C.
We have identified two homozygous
lines name SALK_057612C_15 &
SALK_057612C_9. C) RT-gPCR analysis
revealed low expression of JA genes in
the athmgbls mutants
SALK_057612C_15 & SALK_057612C_9
in comparison to the wildtype. The fold
change was represented with respect to
wildtype. Error bars represent mean *
SD (n=5). The significance for each gene
was analyzed by one-way analysis of
variance (ANOVA) with Tukey's post-
hoc test. Asterisks represent significant
differences as indicated (*P< 0.05, **P<
0.01, ***P< 0.001, ns, not significant).
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Section 3

Transformation of Arabidopsis Using the Floral Dip Method and Screening of

Positive Transformants

The AtHMGBI5 full-length CDS were previously cloned into gateway vector pMDC84 and
transformed into agrobacterium cells for downstream transformation into Arabidopsis plants.
The floral dip method was applied to generate the athmgbi5-4-OE 4, plants. The seeds from the
TO phase were collected and dried before plating onto Hygromycin selection MS plates. The
positive transformants would ideally grow true leaves in the presence of hygromycin due to its
resistance whereas wildtype seedlings would only germinate and form cotyledonary leaves. The
non-transformants would not progress to the formation of true leaves and eventually decolorize
and die off. We observed true transformants which were healthily growing in the presence of
hygromycin (Figure Chl_26A). A single leaf from these plants was plucked from the 12-leaved
stage and subjected to genomic DNA isolation. This PCR confirmed the presence of CDS in true
transformants. Upon rigorous screening, we were able to generate the athmgbi5-4-OE . plants

(Figure Chl_26B-C).

The next experiment was to confirm the expression of AtHGMBI5in the athmgbi5-4-0E s, plants
confirming the complementation of AtHGMBI5 in athmgbl5-4 mutant background. We isolated
the RNA and converted to cDNA from the athmgbi5-4-OE a4 along with wild-type and athmgbi5-
4 mutant plants to check the expression (Figure Chi_27A). Realtime analysis revealed a 6-fold
increase of AtHGMBI5expression in athmgbil5-4-OE a.in comparison to wild-type and about a 10-
fold increase in comparison to athmgbl5-4 mutants confirming the complementation (Figure

Chl_27B)

Phenotypic differences between wild-type, athmgbi5-4 and athmgbl5-4-OE a4

plants

The complementation lines were overexpressing the AtHMGBI15 and hence we proceeded with
its phenotypic characterization. The athmgbi5-4 was delayed in bolting whereas the athmgbi5-
4-OE4 recovered the delayed phenomenon and followed the bolting pattern similar to wildtype

plants (Figure Chl_28A).

The siliques were shorter with more abortive seeds in comparison to wildtype. Similarly, the
complementation lines were longer with almost no abortive seeds hinting at the positive role of

AtHMGBIS5 in seed development (Figure Chl_28B).
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Figure Chl_26: Ai&ii) Selection plates show the positive transformants with four leaves. B) Schematic showing the
possible PCR outcome to confirm the transgenic lines. C) Gel image showing the genomic copy of AtHMGBI5 in wildtype
(WT) and absence of it in the mutant (MUT). True transformants (TT) have a copy of the intronless gene whereas non-
transformants (NT) do not as observed during screening of the athmgbl5-4-OE a4 plants (RE).
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Defective Pollen Properties were rescued in the complementation line

athmgbl15-4-OE a4

As observed in Section 1, the pollen properties were compromised in the athmgbl5-4. Hence, we
decided to compare the pollen germination pattern of athmgbi5-4-OEasto wild-type pollen grains
(Figure Chl_29A1).To our satisfaction, the complementation lines rescued the lowered rate of
pollen germination of mutants (Figure Chl_29Aii). They were healthy and had a very high rate of
pollen tube germination similar to that of wildtype pollen grains. The pollen morphology was
studied which revealed ellipsoidal pollen grains with proper reticulate pattern of sporopollenin
deposition in the pollen grains of the complementation lines. The defects associated with
improper shape and poor pattern of wall deposition in athmgbi5-4pollen grains were completely
recovered such that they resembled the pollen grains of wildtype plants (Figure Chl_29B). The
defects owing to the pollen properties of the mutants were thereby shown to recover in the
complementation lines corroborating the role of AtHMGBI15 in guiding proper pollen development

in Arabidopsis plants.

A) B)
i — . Expression level Figure Chl_27: A) Gel image showing
iz = 10 a high expression of AtHMGBI5 in the
— e\ i :_':_;. 2: complementation lines. (WT-wildtype,
- SR P T W4 RE-  athmgbl5-4-OEna and MUT-
WT RE RE “—— MUT = - athmgbl5-4). B) RT-gPCR to check
‘ 2 . o—\ b AtHMGBIS5 transcript level in wild type,
B — . — s athmgbi5-4, and athmgbl5-4-OEA4.
- 0.5+ c The fold change was represented with
0.0 respect to the wild type. Error bars

represent mean+SD (n=6). Letters
Indicate significant differences

D Y b
= ,b\‘(“o éo'\" according to a one-way ANOVA with
& Tukey’s post hoc test (P< 0.05).
Figure Chi_28: A)
Wildtype  athmgb15-4-OE,,| Comparative flower bolting
athmab15-4 | pattern between wild type,

athmgbl5-4, and athmgbl5-4-
OE4s. Scale bar=2 cm. (B)
measurement of silique length
of wild type, athmgbl5-4, and
athmgbl5-4-OE44. Scale bar=4
5 mm.

Joz.
L

o o
Wildtype  athmgb15-4] athmgb15-4-OE,,
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Figure Chl_29: Ai) Comparative in vitro pollen germination analysis was conducted between wild type, athmgbl5-4, and
athmgbli5-4-OEa4. (Ail) Quantification of pollen germination rates is shown, with error bars representing the mean + SD
(n=6). Statistical significance at each time point was determined using one-way ANOVA followed by Fisher’s LSD post
hoc test. Asterisks indicate significant differences as follows: *P<0.05, **P<0.01, ***P<0.001, with "ns” denoting no

significant difference. (B) SEM analysis was performed to examine pollen morphology.

Jasmonic Acid Pathway rescued in the complementation lines

The defects owing to pollen grain morphology and germination pattern were recovered in the
complementation lines and hence we proceeded to examine the expression of genes involved in
the JA which were gravely downregulated in our mutants. The JA biosynthesis and response-
related genes were induced in expression in comparison to the mutants thereby showing
expression higher than that of wild-type flowers (Figure Chi_30A-B). This was a major recovery
of defect where the whole JA pathway was repressed due to the absence of AtHHMGBIS5 in the
system. This confirmed the active role of AtHMGBI5 in regulating JA pathway during flower

development.

With the induction of JA biosynthesis genes, we were confident that the JA content in the system
had also been replenished. The biosynthesis genes showed significantly higher expression
compared to wild-type flowers, making it evident that the end products would also be present at
higher levels than in the mutants. Thus, we measured the JA(s) content and the results were
favorable. The levels of JA, JA-Isoleucine and MeJA were rescued and significantly higher than
the levels in mutants and wildtype flowers (Figure Chl_30C). Hence, we can conclude that the
athmgbi5-4-OE x4 successfully rescued all the defects owing to the AtHMGBI5 deletion, thereby.

confirming its role in governing the pollen development and the JA pathway.
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Figure Chl_30: Expression of A) JA
biosynthesis and B) signaling genes in
wild-type, athmgbl5-4, and athmgbl5-
4-OE44 flowers. The fold change for
each gene is presented relative to the
wild type, with error bars indicating the
mean * SD (n=8). Statistical
significance for each gene was
evaluated using one-way ANOVA
followed by Tukey's post hoc test.
Asterisks denote significant
differences as follows: *P<0.05, **P<0.01,
***P<0.00], with 'ns” iIndicating no
significant difference. C) Jasmonic acid
(JA) and its derivatives were quantified
from the wild type flowers, athmgbl5-4,
and athmgbl5-4-OE44 lines, with the
results expressed as fold change
relative to the wild type. The data are
presented as mean *+ SD (n=3) with
error bars Indicating variability.
Statistical significance was assessed
using one-way ANOVA followed by
Fishers LSD post hoc test where
asterisks denote significant differences
(*P<0.05, ***P<0.001). The compounds
measured include JA (jasmonic acid),
MeJA (methyl jasmonate), and JA-Ile
(jasmonic acid isoleucine).
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Discussion

Optimal pollen development and fully functional floral organs are essential for successful
pollination and maintaining genetic diversity. These intricate processes are tightly controlled by
endogenous signals. In this study, we investigated the role of the Arabidopsis ARID/HMG group
transcriptional regulator, AtHMGBI5, in pollen development. A previous study by Xia et al. (2014),
utilizing a Ds insertion line, along with our research employing a different T-DNA mutant allele
of AtHMGBI5, both demonstrated similar defects in pollen morphology and delayed pollen
growth in mutant plants. These allelic mutants of athmgbi5 exhibit a marked reduction in seed

set, further highlighting the critical role of AtHMGBIS5 in pollen viability.

Given the observed defects in pollen morphology and viability in the absence of functional
AtHMGBI5, we aimed to investigate its role in pollen formation and maturation throughout
Arabidopsis floral development. Pollen development initiates following the meiosis of
sporogenous cells at stage 10 of flower development and progresses through stages 12 to 13,
culminating in the formation of the pollen cell wall (Sanders et al.,, 1999). This developmental
process is followed by filament elongation and anther dehiscence, which facilitates the release
of mature pollen grains capable of germination (Goldberg et al., 1993; Scott et al.,, 2004). In our
study, we focused on comparing the gene expression profiles of wild-type and athmgbl5-4
mutant flowers during the early stages of floral development. This comparison was aimed at
identifying AtHMGBI15-regulated genes crucial for pollen development, to further understand its

regulatory role in this process.

Our findings indicated a significant downregulation of genes involved in the formation of the
pollen cell wall in the athmgbl5 mutant. Specifically, the reduced expression of key genes
associated with cell wall biosynthesis and modification is likely responsible for the abnormal
morphology and altered structural integrity of the pollen grains observed in these mutants. The
disruption of normal cell wall formation appears to impair the mechanical properties and proper
development of the pollen, leading to its defective morphology. Therefore, it can be concluded
that the insertion of the AtHMGB15 mutation leads to defective pollen morphology, highlighting
the essential role of AtHMGBI5 in regulating pollen cell wall formation and ensuring proper

pollen development.

A significant finding of the study was the differential expression of genes involved in a-linolenic
acid metabolism and JA response pathways. a-linolenic acid is recognized as a precursor for the

synthesis of the plant phytohormone jasmonic acid (JA). It was observed through RT-gPCR
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analysis that genes responsible for JA biosynthesis and signaling were markedly downregulated
in the flowers of the athmgbl5-4 mutant. This downregulation resulted in a substantial decrease

in jasmonate levels within the athmgbi5-4 mutant plants.

Interestingly, the impaired JA signaling and abnormal pollen morphology observed in athmgbI5-
4 were completely restored through the exogenous application of methyl jasmonate. These
results indicate that the defects in pollen development are a direct result of the downregulation

of JA biosynthesis, highlighting the pivotal role of AtHMGBIS5 in this pathway.

revious research has firmly established jasmonic acid (JA) as a critical phytohormone involved
in multiple stages of flower development. JA plays an essential role in regulating various
processes, including anther development, stamen elongation, anther dehiscence, flower opening,
and pollen maturation (McConn and Browse 1996; Ishiguro et al. 2001; Mandaokar et al. 2006;
Mandaokar and Browse 2009; Qi et al. 2015; Huang et al. 20173, 2017b; Huang et al. 2020). Moreover,
studies have shown that mutants impaired in JA biosynthesis or signaling pathways exhibit
significant fertility defects, including reduced seed set or complete male sterility (Feys et al. 1994;
Xie et al. 1998; Ishiguro et al. 2001; Park et al. 2002; Cheng et al. 2009). These findings highlight
the indispensable role of JA in flower and pollen development, with its absence leading to severe

reproductive failures.

Collectively, the low jasmonate levels observed in athmgbl5-4 plants underline the essential role
of AtHMGBI5 in regulating the JA pathway, which is critical for the development of viable pollen
grains in Arabidopsis. This regulation ensures the proper expression of JA-responsive genes
during pollen development, thereby maintaining hormonal balance and supporting reproductive
success. The findings from this study not only enhance the understanding of the role of JA in
plant fertility but also highlight AtHMGBI5 as a key regulator in maintaining the hormonal

pathways necessary for robust pollen development.

This chapter establishes that AtHMGBI15 is a critical regulator of pollen development in
Arabidopsis, functioning through the JA signaling pathway. The complementation of the
athmgbl5-4 mutant with a 35S:AtHMGBI5 construct successfully restored both the
morphological and functional aspects of pollen, as well as the expression of JA-related genes.
The recovery of normal pollen tube germination rates and pollen morphology in these
complementation lines, along with the restoration of delayed bolting and silique size, strongly
indicates that the defects observed in the athmgbi5-4 mutant are directly related to disruptions

in the JA pathway. Furthermore, the overexpression of JA signaling genes in the
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complementation lines, even beyond wild-type levels, suggests that AtHMGBI15 not only supports

JA biosynthesis but also enhances JA signaling during critical stages of pollen development.

In conclusion, our study provides compelling evidence that AtHMGBIS5 is a pivotal regulator of
the JA pathway, ensuring proper pollen development and fertility in Arabidopsis. The ability of
AtHMGBI5 to modulate both the biosynthesis and signaling of the JA pathway encouraged us to
explore the potential interactor(s) of AtHMGBI5 that are involved in regulating pollen

development via the JA pathway.
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Chapter Two

Investigating key interactors of AtHMGBI5, responsible for
mutant phenotypes, elucidating its functional network.
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Material and Method

Chromatin Immunoprecipitation (ChIP)

According to the manufacturer's instructions, the nuclei were isolated from crosslinked tissue
(control and cold-stressed) using the Plant Nuclei Isolation Kit (Sigma, #CELLYTPN 1) as
described previously by (Mallik et al., 2020).

The following buffers were used throughout the experiment:

Solution Name Composition

Nuclear Lysis Buffer 50 mM Tris-Cl (pH 8.0), 10 mM EDTA, 1% SDS, 1
mM PMSF

ChIP Dilution Buffer 16.7 mM Tris-Cl (pH 8.0), 1.2 mM EDTA, 167 mM

NacCl, 1.1% Triton-X100

Low Salt Wash Buffer 150 mM NacCl, 0.1% SDS, 1% Triton-X100, 2 mM
EDTA, 20 mM Tris-Cl (pH 8.0)

High Salt Wash Buffer 500 mM NaCl, 0.1% SDS, 1% Triton-X100, 2 mM
EDTA, 20 mM Tris-Cl (pH 8.0)

LiCl Wash Buffer 0.25 M LiCl, 1% NP-40, 1% Sodium deoxycholate,
1 mM EDTA, 10 mM Tris-Cl (pH 8.0)

TE Buffer 1 mM EDTA, 10 mM Tris-Cl (pH 8.0)
Elution Buffer 1% SDS, 100 mM NaHCO;
PMSEF (Freshly added) 250mM

All subsequent steps were performed at 4-8°C using pre-cooled buffers and rotors.
Cell Lysis

Preparation of 1X Nuclear Isolation Buffer (NIB): 1X NIB was prepared from 4X NIB by diluting it

with deionized water. Before the extraction procedure, 1 mM DTT was added to the 1X NIB.

Tissue homogenization: The flower tissue was ground into a fine powder using liquid nitrogen in

an autoclaved mortar and pestle.

The powder was transferred into a new 15 mL Falcon tube containing 3 mL of 1X NIB with 1 mM

DTT. The mixture was gently mixed without vortexing.
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Filtration: The slurry was passed through an autoclaved 100-mesh filter. The filtrate was

collected in a fresh 15 mL Falcon tube.

Centrifugation: The tube was centrifuged at 1260g for 10 minutes at 4°C. The supernatant was
discarded by inverting the tube, and the pellet was resuspended in 500 uL of 1X NIBA (1X NIB +1
mM DTT + 1 mM PMSF).

Cell Membrane Lysis: Triton X-100 was added to a final concentration of 0.3% for cell membrane

lysis.
Isolation of Nuclei

Nuclei Preparation: The lysate from the previous step was gently layered on top of 800 L of 1.5M

sucrose in a 1.5 mL centrifuge tube.

Centrifugation: The tube was centrifuged at 12,000g for 10 minutes at 4°C. The upper green phase

and sucrose cushion were discarded by inverting the tube without disturbing the nuclei pellet.

Washing: The pellet was washed twice with 750 uL of NIBA buffer and then resuspended in 300
L of Nuclei Storage Buffer. The sample was kept on ice and resuspended carefully using a cut

pipette tip.
Crosslinking

Formaldehyde Addition: 8.1 uL of 37% formaldehyde was added to 300 pL of the lysate and

incubated on a rocker at room temperature for 15 minutes.

Quenching: 22.5 puL of 2M glycine was added to quench the excess formaldehyde, followed by

rocking for 10 minutes.

Centrifugation: The tubes were centrifuged at 13,000 rpm for 5 minutes at 4°C. The supernatant

was discarded, and the pellet was dissolved in 600 pL of freshly prepared Nuclear Lysis Buffer.
Sonication and DNA Shearing
Un-sonicated Sample: 50 pL of the suspension was set aside.

Sonication: The remaining suspension was sonicated at 40Hz with a 0.4 duty cycle for 7 cycles

of 10-second pulses.

Post-Sonication: 50 pL of the sonicated cell lysate was taken.
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Reverse Crosslinking: 10 uL of 5M NaCl was added to both the sonicated and unsonicated lysates,
and the samples were boiled at 65°C for 15 minutes to reverse the crosslinks between DNA and

proteins.

Phenol-Chloroform Extraction: 60 pL of phenol-chloroform isoamyl mix was added and gently
mixed. The tubes were centrifuged at 13,000 rpm for 5 minutes at room temperature. The aqueous
phase was collected, and 50% glycerol was added before running the samples on a 1.2% agarose

gel.
Dilution of Nuclear Lysate

Centrifugation: The nuclear lysate after sonication was centrifuged at 13,000 rpm for 5 minutes

at 4°C, and the supernatant was transferred to a fresh 2 mL tube.
Dilution: The nuclear lysate was diluted 4 times (final dilution of 1:4).

Aliquoting: The diluted lysate was divided into two Eppendorf tubes (1.5 mL), with 1/10th of the

lysate labeled as "input” for immunoprecipitation.
Immunoprecipitation

10 uL of the AtHMGBI5 antibody (4.6 mg/mL) was added to each tube (1 mL) and incubated at 4°C

overnight.
Bead Addition

30 uL of Magna Beads was added to the nuclear lysate-antibody suspension and left on a cyclo-

rotor for 3 hours at 4°C.
Washing of Magna Beads

Washing: The tubes were placed on a magnetic rack, and the supernatant was discarded. 1 mL
of low salt wash buffer was added, followed by rotation for 5 minutes, and the supernatant was

discarded.

Further Washes: High salt wash buffer, LiCl wash buffer, and two TE washes were performed

sequentially.

Elution: After the final TE wash, 250 uL of pre-warmed elution buffer (65°C) was added to the

beads, vortexed, and incubated for 15 minutes at 65°C.
The supernatant (IP) was collected, and the step was repeated twice.

The Input sample volume was adjusted to 500 pL using an elution buffer.

Page | 97



CHAPTER TWO

Reverse Crosslinking

20 uL of 5M NaCl was added to both the Input and IP tubes, and the tubes were incubated

overnight in a 65°C water bath.
DNA Precipitation and Cleanup
Spin Down: The tubes were pulse-spuned to remove the solution from the lids.

Preparation of Enzyme Cocktail: EDTA, Tris-Cl, and proteinase K were added to each tube as per

the following:

- 10 L of 0.5 M EDTA (pH 8)
- 20 pL of 1 M Tris-Cl (pH 6.5)
- 21l of proteinase K

Incubation: The reaction was incubated at 45°C for 2-3 hours before proceeding to phenol-

chloroform extraction.

Phenol-Chloroform Extraction: 550 uL of phenol-chloroform isoamyl mix was added and gently

mixed. The tubes were centrifuged at 13,000 rpm for 15 minutes at room temperature.

Precipitation: The top aqueous layer was transferred to a fresh tube. 1/10th volume of 3M Na-
acetate (pH 5.2), 3 volumes of 100% ethanol, and 3 uL of glycogen (20 mg/mL) were added to the

solution. The tubes were stored at -20°C overnight.
DNA Solubilization

Centrifugation: The tubes were centrifuged at 13,000 rpm for 15 minutes at 4°C. The supernatant

was discarded by decanting.

Ethanol Wash: The pellet was washed with 1 mL of 70% ethanol and centrifuged again at 13,000

rpm for 15 minutes at room temperature.

Air Drying and Dissolution: The DNA pellet was air-dried, dissolved in 30 uL of TE buffer, and
stored at 4°C overnight before proceeding to gqRT-PCR.

Presence of AtHMGBI15 binding motif

ATHMGBI5 binding motif A(A/C)--ATA---(A/T)(A/T) was confirmed in our lab in the study by
Malik et al 2020. This motif was searched for in the 1kb upstream region of the JA pathway-
related genes and primers were designed flanking those motifs. This search was also confirmed

on the PlantPan 3.0 and followed by ChIP RT-gPCR.
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Quantitative ChIP-RT-qPCR (qPCR)

ChIP-qPCR was conducted to validate the targets of interest. gPCR was performed using PowerUp
SYBR Green PCR Master Mix (Applied Biosystems, #A25742) along with gene-specific primers in
an Applied Biosystems 7500 FAST machine.

For the control dataset, immunoprecipitated (IP) DNA from the control samples was normalized
to the input DNA, and the fold change was determined relative to a negative control region (with
a p-value >0.05 and minimal normalized signal ratio) using the 2*-AACt method. Three
independent replicates of samples were used for the gPCR analysis, with each sample containing
at least 60 seedlings. Statistical significance was assessed using one-way ANOVA with Tukey'’s

post hoc test (P<0.05). The primers used for ChIP analysis are listed in Annexure 1.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed using the protocol described previously (Roy, 2016, Mallik et al., 2020). The

components required for EMSA are as follows:

Solution Name Composition
EMSA Buffer 100mM Tris-Cl (pH 7.5), 50mM NacCl, 5mM MgCl,, ImM EDTA, 50% Glycerol, ImM DTT
Native PAGE Gel 5%-7% Acrylamide, 0.5X TBE, 0.1% APS, 0.1% TEMED, 5% Glycerol (optional)

Acrylamide Gel Elution Buffer | 0.5M Ammonium acetate, I0mM Magnesium acetate, ImM EDTA (pH 8.0)

Generation of AtHMGBI15 Target Loci DNA Substrates for EMSA

Primers for target genes of MYCZ2, MYB21, and MYB24having the AtHMGBI5 binding motif in 1kb
upstream region from genomic DNA (isolated using Plant DNAzol®) were used to PCR amplify
the desired fragment. The amplified fragments were resolved on a native PAGE gel in 0.5X TBE
buffer. The target DNA fragment was excised from the gel, chopped into small pieces, and soaked
overnight in 2-3 volumes of acrylamide gel elution buffer on a rotating wheel. DNA was then
purified via phenol: chloroform extraction followed by ethanol precipitation. The resulting DNA
pellet was dissolved in 50yl of TE buffer, and its concentration was measured using a Nanodrop

spectrophotometer.
End Labeling of DNA by Forward Reaction

In the forward reaction, T4 Polynucleotide Kinase (T4 PNK) transfers the y-phosphate from
P32ATP to the 5'-hydroxyl group of the DNA molecule. The steps are as follows:
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Labeling Components:

Component Volume
25bp DNA (A/T or G/C rich) 5.0mul

10X Reaction Buffer A 2.0l

Y P32ATP (3000 Ci/mmol) 5.0 ul

T4 PNK (10U/pl, Fermentas) 1.0 ul
Nuclease-free H,0 Up to 20 ul

Purification of End-Labeled DNA Fragments

- The labeled DNA fragments were purified using the QIAquick Nucleotide Removal Kit

(QIAGEN) according to the manufacturer’s instructions.

- Labeling and Binding Assay: The DNA fragments from AtHMGBI15 target loci were end-
labeled with yP32 ATP (3500 Ci/mmol) using T4 Polynucleotide Kinase (Thermo Scientific)
and purified using QIAquick Nucleotide Removal Kit (QIAGEN) according to the

manufacturer’s instructions.

- The amount of radiolabel incorporated was quantified using a Beckman Coulter LS 6500
Liquid Scintillation Counter. For measurement, 1 pul of the sample was added to 3 ml of

Scintillation Cocktail-O, and the radioactive count was recorded.

- Approximately 5 x 104 cpm of yP* labeled DNA (~7 fmol) was mixed with varying
concentrations of full-length AtHMGBIS5 protein (ranging from 0.6 pM to 9 uM) in the
presence of 1X EMSA buffer. The DNA-protein mixture was incubated on ice for 1 hour

and analyzed using 5% native PAGE in 0.5X TBE at 4°C.

- Before sample loading, the gel was pre-equilibrated by electrophoresis at 150V for an hour
at 4°C. The gel was dried and analyzed by phosphoimaging in a phosphor imager typhoon

Trio+ system.

Site-Directed Mutagenesis (SDM)

Site-directed mutagenesis was performed following the protocol (Roy, 2016).The procedure

involves the following steps:

Isolation of DNA containing the insert of interest, used as the DNA template (pGEM T-easy vector

harboring the AtHMGBI15 binding motif in 1kb upstream region of MYC2. MYB2I and MYB24).
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Two synthetic partially overlapping primers, each containing the desired mutation, were used.
These primers were complementary to opposite strands of the vector and extended using Pfu
turbo during temperature cycling, generating a mutated plasmid containing the specific

mutation.

The list of mismatch primers for is provided in Annexure_1. The reaction setup was as follows:

Reaction Components Volume
Template DNA (50 ng/pl) 1.0 ul

10X Pfu Buffer 5.0mul
Forward Primer (10 pM) 1.0 ul
Reverse Primer (10 pM) 1.0l
dNTPs (10 mM) 1.0yl

Pfu Turbo (2.5 U/pl, Agilent) 1.0l
Nuclease-free H,0 Up to 50 pl

PCR program for site-directed mutagenesis:

Steps Temperature Time Cycles
Initial denaturation 95°C 1 min 1cycle
Denaturation 95°C 50 sec 17 cycles
Annealing 56°C 50 sec

Extension 68°C 1 min/kb

Final Extension 68°C 1 hour 1cycle
Hold 4°C Indefinite

Post-PCR, the products were treated with 1 jl of Dpnl endonuclease (10 U/l, Agilent) at 37°C for
1-2 hours to digest the parental (methylated and hemimethylated) DNA template, selectively

leaving the mutation-containing plasmids intact.
The Dpnl-treated PCR products (10 jul) were transformed into competent DH5a cells.

Positive mutant clones having mutated AtHMGBI15 binding motifs were verified through

sequencing and subject to EMSA as described previously.
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Bimolecular Fluorescence Complementation (BiFC) Assay

- For the BiFC assay, the coding sequences (full-length) of AtHMGBI5 and MYCZ2 were
cloned using the Gateway cloning system (Invitrogen) into the binary vectors pSITE-
cEYFP-N1 (CD3-1651) and pSITE-nEYFP-C1 (CD3-1648), respectively.

- These constructs allowed for the expression of fusion proteins with complementary
fragments of YFP (yellow fluorescent protein) attached to each protein of interest.

- Agrobacterium strain EHAI105, harboring the cloned vectors, was used for transient
expression. As a control, empty vectors were also transformed into the same strain.

- The transformed Agrobacterium was infiltrated into onion epidermal cells, as previously

described by(Roy et al., 2019).

Infiltration buffer composition:

Component Stock Working
MES-KOH (pH 5.6) 05M 10mM
MqgCl2 1M 10mM
Acetosynringone 500mM 100mM

Volume made in sterile H,0.

- This method allows the expression of the proteins in plant cells and enables the study of
protein-protein interactions in vivo.

- After infiltration, the onion epidermal peels were carefully excised, rinsed with 1x PBS,
and incubated for 16 hours.

- After washing, the samples were mounted on microscope slides and observed for
interaction using confocal microscopy (Stellaris 5, Leica).

- For fluorescence detection, a laser with an excitation wavelength of 488 nm was used,
and the emitted fluorescence was captured in the 513 to 560 nm range.

- The gain was set at 86 with an intensity of 2%, ensuring optimal imaging conditions for
the detection of YFP fluorescence, which indicates the interaction between AtHMGBI15

and MYC2 in plant cells.

Coimmunoprecipitation assay

Co-immunoprecipitation was performed as previously described (Nie et al, 2021) with

experimental modifications as follows:

Cloning and Transformation
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- The full-length coding sequence of MYC2 was cloned into the pGWB618 vector, which
contains a Myc tag for subsequent detection.
- Following successful cloning, the positive recombinant plasmid was transformed into

Agrobacterium tumefaciens strain EHA105.
Bacterial Preparation for Leaf Infiltration

- The transformed A. tumefaciens cells were cultured, and the bacterial suspension was
centrifuged to pellet the cells.
- The pelleted cells were resuspended in infiltration buffer, to a final optical density (ODg(0)

of 0.3.

Infiltration buffer composition:

Component Stock Working
MES-KOH (pH 5.6) 05M 10mM
MqCl 1M 10mM
Acetosynringone 500mM 100mM

Volume made in sterile H,0.

- The bacterial suspension was incubated in the dark for 3 hours at room temperature

before infiltration into plant leaves.
Plant Infiltration and Sample Collection

- The prepared A. tumefaciens suspension was infiltrated into the leaves of athmgbi5-4
control plants and athmgbl5-4-OEA4-FLAG transgenic lines.
- After 48 hours of infiltration, the infected leaves were harvested and immediately frozen

in liquid nitrogen for preservation.
Protein Extraction

- Total protein was extracted from the harvested leaves using 3 mL extraction buffer per

gram of leaf tissue.

The composition is as follows:

Component Final Concentration
Tris-HCI (pH 7.4) 50mM

EDTA 1mM

NaCl 150 mM

Glycerol 5% (v/v)

Triton X-100 0.5% (v/v)

PMSF 1mM

Protease Inhibitor Cocktail Tablets (Roche) 1X
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- The leaf tissue was homogenized in the extraction buffer, and the homogenate was

centrifuged at 20,000 g for 30 minutes to collect the supernatant.

Preclearing and Immunoprecipitation

- The collected supernatant was precleared with protein Aplus agarose beads (BB#-
PAOO01PD) to reduce nonspecific protein interactions.

- Following pre-clearing, an input sample was collected from the extract for control
purposes.

- Immunoprecipitation was then carried out by incubating the extract with Anti-Myc
antibody (Abcam #9E10) overnight at 4°C.

- The antibody-protein complexes were pulled down using Magna ChIP Protein A+G

Magnetic beads (Millipore #16-663) as described previously.
SDS-PAGE and Western Blotting

The composition of reagents required are listed below:

Name of Solution Composition

30% Acrylamide Mix Acrylamide 29.2% (w/v); N,N-Methylene Bis-acrylamide 0.8% (w/v).
Filter sterilized and stored in the dark at 4°C. No autoclaving.

10% Resolving Gel (5 mL) 30% acrylamide mix — 1.6 mL, 1.5 M Tris-Cl (pH 8.8) — 1.3 mL, 10% SDS -
50 pL, 10% APS — 50 pL, TEMED - 2 pL. Volume made up with water to 5
mL.

5% Stacking Gel (2 mL) 30% acrylamide mix — 330 pL, 1.0 M Tris-Cl (pH 6.8) — 250 L, 10% SDS -
50 pL, 10% APS — 50 pL, TEMED - 2 pL. Volume made up with water to 2
mL.

SDS-PAGE Running Buffer Glycine - 14 g, Tris — 3 g, SDS — 1 g. Volume made up with water to 1000
mL.

4X SDS-PAGE Loading Buffer 50 mM Tris-HCI (pH 6.8), 2% SDS, 10% glycerol, 12.5 mM Na-EDTA, 0.02%
Bromophenol Blue. 1% B-mercaptoethanol is added before use.

Destaining Solution 50% Methanol, 10% Glacial Acetic Acid.

Staining Solution 2% Coomassie Blue R 250 in destaining solution, filtered before use.

- The co-immunoprecipitated protein samples were extracted from the magnetic beads by
boiling in 2x SDS sample buffer.

- The samples were then separated on a 10% (v/v) SDS-PAGE gel and transferred to a PVDF
membrane.

- The co-immunoprecipitated proteins were detected using anti-FLAG M2 antibody
(Sigma-Aldrich #F1804) and anti-Myc antibody (Abcam #9E10).

- Detection was performed using an Enhanced Chemiluminescence (ECL) substrate (Bio-

Rad), and signals were visualized by chemiluminescence.
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- Each co-immunoprecipitation experiment was repeated at least three times to ensure

reproducibility and consistency of results.

Co-Immunoprecipitation in Arabidopsis Overexpressing MYC2-GFP

- Inaparallel experiment, the leaves of athmgbi5-4-OEA4-FLAGwere infiltrated with Myc-
MYC2 and the empty pGWB618 vector (control).

- The same procedure as described above was followed. However, in this case, the protein
complex was pulled down using Anti-FLAG Affinity beads (Abcam #270704), and
subsequent detection was carried out with both anti-Myc and anti-FLAG M2 antibodies.

- For co-immunoprecipitation in Arabidopsis plants, protein extracts were obtained from
Arabidopsis thaliana lines overexpressing MYC2-GFP and Col-0 control plants.

- Protein extraction was performed as described previously, and immunoprecipitation was
carried out using anti-GFP nanobody magnetic beads (Antibodies.com #A310039).

- The presence of AtHMGBI15 was detected using a custom-made affinity-purified anti-
AtHMGBI5 antibody (Thermo Scientific).

- The MYC2-GFP fusion protein was detected with anti-GFP (Plant specific) antibody
(Antibodies.com #A50024).

- Western blot analysis using preimmune sera served as an experimental control.

- Detection was performed using an Enhanced Chemiluminescence (ECL) substrate (Bio-
Rad), and signals were visualized by chemiluminescence.

- Each co-immunoprecipitation experiment was repeated at least three times to ensure

reproducibility and consistency of results.

Promoter assay

Agrobacterium-mediated transient assay and fluorometric GUS assay were performed as

described previously (Bedi and Nag Chaudhuri, 2018).

- 2-kb promoter regions of MYC2 MYB2I, and MYB24 were cloned into the pKGWFS7
vector, containing GUS as the reporter gene, by Gateway cloning (Invitrogen).

- Similarly, the full-length coding sequence of AtAMGBI5 and MYC2 was cloned in
pMDC84 and pCambial304, respectively.
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The Agrobacterium tumefaciens strain EHA105 harboring the vectors were grown
overnight at 28°C in LB medium with rifampicin (50 jpg/mL) and spectinomycin (100
1g/mL) / Kanamycin (100 ng/mL) depending on the vector resistance.

The overnight cultures of the transformed Agrobacterium were centrifuged at 5000 rpm
for 10 minutes at room temperature.

The resulting pellet was washed twice with 5 mL of infiltration buffer and resuspended

in 2 mL of the same buffer.

GUS Infiltration Buffer Composition is mentioned as follows:

Reagent Stock concentration | Working concentration
MgCl2 1M 10 mM
MES (pH 5.6) 1M 10 mM
Acetosyringone | 0.5 M 100 pM

Volume made up with Water

The optical density (OD) was measured and adjusted to 0.8.

The Agrobacterium tumefaciens strain EHA105, harboring pMYC2, pMYB21, and pMYB24,
was cultured overnight. This was then mixed separately with different combinations of
Agrobacterium strains containing 35S:AtHMGBI15 and 355:MYC2.

The co-infiltration mixtures were prepared in a 1:1 ratio and incubated at 28°C for 3 hours
before infiltration into 6-week-old Nicotiana tabacum (tobacco) leaves.

The tissue was harvested after 48 hours. The harvested tissue was homogenized using

liquid nitrogen, and 500 pL of GUS extraction buffer was added.

GUS Extraction Buffer Composition:

Reagent Working concentration | Stock concentration
NaHPO, (pH 7) 50 mM 1M
B-mercaptoethanol | 10 mM 14.4M

NazEDTA 10 mM 0.5M

Sarcosyl 0.1% 30%

Triton X-100 0.1% 10%

Volume made up of Water

The suspension was centrifuged at 13,000 rpm for 15 minutes at 4°C.
The supernatant was collected and kept on ice.
To estimate the fluorescence from MU, 1 mM of GUS extraction buffer was added to 50 pL.

of the protein extract and incubated at 37°C for 60 minutes.
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- The reaction was stopped by adding 100 uL of 0.2 M Na,CO3.

- Fluorometric analysis: GUS activity was quantified using 1 mM 4-Methylumbelliferyl-g-

D-glucuronide (MUG) substrate, and fluorescence was measured at 455 nm with an

excitation wavelength of 365 nm, using a Thermo Scientific Varioskan Flash fluorimeter.

- Protein concentration measurement: The total protein content in leaf extracts was

determined using the Bradford assay, with absorbance measured at 595 nm.

- GUS activity quantification: GUS activity was expressed as nanomoles of 4-

Methylumbelliferone (4-MU) produced per milligram of protein. Data were collected from

15 biological replicates to ensure statistical robustness.

Preparation of Standard Curve

MU Standard Curve: A 100 mM MU (B-umbelliferone) stock was prepared by dissolving 17.62 mg

of MU in 1 mL of DMSQ, yielding a concentration of 100 nmol/uL (10° picomoles/pL). Two standard

curves were prepared, one in the ptM range and another in the nM range.

BSA Standard Curve: The BSA standard curve was prepared using the Bradford reagent, following

the standard protocol.

Study of myc2mutants

SALK_083483 (atmyc2-2) and SALK_061267 (atjinl-2) were also procured for the study. As

mentioned in the previous chapter, they were grown and subjected to phenotypic studies. The JA

pathway expression and JA(s) content were analyzed as described in Chapter 1.

Routine Cloning

List of clones prepared for each of the study are listed in Annexure_2.

The cDNA or genomic DNA obtained was used for the amplification of sequences encoding full-

length coding and promoter region respectively, using gene-specific primers listed in Annexures.

The products were subsequently inserted into a cloning vector.

The following components were added for the PCR setup:

PCR Components Volume
Template DNA (cDNA or genomic DNA) 20nul
10X Standard Taq Reaction Buffer 3.0ul
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dNTPs (10 mM) 1.0pl
Forward Primer (10 uM) 1.0 ul
Reverse Primer (10 pM) 1.0l

Taq DNA Polymerase (5 U/pl, Fermentas) | 0.5 pl

Nuclease-free H,0 (up to) 30 ul
PCR Program:

PCR Steps Temperature | Time Cycles
Initial Denaturation | 94°C 5min |1
Denaturation 94°C 30sec | 30
Annealing 55°C 30 sec
Extension 72°C 2 min
Final Extension 72°C 10min |1
Hold 4°C 00

Gel extraction of the DNA fragment of interest

The PCR amplicons and a molecular weight ladder (GeneRuler 1kb plus DNA ladder, Thermo
Scientific) were run on a 1.8% agarose gel until the ladder was fully resolved. The gel was
visualized under a UV transilluminator and the amplicons were excised from the gel using a
sharp scalpel. The amplicons were extracted from the gel using a gel extraction kit (GeneJET Gel

Extraction Kit, Thermo Scientific) according to the manufacturer’s protocol.
Cloning the gene of interest into pPGEM®-T Easy Vector to construct a recombinant plasmid

TA Cloning of the gene fragment obtained from PCR amplification
The gel-eluted fragments containing the coding region were ligated into the pGEM®-T Easy

Vector (Promega).

Ligation Reaction Components Volume

2X Rapid Ligation Buffer 5.0 pl

T4 DNA Ligase (3 Weiss Units/pl) | 1.0 pl

PGEMR-T Easy Vector (50 ng) 1.0 ul
PCR product(s) (150 ng) 1.0 ul
Nuclease-free H,0 (up to) 10l
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Transformation of the ligation product(s) into  Escherichia  coli DH5a
The ligation products were transformed into E. coli DH5a cells. Positive clones selected by
restriction digestion and sequencing were subsequently transformed into an expression vector,

for subsequent study.

For Luria-Bertani (LB) Medium Preparation (pH 7.5) the following ingredients were added to 800

ml of Millipore water, mixed, and sterilized by autoclaving:

Ingredient Amount

Yeast extract 5g

Tryptone (Casein hydrolysate) | 10 g

NaCl 10g

Adjust pH to 7.5 with 1IN NaOH

Make up to 1000 ml with H,0

For LB agar, 1.5% agar was added to the LB broth and autoclaved.
Preparation of Competent £. co/i DH5a Cells

A colony of E. coli DH5a was grown overnight in 10 ml of LB medium at 37°C with shaking.
A 1ml aliquot of the overnight culture was inoculated into 300 ml of LB medium in a 1-liter flask
and grown at 37°C with shaking wuntil the OD600 reached 0.6 (~2-3 hours).
The culture was cooled on ice for ~1 hour with occasional swirling.
The cells were harvested by centrifugation at 5000 rpm for 15 minutes at 4°C, and the supernatant

was discarded.

Solutions for Competent Bacterial Cell Preparation
- Solution I: 80 mM MqgCl,, 20 mM CaCl,
- Solution II: 0.1 M CaCl,, 15% Glycerol

The pellet was resuspended in 30 ml of ice-cold Solution I and gently vortexed.
Cells were combined into two tubes and centrifuged as described in step d.
After discarding the supernatant, the pellet was resuspended in 30 ml of ice-cold Solution II and
incubated on ice for 20 minutes. The cell suspension was centrifuged again, and the supernatant
was removed. The final pellet was resuspended in 3 ml of Solution II and aliquoted (100 1l per

tube). The competent cells were snap-frozen in liquid nitrogen and stored at -80°C.
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Transformation of Competent Cells with Ligated Product

Competent DH5a cells were thawed on ice, and 10 pul of the ligation mix was added.
The mixture was incubated on ice for 30 minutes, followed by a 90-second heat shock at 42°C.
The tubes were immediately placed on ice for 5 minutes, after which 1 ml of LB broth (without
antibiotics) was added, and the cells were allowed to recover for 1 hour at 37°C with shaking. The
cells were pelleted and spread on LB agar plates containing antibiotics. For blue-white selection,
4 1l of IPTG (1 M) and 20 pl of X-Gal (40 mg/ml) were added to each plate before spreading. The

plates were incubated overnight at 37°C.
Selection of the transformed colonies

The positive colonies were further selected and confirmed by restriction digestion and DNA

sequencing.
Isolation of Plasmid DNA from Transformed Cells via the Alkaline Lysis Method

Single, well-isolated white colonies were inoculated into 2 ml of LB broth containing necessary
antibiotics. The cultures were incubated overnight at 37°C with shaking. After incubation, the
cells were pelleted by centrifugation at 13,000 rpm for 2 minutes, and plasmid DNA was extracted

using the alkaline lysis method, as outlined as follows. The solutions required are listed below:

Solution Composition Preparation & Storage
Solution I 50 mM glucose, 25 mM Tris-Cl (pH 8.0),1mM | Autoclaved and stored at 4°C. Before use, RNase
EDTA (pH 8.0) A is added to a final concentration of 100 pg/ml.
Solution II 0.2 N NaOH, 1% (w/v) SDS Freshly prepared and used at room temperature.
Solution III 3 M potassium acetate (pH adjusted to 5.5 | Autoclaved and stored at 4°C.
with glacial acetic acid)

- The bacterial pellet was resuspended in 200 jl of Solution I containing RNase A. Lysis
was carried out by adding 400 ul of Solution II, incubating at room temperature for 2-3
minutes, with gentle inversion of the tubes. Neutralization was achieved by adding 300
ul of Solution III, followed by incubation on ice for 15 minutes.

- The samples were centrifuged at 13,000 rpm for 10 minutes. The supernatant was
carefully transferred to a new microcentrifuge tube, avoiding any white precipitate, and
plasmid DNA was precipitated using 0.7 volumes (~630 j1l) of isopropanol.

- The samples were centrifuged again at 13,000 rpm for 10 minutes, after which the DNA
pellet was washed with 1 ml of 70% ethanol, air-dried, and resuspended in 20 ul of TE

buffer.
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- The isolated plasmid DNA was subjected to restriction enzyme digestion (double
digestion) to cleave both the vector backbone and the DNA insert, allowing for separation
and analysis via agarose gel electrophoresis. Successful ligations were indicated by the
presence of bands corresponding to the released insert.

- A 20 pl reaction mixture was prepared for the restriction digestion of the plasmid DNA
and incubated at 37°C for 3-4 hours. After incubation, 5 pl of 6X gel loading dye was added

to each sample, which was then loaded onto an agarose gel for electrophoresis.

Restriction Digestion

Component Volume
Plasmid DNA 5.0 ul
10X Reaction Buffer 2.0l

Restriction Enzyme 1 (10 U/pul) | 0.5 ul

Restriction Enzyme 2 (10 U/pl) | 0.5 ul

Nuclease-Free H,0 Up to 20 jl

Sequencing of Plasmid DNA for Clone Confirmation

Positive clones identified through restriction digestion were further analyzed using DNA
sequencing. Plasmid DNA was isolated according to the manufacturer's instructions, with the
Miniprep plasmid isolation kit (Thermo Scientific). The isolated DNA was sequenced using the
Big Dye Terminator Automated Sequencer (Applied Biosystems). A 10 ul reaction mixture for

sequencing PCR was prepared as follows:

Sequencing Components

Component Volume
Ready Reaction Mix 1.0l

5X Buffer 2.0
Plasmid DNA (100-150 ng) 1.0 pl
Primer (M13F/M13R) (3 pmole) 1.0 pl
Nuclease-Free H,0 Up to 10 ul

PCR Program
Step Temperature | Time Cycles
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Initial Denaturation | 96°C 2mins | 1
Denaturation 96°C 30secs | 25
Annealing 55°C 15 secs
Extension 60°C 4 mins

Hold 4°C

Purification of Sequencing Products

- Add 10 pl of nuclease-free water to the PCR products to make a final volume of 20 pl.

Transfer to 0.5 ml microcentrifuge tubes.

- Add 1 ul of 125 mM EDTA and 2 ul of 3M Na-Acetate (pH 5.2) to each sample and mix

thoroughly.
- Add 50 pl of 100% ethanol and incubate in the dark at room temperature for 20 minutes.

- Centrifuge at 13,000 rpm for 30 minutes, then wash the pellet with 200 pl of 70% ethanol

at 13,000 rpm for 5 minutes.
- Air dry the DNA pellet and dissolve in 12 pl of Hi-Di Formamide.

- Heat the samples at 95°C for 5 minutes, snap chill on ice for 5 minutes, and load 10 pul of

each sample into the automated sequencer for sequencing.

The sequenced clones that were properly ligated were selected for further cloning procedures.

Gateway Cloning

Cloning the Gene of Interest into the Entry Vector pENTR/D-TOPO

The TOPO cloning method was used for the directional cloning of the gene of interest into the
PENTR/D-TOPO vector, allowing entry into various vector systems within the Gateway System.

The clone prepared are listed in Annexure _2and the process are outlined below:

Generation of Blunt-End PCR Product: The gene of interest was amplified using a thermostable,
proofreading DNA polymerase. The PCR primers included a 4-base pair sequence (CACC) at the 5'
end of the forward primer, enabling directional cloning and producing a blunt-ended PCR

product.

PCR Components for 50 1l Reaction Volume:
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Component Volume
Template DNA (<200ng) 1.0 pl

2X PCR Buffer 25l
dNTPs (2 mM) 10 pl
Forward Primer (10pmol/pul) 1.5ul
Reverse Primer (10pmol/yul) 1.5ul
KODFx NEO DNA Polymerase (1.0U/uL) (Toyobo) 1.0 ul
Nuclease-free H,0 Up to 50 ul

PCR Amplification: The gene of interest was amplified following a specific PCR program, and the

resulting PCR products were run on an agarose gel.

Step Temperature Time Cycles
Initial Denaturation 94°C 2 mins 1
Denaturation 98°C 10 secs 35
Annealing 55°C 30 secs

Extension (Imin/kbp) 68°C 2 mins

Final Extension 68°C 7 mins

Hold 4°C

Gel Extraction: The amplified PCR products were gel-extracted using a Qiagen Gel Extraction Kit

to purify the desired gene fragment for further cloning.

TOPO Cloning Reaction Using pENTR/D-TOPO Cloning Kit (Invitrogen)
The TOPO cloning reaction was performed as follows:

Reaction Components:

Component Volume
PCR product (150ng) 0.5-2 ul
Salt solution 1ul
TOPO vector (150ng) 1pul
Nuclease-free H,0 Upto6ul
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- The reaction mix was gently mixed and incubated at room temperature for 5-30 minutes

(PCR product: TOPO vector ratio of 0.5:1 to 2:1).

- The reaction mixture was then used to transform competent E. col/i DH5a cells following

the standard transformation protocol.

- Transformed cells were plated on LB agar plates supplemented with Kanamycin (50

pg/ml).

- Positive clones were checked by restriction digestion and sequencing before the LR

clonase reaction.

Mlu I Digestion: After confirming the clones through restriction enzyme digestion and
sequencing, the plasmid DNA was further subjected to Mlu I digestion. This step removes a
portion of the vector containing the kanamycin resistance cassette (smaller fragment), allowing
further selection of clones in the destination vector that also contains the kanamycin resistance

cassette. Additionally, linearizing the entry clone enhances cloning efficiency by up to two-fold.

Mlu I Digestion Setup:

Restriction Digestion Components | Volume

Plasmid DNA (~5 11g) 5.0 ul

10X Reaction buffer 2.0pul

Mlu I (10 U/pl) (Thermo Scientific) | 0.5l

Nuclease-free H,0 Up to 20 jl

After Mlu I digestion, the products were analyzed on a 1% agarose gel, and the larger DNA
fragment containing the gene of interest was extracted using a gel extraction kit (Qiagen). The

concentration of the eluted DNA was determined using a nanodrop spectrophotometer.
Cloning the Gene of Interest into Destination Vector

The LR reaction was performed to transfer the gene of interest from the Gateway entry clone

PENTR/D-TOPO (Mlu I digested) into the destination vector using LR Clonase II.

LR Clonase Reaction Setup:

Reaction Components Volume

Entry clone (50-150 ng) 1-7 ul

Destination vector (300 ng) | 1pl

LR Clonase Il enzyme 2ul
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- The reaction mixture was thoroughly mixed and incubated at 25°C for 1 hour.

- Thereaction was terminated by adding 1 1l of Proteinase K (10 mg/ml) and incubating at

37°C for 10 minutes.

- 6 pulofthe LR Clonase reaction mixture was used to transform £ coliDH5a cells following

the standard transformation protocol.

- Both restriction digestion and sequencing confirmed positive clones.
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Observation and Inference

Presence of AtHMGBI15 binding motif

In the previous chapter, we compared the DEGs of flower tissue to the AtHMGBIS5 control binding
in seedling tissue and found the presence of AtHMGBI5 binding in over 1100 genes. We analyzed
the 3kb upstream region of the JA biosynthesis and response-related genes to look for the
presence of ATHMGBI5 binding motif A(A4/C)--ATA---(A/T)(A/T) as deciphered by Malik et a/in
2020 from our lab. We used PlantPan3.0 to conduct this search and found the presence of the
binding motif within the 1kb promoter region of A0S, LOX4 CYP94B3, ST2A, COIl, MYC2, MYB21
and MYB24 (Figure Ch2_I1A). We designed primers to give an amplicon of about 200bp flaking

the motif.

A) AtHMGBI15 occupancy at the 1 kb upstream region ~ B) ATHMGB15 occupancy
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Figure Ch2_1: A) AtHMGBIS5 binding motif was present at 1kb upstream promoter region of MYC2, MYBZ2I, and MYB24. B)
ChIP analysis demonstrates AtHMGBI5 occupancy at the promoter/upstream regions of MYC2, MYB21, and MYB24. The
data were normalized against non-binding regions corresponding to Atlg01310. Error bars represent the mean + SD (n=5).
Significant differences were identified using one-way ANOVA followed by Tukey s post hoc test (P<0.05), as indicated by
different letters.

We took lgm wildtype flower tissue and performed the ChIP assay with the custom-made
affinity-purified native anti-AtHMGBI15 antibody. ChIP-gPCR was carried out using the primers
designed as mentioned in Annexure 1. At1G01840 and At1G01310 were used as negative controls
as they did not possess an AtHMGBI15 binding motif. As predicted the list of genes mentioned
above did show an increase in fold change concluding the presence of AtHMGBI5 binding motif

(Figure Ch2_I1B).

A literature study suggests that the basic-helix-loop-helix (BHLH) transcription factor MYC2is
the master regulator of JA-signalling (Kazan and Manners, 2013). Also, MYB2I and MYB24, the
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R2R3-MYB transcription factors are considered the regulators of JA signaling during stamen
development (Huang et al,, 2017a, Huang et al,, 2020, Yang et al., 2020). We were trying to narrow
our search for the important players in the JA signaling cascade that influence the entire JA
pathway and pollen development. For subsequent experiments, we proceeded with the analysis

of MYC2, MYB2Iand MYB24.

Confirmation of AtHMGBI15 DNA binding

The DNA binding assay was carried out to confirm the in-vivo binding of AtHMGBI15 protein to
the binding motif present in the 1kb upstream region of MYC2 MYB2I and MYB24. AtHMGB15
protein was previously isolated and incubated with radiolabelled DNA fragments of MYC2,

MYB2land MYB24.

Upon increasing the concentration of AtHMGBI5 protein there was a significant shift in the DNA-

protein complex when observed on a 5% native PAGE (Figure Ch2_2).

The electrophoretic shift was absent when the protein was incubated with the fragment of
At1G01310 (negative control) even at higher concentrations. This provided validation to our study,
confirming the presence of an AtHMGBI15 binding site on the gene of interest enables the DNA

protein interaction.

AtHMGB15 0O 30 60 0O 15 30 60 0 15 30 60 0O 15 30 60
(nM) —

P

AT1G0O1310 myB24 Mycz mMmyB21

Figure Ch2_2: EMSA was conducted using 32P-labeled DNA fragments of Atig01310 (Negative control), MYB24, MYC2,
and MYBZ2I, with increasing concentrations of recombinant AtHMGBIS5 ranging from 15 to 60 nM.

To reconfirm this DNA-protein interaction we took the approach of introducing a site-direct
mutagenesis at the AtHMGBI5 binding motif as indicated in the subsequent figures (Figure
Ch2_3/4/5 A) l1deally, even a single bp mutation must affect the interaction lowering the ability

of the protein to bind the DNA at the binding motif. These mutated fragments were radiolabelled
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and incubated with increasing concentrations of AtHMGBI15 protein. After incubation, they were
run on a 5% native page and observed under the typhoon scanner. It was observed that there was
no binding at lower concentrations of the protein (Figure Ch2_3/4/5 C). DNA-protein interaction
was visible only at higher concentrations of AtHMGBI15. Therefore, there was a sharp decline in
the binding pattern due to the introduction of the mutation in the AT-rich binding motif. This
highlights the importance of each of the bases in the binding motif enabling proper DNA-Protein

interaction in vivo.

A MYe2 Figure Ch2_3: DNA Binding
Wildtype Analysis of MYC2 using
TGCAAGTGAGAATCTCTATCTCCAAAAACGATTCTTGTCTGCTTAACTAATTAATTTGTTGACGACTAAATAARCTAATAATT Recombinant AtHMGBI5 A)
FATTAATTTGACCAAACGCTATTATTAGCATATGCTTTAAGAAAGGAAGAACTCCTTTATAATATTTTTAGTTACATTCACATTTCACGATA The AtHMGBI5 binding site
AACACATGCTAACAACG -42 in MYC2 is highlighted in
o cyan, while the
235 TGCAAGTGAGAATCTCTATCTCCAAAAACGATTCTTGTCTGCTTAACTAATTAATTTG TTGACGACTAAATAACCGAACGCAT .
TTATTAATTTGACCAAACGCTATTATTAGCATATGC TTTAAGAAAGGAAGAACTCCTTTATAATATTTTTAGTTACATTCACATTTCACGATAAAC  COTTESPOI ding o utated
ACATGCTAACAACG 427 motifis marked in yellow. B)
B For the DNA binding assay,
0 32P-labelled DNA fragments
PMYC2 + + + + - - - - (~7 fmol) of MYC2 were
ZPMYC2 + + + AtHMGB15 - 1530 60 - 15 30 60 nM ZZIATGL% with 60 Hﬂg ;f
AtHMGB15 - + + Mutated : el

competition was performed
myc2 = - 10X PMYC2 - = = - 4k o+ 4 using a 10X excess of

w ".v'r P unlabeled DNA fragments.
' B C) Mutated AtHMGBI5
! binding motifs from ~150 bp
MYC2 fragments were used
in an EMSA assay. 32P-
labelled DNA fragments (~7
fmol) were tested for
binding in the presence of
Increasing concentrations
of AtHMGBI5 (0-60 nM).

AtHMGBIS5 activates the transcription of MYC2

The binding of AtHMGBI5 to the promoter and upstream region of MYCZ led us to explore its
potential role in regulating MYC2 transcription. To investigate this, approximately 2 kb of the
MYC2promoter and upstream region was cloned into the pCambial304 vector, replacing the 35S
promoter, to create the pMYC2:GUS reporter construct. This construct was then introduced into
Nicotiana benthamiana plants to assess the activity of the MYC2 promoter (pMYC2) by
measuring GUS activity, both in the absence and presence of AtHMGBI5. Although AtHMGBI5'is
not a transcription factor (TF), it can modulate transcription when interacting with a TF.
Furthermore, prior research identified a MYC2-binding site within the promoter region of the

MYC2gene (Zander et al., 2020).
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D) myB24
Wildtype
-450 AGACGAGTTATCTAAAGGGGAAGAGAAAACATAACAAAGCTGTGTAAGAGAATCGACCTTAATATATCCTCCTGTG
TCTTCCACGTGACTTTGGCATCAACAGACTTGAGACT -563
Mutated
450 AGACGAGTTATCTAAAGGGGAAGAGCTAAAGGGGCAAAGCTGTGTAAGAGAATCGACCTTAATATATCCTCCTGT
GICTTCCACGTGACTTTGGCATCAACAGACTTGAGACT — -563

E) F)
SPMYB24 + + + + - - - -

RPMYBA + + + AtHMGB15 - 1530 60 - 15 30 60 nM

AtHMGB15 - + + Mutated

MYB24 2PMYB24 - - - - + + + +

G) myB21
Wildtype
157 ATGCATCAAAGAGTCTCCAGTCTTTAATATACATATCTACATGGATGGATGAAAGTCATGAAACCATGTTATTAAAACCCTTTTTCAAAACA
AATAATAATGAAACCATGTTGTTATAATTGGTTAGGTTTGAAGAGATATACATAGATAGTCCCCATGCATGTGTTATT +327
Mutated
+157 ATGCATCAAAGAGTCTCCAGTCTTTAATATACATATCTACATGGATGGATGAAAGTCATGAAACCATGTTATTAAAACCCTTTTTCAAAACA
GATACGCATGACACCATGTTGTTATAATTGGTTAGGTTTGAAGAGATATACATAGATAGTCCCCATGCATGTGTTATT +327
H) ]
SPMYB21 + + + + - - - -
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Figure Ch2_4: DNA Binding
Analysis of MYB24 using
Recombinant AtHMGBI5. D)
The AtHMGBI5 binding site in
MYB24 is highlighted in cyan,
while the corresponding
mutated motif is shown iIn
yellow. E) 32P-labelled DNA
fragments (~7 fmol) of MYB24
were used for DNA binding in
the presence of 60 nM
AtHMGBIS. Self-competition
was conducted with a 10X
excess of unlabelled DNA
fragments. F) The AtHMGBI5
binding motifs in ~I150 bp
fragments of MYB24 were
mutated and tested using an
EMSA assay. 32P-labelled DNA
fragments (~7 fmol) were
Iincubated with Increasing
concentrations of AtHMGBIS
(0-60 nM) to assess binding.

Figure Ch2_5: DNA Binding
Analysis of MYB2I using
Recombinant AtHMGBI5. G) The
AtHMGBIS binding site in
MYB2] is highlighted in cyan,
with the corresponding mutated
motif shown in yellow. H) 32P-
labelled DNA fragments (~7
fmol) of MYB21 were used for
DNA binding in the presence of
60 nM  AtHMGBI5.  Self-
competition was carried out
using a 10X excess of unlabelled
DNA fragments.]) The
AtHMGBIS binding motifs in
~150 bp fragments of MYB2I
were mutated and tested using
an EMSA assay. 32P-labelled
DNA fragments (~7 fmol) were
Incubated  with  Increasing
concentrations of AtHMGBI5 (0—
60 nM) to evaluate binding.

Based on this, we hypothesized that AtHMGBI15 functions as a coactivator in conjunction with

the MYC2 transcription factor to regulate MYCZ2 transcription. To test this hypothesis, we

measured MYC2promoter activity in the presence of both AtHMGB15 and MYC2 proteins.

As depicted in Figure Ch2_6A, the promoter activity of MYCZ2 increased in the presence of

AtHMGBI15 (pMYC2+ AtHMGBI5) compared to the control (pMYCZ2 alone). Similarly, we observed

an elevated promoter activity when MYC2 alone was present (pMYC2+ MYC2), confirming earlier

findings that MYC2 regulates its self-transcription. Notably, promoter activity was significantly
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higher when both MYC2 and AtHMGBI15 were present (pMYC2+ MYC2 + AtHMGBI15) compared to
the activity observed with either protein alone. This substantial increase in promoter activity in
the presence of both AtHMGBI15 and MYC2 suggests that AtHMGBI15 acts in concert with the
MYC2 transcription factor to positively enhance the transcription of MYC2 (Figure Ch2_6B).

A) B)

Promoter Assay

b MYyc2 AtHMGBIS
Binding Motif

10— c

MYCcz

Relative GUS activity
(nanomoles of 4-MU/mg proteinihr)

AtHMGBI5
Binding Motif

Figure Ch2_6: A) 2 kb promoter region of MYC2 (pMYC2) cloned into a GUS reporter construct, and Agrobacterium -
mediated infiltration was performed in Nicotiana tabacum using 35S:AtHMGBI5 and 35S5:MYCZ2 constructs. After 48
hours, a GUS reporter gene assay was conducted using MUG as the substrate. Error bars represent the mean + SD (n = 15).
Significant differences between the datasets are indicated by different letters, as determined by a one-way ANOVA
followed by Tukey's post hoc test (P < 0.05). B) Schematic showing the probable interaction of AtHMGBI5 and MYCZ2 in
enhancing the transcription of MYC2.

Interaction between Chromatin Remodellor AtHMGBI15 and bHLH Transcription
Factor MYC2

To gain deeper insights into the physical interaction between AtHMGB15 and MYC2, a
Bimolecular Fluorescence Complementation (BiFC) assay was employed. This technique allowed
for the visualization of protein-protein interactions in living, onion epidermal cells by
reconstituting a functional fluorescent protein when two proteins of interest come into
proximity. In this study, constructs encoding the N-terminal half of Yellow Fluorescent Protein
(nYFP) fused to MYC2 and the C-terminal half of YFP (cYFP) fused to AtHMGB15 were generated.
These constructs were introduced into Agrobacterium tumefaciens strains for subsequent co-
infiltration into onion epidermal cells, which serve as a convenient and established model for

transient expression studies in plant research.

Once infiltrated, the fusion proteins—MYC2-nYFP and AtHMGBI15-cYFP—were expressed within
the onion epidermal cells. If the two proteins physically interact, the two halves of YFP come

together, restoring its fluorescence (Figure Ch2_7). As anticipated, the BiFC assay revealed the
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reconstitution of a Yellow Fluorescent Protein (YFP) signal, particularly in the nucleus and
nucleolus. This indicates that AtHMGB15 and MYC2 form a complex within these subcellular
compartments, highlighting their potential role in nuclear processes, such as transcriptional

regulation.

The specific localization of the YFP signal to the nucleolus is particularly intriguing, as the
nucleolus is often associated with ribosomal biogenesis but is also increasingly recognized for
its involvement in broader cellular functions, including stress responses and the regulation of

gene expression.

Importantly, no YFP fluorescence was observed in the control samples, which were infiltrated
with constructs that did not enable interaction between MYC2 and AtHMGBI15. The absence of
fluorescence in these control treatments provides strong evidence that the interaction between
MYC2 and AtHMGBIS5 is specific and necessary for YFP reconstitution. This specificity further
validates the physical interaction between the two proteins in planta, suggesting their

collaborative role in regulating downstream transcriptional processes.

To further validate the interaction between AtHMGB15 and MYC2, we conducted a transient co-
immunoprecipitation (co-IP) assay. This involved using Arabidopsis plants that were engineered
to overexpress AtHMGBI5-Flag, in the athmgbl5-4 mutant background. The purpose of these

plants was to provide a source of AtHMGBI15-Flag for interaction studies.

We then infiltrated these transgenic plants with Agrobacterium carrying a construct for Myc-
tagged MYC2. In parallel, we used athmgbil5-4 mutant plants, which do not express AtHMGBI15-

Flag, as controls to assess the specificity of the interaction.

Following infiltration, we performed the co-IP assay to isolate the MYC2-Flag complex. This was
achieved by using an anti-Myc antibody, which selectively binds to Myc-tagged MYC2, pulling it
down from the cell extracts. To detect whether AtHMGBI15-Flag was present in the

immunoprecipitated complex, we used the anti-Flag antibody.

The results of the Western blot analysis revealed that Myc-tagged MYC2 was able to co-
immunoprecipitate with AtHMGBI15-Flag, demonstrating a physical interaction between these
two proteins (Figure Ch2_8). This finding supports the hypothesis that AtHMGB15 and MYC2

interact in planta, further confirming their role in transcriptional regulation.
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Figure Ch2_7: The
Bimolecular
Fluorescence
Complementation
(BIFC) assay was
employed to
confirm the
interaction between
AtHMGBI5 and
MYC2 in onion
epidermal cells
using split Yellow
Fluorescent Protein
(YFP). In this assay,
AtHMGBI5-cYFP
was co-expressed
with MYC2-nYFRP
Control
experiments were
conducted with
AtHMGBI5-
cYFP+pSITE-nYFP-
Cl and MYC2-
nYFP+pSITE-cYFP-
N1 The scale bar in
the Iimages is 50
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Figure Ch2_8: Transient co-immunoprecipitation (co-IP) assay was used to confirm the interaction between AtHMGBIS
and MYC2. Protein extracts were prepared from the leaves of athmgbl5-40EA4-FLAG plants and athmgbl5-4 plants
transiently expressing Myc-MYC2. These extracts were subjected to immunoprecipitation using an anti-Myc antibody.
The immunoprecipitated complexes were then analyzed by immunoblotting with anti-FLAG antibodies (IB: aFLAG) to
detect AtHMGBI5-Flag and anti-Myc antibodies (IB: aMyc) to detect Myc-MYC2. Extracts from athmgbl5-4 plants
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expressing only Myc-MYC2 served as a control. Coomassie blue staining for Rubisco was used to ensure equal protein
loading across the lanes. band of interest marked by an asterisk (*).

Alternatively, we performed another transient co-immunoprecipitation (co-IP) assay using a
different experimental setup. We first infiltrated Myc-tagged MYC2 (Myc-MYC2) into the leaves
of Arabidopsis plants that overexpress AtHMGBI15 with a C-terminal Flag tag (AtHMGBI15-Flag).
After infiltration, the leaf tissue was used for immunoprecipitation with anti-FLAG affinity beads,
which specifically bind to the Flag-tagged protein (AtHMGB15-Flag). This allowed us to pull down
the protein complex containing AtHMGBI15-Flag and any associated proteins.To identify the
interacting proteins within this complex, we used an anti-Myc antibody to detect the presence
of Myc-tagged MYC2 (Figure Ch2_9). For comparison, we also conducted a control experiment by
infiltrating leaves of AtHMGBI5-Flag plants with an empty vector (pGWB618), which served as a
negative control. This control helped to ensure that any detected interactions were specifically

due to the presence of Myc-MYC2 and not due to non-specific binding or background noise.

To conclusively verify the interaction between MYC2 and AtHMGBI5 in vivo, a detailed co-
immunoprecipitation (co-IP) assay was performed using transgenic Arabidopsis plants
expressing MYC2-GFP. In this assay, proteins from these plants were extracted and subjected to
immunoprecipitation using anti-GFP magnetic beads, which specifically pull down the MYC2-

GFP fusion protein along with any interacting partners.

Following immunoprecipitation, the presence of AtHMGBI5 in the precipitated complex was
detected using a specific AtHMGBI15 antibody, as outlined in Mallik et al. (2020). Arabidopsis Col-
0 plants, which do not express the MYC2-GFP construct, were used as a control to ensure that any

observed interaction was specific to the MYC2-GFP and AtHMGB15 complex.

The results from this experiment confirmed a positive interaction between MYC2 and AtHMGB15
In vivo, as evidenced by the presence of AtHMGBI5 in the immunoprecipitated fraction from the
MYC2-GFP expressing plants, but not in the control. This result strongly supports the conclusion

that MYC2 and AtHMGBI5 interact within the living plant cells (Figure Ch2_10).

These experimental results provide strong evidence for a direct physical interaction between
AtHMGBI5 and the MYC2 protein. This interaction facilitates the formation of an activator
complex that enhances the transcriptional activity of MYC2. Specifically, the data suggest that
AtHMGBIS5 acts in conjunction with MYC2 to boost its ability to regulate gene expression. By
forming this activator complex, AtHMGBI15 effectively supports MYC2 in its role as a
transcription factor, leading to increased transcriptional activation of genes under downstream

control of MYC2.
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Figure Ch2_9: Total protein was extracted from leaves of athmgbl5-40EA4-FLAG plants transiently expressing Myc-
MYC2 and from control plants infiltrated with empty pGWB618. The proteins were then subjected to immunoprecipitation
using Anti-Flag affinity beads. Subsequent immunoblot analysis was performed with anti-Myc (IB: aMyc) and anti-Flag
(IB: aFlag) antibodies. Coomassie blue staining for Rubisco was used to ensure uniform protein loading across the lanes,
with the band of interest marked by an asterisk (*).

AtHMGBI15-MYC2 Activation complex regulates the expression of
MYB2l/MYB24

Previous studies and experimental results suggest that MYC2 interacts with R2R3-MYB
transcription factors, MYB21 and MYB24, which play crucial roles in regulating anther and pollen
development in response to jasmonic acid (JA) (Goossens et al,, 2017). Our RT-qPCR analysis
conducted in in athmgbl5 mutants indicated that the expression levels of MYB2Iand MYB24 are
significantly reduced. Additionally, in silico analysis identified MYC2-binding sites in the

promoter region of MYB24, suggesting a direct regulatory relationship.

Given that AtHMGBI15 and MYC2 form a transcriptional activator complex, we hypothesized that
this complex could influence the transcription of R2R3-MYB TFs. To test this, we examined
MYB2I1and MYB24 expression in flowers of two MYC2 knockout lines, myc2-2and jinI-2, which

have been well-characterized previously (Boter et al.,, 2004; Lorenzo et al., 2004).

Our findings showed a marked downregulation of many JA pathway genes, especially in both
MYB21 and MYB24 in these myc2 mutant lines (Figure Ch2_11A). Consistent with this, we
observed a significant decrease in jasmonate levels in the myc2mutant lines, further confirming
the role of MYC2 and the AtHMGBI15-MYC2 complex in regulating JA-dependent gene expression
(Figure Ch2_11B). The myc2 mutant line was subjected to pollen tube germination assay. We
observed a similar low success of tube germination in the myc2 mutants as well but they were

not as severe as in the athmgbl5-4. All the above results hinted at the role of the AtHMGB15-MYC2
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activation complex in governing JA pathway and pollen development via the regulation of the

MYBs (Figure Ch2_1IC).

We presumed that AtHMGBI5 is a co-activator paired with the transcription factor MYC2
involved in the regulation of transcription of MYB2I and MYB24 (Figure Ch2_I12A). To examine
this hypothesis, we assessed the promoter activity of MYCZ2in the presence of both the proteins,

MYC2 and AtHMGBI5.

Anti-GFP Anti-GFP Anti-GFP Anti-GFP Anti-GFP Anti-GFP

MYC2-GFP  Col-0 MYC2-GFP  Col-0 MYC2-GFP  Col-0 MYC2-GFP  Col-0 MYC2-GFP  Col-0 MYC2-GFP  Col-0

® F
100kDa- i
* 70kDa -
70kDa-
55kDa -
Input Input IP: anti-GF P IP: anti-GFP Input Loading control
IB :aAtHMGB15 IB: aGFP IB :0AtHMGB15 IB: Pre-immune IB: Pre-immune Coomassie stain

Figure Ch2_10: Co-immunoprecipitation (co-IP) assay was performed in planta to confirm the in vivo interaction between
AtHMGBIS and MYC2. Total protein was extracted from MYC2-GFP seedlings and subjected to immunoprecipitation
using anti-GFP magnetic beads. The immunoprecipitated complexes were then analyzed by immunoblotting with anti-
AtHMGBIS5 (IB: aAtHMGBI5) and anti-GFP (IB: aGFP) antibodies, as well as preimmune sera. Wild-type seedlings served
as the control. Coomassie blue staining for Rubisco was used to verify equal protein loading across the lanes, with the
band of interest marked by an asterisk (*).

To further investigate the regulatory role of AtHMGB15 and MYC2 in transcriptional activation,
we analyzed the promoter activities of MYB21and MYB24in the presence of these transcription
factors (Figure Ch2_12B). The promoter activity of pMYB24 was substantially enhanced by the
independent presence of AtHMGBI15 and MYC2, but no additional increase in activity was

observed when both proteins were present together.

In contrast, for pMYBZ2I, promoter activity was notably increased only when MYC2 was present.
While AtHMGBI15 showed strong DNA-binding affinity to the MYB2] promoter region, it did not
independently increase promoter activity. Interestingly, the combined presence of both
AtHMGBI15 and MYC2 led to a substantial increase in pMYBZ2I activity, suggesting that these two

proteins form an activation complex to regulate MYB2Itranscription (Figure Ch2_12B).
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Figure Ch2_11: A) RT-qPCR analysis of JA gene expression in MYC2 knockout mutants (myc2-2 and jinl-2) and athmgbl5-
4 mutants, with fold changes normalized to wild type. Error bars represent the mean + SD (n=4). Statistical significance
for each gene was determined using one-way ANOVA followed by Tukey's post hoc test. Significant differences are
Indicated by asterisks (***P<0.001). B) Comparative analysis of JA and its derivatives in the flowers of wild type and MYC2
knockout mutants (myc2-2 and jinl-2). Error bars represent the mean + SD (n=3). Fold changes for each compound were
normalized to wild type. Statistical significance was assessed using one-way ANOVA with Tukey's post hoc test, with
asterisks indicating significance (*P<0.05, **P<0.01, ***P<0.001). C) Pollen germination assay showing time-dependent
germination profile of wildtype, athmgbl5-4 and myc2-2. Error bars represent mean+SD (n=3). The significance was
analyzed by two-way ANOVA with Tukey's post hoc test. Asterisks represent significant differences as indicated (*P<0.01,
**P<(.001, ***P<0.0001 and ns stands for not significant).

These findings suggest that AtHMGBI15 plays a critical role in regulating the transcription of
R2R3-MYB TFs during flower development, particularly influencing the growth and development

of stamens and pollen grains.

In conclusion, the AtHMGBI15-MYC2 activator complex plays a pivotal role in regulating stamen
development by modulating the transcription of key R2R3-MYB transcription factors,
particularly MYB21 and MYB24. Through both independent and cooperative mechanisms, this
complex ensures the precise expression of these MYBs, which are essential for the proper

elongation of stamens and the development of pollen grains in a JA-dependent manner.

Our findings reveal that AtHMGBI5, although not a transcription factor itself, enhances the

transcriptional activity of MYCZ forming a functional complex that promotes stamen
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development. This regulation is crucial for fertility, as defects in this pathway lead to shorter
stamens and reduced seed yield, as observed in athmgbl5mutants. Thus, AtHMGBIS5 is a critical
co-regulator in the MYC2 signaling network, contributing to reproductive success in Arabidopsis

through its impact on floral development.
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Figure Ch2_12: A) Schematic showing the probable interaction of AtHMGBI5 and MYC2 in enhancing the transcription of
MYB2l/MYB24. B) The 2-kb promoter regions of MYB2I (pMYBZ21) and MYB24 (pMYB24) were cloned into a GUS reporter
construct, and Agrobacterium-mediated infiltration was performed with 35S:AtHMGBI5 and 35S:MYC2 in Nicotiana
tabacum. GUS reporter assays were conducted 48 hours post-infiltration using MUG as the substrate. Error bars represent
the mean + SD (n=15). Statistical differences between datasets were analyzed by one-way ANOVA followed by Tukey's
post hoc test, with significance indicated by letters (P<0.05).
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Discussion

Repression of JA Biosynthesis and MYB Transcription in athmgbl5-4 Mutants

Our research highlights the vital role of AtHMGBI15 in the regulation of JA-dependent
transcription factors, particularly MYB2land MYB24, which are integral to stamen development.
These R2R3-MYB transcription factors (TFs) play crucial roles in promoting male fertility in
Arabidopsis by regulating anther dehiscence, filament elongation, and pollen viability. In the
athmgbl5-4 mutant, we observed a significant downregulation of MYB2I and MYB24, a result
that mirrors findings from previous studies where disrupted JA biosynthesis led to decreased
expression of these TFs (Yang et al., 2020, Huang et al.,, 2020, Huang et al,, 2017a). Our analysis
suggests that AtHMGBI5 directly binds to the promoters of MYB2I and MYB24, functioning as a

transcriptional activator.

There are likely two mechanisms contributing to the repression of MYB2I and MYB24 in the
athmgbl5-4 mutant. First, the disruption of JA biosynthesis in this mutant likely diminishes the
transcription of these MYBs. Previous studies on opr3 mutants, which are defective in JA
biosynthesis, have demonstrated similar reductions in MYB2I and MYB24 expression (Song et
al,, 2011, Huang et al., 2020). Given that AtHMGBI15 positively influences JA signaling pathways,
its absence may disrupt upstream regulators like MYCZ2 further contributing to the

downregulation of MYB21 and MYB24.

Second, the loss of functional AtHMGBI5 may directly impair the transcriptional activation of
these MYB genes, as AtHMGBI15 appears to be an essential cofactor for their expression.
AtHMGBIS likely interacts with chromatin and enhances transcription factor binding, ensuring
that these MYB TFs are properly expressed in JA-dependent pathways during flower

development.

The dual impact of JA biosynthesis repression and the loss of AtHMGBI5 function explains many
of the developmental defects observed in the athmgbi5-4 mutant. The MYB21 and MYB24 TFs
are indispensable for stamen development. In myb2Imyb24 double mutants, phenotypes such as
short filaments, delayed anther dehiscence, and nonviable pollen result in male sterility (Huang
et al,, 2020). These findings are consistent with the phenotypic abnormalities we observed in
athmgbi5-4 flowers, where approximately 30% exhibited shorter stamen filaments compared to
wild-type plants. The shorter filaments hinder proper pollination, as the anthers fail to reach the

stigma, resulting in poor fertilization and reduced seed yield. This is a likely consequence of
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defective stamen elongation, anther dehiscence, and reduced pollen viability, all of which are

linked to diminished MYB21 and MYB24 activity.

Moreover, the role of AtHMGBI5 in the MYC2 transcriptional network adds another layer of
regulation, where AtHMGB15 may not only activate MYB21 and MYB24, but also modulate
broader JA-responsive gene expression. This multifaceted role of AtHMGB15 emphasizes its
critical position in coordinating the complex transcriptional networks required for JA signaling

and successful stamen development.

Functional Interaction Between AtHMGBI15 and MYC2 in JA Signaling

Our study provides new insights into the functional interaction between AtHMGBI15 and the
MYC2 transcription factor within the context of JA signaling. We demonstrate that AtHMGBI15
and MYC2 form a transcriptional activator complex, amplifying MYC2-dependent gene
expression. This interaction is particularly significant as AtHMGBI5 directly binds to the
promoter region of MYCZ promoting its transcription. This finding adds a new layer of
complexity to MYC2regulation, as earlier studies indicated that MYC2 can bind to target genes
without the canonical G-box motif, suggesting the need for partner proteins like AtHMGBI5 to

target non-canonical DNA sequences(Zander et al., 2020).

Our results strongly indicate that AtHMGBI15 functions as an essential coactivator required for
the full transcriptional activity of MYC2, especially during JA-dependent processes. AtHMGB15
facilitates the transcription of MYB2I and MYB24, two critical transcription factors for stamen
development. These MYB transcription factors are vital for proper anther dehiscence and pollen
viability, processes that are directly linked to male fertility in Arabidopsis. The AtHMGB15-MYC2
activator complex thus plays a crucial role in regulating JA-responsive genes, specifically those
involved in reproductive development. This discovery reveals a previously unknown facet of JA
signaling, underscoring AtHMGBI15 as a key modulator of MYC2 function and transcriptional

regulation.

Role of AtHMGBI5 in Pollen Development and JA Signaling

Beyond its role as a transcriptional coactivator with MYC2, AtHMGBI5 appears to have broader
physiological functions in pollen development. Our study shows that AtHMGBI5 contributes to

the formation of the pollen cell wall by regulating genes involved in cell wall biogenesis. This

Page | 129



CHAPTER TWO

novel finding expands the known functional repertoire of AtHMGBI15, traditionally classified as a
nuclear architectural protein, to include a role in directly influencing transcriptional activation
of key developmental pathways. The link between AtHMGBI15 and pollen development reveals
that this protein is not limited to chromatin remodeling but also actively participates in

developmental regulation.

The formation of the AtHMGBI15-MYC2 activator complex further underscores its involvement in
JA signaling during pollen development. JA is known to regulate various aspects of reproductive
development, including anther dehiscence, filament elongation, and pollen maturation. The role
of AtHMGBIS5 in this context suggests that it serves as a key player in orchestrating these JA-
dependent developmental processes. By enhancing MYC2 activity, AtHMGBI5 indirectly supports

the transcription of JA-responsive genes critical for stamen and pollen development.

Implications for Understanding ARID/HMG Nuclear Proteins in Plants

Our findings represent a significant step forward in understanding the diverse roles of ARID/HMG
nuclear proteins in plants, particularly AtHMGBI15. While these proteins have traditionally been
viewed as nuclear architectural proteins involved in chromatin structure and DNA binding, our
results highlight AtHMGBI15 as a dynamic regulator of gene expression. AtHMGBI5 not only
influences chromatin accessibility but also acts as a transcriptional activator through its

interactions with key transcription factors like MYC2.

The involvement of AtHMGBI5 in JA-mediated transcriptional networks essential for flower
development and fertility in Arabidopsis emphasizes its broader physiological roles beyond
structural functions. These findings open new avenues for exploring the functions of HMG-box
proteins in plants and offer potential insights into how these proteins influence other critical
developmental and physiological processes through their interactions with transcriptional

regulators.

In conclusion, AtHMGBI5 is more than just a chromatin remodeler; it is an active participant in
transcriptional regulation, particularly in the JA signaling pathway. Its partnership with MYC2
highlights its importance in the regulation of JA-responsive genes, making it a critical player in
the broader transcriptional landscape of plant reproductive development. This study lays the
groundwork for future research into the multifunctional roles of HMG-box proteins in plants,
providing a deeper understanding of their regulatory mechanisms and their potential

applications in crop improvement.
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Summary

Our study provides significant insights into the role of the Arabidopsis AtHMGBI5 protein in
regulating pollen development and jasmonic acid signaling. AtHMGBI15 is an ARID/HMG-box
protein involved in transcriptional regulation and chromatin remodeling. By examining
athmgbl5insertion mutants, we have elucidated the impact of AtHMGBI15 on pollen morphology,

JA biosynthesis, and signaling pathways.

The research revealed that athmgbl5mutants exhibit defective pollen morphology, characterized
by distorted cell wall architecture and retarded pollen growth. These morphological defects lead
to a significantly reduced seed set, highlighting the essential role of AtHMGBI5 in pollen
formation and maturation. Our differential gene expression analysis indicated that AtHMGBI15
regulates key genes involved in pollen cell wall development. The downregulation of these genes
in athmgbi5 mutants likely contributes to the defects in pollen morphology and viability (Xia et
al, 2014).

A major finding of this study is that AtHMGBI5 plays a crucial role in JA biosynthesis and
signaling. JA, a critical phytohormone, regulates multiple aspects of flower development,
including anther development, stamen elongation, and pollen maturation (McConn and Browse,
1996, Mandaokar et al., 2006, Ishiguro et al., 2001). Our data showed that athmgbl5 mutants have
reduced levels of jasmonates due to the downregulation of genes involved in JA biosynthesis and
signaling pathways. The restoration of JA signaling and pollen morphology in athmgbl5mutants
upon complementation with full-length AtHMGBI15 or exogenous application of jasmonate
supports the notion that AtHMGBIS5 is integral to maintaining proper JA levels (Xie et al,, 1998,
Feys et al., 1994).

JA signaling involves complex feedback mechanisms that regulate hormone levels and gene
expression (Zander et al, 2020, Wasternack et al,, 2013). Positive feedback loops enhance JA
biosynthesis, while negative feedback loops modulate the activity of key transcription factors
(TFs) like MYC2 through repressors such as JAZ proteins (Chini et al., 2016, Chini et al., 2007). Our
study demonstrated that AtHMGBI5 directly interacts with MYC2 to form an activator complex
that enhances MYC2-dependent gene expression. This interaction underscores the role of
AtHMGBIS5 in positively regulating JA signaling by supporting MYC2's transcriptional activity
(Kazan and Manners, 2013).
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Our findings also revealed that AtHMGBIS5 influences the transcription of JA biosynthesis genes.
We observed decreased expression of these genes and reduced jasmonate levels in athmgbl5
mutants, which aligns with the established positive feedback loop where MYC2 activates the
transcription of JA biosynthesis genes (Pozo et al,, 2008, Dombrecht et al,, 2007). The repression
of genes responsible for JA derivatives further corroborates the role of AtHMGBI15 in maintaining
jasmonate concentrations. Specifically, the reduced expression of genes like DAD1 and CYP94B3
in athmgbl5 mutants reflects the impact of AtHMGB15 on JA biosynthesis and catabolism
(Ishiguro et al., 2001, Koo et al., 2011).

AtHMGBI5 also regulates the expression of JA-responsive R2R3-MYB TFs, MYB21 and MYB24,
which are crucial for stamen development (Yang et al.,, 2020, Huang et al,, 2020, Huang et al,,
2017a). The downregulation of these TFs in athmgbl5 mutants, along with the observed short
filaments and reduced seed yield, highlights the direct role of AtHMGBI5 in activating MYB21 and
MYB24 transcription. This regulation is essential for proper stamen growth and pollen viability,

further linking AtHMGBIS5 to JA signaling and floral development (Huang et al., 2020).

AtHMGBI5 is crucial for Methyl iasmon«iate zlalpplieation
restores normal pollen
| normal pollen development . ‘ e
/ mutants, highlighting the
/ @ importance of JA signaling
Comparative transcriptome

analysis reveals differential E— J—
requlation of genes related to / \ AtHMGBI5 occupancy at the
pollen development, cell upstream region of MYCZ,

wall, and hormone pathways - (aloev'vlﬁﬂzsts)—" ( AT ) MYB2land MYB24

AtHMGBIS regulates the - ( itz )(o Ev':atigﬂsur) [D LN AtHMGBI5 forms an activator

expression of genes in the complex with MYC2 to

jasmonic acid pathway promote the transcription of

during flower development MYPBs aiding stamen
development

Figure S_1: Schematic concluding the salient features of the thesis and elucidating the role of AtHMGBIS5 in activating the
JA pathways by forming an activation complex with MYC2 to regulate stamen and pollen development.

Our study provides new insights into the interaction between AtHMGBI15 and MYC2. We
established that AtHMGBI15 forms a transcriptional activator complex with MYC2, enhancing its
ability to regulate target genes involved in JA signaling. This interaction suggests that AAHMGB15
acts as a necessary coactivator for MYC2, enabling it to bind and activate genes crucial for pollen

development (Zander et al,, 2020).
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SUMMARY

Broader Implications and Future Directions

This research highlights the multifaceted role of AtHMGBI5 in regulating both chromatin
dynamics and gene expression during pollen development. AtHMGBI5 is not only a nuclear
architectural protein but also a dynamic regulator of transcriptional networks. The findings
suggest that AtHMGBIS5 is essential for integrating JA signaling with transcriptional regulation,

impacting pollen morphology, viability, and overall fertility.

Future research should explore the detailed mechanisms of AtHMGBIS5 interaction with other
transcription factors and its role in different developmental stages and stress responses.
Additionally, investigations into the broader physiological roles of ARID/HMG-box proteins could

provide further insights into their functions in plant development and adaptation.

In summary, AtHMGBIS5 is a key player in pollen development and JA signaling, functioning
through its interaction with MYC2 to regulate gene expression. The study underscores the
importance of AtHMGBI5 in maintaining jasmonate homeostasis and ensuring the proper
development of viable pollen grains. This research advances our understanding of plant
transcriptional regulation and offers potential avenues for improving crop fertility and stress

resilience.
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Annexure_I: List of Primers

GENE GENE ID PRIMER NAME PRIMER SEQUENCE
(5---3)

PRIMERS FOR VALIDATION OF TRANSCRIPTOME (JA BIOSYNTHESIS GENES)

DADI AT2G44810 AT2G44810-DADI-F GGACAAAGAAGAGATCTCGCGGC
AT2G44810-DADI-R TAAGCTGCTAGTGTCGCGATCG

A0S AT5G42650 AT5G42650-A0S-F CGATCAAAGCTTCCGGGTCAGAAA
AT5G42650-A0S-R GTGGATTCTCGGCGATAAAAGCT

AoC3 AT3G25780 AT3G25780-A0C3-F GGGCAAGAAGACCGAAAACTCC
AT3G25780-A0C3-R CGAATCTGTCACCGCTCTTTTCA

OPR3 AT2G06050 AT2G06050-OPR3-F ACTCCCGGCGGTTTTCTCA
AT2G06050-OPR3-R CGCCACCTGTTTTCCGAGATTG

OPCLI AT1G20510 AT1G20510-OPCL1-F CCGAAACAAACCGGTGAGCTTT
AT1G20510-OPCL1-R GATTTCAGGATGAGTAAGCAAC

JARI AT2G46370 AT2G46370-JARI-F CACCTATTCTCACTGGTCACCCTG
AT2G46370-JARI-R TCCCGTTGATATGTACTGCTTGC

CYP94B3 AT3G48520 AT3G48520-CYP94B3-F ACCGTGCACGTGTTGGTCT
AT3G48520-CYP94B3-R CTAACCCTAAACTCACCAACGGG

ST2A AT5G07010 AT5G07010-ST2A-F TTAAAGAAGGCAAAACTCGCGAC
AT5G07010-ST2A-R CGGTGACGGTTAAGGATGGTGAA

EFI AT1G07920 AT1G07920-EF1-F GTAACAAGATGGATGCCAC
AT1G07920-EF1-R TCTGGTCAAGAGCCTCAAG

PRIMERS FOR VALIDATION OF TRANSCRIPTOME (JA SIGNALLING AND RESPONSE GENES)

MYCc2 AT1G32640 AT1G32640-MYC2-F TTGATCTCCGGTGGTGTTGCT
AT1G32640-MYC2-R GTTCGCCGAAGGAATACACGC

MYB2I AT3G27810 MYB21-F-AT3G27810 AAGTAGTGGAGGTTCGGGATC
MYB21-R-AT3G27810 ATTTCCCCGTCGCACATCA

MYB24 AT5G40350 AT5G40350/MYB24-F TCATTCATGACATGGCTCG
AT5G40350/MYB24-R CAAAATGGGGAAATAGGTGG

con AT2G39940 COIl1-F-AT2G39940 TGTAAATTGAGCTGCGTCGCGA
COI1-R-AT2G39940 TTGCCTTTAAGCTTGAGCGACCT

JAZ7 AT2G34600 AT2G34600-JAZ7-F GATTCTGATTTCCATAGCTCGTT
AT2G34600-JAZ7-R TCGAGTCGAATTGTTTGGG

JAZ8 AT1G30135 AT1G30135-JAZ8-F CAGATGTTACCCATCTTCAGGC
AT1G30135-JAZ8-R TTATCGTCGTGAATGGTACGG

JAZIO0 AT5G13220 AT5G13220-JAZ10-F ACGCGTCTCTCGCCAGGTC
AT5G13220-JAZ10-R CCTTGCGATGGGAAGATCTC

PRIMERS FOR VALIDATION OF TRANSCRIPTOME (CELL WALL BIOGENESIS GENES)

MIF21.3 AT5G48140 AT5G48140-F CACTAACGCATTGTTGAAAGCATTCAATGA
AT5G48140-R CAACTTAAACCCATTAATGTTGCGG

CSLDI AT2G33100 AT2G33100-F ACGATGACATGGACGTCTCTGGTGATTA
AT2G33100-R TTATGATCAAAATCTCCCGTCTGGCTCCTC

DL4030C AT4G15980 AT4G15980-F GAGTAGGAAAATGGAAGAGGTTCACCG
AT4G15980-R CTACAAGTATTAAGCGCTTCTCTTGTGTGC

HSP90.1 AT5G2640 AT5G52640-F TAACTCTTCTGATGCTCTTGACAAGATCCG
AT5G52640-R TTGTCCTATCATGCTTACATCAGCTCCAG

AT3G07850 AT3G07850 AT3G07850-F ATGCAGCTACAGCAGTTGAAGATACAGCAA
AT3G07850-R AACTCTAGGCTCTCTACCATATACTCACCT

XTHI8 AT4G30280 AT4G30280-F TCTATGCATGTCTATGCGGGTAGCTTC
AT4G30280-R CACGTAGTTCCCGGAGACTTAAGAT

F1715.160 AT4G33970 AT4G33970-F GTCTCATTTGCCCTAACCGATACAGAA
AT4G33970-R ATGCCAGTTCCCCGTGGTGTTAAATG

PRIMERS FOR VALIDATION OF TRANSCRIPTOME (BIOSYTHESIS AND RESPONSE TO HORMONE)

RRTFI AT4G34410 RRTF1-F ACA CGT CTT CAG TTT CAT CTCC
RRTF1-R TCA CTG GAA CAT ATC AGC AA

ERFII AT1G28370 ERF11-F ATG GCA CCG ACA GTT AAA AC
ERF11-R TGGTTT TGG CTT TAG CTC CA

DDFI1 AT1G12610 DDF1-F TGA TGA TAT TAT TCT GGC GGA G
DDF1-R TCA AAC ATG CGG ATC TCC CA

DDF2 AT1G63030 DDF2-F ATG GAA AAC GAC GAT ATC ACCG
DDF2-R TAT CTG CCG TCG GAT AAGTT

RGL AT5G17490 RGL -F ATG AAA CGA AGC CAT CAA GAA ACG
RGL -R TTG AAG GCA TTA CTA GAA GAG GCA

GA20X6 AT1G02400 GA20x6 -F GAG ATT CGA GCA TGA AGG AGA AGAG
GA20x6 -R GTT TCA GAT TTA TCA GCG ACA GC

QD22 AT4G23060 1QD22-F CGG TGG TTT AGG AGT CTA TTC GGA G
1QD22- R CGG TAG CGA TGG AGT ATG AGG AA

ARF6 AT1G30330 ARF6-F CAACCGTTGAATGCGCAAGA
ARF6-R TGC TGC GAG TAA TCC AAG GGA
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responsive TF

WRKY40 AT1G80840 WRKY40-F CTT CTGACACTACCCTCGTT
WRKY40-R CTCCAC ACT TCT CTGAACCT T
AGLI8 AT3G57390 AGL18-F TGACGCCGAGGTTGCTCTTAT
AGL18-R GGGAAACTCATACCTTCAAGCTCC
PRIMERS FOR VALIDATION OF TRANSCRIPTOME (PROTEIN KINASES AND PHOSPHATASES)
MPK3 AT3G45640 MPK3 -F TGC GCT TAT TGA CAGAGT T
MPK3 -R GGT GAT TCA GAGCTT GTT CAACA
MKK9 AT1G73500 MKK9 -F ATG GCT TTA GTA CGT GAA CGT
MKK9 -R GAT CCA TGT CGC CGT TAACT
MAPKKKI5 AT5G55090 MAPKKKI15-F ATG GAG GAA CAA AAC TGG AT
MAPKKKI15-R CTC CCA CCG GAA ACATACTC
MAPKKK21 AT4G36950 MAPKKK21-F ATG GAG TGG ATT CGT AGA GA
MAPKKK21-R ACC ACC GGA AGC ATA CTC AA
RBK2 AT3G05140 RBK2-F TTA GGC TCT CTC CTC CAT GGA
RBK2-R AAT ATT CAG GTG CAA AGT ACCC
CPK16 AT2G17890 CPK16-F CCT TGA AGA GAT GAG GCA GGC
CPKI16-R CCC TTT CAA GCC AGT TAG CA
PRK4 AT3G20190 PRK4 -F CAA GCC ATC TTC ACG CG
PRK4 -R CGG TTA GGA GTG GCT CAA ATG
PTENI AT5G39400 PTENI1-F GGT TTC AGA ACT TCA GGA GGTT
PTENI1-R TGC GTA TGT CAC CAC TAA CTC
PRIMERS FOR CHIP q-PCR
MYc2 AT1G32640 AT1G32640F-MYC2-CHIP GCAAGTGAGAATCTCTATCTCC
AT1G32640R-MYC2-CHIP CGTTGTTAGCATGTGTTTATCGTG
MYB21 AT3G27810 Chip AT3G27810/MYB2la-F ATGCATCAAAGAGTCTCCAG
Chip AT3G27810/MYB2la-R AATAACACATGCATGGGGAC
MYB24 AT5G40350 Chip AT5G40350/MYB24-F AGACGAGTTATCTAAAGGGG
Chip AT5G40350/MYB24-R CTCAAGTCTGTTGATGCC
CAP AT1G01310 CV Neg AT1G01310-F ATGAAGACTCTTCCACAAAACCCT
CV Neg AT1G01310-R CTGTTACGACGTCGTATTCTCCTC
AP2-like AT1G01840 CV Neg AT1G01840-F AAGTAGCTGAGCTGATATCATCGCTG
ethylene

CV Neg AT1G01840-R

CTATCGCCGAGTATCTCTCCTCTTCA

PRIMERS FOR PROMOTOR CLONING FOR GUS ASSAY

MYCc2 AT1G32640 MYC2prom2kb_F CACCGGATCCCGAGCATGCCAAATCAATC
MYC2prom2kb_R CTCGAGGGAGAAAGTCTTCGTAGTGGAG

LOX4 AT1G72520 AT1G72520-F-LOX4prom2kb CACCGGATCCACACAAACAAAGCCCAAGGG
LOX4-R-NCO1 GGCCATGGGAAAGAGAGCTTTTCGCCGTC

MYB2I AT3G27810 MYB21-F-ECOR1 CCGAATTCCGACTCGTACCCAAACGTTTA
MYB21-R-BGL2 CCAGATCTGAAGGTTGTGGAAGGTGAGGTA

MYB24 AT5G40350 AT5G40350-F-MYB24prom2kb CACCGGATCCATTGGCCAAATTGTTCCCCCT
AT5G40350-R-MYB24prom2kb CCCTCGAGGTGGTGGGCAGGTAGCTACTG

MYC2 AT1G32640 MYC2-CDS-F GGCCATGGATGACTGATTACCGGCTACAACCA
MYC2-CDS-R CCGGTCACCTTAACCGATTTTTGAAATCAAA

CTT

PRIMER FOR BIFC

ARID4 AT1G04880 Arid4F-Gateway CACCATGGCATCAAGCTCTTGTC
Arid4R-Gateway (101) GTTCTGCTCAGCAGTCACCG

MYC2 AT1G32640 MYC2-CDS-F CACCGCTAGCATGACTGATTACCGGCTACAAC
MYC2-CDS-R GGCTGCAGTTAACCGATTTTTGAAATCAAAC

PRIMER FOR ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

MYC2 AT1G32640 AT1G32640F-MYC2-CHIP GCAAGTGAGAATCTCTATCTCC
AT1G32640R-MYC2-CHIP CGTTGTTAGCATGTGTTTATCGTG

MYB21 AT3G27810 Chip AT3G27810/MYB2la-F ATGCATCAAAGAGTCTCCAG
Chip AT3G27810/MYB2la-R AATAACACATGCATGGGGAC

MYB24 AT5G40350 Chip AT5G40350/MYB24-F AGACGAGTTATCTAAAGGGG
Chip AT5G40350/MYB24-R CTCAAGTCTGTTGATGCC

PRIMER FOR SITE DIRECTED MUTAGENESIS (SDM)

MYCc2 AT1G32640 MYC2-SDFPr CGACTAAATAACCGAACGCATTTATTAATTTG
MYC2-SDRPr GTTTGGTCAAATTAATAAATGCGTTCGGTTAT

T
MYB21 AT3G27810 MYB21-SDFPr CCCTTTTTCAAAACAGATACGCATGACACCAT

GTTG

MYB21-SDRPr

CAATTATAACAACATGGTGTCATGCGTATCTG
TTTTG

MYB24 AT5G40350 MYB24-SDFPr

CTAAAGGGGAAGAGAGGACCGCACAAAGCTG
TG

MYB24-SDRPr

TTCTCTTACACAGCTTTGTGCGGTCCTCTCTT
C

PRIMER FOR CONSTRUCT OF athmgbl5-4-OEA4 (RE) TRANSGENIC

ARID4 | AT1G04880 | Arid4F-Gateway

| CACCATGGCATCAAGCTCTTGTC
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Arid4R-Gateway (302) ACTTTTGTCGTCATCGTCTTTGTAGTCGTTCT
GCTCAGCAGTCACCG

PRIMER FOR AtHMGB15 EXPRESSION

ARID4 AT1G04880 Arid4-(F) AACCATGGCATCAAGCTCTTGTC
Arid4 HMG (F) Gateway CACCATGAACACTCTGAACATTTCT
ARID4-Salk 057612(F2) ATGTTCCTTCGAATCTCAG
Arid4 -Arid (R) CCCTCGAGTCACAGTATTGATCTTGGG
Arid4 - (R2) GCCTTCCCTTGGTAAATCAAT
Arid4 IP (R) GACACCATGACTCTGTTGCG
ARID4-Salk 057612(R2) CACTCTGATCTGATGTGTG

TDNA LBbl GCGTGGACCGCTTGCTGCAACT

Annexure2: List of Clones

Routine cloning

Gene of Interest | Vector Resistance Primer(F)/ Restriction | Primer(R)/ Restriction
(Insert) enzyme 1 enzyme 2
DPMYC2 PGEM®-T Easy Ampicillin GCAAGTGAGAATCTCTATCT CGTTGTTAGCATGTGTTTAT
(200bp) cc CGTG
PMYB24 PGEM®-T Easy Ampicillin AGACGAGTTATCTAAAGGGG | CTCAAGTCTGTTGATGCC
(200bp)
DPMYB21 PGEM®-T Easy Ampicillin ATGCATCAAAGAGTCTCCAG AATAACACATGCATGGGGAC
(200bp)
MYC2 (full length | pCambial304 Kanamycin Ncol BstE2
CDS)
Gateway cloning
Gene of Interest | Vector Resistance Primer(F)/  Restriction | Primer(R)/ Restriction
(Insert) enzyme 1 enzyme 2
AtHMGBIS (full | pPENTR/D-TOPO Kanamycin CACCATGGCATCAAGCT GTTCTGCTCAGCAGTCACCG
length CDS) CTTGTC
MYC2 (full length | pENTR/D-TOPO Kanamycin CACCGCTAGCATGACTG GGCTGCAGTTAACCGATTTT
CDS) ATTACCGGCTACAAC TGAAATCAAAC
pMyYC2 PENTR/D-TOPO Kanamycin BamH1 Xhol
(2kb upstream)
PMYB24 pENTR/D-TOPO Kanamycin BamH1 Xhol
(2kb upstream)
PMYB21 PENTR/D-TOPO Kanamycin Kpnl Xhol
(2kb upstream)
AtHMGBI5 (full | pSITE-cEYFP-N1 Spectinomycin/
length CDS) (CD3-1651) Chloramphenicol
MYC2 (full length | pSITE-nEYFP-C1 Spectinomycin
CDS) (CD3-1648)
MYC2 (full length | pGWB618 Spectinomycin Nhel Pstl
CDS)
pMyYCc2 PKGWFST7 Spectinomycin BamH1 Xhol
(2kb upstream)
PMYB24 PKGWEFST7 Spectinomycin BamH1 Xhol
(2kb upstream)
PMYB21 PKGWFST7 Spectinomycin Kpnl Xhol
(2kb upstream)
AtHMGBIS pMDC84 Kanamycin CACCATGGCATCAAGCT GTTCTGCTCAGCAGTCACCG
(full length CDS) CTTGTC

Annexure_3: List of differentially expressed genes involved in Pollen Development and Related

Processes
Gene ID Gene Name log2 FC P-value Gene Description
AT2G07040 PRK2A -112637 0.000601 Leucine-rich repeat protein kinase family protein
AT2G15890 MEE14 121104 5.29E-05 maternal effect embryo arrest 14
AT2G25600 SPIK -1.30391 2.18E-05 Shaker pollen inward K+ channel
AT2G28640 EXO70H5 -1.94839 6.76E-05 exocyst subunit exo70 family protein H5
AT2G31500 CPK24 -0.9814 0.002177 calcium-dependent protein kinase 24
AT2G33100 CSLDI -2.52898 8.88E-16 cellulose synthase-like DI
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AT2G39800 P5CSI 13749 4.88E-10 deltal-pyrroline-5-carboxylate synthase 1

AT2G41110 CAMZ2 -113913 2.06E-05 calmodulin 2

AT2G44810 DADI -2.01128 5.7E-08 alpha/beta-Hydrolases superfamily protein

AT3G06260 GATL4 -12233 4.08E-05 galacturonosyltransferase-like 4

AT3G07970 QRT2 2.05618 4.37E-05 Pectin lyase-like superfamily protein

AT3G08970 ATERDJ3A -118231 0.000418 DNAJ heat shock N-terminal domain-containing protein

AT3G09530 EXO70H3 -162208 186E-07 exocyst subunit exo70 family protein H3

AT3G12690 AGCLS -0.6523 0.003029 AGC kinase 1.5

AT3G13900 AT3G13900 -1.04304 0.001936 ATPase EI-E2 type family protein / haloacid
dehalogenase-like hydrolase family protein

AT3G20190 PRK4 -130763 3.33E-15 Leucine-rich repeat protein kinase family protein

AT3G21180 ACA9 -0.90583 0.003313 autoinhibited Ca(2+)-ATPase 9

AT3G21700 SGP2 -0.87997 8.64E-06 Ras-related small GTP-binding family protein

AT3G26860 AT3G26860 -110424 0.000106 Plant self-incompatibility protein SI family

AT3G42880 PRK3 -156404 7.53E-05 Leucine-rich repeat protein kinase family protein

AT3G45640 MPK3 -115654 0.000109 mitogen-activated protein kinase 3

ATIGI17420 LOX3 -2.31246 3.14E-10 lipoxygenase 3

AT3G48360 BT2 2.88277 104E-14 BTB and TAZ domain protein 2

AT3G48520 CYP94B3 -2.37469 18E-14 cytochrome P450, family 94, subfamily B, polypeptide 3

AT3G55610 P5CS2 128171 2.06E-05 delta I-pyrroline-5-carboxylate synthase 2

AT3G57390 AGLI8 -0.80995 0.003278 AGAMOUS-like 18

ATIG19180 JAZI -1.10051 0.000873 jasmonate-zim-domain protein 1

AT4G13240 ROPGEF9 -157761 0.000168 RHO guanyl-nucleotide exchange factor 9

AT4G15200 FH3 -0.98481 7.39E-06 formin 3

AT4GI17615 CBL1 -168237 8.88E-16 calcineurin B-like protein 1

AT4G24960 HVA22D -129687 146E-05 HVA22 homologue D

AT4G26930 MYB97 165475 6.9E-05 myb domain protein 97

AT4G38190 CSLD4 -0.91202 0.001839 cellulose synthase like D4

AT5G05690 CPD 0.48334 0.000528 Cytochrome P450 superfamily protein

AT5GI12180 CPK17 -117293 8.86E-05 calcium-dependent protein kinase 17

AT5G16500 LIPI -0.97729 0.000897 Protein kinase superfamily protein

AT5G19360 CPK34 -151536 199E-05 calcium-dependent protein kinase 34

AT5G20690 PRK6 -1.66004 0.000237 Leucine-rich repeat protein kinase family protein

AT5G26050 TIN24.10 178722 0.001376 Plant self-incompatibility protein SI family

AT5G28680 ANX2 -0.8036 156E-06 Malectin/receptor-like protein kinase family protein

AT5G39400 PTENI -1.0931 0.00022 Calcium/lipid-binding (CaLB) phosphatase

AT5G40260 SWEETSE 135319 0.001782 Nodulin MtN3 family protein

AT5G45840 Ki5122.4 -0.90461 0.000833 Leucine-rich repeat protein kinase family protein

AT5G50260 CEPI 2.65204 2.22E-16 Cysteine proteinases superfamily protein

AT5G63370 CDKGI -0.48882 4.34E-09 Protein kinase superfamily protein

AT5G64510 TINI -164892 5.8E-08 tunicamycin induced protein

ATIG35670 CDPK2 0.951308 0.002608 calcium-dependent protein kinase 2

ATIG04880 FI3M7.13 -3.6488 3.7IE-08 HMG (high mobility group) box protein with ARID/BRIGHT
DNA-binding domain-containing protein

ATI1G47270 TLP6 -0.96633 4.34E-13 tubby like protein 6

ATI1G48020 PMEII -110763 0.000286 pectin methylesterase inhibitor 1

ATIG50610 PRK5S -112251 0.000621 Leucine-rich repeat protein kinase family protein

ATIG05580 CHX23 -1.49881 5.33E-07 cation/H+ exchanger 23

ATI1G54280 F20D21.10 -0.87697 0.002845 ATPase EI-E2 type family protein / haloacid
dehalogenase-like hydrolase family protein

ATI1G61290 SYPI24 -1.71978 3.22E-09 syntaxin of plants 124

ATIG64110 DAAI 154329 2.19E-05 P-loop containing nucleoside triphosphate hydrolases
superfamily protein

ATI1G67360 FIN21.18 -0.79266 2.11E-06 Rubber elongation factor protein (REF)

ATIG71880 SUCl -1.09047 0.00021 sucrose-proton symporter 1

ATIG72520 LOX4 -2.60738 222E-16 PLAT/LH2 domain-containing lipoxygenase family
protein

ATIG74450 FIM20.13 -1.32644 7.42E-06 BPSI-like protein (DUF793)

ATIG79860 ROPGEFI2 -1.07147 0.001092 RHO guanyl-nucleotide exchange factor 12

AT2G02860 SUT2 -0.82584 9.96E-05 sucrose transporter 2

Annexure_4: Summary of 60 upregulated genes common to athmgbl5-1 and athmgbl5-4

mutants.
Gene ID Gene Name log2 FC P-value Gene Description
ATIG02580 MEA 2.80852 4.36E-06 SET domain-containing protein
ATIGO7610 MTIC 1.7008 2.11E-07 metallothionein IC
ATIG11690 F25C20.16 2.61753 0.001476 BRANCHLESS TRICHOME-like protein
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ATIGI8270 T10022.24 0.734293 8.26E-05 ketose-bisphosphate aldolase class-II family
protein

ATIGI8830 F6A14.8 220249 0.00136 Transducin/WD40 repeat-like superfamily
protein

ATIGI18860 WRKY61 523186 6.19E-11 WRKY DNA-binding protein 61

ATIGI19000 FI14D16.15 0.612185 0.00042 Homeodomain-like superfamily protein

ATI1G20080 SYTB 129265 0.0016 Calcium-dependent lipid-binding (CaLB
domain) family protein

ATI1G23870 TPS9 108466 0.000207 trehalose-phosphatase/synthase 9

ATI1G28327 F3H9.2 6.08527 4.98E-05 E3 ubiquitin-protein ligase

ATIG35670 CDPK2 0.951308 0.002608 calcium-dependent protein kinase 2

ATIG37130 NIAZ 211346 15E-12 nitrate reductase 2

ATIG52680 F6D8.10 144715 0.003143 late embryogenesis abundant protein-
related / LEA protein-like protein

ATIG55660 F20N2.9 2259 0.001557 FBD, F-box and Leucine Rich Repeat
domains containing protein

ATI1G59890 SNLS 0.53934 0.000717 SIN3-like 5

ATI1G69100 F4N2.8 196584 147E-11 Eukaryotic aspartyl protease family protein

ATIG70290 TPS8 0.785327 0.000224 trehalose-6-phosphatase synthase S8

ATIG72770 HABI 0.396517 0.000567 HYPERSENSITIVE TO ABA1

ATIG74810 BOR5 199744 0.000113 HCO3- transporter family

ATIG77760 NIAI 115694 6.83E-05 nitrate reductase 1

ATIG78290 SNRK2-8 0.959954 0.000222 Protein kinase superfamily protein

ATIG80180 FI8BI13.26 114113 0.000246 hypothetical protein ATIG80180

AT2G02120 PDF21 2.05689 7.93E-05 Scorpion toxin-like knottin superfamily
protein

AT2G28800 ALB3 0.561505 0.002489 63 kDa inner membrane family protein

AT2G29940 ABCG31 135939 2.44E-05 Dpleiotropic drug resistance 3

AT2G30240 ATCHX13 340899 19E-05 Cation/hydrogen exchanger family protein

AT2G35800 SAMTL 0.972463 0.000998 mitochondrial substrate carrier family
protein

AT2G40400 BPG3 0.842406 3.49E-05 DUF399 family protein, putative (DUF399
and DUF3411)

AT2G46220 T3F17.13 0.910065 0.001752 DUF2358 family protein (DUF2358)

AT3G01060 T4PI13.26 0.79843 0.003297 lysine-tRNA ligase

AT3G01900 CYP94B2 363445 2.97E-05 cytochrome P450, family 94, subfamily B
polypeptide 2

AT3G02480 F16B3.11 191565 7.27E-07 Late embryogenesis abundant protein (LEA)
family protein

AT3G09240 BSK9 4.24345 4.43E-09 kinase with tetratricopeptide  repeat
domain-containing protein

AT3G09520 EXO70H4 319734 8.54E-06 exocyst subunit exo70 family protein H4

AT3G21870 CYCP2%3B1 195144 0.000229 cyclin p2;1

AT3G23270 AT3G23270 127425 0.00225 Regulator of chromosome condensation
(RCCI) family with FYVE zinc finger
domain-containing protein

AT3G28345 ABCBIS 2.57054 2.99E-12 ABC transporter family protein

AT3G28840 AT3G28840 220155 6.32E-09 hypothetical protein (DUF1216)

AT3G45870 UMAMIT3 155453 7.21E-05 nodulin MtN21 /EamA-like transporter
family protein

AT3G53800 FeslB 0.798072 0.001892 FesiB

AT3G60750 AtTKLI 0.785451 0.000162 Transketolase

AT4G00955 AT4G00955 2.70456 142E-07 wall-associated receptor kinase-like protein

AT4G01470 TIP1%3B3 2.09211 0.00016 tonoplast intrinsic protein 1,3

AT4G10220 T9A4.9 204282 0.001354 NEP-interacting protein, putative (DUF239)

AT4GI13230 FI7NI816 19733 0.000636 Late embryogenesis abundant protein (LEA)
family protein

AT4G24140 TI9F6.130 194183 5.8IE-05 alpha/beta-Hydrolases superfamily protein

AT4G24680 MOSI 0.369864 0.002257 modifier of sncl

AT4G32375 AT4G32375 426237 3.2IE-10 Pectin lyase-like superfamily protein

AT4G33010 GLDPI 106502 0.002346 glycine decarboxylase P-protein 1

AT5G02840 LCL1 0.745889 0.000868 LHY/CCAI-like 1

AT5G03570 IREG2 2.32284 0.000126 Iron-regulated 2

AT5G19560 ROPGEFI10 4.76675 7.35E-08 ROP uanine nucleotide exchange factor 10

AT5G26250 T19G15.100 211502 0.000683 Major facilitator superfamily protein

AT5G27350 SFPI 2.09483 4.18E-12 Major facilitator superfamily protein

AT5G35970 MEEI3.8 116671 6E-05 P-loop containing nucleoside triphosphate
hydrolases superfamily protein

AT5G40260 SWEETS8 135319 0.001782 Nodulin MtN3 family protein

AT5G44300 K9L2.6 1.85059 0.000372 Dormancyy/auxin-associated family protein

AT5G50210 Qs 132193 2.6E-05 quinolinate synthase

AT5G57400 MSF19.6 217623 0.000161 transmembrane protein
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| AT5G64940 | ATHIZ | 0771677 | 0.000924 | ABC2 homolog 13 |

Annexure_5: Summary of 111 down-regulated genes common to athmgbl5-1 and athmgbl5-4

mutants.

Gene ID Gene Name log2 FC P-value Gene Description

ATI1G01460 PIPKI1I -2.34744 124E-12 Phosphatidylinositol-4-phosphate 5-
kinase, core

ATIG01980 F22M8.11 -1.05833 0.001156 FAD-binding Berberine family protein

ATI1G03457 AtBRNZ2 -1102 8.3IE-06 RNA-binding (RRM/RBD/RNP  motifs)
family protein

ATIG04880 FI3M7.13 -3.5488 3.7IE-08 HMG (high mobility group) box protein
with ARID/BRIGHT DNA-binding domain-
containing protein

AT1G05020 T7A14.11 -1.61579 0.000279 ENTH/ANTH/VHS superfamily protein

ATI1G07350 SR45a -0.99771 0 RNA-binding (RRM/RBD/RNP  motifs)
family protein

ATIGI10620 PERKI11 -129226 0.001796 Protein kinase superfamily protein

ATIGI0680 PGPIO -1.44938 0.002629 P-glycoprotein 10

ATIG12750 RBL6 -0.6153 0.00087 RHOMBOID-Iike protein 6

ATIG16840 FI7F16.27 -0.51795 0.001079 hypothetical protein ATIG16840

ATIGI17540 FIL3.25 -120519 4.52E-05 kinase with adenine nucleotide alpha
hydrolases-like domain-containing protein

ATIGI19090 RKF2 -3.69642 124E-10 receptor-like serine/threonine kinase 2

ATIG23350 F26F24.23 -1.73771 8.68E-09 Plant Invertase/pectin methylesterase
inhibitor superfamily protein

ATIG23710 F508.26 -1.08494 0.000346 hypothetical protein (DUF1645)

ATI1G24110 F3I6.3 -5.09639 9.42E-11 Peroxidase superfamily protein

ATIG30710 T518.16 -107633 0.000252 FAD-binding Berberine family protein

ATIG44160 T7023.16 -1.73347 158E-07 HSP40/DnaJ peptide-binding protein

ATIG47270 TLP6 -0.96633 4.34E-13 tubby like protein 6

ATIG50610 PRK5S -112251 0.000621 Leucine-rich repeat protein kinase family
protein

ATI1G61290 SYPI24 -1.71978 3.22E-09 syntaxin of plants 124

ATIG61860 F8K4.7 -1.8682 6.39E-10 Protein kinase superfamily protein

ATIG62320 F24014 -2.62542 2.7IE-06 ERD (early-responsive to dehydration
stress) family protein

ATIG66210 T6J19.3 -2.4767 2.89E-15 Subtilisin-like serine endopeptidase family
protein

ATIG67480 TIF15.5 -0.6348 2.23E-06 Galactose oxidase/kelch repeat
superfamily protein

ATI1G67623 FI12A21.25 -5.46929 0.000264 F-box family protein

AT1G69840 T17F3.13 -1.03025 2.6E-06 SPFH/Band 7/PHB domain-containing
membrane-associated protein family

ATIG71697 CK1 -0.92439 0.001801 choline kinase 1

ATIG72520 LOX4 -2.60738 2.22E-16 PLAT/LHZ2 domain-containing
lipoxygenase family protein

ATIG74010 F2P9.12 -123837 8.03E-05 Calcium-dependent  phosphotriesterase
superfamily protein

ATIG74310 HSPI101 -1.38554 106E-05 heat shock protein 101

ATIG74450 FIMZ20.13 -132644 7.42E-06 BPSI-like protein (DUF793)

ATIG76600 FI4G6.20 -1.2433 0.000153 poly polymerase

AT2G01450 MPKI7 -0.80974 2.29E-05 MAP kinase 17

AT2G03840 TETI3 -3.93937 9.35E-10 tetraspaninl3

AT2G04220 T23015.16 -2.49835 2.58E-05 DUF868 family protein (DUF868)

AT2G05850 scpl38 -185773 123E-09 serine carboxypeptidase-like 38

AT2G17660 AT2G17660 -16158 9.64E-05 RPM]I-interacting protein 4 (RIN4) family
protein

AT2GI18180 F8D23.4 -1.04514 2.7IE-14 Secldp-like phosphatidylinositol transfer
family protein

AT2G19050 T20K24.6 -2.62033 0 GDSL-like Lipase/Acylhydrolase
superfamily protein

AT2G21540 SFH3 -0.99197 0 SECI4-like 3
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AT2G21990 F7D8.31 -1.85875 2.36E-06 MIZU-KUSSEI-like protein (Protein of
unknown function, DUF617)

AT2G22860 PSK2 -114872 0.002667 phytosulfokine 2 precursor

AT2G23340 DEAR3 -1.04225 0.00158 DREB and EAR motif protein 3

AT2G24320 T28124.5 -1.38071 0.000212 alpha/beta-Hydrolases superfamily protein

AT2G25600 SPIK -1.30391 2.18E-05 Shaker pollen inward K+ channel

AT2G26410 Igd4 -125274 127E-06 1Q-domain 4

AT2G26850 Fi12C20.11 -1.59667 2.23E-08 F-box family protein

AT2G27580 FI0AI2.25 -115069 8.28E-07 A20/ANI-like zinc finger family protein

AT2G28180 ATCHX8 -127382 2.02E-05 cation/hydrogen exchanger family protein

AT2G28640 EXO70H5 -1.94839 6.76E-05 exocyst subunit exo70 family protein H5

AT2G32150 F22D22.10 -118211 0 Haloacid dehalogenase-like  hydrolase
(HAD) superfamily protein

AT2G33100 CSLDI -2.562898 8.88E-16 cellulose synthase-like DI

AT2G37980 T8P2111 -130135 0.000668 O-fucosyltransferase family protein

AT2G38500 T6A23.30 -148867 6.69E-06 2-oxoglutarate (20G) and Fe(Il)-dependent
oxygenase superfamily protein

AT2G41860 CPKI14 -12639 195E-10 calcium-dependent protein kinase 14

AT2G41880 GK-1 -0.77777 4.3E-05 guanylate kinase 1

AT2G46360 F1I1C10.5 -1.58463 114E-06 hypothetical protein AT2G46360

AT3G02040 SRG3 -101676 0.001189 senescence-related gene 3

AT3G02555 AT3G02555 -103214 145E-06 hypothetical protein AT3G02555

AT3G02970 EXL6 -115493 9.05E-05 EXORDIUM like 6

AT3G04630 WDLI -0.74309 5.26E-07 WVD2-like 1

AT3G04640 F701812 -0.83117 2.83E-07 glycine-rich protein

AT3G05140 RBK2 -4.43805 0 ROP binding protein kinases 2

AT3G05150 TIZH111 -0.9919 166E-05 Major facilitator superfamily protein

AT3G08720 S6K2 -103653 6.41E-07 serine/threonine protein kinase 2

AT3G13660 AT3GI3660 -1.60101 0.000424 Disease resistance-responsive (dirigent-
like protein) family protein

AT3G13900 AT3G13900 -1.04304 0.001936 ATPase EI-E2 type family protein / haloacid
dehalogenase-like  hydrolase  family
protein

AT3G16860 COBL8 -115602 0.001412 COBRA-like protein 8 precursor

AT3G18220 LPP4 -0.94486 0.003356 Phosphatidic acid phosphatase (PAP2)
family protein

AT3G18810 PERK6 -116818 8.1IE-05 Protein kinase superfamily protein

AT3G20190 PRK4 -1.30763 3.33E-15 Leucine-rich repeat protein kinase family
protein

AT3G21570 AT3G21570 -3.8023 0 proline-rich nuclear receptor coactivator

AT3G23170 AT3G23170 -1.6391 4.38E-08 hypothetical protein AT3G23170

AT3G48450 AT3G48450 -173993 LIE-06 RPM]I-interacting protein 4 (RIN4) family
protein

AT3G52800 AT3G52800 -0.89083 0.001183 A20/ANI-like zinc finger family protein

AT3G57140 SDPI-LIKE -0.84219 0.000782 sugar-dependent 1-Iike protein

AT3G57390 AGLI8 -0.80995 0.003278 AGAMOUS-Iike 18

AT3G57450 AT3G57450 -1.76412 4.44E-09 hypothetical protein AT3G57450

AT4G00350 A_IG005110.20 -1.2641 199E-05 MATE efflux family protein

AT4G04610 APRI -1.02327 0.000558 APS reductase 1

AT4G04980 CI7L71 -2.35611 0 hypothetical protein AT4G04980

AT4G15200 FH3 -0.98481 7.39E-06 formin 3

AT4G15650 DL3865W -2.11011 0.000386 kinase-like protein

AT4G16745 AT4G16745 -0.90241 0.00211 Exostosin family protein

AT4GI18950 F13C5.120 -0.89039 0.000106 Integrin-linked protein kinase family

AT4G20380 LSDI -0.85732 5.07E-11 LSDI zinc finger family protein

AT4G24570 bicz -1.09752 0.000191 dicarboxylate carrier 2

AT4G29780 F27B13.20 -1.38359 13IE-05 nuclease

AT4G30440 GAE1 -1.0017 0.001356 UDP-D-glucuronate 4-epimerase 1

AT4G31780 MGDI -107626 6.49E-10 monogalactosyl diacylglycerol synthase 1

AT4G39180 SECI4 -0.68397 6.92E-06 Secldp-like phosphatidylinositol transfer
family protein

AT5G05140 MUGI3.28 -0.87983 0.002665 Transcription elongation factor (TFIIS)
family protein
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AT5G12180 CPK17 -117293 8.86E-05 calcium-dependent protein kinase 17

AT5G13190 GILP -177916 8.7IE-10 GSH-induced LITAF domain protein

AT5G17850 MVA3.200 -1.28566 2.54E-07 Sodium/calcium exchanger family protein

AT5G20390 F5024.280 -1.96947 182E-10 Glycosyl hydrolase superfamily protein

AT5G20690 PRK6 -166004 0.000237 Leucine-rich repeat protein kinase family
protein

AT5G23270 STPII1 -2.68864 0 sugar transporter 11

AT5G25430 F18G18.170 -3.86255 4.33E-14 HCO3- transporter family

AT5G25450 FI18GI18.190 -103626 0.00061 Cytochrome bd ubiguinol oxidase, 14kDa
subunit

AT5G39420 cdc2cAt -1.59181 9.8E-08 cbcae

AT5G40155 AT5G40155 -1.30898 0.001049 Defensin-like (DEFL) family protein

AT5G42490 MDHY.19 -0.793 0.002424 ATP binding microtubule motor family
protein

AT5G45840 K15122.4 -0.90461 0.000833 Leucine-rich repeat protein kinase family
protein

AT5G46770 MZAI15.19 -1.38336 6.26E-05 hypothetical protein AT5G46770

AT5G48140 MIF21.3 -3.51014 0 Pectin lyase-like superfamily protein

AT5G52640 HSP90.1 -115773 0.00018 heat shock-like protein

AT5G54940 MBG8.21 -0.84815 7.58E-06 Translation initiation factor SUII family
protein

AT5G55980 MDA72 -5.82338 4.36E-11 serine-rich protein-like protein

AT5G56160 MDA722 -129173 2.8IE-07 Secldp-like phosphatidylinositol transfer
family protein

AT5G61360 MFBI3.14 -1.30813 0.000334 hypothetical protein AT5G61360

Annexure_6: Summary of down-requlated genes common to athmgbl5-4 flowers (RNA-seq) vs
wildtype seedlings (ChIP on ChIP).

Gene ID GeneName Gene ID GeneName Gene ID GeneName
ATIGO1140 CIPK9 AT5G47910 RBOHD ATIG54050 FI1511.13
ATIG01260 F6F3.7 AT5G52310 LTI78 ATIG55450 T5A14.14
ATIG01980 F22M8.11 AT5G54240 MDK4.6 ATIG58420 F9K23.5
ATI1G02400 GA20X6 AT5G54490 PBPI ATIG62975 ATIG62975
ATIG02930 GSTF6 AT5G55090 MAPKKKI5 ATIG66210 T6J19.3
ATIGO3457 AtBRN2 AT5G57690 DGK4 ATIG66370 MYBII3
ATIG04470 FI9P19.7 AT5G59370 ACT4 ATIG67480 TIF15.5
ATIG04880 FI3M7.13 AT5G64750 ABRI ATIG69600 ZFHDI
ATIG05580 CHX23 AT5G65280 GCL1 ATI1G69900 TI7F3.7
ATIGO5710 F3F20.16 ATIG01250 F6F3.6 ATIG70130 F20P5.15
ATIG05820 SPPLS ATIG04540 Ti1G11.21 ATIG70270 F1707.20
ATI1G06640 FI2K11.27 ATIGI1185 ATIGI1185 ATIG70790 FI15HI11.4
ATIG08140 CHX6A ATIGI2750 RBL6 ATIG71000 FI5HI119
ATIG08150 ATCHX5 ATIGI4870 PCR2 ATIG72330 ALAAT2
AT1G08290 WIP3 ATI1G16440 RSH3 ATIG72920 F3N23.12
ATIG08930 ERD6 ATIGI8140 LACI ATIG73010 PS2
ATIGI10620 PERKI1I ATIGI87I0 MYB47 ATIG74010 F2P9.12
ATIGI0680 PGPI0 ATIGI9380 F18014.10 ATIG74100 SOTI6
ATIGI1960 FI2F117 ATIG20823 F2D10.34 ATIG74310 HSPI0I
ATIGI13970 F16A14.19 ATI1G24405 ATI1G24405 ATIG74440 FIM20.12
ATIGI7420 LOX3 ATIG25250 IDDI6 ATIG74450 FIM20.13
ATIGI8210 T10F20.22 ATI1G28370 ERFI11 ATIG74930 ORA47
ATIG23710 F508.26 ATIG29690 CADI ATIG74950 TIFY10B
ATIG24070 CSLAIO ATIG30135 JAZ8 ATIG75160 F22H5.11
ATI1G25240 F4F7.37 ATI1G32640 Myc2 ATIG76370 FI5M4.13
ATIG27730 STZ ATIG32928 ATIG32928 ATIG76680 OPRI
ATIG31550 T8E3.19 ATIG43160 RAP2.6 ATIG76970 F22K20.7
ATIG35210 T32G9.25 ATIG47270 TLP6 AT2G01422 AT2G01422
ATIG44160 T7023.16 ATIG48020 PMEI AT2G01450 MPK17
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ATI1G47280 T3F24.20 ATI1G51090 F23H24.15 AT2G07040 PRK2A
ATI1G49490 FI3F21.7 ATIG56660 F25P12.91 AT2GI13800 SERKS5
ATI1G50110 F2J104 ATI1G61890 F8K4.9 AT2G17280 F5J6.4
ATI1G50610 PRK5 AT1G63860 TI2P18.12 AT2G17840 ERD7
ATIG50750 F4M15.2 ATIG64740 TUAI AT2G18470 PERK4
ATI1G51620 F19C24.15 ATI1G65970 TPX2 AT2G19980 T2G17.22
ATIG51760 IAR3 ATIG66080 FISEI212 AT2G21500 F3K23.26
ATIG52700 F6D8.5 ATIG66120 AAEI1I AT2G22860 PSK2
ATIG54070 FI151115 ATI1G66160 CMPGI AT2G25600 SPIK
ATIG54280 F20D21.10 ATIG67060 F1019.19 AT2G27500 FI0A12.18
ATI1G55310 SCL33 ATIG68740 PHOI1%3BH1 AT2G29440 GSTU6
ATI1G56140 T6H22.26 ATIG71880 SUCI AT2G31830 5PTasel4
ATIG56540 F25P12.101 ATIG73500 MKK9 AT2G33580 LYKS
ATI1G58200 MSL3 ATI1G74430 MYB95 AT2G33775 RALFLI9
ATI1G59910 F23H11.22 ATIG80540 T2IFI113 AT2G35930 PUB23
ATIG61120 TPS04 ATIG80840 WRKY40 AT2G38010 T8P21.8
ATI1G61290 SYPI24 AT2G01180 PAPI AT2G38240 F16M14.17
ATI1G61860 F8K4.7 AT2G01670 NUDTI7 AT2G38290 AMT2
AT1G62320 F2401.4 AT2G02720 T20F6.14 AT2G40116 AT2G40116
ATI1G63030 dadfz AT2G20320 FIIA3.13 AT2G40820 T20B5.2
ATIG63090 PP2-All AT2G20630 PIAI AT2G41100 TCH3
ATI1G64380 FI5H21.12 AT2G22770 NAII AT2G43230 F14B2.17
ATIG65390 PP2-A5 AT2G23340 DEAR3 AT2G44810 DADI
ATI1G65480 FT AT2G25735 AT2G25735 AT2G46370 JARI
ATI1G66090 FI5EI217 AT2G26190 TIDI16.17 AT3G01630 F4P13.17
ATIG67640 FI2B7.20 AT2G26450 T9J22.12 AT3G02550 LBD41
ATI1G68250 T22E19.12 AT2G27080 T20P8.13 AT3G03800 SYPI31
ATI1G68500 T26J14.7 AT2G27690 CYP94CI AT3G04640 F7018.12
ATI1G69930 GSTUI1I AT2G28085 SAUR42 AT3G05140 RBK2
ATIG70700 TIFY7 AT2G28180 ATCHX8 AT3G05320 TIZH1.29
ATIG71110 F23N20.10 AT2G30020 AP2CI AT3G06260 GATL4
ATIG72510 T10D10.2 AT2G30040 MAPKKKI4 AT3G06890 AT3G06890
ATIG73080 PEPRI AT2G32140 F22D22.11 AT3G07195 AT3G07195
ATIG73210 TI8KI1712 AT2G33100 CSLDI AT3G07850 AT3G07850
ATIG73860 F2P9.27 AT2G33420 F4P9.19 AT3G08710 TH9
ATIG76600 F14G6.20 AT2G34600 JAZ7 AT3G08970 ATERDJ3A
ATIG77450 NAC032 AT2G35765 AT2G35765 AT3G09530 EXO70H3
ATIG78070 F28K19.28 AT2G36020 HVA22J AT3G10915 AT3G10915
ATIG78280 F3F9.18 AT2G37980 T8P21.11 AT3G11480 BSMTI
ATIG79860 ROPGEFI2 AT2G39650 FI2L6.31 AT3G12690 AGCLS
ATI1G79910 FI9K16.13 AT2G41880 GK-1 AT3GI13110 SERAT2%3B2
AT2G01150 RHAZB AT2G46270 GBF3 AT3G14590 NTMC2T6.2
AT2G06050 OPR3 AT2G46360 F1IC10.5 AT3G14870 AT3G14870
AT2G14290 TI016.12 AT2G46400 WRKY46 AT3G15210 ERF4
AT2G14750 APK AT3G02040 SRG3 AT3G15530 AT3G15530
AT2G17500 MJB20.6 AT3G02410 ICME-LIKE2 AT3G15540 IAAI9
AT2G17890 CPKI6 AT3G02555 AT3G02555 AT3GI7611 RBLI4
AT2G21510 F3K23.27 AT3G03020 FI3E7.3 AT3G19240 AT3G19240
AT2G21540 SFH3 AT3G07090 AT3G07090 AT3G19970 AT3G19970
AT2G22500 ucps AT3G07760 MLP3.21 AT3G20190 PRK4
AT2G22760 T30L20.2 AT3G09350 FeslA AT3G25730 EDF3
AT2G25460 FI3BI15.12 AT3G10040 HRAI AT3G25780 A0C3
AT2G26410 Igd4 AT3G10930 AT3G10930 AT3G26934 AT3G26934
AT2G26420 PIP5K3 AT3G13900 AT3G13900 AT3G27540 AT3G27540
AT2G26850 F12C20.11 AT3GI7120 AT3GI7120 AT3G36659 AT3G36659
AT2G28580 T8018.13 AT3G19310 AT3G19310 AT3G42880 PRK3
AT2G28640 EXO70H5 AT3G19550 AT3G19550 AT3G44930 CHXI10
AT2G29450 GSTUS AT3G19830 NTMC2T5.2 AT3G45640 MPK3
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AT2G30650 TI1J7.4 AT3G21700 SGP2 AT3G48520 CYP94B3
AT2G30830 F7F14 AT3G23170 AT3G23170 AT3G49530 NAC062
AT2G32200 F22D22.5 AT3G23250 MYBI5 AT3G50060 MYB77
AT2G38500 T6A23.30 AT3G27210 AT3G27210 AT3G50950 ZARI
AT2G38940 PHTI1%3B4 AT3G28153 MMGI5.19 AT3G51450 AT3G51450
AT2G41860 CPK14 AT3G43250 AT3G43250 AT3G52010 scpl37
AT2G42760 F7D19.24 AT3G44190 AT3G44190 AT3G52400 SYPI22
AT2G44970 TI4P1.23 AT3G44260 CAFla AT3G54000 AT3G54000
AT2G46500 PI4K GAMMA 4 AT3G48450 AT3G48450 AT3G54800 AT3G54800
AT3G01085 AT3G01085 AT3G52470 AT3G52470 AT3G56180 AT3G56180
AT3G01990 ACR6 AT3G55100 ABCG17 AT3G56600 AT3G56600
AT3G02840 FI3E7.22 AT3G57450 AT3G57450 AT3G57390 AGLI8
AT3G04220 T6KI12.16 AT3G59830 AT3G59830 AT3G57880 AT3G57880
AT3G05500 F22F7.5 AT4G04930 DES-1-LIKE AT3G58480 AT3G58480
AT3G05610 F18CL12 AT4G07960 CSLCIZ AT3G58790 GAUTIS
AT3G05725 AT3G05725 AT4G08630 T3FI2.6 AT3G59220 PRN
AT3G10300 AT3G10300 AT4G10380 NIP5%3B1 AT3G60490 AT3G60490
AT3G11690 AT3G11690 AT4G11660 AT-HSFB2B AT3G61190 BAPI
AT3G11850 AT3G11850 AT4G15980 DL4030C AT3G62260 AT3G62260
AT3G14200 AT3G14200 AT4G17500 ERF-1 AT3G62720 XTI
AT3G14440 NCED3 AT4G17615 CBLI AT3G63380 ACAI2
AT3G16720 ATLZ2 AT4G20320 FIC12.230 AT4G00780 A_TMUOI8A10.12
AT3G16860 COBL8 AT4G20830 F21C20.180 AT4G01250 WRKY22
AT3GI17060 AT3G17060 AT4G21910 T805.120 AT4G02250 T2H3.11
AT3G17690 CNGCI9 AT4G21990 APR3 AT4G02650 TIOPILE
AT3G17860 JAZ3 AT4G25830 CASP-like protein | AT4G04610 APRI

2C1
AT3G18220 LPP4 AT4G27350 F27G19.7 AT4G04980 CI7L7.1
AT3G18810 PERK6 AT4G27580 T29A15.70 AT4G05010 FBS3
AT3G19150 KRP6 AT4G27657 AT4G27657 AT4G08170 T12G13.10
AT3G21180 ACA9 AT4G28250 EXPB3 AT4Gi12040 SAP7
AT3G24420 AT3G24420 AT4G32510 L23H3.1 AT4Gi12720 NUDT7
AT3G43120 SAUR39 AT4G35160 T12J5.30 AT4Gi12790 T20K18.140
AT3G43860 GH9A4 AT4G35480 RHA3B AT4G13240 ROPGEF9
AT3G44560 FARS AT4G38950 FI9H22.50 AT4G16730 TPS02
AT3G45280 SYP72 AT4G39940 AKN2 AT4G17250 DL4660W
AT3G46620 RDUFI1 AT5G01700 F7A7.220 AT4G17470 DL4770C
AT3G49580 LSUI AT5G06320 NHL3 AT4G20380 LSDI
AT3G50760 GATL2 AT5G06710 HATI4 AT4G21570 F17L22.30
AT3G50930 BCS1 AT5G14700 T9L3.2 AT4G22690 CYP706A1
AT3G52770 ZPR3 AT5G15600 SPIL4 AT4G22880 LDOX
AT3G52800 AT3G52800 AT5G15960 KINI AT4G23060 QD22
AT3G55980 SZF1 AT5G16540 ZFN3 AT4G23570 SGTIA
AT3G57140 SDPI-LIKE AT5G17350 MKPI1.31 AT4G24160 TI9F6.150
AT3G57530 CPK32 AT5G18310 F20L16.30 AT4G26400 M3E9.170
AT3G60260 AT3G60260 AT5G24310 ABIL3 AT4G27410 RD26
AT4G00350 A_IG005110.20 AT5G24660 LSU2 AT4G27652 AT4G27652
AT4G02380 SAG21 AT5G24880 F6A4.90 AT4G27654 AT4G27654
AT4G02600 MLOI AT5G25430 F18G18.170 AT4G29670 ACHTZ2
AT4G04955 ALN AT5G38700 MBBI8.26 AT4G30440 GAE1
AT4G05120 FURI AT5G39400 PTENI AT4G31780 MGDI
AT4G10390 F7L13.4 AT5G39420 cdc2cAt AT4G31800 WRKY18
AT4G11280 ACS6 AT5G43650 BHLH92 AT4G33970 F1715.160
AT4G11810 T26M18.20 AT5G44640 BGLUI3 AT4G34150 F28A423.90
AT4G15200 FH3 AT5G46770 MZAI15.19 AT4G34410 RRTFI
AT4G15210 BAMS AT5G47230 ERF5 AT4G34440 PERKS
AT4G16745 AT4G16745 AT5G48140 MIF21.3 AT4G36500 AP22.75
AT4G17230 SCLI3 AT5G49280 K2IP3.16 AT4G36950 MAPKKK2I
AT4G17490 ERF6 AT5G49520 WRKY48 AT4G39180 SECI14
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AT4G19960 KUP9 AT5G52320 CYP96A4 AT5G02580 T22PI11170
AT4G22780 ACR7 AT5G54130 AT5G54130 AT5G06510 NF-YAIO
AT4G26260 MIOX4 AT5G54780 MBG8.4 AT5G07990 TT7
AT4G27860 MEBI AT5G56160 MDA7.22 AT5G08790 ATAF2
AT4G27960 UBC9 AT5G59480 F2015.10 AT5GI12180 CPK17
AT4G28400 F2009.80 AT5G59580 UGT76E1 AT5G13190 GILP
AT4G30280 XTHI8 AT5G60615 AT5G60615 AT5GI13700 PAOI
AT4G32630 F4DI11170 AT5G63370 CDKGI AT5G17490 RGL3
AT4G32800 T16118.10 AT5G65920 K14B20.9 AT5G18860 NSH3
AT4G33860 F1715.50 AT5G66620 DAR6 AT5G20390 F5024.280
AT4G33920 APD5 ATIG01470 LEAI4 AT5G20690 PRK6
AT4G34750 F1II11.5 ATI1G02810 F22D16.20 AT5G22690 MDJ22.11
AT5G01100 FRBI ATI1G05020 T7A14.11 AT5G24105 AGP41
AT5G02200 FHL ATI1G06620 FI2K11.24 AT5G25450 Fi18G18.190
AT5G05140 MUGI3.28 ATI1G07330 F22G5.33 AT5G26030 FC1
AT5G07010 ST2A ATIG07350 SR45a AT5G28680 ANX2
AT5G07920 DGK1 AT1G09932 AT1G09932 AT5G38120 4CL8
AT5G10260 RABHIe ATI1G09950 RASI AT5G40350 MYB24
AT5G10660 MAJ23.20 ATIG11000 MLO4 AT5G41120 MEE6.19
AT5G12000 FI14F18.170 ATIG11670 F25C20.18 AT5G41740 MUF8.2
AT5G12020 HSPI7.61I ATIGI2610 DDF1 AT5G42380 CML37
AT5G16190 CSLAII ATI1G14200 F7A19.29 AT5G45350 MFCI19.1
AT5G16500 LIPI ATIGI14540 PER4 AT5G45840 Ki15122.4
AT5G18910 F17K4.160 ATIGI5010 T15D22.5 AT5G47730 MCA23.5
AT5G19110 T24G5.10 ATIG16030 Hsp70b AT5G48655 AT5G48655
AT5G19260 FAF3 ATIGI7750 PEPR2 AT5G48850 ATSDII
AT5G21960 AT5G21960 ATIG18990 F14D16.14 AT5G49152 AT5G49152
AT5G22630 ADTS ATI1G19090 RKF2 AT5G49920 K9P8.6
AT5G24290 MEB2 ATIGI9180 JAZI AT5G51460 ATTPPA
AT5G24590 TIP ATI1G20310 F14010.9 AT5G52020 MSGI15.10
AT5G25340 FI18G18.80 ATIG23110 T26J12.20 AT5G52400 CYP715A1
AT5G26220 AtGGCT2%3B1 ATIG24110 F316.3 AT5G52640 HSP90.1
AT5G27520 PNC2 AT1G24330 F316.27 AT5G53050 MNBS8.11
AT5G28237 AT5G28237 ATIG26480 GRFI2 AT5G54095 AT5G54095
AT5G28646 wvD2 ATI1G26730 T24PI13.11 AT5G54710 K5F14.6
AT5G35735 AT5G35735 ATI1G27020 T7N9.8 AT5G56640 MIOX5
AT5G40460 K21116.3 ATIG27045 ATHB54 AT5G56760 SERATI%3BI
AT5G41750 MUF8.3 ATIG27770 ACAI AT5G56980 MHM17.10
AT5G42490 MDHZ9.19 ATI1G28270 RALFL4 AT5G57010 MHMI7.13
AT5G42650 A0S ATIG28380 NSLI AT5G59550 RDUF2
AT5G44350 K9L2.14 AT1G28480 GRX480 AT5G60860 RABAIf
AT5G45340 CYP707A3 AT1G29980 Ti1P2.9 AT5G61720 MAC9.3
AT5G46330 FLS2 ATI1G32120 F3C3.9 AT5G61900 BON1I
AT5G46590 NACO096 ATI1G35490 Fi12A4.11 AT5G62570 calmodulin-binding

protein 60a
AT5G47070 KI4A3.2 AT1G44120 CELLULOSE AT5G63450 CYP94BI1

SYNTHASE
INTERACTIVE 2

AT5G47540 MNJ713 ATIG50740 F4MI15.3 AT5G63770 DGK2
AT5G66675 AT5G66675 ATI1G51490 BGLU36 AT5G63790 NACI02
AT5G67180 TOE3 ATI1G52580 RBL5 AT5G64790 MXK3.1
ATI1G52720 F6D8.3

Annexure_7: Summary of up-regulated genes common to athmgbl5-4 flowers (RNA-seq) vs
wildtype seedlings (ChIP on ChIP).

Gene ID

GeneName

Gene ID

GeneName

Gene ID

GeneName

ATI1G02820

LEA3

AT5G14200

IMDI

ATIGI3700

PGLI
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ATI1G03090 MCCA AT5G14260 F18022.50 ATIG15180 F9L112
ATIG04580 Ao4 AT5GI5780 FI4F8160 ATIGI16410 CYP79F1
ATIG05310 YUPSHIZ.7 AT5G18270 ANAC087 ATIG17020 SRGI
AT1G07390 RLPI AT5G19190 T24G5.90 AT1G20080 SYTB
ATI1G08900 F7G19.22 AT5G19560 ROPGEFIO ATI1G20180 T20H2.5
ATI1G09570 PHYA AT5G20250 DINIO ATI1G21240 WAK3
ATIGI10470 ARR4 AT5G21930 PAA2 ATI1G21400 F24J8.4
ATIGI1190 BFNI AT5G22920 AtRZPF34 ATIG21670 F8K7.9
ATIG11260 STPI AT5G23010 MAMI ATi1G22120 F2E2.19
ATIGI12010 FI2F112 AT5G24150 SQPI AT1G23870 TPS9
ATIGI3650 F2IF23.9 AT5G24470 PRR5 AT1G25440 BBX15
ATIG15290 FI9L1.23 AT5G25120 CYP7IBI1 AT1G25550 ATI1G25550
ATIGI15950 CCRI AT5G25260 F21J6.109 AT1G28327 F3H9.2
ATIGI7030 F20D23.27 AT5G25630 T14C9.170 AT1G28660 ATI1G28660
ATIGI8270 T10022.24 AT5G25840 FI18A17.90 ATIG31820 PUTI
ATIGI8830 F6AI4.8 AT5G27350 SFPI ATI1G33720 CYP76C6
ATIG18860 WRKY61 AT5G30584 AT5G30584 ATI1G34760 GRF11
ATIGI19000 F14DI16.15 AT5G35970 MEFE13.8 AT1G42550 PMII
ATIG19660 AtBBD2 AT5G42820 U2AF35B AT1G43850 SEU
ATIG19850 MP AT5G43570 K9D7.7 AT1G44446 CHI
ATIG21580 F24J8.17 AT5G45240 Ki8Cl112 AT1G49120 CRF9
ATi1G22770 GI AT5G45910 Ki15122.11 ATI1G53780 Ti18A20.2
ATI1G23390 F26F24.26 AT5G46110 APE2 ATI1G56220 Fi14G9.17
ATIG26230 Cpné60betad AT5G47560 DT ATIG59890 SNL5
AT1G26820 RNS3 AT5G48160 OBE2 ATI1G62510 T3PI18.7
ATIG27040 AtNPF4.5 AT5G49360 BXL1 ATIG65113 SCRL2
AT1G32940 SBT3.5 AT5G54190 PORA ATIG67105 ATIG67105
ATIG33110 T9L6.1 AT5G56870 BGAL4 ATIG67700 FI2A21.32
ATIG37130 NIA2 AT5G56970 CKX3 ATIG68050 FKFI
ATI1G43790 TED6 AT5G57655 AT5G57655 ATI1G68620 F24J5.14
ATI1G47470 F16N3.31 AT5G58140 PHOT2 ATIG70100 F20P5.17
ATI1G49720 ABFI1 AT5G60000 MMNI0.25 ATIG70290 TPS8
AT1G52690 LEA7 AT5G60060 MGO3.4 ATIG70890 MLP43
ATIG58180 BCA6 AT5G60680 MUP24.10 ATIG71030 MYBL2
ATIG58190 RLP9 AT5G60770 NRT2.4 ATIG73607 LCR65
ATI1G58270 zwea AT5G61420 MYB28 ATIG74810 BOR5
ATIG58320 FI19C14.14 AT5G63800 MUM2 ATIG78290 SNRK2-8
ATI1G60140 TPSI0 AT1G01240 F633.5 ATI1G79520 T8KI14.6
ATIG60160 Ti3D8.5 ATIG01480 ACS2 ATIG80440 Kelch repeat F-box
20
ATIG61810 BGLU45 ATIGO3055 D27 ATIG80660 HA9
ATI1G63770 F24D7.4 ATI1G03220 FI5K9.17 AT2G01280 MEE65
ATI1G64050 F22C12.19 ATI1G05330 YUP8HI2.5 AT2G03140 TI8E12.19
ATIG64110 DAAI ATI1G05340 YUP8HI2.4 AT2G04037 AT2G04037
ATIG64710 F13011.3 ATI1G07280 F22G5.38 AT2G05100 LHCB2.1
ATI1G66760 F4N2111 ATIG10070 BCAT-2 AT2G05380 GRP3S
ATIG66970 SVL2 ATIGI10682 ATIG10682 AT2G15960 FI19G14.4
ATI1G66980 SNC4 ATIGI4700 PAP3 AT2G16505 AT2G16505
ATI1G68020 ATTPS6 ATIGI5380 GLYI4 AT2G16660 T24121.7
ATI1G68520 BBX14 ATIG21250 WAK1 AT2G16980 FI12A24.16
ATIG68570 AtNPF3.1 ATIG21410 SKP2A AT2G17820 HKI1
AT1G69450 F10D13.27 ATI1G22750 T22J18.8 AT2G21330 FBAI
ATIG72680 CADI ATI1G26796 ATI1G26796 AT2G25900 ATCTH
ATIG73260 KTII ATIG31710 F27M3.9 AT2G26480 UGT76DI
ATIG75460 F1BI6.1 ATI1G34630 FI2K21.3 AT2G27150 AA03
ATIG75750 GASAI AT1G49500 FI3F21.6 AT2G28170 ATCHX7
ATIG77760 NIAI ATI1G52680 F6D8.10 AT2G28800 ALB3
ATIG78820 F9K20.13 ATIG54790 T22H22.20 AT2G30140 UGT87A2
AT2G14095 AT2G14095 ATIG57760 T8L23.22 AT2G30950 VARZ2
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AT2G14560 LURPI ATI1G60600 ABC4 AT2G35800 SAMTL
AT2G18050 HISI-3 ATI1G62530 T3PI8.9 AT2G36325 AT2G36325
AT2G18300 HBII AT1G64860 SIGA AT2G39400 Fi2L6.6
AT2G18550 HB21 ATI1G66840 PMI2 AT2G41190 T3K9.4
AT2G22980 SCPL13 ATI1G68010 HPR AT2G41560 ACA4
AT2G26690 AtNPF6.2 AT1G69100 F4N2.8 AT2G41850 PGAZAT
AT2G26780 FI8A8.15 ATIG70680 F5A1814 AT2G42190 T24PI15.10
AT2G27930 TIE2.15 ATIG72770 HABI AT2G46790 PRR9
AT2G28405 LCR32 ATIG77000 SKP2B AT3G01500 CAI
AT2G28630 KCSI12 ATIG77490 TAPX AT3G01900 CYP94B2
AT2G29090 CYP707A2 ATI1G80160 GLYI7 AT3G02930 FI3E712
AT2G29630 THIC ATI1G80180 Fi8B13.26 AT3G04760 F7018.25
AT2G29940 ABCG31 AT2G02120 PDF2.1 AT3G05900 F2010.14
AT2G30240 ATCHXI3 AT2G02710 PLPB AT3G05950 F2010.9
AT2G30600 AT2G30610 AT2G04115 AT2G04115 AT3G06850 BCE2
AT2G31810 F20M17.15 AT2G05070 LHCB2.2 AT3G06980 AT3G06980
AT2G31945 AT2G31945 AT2G05540 T20G20.11 AT3G07970 QRT2
AT2G32530 CSLBO3 AT2G13360 AGT AT3G10740 ASDI
AT2G34790 MEE23 AT2G15620 NIRI AT3G12320 LNK3
AT2G36080 ABS2 AT2G16535 AT2G16535 AT3G14690 CYP72A15
AT2G37130 T2NI18.11 AT2G20670 F23NI11.1 AT3G15630 AT3G15630
AT2G39800 P5CS1 AT2G22990 SNGI AT3G22600 glycosylphosphatid
ylinositol-anchored
lipid protein
transfer §
AT2G39930 ISAI AT2G24205 AT2G24205 AT3G26280 CYP71B4
AT2G42170 T24P15.8 AT2G24820 TIC55-1T AT3G26740 CCL
AT2G42600 PPC2 AT2G25080 GPX1 AT3G28300 ATI4A
AT2G43010 PIF4 AT2G25450 Fi3BI15.11 AT3G28980 AT3G28980
AT2G43730 F18019.16 AT2G29340 FI16P2.28 AT3G29240 AT3G29240
AT2G43820 UGT74F2 AT2G34430 LHBIBI AT3G42850 AT3G42850
AT2G44480 BGLU17 AT2G35950 EDAI2 AT3G45245 AT3G45245
AT2G45220 AtPME17 AT2G36630 FI3K3.3 AT3G45780 PHOTI1
AT3G01060 T4PI3.26 AT2G38170 CAX1 AT3G45870 UMAMIT3
AT3G01185 AT3G01185 AT2G39190 ATATHS8 AT3G46290 HERKI1
AT3G01310 Arabidopsis AT2G39410 FI2L6.7 AT3G47250 AT3G47250
‘homolog of yeast
Vipl 1
AT3G05160 TIZH112 AT2G40370 LACS AT3G47340 ASNI
AT3G05630 PLDP2 AT2G42790 CSY3 AT3G48580 XTHI1
AT3G06510 SFR2 AT2G45570 CYP76C2 AT3G50980 XEROI
AT3G06530 F5E6.14 AT3G01420 DOX1 AT3G51860 CAX3
AT3G08870 L-type lectin AT3G02480 FI6B3.11 AT3G53460 CP29
receptor kinase VI1
AT3G09220 LAC7 AT3G05155 AT3G05155 AT3G53980 AT3G53980
AT3G09260 PYKIO AT3G05165 AT3G05165 AT3G54500 LNKZ2
AT3G14210 ESM1 AT3G06433 F24P17.9 AT3G60130 BGLUI6
AT3G15510 NAC2 AT3G07350 AT3G07350 AT3G60240 EIF4G
AT3G16857 RRI AT3G11340 UGT76B1 AT3G63160 OEP6
AT3G18550 BRCI AT3GI13750 BGALI AT4G00955 AT4G00955
AT3G20250 PUMS5 AT3GI4770 SWEET2 AT4G04630 F4H6.15
AT3G24080 AT3G24080 AT3G15840 PIFT AT4G05070 CI7L7.2
AT3G26440 AT3G26440 AT3G17520 AT3G17520 AT4GI12290 T4C9.130
AT3G28220 AT3G28220 AT3G19170 PREPI] AT4G13250 NYCI
AT3G28345 ABCBI5 AT3G19710 BCAT4 AT4GI14760 NETIB
AT3G28770 AT3G28770 AT3G23270 AT3G23270 AT4G15610 CASP-like protein
1DI
AT3G28840 AT3G28840 AT3G25690 CHUPI AT4G16920 DL4490C
AT3G32980 T15D2.9 AT3G27650 LBD25 AT4G20110 VSR7
AT3G44006 AT3G44006 AT3G30247 AT3G30247 AT4G23300 CRK22
AT3G47800 AT3G47800 AT3G44300 NITZ2 AT4G24140 T19F6.130
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AT3G48190 ATM AT3G45060 NRT2.6 AT4G24230 ACBP3
AT3G48200 AT3G48200 AT3G45300 1VD AT4G24800 ECIPI
AT3G48340 CEP2 AT3G48740 SWEETII AT4G25650 ACDI-LIKE
AT3G48360 BT2 AT3G56080 AT3G56080 AT4G26150 CGAI
AT3G51540 AT3G51540 AT3G59060 PIL6 AT4G26200 ACS7
AT3G52780 PAP20 AT3G60750 AtTKLI AT4G28030 T13J8.140
AT3G52840 BGALZ2 AT3G62750 BGLU8 AT4G30190 HA2
AT3G55610 P5CS2 AT4G01430 UMAMITZ29 AT4G32250 FI0M®6.110
AT3G56140 AT3G56140 AT4G02280 SUS3 AT4G33010 GLDPI
AT3G57520 SIP2 AT4G04330 RbcX1 AT4G33666 AT4G33666
AT3G60140 DINZ AT4G04590 F4H6.11 AT4G34860 A/N-InvB
AT3G62730 AT3G62730 AT4G11880 AGL14 AT4G34950 F11111.190
AT4G00450 ccr AT4G13230 FI7NI8.16 AT4G35680 F8D20.190
AT4G01470 TIP1%3B3 AT4G13263 AT4G13263 AT4G35770 SENI
AT4G01800 AGYI AT4G13900 RLP49 AT4G37540 LBD39
AT4G02260 RSHI AT4G15660 DL3870W AT4G37550 FI9F18.40
AT4G04460 T26N6.7 AT4G15760 Mo1 AT4G38470 STY46
AT4G09630 T25P22.70 AT4G16160 ATOEPI6-2 AT4G39260 CCRI
AT4G10060 F28M11.3 AT4G16810 DL4430C AT5G02860 F9Gi14.170
AT4G11650 OSM34 AT4G16890 SNCI AT5G05740 EGYZ2
AT4G11890 ARCKI1 AT4G18240 554 AT5G07080 T28J14.20
AT4Gi12320 CYP706A6 AT4G26140 BGALI12 AT5G09530 PELPK1
AT4G14130 XTHI5 AT4G26530 FBAS AT5G09660 PMDH2
AT4G14210 PDS3 AT4G27820 BGLU9 AT5G13320 PBS3
AT4G15690 DL3885W AT4G29905 AT4G29905 AT5G13730 SIG4
AT4G16130 ARAI AT4G32650 KAT3 AT5G14180 MPLI
AT4G16260 DL4170C AT4G34320 F10M10.90 AT5G14740 CAZ
AT4G16680 DL4365C AT5G02160 AT5G02160 AT5G15850 COLI
AT4G16740 TPS03 AT5G06110 KI6F4.7 AT5G16030 FINI3.170
AT4G16990 RLM3 AT5G13370 T22N19.20 AT5G16150 PGLCT
AT4G17340 TIP2%3B2 AT5G14780 FDH AT5G16180 CRSI
AT4G18550 DSEL AT5G23870 MROI1.9 AT5G18980 T16GI12.20
AT4G18810 F28A21.220 AT5G26050 TIN24.10 AT5G23980 FRO4
AT4GI19160 T18B16.130 AT5G26742 embll38 AT5G24210 MOP9.2
AT4G19170 NCED4 AT5G38510 MBBI18.4 AT5G25130 CYP71BIZ
AT4G21680 NRTL8 AT5G38520 MBBI8.5 AT5G26250 T19G15.100
AT4G23560 GH9BI5 AT5G39590 MiJj24.8 AT5G28770 BZO2H3
AT4G24680 MoOS1 AT5G40890 CLC-A AT5G35630 GS2
AT4G25480 DREBIA AT5G43450 MWF20.16 AT5G38660 APEI1
AT4G27260 WESI AT5G45930 CHLIZ AT5G39080 MXFI2.90
AT4G29305 LCR25 AT5G46060 MCLI19.11 AT5G39365 AT5G39365
AT4G30250 F9NI11.100 AT5G50950 FUM2 AT5G43630 TZP
AT4G32375 AT4G32375 AT5G51890 MIM18.4 AT5G44190 GLKZ2
AT4G32810 ccD8 AT5G55110 MCOI15.6 AT5G44973 AT5G44973
AT4G34000 ABF3 AT5G64840 ABCF5 AT5G45900 APG7
AT4G34090 F28A23.150 AT5G65210 TGAI AT5G45980 woxs
AT4G34830 MRLI AT5G67390 K8KI4.12 AT5G48180 NSP5
AT4G36740 HB40 ATI1G02220 NAC003 AT5G48220 MIF21.11
AT4G36850 AP22.27 ATI1G02580 MEA AT5G49740 FRO7
AT4G37990 ELI3-2 ATI1G04280 FI19PI19.28 AT5G50210 Qs
AT4G38160 pdel9l ATI1G06280 LBD2 AT5G50270 K6A12.13
AT5G02840 LCLI ATIG06570 PDSI AT5G53440 MYN8.5
AT5G04140 GLUI ATIG09740 F2IMI2.12 AT5G53870 ENODLI
AT5G05690 CPD ATIG11690 F25C20.16 AT5G55700 BAM4
AT5G06220 MBL20.10 AT5G66400 RABI8 AT5G61620 KI11J9.15
AT5G07690 MYB29 AT5G67030 ABAI AT5G63420 emb2746
AT5G11050 MYB64 AT5G67420 LBD37 AT5G64170 LNKI
AT5G12860 DiTI AT5G13950 MACI2.8 AT5G64570 XYL4
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AT5G13360 T22N19.10 AT5G14060 CARAB-AK-LYS AT5G64940 ATHI3

AT5G13650 SVR3

Annexure_8: List of differentially expressed genes involved in JA Biosynthesis, Response and
Signaling.

Gene ID Gene Name log2 FC P-value Gene Description

AT2G44810 DADI -2.01128 5.7E-08 alpha/beta-Hydrolases superfamily protein

ATIGI7420 LOX3 -2.31246 314E-10 Iipoxygenase 3

AT3G48360 BT2 288277 104E-14 BTB and TAZ domain protein 2

AT3G48520 CYP94B3 -2.37469 18E-14 cytochrome P450, family 94, subfamily B
polypeptide 3

ATIG19180 JAZI -110051 0.000873 jasmonate-zim-domain protein 1

ATIG72520 LOX4 -2.60738 222E-16 PLAT/LH2  domain-containing lipoxygenase
family protein

AT2G06050 OPR3 -2.04844 0 oxophytodienoate-reductase 3

AT2G26690 AtNPF6.2 0.976826 3.2E-05 Meajor facilitator superfamily protein

AT2G34600 JAZ7 -2.31716 188E-09 jasmonate-zim-domain protein 7

AT2G38240 FI6M14.17 -1.73107 126E-08 2-oxoglutarate  (20G) and  Fe(Il)-dependent
oxygenase superfamily protein

AT2G39730 RCA 103518 2.02E-05 rubisco activase

AT2G46370 JARI -145007 2.17E-13 Auxin-responsive GH3 family protein

AT3G01310 Arabidopsis homolog | 0.880119 7.42E-05 Phosphoglycerate mutase-like family protein

of yeast Vipl 1

AT3G11820 SYPI2] -0.92794 311E-08 syntaxin of plants 121

AT3G15210 ERF4 -142947 164E-06 ethylene responsive element binding factor 4

AT3G15510 NAC2 163294 2.93E-05 NAC domain containing protein 2

AT3G17860 JAZ3 -0.91623 0.001405 jasmonate-zim-domain protein 3

AT3G22275 AT3G22275 -198991 144E-09 jasmonate ZIM-domain protein

AT3G23250 MYBI5 -181747 8.37E-08 myb domain protein 15

AT3G25760 AoCI -173544 2.46E-06 allene oxide cyclase 1

AT3G25770 Aoc2 -182367 3.26E-08 allene oxide cyclase 2

AT3G25780 A0C3 -211777 7.35E-12 allene oxide cyclase 3

ATIGI17380 JAZS -187449 0 jasmonate-zim-domain protein 5

ATIGI7750 PEPR2 -113732 0.001665 PEP] receptor 2

AT3G51430 YLS2 0.724339 0.000107 Calcium-dependent Pphosphotriesterase
superfamily protein

AT3G51450 AT3G51450 -1.64814 3.84E-08 Calcium-dependent Pphosphotriesterase
superfamily protein

AT3G52400 SYPI22 -127794 0.000336 syntaxin of plants 122

ATIGI8710 MYB47 -1.35594 0.001101 myb domain protein 47

AT4G11280 ACS6 -1.33177 9E-06 I-aminocyclopropane-I-carboxylic  acid  (acc)
synthase 6

ATI1G20510 OPCLI -1.98438 0 OPC-8:0 CoA ligasel

AT4G16740 TPS03 107668 31IE-15 terpene synthase 03

AT4G22880 LDOX -0.83098 0.000133 leucoanthocyanidin dioxygenase

AT4G34710 ADC2 -0.83832 0.000124 arginine decarboxylase 2

AT4G35770 SENI 399227 0 Rhodanese/Cell cycle control phosphatase
superfamily protein

AT5G02840 LCLI 0.745889 0.000868 LHY/CCAI-like 1

AT5G05600 MOPI10.14 -13086 187E-06 2-oxoglutarate  (20G) and  Fe(ll)-dependent
oxygenase superfamily protein

AT5G07010 ST2A -1.30106 0.000399 sulfotransferase 2A

AT5G07690 MYB29 25483 0.000564 myb domain protein 29

AT5G08790 ATAF2 -11593 0.000136 NAC (No Apical Meristem) domain transcriptional
regulator superfamily protein

AT5G13220 JAZ10 -159693 0 jasmonate-zim-domain protein 10

AT5G17490 RGL3 -1.02382 0.002701 RGA-like protein 3
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AT5G18860 NSH3 -0.57288 0.003219 Inosine-uridine preferring nucleoside hydrolase
family protein

AT5G40350 MYB24 -0.78894 0.000583 myb domain protein 24

AT5G42650 A0S -198559 6.93E-11 allene oxide synthase

AT5G45110 NPR3 -1.18997 2.64E-05 NPRI-like protein 3

AT5G47220 ERF2 -126707 6.02E-05 ethylene responsive element binding factor 2

ATIG28480 GRX480 -2.46458 2.88E-09 Thioredoxin superfamily protein

AT5G54060 UF3GT -182756 0.000101 UDP-glucose:flavonoid 3-o-glucosyltransferase

AT5G61420 MYB28 102702 0.000525 myb domain protein 28

ATIG30135 JAZ8 -2.30401 2.04E-11 jasmonate-zim-domain protein 8

ATI1G32640 ©Mycz -12995 0.000171 Basic helix-loop-helix (HLH) DNA-binding family
protein

ATI1G43160 RAP2.6 -1.4916 819E-07 related to AP2 6

AT1G44350 ILL6 -116789 8.98E-05 IAA-amino acid hydrolase ILRI-like 6

ATI1G61120 TPS04 -1.6229 0.000226 terpene synthase 04

ATI1G61340 FBSI -1.33594 108E-07 F-box family protein

ATIG66370 MYBII3 -2.41043 0.001922 myb domain protein 113

ATIG70700 TIFY7 -0.86371 153E-08 TIFY domain/Divergent CCT motif family protein

ATIG71030 MYBL2 162189 6.05E-09 MYB-like 2

ATIG72450 JAZ6 -112383 7.67E-05 jasmonate-zim-domain protein 6

ATI1G73080 PEPRI -1.08841 0.002434 PEPI receptor 1

ATIG74100 SOT16 -113402 0.000117 sulfotransferase 16

ATI1G74430 MYB95 -0.76474 0.000877 myb domain protein 95

ATIG74840 F25A4.19 0.642012 0.000332 Homeodomain-like superfamily protein

ATIG74950 TIFY10B -111141 6.56E-05 TIFY domain/Divergent CCT motif family protein
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Abstract

The intricate process of male gametophyte development in flowering plants is regulated by jasmonic acid (JA) signaling. JA signaling
initiates with the activation of the basic helix-loop-helix transcription factor (TF), MYC2, leading to the expression of numerous JA-
responsive genes during stamen development and pollen maturation. However, the regulation of JA signaling during different stages
of male gametophyte development remains less understood. This study focuses on the characterization of the plant ARID-HMG DNA-
BINDING PROTEIN 15 (AtHMGB15) and its role in pollen development in Arabidopsis (Arabidopsis thaliana). Phenotypic characterization
of a T-DNA insertion line (athmgb15-4) revealed delayed bolting, shorter siliques, and reduced seed set in mutant plants compared to
the wild type. Additionally, AtHMGB15 deletion resulted in defective pollen morphology, delayed pollen germination, aberrant pollen
tube growth, and a higher percentage of nonviable pollen grains. Molecular analysis indicated the downregulation of JA biosynthesis
and signaling genes in the athmgb15-4 mutant. Quantitative analysis demonstrated that JA and its derivatives were ~10-fold lower in
athmgb15-4 flowers. Exogenous application of methyl jasmonate could restore pollen morphology and germination, suggesting that
the low JA content in athmgb15-4 impaired JA signaling during pollen development. Furthermore, our study revealed that AtHMGB15
physically interacts with MYC2 to form a transcription activation complex. This complex promotes the transcription of key JA
signaling genes, the R2R3-MYB TFs MYB21 and MYB24, during stamen and pollen development. Collectively, our findings highlight the
role of AtHMGB15 as a positive regulator of the JA pathway, controlling the spatiotemporal expression of key regulators involved in
Arabidopsis stamen and pollen development.

Introduction maturation (Huang et al. 2017b). Arabidopsis (Arabidopsis thaliana)
mutants deficient in JA biosynthesis, viz. FATTY ACID
DESATURASE 3/7/8 (fad3fad7fad8), DEFECTIVE IN ANTHER
DEHISENCE 1 (dadl), LIPOOXYGENASE 3/4 (lox3-lox4), ALLENE
OXIDE SYNTHASE (aos), and 12-OXOPHYTODIENOIC ACID
REDUCTASE 3 (opr3), exhibit male sterility due to arrested stamen
development at anthesis (McConn and Browse 1996; Stintzi and
Browse 2000; Ishiguro et al. 2001; Park et al. 2002; Caldelari et al.
2011). These mutants have indehiscent anthers or short filaments
that fail to reach the stigma surface. Although the pollen grain
from these mutants initially develops normally to produce tricellu-
lar gametophyte, they lose viability during later stages (Acosta and
Przybyl 2019). However, the application of exogenous JA can restore
fertility in these JA biosynthesis-deficient mutants (Park et al. 2002).

The development of male gametophytes in angiosperms is a
highly coordinated process, requiring the integration of various
plant hormone signaling pathways (Mascarenhas 1990; Wilson
and Zhang 2009; Marciniak and Przedniczek 2019). The spatiotem-
poral activity of key hormone signaling factors regulates the pol-
len maturation, anther dehiscence, release of pollen grains to
the surface of the stigma, and pollen tube germination, for suc-
cessful fertilization. The differentiation of sporogenous cells (pol-
len mother cell) in the anther gives rise to haploid microspores
through meiosis. Subsequent development involves mitotic divi-
sions and the formation of the pollen cell wall through pro-
grammed cell death of the tapetum layer (McCormick 2004;
Zhangetal. 2007). The degeneration of the tapetum layeris essen-

tial for anther dehiscence and the release of mature pollen. In self-
pollinating plants, anther dehiscence and the release of pollen
onto the stigma depend upon the appropriate length of the sta-
men filament. The anthers in these self-pollinating plants are
positioned at an equivalent height or above the stigma papillae,
ensuring efficient pollen transfer and fertilization. Any abnormal-
ities during pollen maturation, stamen elongation, or anther de-
hiscence can lead to reduced fertility or complete male sterility.
Planthormone jasmonicacid (JA) and its derivatives are indispen-
sable for the development of stamen and male gametophyte

CORONATINE INSENSITIVE1 (CQOI1), an F-box protein is a part of
SKP1-CULLIN1-F-box-type (SCF) E3 wubiquitin ligase complex
SCF“°™ and a crucial component of JA signaling, forms a complex
with transcriptional repressors Jasmonate ZIM-domain (JAZ) in the
presence of JA-isoleucine (JA-Ile) derivative. The 26S proteasome
mediates the degradation of JAZ repressor and releases the MYC
transcription factor (TF) for the expression of JA-responsive genes
(Xie et al. 1998; Devoto et al. 2002; Chini et al. 2007; Thines et al.
2007; Zhai et al. 2015). coil mutants exhibit impaired stamen matu-
ration and male sterility. However, unlike JA biosynthesis-deficient
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mutants, exogenous application of JA fails to rescue fertility in coil
mutants (Feys et al. 1994; Xu et al. 2002).

The MYC2 TF, a member of the basic helix-loop-helix family, is
a central regulator of the JA response. MYC2 activates the tran-
scription of JA-responsive genes by binding to G-box motifs present
in their promoter regions (Dombrecht et al. 2007; Pozo et al. 2008;
Figueroa and Browse 2012; Kazan and Manners 2013). Previous
studies have shown that MYC2 along with MYC3, MYC4, and
MYCS5 redundantly regulates stamen development and seed pro-
duction (Qietal. 2015; Gao et al. 2016). While the single and double
mutants showed no defect in stamen development, the triple mu-
tants myc2myc3myc4, myc2myc4myc5, and myc3myc4myc5 exhibited
delayed stamen development (Dombrecht et al. 2007; Schweizer
et al. 2013). The anthers of these triple mutants fail to dehisce at
the floral stage13, and pollen grains are unable to germinate in vi-
tro; however, anther dehiscence and pollen maturation occur at
thelater stage of flower development. Quadruple mutants, in com-
parison with triple mutants, exhibit more severe defects in stamen
development, characterized by short stamen filaments, indehis-
cent anthers, and nonviable pollen grains (Qi et al. 2015).

MYC2 TF coordinates JA signaling through R2R3-type MYB TFs,
specifically MYB21 and MYB24, during stamen maturation (Song
et al. 2011). MYB21 and MYB24 physically interact with MYC2
forming the MYC-MYB complex for transcription activation while
also interacting with JAZ to attenuate their activity (Yang et al.
2020; Zhang et al. 2021). The phytohormone gibberellin (GA) has
been shown to regulate the expression of MYB21/24 and promote
stamen growth (Chengetal. 2009). Studies indicate that DELLA in-
hibits JA biosynthesis by suppressing the expression of DAD1 and
LOX1. DELLA also interacts with MYB21/24 in the absence of GA
and represses their transcriptional activity (Cheng et al. 2009).
GA triggers the ubiquitination of DELLA and upregulates the ex-
pression of JA biosynthesis genes DADI and LOX1 (Huang et al.
2020). Theincreased concentration of JA willinduce the expression
of MYB21 and MYB24 (Vera-Sirera et al. 2016; Huang et al. 2020).
Thus, GA and JA signaling synergistically modulate stamen elon-
gation by regulating MYC-MYB signaling (Song et al. 2014; Chini
et al. 2016). myb21 mutants have short filaments that are unable
to reach the pistil’s stigma resulting in complete male sterility
(Mandaokar et al. 2006). However, myb21 pollen grains are viable.
myb24 mutants are completely fertile, whereas the myb21myb24
double mutants exhibit impaired stamen development and com-
plete sterility highlighting the essential role of MYB21 in filament
elongation and MYB24 in pollen viability and anther dehiscence
(Mandaokar et al. 2006; Mandaokar and Browse 2009; Song et al.
2011; Huang et al. 2017b).

AtHMGB15 belongs to a unique group of nuclear architectural
proteins, containing 2 DNA-binding domains, namely ARID and
HMG-box (Stros et al. 2007). Biochemical analysis shows that
ARID-HMG proteins bind to different DNA topological structures
preferably in the AT-rich region (Hansen et al. 2008; Roy et al.
2016). Previous research has demonstrated the involvement of
AtHMGB15 in pollen tube growth (Xia et al. 2014). Approximately
10% of the pollen grains of the Ds insertion line of AtHMGB15
(athmgb15-1) have defective morphology. Comparative transcrip-
tome analysis between wild-type and athmgb15-1 pollen showed
alteration of genes specific for pollen. Additionally, AtHMGB15
was found to interact with two MIKC* TFs, namely AGL66 and
AGL104. However, the mechanistic role of AtHMGB15 in pollen
development remained unclear. In this study, we characterized
the T-DNA insertion mutant of AtHMGB15 (athmgb15-4), where
the insertion is in the first exon. Our findings demonstrate that
~30% of pollen grains from athmgb15-4 plants exhibit defective
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morphology, characterized by a round shape, and disrupted retic-
ulate ornamentation. Transcriptome analysis revealed substan-
tial repression of JA biosynthesis and signaling in athmgb15-4
flowers. Collectively, our results provide comprehensive insights
into the mechanistic role of the ARID-HMG protein AtHMGB15 in
pollen development, specifically in regulating key master regula-
tors of the JA pathway.

Results

Isolation and characterization of athmgb15-4
mutant lines

The athmgb15-4 mutant was identified from a screening of the
T-DNA insertion line of Arabidopsis ecotype Col-O from the
GABI-Kat collection (GABI_351D08). GABI_351D08 has the T-DNA
insertion annotated at exon 1 of the gene At1g04880 (Fig. 1A, i).
The T-DNA insertion carries a sulfadiazine-resistant marker. The
homozygous athmgb15-4 lines were generated through the self-
crossing of heterozygous athmgb15-4 plants followed by the selec-
tion of sulfadiazine resistance progeny. The homozygous lines
were confirmed by PCR (Fig. 1A, ii), and the T-DNA insertion was va-
lidated through Southern blot (Supplementary Fig. S1). RT-qPCR
analysis demonstrated a significant downregulation of
AtHMGB15 expression in the athmgb15-4 mutant plants (Fig. 1A,
iii). Previously, our group had reported the absence of the
AtHMGB15 protein in the same mutant line (Mallik et al. 2020).
Homozygous seeds were collected for subsequent investigations.

At the rosette stage, athmgb15-4 plants did not exhibit any phe-
notypic differences compared to wild-type plants, except for a
shorter primary root length in athmgbl5-4 (Fig. 1B, i and
Supplementary Fig. S2). Additionally, athmgb15-4 plants showed
a significant delay in flowering compared to wild type (Fig. 1B, ii
and Supplementary Fig. S3). Under regular growth conditions
(long days), the number of rosette leaves at bolting for wild type
was 14 compared to 20 for athmgb15-4. Further, athmgb15-4 takes
around 37 days for flowering compared to 27 days for wild-type
plants (Fig. 1B, iv, v). Approximately 45% (P <0.05) of seedlings of
wild type initiated bolting after 30 days post-germination (dpg),
whereas only 8% (P <0.05) of athmgb15-4 plants exhibited bolting
(Fig. 1B, iii). The seeds of athmgb15-4 mutant plants showed no
marked difference when compared with wild type; they were via-
ble and exhibited normal germination, like the wild type.
However, mutant siliques were shorter in length compared to
wild type (Fig. 1C, i, ii, iv) and contained fewer fertilized ovules, re-
sultingin reduced seed yield compared to wild-type plants (Fig. 1C,
iii, v).

Comparative transcriptome between wild type
and athmgb15-4 showed differential regulation of
genes belonging to pollen development, cell wall,
and hormone pathways

Earlier studies have shown that expression of AtHMGB15 is highly
tissue-specific with maximum expression observed in pollen grain
(Xiaetal.2014). To gaininsights into therole of AtHMGB15 in pollen
development, we conducted a comparative transcriptome analy-
sis between wild-type and athmgbl5-4 flowers of stage 13
(Sanders et al. 1999). The gene ontology (GO) term enrichment
analysis using differentially expressed genes (DEGs) revealed
enrichment of pollen tube development, cell growth and its regu-
lation, cell wall development, biogenesis and organization,
hormone-mediated signaling pathway and response, response to
JA, and biosynthetic and metabolic process for biological process
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Figure 1. Phenotypic characterization of athmgb15-4 mutant. A) (i) Schematic showing the position of T-DNA insertion in the 1st exon of AtHMGB15
(At1g04880) and the position of PCR primers used for mutant screening. Black arrow indicates the transcription start site. (ii) PCR confirmation of athmgb15-4
homozygous line. (iii) RT-gPCR showing significant reduction of AtHMGB15 transcript in athmgb15-4 lines. The fold change was represented with respect to
wild type. Error bars represent mean + SD (n = 3); significance was calculated by paired two-tailed Student’s t-test. Asterisks represent significant differences
between wild type and athmgb15-4, **P < 0.001. B) (i) Wild type and athmgb15-4 at the rosette stage. Scale bar=2 cm. (i) Delayed flowering of athmgb15-4
compared to wild type. Scale bar=2 cm. (iii) Quantitative analysis of flower bolting between athmgb15-4 and wild type. The experiments were done from
seeds of 4 to 5 independent harvests. Data were collected from 100 plants of each batch. Error bars represent mean + SD (n=400), and significance was
calculated by paired two-tailed Student’s t-test. Asterisks represent significant differences between wild type and athmgb15-4, *P <0.05. dpg, days
post-germination. (iv) Days from germination to flowering. Error bars represent mean + SD (n=27), and significance was calculated by paired two-tailed
Student’s t-test. Asterisks represent significant differences between wild type and athmgb15-4, **P < 0.001. (v) Number of rosette leaves at bolting. Error bars
represent mean + SD (n=27), and significance was calculated by paired two-tailed Student’s t-test. Asterisks represent significant differences between wild
type and athmgb15-4, **P < 0.001. C) (i) Comparative silique length of wild type and athmgb15-4. Scale bar=5 mm. (ii) Comparison of seed set between wild
type and athmgb15-4. Scale bar = 2.5 mm. (iii) Quantitative silique fresh weight between athmgb15-4 and wild type. Measurement was taken using 20 siliques
for each observation. Error bars represent mean + SD (n = 20). (iv) Quantitative silique length between athmgb15-4 and wild type. Measurement was taken
using 20 siliques for each observation. Error bars represent mean + SD (n=20). (v) Seed numbers were counted from mature siliques of wild type and
athmgb15-4. Error bar represents mean + SD (n=30). The significance of all these results was analyzed by paired two-tailed Student’s t-test Asterisks
represent significant differences between wild type and athmgb15-4, **P <0.001.
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(Fig. 2 and Supplementary Fig. S4). Additionally, Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis highlighted the enrichment
of a-linolenic acid metabolism, carotenoid biosynthesis, and bi-
osynthesis of secondary metabolites as some of the pathways
enriched in our dataset (Supplementary Fig. S5). To validate our re-
sult, we selected candidate genes and performed RT-qPCR analysis
(Supplementary Fig. S6).

Previously published microarray data from Xia et al. using
athmgb15-1 and wild-type pollen grains have shown genes re-
sponsible for cell growth, pollen development, and pollen tube
growth, cell wall synthesis, and cellular transport as some of
the important ones that are differentially enriched. We next
compared our transcriptome with Xia et al. and found 171
DEGs commonin both the datasets. Of these, 111 DEGs represent
downregulated, and 60 represent upregulated. Further analysis
showed that these 111 downregulated genes represent GO bio-
logical processes such as pollen tube growth and development,
pollination, cell growth, and protein phosphorylation. Notably,
there was no GO enrichment related to the JA pathway except
the LOX4 gene which was found downregulated even in Xia

et al. dataset (Supplementary Fig. S7A to C and Tables S1 and
S2). This discrepancy can be attributed to the difference in tissue
types used for the transcriptome studies; Xia et al. used pollen
grains, while we used stage 13 flower. Nevertheless, previous
studies have established the role of jasmonate during the initia-
tion of pollen development particularly during anther develop-
ment at around stages 12 to 13 of flower development (Sanders
etal. 1999).

In our previous study, we conducted a whole-genome
ChIP-on-chip assay using 14-day-old Arabidopsis seedlings to
identify the targets of AtHMGB15. Comparing our DEGs with the
ChIP-on-chip data, we identified ~1,090 common loci between
the 2 datasets. GO analysis of these common loci unveiled the sig-
nificant enrichment of genes belonging to stress response, re-
sponse to JA, and pollen development in terms of biological
processes (Supplementary Fig. S7 D to F and Tables S3 and S4).
Collectively, our transcriptome analysis and previous findings in-
dicate that AtHMGB15 directly or indirectly regulates the tran-
scription of genes involved in the pollen development pathway,
possibly by modulating hormone signaling.
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athmgb15-4 plants have defective pollen
morphology and delayed pollen germination rate

To investigate the role of AtHMGB15 on pollen development, we
initially studied pollen grain morphology of athmgb15-4 mutants
and wild-type plants using scanning electron microscopy (SEM).
Our observations revealed that wild-type pollen grains exhibited
an ellipsoidal shape (Fig. 3A), while athmgb15-4 pollen grains dis-
played a mixture of shapes, including ~25% to 30% with circular
or irregular shapes (Fig. 3B and Supplementary Fig. S8A).
Additionally, the outermost exine wall of wild-type pollen grains
had a typical reticulate pattern of ornamentation, which was
completely absent in the defective pollen grains of mutant plants.
To gain further insights into the abnormal cell wall morphology of
athmgb15-4 plants, we analyzed the transcriptome data for genes
associated with cell wall biosynthesis. Our RNA-seq analysis re-
vealed significant downregulation of genes involved in cell wall bi-
osynthesis in athmgb15-4 flowers, including pectin lyase, cellulose
synthase, pectin methylesterase, and extensin, which are known
to play crucial roles in pollen development (Fig. 3C and
Supplementary Fig. S6C). Interestingly, most of the cell wall vali-
dated genes, viz. pectin lyase (At5g48140 and At3g07850), pectin
methyltransferase (At4g15980), cellulose synthase (At2g33100),
and xyloglucan endotransglucosylase (AT4G30280), showed
AtHMGBI15 binding as per our ChIP-on-chip data (Mallik et al.
2020) (Supplementary Table S3).

Subsequently, we examined the pollen germination rate of
wild-type and athmgb15-4 pollen grains. The time kinetics of in vi-
tro pollen tube germination shows that within 4 h, more than 50%
of pollen grains (P <0.005) were germinated for wild-type pollen
grains and by 6 h almost 80% (P < 0.005) germination was achieved
(Fig. 3D, i, iii). Interestingly, only 40% (P <0.005) germination of
athmgb15-4 pollen grains was observed after 24 h in pollen germi-
tion of AtHMGB15 leads to severe defects in pollen morphology
and causes significant delays in the germination rate of pollen
tubes. Some of the pollen grains from athmgb15-4 that show
tube growth comparable to wild type may be considered normal
ellipsoidal in shape (like wild type). However, this percentage is
lessin the mutant compared to the wild type, based on our in vitro
germination assay (Supplementary Fig. S8B). To assess the viabil-
ity of athmgb15-4 pollen grains compared to wild type, we per-
formed fluorescein diacetate (FDA) and propidium iodide (PI)
staining. While FDA is permeable to the cell membrane and can
stain live cells, PI is impermeable and can stain DNA only when
the cell integrity is compromised. Thus, PI-stained cells are con-
sidered dead cells. Comparison of the staining patterns revealed
a higher percentage of nonviable pollen grains (55%, P <0.005) in
athmgb15-4 mutants compared to wild type (30%, P<0.05)
(Fig. 3E), justifying the lower germination rate observed in the mu-
tant plants. Thus, our data strongly indicate that the AtHMGB15
function is essential for the development of viable pollen grains
in Arabidopsis.

AtHMGB15 regulates the expression of genes
involved in the JA pathway during flower
development

KEGG analysis of RNA-seq data has identified enrichment of the
a-linolenic acid metabolism pathway from the differential ex-
pressed gene pool (Fig. 2, and Supplementary Fig. S5). a-Linolenic
acid is the precursor of the plant phytohormone, JA. JA and its de-
rivatives have been shown to regulate many developmental proc-
esses including stamen and flower development (Wasternack and

Hause 2013;Jang et al. 2020). We examined the expression of JA bi-
osynthesis and signaling genes in athmgb15-4 flowers using
RT-gPCR. As shown in Fig. 4, A, the relative fold change for genes
involved in JA biosynthesis and JA signaling was significantly
downregulated in athmgb15-4 flowers compared to wild type.
Furthermore, the expression levels of JA-related genes were mod-
erately downregulated in another T-DNA mutant of AtHMGB15
(SALK_057612C_9 and SALK_057612C_15) (Supplementary Fig. S9).
These athmgb15 mutants harbor T-DNA insertion in the promoter
region. Collectively, the transcriptome and RT-qPCR analyses
suggested the transcriptional activator role of AtHMGB15 for
the expression of JA biosynthesis and signaling genes during flow-
er development. Comparing our transcriptome and earlier pub-
lished ChIP-on-chip data (Mallik et al. 2020), it was observed
that most of the validated genes associated with JA response,
viz. LOX3, AOS, DAD1, AOC3, JAR1, JAZ1, JAZ3, JAZS8, and MYC2,
have AtHMGB15-binding site (Supplementary Table S3).

To further establish the regulation of AtHMGB15 in JA signal-
ing during pollen development, we raised complementation
lines using 35S::AtHMGB15 in athmgb15-4 background. Stable ho-
mozygous lines were selected (athmgb15-4-OEa,4), and the ex-
pression of AtHMGB15 was analyzed using RT-qPCR (Fig. 4B, iii).
These complementation lines were stable and recovered the de-
layed bolting and small silique size phenotype of athmgb15-4 mu-
tant (Fig. 4B, i, ii). Moreover, a comparison of pollen tube
germination rates showed a significantly higher population of
germinated pollen grains in the athmgb15-4-OEa4 compared to
athmgb15-4 (Fig. 4C, i, ii). Additionally, more than 95% (P <0.05)
of pollen grains in athmgb15-4-OE44 exhibited an ellipsoidal
shape, indicating complete recovery of pollen morphology
(Fig. 4D). RT-qPCR results revealed higher expression of JA bio-
synthesis and signaling genes in the complementation line com-
pared to the mutant (Fig. 4E). The expression of JA biosynthesis
genes in the complementation line was comparable to wild
type; however, the expression of JA signaling genes was higher
than wild type. The molecular and phenotypic analyses of
complementation lines strongly demonstrate that AtHMGB15
is essential in JA-regulated signaling events during pollen
development.

athmgb15 flowers showed low levels of JA and its
derivatives

The downregulation of JA biosynthesis genes in athmgb15-4 mutants
suggests a low intrinsic level of JA and its derivatives. To assess the
hormone level, we next estimated the in vivo level of jasmonate in
the flowers of wild-type, athmgb15-4, and athmgb15-4-OEa4 lines.
As shown in Fig. 5A, the levels of JA along with two of its derivatives,
namely methyl jasmonate (MeJA) and JA-Ile, are almost 10-fold (P <
0.05) lower in athmgb15-4 flowers compared to wild type.
Remarkably, the low level of JA and its derivatives were restored in
athmgb15-4-OE x4 complementation lines.

Considering the reduced JA levels in athmgb15-4 flowers, the
effect of exogenous MeJA application on these flowers was ex-
amined by evaluating the pollen tube germination post-48 h
treatment. The result revealed that the application of exoge-
nous treatment of MeJA on buds and young flowers restores
the pollen tube germination of athmgb15-4 pollen grains, and
the rate is equivalent to that of wild-type pollen grains (Fig. 5B
and C). We checked the expression of JA biosynthesis and sig-
naling genes post-exogenous MeJA application in the young
flowers. Our results indicate that there was a significant in-
crease in the expression of AOS, OPR3, MYC2, JAZ1, and JAZ10
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Figure 3. Defective pollen morphology and pollen germination rate of athmgb15-4 compared to wild type. A) SEM of pollen grains isolate from wild type
showing ellipsoidal shape with reticulate ornamentations. B) Representation of defective pollen morphology of athmgb15-4 mutant having a circular
shape with irregular ornamentation. The experiment was repeated at least 10 times with pollen grains isolated from different batches of wild type and
athmgb15-4. C) Expression of differentially regulated cell wall biosynthesis genes between wild type and athmgb15-4 using RT-qPCR. The fold change was
represented with respect to wild type. Error bars represent mean + SD (n=_8). The significance was analyzed by paired two-tailed Student’s t-test.
Asterisks represent significant differences between wild type and athmgb15-4, **P < 0.001. D) Freshly isolated pollen grains from (i) wild type and (ii)
athmgb15-4 were subjected to in vitro germination for different time periods. (iii) Graphical representation of rate of pollen germination of wild type and
athmgb15-4 at the given time points. Error bars represent mean + SD (n=10). The significance was analyzed by paired two-tailed Student’s t-test.
Asterisks represent significant differences between wild type and athmgb15-4, *P < 0.05, **P < 0.001. E) Pollen viability was measured using FDA and PL
FDA-stained cells are blue denoting live pollen grains, the PI-stained cells are red denoting dead pollen grains, and the purple-colored pollen grains are
sterile in nature. The excitation wavelength used for the fluorescence microscope to observe Pl was 535 nm, with an exposure duration of 100 ms and the
gain at 1x. The excitation wavelength for FDA was 488 nm, with an exposure duration of 200 ms and the gain at 1.5x. Box plot representation of pollen
viability between wild type and athmgb15-4. Whiskers represent mean + SD (n= 12). The significance was analyzed by paired two-tailed Student’s t-test.
Asterisks represent significant differences as indicated, *P < 0.05, **P < 0.01. The center line of the box denotes the median. Box limits denotes the upper
quartile (Q1) and the lower quartile (Q3). The whiskers extend to the maximum and minimum data values.

(Fig. 5D and Supplementary Fig. S10) in wild-type and
athmgb15-4 flowers after exogenous MeJA application. Thus, re-
storation of mutant pollen phenotype and induction of JA sig-

expression of MYC2

Transcriptome and RT-qPCR analyses revealed the downregula-

AtHMGB15 acts as a transcription activator for the

naling genes by exogenous MeJA application indicates that the
low endogenous level of JA in athmgb15-4 plants is responsible
for the reduced expression of JA signaling genes during pollen
development.

tion of the key TFs of JA signaling, viz. MYC2, MYB21, and MYB24,
in athmgb15-4 mutant flowers. We next aimed to investigate
whether AtHMGB15 acts as a transcription activator for the ex-
pression of these genes.
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Figure 4. Complementation of athmgb15-4 mutant line with AtHMGB15 restores pollen morphology and pollen tube germination. A) Expression of
differentially regulated JA biosynthesis and signaling genes was analyzed between wild type and athmgb15-4 using RT-qPCR. The fold change was
represented with respect to wild type. Error bars represent mean + SD (n=6). The significance for each gene was analyzed by paired two-tailed Student’s
t-test. Asterisks represent significant differences between wild type and athmgb15-4, *P <0.05, P <0.01, **P <0.001. B) (i) Comparative flower bolting
between wild type, athmgb15-4, and athmgb15-4-OE 4. Scale bar=2 cm. (ii) Silique length of wild type, athmgb15-4, and athmgb15-4-OE 4. Scale bar=4
mm. (iii) RT-gPCR to check AtHMGB15 transcript level in wild type, athmgb15-4, and athmgb15-4-OE 44. The fold change was represented with respect to
wild type. Error bars represent mean + SD (n=6). Letters indicate significant differences according to a one-way ANOVA with Tukey's post hoc test (P <
0.05). C) (i) Comparative in vitro pollen germination between wild type, athmgb15-4, and athmgb15-4-OE 44. (ii) Quantification of the rate of pollen
germination. Error bars represent mean + SD (n=6). The significance for each time point was analyzed by one-way ANOVA with Fisher’'s LSD post hoc
test. Asterisks represent significant differences as indicated (*P < 0.05, **P <0.01, **P < 0.001, ns, not significant). D) SEM analysis of pollen morphology.
E) Expression of JA biosynthesis and signaling genes in wild-type, athmgb15-4, and athmgb15-4-OE 54 flowers. The fold change for each gene was
represented with respect to wild type. Error bars represent mean + SD (n=8). The significance for each gene was analyzed by one-way ANOVA with
Tukey’s post hoc test. Asterisks represent significant differences as indicated (*P <0.05, **P<0.01, **P < 0.001, ns, not significant).

AtHMGB15 occupancy at the upstream region of MYC2,
MYB21, and MYB24

To explore the potential interaction between AtHMGB15 and the
upstream regions of these genes, a ChIP assay was performed
using the custom-made (Thermo Scientific, India) affinity-
purified anti-AtHMGB15 antibody and the immunoprecipitated
DNA was subjected to gPCR. It is noteworthy that the antibody
that was used for ChIP analysis was previously validated in the
whole-genome ChIP-on-chip study (Mallik et al. 2020). However, we
have further performed a western blot with flower samples of
stage 13 to further revalidate the antibody (Supplementary Fig. S11).
All our ChIP data were normalized with 2 loci, namely At1g01840
and At1g01310, showing no AtHMGB15 occupancy from our

previous study (Mallik et al. 2020). The primers were designed
from in silico analysis of promoter/upstream region of MYC2,
MYB21, and MYB24 that contain AtHMGB15-binding site A(A/C)-
ATA-(A/T)(A/T) (Mallik et al. 2020). The gPCR analysis showed
AtHMGB1S occupancy at the promoter/upstream region of MYC2,
MYB21, as well as MYB24 (Fig. 6A). To test whether AtHMGB15 di-
rectly binds to the promoter/upstream region of MYC2, MYB21,
and MYB24, we performed an electrophoretic mobility shift assay
(EMSA) using the same 200-bp DNA fragments that were used for
ChIP validation of AtHMGB15 binding. EMSA experiments con-
firmed the direct binding of AtHMGB15 protein at the promoter re-
gions of MYC2, MYB21, and MYB24 (Fig. 6B). There was no binding
with the 200-bp DNA fragment corresponding to At1g01310
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Figure 5. athmgb15-4 mutants have reduced levels of JA and its derivatives. A) JA and its derivatives were measured from the flowers of wild type,
athmgb15-4, and athmgb15-4-OEA4 and represented as fold change with respect to wild type. Error bars represent mean + SD (n=3). The significance was
analyzed by one-way ANOVA with Fisher’s LSD post hoc test. Asterisks represent significant differences as indicated (*P < 0.05 and **P <0.001). JA,
jasmonic acid; MeJA, methyl jasmonate; JA-Ile, jasmonic acid isoleucine. B) Quantification of the rate of pollen tube germination in the presence of
different concentrations of methyl jasmonate. Error bars represent mean + SD (n=3). The significance was analyzed by two-way ANOVA with Tukey’s
post hoc test. Asterisks represent significant differences as indicated (*P<0.01, *P < 0.001, and **P <0.0001). C) Restoration of in vitro pollen
germination of athmgb15-4 on treatment with exogenous MeJA (0.5 and 2 mw). D) Expression of genes strongly induced by exogenous MeJA (0.5 mwm) in
flowers of wild type and athmgb15-4. The fold change was represented with respect to wild type. Error bars represent mean + SD (n=6). Letters indicate
significant differences according to a one-way ANOVA with Tukey’s post hoc test (P <0.05).

(negative control). Furthermore, site-directed mutagenesis (SDM)
causing mutation of the AT-rich binding motif resulted in a sig-
nificant reduction in AtHMGB15 binding, with binding ob-
served only at high protein concentrations (Supplementary
Fig. S12). Moreover, previous ChIP-on-chip data also supported
the presence of AtHMGB15 at the MYC2 and MYB24 loci, further
suggesting its role in regulating the transcription of JA signal-
ing genes.

AtHMGB15 activates the transcription of MYC2

The binding of AtHMGB15 at the promoter/upstream region of
MYC2 prompted us to investigate whether AtHMGB15 regulates
the transcription of MYC2. For this, ~2-kb promoter/upstream re-
glon of MYC2 was cloned in pCambia1304 replacing 35S promoter
to generate pMYC2::GUS reporter construct. The constructs were
infiltrated into Nicotiana benthamiana plants to examine the pro-
moter activity (pMYC2) by measuring GUS activity in the absence
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Figure 6. AtHMGB15 acts as a transcriptional activator for the expression of MYC2. A) ChIP analysis shows AtHMGB15 occupancy at the promoter/
upstream of MYC2, MYB21, and MYB24. The data were normalized with no binding regions corresponding to At1g01310. Error bars represent mean + SD
(n=5). Letters indicate significant differences according to a one-way ANOVA with Tukey’s post hoc test (P <0.05). B) EMSA was performed using
32p-labeled DNA fragments of At1g01310, MYB24, MYC2, and MYB21 and increasing concentration of recombinant AtHMGB15 (15 to 60 nu). C) 2 kb
promoter region of MYC2 (pMYC2) was cloned with GUS reporter, and Agrobacterium-mediated infiltration was done with 35S::AtHMGB15, and 35S::
MYC2 in Nicotiana tabacum. GUS reporter gene assay was done after 48 h using MUG. Error bars represent mean + SD (n=15). Letters indicate significant
differences between the represented datasets according to a one-way ANOVA with Tukey’s post hoc test (P <0.05). D) BiFC confirming the interaction
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with anti-Myc antibody, followed by immunoblot analysis with anti-FLAG (IB: aFLAG) antibodies to detect AtHMGB15-Flag and anti-Myc (IB: aMyc)
antibodies to detect Myc-MYC2. Extract of athmgb15-4 leaves only expressing Myc-MYC2 was used as a control. Coomassie blue staining for Rubisco was
used to ascertain even protein loading in each lane. (ii) Co-immunoprecipitation (co-IP) assay confirming interaction of AtHMGB15 and MYC2 in vivo.
Total protein from seedlings of MYC2-GFP was extracted and immunoprecipitated with anti-GFP magnetic beads, followed by immunoblot analysis

with anti-AtHMGB15 (IB: aAtHMGB15) and anti-GFP (IB: aGFP) antibodies and preimmune sera. Extract of wild-type seedlings was used as control.
Coomassie blue staining for Rubisco was used to ensure even protein loading in each lane (* indicates the band of interest).

and presence of AtHMGB15. AtHMGB15 is not a TF but can mod-
ulate transcription when associated with a TF. Moreover, pre-
vious studies have identified the MYC2-binding site at the
promoter of MYC2 gene (Zander et al. 2020). Thus, we presumed
that AtHMGB15 is a coactivator coupled with the TF MYC2 to
regulate transcription. To test this hypothesis, we measured
the promoter activity of MYC2 in the presence of both the pro-
teins, namely MYC2 and AtHMGB15. As shown in Fig. 6C, the
promoter activity was higher in the presence of AtHMGB15
(pMYC2 + AtHMGB15) compared to the control (pMYC2). Similarly,
we have observed an increase in pMYC2 activity in the presence
of MYC2 (pMYC2 +MYC2) compared to the control, supporting
the earlier finding that MYC2 regulates its transcription.
Interestingly, the pMYC2 activity increased significantly in the
presence of both MYC2 and AtHMGB15 protein (pMYC2 +MYC2
+AtHMGB15) compared to when measured with individual
proteins. The increase of pMYC2 activity in the presence of
both the proteins, namely AtHMGB15 and MYC2, indicates that

AtHMGB15 along with MYC2 TF positively activates the transcrip-
tion of MYC2.

AtHMGBI15 interacts with MYC2 protein to form the
activator complex

To further explore the physical interaction between AtHMGB15
and MYC2, a BiFC assay was conducted using co-infiltration of
Agrobacterium carrying MYC2-nYFP and AtHMGB15-cYFP con-
structs into the onion epidermis. The results revealed reconstitu-
tion of the Yellow Fluorescent Protein (YFP) signal in the nucleus,
particularly in the nucleolus, indicating the physical interaction
between AtHMGB15 and MYC?2 in planta (Fig. 6D). No YFP fluores-
cence was observed in the control combinations.

To further validate this physical interaction, we performed a
transient co-immunoprecipitation using Myc-tagged MYC2 and
C-terminal Flag-tagged AtHMGB15. We raised transgenic Arabidopsis
overexpressing AtHMGB15-flag in athmgb15-4 background. These
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transgenic plants were used for Agrobacterium infiltration using the
Myc-MYC2 construct. As a control, Myc-MYC2 constructs were infil-
trated in athmgb15-4 plants. The complex was immunoprecipitated
using an anti-Myc antibody and detected with an anti-flag antibody.
The Western blot analysis indicates that Myc-tagged MYC2 immuno-
precipitated AtHMGB15-Flag (Fig. 6E). Alternatively, we infiltrated
Myc-MYC2 into the leaves of AtHMGB15-Flag and performed immuno-
precipitation assay with anti-FLAG affinity beads to pull down the pro-
tein complex. To detect its interactors, we used an anti-Myc antibody.
We infiltrated pGWB618 (empty vector) in the leaves of
AtHMGB15-Flag as control (Supplementary Fig. S13).

To confirm the interaction between MYC2 and AtHMGB15
in planta, co-immunoprecipitation assay was performed using
transgenic plants expressing MYC2-GFP. The complex was
pulled down with anti-GFP magnetic beads, and AtHMGB15
was detected in the precipitated complex using AtHMGB15 anti-
body (Mallik et al. 2020). The results confirmed positive interac-
tion between MYC2 and AtHMGB15, in vivo. Arabidopsis Col-0
was used as control in this assay (Fig. 6E, ii). These experimental
findings indicate the physical interaction of AtHMGB15 with
MYC2 protein to form an activator complex to promote the tran-
scription of the MYC2 TF.

AtHMGB15 regulates JA signaling | 1005

AtHMGB15 promotes the transcription of MYBs

MYC2 has been shown to interact with R2R3-MYB TFs, MYB21, and
MYB24 to regulate anther and pollen development in a
JA-dependent manner (Goossens et al. 2017). Our RT-gPCR analysis
confirmed the expression of MYB21 and MYB24 is downregulated in
athmgb15 mutants. Additionally, the in silico analysis revealed the
presence of MYC2-binding sites at the promoter region of MYB24.
Since AtHMGB15 and MYC2 form a transcription activator complex,
we next investigated whether this complex regulates the transcrip-
tion of R2R3-MYB TFs. To explore this possibility, we examined the
expression of MYB21 and MYB24 in the flowers of 2 previously char-
acterized myc2 knockout lines, namely myc2-2 and jin1-2 (Boter et al.
2004; Lorenzo et al. 2004). Our results demonstrated a significant
downregulation of MYB21 and MYB24 expression in these myc2 mu-
tant lines (Fig. 7A, 1). Furthermore, the expression of JA biosynthesis
gene OPR3, which was previously shown to be MYC2-dependent
(Mandaokar et al. 2006), was downregulated in these mutants. We
analyzed the JA content of myc2 mutants and observed a significant
reduction in jasmonate levels (Fig. 7A, ii).

Subsequently, we investigated the promoter activity of MYB21
and MYB24 in the presence of AtHMGB15 and MYC2 TFs. The pro-
moter activity of pMYB24 was significantly upregulated in the

A i . i Bii i
@ Expression of JA genes ( ) Estimation of Jasmonic Acid @ E (i) T 60
= Widiype and its derivatives E 70+ " T
= athmgbis-4 8 a 2 @
= myc2-2 = Wildtype «g‘ g z 'g
= jint2 = myc22 g 2 - 2 40-
= jint-2 " E L
- 32 23
8 u o3 35 l; 3
e z £ b % 5 204
F4 S T b <%
o T = c be = B
g 9 @ g E
£ ;2 5 2
—— L 5§ 0- g 0-
bADY A0S AOCY JART 0PRY Myc2 myaz MYB24 MeJA A JAdle 5 \ — ‘ '\ 'ﬁ Eb ,\' ‘1’\
e° & &" e"' & 3‘ -@ gty
S FEEY
P c; r..
é * \* =‘§
& & S
e v &
é’ &
« &
‘Wildtype athmgh15-4 athmgb15-4-OEa«

250umM

2500

DADT/ADS/AO!y YYEZ{.’MYE24

JA + JA
@msvnmes —’( SIGNALING J

POLLEN POLLEN STAMEN
VIABILITY DEVELOPMENT ) | DEVELOPMENT

Figure 7. AtHMGB15 promotes transcription of MYBs. A) (i) Expression of JA genes in MYC2 knockout mutants myc2-2 and jin1-2, and athmgb15-4 using
RT-gPCR. The fold change was represented with respect to wild type. Error bars represent mean + SD (n = 4). The significance for each gene was analyzed
by one-way ANOVA with Tukey’s post hoc test. Asterisks represent significant differences as indicated (**P <0.001). (ii) Comparative JA and its
derivatives content in flowers of wild type and MYC2 knockout mutants myc2-2 and jin1-2. Error bars represent mean + SD (n=3). The fold change for
each gene was represented with respect to wild type. The significance for each gene was analyzed by one-way ANOVA with Tukey’s post hoc test.
Asterisks represent significant differences as indicated (*P <0.05, **P <0.01, and **P <0.001). B) (i and ii) 2-kb promoter regions of MYB21 (pMYB21) and
MYB24 (pMYB24) were cloned with GUS reporter and Agrobacterium-mediated infiltration was done with 35S::AtHMGB15 and 35S:MYC2 in N. tabacum.
GUS reporter gene assay was done after 48 h using MUG. Error bars represent mean + SD (n=15). Letters indicate significant differences between the
represented datasets according to a one-way ANOVA with Tukey’s post hoc test (P <0.05). C) Comparison of stamen phenotype between wild type,
athmgb15, and athmgb15-4-OEA4. Scale bar = 250 um. D) Proposed model elucidating the role of AtHMGB15 in activating the JA pathways by forming an
activation complex with MYC2 to regulate stamen and pollen development.
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presence of AtHMGB15 and MYC2 independently; however, in the
presence of both proteins, there was no additional increase in pro-
moter activity (Fig. 7B, i). For pMYB21, an increase in promoter ac-
tivity was observed only in the presence of MYC2 protein (Fig. 7B,
ii). There was no increase in promoter activity in the presence of
AtHMGB15, although strong DNA-binding activity of AtHMGB15
was observed in the promoter region. Interestingly, the activity
of pMYB21 increased significantly in the presence of both
AtHMGB15 and MYC2, suggesting the formation of an activation
complex between these 2 proteins to activate pMYB21.

Since R2R3 TFs were needed for the elongation of stamen dur-
ing flower development, we further analyzed the flower morphol-
ogy of athmgbl5-4 and compared it to wild-type Arabidopsis
flower. Our observation suggests that around 30% of athmgb15-4
flowers have shorter stamen filaments compared to wild type
(Fig. 7C and Supplementary Fig. S14). This may be one of the rea-
sons for poor fertilization and low seed yield in athmgb15 mutants.
The complementation lines on the other hand showed a similar
stamen phenotype as compared to wild type. Taken together,
these findings suggest that AtHMGB15 regulates the transcription
of R2R3-MYB TFs during flower development, thereby regulating
the growth and development of stamens and pollen grains.

Discussion

AtHMGB15 insertion mutants have defective
pollen morphology

Optimal pollen development and functional floral organs are cru-
cial for efficient pollination and genetic diversity. These complex
processes are precisely regulated by endogenous cues. In this
study, we have investigated the role of the Arabidopsis ARID/
HMG group of transcriptional regulators, AtHMGB15, in pollen de-
velopment. A previous study by Xia et al. (2014) using a Ds inser-
tion line and our study using another T-DNA mutant allele of
AtHMGB15 similarly showed defective pollen morphology and re-
tarded pollen growth in mutant plants. These allelic mutants of
athmgb15 have a significant reduction in the seed set. Given the
impaired pollen morphology and viability resulting from the ab-
sence of functional AtHMGB15, we aimed to explore its involve-
ment in pollen formation and maturation during Arabidopsis
floral development. Pollen development initiates after meiosis of
sporogenous cells corresponding to stage 10 of floral development
and continues through stages 12 to 13 till the completion of the
pollen cell wall (Sanders et al. 1999). Subsequently, filament elon-
gation and anther dehiscence occur, enabling the release of viable
pollen grains for germination (Goldberg et al. 1993; Scott et al.
2004). In this investigation, we initially examined the differential
gene expression between wild type and athmgbl5-4 mutant
during the early stages of flower development, to identify
AtHMGB15-regulated targets involved in the pollen development
process. Our findings revealed the downregulation of genes re-
sponsible for pollen cell wall development in the athmgb15 mu-
tant. The reduced expression of cell wall-related genes provides
a plausible explanation for the defective morphology and dis-
torted cell wall architecture observed in athmgb15 pollen grains.

AtHMGB15 regulates JA biosynthesis and
signaling during pollen development

A significant finding in our study is the differential expression of
genes responsible for o-linolenic acid metabolism and response
toJA. As previously mentioned, a-linolenic acid serves as a precur-
sor of plant phytohormone, JA. Our RT-gPCR data showed

significant downregulation of genes responsible for JA biosyn-
thesis and response pathways in athmgbl5 mutant flowers.
This downregulation of JA biosynthesis genes leads to a sub-
stantial decrease in jasmonate levels in the athmgb15-4 mu-
tant. Interestingly, the complementation of athmgb15-4 with
full-length AtHMGB15 or exogenous application of jasmonate
completely restores impaired JA signaling and pollen morphol-
ogy of athmgb15-4, indicating that the defect lies in JA biosyn-
thesis for this phenotype.

Previous studies have established that phytohormone JA is one
of the major plant hormones required for different stages of flower
development, including regulation of anther development, sta-
men elongation, dehiscence, flower opening, and pollen develop-
ment (McConn and Browse 1996; Ishiguro et al. 2001; Mandaokar
et al. 2006; Mandaokar and Browse 2009; Qi et al. 2015; Huang
etal. 2017a, 2017b; Huang et al. 2020). Mutants, deficient in JA bio-
synthesis and signaling, were found to have reduced fertility or
are male sterile (Feys et al. 1994; Xie et al. 1998; Ishiguro et al.
2001; Park et al. 2002; Cheng et al. 2009). Collectively, the low
jasmonate content observed in athmgbl5-4 indicates that
AtHMGBI15 plays a crucial role in regulating the JA pathway for
the development of viable pollen grains in Arabidopsis.

AtHMGB15-mediated regulation of JA signaling in
athmgb15-4 plants

Attenuation of JA signaling at specific developmental stages is
crucial for the proper growth and fitness of plants. This regulation
involves intricate interactions between JA biosynthesis and sig-
naling through positive and negative feedback loops
(Wasternack and Hause 2013; Wasternack 2019; Zander et al.
2020). Positive feedback stimulates JA biosynthesis to activate JA
signaling, while the negative loop controls the activity of TFs
such as MYC2 by inducing the expression of negative repressors
like JAZ or JAZ splice variants (Chini et al. 2007; Pauwels and
Goossens 2011; Song et al. 2011, 2014; Chini et al. 2016). The basic
helix-loop-helix TF MYC2 serves as the master regulator of JA sig-
naling (Kazan and Manners 2013). The transcriptional activity of
MYC2, responsible for JA-responsive gene expression, is tightly
controlled by the SCFCOI1-JAZ complex. The physical interaction
of JAZ1 with MYC2 attenuates the transcriptional activity of MYC2
(Xuetal. 2002; Chini et al. 2007; Acosta and Przybyl 2019), which is
released by jasmonate-induced SCF“'-dependent proteasomal
degradation of JAZ (Devoto et al. 2002; Thines et al. 2007; Kazan
and Manners 2008). Intriguingly, MYC2 targets its own promoter,
as well as the promoters of JAZ genes, during jasmonate response,
indicating that MYC2 activates its own transcription and that of
its negative regulator, JAZ (Dombrecht et al. 2007; Kazan and
Manners 2013; Zander et al. 2020). This tight regulation leads to
a negative feedback loop in JA signaling where JA-dependent de-
struction of MYC2 repressor followed by MYC2-dependent activa-
tion of JAZ repressor regulates the appropriate amplitude of JA
signaling during various development processes (Chini et al.
2007).

Our findings demonstrate that AtHMGB15 directly binds to the
promoter of MYC2 and interacts with MYC2 to form the activator
complex that positively regulates the transcription of MYC2. Since
the expression of MYC2 is compromised in athmgb15 mutant, ex-
pression of most of the JAZ genes (JAZ1, 5,6,7,8, and 10) was found
to be downregulated in these plants (Supplementary Fig. S6). The
downregulation of both MYC2 and JAZ suggests that fine-tuning of
JA signaling is severely affected in athmgb15 mutants.
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Regulation of JA biosynthesis

Studies have revealed that JA biosynthesis is regulated by a pos-
itive feedback loop through the SCFC®*-JAZ regulatory module
in the presence of jasmonate derivative (Devoto et al. 2002).
The JA-dependent release of MYC2 binds to JA-responsive
elements (G-box) present in the promoters of JA biosynthesis
genes such as AOS, AOC3, OPR3, OPRL1, LOX3, and LOX4 to pro-
mote their transcription (Dombrecht et al. 2007; Pozo et al.
2008; Figueroa and Browse 2012; Kazan and Manners 2013).
Additionally, a previous transcriptome study has shown the
downregulation of JA biosynthesis genes in MYC2 mutant jin1-8
plants (Lorenzo et al. 2004), further supporting the role of
MYC2 in the transcription of JA biosynthesis genes. In this study,
we have observed a decrease in the expression of JA biosynthesis
genes and low jasmonate content in MYC2 mutants myc2-2 and
jinl-2, supporting that MYC2 regulates transcription of JA biosyn-
thesis. Since AtHMGB15 positively regulates the MYC2 expres-
sion, we reasoned that the low expression of JA biosynthesis
genes is due to the downregulation of MYC2 gene expression in
athmgb15-4. Our data align with previous studies showing
MYC2 controls JA biosynthesis genes through a positive feedback
loop (Van Moerkercke et al. 2019).

DAD1 is a chloroplastic phospholipase A1l lipase that is
involved in the initial step of JA biosynthesis for the formation
of a-linolenic acid. The dadl mutants were defective in anther
dehiscence, pollen maturation, and flower bud development
(Ishiguro et al. 2001; Peng et al. 2013). The expression of DAD1
is regulated by the homeotic protein AGAMOUS and the auxin-
responsive factors ARF6 and ARF8 (Nagpal et al. 2005; Tabata
et al. 2010). Our study shows a small change in the expression
of ARF6 but no change in the expression of AGAMOUS or ARFS.
However, the expression of COI1 was found to be severely
repressed in athmgbl5 mutants. A previous study has shown
that wound-induced DAD1 expression is lower in JA biosynthesis
mutants aos and opr3, and completely abolished in coil, suggest-
ing that DAD1 expression is regulated by both coronatine insen-
sitive (COI)-dependent and independent mechanisms (Hyun
et al. 2008; Rudu$ et al. 2014). Considering the repression
of COI1 in athmgbl5-4, we propose that the transcription of
DAD1 is possibly COI1-dependent during the pollen development
process.

JAR1, CYP94B3, and ST2A are JA catabolic enzymes required for
the formation of JA derivatives JA-Ile, 12-hydroxy-JA-Ile, and
12-HSO4-JA, respectively (Ruan et al. 2019; Wasternack 2019). JA
serves as the substrate for JA-Ile formation by JAR1. Similarly,
JA-Ile is hydroxylated by CYP94B3, and STA2 uses 12-OH-JA for
sulfated derivate (Wasternack and Hause 2013). In each case, it
appears that the biosynthesis of JA catabolites depends upon
the availability of its substrate and the level of these derivatives
through positive feedback. Consistent with these findings, we pro-
pose that the low level of JA derivatives is due to the reduced JA
content in athmgb15-4 plants. Consequently, the expression of
genes responsible for the formation of JA derivatives was found re-
pressed in athmgb15 mutants. Furthermore, Koo et al. have dem-
onstrated that the expression of CYP94B3 is dependent on COI1, as
the expression is completely diminished in the coil mutant.
Therefore, reduced expression of CYP94B3 in athmgbl5 mutant
may be due to downregulation of COI1 gene expression and sub-
strate availability (Koo et al. 2011). These collective observations
establish the significance of AtHMGB15-mediated regulation in
maintaining an appropriate jasmonate concentration during pol-
len development.
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Repression of JA biosynthesis and signaling
resulted in downregulation of JA-responsive TF
MYB21 and MYB24 in athmgb15 mutant

The R2R3-MYB TFs, MYB21 and MYB24, are considered a critical
regulator of JA signaling during stamen development (Huang
et al. 2017b, 2020; Yang et al. 2020). In this study, we observed a
downregulation of MYB21 and MYB24 expression in the
athmgb15-4 mutant. Additionally, we found that AtHMGB15 binds
to the promoter of MYB24 and MYB21 to activate their transcrip-
tion. There may be 2 possible reasons for the repression of MYBs
in the athmgb15-4 mutant. Firstly, repression of JA biosynthesis
in athmgb15-4 causes downregulation of MYB21 and MYB24 ex-
pression, as previously shown in opr3 mutants (Song et al. 2011;
Huang et al. 2020). Furthermore, the absence of functional
AtHMGB15 may contribute to the downregulation of MYB21 and
MYB24, as AtHMGB15 transcriptionally activates their expression.
Genetic analysis has indicated that MYB21 and MYB24 are indis-
pensable for stamen growth and development and myb21myb24
double mutant is completely male sterile with short filaments, de-
layed anther dehiscence, and nonviable pollen grains (Huang et al.
2020). Consistently, we have observed short filaments in around
30% of athmgb15-4 flowers. The short filaments may be one possi-
ble reason for having defective pollination as anthers fail to reach
stigma leading to lower seed yields in athmgb15-4 mutant.

AtHMGB15 and MYC2 form the activator complex
for regulating JA-responsive transcription

Our study reveals an intriguing finding regarding the interaction
between the AtHMGB15 protein and the MYC2 TF. We provide evi-
dence demonstrating that AtHMGB15, in conjunction with MYC2,
activates the transcription of MYC2. Interestingly, previous re-
search by Zander et al. has identified that MYC2 binds many tar-
gets that do not have canonical G-box DNA sequence motifs.
This suggests that MYC2 may indirectly bind to numerous targets
through its interaction with the partner protein AtHMGB15. Our
study indicates that AtHMGB15 acts as a necessary partner for
MYC2 activity. Theinteraction between MYC2 and AtHMGB15 sug-
gests that these 2 proteins form a transcriptional activator com-
plex for MYC2-dependent gene expression during JA signaling.

In this study, we provide mechanistic insights into the role of
ARID/HMG group nuclear proteins in pollen development. We
identify the involvement of AtHMGB15 in the formation of pollen
cell wall by positively regulating the expression of cell wall genes.
Moreover, we demonstrate the contribution of AtHMGB15 toJA sig-
naling by forming an activator complex with the MYC2 TF, thereby
activating JA-dependent gene expression during pollen develop-
ment (Fig. 7D). Our findings shed light on the physiological roles
of plant ARID/HMGs, particularly in gene regulation and chroma-
tinremodeling. The present study shall be a step forward in this di-
rection and establish a role of AtHMGB15 in transcription
activation other than being an HMG-box group of nuclear architec-
tural protein.

Materials and methods

Plant materials and growth conditions

Arabidopsis (A. thaliana) ecotype Columbia-O (Col) was used in
this study. All the mutants and over-expression lines used in
this study were in the Col background. The T-DNA insertion line
of AtHMGB15 (GABI_351D08) was obtained from the Eurasian
Arabidopsis Stock Centre (NASC), and the T-DNA insertion line
of AtHMGB15 (SALK057612C) was obtained from the Arabidopsis
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Biological Resource Centre (ABRC). SALK_083483 (atmyc2-2) and
SALK_061267 (atjin1-2) and 35S:MYC2-GFP lines were also pro-
cured for the study. The seeds were grown on Murashige and
Skoog agar plates at 22 °C under 16-h:8-h light (~150+ 10 umol
m~2s7) and dark cycles in the growth chamber. 20-day-old seed-
lings were transferred to soil pots in the greenhouse with 60% rel-
ative humidity. Freshly opened flowers were collected every day
between 9:00 am and 11:00 am IST during the flowering stage (flow-
ering stage 13) for downstream experiments. Pictures of wild-type,
athmgb15-4 mutant, and athmgb15-4-OEx4 (RE) plants at various
growth stages (rosette, inflorescence bolting, fully mature plant
with flower and silique stage) were taken using a digital camera.
Individual organs such as the flowers and siliques were isolated
and investigated for Leica stereo-zoom microscope S9i.

Generation of transgenic plants

The coding sequence of AtHMGB15 was cloned under 35S in
pMDC84 using the gateway cloning system (Invitrogen). This con-
struct was used to generate complementation lines constructed in
the athmgb15-4 mutant background. Plant transformation was
performed by Agrobacterium tumefaciens-mediated floral dip meth-
od, and transgenic plants (Zhang et al. 2006) were selected by hy-
gromycin selection. The complementation lines were confirmed
by PCR for insertion and RT-qPCR for expression. The plants
were progressed to the T3 generation before they were used for
analysis. The list of primers used for this study is presented in
Supplementary Table S5.

RNA extraction, Illumina sequencing, and
RT-qPCR
Total RNA was isolated from 200 mg of young flowers (flowering
stages 12 to 13) of wild type and athmgbl5-4 mutant using
RNASure Mini Kit (Nucleopore-Genetix). RNA isolated from three
such replicates was pooled and used for lllumina NextSeq 500 se-
quencing at Eurofins Genomics India Pvt. Ltd. using 2x75 bp
chemistry generating 30 million paired end reads per sample.
Processing of raw read, adaptor removal using Trimmomatic
v0.35, and mapping of read to Arabidopsis genome (TAIR10) using
TopHat v2.1.1 were performed. The differential gene expression
analysis was carried out using Cufflink v1.3.0 where threshold
fold change was set (FC) values >0 along with P value threshold
of 0.05 and threshold fold change was set (FC) values >+ 1 with
Pvalue cutoff filter of 0.05, which were considered as differentially
expressed genes. The data are available in the NCBI Sequence
Read Archive repository under the accession ID: PRINA874885.
For the replicates, total RNA was isolated from 200 mg of young
as mentioned above. RNA quality was measured using an Agilent
Tape station (RIN>7) by Theomics International Pvt. Ltd. Total
RNA integrity was checked by Agilent Bioanalyzer 2100, and sam-
ples with clean rRNA peaks only were used for further investiga-
tion. Libraries for RNA-seq were prepared according to the KAPA
stranded RNA-seq kit with RiboErase (KAPA Biosystems,
Wilmington, MA, USA) system. Final library quality and quantity
were analyzed by Agilent Bioanalyzer 2100 and Life Technologies
Qubit3.0 Fluorometer, respectively. The libraries were size se-
lected for 140 bp +10% fragments and sequenced on Illumina
Novoseq 6000 to an average depth of 20 million reads using 2 x
150 bp chemistry. Mapping of reads to Arabidopsis genome
(TAIR10) was performed as mentioned earlier. The data are avail-
able in NCBI Sequence Read Archive repository under the acces-
sion ID: PRINA974968.

RT-qPCR was performed, and relative fold change for the gene
of interest was calculated with respect to housekeeping gene
AtEFla transcript (At1g07920) level using the 27T method. The
primers used in the analysis are enlisted in Supplementary
Table S5.

Bioinformatics analysis

The ShinyGO v0.77 program was used for the GO annotation anal-
ysis of DEGs in terms of Biological Process, Molecular Function,
and Cellular Components ontologies. Significantly enriched GO
and KEGG pathways of the differentially expressed genes were
carried out using ShinyGO v0.77 program. Venny v2.0. was used
to generate Venn diagrams for comparison between various data-
sets. The promoter sequence of MYC2, MYB24, and MYB21 was an-
alyzed using PlantPAN 3.0.

Chromatin immunoprecipitation and ChIP-qPCR
Nuclei from the 700 mg of wild-type flower tissue were isolated us-
ing the Plant Nuclei isolation kit (Sigma #CELLYTPN1) using the
manufacturer’s protocol. The chromatin immunoprecipitation
assay was performed as described previously by Mallik et al.
(2020), and immunoprecipitated DNA was analyzed by
ChIP-gPCR. The data were normalized with respect to input, and
fold change was calculated against previously characterized 2
loci At1g01840 and At1g01310 using the 224" method. Three in-
dependent biological replicate samples were used for gPCR ex-
periments, where each sample was collected from >80 wild-type
plants in the flowering stage. The primer list for the ChIP study
is attached in Supplementary Table S5.

Electrophoretic mobility shift assay

EMSA was performed using the protocol described previously (Roy
etal. 2016; Mallik et al. 2020). The DNA binding studies were done
with PCR fragments obtained from the selected genes by
ChIP-gPCR study. The DNA fragments (200 bp) from the pro-
moter/upstream region of MYC2, MYB21, and MYB24 containing
previously identified AtHMGB15-binding site “A(A/C)-ATA-(A/T)
(A/T)” were PCR amplified, and fragments were end labeled with
y*#?P ATP (3,500 Ci/mmol) using T4 polynucleotide kinase
(Thermo Scientific, #EK0031) and purified. 5x10* cpm
y*?P-labeled DNA (~7 fmol) was mixed with increasing concentra-
tions (15 to 60 nu) of the full-length AtHMGB15 in the presence of
1x EMSA buffer containing 10 mm Tris-HCI (pH 7.5), 5 mm NaCl,
0.1 mm EDTA, 0.5 mm MgCl,, 0.1 mm DTT, 5% (v/v) glycerol, and
1.25 ug/ml poly dI-dC. The DNA-protein mixture was incubated
for 1h onice and analyzed by 5% (v/v) native PAGE supplemented
with 5% (v/v) glycerol in 0.5x TBE at 4 °C.

Site-directed mutagenesis

SDM was done according to the protocol described previously (Roy
et al. 2016). Two synthetic partial overlapping primers containing
the desired mutation were designed (Supplementary Table S5 and
Fig. 512) and extended using Pfu turbo, thereby generating mu-
tated plasmids. The PCR products were treated with 1 xl of Dpnl
endonuclease (10 U/ul, Agilent) at 37 °C for 1 to 2 h and trans-
formed into competent DH5a cells. The mutation was verified by
sequencing. The mutated fragments of MYC2, MYB21, and
MYB24 were then amplified from the clones, and EMSA was per-
formed as described earlier.
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Scanning electron microscopy

Pollen grains were isolated from anthers of dried flowers of wild
type, athmgb15-4 mutant, and athmgb15-4-OE44 (RE) and refined
by passing them through a series of fine mesh with decreasing po-
rosity. The pollen grains were brushed onto the brass stub with a
carbon tape and subjected to gold coating in Edward gold sputter
coater. The coated samples were visualized in SEM (FEI 200) under
an accelerating voltage of 5, 10, and 20 kV.

Pollen germination and viability assay

Pollen germination assay was done as described previously (Li
2011). Pollen was isolated from mature wild-type, athmgbl5-4,
and athmgb15-4-OE a4 (RE) flowers by drying them and then sus-
pending them in a pollen germination medium containing 20%
(w/v) sucrose, 100 mu boric acid, 1 m CaCl,, 200 mm Tris-MES, 1
M MgSO,, 30% (w/v) PEG 4000, and 500 mum KCI of pH 5.6 to 6.
Pollen germination was observed after 2, 4, 6, and 24 h and visual-
ized by a microscope (Nikon ECLIPSE Ni). Double staining with
FDA and PI was performed using the method described earlier
(Chang et al. 2014). A drop containing the stained pollen grains
was viewed under a fluorescence microscope (Nikon ECLIPSE
Ni). FDA-stained cells are blue denoting live pollen grains, the
Pl-stained cells are red denoting dead pollen grains, and the
purple-colored pollen grains are sterile in nature. The excitation
wavelength used for the fluorescence microscope to observe PI
was 535 nm, with an exposure duration of 100 ms and the gain
at 1x. The excitation wavelength for FDA was 488 nm, with an ex-
posure duration of 200 ms and the gain at 1.5x.

Hormone estimation

JA content was estimated using electron spray ionization coupled
with mass spectroscopy (ESI-MS) as described previously (Liu et al.
2010). 500 mg of fresh flower tissue from wild-type, athmgb15-4,
and athmgb15-4-OE4 (RE) plants along with myc2-2 and jinl-2
was homogenized in liquid N, and extracted overnight with meth-
anol (HPLC grade) at 4 °C. The homogenates were centrifuged, di-
luted with water (HPLC grade), and subjected to the Sep-Pak C18
cartridge (Pierce #89870). SPE cartridge was washed with 20% (u/
v) and 30% (v/v) methanol and finally eluted with 100% (v/v) meth-
anol. The eluant was 10 times diluted with methanol and ana-
lyzed by ESI-MS. Analytical standards of MeJA (Sigma #392707),
JA (Sigma #]J2500), and JA-Ile (Cayman Chemical #10740) were
used. The relative abundance of all three derivatives in the wild-
type, athmgb15-4, and athmgb15-4-OE 44 (RE) samples was obtained
and expressed as fold change with respect to wild type.

Hormone treatment

For MeJA treatment, the wild-type and athmgb15-4 plants were
grown in soil. At the onset of flowering, 0.5 and 2 mwm MeJA
(Sigma #392707) was sprayed directly onto the flower buds twice
a day for 2 consecutive days. The treated flowers were harvested
and used for pollen germination assay (Park et al. 2002). RNA iso-
lation, cDNA synthesis, and RT-qPCR were performed with flow-
ers treated with exogenous MeJA (0.5 mwm) and harvested at 4 h
post-treatment.

GUS assay

GUS assay was performed as described previously (Bedi and Nag
Chaudhuri 2018). 2-kb promoter regions of MYC2, MYB21, and
MYB24 were cloned into pKGWFS7 vector, containing GUS as the
reporter gene, by the Gateway cloning (Invitrogen). Similarly, the
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full-length coding sequence of AtHMGB15 and MYC2 was cloned
in pMDC84 and pCambial304, respectively. Overnight culture of
Agrobacterium tumefaciens strain EHA105 containing pMYC2,
pMYB21, and pMYB24 was mixed individually with different com-
binations of Agrobacterium strain containing 35S:AtHMGB15 and
35S:MYC2 at ODgo00.8 and infiltrated into the leaves of 6-wk-old
N. benthamiana plants. The leaf samples were incubated for 48 h
and homogenized, and GUS activity was measured using 1 mwu
4-Methylumbelliferyl-p-D-glucuronide (MUG) at fluorescence at
455 nm (excitation at 365 nm) in a fluorimeter (Thermo
Scientific Varioskan Flash). The total protein concentration of ex-
tracted leaf samples was measured by the Bradford method at 595
nm. GUS activity was represented as nanomoles of 4-MU pro-
duced per mg of protein, and the total data were obtained from
15 sets of biological repeats.

BiFC

For BiFC assay, the full-length coding sequences of AtHMGB15 and
MYC2 were cloned through Gateway cloning system (Invitrogen)
into the binary vector pSITE-cEYFP-N1 (CD3-1651) and
PSITE-nEYFP-C1 (CD3-1648), respectively. Agrobacterium strain
(EHA105) transformed with the cloned vectors along with the
empty vectors as control was infiltrated into the onion epidermis
as done previously (Roy et al. 2019). The inner epidermal peels
wereisolated and subjected to wash with 1x PBS for 16 h, mounted
on a slide, and observed for interaction under the confocal micro-
scope (Stellaris 5, Leica). The laser used for the fluorescence micro-
scopy was 488 nm with a collection bandwidth of 513 to 560 nm.
The gain was set at 86 with 2% intensity.

Co-immunoprecipitation and immunoblotting

Co-immunoprecipitation was followed as previously described
with experimental modifications (Nie et al. 2021). Full-length
CoDing Sequence of MYC2 was cloned into pGWB618 having Myc
tag. The positive clone was transformed into the A. tumefaciens
strain EHA105. The bacterial cells were pelleted and resus-
pended to at final ODggp at 0.3, in resuspension buffer (10 mwm
MgCl,, 10 mm MES, 200 uM acetosyringone, pH 5.7) in the dark
for 3 h at room temperate prior to infiltration. The resuspended
cells were infiltrated in the leaves of athmgb15-4 (control) and
athmgb15-4-OE o4 rrac. Infected leaves were harvested at 48 h after
infiltration and frozen in liquid nitrogen. Total proteins were ex-
tracted from infected leaves using extraction buffer (3 ml/g of
leaf) containing 50 mwm Tris-HCl (pH 7.4), 1 mwm EDTA, 150 mwum
NacCl, 5% (v/v) glycerol, 0.5% (v/v) Triton X-100, 1 mm PMSF, and
1x Protease Inhibitor Cocktail Tablets (Roche). After centrifugation
at 20,000 g for 30 min, the extracts were precleared with protein
AP agarose beads (BB#-PA001PD) to reduce nonspecific interac-
tions. The input sample was collected from pre-cleaned extract.
The complex wasimmunoprecipitated using Anti-Myc antibody
(abcam #9E10) overnight at 4 °C and pulled down using Magna
ChIP Protein A+G Magnetic beads (Millipore #16-663). The
co-immunoprecipitated protein samples were extracted from
the beads using 2x SDS sample buffer, boiled, and separated in
a10% (v/v) SDS-PAGE followed by transfer to a PVDF membrane.
The co-immunoprecipitation was detected using anti-FLAG M2
antibody (Sigma-Aldrich #F1804) and anti-Myc antibody (abcam
#9E10). The blot was detected with Enhanced Chemiluminescence
substrate (Bio-Rad).

Alternatively, in the leaves of athmgb15-4-OEs4-prac, the
Myc-MYC2 and PGWB618 (control) were infiltrated. The procedure
was followed as above; instead, the complex was pulled down
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against Anti-FLAG Affinity beads (abcam #270704) and detected
against anti-Myc antibody and anti-FLAG M2 antibody (control).

Co-immunoprecipitation was carried out with Arabidopsis over-
expressing MYC2-GFP lines and Col-0 plants (control). The total pro-
tein was extracted as described above. The extract was pulled down
using anti-GFP nanobody Magnetic beads (Antibodies.com
#A310039), and the AtHMGB15 was detected using custom-made
affinity-purified anti-AtHMGB15 (Thermo Scientific) antibody.
MYC2-GFP was detected using anti-GFP (Plant specific) antibody
(Antibodies.com #A50024). Western blot using preimmune Sera
was used as experimental controls. The co-immunoprecipitation ex-
periments were repeated at least 3 times.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism8
(GraphPad Software) and IBM SPSS Statistics (v29.0.2.0). The val-
ues shown in the figures are either means of 3 or more experimen-
tal replicates or means of 3 or more independent experiments as
specified in each figure caption. Student’s t-test and one-way
and two-way analysis of variance (ANOVAs) were performed in
GraphPad Prism and IBM SPSS Statistics. Details of statistical tests
are indicated in each figure legend.

Accession numbers

Sequence data from this article can be found in The Arabidopsis
Information Resource (TAIR) under the accession numbers
AtHMGB15 (AT1G04880), MYC2 (AT1G32640), MYB24 (AT5G40350),
MYB21 (AT3G27810), and EF1 (AT1G07920). The accession numbers
of genes are mentioned in Supplementary Table S5.
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ARTICLE INFO ABSTRACT

Keywords: AtHMGB15 belongs to a group of ARID-HMG proteins which are plant specific. The presence of two known DNA
Arabidopsis thaliana binding domains: AT rich interacting domain (ARID) and High Mobility Group (HMG)-box, in one polypeptide,
ARID-HMG makes this protein intriguing. Although proteins containing individual HMG and ARID domains have been
2;?;\4;?;5 characterized, not much is known about the role of ARID-HMG proteins. Promoter analysis of AtHMGB15

showed the presence of various stress responsive cis regulatory elements along with MADS-box containing
transcription factors. Our result shows that the expression of AtHMGB15 increased significantly upon application
of cold stress. Using ChIP-chip approach, we have identified 6128 and 4689 significantly enriched loci having
AtHMGB15 occupancy under control and cold stressed condition respectively. GO analysis shows genes be-
longing to abiotic stress response, cold response and root development were AtHMGB15 targets during cold
stress. DNA binding and footprinting assays further identified A(A/C)-ATA—(A/T)(A/T) as AtHMGB15 binding
motif. The enriched probe distribution in both control and cold condition shows a bias of AtHMGB15 binding
towards the transcribed (gene body) region. Further, the expression of cold stress responsive genes decreased in
athmgb15 knockout plants compared to wild-type. Taken together, binding enrichment of AtHMGB15 to the
promoter and upstream to stress loci suggest an unexplored role of the protein in stress induced transcription
regulation.

Cold stress
DNasel footprinting

1. Introduction rendered accessible for carrying out various DNA dependent processes.
This dynamicity of the genome architecture is extremely fascinating
and has become one of the most studied aspects in chromatin biology in

the last few decades.

Plants are subjected to various kinds of adverse environmental
stresses throughout their lifespan. Being sessile organisms, plants can

cope with such conditions by changing the cellular processes within
themselves through reprogramming of the transcriptome. These stress
dependent changes in plants are needed to act against adverse en-
vironmental condition for maintaining the overall stability during stress
situations. However, the compact chromatin structure in eukaryotic cell
imposes various constraints to many DNA dependent processes such as
transcription, replication, repair, recombination and transposition. This
problem is overcome by the unique aspect of plasticity present in the
eukaryotic chromatin. Even though the DNA is very tightly packed, it is

Abbreviations: HMG, High Mobility Group; ARID, AT rich interaction domain
* Corresponding author.

E-mail address: shubho@jcbose.ac.in (S. Chaudhuri).
1 Equal contribution.

https://doi.org/10.1016/j.bbagrm.2020.194644

Preliminary DNA packaging begins with the coiling of DNA with the
aid of the histone octamer where it forms the bead on the string ar-
rangement [1]. Following this, the DNA undergoes rounds of super-
coiling to finally attain the condensed form of the chromatin [2,3]. DNA
binding proteins that aid in stabilizing the DNA structure during this
packaging form the ‘Architectural group of proteins’ that promotes
wrapping, bending and bridging [4]. Similarly, to make the packaged
DNA accessible for different nuclear factors, alteration of compact
chromatin structure to a more open configuration is required. This
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plasticity is achieved through chromatin remodelling mainly through
three methods: by i) modulation of interactions between an archi-
tectural protein and DNA [5], ii) modulating the higher-order folding of
the genome by antagonizing or cooperative action of architectural
proteins [6-8] and iii) energy dependent displacement of DNA wrap-
pers [9,10]. The High Mobility Group of proteins are the group of ar-
chitectural proteins involved in modulating chromatin structure and
organizing the efficient participation of other proteins in various nu-
clear activities such as transcription, replication and DNA repair
[11-14]. Based on the type of DNA binding domain, HMG proteins are
grouped into three distinct classes HMGA, HMGB and HMGN [12]. In
plants, with the exception of HMGN, proteins belonging to both HMGA
and HMGB families have been characterized [15]. Other than classical
HMGB type proteins, plants have three more types of HMG-box con-
taining proteins a) structure-specific recognition proteinl (SSRP1), b)
proteins containing three copies of HMG-box (3xHMG) and c) proteins
with both AT-rich interaction domain and HMG-box domain (ARID-
HMG) [16]. Among the different types of the HMG proteins, the 3xHMG
box proteins and the ARID HMG proteins are found exclusively in
plants. Interestingly, the presence of two DNA binding domains: ARID
and HMG in ARID-HMG group make it a unique member among the
plant HMGB-box proteins.

The ARID domain was first identified in Bright, a mouse B-cell-
specific transcription factor [17] and DRI gene of Drosophila [18]. In-
itially characterized as the AT-rich DNA binding domain; subsequent
studies have revealed that many ARID domain containing proteins can
bind DNA in a non-sequence specific manner [19]. The ARID domain
containing proteins have been implicated in a wide variety of roles,
including chromatin remodelling, transcription, and cell growth [20].
In Arabidopsis, 7 ARID domain containing proteins have been identified
and have been grouped into the ARID transcription factor family
(https://agris-knowledgebase.org/AtTFDB/). Among these 7 proteins, 4
members belong to the novel ARID-HMG group namely AtHMGB9,
AtHMGB10, AtHMGB11 and AtHMGB15. Molecular characterization
indicates that ARID-HMG protein can bind to various DNA structures
and facilitate DNA bending [21,22]. It is likely that the presence of two
DNA binding motifs in ARID-HMG proteins can promote transcription
either by modulating the chromatin accessibility or by acting as tran-
scription activators.

Previous studies of plant ARID-HMG group were focused mainly on
the biochemical properties of the protein. However, there was less in-
formation available to understand the physiological role of this group of
proteins. Only a recent study has shown that one member of Arabidopsis
ARID-HMG family, AtHMGB15, is highly expressed in pollen and plays
a significant role in pollen tube growth [23]; however, the milieu of
roles that might be played by this protein remains unexplored. The
advent of ChIP coupled with microarray or sequencing techniques, re-
volutionized detection of transcription factor binding sites, and aided
greatly in gaining insights into their functional roles. In this paper, we
are reporting for the first time, about a genome-wide DNA binding
study of AtHMGBI15. In-silico sequence analysis revealed the presence
of stress-responsive element about 500 bp upstream of the transcription
start site of AtHMGB15 gene. Expression analysis showed that
AtHMGBI5 is upregulated during various stresses condition, with the
maximum upregulation during cold stress. The genome-wide DNA
binding study indicates that 6128 loci were significantly enriched in the
control data set, whereas 4689 loci were enriched during cold stress
response. The genome-wide distribution of AtHMGB15 shows that its
occupancy is highly enriched in the euchromatin region with maximum
enrichment in gene bodies. Further, in vitro and in vivo DNA binding
studies show that AtHMGB15 prefers to bind AT rich sequence with a
motif A(A/C)-ATA—(A/T)(A/T). Further, the integration of gene ex-
pression data with the AtHMGB15 ChIP-chip results led to the identi-
fication of target genes that were differentially regulated under cold
stress. Moreover, transcription studies have shown that expression of
many known cold responsive genes that have AtHMGB15 occupancy
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were differentially regulated in AtHMGB15 knockout mutants. Collec-
tively, the genome-wide analysis of AtHMGB15 targets during cold
stress response and integration with gene expression led us to the un-
ravelling of previously unexplored aspects of the protein.

2. Materials and methods
2.1. Plant material and treatment condition

Arabidopsis thaliana ecotype Columbia (Col-0) seeds, after cold
(4 °C) stratification, were germinated under 16 h light
(~150 + 10 pmol m~?s~ %) and 8 h dark at 22 °C on MS Agar plates.
22 days old Arabidopsis seedlings were subjected to various stress
treatment such as cold, salinity, ABA treatment and dehydration for
different time period, according to Yamaguchi-Shinozaki et al. [24]
with some modifications. Briefly, for cold stress treatment, Arabidopsis
seedlings were subjected to 4 °C under dim light condition for specific
time periods. For ABA and salinity stress, Arabidopsis seedlings were
hydroponically treated with 100 uM ABA treatment (for 22 h) and
150 mM NaCl (for 16 h) at 22 °C respectively. For dehydration stress,
Arabidopsis seedlings were air dried on 3MM filter paper for 30 min.
22 days old Arabidopsis seedlings were subjected to heat stress ac-
cording to Sakuma et al. with brief modification [25]. The seedlings
were incubated at 42 °C for 1 h. 22 days old Arabidopsis seedlings were
subjected to UVB for 1 h as described previously [26].

T-DNA insertion lines of Arabidopsis ecotype Col-0 lines at
AtHMGB15 locus were procured from GABI-Kat collection (351D08).
The T-DNA insertion was screened by the presence of sulfadiazine (Sul")
resistance. The homozygous lines were obtained by self-crossing het-
erozygous lines (AtHMGB15/+) and screening the seeds for Sul" re-
sistance. athmgb15 homozygous lines were confirmed by Southern and
Northern Blot.

2.2. RNA extraction and q-PCR

RNA extraction and q-PCR was done according to Roy et al. [21].
Three independent sets of Control and stressed (Cold, ABA, UV, heat, salt,
drought) samples were used to isolate RNA and 3 ug of total RNA was used
to prepare cDNA using Revert-aid RT (Thermo Scientific). Relative fold
change for the gene of interest was calculated with respect to AtEF la
transcript (At1g07920) level using 2** method. The significance of the
results was analysed by Student's t-test (* denotes P < 0.05). For gene
expression analysis of AtHMGB15 bound genes, three independent sets of
wild type and athmgb15 (Control, Cold 2 h, 4 h, 8 h, 12 h and 24 h)
samples were used to isolate RNA and 5 pg of total RNA was used to
prepare cDNA using Revert-aid RT (Thermo Scientific). Relative fold
change for the gene of interest was calculated with respect to AtEF la
transcript (At1g07920) level or Tubulin (At1G04820) using 224 method.
The significance of the results was analysed by two way ANOVA followed
by Dunnet's multiple comparison test (* denotes P < 0.05). The primers
used are listed in Supporting Table S5.

2.3. Chromatin immunoprecipitation

Nuclei isolation was performed using plant nuclei isolation kit
(Sigma, # CELLYTPN 1) according to the manufacturer's protocol and
chromatin immunoprecipitation assay was done as previously described
by Roy et al. [27] with a few modifications. The chromatin preparation
was subjected to sonication using a water bath sonicator (Diagenode
Bioruptor) so that fragments ranging from 750 bp to 200 bp were
generated. ChIP was performed with custom made affinity purified
AtHMGB15 antibody, and the DNA protein complexes were pulled
down using Magna ChIP Protein A + G Magnetic beads (Millipore, #
16-663). Two independent replicates of control and cold stress treated
(2 h) samples were used for ChIP-chip studies where each set contained
=60 22-days old seedlings.
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2.4. Microarray analysis

We worked with Genotypic Technology Pvt. Ltd. (Bengaluru, India)
to perform the DNA microarray. Labeling, hybridization, and image
analyses were all performed at Genotypic life sciences. The custom
Agilent binding array includes a total of 415,056 probes each 60 bp in
length, that target 98% of the protein coding genes of Arabidopsis
thaliana covering 5 kb upstream to 2 kb downstream from the tran-
scriptional start sites. Supporting Table S5 contains the list of protein
coding genes represented in this custom array. The data obtained was
normalized using Median Blanks subtraction and Intra-array (intensity-
dependent) Lowess normalization methods. To define regions asso-
ciated with AtHMGB15, Whitehead Per-Array Neighbourhood algo-
rithm was used (Agilent Genomic Workbench Lite Edition 6.5). The
algorithm samples every probe and its immediate upstream or down-
stream neighbouring probe to identify robust regions of increased probe
signals. It does so by examining groups of probe triplets where each
probe is significantly enriched (P < 0.05) and the maximum distance
for two probes to be considered as neighbours is 100 bp. The central
probe is then assigned a p xbar value which is the average p-value for
the central probe and its neighbours in each triplet set. The p xbar
significance level is set to 0.05. Genes associated with significant re-
gions were annotated using TAIR 10, and are therefore considered
target genes of AtHMGB15. Each target gene was assigned a p xbar .,
value corresponding to the lowest p xbar among all the probes that fall
in one gene. The complete microarray data were uploaded to Gene
Expression Omnibus [28] with accession number GSE140593.

2.5. Bioinformatic analysis

The promoter sequence of AtHMGB15 was analysed using PlantPAN
3.0.The functional categorization of all bound genes in control only,
cold only and constant binding data set was done using AgriGO (http://
bioinfo.cau.edu.cn/agriGO/). The GO terms were assigned significance
using the Fisher test. The output generated from AgriGO was re-
presented as a heat map. The enriched, cold regulated gene networking
was obtained using STRING 11 software. For motif analysis, 6128 genes
that were significantly enriched (pxbar < 0.05) in control and 4689
genes in cold data set were used for analysis. The probes corresponding
to these genes were classified as intergenic (promoter and downstream)
or gene body probes depending upon the location of the probe from the
nearest annotated TSS. Each set was then analysed using MEME-ChIP
(http://meme-suite.org/tools/meme-chip). The DREME tool of the
MEME ChIP suite generated the de novo DNA binding motifs output. To
check the probe binding intensity over the genome, significant probes
of control and cold datasets were visualised over the Arabidopsis
genome in a 2Kb window on either side of the gene body through the
ngs.plot tool [29]. Circular visualization of probe intensity of each gene
along with the gene density and their DHS score [30] were carried out
by the circa tool for both datasets.

2.6. ChIP-gPCR

To validated the ChIP-chip data, ChIP-qPCR was carried out. For the
control data set the immunoprecipitated (IP) DNA from control samples
were normalized with respect to input and fold change was calculated
against a negative control region (p xbar > 0.05 with very low nor-
malized signal ratio) using 2"** method. For the cold only data set the IP
DNA from cold samples was normalized with respect to input and fold
change was calculated against I[P DNA from control samples for a given
set of primer. Power up SYBR green PCR master mix (Applied biosys-
tems, #A25742) and gene specific primers were used for the reactions
in an Applied Biosystems 7500 FAST machine. Three independent re-
plicates of control and cold stress treated (2 h) samples were used for
qPCR experiments, where each sample contained =60 seedlings. The
significance of the results was analysed by Student's t-test (* denotes
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P < 0.05). The primers used for ChIP analysis are listed in Supporting
Table S5.

2.7. Immunoprecipitation assay and Western Blot

Nuclear protein from control and cold treated seedlings was isolated
using plant nuclei isolation kit, as mentioned above. The extract was
then precleaned with pre-immune serum and immunoprecipitated with
1 ug of purified anti-AtHMGB15 antibody at 4 °C. The complex was
captured by 40 pl of protein A-Sepharose beads, washed and suspended
in 2x Laemmli buffer. The samples were analysed by 10% SDS-PAGE
and immunoblotted using anti-AtHMGB15 antibody. To overcome
masking of the band of interest, we used a secondary antibody (Abcam
# ab99697) that reacts with the light chain of native Rabbit IgG pri-
mary antibodies and does not bind to the reduced and denatured Rabbit
IgG heavy chain band (50kD). This eliminates the detection of dena-
tured primary heavy and/or light chains during western blotting.
150 ng of whole cell extract were analysed by 10% SDS-PAGE and
western blotting was performed using anti-AtHMGB15 and anti-ubi-
quitin (Santa Cruz # sc-8017) antibodies.

2.8. Protein cloning and purification

The sequence encoding the full length AtHMGB15(At1G04880)
c¢DNA was amplified, cloned and expressed as described previously by
Roy et.al [21]. Primers were also designed to amplify individual DNA
binding domain: AtHMGB15-ARID domain (30aa to 12laa) and
AtHMGB15-HMG box domain (262aa to 331aa). All primers used for
cloning are listed in Supporting Table S5. The domains were cloned into
PMAL-c2X (NEB) expression vector and expressed as MBP tagged fusion
protein in the presence of 0.5 mM IPTG at 28 °C. The MBP tagged re-
combinant proteins were purified using Amylose resin affinity chro-
matography. Briefly, cells were lysed in buffer containing 20 mM Tris
pH 7.2, 200 mM NaCl, 1 mM EDTA and 1 mM PMSF. The column was
washed stepwise using the lysis buffer with 2.5 to 5 mM Maltose and
eluted with lysis buffer containing 10 mM Maltose. The eluted fractions
were pooled and dialysed against 50 mM Tris-HCl (pH 7.2), 300 mM
NaCl, 2.5 mM EDTA, 5% glycerol, 1 mM DTT and 1 mM PMSF. The
dialysed proteins were checked for purity by SDS-PAGE, and the con-
centrations were determined using Bradford reagent.

2.9. Fluorescence anisotropy

Fluorescence Anisotrop was performed as described previously
[21]. Equimolar amounts of the single stranded unlabelled reverse
primer and the Cy5 labelled forward primer were annealed in buffer
[50 mM Tris-Cl (pH 8) and 100 mM NacCl] by heating to 95 °C and kept
overnight followed by cooling to 25 °C. The double stranded DNA was
then run on 10% acrylamide gel in 0.5 X TBE buffer, excised and eluted
in 10 mM Tris-Cl (pH 8). 1.6 ug/ul of Cy5 labelled (1.2pM) double
stranded oligonucleotide containing either CMAAAB or HWTATAT
motif was incubated with increasing concentration of ATHMGB15
protein (24, 48, 72, 96, 120 and 168 nM) in 70 pl reaction volume at
37 °C. Fluorescence anisotropy was monitored at 630 nm excitation and
670 nm emission using PTI fluorescence master QM400 system fitted
with automatic polarizers. Normalized fluorescence anisotropy incre-
ments (AA/A0) were plotted against protein concentration, where A
and AO denote anisotropy of Cy5-DNA with and without protein re-
spectively and AA = A-A0. The dissociation constant (Kd) was de-
termined using Sigma Plot by fitting the curve with three parameter
sigmoidal function {f = a/(1 + exp.(—(X-X0)/b))} where f is the
complex concentration, X is the concentration of ATHMGB15 and XO is
the half-saturation constant.
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Fig. 1. AtHMGBI15 induction in response to abiotic stress.

A. Schematic representation of transcription factors binding sites at the promoter/upstream region of AtHMGB15 gene. B. Real time quantification of AtHMGB15
expression upon induction by various abiotic stresses. C. Real time quantification of AtHMGB15 expression upon induction by cold stress at different time points. Bars

represent the mean =+

SD (n = 3). * and ** indicates a significant increase with respect to control (P < 0.05 and P < 0.002) by Students t-test. D. (i) Western blot

using total cellular extract from wild type Arabidopsis seedling; showing specificity of AtHMGB15 antibody. (ii) Expression of AtHMGB15 protein under cold stress,
where 150 ng of protein from cell lysates was evaluated by Western blot analysis. E. Inmunoprecipitation of nuclear protein using anti-AtHMGB15 antibody from
control and cold treated samples and analysed by western blotting using AtHMGB15 antibody.

2.10. Electrophoretic mobility shift assay

The DNA binding studies were done with PCR fragments obtained
from the selected genes of qRT-PCR study. The fragments were end
labelled with yP32 ATP (3500 Ci/mmol) using T4 polynucleotide kinase
(Thermo scientific, #EK0031) and purified. 5 X 10* cpm yP>? labelled
DNA (~7 fmol) was mixed with various concentrations of the full
length AtHMGB15 or its individual domain ranging from 0.6 UM to
9 UM in presence of 1x EMSA buffer containing 10 mM Tris-HCl
(pH 7.5), 5 mM NacCl, 0.1 mM EDTA, 0.5 mM MgCl2, 0.1 mM DTT, 5%
glycerol and 1.25 pg/ml poly dI-dC. The DNA- protein mixture was
incubated for 1 h on ice and were analysed by 5% native PAGE in 0.5 X
TBE at 4 °C. For binding assays with 23 bp synthetic oligonucleotide

probes, the yP>2 end labelled DNA (4 X 10° c.p.m., 50 fmol) was in-
cubated with protein in 1 x EMSA buffer on ice for 1 h and was resolved
by 7% native PAGE gels supplemented with 5% glycerol.

2.11. DNase I footprinting

For DNase I footprinting of the promoter fragments of At1g28375,
1 uM of yP*? labelled primers were used to PCR amplify regions cor-
responding to 9959188 to 9959328 (141 bp) and 9959379 to 9959504
(126 bp). The 5’ labelled PCR fragments were then used for DNase I
footprinting as described earlier by Roy et al. [31]. The primers used
are listed in Supporting Table S5.
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Fig. 2. Analysis of ChIP-chip data.

Venn diagram showing the number of genes associated with the binding of AtHMGB15 in replicate sets 1 and 2 under A. control condition, B. cold stressed condition
(4 °C, 2 h). C. Venn diagram showing genes associated with AtHMGB15 under both control and cold conditions. D. ChIP-qPCR carried out for 18 genes associated
with AtHMGB15 binding under control condition. The bars represent the mean + SD (n = 3). * and ** indicates a significant increase (P < 0.05and P < 0.002),
with respect to a negative control region, calculated by Students t-test. E. EMSA performed with P32 labelled DNA fragments from selected genes using purified
AtHMGB15 protein (0.6 uM-5 pM). F. ChIP-qPCR carried out for 15 genes associated with AtHMGB15 binding under cold condition. The bars represent the
mean * SD (n = 3). * and ** indicates a significant increase (P < 0.05 and P < 0.002) calculated by Students t-test with respect to binding under control

condition.

2.12. SELEX CTAA. The first round of SELEX consisted of incubation of 10 pmol of
full length AtHMGB15 protein (on bead) with 20 pmol library in

The oligo library contained 26 bp of random sequence flanked by binding buffer (10 mM Tris pH 7.5, 7.4 mM MgCl,,50 mM Nacl,
TATTGACGATGACGGCAGCATCAA and GAATGGCCTCAGTAACGGGA 100 ng/ml BSA,0.1% NP-40 and 5% glycerol) for 1 h. The beads were
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washed extensively, and the bound oligo was subsequently eluted in the
elution buffer (Binding buffer with 500 mM NacCl). The eluted oligo was
then PCR amplified, and the SELEX enrichment procedure was repeated
five times, with a total of 500 ng DNA for each round. After the final
round of enrichment, the DNA fragments were cloned into TA vector
(Thermo Scientific InsTAclone PCR cloning kit). DNA was isolated from
individual colonies and sequenced. The sequences obtained were
aligned, and the motif was generated using MEME.

3. Results
3.1. Expression of AtHMG15 increase during cold stress

AtHMGBIS5 is an ARID-HMG protein that belongs to the plant HMG-
box family. Previous studies from our group have shown that ARID-
HMG proteins can bind different DNA topologies through ARID-domain
[21]. Expression analysis has indicated that AtHMGBI15 transcripts
were highly enriched in flowering tissues, especially in pollen. The
tissue specific expression was supported by the presence of multiple
binding sites of homeobox transcription factors responsible for flower
development at the promoter/upstream region of AtHMGB15. Further
analysis of the cis-regulatory elements responsible for transcriptional
regulations in the promoter of AtHMGB15 revealed the presence of
multiple transcription factor binding sites that are responsible for
stress-induced gene expression (Fig. 1A). This led us to investigate
whether the expression of AtHMGB15 is regulated by environmental
cues. For this Arabidopsis seedlings (17-21 days old) were subjected to
different environmental stresses and expression of AtHMGB15 was
compared with respect to that in control plants (Fig. 1B). Our result
indicates that the expression of AtHMGB15 increases with the induction
of cold stress, peaking at 8-12 h, post cold stress application and then
dropping dramatically by 24 h (Fig. 1C). Further, the protein levels of
AtHMGB15 also showed a steady increase till 12 h as evident from
western blot and immunoprecipitation data (Fig. 1D ii, E). The speci-
ficity of AtHMGB15 antibody was determined by western blot using
total cellular extract that shows crossreactivity with only AtHMGB15
protein at ~50 kDa (Fig. 1D i, Fig. S1). The specificity of the antibody
was further tested using total cellular extract of athmgb15 mutant line.
Western Blot result shows that AtHMGB15 antibody does not cross react
with cellular extract of athmgbl5 mutant line (line 4.2), and this
athmgb15 line was further used for our study (Fig. S1). The significant
upregulation of AtHMGB15 at the mRNA and protein level suggests a
new role of AtHMGB15 in cold stress response other than its role in
flower development.

3.2. Identification of AtHMGB15 associated genomic regions in Arabidopsis
seedlings

Previous studies have identified the role of HMGB-box architectural
proteins in regulating various nuclear processes such as transcription,
recombination, repair and replication [32]. Since AtHMGB15 belongs
to the HMG-box domain containing protein, we investigated how
AtHMGB15 aids in regulating the process of gene transcription during
control and cold stress response. For this, we identified genome-wide
AtHMGBI5 targets in control and cold treated Arabidopsis seedlings
using chromatin immunoprecipitation assay followed by custom oli-
gonucleotide tiling array (see “Materials and methods”). To understand
how AtHMGB15 regulates the onset of cold stress response, we have
chosen 2 h cold stress treatment at 4 °C for our study. The reason for
using 2 h stress point is to identify loci that were regulated by
AtHMGB15 during early stress response. The ChIP assay was carried out
from two independent biological replicates using anti-AtHMGB15 an-
tibody where each replicate contains 60-70 Arabidopsis seedlings
(22 days old) in both the control and cold treated samples. Genomic
regions associated with AtHMGB15 occupancy were selected using
Whitehead Per-Array Neighbourhood model (see “Materials and
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methods”). Using this method, we have identified 6128 significantly
enriched (pxbar ,;, < 0.05) genes that were common among the two
biological replicates in the control data set (Fig. 2A) and 4689 enriched
(pxbar ,;, < 0.05) genes from the two cold replicates (Fig. 2B). In both
control and cold, the two replicates shared a large number of target
genes that covered more than 56% of the smaller set (Fig. 2A&B), in-
dicating high quality. Therefore analysing the overlapping datasets is
important as it would result in dealing with regions that have the most
robust AtHMGB15 binding sites under different physiological condi-
tions. A comparison between the control and cold data sets resulted in
1855 overlapping genes that accounted for = 30% enriched gene from
control and = 40% from cold stressed samples (Fig. 2C). The ChIP-chip
data was further tested by performing ChIP-qPCR and EMSA on ran-
domly selected loci from overlapping sets (Fig. 2D,E&F). For Chip-
qPCR, we randomly selected 18 candidate genes (pxbary;, < 0.05)
from the common control data set and measured AtHMGB15 occupancy
against a non-enriched gene (pxbar,,;, > 0.7) serving as the negative
control. Pimers were designed flanking the enriched probe(s) such that
it amplified a 250-300 bp DNA fragment. Our results indicated positive
fold-change for all the selected genes, with 78% genes having a p-
value < 0.05 (Fig. 2D). We further confirm the binding of AtHMGB15
to some of these loci by in vitro DNA binding assay using purified
protein. The DNA binding assay was carried out with sequences en-
compassing AtHMGB15 binding probes that showed significant binding
in the ChIP-chip assay (Fig. 2E). With increasing protein concentration,
AtHMGB15 showed efficient binding with At1g01790, Atlg07680,
At1g06720, At1g09195 and At1g01990 loci whereas, At1g01840, which
is a non-enriched locus, showed no binding with AtHMGB15. Similarly
for cold data set, we randomly selected 15 candidate genes
(pxbary,;, < 0.05) from our ChIP-chip data that were enriched ex-
clusively during cold stress and normalized it with respect to no binding
under control conditions. Our results validated 79% of cold loci with p-
value < 0.05 (Fig. 2F).

A circos plot was used to see the correlation between the genome-
wide distribution of AtHMGB15 enriched DNA sequences, euchromatic
regions and DNasel hypersensitive sites (DHS) in Arabidopsis genome
(Fig. 3A). On further zooming in our view to a 40 kb window from the
circos plot for each chromosome, it showed that AtHMGB15 enriched
DNA sequences overlap with the euchromatic regions of the chromo-
somes and DHS (Fig. 3B). The AtHMGB15 bound enriched probes
(p < 0.05) were classified according to the position of the binding site
relative to gene structure and the transcription start and end sites (TSSs
&TESs). The data revealed that 42.64% and 52.24% of the total probes
were bound to transcribed regions (exons and introns) in control and
cold data sets respectively. Probes in the putative promoter region (1 kb
upstream of TSS and 5’'UTR) constituted 28.44% and 21.65% of total
probes in control and cold treated samples respectively (Fig. 4A). The
results, from the mapping of AtHMGB15 enriched probes with respect
to transcription start& end sites, showed a wide distribution within a
2 kb window with a marked enrichment of AtHMGB15 binding within
transcribed regions. Interestingly, higher AtHMGB15 binding was ob-
served in the gene body compared to promoter/upstream region for
cold treated sample compared to control (Fig. 4B).

3.3. Identification of AtHMGB15 binding motif

To investigate the binding motif of AtHMGB15, we first selected all
enriched probes (pxbar < 0.05) from control and cold data sets. We
next grouped these probes into three sub-groups: upstream; gene body
that includes exons and introns and the intergenic region. The probes
from these sets were analysed using the MEME-ChIP online tool (http://
meme-suite.org/tools/meme-chip). The DREME analysis predicted one
statistically significant “HWTATATA” motif that was common to all the
three subgroups in both control and cold data sets. Another significant
motif, CMAAAB, was found common to the upstream and intergenic
group but not present in the gene body group (Fig. 5A). Interestingly,


http://meme-suite.org/tools/meme-chip
http://meme-suite.org/tools/meme-chip

R. Mallik, et al.

A

Chromosome 2

At2926350 At2926380 At2g26410 At2g26430 At2926450

12926366 At2926370 At2g26400 At2g26420 At2g26440 At2g26466
D<A P [ a

At2926360  At226390 At2g26460

lllli

Chromosome 4

Allg:!sn Auizsssa Aug:sssn Au%sm Atfassln Allflsnﬂ Awi:x)sars

[

ityof probe per 2kb

Normalized intensi
g
20
Ex|
h

Su\tlibl

Col
o -
DHS score

A4gI9540  AtgIISTO Atagasets mg:msn Atag3se70
At4g3sseo At4g39600 At4g3s620 At4gase72
<3 — !
20 Algxss!u A«g_gssm
15
10

o a
[—

=3

Normalized intensityof probe per 2kb

DHS score

P~
=

4
z
[ 1o

BBA - Gene Regulatory Mechanisms 1863 (2020) 194644

£ Chromosome 1
N
g At1g01010 At1g01030 At1g01040 Altecias
- g o

% * . < <J
S oo 8 aisoro
[ Atio01020. At1g01046 At1g01060
S 15=
2
‘s 10—
=
2
E
5z S |
&
s L1 LHE debh ] 6
gc«:n(rol p e
= P4
= cod (2) 2

1 N 1 N |Q Ie

N S S S
N N S S
N S o S

Chromosome 3

ABGO1190  At3g01220  At3g01250  At3g01280 At3g01310
a = D =3

mgmn Allgnﬂl‘m mamo At3g01270 Al:gni:w

At3g01185 At3g01240 At3901290
At3g01202 At3g01260

[
(=]

At3go1210

N
(=]

-
(=]

bl
sl
1
6\%

NoLmaIized intensityof probe per 2kb
Zo

omrowa
DHS score

> > >
& A

Chromosome 5

20

A5g23730  At5g23750 AtSG23770  At523790  AtSg23810 At5g23830 At5g23850
[ <a <4 <j__| [ —g D

<] L] T | D D
At5g23740 At5g23760  At5g23780  At523800 At5g23620 At5g23840

15

Control
Cold

10

Normalized intensityof probe per 2kb

P
DHS score

Chromosome position

Fig. 3. Genome-wide AtHMGB15 occupancy during control and cold stressed conditions.

A. Circos plot representing the genome-wide occupancy of AtHMGB15. The outermost ring identifies the chromosome numbers. The other rings from outer to inner
represent: Gene distribution; signal log ratio for AtHMGB15 binding under control condition; signal log ratio for AtHMGB15 binding under cold condition; DHS score
under control condition; DHS score under cold condition. B. A 40 kb view of each chromosome showing AtHMGB15 binding, DHS score and gene distribution.

both the predicted motifs from the in silico analysis were primarily AT
rich.

To validate the predicted binding site, we selected one of the en-
riched genes that showed maximum AtHMGB15 occupancy at the
promoter and upstream region and tested its binding by EMSA. The
406 bp (—2056 to —1650) promoter region of At1g28375 shows three
(P1,P2 and P3) enriched binding sites (pxbar < 0.05) of AtHMGB15
from ChIP-chip analysis. This region was divided into two regions RI
and RIL. The 298 bp RI region contained P1 and P2 probes whereas

198 bp RII region contained P2 and P3. EMSA results showed that both
the regions (RI and RII) bound to purified AtHMGB15 protein (Fig. 5B).
To narrow down the region of binding, RI was further divided into three
parts RI*(109 bp), RI%(141 bp) and RI®(90 bp) with respect to the two
probes it contained. Similarly for the RII region, another smaller frag-
ment RII' (126 bp) was designed around the P3 probe. Significant
binding by AtHMGB15 was observed for the regions RI%(141 bp) and
RII' (126 bp) in a concentration dependent manner (Fig. 5B).

To precisely map the DNA binding site of AtHMGB15, we performed
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DNase I footprinting assay with RI?(141 bp) and RII*(126 bp). As shown
in Fig. 6A, more than one protected sites were seen in both RI? and RII'
fragments with increasing protein concentrations. The web logo con-
structed using the protected sites indicate the conserved motif “A(A/C)—
ATA—(A/T)(A/T)” with conserved A and ATA residues. The motif ob-
tained from DNase I assay shows significant homology alignment with
the motif predicted from DREME viz. HWTATATA (Fig. 6B).

To validate the importance of the conserved residues in the binding
sequence, mutation analysis was carried out with oligos containing the
original sequence vs sequences with mutation in the conserved residues
(Fig. 7A). It was observed that the mutation of the conserved A and ATA
residues (Mut 4 oligo) completely abolished the binding of the
AtHMGB15 protein. Moreover, mutation of ATA residue (Mut3 oligo)
shows binding with AtHMGB15 only at higher protein concentrations.
In a separate approach, the binding motif was also determined by
Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
for the enrichment of AtHMGB15 binding sites using a 26 mer random
oligo library. The motif obtained from the experiment also has a core
ATA sequence consistent with DNase I footprinting assay (Fig. 7B).

Parallely, we performed a fluorescence anisotropy experiment with
oligos containing both the predicted motifs: HWTATAT and CMAAAB,
to check the binding affinity. We found that the AtHMGB15 binds to
HWTATAT motif with higher affinity (K4 = 46 * 2.29 nM) in com-
parison to CMAAAB motif (K4 = 130 = 31.36 nM) (Fig. S2). The
presence of the HWTATAT motif in the gene body and the higher
binding affinity of AtHMGBL15 to this motif is also in consonance with

the enrichment of AtHMGB15 in the transcribed regions. Taken to-
gether, our footprinting and anisotropy data indicate that AtHMGB15
directly binds to the predicted AT stretch sequence motif, whereas, the
CMAAAB motif that was also enriched in ChIP-chip analysis can be an
indirect binding motif of AtHMGB15.

Previous studies have shown that ARID-domain containing protein
binds to AT-rich DNA in a sequence specific manner [19]. Since
AtHMGBI15 prefers to bind to an AT rich sequence motif, we next in-
vestigated whether ARID or HMG-box domain of the protein was in-
volved in DNA binding events. We thus carried out DNA binding studies
with the full length protein and its truncated forms containing only the
ARID and HMG-box domain using the RII' (126 bp) fragment. The re-
sult indicated that the DNA binding of the full length AtHMGB15 is
mediated majorly through the ARID domain as no DNA-protein com-
plexes were observed in case of the HMG domain (Fig. 7C).

3.4. Functional classification of enriched genes from ChIP-chip assay

We used our genome-wide binding data set to test, in an unbiased
and thorough manner, the preferential binding of AtHMGB15 to dif-
ferent locus with specific biological functions. Therefore, we inquired
all gene annotation categories using AgriGO (http://bioinfo.cau.edu.
cn/agriGO/) for the enrichment of binding for three data sets: enriched
in both control and cold (constant binding), enriched only in control
(control only) and enriched only in cold (cold only). We found 47 Gene
Ontology categories that displayed significantly enriched binding
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(p < 0.05) in at least one of the three data sets. Some of the important
GO categories of biological processes that were enriched in both control
and cold data sets include transcription factor activity, pollen devel-
opment and germination, abiotic stress response processes, hormone
mediated signalling pathways, actin filament based movement, chro-
matin modification and circadian rhythm (Fig. 8). Response to ABA and
gibberellic acid, ABA signalling, transcription factor activity, meiotic
cell cycle and cellular component of CUL4 RING ubiquitin ligase com-
plex were some of the important categories that were enriched in the
control only set but excluded in the cold only set. Similarly, root de-
velopment, helicase activity, chromatin modification and, mitochon-
dria and plastids from cellular components were enriched in the cold
only set but not in the control only set (Fig. 8). Some of the important
transcription factor loci that show AtHMGB15 occupancy during con-
trol and cold stress are listed in Supporting Table S1.

3.5. Integration of ChIP-chip data with gene expression profiles during cold
stress

In order to gain functional insights of AtHMGB15 target genes, we
next integrated cold stress expression data obtained from Lee et al. [33]
(GSE3326) with ChIP-chip data sets (Supporting Table S2). The ex-
pression data from Lee et al. had 939 significant (FDR < 1%) cold
regulated genes, out of which 655 were cold upregulated, and 284 were
down regulated. Integration of the transcriptome and ChIP-chip data
(genes with pxbar < 0.05 and common to both replicates) showed 154
cold regulated genes (114 upregulated and 40 downregulated) that
have AtHMGB15 occupancy under control only condition; 70 cold
regulated loci (43 upregulated and 27 downregulated) that have
AtHMGB15 occupancy only during cold stress condition and 67 cold
regulated genes (45 upregulated and 22 downregulated) that showed
AtHMGB15 enrichment under both control and cold condition (Sup-
porting Table 2). Interestingly, genes involved in response to cold,
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response to abscisic acid stimulus, protein serine/threonine phospha-
tase activity were specifically present in control only data set. The cold
only data set is enriched with genes involved in transcriptional reg-
ulation during abiotic stress response.

We next studied the gene regulatory network using all the cold re-
sponsive genes that showed AtHMGB15 occupancy, using Arabidopsis
protein association network (STRING v11). The gene association net-
works of cold upregulated genes are significantly more clustered com-
pared to cold downregulated genes, with high average node degree (up
regulated: P-value < 1.0e-16; average node degree:2.98; down-
regulated P-value 0.000856; average node degree: 0.315). We, there-
fore, focused on the cold upregulated network for subsequent analysis.

10

The main cold upregulated network consists of four clusters generated
by the ‘k means clustering’ method (Fig. 9). The largest cluster (red
color) consists of 156 gene count with very low average node degree
(0.641) and thus omitted from further analysis. The other three cluster
yellow, green and blue are smaller in size with a gene count of 25
(average node degree:10.3), 11 (average node degree:4.55) and 10
(average node degree:3.6) respectively. Downstream analysis reveals
that these clusters are composed of groups of nodes that are more
connected with each other and consist of enriched ontology and
pathway components. The yellow cluster is enriched with nodes in re-
sponse to organic substance (FDR: 4.11E-11) and plant MAPK signalling
pathway (FDR:0.0429). The green cluster is enriched with nodes in
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9 uM) to mutated oligos. B. Sequences of 18 oligonucleotides used to determine the binding site of AtHMGB15 by SELEX approach. C. EMSA of 126bpRII' DNA
fragment with full length AtHMGB15 and its truncated domains: ARID and HMG-box.

response to cold (FDR:5.59E-07) and plant hormone signal transduction
pathway (FDR:2.86E-05) in addition to the MAPK signalling pathway
(FDR:7.52E-05). The blue cluster is enriched with nodes playing a role
in ion transport (FDR: 0.0345). Each of these three clusters is, however,
interconnected through various nodes. Some other GO categories en-
riched in these clusters are: response to abscisic acid, transcription-DNA
templated, response to abiotic stimulus, hormone mediated signalling
pathway.

We next investigated whether binding of AtHMGB15 to these cold
responsive loci has an effect on the transcription of these genes during
cold stress response. To test this hypothesis, we have randomly selected
37 cold stress responsive genes that showed AtHMGB15 binding and
studied the expression kinetics during cold stress in both wild type and
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athmgb15 mutant lines (athmgb1l5, GABI_351D08). The result of ex-
pression study can be grouped into three clusters based on their cold
induced expression patterns in wild type and athmgb15 mutant lines.
Genes belonging to group I includes transcription factors MYBI,
NACO032, RAV1, DREB1a, protein kinases, phosphoesterase and cysteine
proteases that showed cold induced gene expression in wild type plants
whereas their expression is low or delayed in athmgbl5 plants
(Fig. 10A). Group II contains genes that showed similar expression at
early time point but their expression at later stress time points diverged,
with athmgbl5 plants showing increase before wild-type plants
(Fig. 10B). Group III contain genes that showed no change in expression
profile between wild-type and mutant plants (Fig. 10C).
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Fig. 8. Gene ontology analysis of AtHMGB15 ChIP-chip data.

Genes bound by AtHMGB15 were group into three categories; genes enriched in both control and cold stress (constant binding), genes enriched only in control
(control only) and genes enriched only in cold (cold only). The enriched genes were then classified into major GO categories of Biological Process (BP), Molecular
function (MF) and Cellular component [54]. Each category is shaded from white to red in increasing order of significance.

4. Discussion

AtHMGBI5 is a novel plant specific protein containing two DNA
binding domains, ARID domain and HMG domain, in a single poly-
peptide. Recent studies from Xia et al. have elucidated the biological
role of AtHMGB15 in pollen biology [23]. The Ds mutant line of
AtHMGB15 showed defective pollen morphology and retarded pollen
tube growth, indicating a unique niche of the protein in the plant de-
velopment. To delve deeper into the function of AtHMGB15 in vivo and
to identify the spectrum of targets regulated by this protein, we carried
out genome-wide studies with AtHMGB15. The presence of binding
sites for various stress induced transcription factors at the promoter of
AtHMGB15 and the cold induced induction of AtHMGB15 paved the
way for identification of a novel role of AtHMGB15 in plant stress re-
sponse. Exposure of plants to different adverse environmental condi-
tions requires a switch in the gene expression program for immediate
stress response and adaptability. The expression of arrays of stress re-
sponsive genes requires a change in chromatin structure to facilitate
transcription. Architectural proteins have been shown to influence large
chromatin structure to provide a proper platform for the formation of
multiprotein complexes on the DNA backbone during transcription.
Thus, it is assumed that an increase in the expression of AtHMGB15
during cold stress could be a pre-requisite for targeting structural
constrains of chromatin structure to facilitate active transcription
during stress response.

Previous studies have indicated the role of plant architectural pro-
tein HMGB in abiotic stress response in Arabidopsis [34]. Various
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isoforms of HMGB protein such as HMGB2, HMGB3 and HMGB4 were
up-regulated during abiotic stress signals such as cold, salt and dehy-
dration [35]. Moreover, transgenic Arabidopsis overexpressing HMGB2
or loss-of-function mutant of HMGB5 shows retarded germination and
growth compared to wild-type plant during salt or drought stress con-
ditions [35]. Although there has been no change in the transcript levels
of stress responsive genes in HMGB2 overexpression lines; genes be-
longing to stress-responsive pathways were found to be down-regulated
in hmgbl mutant [36]. Despite the documented role of ARID-HMGB
group of proteins in plant development, the possible regulatory roles of
this group in plant response to environmental stresses are largely un-
explored. The ChIP-chip study carried out by us helped in identification
of 6128 target genes of AtHMGB15 under control condition and 4689
target genes under cold stressed condition. Enrichment of the GO mo-
lecular function(MF) categories of pollen development and germina-
tion, and regulation of transcription seems as obvious outcomes. Some
of the important genes in these categories belong to MICK_MADS
transcription factors, pollen cell wall biosynthesis, actin binding pro-
teins, calcium transporter, calcium dependent protein kinases, helicases
and chromatin remodelers like SWI/SNF. Enrichment of chromatin
modifications, helicase activity and actin filament further strengthen
the predicted relationship, since chromatin remodelling complexes such
as SWI/SNF or RSC have helicases and Actin related proteins as their
functional components [37,38]. However, enrichment in categories of
response to stress and abiotic stimulus is the unique highlight of the
previously unknown role of AtHMGBI15. Interestingly, some of the en-
riched loci that showed AtHMGB15 occupancy under control condition
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were found to be cold regulated genes. Moreover, network analysis of
cold up-regulated genes that are enriched with AtHMGB15 binding
revealed three significant clusters that have high connectivity and are
involved in hormone signalling, stress response and ion transport. As
mentioned earlier, HMG-box protein have the ability to induce changes
in the chromatin structure that can aid as well as repress the process of
transcription. The binding of AtHMGB15 to certain cold induced loci
during control condition could lead to the formation of the pre-initia-
tion complex to keep the promoters “primed” to facilitate rapid tran-
scription. Our transcription data revealed that certain cold responsive
loci showed decreased or delayed transcription in athmgb15 plants than
in wild type plants, while for some, transcription preceded in athmgb15
plants than in wild type plants. Thus it is evident that AtHMGB15
protein can modulate the transcription process by inducing changes in
chromatin structure of the target loci during cold stress response.

The role of plant hormone ABA in cold stress response is a debatable
issue, even though enough genetic studies and molecular evidence have
shown the role of ABA independent pathway in cold regulated gene
expression [39-42]. Contrastingly many studies have also shown that
genes involved in ABA biosynthesis and ABA signalling were tran-
scriptionally regulated during cold stress [43]. We have also seen en-
richment of AtHMGB15 occupancy in ABA biosynthesis as well as in
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ABA signalling genes; the latter is enriched in cold data set. CBF tran-
scription factor plays the central role of cold signalling and is involved
in the expression of an array of cold responsive genes [44-46]. Our data
set shows enrichment of AtHMGB15 in CBF3 locus (DREB1A) and its
positive regulator, ICE1 in control plants. Previous study by Vogel et al.
has identified genes from Arabidopsis that are regulated by CBF protein
in cold stress [47]. Interestingly, integration of our enriched data set
with the transcriptome data of upregulated genes from CBF over-
expression lines, obtained from Vogel et al., have revealed AtHMGB15
occupancy in 29% (44 out of 151) CBF regulons during control condi-
tion and 16% (24 out of 151) during cold stress. Out of these 44 genes,
CBF regulated genes from control set, 31 were cold induced. Similarly,
16 CBF regulated genes from cold data set were found to be induced
during cold stress response (Supporting Table S3). Moreover, the gene
association network shows CBF as one the major node, which is highly
interconnected with cold induced transcription factors and genes in-
volved in cold signalling. Collectively, these observations suggest that
AtHMGBL15 plays a vital role in the transcription activation of CBF
regulated genes during cold stress response.

Cold inducible genes can be grouped into two classes based on their
kinetics of expression. The first group represent genes that are expressed
rapid and transiently; and second group represent genes where expression
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increases gradually with increasing time [48]. We have merged our 2 h
ChIP-chip result with the transcriptome data of cold regulated genes from
Lee et al. [33], and found 137 genes bound by AtHMGB15 of which 17
were upregulated early and 71 were upregulated late. Additionally, 3
genes were downregulated early and 46 were downregulated late. Similar
results were obtained after merging the transcriptome data of abiotic stress
regulated genes including cold from Seki et al. The result shows that
AtHMGB15 bound to TFs belonging to DREB, MYB, bHLH, WRKY and NAC
and signalling proteins like Ca®>* binding proteins. All of these genes were
found to be upregulated early during cold stress response. Moreover, genes
belonging to osmoprotectant like AtGolS, AtP5CS, AtRafS1; LEA protein
family like ERD10, RD17; KIN proteins; hydrophilic protein like RD29A,
RD29B; cellular metabolism proteins and other cold induced genes like
COR47, being bound by AtHMGB15 at 2 h although their expression peaks
at later time points. Thus, even though the expression of AtHMGB15 was
found maximal at 12 h, performing ChIP-chip at 2 h could help us to
identify AtHMGBL15 binding loci that were rapidly expressed or repressed
in early response to cold stress. For genes whose expression peaked or
dropped at later time points, one could argue that AtHMGB15 was playing
a role in priming these loci for transcriptional changes for a late response.

One of the essential aims of our study was to determine the se-
quence motif specific for AtHMGB15 binding. The EMSA results cou-
pled with DNasel protection analysis showed that AtHMGB15 preferred
to bind AT rich sequences with a motif signature of “A(A/C)-ATA—(A/
T)(A/T)”. Further analysis shows increase in the distribution frequency
of AT rich sequence motif at the gene body under cold stress response
(Supporting Table S6) suggesting sequence specific enrichment of
AtHMGB1S5 in the coding region to promote cold induced transcription.
The in silico analysis also identified CMAAB motif as another enriched
motif in the ChIP-chip study; however, we did not observe any foot-
printing at or near this sequence. It is possible that AtHMGB15 may be
recruited to CMAAB sequence through protein-protein interactions with
other factors (indirect binding). The CMAAB motif identified bears the
best match with WLIM2A binding sequence, where WLIM2 belongs to
the LIM family proteins of actin bundlers. Though WLIM2A is widely
expressed, members of this family show pollen specific expression and
the role of AtHMGB15 in pollen is already established [23,49].

Modulation of chromatin structure is a pre-requisite for the tran-
scription of a gene. Chromatin landscape modification is achieved by
concerted activities of histone modifiers, chromatin remodelers and
architectural proteins. In order to initiate and progress the transcription
process such actions are required throughout the locus that includes
promoter and upstream regulatory regions as well as over the gene
body. Previous genome-wide studies have shown distribution of chro-
matin remodellers not only in the proximity of the TSS but also in
exons, introns and at the 3’-end of several genes, indicating more
widespread distribution than typical transcription factors that have a
major peak at TSS. Studies revealed that INO80 and ISW1 complexes
occupancy entirely on the generic nucleosome array whereas RSC and
SWI/SNF complexes were restricted to nucleosomes present at TSS
proximity [50-52]. In consonance, recruitment of chromatin archi-
tectural proteins (CAPs) which aids in the process of modulating and
stabilizing chromatin structure during transcription, may show a wide
distribution pattern around the TSS, rather than exhibiting a narrow
distribution spectrum or a specific peak. Genomewide studies have
shown enrichment of chromatin architectural protein HMGD1 at up-
stream as well as downstream of TSS; suggesting its association with
transcription initiation as well as elongation [53]. Our TSS/TES plot
results also shows a wide distribution of AtHMGB15 biding with in-
crement within transcribed regions which may be associated with a role
played by it in transcriptional initiation (promoter clearance) and
elongation. Moreover the increase in enrichment of AtHMGBL15 in the
transcribed region during cold in comparison to control condition in-
dicates at the role played by the protein in transcriptional regulation
during stress response.

In conclusion, this study provides a genome-wide binding profile of
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AtHMGB15 during both control, and early cold stressed conditions and
identifies novel roles for this protein in stress response. Combination of
the binding and expression data during cold stress allowed the identi-
fication of direct transcriptional targets of AtHMGB15 and indicated the
involvement of the CBF dependent pathway during early cold response.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagrm.2020.194644.
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ARTICLE INFO ABSTRACT

Keywords: Contamination of agricultural fields with Cadmium (Cd) due to several agricultural practices is increasing
Rice worldwide. The rice plants can easily take up Cd and accumulate it into different parts, including the grains,

Salicylic acid posing a threat to human health even at low concentration exposure. Several phytohormones, including Salicylic

sfgglmm acid (SA) have been investigated since long for its alleviating properties under various biotic and abiotic stress
Grain conditions. In the present study, 100 pM SA application to ameliorate 25 pM Cd stress was studied for 72 h in

hydroponics in Oryza sativa cv. Bandana seedlings. Pot experiments were done with same treatment condition
and plants were grown till maturity. SA application to Cd exposed rice seedlings alleviated the stress condition,
which was established by several physiological, biochemical, histochemical and gene expression analysis. SA
treatment to Cd stressed seedlings showed elevated photosynthetic pigment content, on-protein thiol content and
relieved the Cd induced growth inhibition considerably. It lowered the accumulation of ROS like, 02" and H202
with a regulated antioxidative enzymatic activity. SA application in Cd exposed rice seedlings had upregulated
expression of OsHMA3 and OsPCS1 whereasOsNRAMP2 gene was downregulated. Co-application of SA and Cd
led to higher yield and improved agronomic traits in comparison to only Cd exposed plants under pot experi-
mentation. Daily intake of Cd and Carcinogenic risk were also reduced by 99.75% and 99.99% respectively in the
SA treated Cd stressed plants. SA positively affected the growth and tolerance of rice seedlings to Cd stress.
Hence, SA addition to Cd contaminated soil can ensure rice cultivation without posing health risk to consumers.

Cancer risk

1. Introduction

Cd pollution is one of the major environmental concerns of recent
times. It is ranked 7th among the toxic substance priority list (Cotton
etal., 1999; ATSDR, 2019). In most cases, increased amount of Cd in soil
is anthropogenic and its concentration beyond threshold level is a
serious threat. Application of excess phosphate fertilizers and contami-
nated irrigation water (Du et al., 2013; Kosolsaksakul et al., 2014), are
instrumental in increasing Cd burden of the arable land. Cd is highly
mobile and has a very high soil to plant transfer rate, which facilitates its
accumulation in the grains and secure its niche in the food web (Irshad
et al., 2020). Even at minute concentration it causes considerable
impairment in plant growth and development, ultimately compromising
crop yield and quality significantly (Zhang et al., 2015; Wang et al.,
2018). Rice is one of the primary sources of calorie for Asian population
(Gao et al., 2018) and intake of Cd contaminated grain has led to serious
health hazards like skeletal damage, lung and prostate cancer and
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cardiovascular diseases (Jan et al., 2019). Our preliminary data showed
a varied range of Cd status (BDL to 0.49 mg kg™1) in grains and (1.76 mg
Kg 'to 13.8 mg kg™ 1) in soil samples collected from agricultural fields
located at different regions of West Bengal, much higher than the
allowable limits (Unpublished data). According to CODEX, the
maximum allowable limit of Cd in polished rice is 0.4 mg kg~! whereas
the same in other food crops is 0.10 mg kg’1 (Fu et al., 2008; Xue et al.,
2014).

Heavy metals interfere with various essential cellular biomolecules
through oxidative stress causing physiological, morphological and
metabolic anomalies in plants, resulting in leaf chlorosis, membrane
damage and protein degradation. Cd is also found to reduce the final
plant height, number of panicles and tillers per plant significantly,
thereby affecting the total yield of the crop plants (Huang et al., 2017).
To combat the heavy metal induced toxicity, plants have evolved several
mechanisms to defend (Singh and Shah, 2015; Khan et al., 2013) which
include antioxidative enzymes, like, superoxide dismutase (SOD),
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catalase (CAT), guaiacol peroxidase (POD) and non-enzymatic compo-
nents (carotenoid, NP-SH, proline, etc.). Toxic metals and metalloids
induce Phytochelatin synthase (PCS) to produce ligands called phy-
tochelatins, that detoxify metalloids and non-essential toxic metals like
Cd by sequestering it into vacuoles (Uraguchi et al., 2017). OsPCS played
a crucial role in mitigation of Cd stress and down regulation of the gene
decreased Cd uptake in rice seeds (Shri et al., 2014; Das et al., 2017). The
family of natural resistance-associated macrophage proteins (NRAMP),
another important group of transmembrane proteins involved in metal
transport and homeostasis in both root and shoot, are considered ‘gen-
eral metal ion transporters’ due to their ability to transport Mn2* Zn?*,
cu?*, Fe?*, cd?>* Ni%* and Co®" across plasma membrane into cytosol,
or across tonoplast (Ullah et al., 2018; Mani et al., 2018). Xylem loading
of Cd from symplasm takes place through the heavy metal transporting
ATPases (HMAs) which belong to P1B-ATPases. OsHMA3, another
ATPase coupled transporter, localized in the tonoplast play a significant
role in vacuolar sequestration of heavy metals. Overexpression of
OsHMA3 is reported to decrease the Cd concentration in rice grains by
94-98% (Lu et al., 2019; Miyadate et al., 2011).

To reduce the Cd induced toxicity, amelioration of Cd stress is of
paramount importance. Many plant molecules like Abscisic acid,
Jasmonates and Salicylic Acid (SA) (Joseph et al., 2010) play a signifi-
cant role in mitigating the heavy metal stress by modulating the gene
expression of various transporters and altering the biochemical re-
actions (Emamverdian et al., 2020). Exogenous application of SA was
reported to promote growth, increase photosynthetic efficiency, modify
levels of osmoregulant, reduce ROS generation and up-regulate defense
related genes (An and Mou, 2011; Zhang et al., 2013; Zengin et al., 2014;
Anjum et al., 2018). Its anti-stress effects were studied in potato (Khan
et al., 2015), wheat (Zengin et al., 2015) and tobacco (Abdul Halim
&Phang, 2017) under aluminum, arsenic and lead stress respectively.
Plants grown in soil treated with SA provided protection against heavy
metal induced stress responses (Wani et al., 2017; Kohli et al., 2019),
improved mineral status, reduced shoot and root Cd content in rice
(Fatima et al., 2014). Other SA application methods (pre-treatment,
foliar spray) were reported (Saruhan et al., 2012; Khan et al., 2014),
where, pretreatment with SA was found to significantly reduce shoot Cd
content (Cao et al., 2013). SA application under heavy metal stress and
subsequent metal accumulation in grain has been studied across many
crop species, but Cd accumulation pattern in different plant parts,
especially in grains is nearly unexplored in rice. A recent study of SA
application through foliar spray on leaves showed lowered Cd uptake in
grains of brown rice (Wang et al., 2019). In Asian countries like India,
pre-treatment or foliar spray application is laborious, time consuming
and expensive, but application of SA can be done with irrigation water,
saving cost and time.

We hypothesize that SA application in soil will be effective in
minimizing grain Cd accumulation in O. sativa cv. Bandana. SA is
believed to alleviate Cd toxicity, so, yield of the plants should remain
unhampered upon SA application under Cd stress. Our initial field ex-
periments have shown that Bandana, a high yielding variety, widely
cultivated in West Bengal and different parts of India, is a moderate Cd
accumulator. In the present study, various biochemical and physiolog-
ical changes under Cd stress including plant growth, photosynthetic
pigment content, lipid peroxidation, proline accumulation, non-protein
thiol production, and ROS localization at the seedling stage were eval-
uated. To have an insight into the molecular mechanism behind it,
expression of some selected Cd transport and sequestration related genes
were also investigated. Pot experiment was conducted to assess the Cd
status of different plant parts in the mature plants. Several agronomic
traits including yield per plant, panicle length, panicle weight, tiller
number, hollow seed percentage were studied to assess the ameliorating
effect of SA. Health risk of Cd and SA treated rice was also assessed.
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2. Materials and methods
2.1. Hydroponic experiment

2.1.1. Growth and treatment condition

Seeds of Oryza sativa cv. Bandana (procured from Bidhan Chandra
Krishi Viswavidyalaya, West Bengal) were surface sterilized with 0.2%
Dithane solution for 5-7 min, rinsed thoroughly with distilled water and
soaked overnight (about 16 h), the soaked seeds were plated on
100mmX10mm borosilicate glass petri plates supplied with clean, moist
filter paper, seeds were allowed to germinate in dark conditions at room
temperature for 72 h. Upon germination (appearance of coleoptile), the
plates were supplemented with 20 ml of half strength Hoagland’s
nutrient solution (Hoagland and Snyder, 1933) (pH 6.0) [1 mM KH5POy,
5 mM KNOj3, 5 mM Ca(NO3)2.4H20, 2 mM MgS04.7H,0, micronutrients-
11.8 pM MnS04.7H20, 0.7 pM ZnS04.7H20, 0.32 pM CuSO4 5H20, 0.16
UM (NH4)eMo07024.H20, 6.3 pM H3BOs, 5 uM Fe-EDTA] and grown at
14/10 h photoperiod at 30+2 °C temperature and 70% relative hu-
midity. Six days old seedlings with uniform size were subjected to
treatment. Initial screening was done with different concentrations of Cd
and SA, the following concentrations were chosen, based on half
maximal inhibitory concentration (IC50) of Cd and the best growth
enhancing concentration of SA. Four treatment sets were designed as
follows, i) C (0 Cd + 0 SA), i) T1 (25 pM or 4.52mgL "' CdCl; + 100 pM
or 13.81 mgL™! SA), iii) T2 (25 pM CdCl, or 4.52mgL~'CdCly+ 0 pM
SA), iv) T3 (0 CdCl,+100 pM or13.81 mgL~! SA), with triplicates of
each. Seedlings were treated for 72 h, shoots and roots from each set
were harvested on the 9th day after plating.

2.1.2. Estimation of RWC, root and shoot length

Plantlets from each set were harvested and their fresh weight was
taken. The shoot and root length of plantlets from each set were also
recorded. RWC was calculated as [{(FW-DW)/(turgid weight-DW)} x
100] (Barr and Weatherley, 1962).

2.1.3. Analysis of oxidative damage related parameters

2.1.3.1. Estimation of chlorophyll. 100 mg of leaf samples from each set
was chopped and extracted with 80% acetone. Absorbance was
measured at 645 nm and 663 nm. The concentration of chlorophyll a,
chlorophyll b were measured according to Arnon, 1949 and expressed as
mg g~ ! fresh weight.

2.1.3.2. Estimation of lipid peroxidation. Lipid peroxidation in shoot and
root tissue was determined by the estimation of malondialdehyde
(MDA) (Heath and Packer, 1968). 200 mg of fresh plant samples from
each set was homogenized in 2 ml of 0.1% trichloroacetic acid (TCA)
solution, the homogenate was centrifuged at 10,000xg for 5 min. For
every 1 ml aliquot, 2 ml of 20% TCA containing 0.5% TBA was added,
heated at 95 °C for 30 min and centrifuged at 10,000xg for 15 min.
Absorbance of supernatant was taken at 532 nm and 600 nm. The
concentration of MDA was calculated by using the molar extinction
coefficient of 155.1 mM~'em™! and expressed as nmol g ™! fresh weight.

2.1.3.3. Estimation of hydrogen peroxide (H202). The concentration of
endogenous Hy02 was determined (Sergiev et al., 1997). Briefly, 100 mg
of tissue was homogenized in 1 ml of chilled 0.1% Trichloroacetic acid
(TCA) and centrifuged at 12,000xg for 15 min. 0.5 ml of the supernatant
was mixed with 0.5 ml of 10 mM Potassium Phosphate buffer (pH 7.0)
and 1 ml 1 M Potassium Iodide, the final reaction mixture was read at
390 nm. The Hy0, content was calculated from standard curve of HyO5.

2.1.3.4. Localization of ROS accumulation in leaves. Localization of O3
and H,0; radicals within the plant tissue was detected. Plant tissue was
immersed in 50 mM phosphate buffer containing 0.2% Nitro blue
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tetrazolium (NBT) (Jabs et al., 1996). HyO was detected by immersing
the tissue in 3,3'-diaminobenzidine (DAB) (1 mg/ml) (Thordal-Chris-
tensen et al., 1997).

2.1.4. Analysis of tolerance related parameters

2.1.4.1. Estimation of non-protein thiol (NP-SH). The concentration of
non-protein thiol (NPSH) was determined according to Cakmak and
Marschner (1992). 100 mg of plant tissue was extracted with 1 ml of 5%
orthophosphoric acid and centrifuged at 15,000xg for 15 mins at room
temperature. To 0.5 ml of the aliquot, 2.4 ml of 150 mM phosphate
buffer (pH 7.4) containing 5 mM EDTA and 0.5 ml of 6 mM 5,5-dithio-2,
2-dinitrobenzoic acid (Ellman’s reagent) were added. The mixture was
incubated for 15 min at room temperature and the end product was read
at 412 nm.

2.1.4.2. Analysis of enzymatic antioxidant activity. 100 mg fresh tissue
was homogenized in 600 pl of 50 mM Potassium Phosphate buffer
(pH6.8) containing 0.1 mM EDTA and centrifuged at 13000 rpm for 15
min at 4 °C. The supernatant was used for the following assays:: The SOD
activity was determined according to Beyer and Fridovich (1997). To
100 pl of the supernatant, 3 ml of solution containing 100 pM EDTA, 13
mM L-methionine, 75 pM NBT, 2 pM Riboflavin and 50 mM Potassium
Phosphate buffer (pH7.8) were added. The reaction was illuminated
under fluorescent lamp (Philips, 40 W) for 1.5 min, the light was turned
off to stop the reaction. The absorbance was recorded at 630 nm. SOD
activity was calculated by determining the amount of extract that led to
50% inhibition of NBT-reduction. The CAT activity as determined ac-
cording to Havir and McHale (1987). To 100 pl of the extract, 3 ml so-
lution containing 50 mM Potassium Phosphate buffer (pH7.0) and 20
mM HyOswere added. The decrease in absorbance was recorded at 240
nm.

2.1.4.3. Estimation of carotenoid content. 100 mg of leaf tissue from
each set was chopped and extracted with 80% acetone. Absorbance was
measured at 480 nm for presence of carotenoid according to (Arnon,
1949).

2.1.5. Analysis of molecular parameters

Total RNA was isolated from the samples using HiPurA Plant and
Fungal RNA Miniprep Purification Kit according to manufacturer’s in-
structions. The cDNA was synthesized from the RNA by First A synthesis
kit (Thermo Scientific). This was followed by amplification using the
designed primers. The primer sequences are 18SrRNA (internal stan-
dard) (5'-TTC TAT GGG TGG TGG TGC AT-3, 5-GTG CGC CCA GAA
CAT CTA AG-3'), PCS1(5'-AGG TCC TAC AGC AAA TCC GT-3/, 5'-ATT
CCC ACT TAG CAA TGC GG-3"), HMA3 (5'-GTT CAG CAT CGA CTC GTT
CC-3/, 5'-CCA CAT TTT CCG GGT TTG GT-3') and NRAMP2(5'-GCC CTC
GTT GTT TCG TTC TT-3', 5'-AAC AGC CCA ATA GCC CAG AT -3").

2.2. Pot experiment

All the pot experiments were conducted at the Agricultural Experi-
mental Farm, University of Calcutta, Baruipur, 24 paragana (South),
West Bengal (22.35°N, 88.44°E) located in the Gangetic alluvial region,
during June-September 2018-19 (with 14/10 h photoperiod, 30+2 °C
temperature and 70% relative humidity). 100 germinated seedlings
were placed in each pot with 2 kg of soil (16cm x 6cm x 10cm), then the
seedlings were allowed to grow for 21days. 3-4 seedlings of uniform
sizes were then transferred to separate pots (8cm x 10cm x 19cm)
containing 3 kg of soil and grown till maturity. Plants were treated in the
following concentrations and combinations, i) CP (0 CdCly+0 SA), ii) P1
(25 M or 4.52 mg kg~ CdCl, + 100 uM or 13.81 mg Kg~'SA), iii) P2
(25 pM or 4.52 mg Kg~'CdCl, + 0 puM SA),iv) P3 (0 CdCly+100 pM
0r13.81 mg kg~! SA), the treatment was given by adding aqueous
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solution of CdCl, and SA in required amounts for 3 Kg of soil per pot,
once during the growth period. Plant height was recorded during
vegetative phase, at 45 days. Several agronomic traits were analyzed
after complete maturation of the plants, including final height, total
tiller number, effective tiller number, panicle length, panicle weight,
total number of seed and hollow seed per panicle. The experiment was
performed in triplicates. Data are represented as agronomic trait values

per plant. Yield of the plants was calculated and expressed as g plant ™.

2.2.1. Estimation of Cd content

The grain, shoot, root and soil samples were oven dried at 80 °C for
72 h 100 mg of each of the sub-sampled dried tissue was crushed indi-
vidually and digested in HNO3:HCl: HClO4 (4:2:1), after complete
digestion, the solution was made up to 25 ml volume with deionized
distilled water (Barman et al., 2020), Cd content in the samples were
determined by Inductively Coupled Plasma - Atomic Emission Spec-
trometry (ICP- AES) (SPECTRO Analytical Instruments GmbH,
Germany).

2.2.2. Analysis of Cd content dependent quantitative factors
The extent of Cd transference from soil to crop and associated intake
and risk factors were calculated as follows:

1. Bioconcentration factor (BCF) = Croot/soi (Kabata-Pendias and
Mukherjee, 2007)

2. Translocation factor (TF) = Cgrain/CshootOT Cgrain/Croot OF Cshoot/Croot
(Kalavrouziotis et al., 2012).

3. Daily intake of metal (DIM) in mg kg’1 day’lz (C X IR)/BW (US
EPA, 2004).

4. Cd exposure related cancer risk (CR) = DIM X SF (Rais et al., 2017).

Where Csoil, Croots Cshoot» Cgrain are Cd content in soil, root, shoot and
grain respectively, C is metal content in grains in mg kgfl, IR is ingestion
rate in mg day ! (an adult person of age range 2040 years old consumes
on an average 300 g rice per day, IR was calculated on this basis), SF is
slope factor.

2.3. Statistical analysis: Levene’s test was performed for homogeneity
testing of variances, Shapiro wilk test was done for normality testing.
One way analysis of variance (ANOVA) was performed with Tukey’s
honestly significant difference (hsd) test, using SPSS 17.0. Significant
differences among the treatments were determined at 5% level of sig-
nificance (P < 0.05). The experimental data was represented as mean +
standard deviation (SD), with triplicates for each set. Graphs were
illustrated using Graphpad Prism 6 tool.

3. Results
3.1. SA escalated growth and RWC

The shoot and root growth of T2 set were reduced by 29.6% and
31.1% respectively, with regards to the untreated rice seedlings, while,
the growth of T1 set increased by 0.4% and 2.3% with respect to shoot
and root length of untreated rice seedlings (Fig. 1a). In comparison to
control set, 6% and 21.4% reduction in shoot and root length of T3 set
were observed. RWC was reduced by 35.5% in T2 set with respect to
control, whereas a mere reduction of 1.6% was recorded in T1 set
(Fig. 1b).

3.2. SA induced drop in oxidative damage related parameters

The total chlorophyll pigment content depleted in T2 set by 34.3%
with respect to C set whereas, the simultaneous SA + Cd exposure
elevated the amount of total chlorophyll content by 0.6% in T1 set
(Fig. 2a). Accumulation of MDA in T2 shoot was 68.3% higher than C
shoot, whereas MDA accumulation in T1 root increased by only 4.4%
with respect to control, T3 shoot had lower accumulation of MDA,
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Fig. 1. Effect of Cd on physiological parameters a) shoot and root length b) Relative water content percentage. Values represent the mean of three replicates. Mean
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accounting to 1.8% higher than c set (Fig. 2b). A similar trend was also
observed in the accumulation of endogenous hydrogen peroxide. 0.38%
higher accumulation of hydrogen peroxide with respect to control, was
observed in T1 root, compared to a considerable increase of 53.7% in T2
root (Fig. 2c). Superoxide and hydrogen peroxide was detected by his-
tochemical staining and it was observed that more Reactive Oxygen
Species accumulated in T2 set in comparison to T1 set (Fig. 2d,2e).

3.3. SA altered stress scavengers

SA elevated the SOD activity in roots significantly by 62.3% in
comparison to C set. It was found to be higher than theT2 seedlings
which had 54.8% increase in root, T3 root exhibited a mere increase of
9% in the SOD activity (Fig. 3a). Root catalase activity increased by
85.3% and 157.8% in T1 and T2 sets respectively, in comparison to C
set, however, a miniscule increase of 14.8% was observed in T3 set

(Fig. 3b). SA application was able to modulate the antioxidant enzyme
activities. T1 set showed 36.6% increase amount of non-protein thiol
content in roots, with respect to C plants, whereas a slight increase of
14.4% was observed in T2 roots (Fig. 3c). No significant change was
observed in carotenoid content (Fig. 3d).

3.4. Semi quantitative expression of OsHMA3, OsPCS1 and OsNRAMP2
genes

According to densitometric analysis the OsHMA3 and OsPCS1 gene
expression were found to be significantly upregulated in T1 set by 1.22
and 1.05 folds respectively, whereas the OsNRAMP2 gene was found to
be down regulated in T1 set by 0.85 folds. OsHMA3 gene was down
regulated by 0.85 folds, whereas OsPCS1 and OsNRAMP2 genes were up
regulated by 1.015 and 1.028 folds in T2 set (Fig. 3e).
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Fig. 3. SA induced alteration in stress scav-
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3.5. Reduced Cd uptake and health risk potential

Cd concentration in grains of P2 set was 0.8 mg kg ™! rice, which was
significantly reduced by 95% in grains of P1 set accounting to 0.004 mg
kg ! rice, the Cd concentration in shoot and root of P1 set was reduced
by 82.6% and 54.1% respectively. Cd accumulation in P3 plants was not
detected. The BCF of Cd was reduced by 54.16% in P1 plants in com-
parison to the P2 plants, in a similar way the TF (Cgrain/Croots Cgrain/
Cshoots Cshoot/Croot) Values were also reduced by 89.1%, 87.2% and
62.1% respectively in P1 plants with respect to the severely affected P2
plants. The DIM for P1 rice grains was reduced by 99.69% with respect
to P2 rice. The lowered DIM for P1 rice also reduced the CR for P1 rice by
99.99% with respect to P2 rice grains (Table 1).

3.6. Differential changes in agronomic traits and yield related components

Upon Cd exposure, all the studied agronomic parameters including
plant height (both at 45 days and final), tiller number, grain attributes
were hampered. Simultaneous application of SA and Cd were able to aid
the recovery of the plants from the Cd induced toxicity. In P1 plants,
yield attributes were significantly close to C and P3 plants. As the
effective tillers in P1 plants increased by 81.48% with respect to P2
plants, total yield also considerably increased by 81.91% upon co-
application of SA with Cd. The number of hollow seeds was decreased
by 32.69% in P1 plants with respect to P2 plants. Traits like initial plant

Table 1
Effect of SA application on Cd content and associated factors.
CP P1 P2 P3

Cd content (mg kg™1)
Seed ND 0.04 £ 0.0021 0.8 + 0.0024 ND
Soil” ND 2.68 £+ 0.0022 2.68 + 0.0021 ND
Shoot ND 0.16 £+ 0.0017 0.92 + 0.0013 ND
Root ND 0.44 £+ 0.0020 0.96 + 0.0019 ND
Associated factors
BCF(g/s) ND 0.164 + 0.012 0.358 + 0.0111 ND
TF (g/1) ND 0.090 + 0.021 0.833 £ 0.013 ND
TF (g/s) ND 0.111 £ 0.031 0.869 + 0.043 ND
TF (s/1) ND 0.363 + 0.01 0.958 + 0.055 ND
DIM ND 0.0008 + 0.0009 0.32 £+ 0.00046 ND
CR ND 3.2 x 107°+0.00027 5.12 + 0.00041 ND

2 Residual Cd content.

height, final plant height, total tiller number, total seed, and panicle
weight changed trivially in P3 plants with respect to C plants (decrease
percentage ranging from 0% to 7%). However, the yield was reduced by
23.6% in P3 plant with respect to C plants (Fig. 4a-i).

4. Discussion

The genotype Bandana used for the study, is one of the stable donor
varieties, with high yield and productivity, widely used in breeding
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1M SA).

programs for its beneficial attributes (Jadhao et al., 2014; Poudel,
2018), but use of a Cd accumulating variety for breeding might lead to
generation of Cd accumulating lines, posing threat to human health.
Therefore, use of high yielding Cd accumulator varieties, as donors, can
be accepted, provided Cd translocation to the grain is checked. In West
Bengal, Cd contamination in agricultural soil may range from 1.76 mg
kg~! to 13.8 mg kg ™! (unpublished data), presenting high probability of
Cd translocation and accumulation in grains. The Cd concentration
selected for this study lies in the above mentioned limit and was found to

cause moderate toxicity by significantly constraining normal growth and
development of the plants. Simultaneous SA application in Cd stressed
plants was found to ameliorate the stressed condition by enabling
several defensive responses. It was observed that, application of only SA
(at the present concentration) to plants was non-toxic.

SA application has been reported to alleviate several heavy metal
toxicities including Cd (Hayat et al., 2010). Cd toxicity cause decreased
uptake of water which leads to retarded growth of the root and shoot
(Mondal et al., 2013), as well as biomass and may cause insufficient crop
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yield (Ahmad et al., 2016). Hampered development is also reported in
mungbean, and ground nut plants (Siddhu and Khan, 2012). Significant
decrease in plant growth was seen in the present study under Cd stress,
reduction in shoot and root length was observed in T2 set, in comparison
to C set. In T1 set no reduction in shoot length was seen rather 2.3%
increase in root length was observed. SA has been reported to alleviate
Cd toxicity by several ways (Krantev et al., 2008; Guo et al., 2007;
Belkhadi et al., 2010). Previously it was reported that, application of SA
provided protection to arsenite exposed rice seedlings against stress and
restored the plant growth parameters to a certain extent (Singh et al.,
2017).

Chlorophyll metabolism and chloroplast ultrastructure are nega-
tively affected due to the mineral stress induced by Cd (Djebali et al.,
2005; Hakmaoui et al., 2007; Parmar et al., 2013; Arivazhagan and
Sharavanan, 2015). We found that Cd negatively affected the chloro-
phyll synthesis in rice plants, plant growth and development were also
compromised, only SA exposed plants had growth indices higher than
Cd treated plants and close to T1 plants. Cd also hinders the uptake of
nutrients like Fe, Mg which play significant role in chlorophyll synthesis,
as reported in soybean (Xu et al., 2015), Lemna minor (Lu et al., 2018).
Cd binds to essential Ca®*sites and hinders the PSII photoactivation, by
alteration of light harvesting complexes responsible for transfer of light
to PSII reaction centre, the chlorophyll antenna complexes are respon-
sible for conversion of light energy to electron transport from PSII,
decreased oxygen evolution from PSII leads to modulated photochem-
ical reactions, the energy storage process by synthesis of ATP and
NADPH is impeded leading to impaired biochemical functions of the cell
(Sytar et al., 2016; Rastogi et al., 2017; Dewez et al., 2018). We observed
that SA application to Cd stressed plants improved the pigment content
and growth, reports suggest that SA reduced Cd uptake and enhanced
the uptake of Fe, Mg, Ca, thereby promoting chlorophyll synthesis (Lu
et al., 2018). Hence SA application lowered Cd availability for Ca
binding sites and leads to increased oxygen evolution by restoring PSII
photoactivation. SA application improved the pigment content and
growth as SA is reported to influence the RuBisCo activity, redox ho-
meostasis and stomatal switch (Rivas-San Vicente and Plasencia, 2011).
Similar effect was also seen in maize plants (Krantev et al., 2008).

Cd is known to induce production of hydrogen peroxide in many
plants (Maksymiec and Krupa, 2006; Rodr1’guez-Serrano et al., 2009;
Vestena et al., 2011; Zhao et al., 2012). Cd has the ability to compete and
replace several important nutrients, like, Fe is replaced in several pro-
teins leading to escalated free cellular Fe levels, which can directly
induce ROS generation through Fenton and Haber-Weiss reactions
(Cuypers et al., 2010). Cd induced increase in HyO, is mainly synthe-
sized by NADPH oxidase of plasma membrane or mitochondria or per-
oxisomes, which is subsequently transferred to other plant parts, this
also induces accumulation of superoxide radicals and fatty acid hydro-
peroxides, ultimately leading to membrane damage (Garnier et al.,
2006). T2 seedlings exhibited higher accumulation of ROS in the tissue,
which was lowered significantly by SA application, this was congruent
with previous reports. Our findings of histochemical detection of
hydrogen peroxide and superoxide, indicated that application of SA to
Cd treated seedlings could reduce the amount of endogenous ROS
accumulation in the seedlings to considerable levels in comparison to T2
seedlings. Similar results were also reported in duckweed and perennial
rye grass (Wang et al., 2013; Li et al., 2017). SA is reported to directly
scavenge ROS by acting as an antioxidant (Popova et al., 2009), it jointly
acts in a feed forward loop with glutathione and detoxifies ROS (Her-
rera-Vasquez et al., 2015). SA confers protection against heavy metal
toxicity by detoxification of ROS thus reduces the degree of lipid per-
oxidation (Guo et al., 2007; Moussa and El-Gamal, 2010; Wang et al.,
2013; Tamas et al., 2015; Khan et al., 2015). Cell membrane is prone to
damage by redox active metals (Yilmaz and Parlak, 2011), higher the
accumulation of MDA, higher is the level of oxidative stress (Hou et al.,
2007). Cd induces oxidative stress, leading to enhanced MDA content,
H0; content and electrolyte leakage (Schiitzendiibel et al., 2002; Liu
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et al., 2003; Singh et al., 2006; Guo et al., 2007; Hsu and Kao, 2007; Xu
et al.,, 2010; Srivastava et al., 2014). Our findings indicate lowered
membrane damage with lowered amount of endogenous hydrogen
peroxide accumulation in rice roots in T1 seedlings. Similar results were
also reported in duckweed and perennial rye grass (Wang et al., 2013; Li
et al.,, 2017, 2018). Damage indices were lower in T3 plant in compar-
ison to T2 plants and were close to C plants, ensuring that SA alone had
no toxicity in T3 plants.

NPT are one of the main components to detoxify ROS during heavy
metal toxicity, they chelate with heavy metals facilitating their vacuolar
sequestration and limiting their translocation to different plant tissues,
they also act as signaling complexes and antioxidants (Li et al., 2011).
We observed escalated levels of NPT in T1 as well as T2 set, however
higher accumulation of NPT was observed in T1 set. The co-application
of SA and Cd was reported to act synergistically resulting in increased
synthesis of NPT, phytochelatin and glutathione (Gu et al., 2018).

The presence of antioxidant enzymes like SOD and CAT in different
cellular organelles, protect the plants from oxidative damages. In the
present study, SA application not only helped in alleviation of Cd
induced growth impairment but also regulated the enzymatic activities.
We observed that Cd stress significantly increased SOD and CAT activity
in both shoot and root of T2 seedlings. Increased ROS generation due to
Cd toxicity is counteracted by escalated activity of enzymatic antioxi-
dants, higher SOD and CAT activity was observed under Cd stress in rice
(Bari et al.,, 2019). However, SA application to Cd exposed plants
enhanced the SOD activity whereas the CAT activity was reduced. SA
applied Cd exposed kentucky blue grass was also found to have higher
SOD activity than only Cd treated seedlings, (Guo et al., 2013), similar
trend in SOD activity was observed in Nymphaea tetragona Georgi (Gu
etal., 2018), Lemna minor (Lu et al., 2018), Chinese cabbage (Mba et al.,
2007) and mustard plants (Ahmad et al., 2011). SA application has been
reported to lower the CAT activity, a major HyO» detoxifying enzyme in
wheat and tomato (Sahu and Sabat, 2018; Yiizbasioglu et al., 2019). SA
is reported to donate electron for peroxidative cycle of catalase and
lower its enzymatic activity by competitive inhibition (Ma et al., 2017).
Hence, absence of such inhibitory role of SA on SOD activity might
delineate the differential responses induced by SA on SOD and CAT
activity. However, the enzymatic activity in T3 plants was similar to C
plants, revealing that SA in absence of Cd exposure was unable to elicit
anti-oxidative responses. The overall fold changes of biochemical,
physiological and agronomic parameter analysis of SA and Cd exposed
rice seedlings with respect to untreated ones is represented by color
coded heat map (Fig. 5).

The chelation and sequestration of heavy metals are mainly carried
out by metallothioneins and phytochelatins. The phytochelatins are
synthesized as defense response, involving binding of sulphahydryl and
carboxyl groups to a wide range of elements like Cd,Pb,Cu, Ni etc.
(Cobbett, 2000; Emamverdian et al., 2015). PCS plays a significant role
in the sequestration of Cd in A. thaliana (Chen et al., 2006; Liu et al.,
2010; Kithnlenz et al., 2016). Function of PCS in Cd accumulation was
established by OsPCS mutant studies, which showed lower accumula-
tion. Constitutive expression of PCS occurs in plants, but they are
upregulated in presence of metal/metalloid due to post transcriptional
activation of the PCS gene (Cobbett, 2000; Vatamaniuk et al., 2000).
Phytochelatins synthesized by PCS bind to Cd and form PC-Cd com-
plexes which are sequestered in the vacuoles. Forming PC-Cd complexes
and their subsequent sequestration into the vacuoles is crucial for Cd
tolerance (Clemens et al., 1999; Ha et al., 1999; Vatamaniuk et al.,
1999). Expression of PCS1 slightly increased in T1 seedlings in com-
parison to the untreated ones, indicating higher PC synthesis, resulting
in higher sequestration of Cd into the vacuoles. Cd sequestration is also
mediated by OsHMA3 (Morel et al., 2009). As observed in our study, the
upregulated expression of OsHMA3 in T1 set is statistically significant to
the C and T2 set. There are no dedicated transporters for Cd trans-
portation, so other ion transporters are used to transport Cd. OsSNRAMP2
is highly expressed in seedlings with high Cd accumulation properties.
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Fig. 5. Heat map analysis on the basis of fold change of treated rice seedlings with respect to untreated set, the assessed physiological, biochemical and agronomic
are represented.. T1/P1 (25 pM Cd + 100 pM SA), T2/P2 (25 pM Cd + 0 uM SA), T3/P3 (0 Cd + 100 pM SA).

NRAMP?2 allele from low Cd accumulating plants increased Cd sensi-
tivity, SA application reduced NRAMP2 expression suggesting lowered
sensitivity of SA exposed plants (Zhao et al., 2018). The OsNRAMP2 gene
was downregulated in T1 seedlings. Increase of OSNRAMP2 expression
under Cd stress was observed which decreased on application of SA. The
upregulation of the gene under Cd stress is similar to reports in ryegrass
(Li et al., 2017). Application of SA to Cd exposed seedlings reduced the
NRAMP expression owing to alleviating property of SA. The whole re-
action cascade which follows after application of SA is represented
schematically (Fig. 6).

The hydroponics is a well-balanced and controlled nutrient delivery
system for lab-based experimentations, full term growth of rice plants in
hydroponics require several infrastructural facilities and is expensive
(Bado et al., 2016). In dearth of such prerequisites, the plants were
grown in pot soil at the experimental farm, the soil used for pot exper-
iments were Gangetic alluvial in nature with loamy clay consistency, the
pH and organic carbon contents were reported to be 6.7 and 7.4 g kg™?
respectively (Mukherjee et al., 2019; Ghosh et al., 2020), providing
favorable growth conditions for the plants. Additionally, owing to the
near neutral pH and soil characters like high organic carbon content,
loamy texture, the basal Cd uptake in Cd unexposed plants might be too
low to be detected, as the Cd mobility is highly impaired in soil with clay
loam texture (Hattori et al., 2006) with high organic carbon (Chris-
tensen et al., 1996) and near neutral pH (Xiaofang et al., 2019).
Co-application of SA and Cd in rice plants have shown reduced accu-
mulation of Cd in the root, shoot and grains of P1 plants. The influx of Cd
is reported to reduce under Cd stress by SA application in peanuts and
perennial ryegrass, the rearrangement of cell wall components might be
a contributing factor here (Wang et al., 2013; Xu et al., 2015; Bai et al.,

2015). Although the application of several organic acids (for eg. Citric,
acetic, malic, succinic, oxalic) to soil (Sidhu et al., 2019) have exhibited
increase in heavy metal bioavailability, yet, exogenous SA application
has reduced elemental uptake by increasing citrate efflux from roots of
treated seedlings, decreasing the Cd content in the root tips (Yang et al.,
2003). Rhizospheric exudation of several secondary metabolites is re-
ported to be a dynamic strategy to impede Cd uptake by roots (Bali et al.,
2020). Unlike other low molecular weight organic acids, SA up to con-
centrations of 0.5 mM had no significant impact on soil anionic charges
(Zhang et al., 2008). The TF(Cshoot/Croot) Was greatly reduced in the P1
plants under influence of SA. The application of SA is reported to
considerably reduce Cd uptake and toxicity in radish roots (Raza and
Shafiq, 2013), Cd content reduced considerably in different parts of flax
plant upon SA application (Belkhadi et al., 2010), wheat (Shakirova
et al., 2016), oilseed rape (Ali et al., 2015), ryegrass (Wang et al., 2013;
Bai et al., 2015), Kentucky bluegrass (Guo et al., 2013). Apart from cell
wall rearrangement, SA is also reported to modify the functionality of
various metal translocators resulting in reduced accumulation of the
toxic metal in the aerial parts, due to its sequestration in the root vac-
uoles (Shi et al., 2009; Drazic et al., 2005), interaction between SA and
Cd increased the synthesis of sulthydryl groups (Metwally et al., 2003),
promoting chelation of Cd ions, these cumulatively lowered the Cd
translocation in the shoot, subsequently relieving the grains from Cd
accumulation. The lowered OsNRAMP2, elevated OsPCS1 and OsHMA3
transcripts of the T1 seedlings contributed to hindered xylem loading,
limiting the Cd deposition in shoot and grains. The reduced toxicity of
Cd as a result of impaired Cd uptake by SA application, positively
affected the yield related components in P1 plants in comparison to the
P2 plants. SA application for amelioration of various stress have been
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Fig. 6. Simplified schematic representing mechanism of SA providing Cd stress tolerance to rice plants, application of SA to Cd exposed rice seedling results in
lowered membrane damage, enhanced photosynthetic pigment production, SA causes antioxidative burst, producing higher levels of ROS scavengers, minimizing
free radicals from the plant cells, SA application increases production of NP-SH, required for production of thiol containing Cd chelators like phytochelatins. This
causes chelation and sequestration of free divalent Cd ions, NRAMP2 expression is also reduced on SA application increasing tolerance of the seedlings towards Cd
stress. Plants on reaching maturity exhibits better yield, lowered Cd uptake in P1 set, ultimately making the seeds of P1 set safe for consumption.

reported to enhance the yield related traits (like total panicle number,
tiller number, total seed per panicle and total yield per plant). P1 plants
had higher plant height in comparison to P2 plants, as, SA not only plays
a major role in restricting Cd toxicity and uptake, but it also supports
plant growth and development, by regulating photosynthetic efficiency,
osmotic balance, ion homeostasis and anti-oxidative defense system
(Khan et al., 2010, 2012a,b,c, 2013b, 2014; Nazar et al., 2011; Miura
and Tada, 2014). These protective roles imparted by SA are highly
congruent with our findings of hydroponic and pot experiments.

The bioavailable Cd is almost 40-50% lower than the total Cd con-
tent of soil, due to association of Cd with carbonates, oxides and other
organic forms (Barman et al., 2020). The Cd contents of P2 seed (0.8 mg
kg™!) were much higher than the recommended limit (0.4 mg kg™!) by
CODEX, 2011, application of SA reduced 95% Cd accumulation in P1
with respect to P2. This is highly impactful, for further application in
highly Cd contaminated areas or high Cd accumulating plants. 40.3% of
total dietary intake of Cd is contributed by rice, which is reported to
range between 0.021 and 0.022 mg kg*l (Kim et al., 2019). The DIM for
this cultivar is several folds higher than recent reports by Barman et al.
(2020). The application of SA successfully reduced the Cd content in the
grains of P1 plants, which resulted in 99.69% lower DIM. The higher the
DIM higher will be the occurrence rates of Cd induced disease

manifestations ranging from acute bone problems to fatal conditions like
cancer. In non-smokers, dietary Cd is strongly associated with gastric
cancer (Kim et al., 2019), breast cancer (Grioni et al., 2019). The CR was
also reduced on application of SA in P1 plants in comparison to P2
plants. People who are more exposed to heavy metals through grains,
vegetables and water are at a higher risk for the development of cancer
in future (Zhang et al., 2018; Rezapour et al., 2018).

5. Conclusion

SA application to soil was found to be highly promising in reducing
grain Cd content, increasing crop yield in comparison to Cd stressed SA
unapplied plants, the cancer risk was also significantly reduced making
it safe for consumption. In the present scenario, the rising exposure of
the mankind to hazardous materials, is allowing elevated occurrence of
diseases and fatalities. The unrestricted use of phosphate fertilizers in
agricultural field is subjecting the cereals and crops to uptake Cd sub-
stantially, ultimately entering the food chain. So, finding mitigation
strategies to reduce Cd deposition in grains, is of utmost importance. SA
was found to ensure restricted Cd entry into the rice grains, making it a
cost effective and easy way to combat the serious Cd threat.
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