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ABSTRACT

In flowering plants, jasmonic acid (JA) signalling regulates the complex process of male
gametophyte development. JA signalling initiates with the activation of MYC2
transcription factor, for the expression of several JA responsive genes throughout
stamen development and pollen maturation. However, the regulation of JA signalling
during different developmental stages of male gametophytes is still less understood. In
this study we have characterized T-DNA insertion line of AtHMGB15. Phenotypic
characterization of athmgh15-4 mutant plants showed delayed bolting, shorter siliques
and reduced seed set compared to wildtype. Moreover, deletion of AtHMGB15 resulted
in defective pollen morphology, delayed pollen germination, abberant pollen tube
growth and a higher percentage of non-viable pollen population in athmgbl5-4
compared to wildtype. Molecular analysis indicated down-regulation of JA-biosynthesis
and JA-signalling genes viz MYC2, MYB21 and MYB24 in athmgbl5-4 mutant.
Furthermore, jasmonic acid and its derivatives were found almost ten-fold lower in
athmgb15-4 flowers. However, exogenous application of jasmonate could restore pollen
morphology and pollen germination, suggesting that impaired JA signalling is
responsible for the pollen phenotype in athmgbl5 mutant. AtHMGB15 physically
interacts with MYC2 protein to form the transcription activation complex for
promoting transcription of genes responsible for JA signalling during stamen and
pollen development. Collectively, our findings indicate that AtHMGB15, a plant specific
DNA binding protein of the ARID-HMG group, acts as a positive regulator of JA
signalling to control the spatiotemporal expression of key regulators responsible for

stamen and pollen development.

« Key Words: ARID-HMG, Pollen development, Jasmonic acid signalling, MYC2,
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INTRODUCTION

The development of male gametophyte in angiosperms is a complex phenomenon that requires
coordination of almost all major plant hormone signalling (Marciniak and Przedniczek, 2019,
Mascarenhas, 1990, Wilson and Zhang, 2009). The spatiotemporal activity of key hormone
signalling factors regulates the pollen maturation, anther dehiscence, release of pollen to the
surface of stigma and pollen tube germination, for successful fertilization. Pollen development
starts in anther with the differentiation of sporogenous cells (pollen mother cell) that undergo
meiosis to form tetrads of haploid microspores. The development of free microspores starts with
two rounds of mitotic divisions and the formation of pollen cell wall through programmed cell
death (PCD) of the tapetum layer (McCormick, 2004, Zhang et al., 2007). Degeneration of
tapetum layer is also important for anther dehiscence and release of the mature pollens. In self-
pollinating plants, the release of mature pollen (anther dehiscence) on the surface of stigma
depends upon the appropriate length of the stamen filament. The anthers in these self-pollinating
plants are positioned at equivalent height or above the stigma papillae for efficient release of
pollen and fertilization. Any defects during pollen maturation, stamen elongation or anther
dehiscence can cause loss of fertility or complete male sterility.

Plant hormone jasmonic acid (JA) and its derivatives are indispensable for the development of
stamen and male gametophyte maturation (Huang et al., 2017b). In Arabidopsis, JA-biosynthesis
deficient mutants viz. fad3fad7fad8, dadl, lox3-lox4, aos, and opr3 are male sterile due to
arrested stamen development at anthesis (Caldelari et al., 2011, Ishiguro et al., 2001, McConn
and Browse, 1996, Park et al., 2002, Stintzi and Browse, 2000). These mutants have indehiscent
anthers or short filaments that fail to reach stigma surface. Although the pollens from these
mutants develop normally to produce tricellular gametophyte but lost viability during later stages
(Acosta and Przybyl, 2019). Exogenous application of jasmonic acid can restore the male sterile
phenotype of JA-biosynthesis deficient mutants (Park et al., 2002). CORONATINE
INSENSITIVEL (COI1), a F-box protein is a part of SKP1-CULLIN1-F-box-type (SCF) E3

ubiquitin ligase complex SCF®°"

, and an important component of JA signalling. COI1 form
complex with transcriptional repressors JAZ in presence of JA-lle derivative and ubiquitinate for
26S proteasome mediate degradation to release MYC transcription factor for JA responsive gene

expression(Chini et al., 2007, Devoto et al., 2002, Thines et al., 2007, Xie et al., 1998, Zhai et al.,
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70  2015). Like JA-biosynthesis deficient mutants, coil mutants are also impaired in stamen
71  maturation and are male sterile however exogenous JA application cannot rescue coil fertility
72 (Feysetal., 1994, Xu et al., 2002).
73 The basic helix-loop—helix (bHLH) transcription factor MYC2 is the key regulator of JA
74 response. MYC2 activates the transcription by binding to G-box motif existing in the promoter
75  regions of JA responsive genes (Dombrecht et al., 2007, Figueroa and Browse, 2012, Kazan and
76  Manners, 2013, Pozo et al., 2008). In the absence or low concentration of JA-lle, MYC2 activity
77  was repressed by JAZ protein along with co-repressors TOPLESS (TPL), TPL-related (TPR) and
78 adaptor protein NINJA (An et al.,, 2022, Huang et al., 2017a). An increase in JA-lle
79  concentration during development or environmental clues promotes the formation of COI-JA-
80  JAZ co-receptor complex to promote COI-mediated degradation of JAZ through 26S proteosome
81 to release MYC2 (Chini et al., 2009). Studies have shown that MYC2, MYC3, MYC4 and
82  MYCS5 function redundantly to regulate stamen development and seed production (Gao et al.,
83 2016, Qi et al., 2015). While the single and double mutants showed no defect in stamen
84  development; the triple mutants myc2myc3myc4, myc2myc4myc5, and myc3myc4myc5 exhibited
85 delayed stamen development (Dombrecht et al., 2007, Schweizer et al., 2013). The anthers of
86  these triple mutants failed to dehisce at the floral stagel3 and pollens were unable to germinate
87 in vitro, however, anther dehiscence and pollen maturation occur at the later stage of flower
88  development. The quadruple mutant in comparison to the triple mutant has more severe defects
89 in stamen development with short stamen filament, indehiscent anther and nonviable pollens (Qi
90 etal., 2015).
91 MYC coordinates JA signalling through R2R3 types of MYB transcription factors, MYB21 and
92  MYB24 during stamen maturation (Song et al., 2011). MYB21 and MYB24 physically interact
93  with MYC2 to form the MYC-MYB complex for transcription activation and interacts with JAZ
94  to attenuate their activity (Yang et al., 2020, Zhang et al., 2021). The phytohormone gibberellin
95 (GA) has been shown regulate the expression of MYB21/24 and promotes stamen growth
96 (Cheng et al., 2009). Studies indicate that DELLA impedes JA biosynthesis by inhibiting the
97  expression of DAD1 and LOX1. DELLA also interacts with MYB21/24 in absence of GA and
98  represses their transcriptional activity (Cheng et al., 2009). GA triggers the ubiquitination of
99 DELLA, and upregulates the expression of JA biosynthesis gene DAD1 and LOX1 (Huang et al.,
100  2020). The increased concentration of JA will induce the expression of MYB21 and MYB24
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101  (Huang et al., 2020, Vera-Sirera et al., 2016). Thus, GA and JA signalling synergistically
102  modulate stamen elongation by regulating MYC-MYB signalling (Chini et al., 2016, Song et al.,
103  2014). myb21 mutants have short filaments that unable the anthers to reach the pistil's stigma
104  resulting in complete male sterility (Mandaokar et al., 2006). However, myb21 pollens are viable.
105 myb24 mutants are completely fertile, whereas myb21myb24 double mutants are completely
106  impaired stamen and are fully sterile suggesting that MYB21 alone is essential for filament
107  elongation, while MYB24 promotes pollen viability and anther dehiscence(Huang et al., 20173,
108  Mandaokar and Browse, 2009, Mandaokar et al., 2006, Song et al., 2011).

109 AtHMGBI15 belongs to a novel plant-specific HMG-box group of nuclear architectural proteins
110  containing two DNA binding domain, ARID and HMG-box (Stros et al., 2007). Biochemical
111 analysis shows that ARID-HMG proteins bind to different DNA topological structures preferably
112  in the AT-rich region (Hansen et al., 2008, Roy et al., 2016). A previous study by Xia et.al
113  demonstrated that AtHMGB15 plays an important role in pollen tube growth (Xia et al., 2014).
114  Approximately 10% pollen grains of Ds insertion line of AtHMGB15 (athmgbl15-1) have
115  defective morphology. Comparative transcriptome between wildtype and athmgbl5-1 pollen
116  showed alteration of genes specific for pollen. Further, it was shown that AtHMGB15 interact
117  with two MIKC* transcription factors, AGL66 and AGL104. Although athmgbl5 mutant
118 showed a defect in pollen development, it was not clear how AtHMGB15 contribute to this
119  developmental process. With this background, we started characterising another mutant allele of
120 AtHMGB15 (athmgh15-4) where the T-DNA was inserted at the first exon. Our study revealed
121  that around 30% of pollens from athmgb15-4 plants are defective in pollen morphology and most
122  of the mutated pollens are round in shape with a defect in the reticulate pattern of ornamentation.
123 Transcriptome analysis shows significant repression of JA biosynthesis and signalling in
124  athmgb15-4 flowers. Collectively our results indicated that AtHMGB15 regulates pollen
125 development by regulating key master regulators of JA-signalling, MYC2, MYB21 and MYB24.
126  This study is the first in-depth analysis to understand the mechanistic role of ARID-HMG protein
127  in pollen development.

128

129 RESULTS

130 Isolation and Characterization of athmgh15-4 mutant lines
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131  The athmgb15-4 mutant was screened from T-DNA insertion lines of Arabidopsis ecotype Col-0
132 from the GABI-Kat collection (GABI_351D08). GABI_351D08 from the GABI collection has
133 the T-DNA insertion annotated at exon 1 of the gene At1g04880 (Fig 1A, i)). The T-DNA
134  insertion contains sulfadiazine resistant marker. The homozygous athmgb15-4 lines were
135 obtained by self-crossing of heterozygous athmgb15-4 plants followed by the selection of
136  progeny showing sulfadiazine resistance. The homozygous lines were screened by PCR (Fig
137  1A,ii) and the T-DNA insertion was confirmed by Southern blot (Fig S1). g-RT-PCR analysis
138  showed significant down-regulation of AtHMGB15 expression in athmgh15-4 mutant plants (Fig
139  1A,iii). We have shown previously the absence of AtHMGB15 protein in the same mutant
140  (Mallik et al., 2020). The homozygous seeds were collected and used for subsequent studies.

141  The athmgb15-4 mutant plants showed no phenotypic difference at the rosette stage (Fig 1B, i)
142 except the primary root length in athmgb15-4 appeared shorter compared to wild-type plants

143  (Fig S2). Furthermore, in the flowering stage, athmgbl15-4 plants showed delayed bolting
144 compared to wild type (Fig 1B, ii). Almost 45% (p <0.05) seedling of wildtype showed bolting
145  after 40dpg compared to 8% (p <0.05) in athmgbl15-4 plants (Fig 1B, iii, iv). The seeds
146  of athmgb15-4 mutant plants showed no marked difference when compared with wild type.
147  These mutant seeds are viable and germinate normally similar to wild type. However, mutant
148  siliques were shorter in length compared to wild type (Fig 1C, i-ii) and had a lesser number of
149  fertilized ovules resulting in less seed yield compared to wildtype plants (Fig 1C, iii-iv). Some of
150 these observed phenotypes of athmgb15-4 agree with previous observations reported by Xia et
151  al using another mutant allele of AtAHMGB15 (Xia et al., 2014).

152

153  AtHMGB15 mutation causes a defect in pollen morphology and delayed pollen germination
154  rate

155  An earlier report has shown that athmgbl5 mutant (athmgb15-1) plants have defective pollen
156  morphology (~10%) (Xia et al., 2014). Scanning electron microscopy (SEM) analysis revealed
157  that the wild-type pollens are ellipsoidal (Fig 2A) whereas pollens of athmgb15-4 plants have
158  mixed shaped (Fig S3). While ellipsoid-shaped pollens were observed in the mutant pollen
159  population, we have also observed around 25-30% of pollens having a circular shape and
160  sometimes completely irregular shape (Fig 2B). Additionally, the outermost exine wall of

161  wildtype pollens has a typical reticulate pattern of ornamentation, which is completely absent in
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162 the defective pollens of mutant pollen plants. To further understand the molecular changes
163  in athmgb15-4 plants that regulates pollen development, a comparative transcriptome approach
164  was taken. Arabidopsis flowers (stage 13) were collected from wild-type and athmgb15-4 plants
165 and total RNA isolated from three independent sets was pooled and subjected to RNA-
166  sequencing using the Ilumina platform. Analysis of RNA-seq data showed significant down-
167  regulation of genes involved in cell wall biosynthesis in athmgb15-4 flowers (Fig 2C and Fig
168 S4). Some of these cell wall genes includes pectin lyase, cellulose synthase, pectin
169  methylesterase, extensin which are known to be involved in pollen development.

170  We subsequently examined the pollen germination rate between wildtype and athmgbl5-
171 4 pollens. The time kinetics of in vitro pollen tube germination shows that within 4hrs, more than
172 50% of pollens (p <0.005) were germinated and by 6hrs almost 80% (p <0.005) germination was
173  achieved for wildtype pollens (Fig 2D, i, iii). Interestingly, 40% (p <0.005) germination
174  of athmgb15-4 pollens was observed after 24hrs in pollen germination media (Fig 2D, ii, iv).
175 These results indicate that mutation of AtHMGB15 gene causes a severe defect in pollen
176  morphology and significant delay in pollen tube germination rate. Note that some of the healthy
177  pollens of athmgb15-4 that start germinating from the beginning showed similar pollen tube
178 length as of wildtype, although the percentage of fully germinating pollens was very low in
179  mutants. The next obvious question that arises from these observations is whether the athmgh15-
180 4 pollens are viable. To answer this question, we isolated the wildtype and athmgh15-4 pollens
181 and stained them FDA (fluorescein diacetate) and PI (Propidium lodide). While FDA is
182  permeable to the cell membrane and can stain live cells, Pl is impermeable and can stain DNA
183  only when the cell integrity is compromised. Thus, Pl-stained cells are considered dead cells.
184  Comparison of differential staining of pollens with FDA and PI showed that a higher percentage
185 of non-viable pollens (55%, p<0.005) in athmgb15-4 plants compared to wild-type
186  (30%, p <0.05); thereby, justifying a lower number of germinating pollen population in mutant
187  plants (Fig 2E).

188

189  Deletion of AtHMGB15 causes down-regulation of the jasmonic acid pathway during flower
190 development

191 KEGG analysis of RNA-seq data shows enrichment of a-linolenic acid metabolism pathway,

192  associated with differential gene expression (Fig. 3A, 1). a-linolenic acid is the precursor of the
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193  plant phytohormone, jasmonic acid. Jasmonic acid and its derivates have been shown to regulate
194  many developmental processes including stamen development and flowering (Jang et al., 2020,
195  Wasternack and Hause, 2013). Interestingly, function annotation clustering using DAVID
196  software (v 6.8) shows enrichment of Jasmonic acid (JA) biosynthesis and signalling with the
197 data set (Fig 3A, ii). Further, the heatmap analysis constructed using genes involved in JA
198  biosynthesis and signalling pathway displayed down-regulation of gene expression,
199  in athmgb15-4 flowers compared to wild-type (Fig. 3B). The expression of many JA
200  biosynthesis and signalling genes were further validated using g-RTPCR. As shown in figure 3C,
201  the relative fold change for genes from JA biosynthesis and JA signalling were significantly
202  down-regulated in athmgb15-4 flowers compared to wild-type; thus, validating our RNA-seq
203  data.

204  To further establish the role of AtHMGB15 in JA signalling during pollen development, we then
205 raised complementation lines in athmgbl15-4 background using full-length AtHMGB15 gene
206  under 35S constitutive promoter. Stable homozygous lines were selected (athmgb15-4-OEA4)
207 and the expression of AtHMGB15was analysed using gRT-PCR (Fig 4A.iii). These
208  complementation lines were found to be stable and recovered delayed bolting and small silique
209  size phenotype of athmgb15-4 mutant (Fig 4A, i, ii). A comparison of pollen tube germination
210 rate between the complementation line and athmgb15-4 showed a significantly higher population
211  of germinated pollens in the complementation line compared to athmgbl5-4 (Fig 4B). The
212  complementation line has more than 95% (p <0.05) of pollen in ellipsoidal shape indicating that
213  the pollen morphology is completely recovered in these lines (Fig 4C). gRT-PCR results
214  revealed higher expression of JA biosynthesis and signalling genes in the complementation line
215 compared to the mutant (Fig 4D). The expression of JA biosynthesis genes in the
216  complementation line was comparable to wild type however the expression of JA signalling
217  genes was higher than wild type. Molecular and phenotypic analysis of complementation lines
218  strongly indicates the role of AtHMGB15in JA mediated signalling events during pollen
219  development.

220

221  athmgb15 flowers show low levels of jasmonic acid and its derivatives

222  The down-regulation of JA biosynthesis genes in athmgb15-4 mutants suggests a low intrinsic

223  level of jasmonic acid and its derivatives. To check the hormone level, we next estimated the in
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224 vivo level of jasmonate in the flowers of wild-type, athmgbl5-4 and the complementation
225  line athmgb15-4-OEA4. As shown in figure 5A, the levels of JA along with two of its derivatives
226  methyl-jasmonate (MeJA) and JA-isoleucine (JA-Ile) are almost ten-fold (p <0.05) lower
227  in athmgb15 flowers compared to wild type. Furthermore, in the complementation line, the level
228  of JA and its derivatives increased compared to athmghb15-4.

229  Since athmgb15-4 flowers have low jasmonic acid, we studied the effect of exogenous JA
230 application on athmgb15-4 flowers by examining the pollen tube germination post 48hrs
231  treatment. The result shows that exogenous treatment of methyl-jasmonate restores the pollen
232  tube germination of athmgb15-4 pollens, and the rate is equivalent to that of wild-type pollens
233 (Fig 5B).

234

235 AtHMGBI5 acts as a transcription activator for the expression of MYC2

236  The transcriptome data and g-RTPCR results indicate down-regulation of the key transcription
237  factors of JA-signalling viz MYC2, MYB21 and MYB24, in athmgb15-4 mutant flowers. This
238  observation prompted us to check whether AtHMGB15 acts as a transcription activator for the
239  expression of these genes.

240  AtHMGB15 occupancy at the upstream region of MYC2, MYB21 and MYB24

241  We performed ChIP assay using AtHMGB15 antibody and the immunoprecipitated DNA was
242  subjected to g-PCR. The data were normalized with two loci, At1g01840 and Atl1g01310,
243 showing no AtHMGB15 occupancy from our previous study (Mallik et al., 2020). The primers

244 were designed fromin silico analysis of ~2Kb promoter/upstream fragments that contain
245  previously identified AtHMGB15 binding site A(A/C)--ATA---(A/T)(A/T) (Mallik et al., 2020).
246  The g-PCR analysis showed AtHMGB15 occupancy at the promoter/upstream region of MYC2,
247 MYB2las well as MYB24 (Fig 6A). To test whether AtHMGB15 directly binds to the
248  promoter/upstream region of MYC2, MYB21 and MYB24, we performed in vitro DNA binding
249  using purified recombinant AtHMGB15 protein. The EMSA results confirmed the direct binding
250 of AtHMGB15 protein at the promoter regions of MYC2, MYB21 and MYB24 (Fig 6B).

251  AtHMGB15 activates the transcription of MYC2

252  The binding of AtHMGB15 at the promoter/upstream region of MYC2 prompts us to investigate
253  whether AtHMGB15 regulates the transcription of MYC2. For this, ~2Kb promoter/upstream

254  region of MYC2 was cloned against GUS reporter gene in pCambial304 replacing 35S promoter.
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255  These constructs were infiltered into tobacco plants to examine the promoter activity in the
256 absence and presence of AtHMGB15. AtHMGB15 is not a transcription factor but it can
257  modulate transcription when associated with a transcription factor. Previous studies have
258 identified the MYC2 binding site at the promoter of MYC2 (Zander et al., 2020). Thus, we
259  presumed that probably, AtHMGB15 can act as the co-activator of the transcription factor
260 MYC2. To prove this hypothesis, we measured the promoter activity of MYC2 in presence of
261  both the proteins, MYC2 and AtHMGB15. As shown in figure 6C, the promoter activity
262  of MYC2 increases in presence of AtHMGB15 (pMYC2 +A4) as compared to only promoter
263  (pMYC2). The increase was more with MYC2 (pMYC2+MYC2); supporting the earlier finding
264  that MYC2 regulates its own transcription. Furthermore, in presence of both MYC2 and
265 AtHMGBI15, the promoter activity of pMYC2 was significantly higher to pMYC2. The result
266  suggests that AtHMGB15 along with MY C2 TF positively activates the transcription of MYC2.
267  AtHMGB15 interacts with MYC2 protein to form the activator complex

268  Since AtHMGB15 along with MYC2 activates the transcription of pMYC2, we were interested

269 to see whether they physically interactin vivoto form the activator
270  complex. AtHMGB15 and MYC2 coding sequences were cloned in pSITE-cYFP-N1 and pSITE-
271  nYFP-C1 respectively and used for BiFC using Agrobacterium mediated co-infiltration in onion
272  epidermis. As shown in Fig 6D, AtHMGBI15 interacts with MYC2 protein in the nucleus,
273  particularly in the nucleolus. There was no YFP fluorescence observed in control combinations.
274

275  AtHMGB15 promotes the transcription of MYBs

276  MYC2 has been shown to interact with R2R3-MYB transcription factors, MYB21 and MYB24
277  to regulate anther and pollen development in a JA dependent manner (Goossens et al., 2017) .
278  Our results confirm that the expression of MYB21and MYB24is down-regulated
279  in athmgbl15 mutants. Also, the in-silico analysis shows the presence of MYC2 binding sites at
280  the promoter region of MYB24.

281  Since AtHMGB15 and MY C2 proteins act as transcription activator complex, it was interesting
282  to study whether this complex regulates the transcription of R2R3-MYBs transcription factors.
283  To test this possibility, we first checked the expression of MYB21, MYB24 in the flowers of two
284  previously characterised myc2 knockout lines myc2-2 and jinl-2 (Boter et al., 2004, Lorenzo et
285 al., 2004). The results show that expression of MYB21 and MYB24 were significantly

10
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286  downregulated in myc2 mutant lines (Fig7A, 1i). The expression of JA biosynthesis
287  gene OPR3, which was previously shown to be MYC2 dependent (Mandaokar et al., 2006),
288  was found downregulated in these mutants. Subsequently, we have analysed JA content of myc2
289  mutant and found significant down-regulation of jasmonate contents in these two mutants (Fig
290 7A, ii). Interestingly, previous study has shown down-regulation of MYB21 and MYB24
291  expression in opr3 mutant and it can be restored by the application of exogenous JA (Mandaokar
292 etal., 2006).

293  We next analysed the promoter activity of MYB21 and MYB24 in presence of AtHMGB15 and
294  MYC2 transcription factor. The promoter activity of pMYB24 was significantly upregulated in
295  presence of AtHMGB15 and MY C2 independently, however, in presence of both proteins, there
296 was no additional increase in promoter activity (Fig 7B, i). For pMYB21, an increase in
297  promoter activity was observed only in the presence of MYC2 protein (Fig 7B, ii,). There was no
298 increase in the promoter activity in presence of AtHMGBL15, although strong DNA binding
299 activity of AtHMGB15 was observed in the promoter region. Interestingly, the activity of
300 pMYB21 increase significantly in presence of AtHMGB15 and MY C2, suggesting that these two
301  proteins form the activation complex for activating pMYB21.

302 Since R2R3 transcription factors were needed for the elongation of stamen during flower
303 development, we further analysed the flower morphology of athmgb15-4 and compared it to
304  wildtype Arabidopsis flower. Our observation suggests that around 30% of athmghb15-4 flowers
305 have shorter stamen filaments compared to wild-type (Fig 7C, S5). This may be one of the
306 reasons for poor fertilization and low seed yield in athmgb15 mutants. The complementation
307 lines on the other hand showed a similar stamen phenotype as compared to wildtype.
308  Collectively, these results indicate that AtHMGB15 regulates the transcription of R2R3-MYB
309 transcription factors during flower development to regulate the growth and development of
310  stamen and pollens.

311

312 DISCUSSION

313

314  Deletion of AtHMGB15 impairs pollen morphology in Arabidopsis

315 The development of functional gametes and their respective floral organs is necessary for

316  maximum pollination and genetic diversity. These complex processes are precisely regulated by
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317  endogenous cues. In this study, we have investigated the role of Arabidopsis ARID/HMG group
318 of transcriptional regulators, AtHMGB15, in pollen development. Previous study by
319  Xiaet.al. using a Ds insertion line (Xia et al., 2014) and our study using another T-DNA mutant
320 allele of AtHMGB15 showed defective pollen morphology and retarded pollen growth in mutant
321  plants. These allelic mutants of athmgb15 have a significant reduction in seed set. Since deletion
322  of functional AtHMGB15 causes defective pollen morphology and pollen viability, we thought
323  of investigating its role in pollen formation and maturation stages of floral development
324 in Arabidopsis. Pollen development starts post meiosis of sporogenous cells that corresponds to
325 stage 10 of floral development and continues through stage 12-13 till the completion of the
326  pollen cell wall (Sanders et al., 1999). This is followed by elongation of filament and anther
327  dehiscence to release viable pollens for germination (Goldberg et al., 1993, Scott et al., 2004).
328  With this idea, we first investigated differential gene expression between wildtype
329 and athmgb15 mutant during the early stages of flower development, to identify AtHMGB15
330 regulated targets involved in the pollen development process. Our results indicated that some of
331  genes responsible for pollen cell wall development were down-regulated in athmgbl5 mutant.
332  Down-regulation of cell wall genes may explain the defective morphology and deformed cell
333  wall architecture of athmgb15 pollens.

334  Transcriptome analysis of wildtype and athmgb15 revealed that jasmonic acid biosynthesis and
335  response pathway are significantly downregulated in the mutant flowers. Downregulation of JA
336  biosynthesis genes causes a significant decrease in jasmonate level inathmgbl5 mutant.
337  Furthermore, the complementation of athmgb15-4 with full-length AtHMGB15 or exogenous
338 application of jasmonate completely restores impaired JA signalling and pollen morphology
339  of athmgh15-4. AtHMGB15 mediated regulation of JA signalling explains the defective pollen
340  development in athmgb15 mutants, as the role of jasmonate in stamen and pollen development
341  has been shown previously (Huang et al., 2017b).

342

343  AtHMGBI15 regulates jasmonic acid biosynthesis and signalling during pollen development
344 Previous studies have established the phytohormone jasmonic acid as one of the major plant
345  hormones required for different stages of flower development, including regulation of anther
346  development, stamen elongation, dehiscence, flower opening and pollen development (Huang et
347 al., 2017a, Huang et al., 2020, Huang et al., 2017b, Ishiguro et al., 2001, Mandaokar and Browse,
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348 2009, Mandaokar et al., 2006, McConn and Browse, 1996, Qi et al., 2015). Mutants deficient in
349  jasmonic acid biosynthesis and signalling were found to have reduced fertility or are male sterile
350 (Cheng et al., 2009, Feys et al., 1994, Ishiguro et al., 2001, Park et al., 2002, Xie et al., 1998). JA
351 signal should be attenuated at an appropriate period with appropriate amplitude during the
352  development process for proper growth and fitness of the plant. This is achieved by a remarkable
353  regulation between JA biosynthesis and JA signalling through positive and negative feedback
354  loops (Wasternack, 2019, Wasternack and Hause, 2013, Zander et al., 2020). While positive
355  feedback increases the jasmonate biosynthesis to activate jasmonate signalling; the negative
356  feedback regulates the activity of TF like MYC2, by activating the expression of negative
357  repressors like JAZ or JAZ splice variants to attenuate the JA signalling(Chini et al., 2007, Chini
358 etal., 2016, Pauwels and Goossens, 2011, Song et al., 2011, Song et al., 2014).

359

360 Regulation of MYC2 mediated JA signalling

361  The basic-helix-loop-helix transcription factor MYC2 is the master regulator of JA-signalling
362 (Kazan and Manners, 2013). The MYC2-dependent transcription of JA responsive genes is
363 tightly regulated by the activity of SCF“°"*-JAZ complex. JAZ1 physically interacts with MYC2
364  and inhibits its transcriptional activity (Acosta and Przybyl, 2019, Chini et al., 2007, Xu et al.,
365 2002). Jasmonate induces SCF°"-dependent proteasomal degradation of JAZ and releases
366 MYC2 for transcriptional activation (Devoto et al., 2002, Kazan and Manners, 2008, Thines et
367 al., 2007). Interestingly, one of the primary targets of MYC2 is the promoter of MYC2 itself
368 along with that of JAZ genes during jasmonate response, indicating that MYC2 activates its
369 transcription as well as its negative regulator, JAZ (Dombrecht et al., 2007, Kazan and Manners,
370 2013, Zander et al., 2020). Thus, JA dependent destruction of MYC2 repressor for activating JA-
371  responsive, followed by MYC2 dependent activation of JAZ repressor, indicates the involvement
372  of a negative feedback loop in JA signalling (Chini et al., 2007). Our results suggest that
373  AtHMGB15 directly binds to the promoter region of MYC2 gene and positively activates the
374  transcription of MYC2. Since the expression of MYC2 is compromised in AtHMGB15 deletion
375  lines, expression of most of the JAZ genes (JAZ1,5,6,7,8 and 10) were found to be down-
376  regulated in athmgb15 mutant (Fig. S6). Down-regulation of MYC2 and JAZ genes suggest that
377  fine tuning of JA signalling is severely affected in athmgb15 mutants.

378  Regulation of JA biosynthesis
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379 The expression of JA biosynthesis genes such
380 as DADL, AOS, AOC1, OPR1, LOX4 and JAR1 were significantly down-regulated
381 inathmgbl5 mutants. Studies have shown that JA biosynthesis is regulated by a positive
382  feedback loop through SCFCOI1-JAZ regulatory module in presence of jasmonate derivative
383  (Devoto et al., 2002) . The proteasomal degradation of JAZ repressor in presence of JA-lle
384  releases MYC2 to bind to JA-responsive elements (G-box) present in the promoters of JA-
385  biosynthesis genes such as AOS, AOC3, OPR3, OPRL1, LOX3 and LOX4 to promote the
386  transcription (Dombrecht et al., 2007, Figueroa and Browse, 2012, Kazan and Manners, 2013,
387  Pozo et al., 2008). The MYC2 dependent transcription of JA biosynthesis genes was further
388 supported by a previous comparative RNA-seq study showing down-regulation of JA
389  biosynthesis genes in MYC2 mutant jin1-8 plants (Lorenzo et al., 2004). Additionally, our results
390 indicate significant down-regulation of JA biosynthesis and signalling genes along with
391 significant decrease in jasmonate content in myc2-2, and jinl-2 mutants. Since the expression of
392 MYC2 is significantly down-regulated in athmgbl5 mutant, we have also observed low
393  expression of JA biosynthesis genes and significant low level of jasmonate in the deletion line.
394  Taken together, our results propose that AtHMGB15 positively regulates MYC2 transcription for
395 the expression of JA biosynthesis genes during pollen development.

396 DAD1 is a chloroplastic phospholipase Al lipase that is involved in the initial step of JA
397  biosynthesis for the formation of a-linonenic acid. dad1l mutants were found to be defective in
398 anther dehiscence, pollen maturation, and flower bud development (Ishiguro et al., 2001, Peng et
399 al., 2013). The expression of DADL1 is regulated by homeotic protein AGAMOUS and Auxin
400 responsive factors ARF6 and ARF8 (Nagpal et al., 2005, Tabata et al., 2010). Our study shows
401  no change in the expression of AGAMOUS or ARFs, however, the expression of COI1 was found
402 to be repressed inathmgbl5 mutants. Study has shown that wound induced expression
403 of DAD1lis lower in JA biosynthesis mutantaos and opr3and completely abolished
404  incoil mutant suggesting that DAD1 expression is regulated by both COI-dependent and
405 independent mechanisms (Rudus et al., 2014, Hyun et al., 2008). Considering these findings, we
406  suggest that transcription of DAD1 is COI1-dependent during the pollen development process.
407 JAR1, CYP94B3 and ST2A are jasmonic acid catabolic enzymes required for the formation of
408  jasmonic acid derivatives JA-lle, 12-hydroxy-JA-lle and 12-HSO4-JA respectively (Ruan et al.,
409 2019, Wasternack, 2019). For JARL, jasmonic acid is the substrate for JA-lle formation;
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410 CYP94B3 use JA-lle for hydroxylation and STA2 uses 12-OH-JA for sulphated derivate
411  (Wasternack and Hause, 2013). Thus, it appears that the biosynthesis of JA catabolites depends
412  upon the availability of its substrate. Since the jasmonic acid content of athmgb15 mutant plants
413  was found to be lower compared to wild-type, we hypothesized that the synthesis of jasmonate
414  derivatives will be lower in mutant plants. Therefore, the expression of genes responsible for the
415  formation of JA-derivatives will be repressed due to positive feedback. Further, Koo et al have
416  demonstrated that the expression of CYP94B3is dependent on COI1, as the expression is
417  completely diminished in coil mutant. Therefore, reduced expression
418  of CYP94B3 in athmgb15 mutant may be due to both, down-regulation of COI1 gene expression
419  and substrate availability (Koo et al., 2011).

420 Repression of Jasmonic acid biosynthesis and signalling causes down-regulation of JA-
421  responsive transcription factor MYB21 and MYB24 in athmgb15 mutant

422  The R2R3-MYB transcription factors, MYB21 and MYB24, are considered as the master
423  regulator of JA signalling during stamen development (Huang et al., 2017a, Huang et al., 2020,
424  Yang et al., 2020). MYB21 and MYB24 expression were found to be down-regulated
425  in athmgb15 mutant. Furthermore, we have shown that AtHMGB15 binds to the promoter
426  of MYB24 and MYB21 and activates their transcription. There may be two possible reasons for
427  the repression of MYBs inathmgbl5 mutant. Firstly, repression of JA biosynthesis
428  in athmgbl5 causes down-regulation of MYB21 and MYB24 expression. This can be supported
429 by a previous studies showing down-regulation of MYB21 and MYB24 expression (5-fold)
430 inopr3mutants (Huang et al., 2020, Song et al, 2011). Also, the expression
431 of MYB21 and MYB24 in opr3 mutant can be restored by exogenous application of JA,
432  suggesting that JA deficiency blocks the expression of these transcription factors. Additionally,
433 Cheng et al have shown that GA-dependent expression of DADlis a prerequisite for the
434 expression of MYB21 and MYB24, suggesting that GA-induced JA biosynthesis regulates the
435  expression of MYB21 and MYB24. The second possibility for the repression of MYBs in
436  AtHMGBI15 deletion lines may be due to its role as a transcription activator for the expression
437  of MYB21 and MYB24. Genetic analysis has indicated that MYB21 and MYB24 are
438 indispensable for stamen growth and development and, myb21myb24 double mutant is
439  completely male sterile with short filaments, delayed anther dehiscence and non-viable pollens

440 (Huang et al., 2020). Interestingly, overexpression of MYB21 partially restores male sterility
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441 incoil and completely restores stamen elongation and fertility in opr3 mutant (Qi et al., 2015).
442  As mentioned earlier, deletion of MYBs or in JA-biosynthesis mutants, stamen growth was
443  found to be arrested so that anther fails to reach stigma for pollination. In athmgb15 flowers, we
444 have found that 30% of flowers showed short filaments. This may be another possible reason for
445  having less seed yields in athmgb15 mutant.

446  AtHMGBI15 interacts with MYC2 to form the activator complex for regulating JA-
447  responsive transcription

448  One of the interesting findings from this study is the physical interaction of AtHMGB15 protein
449  with MYC2 transcription factor. Our finding indicates that AtHMGB15 together with MYC2
450 activates the transcription of MYC2. A previous study by Zander et al have identified that
451 MYC2 binds many targets that do not have canonical G-box DNA sequence motifs (Dombrecht
452  etal., 2007, Figueroa and Browse, 2012, Kazan and Manners, 2013, Pozo et al., 2008, Zander et
453  al., 2020). These targets have AtHMGB15 binding site as one of the enriched motifs present
454 suggesting that MYC2 may bind indirectly to many such targets through its partner protein
455  AtHMGBI15. This study gave a clue that MY C2 needs partner protein such as AtHMGB15 for its
456  activity. Since we have observed direct interaction of MYC2 and AtHMGB15, we believe that
457  the interaction between these two proteins acts as a transcription activator complex in many
458 MYC2 dependent gene expressions during JA signalling. We have observed that other than
459 MYC2, AtHMGBI5 also activate the promoters of MYB transcription factor.

460 In this study, we have for the first time, identified the mechanistic role of ARID/HMG group of
461  nuclear protein in the pollen development process. We have identified the role of AtHMGB15 in
462  the formation of pollen cell wall by positively regulating the expression of a couple of cell wall
463  genes. We have also demonstrated how the role of AtHMGB15 in JA signalling by forming an
464  activator complex with MYC2 transcription factor to activate JA-dependent gene expression
465  during pollen development (Fig. 7D). To date, very less information is available regarding the
466  physiological roles of plant ARID/HMGs, especially in gene regulation and chromatin
467  remodelling. The present study shall be a step forward in this direction and has established a new
468 role of AtHMGBJ15 in transcription activation other than being an HMG-box group of nuclear
469  architectural protein.

470

471  MATERIALS AND METHODS
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472  Plant materials and growth conditions

473  Arabidopsis thaliana ecotype Columbia-O (Col) was used in this study. All the mutants and over-
474 expression lines used in this study were in the Col background. The T-DNA insertion line of
475  AtHMGB15 (GABI_351D08) was obtained from Eurasian Arabidopsis Stock Centre (NASC).
476  Seeds of MYC2 mutants (myc2-2 and jinl-2). The seeds were grown on Murashige and Skoog
477  Agar plates at 22 °C under 16 h:8h light (~150 £ 10 pmol m—2 s—1) and dark cycle in the growth
478  chamber. 20days old seedlings were transferred to soil pots in greenhouse with 60% relative
479  humidity. Freshly opened flowers were collected every day between 9:00 am-11:00 am IST
480 during the flowering stage (flowering stage 13) for downstream experiments. Pictures of
481  Wildtype, athmgb15-4 mutant, athmghb15-4-OEA4 (RE) plants at various growth stages (rosette,
482  inflorescence bolting, fully mature plant with flower and silique stage) were taken using a digital
483  camera. Individual organs such as the flowers and siliques were isolated and investigated for
484  Leica stereo-zoom microscope S9i.

485

486  Generation of Transgenic plants

487  The coding sequence of AtHMGB15 was cloned under 35S in pMDC84 using gateway cloning
488  system (Invitrogen). This construct was used to generate complementation lines constructed in
489 the Col-0 and in the athmgb15-4 mutant background. Plant transformation was performed by
490  Agrobacterium tumefaciens-mediated floral dip method and transgenic plants were selected by
491  hygromycin selection. The complementation lines were confirmed by PCR for insertion of the
492  DNA fragment and gRT-PCR for expression. The list of primers used for this study is presented
493  insupplementary table S1.

494

495  RNA extraction, llumina Sequencing and g-RTPCR

496  Total RNA was isolated from 200mg of young flowers (flowering stage 12-13) of wildtype and
497  athmgb15-4 mutant using RNASure® Mini Kit (Nucleopore-Genetix). RNA isolated from three
498  such replicates were pooled and used for illumine sequencing using 2 x 75 bp chemistry
499  generating 30 million paired-end reads per sample. Processing of raw read, adaptor removing
500 using Trimmomatic v0.35 and mapping of read to Arabidopsis genome (TAIR10) using TopHat
501 v2.1.1 were performed as mentioned earlier. The differential gene expression analysis was
502 carried out using Cufflink v1.3.0 where threshold fold Change was set (FC) values greater than
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503  zero along with P value threshold of 0.05 where threshold fold Change was set (FC) values
504  greater than £1 with P value cut-off filter of 0.05 were considered as differentially expressed
505 genes. For gRTPCR was performed as described earlier. The relative fold change for the gene of
506 interest was calculated with respect to housekeeping gene A¢EF1a transcript (At1g07920) level
507  using 2"**“T method. The significance of the results was analysed by paired two-tailed Student's
508 t-test (P < 0.05) using at least three independent biological replicates. The primers used in the
509 analysis are enlisted in Supplementary Table S1.

510

511 Bioinformatic analysis:

512  The functional annotation clustering and KEGG pathway were generated for the significant
513  DEGs and were analysed using DAVID v6.8. The heatmaps were generated using MeV (v4.9.0).
514  The promoter sequence of MYC2, MYB24, MYB21 was analysed using PlantPAN 3.0.

515

516  Chromatin immunoprecipitation and ChlIP-qgPCR

517  Nuclei from the 700mg of wildtype flower tissue were isolated using the Plant Nuclei isolation
518 kit (Sigma, # CELLYTPN 1) conferring to the manufacturer's protocol. The chromatin
519 immunoprecipitation assay was performed as described previously by (Mallik et al., 2020). and
520 immunoprecipitated DNA was analysed by ChIP-gPCR. The data were normalized with respect
521 to input and fold change was calculated against previously characterised two loci At1g01840 and
522 Atlg01310 using 2"**“T method. Three independent biological replicate samples were used for
523  gPCR experiments, where each sample was collected from >80 wildtype plants in the flowering
524  stage. The significance of the results was analysed by paired two-tailed Student's t-test P <0.05.
525  The primer list for the ChlIP study is attached in the supplementary table S1.

526

527 DNA Binding Assay

528  Electrophoretic mobility shift assay EMSA was performed using the protocol described
529  previously (Roy et al., 2016). DNA fragments (200bp) w from the promoter/upstream region of
530 MYC2, MYB21 and MYB24 containing previously identified AtHMGB15 binding site "A(A/C)—
531 ATA—(A/T)(A/T)" was PCR amplified and end-labelled with [JP?ATP. 5x104cpm yP32
532  labelled DNA (~7 fmol) was mixed with increasing concentrations of AtHMGB15 from 0.5uM
533  to 3uM and the DNA-protein mixture was analysed by 5% native PAGE in 0.5X TBE at 4°C.
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534

535  Scanning Electron Microscopy

536  Pollen grains were isolated from anthers of dried flowers of wildtype, athmgb15-4 mutant and
537 athmgb15-4-OEA4 (RE) and refined by passing them through a series of fine mesh with
538 decreasing porosity. The pollen grains were brushed onto the brass stub with a carbon tape and
539  subjected to gold coating in Edward gold sputter coater. The coated samples were visualised in
540 SEM (FEI 200) under an accelerating voltage of 5, 10 and 20 kV.

541

542  Pollen germination and viability assay

543  Pollen germination assay was done as described previously (Li, 2011). Pollen was isolated from
544  mature wildtype and athmgb15-4 flowers by drying them and then suspending them in a pollen
545  germination medium containing 20% (w/v) Sucrose, 100mM boric acid, 1M CaCl?, 200mM Tris
546 MES, 1M MgSO,, 30% PEG 4000 and 500mM KCI of pH 5.6-6 (Fan et al., 2001). Pollen
547  germination was observed after 2hr, 4hr, 6hr and 24hrs and visualized by microscope (Nikon
548  ECLIPSE Ni). Double staining with fluorescein diacetate and propidium iodide was performed
549  using the method of Chang et al. (2014). A drop containing the stained pollens were viewed
550 under a fluorescence microscope (Nikon ECLIPSE Ni) at 537nm and 480nm wavelengths for PI
551 and FDA respectively.

552

553  Hormone Estimation

554  Jasmonic acid content was estimated using Electron Spray lonisation coupled with Mass
555  Spectroscopy (ESI-MS) as described previously (Liu et al., 2010). 500mg of fresh flower tissue
556  from wildtype, athmgb15-4 and athmgh15-4-OEA4 (RE) plants were homogenised in liquid Ny
557  and extracted overnight with Methanol (HPLC grade) at 4°C. The homogenates were centrifuged
558 and diluted with water (HPLC grade) and subjected to the Sep-pak C18 cartridge (SPE). SPE
559  cartridge was washed with 20% and 30% methanol and finally eluted with 100% methanol. The
560 eluant was 10 times diluted with methanol and analysed by ESI-MS. Analytical standards of
561  Methyl Jasmonate (Sigma® #392707), Jasmonic Acid (Sigma® #J2500) and Jasmonic Acid-
562 Isoleucine (Cayman Chemical® #10740) were used. The relative abundance of all three
563  derivatives in the wildtype, athmgb15-4 and athmgh15-4-OEA4 (RE) samples was obtained and

564  expressed as fold change with respect to wildtype.
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565  Plant treatment

566  For Methyl Jasmonate (MeJA) treatment, the wildtype and athmgbl5-4 plants were grown
567  directly in soil. At the onset of flowering, 0.5 mM and 2 mM MeJA (Sigma® #392707) was
568  sprayed directly onto the flower buds twice a day for two consecutive days. The treated flowers
569  were harvested and used for pollen germination assay (Park et al., 2002).

570

571  GUS Assay

572  GUS assay was performed as described previously (Bedi and Nag Chaudhuri, 2018). 2KB
573  promoter regions of MYC2, MYB21 and MYB24 were cloned into pKGWFS7 vector, containing
574  GUS as the reporter gene, by the Gateway cloning (Invitrogen®). Similarly, the full length
575 coding sequence of AtHMGB15 and MYC2 was cloned in pMDC84 and pCambial304
576  respectively. Overnight culture of Agrobacterium tumefaciens strain EHA105 containing
577 pMYC2, pMYB21, pMYB24 was mixed individually with different combinations of
578  Agrobacterium strain containing 35S::AtHMGB15 and 35S::MYC2 at ODg0.8 and infiltered
579 into the leaves of 6weeks old Nicotiana tabacum plants. The leaf samples after 48hrs of
580 incubation were homogenized and GUS activity was measured using 1 mM MUG at
581  fluorescence at 455 nm (excitation at 365 nm) in a fluorimeter (Thermo Scientific Varioskan
582  Flash). The total protein concentration of extracted leaf samples was measured by Bradford
583  method at 595 nm. GUS activity was represented as nanomoles of 4 -MU produced per mg of
584  protein and the total data was obtained from 15 sets of biological repeats.

585

586 BIFC

587  For BIFC assay, full-length coding sequence of AtHMGB15 and MYC2 were cloned through
588  Gateway cloning system (Invitrogen) into the binary vector pSITE-cEYFP-N1 (CD3-1651) and
589  pSITE-nEYFP-C1 (CD3-1648) respectively. Agrobacterium strain (EHA105) transformed with
590 the cloned vectors along with the empty vectors as control were infiltered into onion epidermis
591 as done previously (Roy et al., 2019). The inner epidermal peels were isolated and subjected to
592  wash with 1% PBS for 16 h, after which they were mounted on slide and observed for interaction
593  under the confocal microscope.

594
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595 Data Availability

596 The datasets generated during this current study are available in the NCBI Sequence Read
597  Archive repository (https://www.ncbi.nlm.nih.gov/sra/PRINA874885) under the Accession ID:
598 PRJNA874885.
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822

823 FIGURE LEGENDS

824

825  Figure 1: Phenotypic characterization of athmgb15-4 mutant. A (i) Schematic showing the
826  position of T-DNA insertion in the 1st exon of AtHMGB15 (At1g04880) and the position of
827 PCR primers used for mutant screening. (i) PCR confirmation of athmgbl5 homozygous
828 line. (iii) g-RTPCR showing significant reduction of AtHMGB15 transcript in athmgb15-4 lines.
829  Error bars represent mean £ SD (n=3). B (i) Wild-type and athmgh15-4 at the rosette stage.
830 Scale bar=2cm. (ii &iii) Delayed flowering of athmgb15-4 compared to wildtype. Scale
831  bar=2cm. (iv) Quantitative analysis of flower bolting between athmgb15-4 and wildtype. The
832  experiments were done from seeds of 4-5 independent harvests. Data were collected from 100
833  plants of each batch and error bars represent mean £ SD (n=400) and significance was calculated
834 Dby paired two-tailed student's t-test (*denotes P < 0.05). C (i) Comparative silique length of
835 wildtype and athmgb15-4. Scale bar=5mm. (ii) quantitative silique fresh weight between
836 athmgbl5-4 and wildtype. Measurement was done using 20 siliques for each observation. Error
837  bars represent mean = SD (n=6). (iii) comparison of seed set between wildtype and athmgb15-4.
838 Scale bar=2.5mm. (iv) seed numbers were counted from mature siliques of wildtype
839 and athmgb15-4. Error bar represents mean £ SD (n=30). The significance of all these results
840  was analysed by paired two-tailed student's t-test.

841

842  Figure 2: athmgb15-4 have impaired pollen morphology and pollen germination compared
843  to wildtype. A. Scanning electron microscopy (SEM) of pollens isolate from wildtype showing
844  ellipsoidal shape with reticulate ornamentations. B. Representation of defective pollen
845  morphology of athmgb15-4 mutant having a circular shape with irregular ornamentation. The
846  experiment was repeated at least 10 times with pollens isolated from different batches of
847  wildytype and athmgb15-4. C. Expression of cell wall biosynthesis genes between wildtype
848  and athmgb15-4 using gq-RTPCR. The fold change was represented with respect to wildtype.
849  Error bars represent mean + SD (n=3) and significance (p<0.0005) was analysed by paired two-
850 tailed student's t-test. D. Freshly isolated pollens from (i) wildtype and (ii) athmgbl15-4 were
851  subjected to in vitro germination for different time periods. (iii) & (iv) Graphical representation

852  of rate of pollen germination of wildtype and athmgbl15-4 respectively. Error bars represent
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853 mean = SD (n=5) and the significance of the result was analysed by one-way ANOVA
854  (p<0.005). E. Pollen viability was measured using fluorescein diacetate and propidium iodide.
855 Box plot representation of pollen viability between wildtype and athmgb15-4. Error bars
856  represent mean + SD (n=12). The significance of all these results was analysed by paired two-
857  tailed student's t-test.

858

859  Figure 3: AtHMGBI15 deletion affects jasmonic acid pathway. Comparative transcriptome
860  between wildtype and athmgbl5 flowers were performed to identify the candidate genes
861 involved in pollen development. A (i) KEGG analysis for significant DEGs using DAVID v 6.8
862  (ii) Functional annotation clustering showing enrichment of jasmonic acid pathway. B. Heatmap
863  generated with log10(FPKM) of genes involved in JA biosynthesis and signalling. C. Expression
864  of differentially regulated JA biosynthesis and signalling genes was analysed between wildtype
865 and athmgb15-4 using g-RTPCR. The fold change was represented with respect to wildtype.
866  Error bars represent mean = SD (n=3). The significance of all these results was analysed by
867  paired two-tailed Student's t-test. * Denotes p<0.05, **p<0.005, ***p<0.0005 and ****
868  p<0.00005.

869

870  Figure 4: Complementation of athmgb15-4 mutant line with AtHMGB15 restores pollen
871 morphology and pollen tube germination. A (i) comparative flower bolting between
872  wildtype, athmgh15-4 and athmgh15-4-OEA4 (RE). Scale bar=2cm. (ii) silique length of
873  wildtype, athmgb15-4 and RE. Scale bar=4mm. (iii) qRT-PCR to check AtHMGB15 transcript
874  level in wildtype, athmgb15-4 and RE. The fold change was represented with respect to
875  wildtype. Error bars represent mean + SD (n=3) and statistical significance (p<0.05) was
876  analysed by paired two-tailed student's t-test. a denotes a significant difference between wildtype
877  vs athmgbl15-4, b denotes between wildtype vs RE, ¢ denotes between athmgb15-4 vs RE. B. (i-
878 iii) comparative in vitro pollen germination between wildtype, athmgb15-4 and
879  RE (iv) quantification of the rate of pollen germination. Error bars represent mean + SD (n=3).
880  Statistical significance (p<0.05) was analysed by two-way ANOVA with Fisher’s LSD test,
881 adenotes a significant difference between wildtype vs athmgb15-4, b denotes between wildtype
882  vs RE, c denotes between athmgb15-4 vs RE and d denotes the significance of the three samples

883  within the time point. C. SEM analysis of pollen morphology. D expression of JA biosynthesis

28


https://doi.org/10.1101/2022.11.10.515973

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.10.515973; this version posted November 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

884  and signalling genes in wildtype, athmgb15-4 and RE flowers. The fold change was represented
885  with respect to wildtype. Error bars represent mean + SD (n=3) and significance (p<0.05) was
886 analysed by paired two-tailed student's t-test. a denotes a significant difference between
887  wildtype vs athmgb15-4, b denotes between wildtype vs RE, ¢ denotes between athmgb15-4 vs
888 RE.

889

890  Figure 5: athmgb15-4 mutants have reduced levels of JA and its derivatives. A. JA and its
891  derivatives were measured from the flowers of wildtype, athmgh15-4 and RE and represented as
892 fold change with respect to wildtype. Error bars represent mean + SD (n=3) with significance
893  (p<0.05) was analysed by paired two-tailed student's t-test. a denotes a significant difference
894  between wildtype vs athmgh15-4, b denotes between wildtype vs RE and ¢ between athmgb15-
895 4 vs RE. B. (i-iii) Restoration of in vitro pollen germination of athmgb15-4 on treatment with
896  exogenous methyl jasmonate (0.5mM and 2mM). (iv) quantification of the rate of pollen tube
897  germination in presence of different concentrations of methyl jasmonate. Error bars represent
898 mean = SD (n=3). Statistical significance was analysed by two-way ANOVA with Fisher’s LSD
899  (p<0.05). a denotes significance within the samples, b denotes significance between athmghb15-
900 4vsathmgbl5-4 with 0.5mM MeJA andcdenotes significance between athmghl5-
901 4 vs athmgb15-4 with 2mM MeJA.

902

903  Figure 6: AtHMGBI15 acts as a transcriptional activator for the expression of MYC2. A.
904 ChIP analysis shows AtHMGB15 occupancy at the promoter/ upstream of MYC2,
905 MYB21and MYB24. The data was normalised with no binding regions corresponding to
906  At1g01840 and At1g01310. Error bars represent mean + SD (n=3). The significance of the result
907 was analysed by paired two-tailed student's t-test (p<0.05).a denotes significance when
908 normalized with At1g01840 and b denotes normalized with At1g01310. B. EMSA showing
909  binding of recombinant AtHMGB15 to 32P labelled DNA fragments correspond to the upstream
910  region of MYC2, MYB21 and MYB24. C. 2kb promoter region of MYC2 (pMYC2) was cloned
911  with GUS reporter and Agrobacterium mediated infiltration was done with 35S::AtHMGB15 and
912  35S::MYC2 in Nicotiana tabacum. GUS reporter gene assay was done after 48hrs using MUG.
913  Error bars represent mean + SD (n=15). Statistical significance was analysed by paired two-
914  tailed Student's t-test (p<0.05).adenotes significance between pMYC2 and pMYC2 with
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915 different combination of proteins used in the experiment and b denotes significance between
916 pMYC2+AtHMGB15(A4) and pMYC2+AtHMGB15 (A4) + MYC2 proteins. D. BIiFC
917  confirming the interaction between AtHMGB15 and MYC2 in onion epidermal cells using split
918 YPF. AtHMGB15-cYFP +pSITE-nYFP-C1 and MYC2-nYFP +pSITE-cYFP-N1 was used as
919  control. Scale bar=50um.

920

921 Figure 7: AtHMGB15 promotes transcription of MYBs. A. (i) Expression of JA genes
922  in MYC2 knockout mutants myc2-2 and jin1-2 and compared with the expression in athmgb15-
923 4using g-RTPCR. The fold change was represented with respect to wildtype. Error bars
924  represent mean £ SD (n=4). and the significance of the result was analysed by one-way ANOVA
925  with Fisher’s LSD (p<0.005). (ii) comparative JA and its derivatives content in flowers of
926  wildtype and MYC2 knockout mutants myc2-2 and jinl-2. Error bars represent mean + SD
927  (n=3). The significance of all these results was analysed by paired two-tailed Student's t-test. *
928  Denotes p<0.05, **p<0.005 and ***p<0.0005. B. (i & ii) 2kb promoter regions of MYB21
929 (pMYB21) and MYB24 (pMYB24) were cloned with GUS reporter and Agrobacterium
930 mediated infiltration was done with 35S::AtHMGB15 and 35S::MYC2 in Nicotiana
931 tabacum. GUS reporter gene assay was done after 48hrs using MUG. Error bars represent mean
932 + SD (n=15) and significance was analysed by paired two-tailed Student's t-test (p<0.05).
933 adenotes significance between pMYB24/pMYB21 with different combination of proteins used
934 in the experiment and b denotes significance between
935 pMYB21+AtHMGB15(A4)/pMYB21+MYC2 and pMYB21+AtHMGB15 (A4) +MYC2
936  proteins C. Comparison of stamen phenotype between wildtype, athmgbl5 and athmgb15-4-
937 OEA4 (RE). D. Proposed model elucidating the role of AtHMGB15 in activating the JA
938 pathways by forming an activation complex with MYC2 to regulate stamen and pollen
939  development.
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948  Figure 1: Phenotypic characterization of athmgb15-4 mutant
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950 Figure 2: athmgb15-4 have impaired pollen morphology and pollen germination compared
951  to wildtype.
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952
953  Figure 3: AtHMGBJ15 deletion affects jasmonic acid pathway.
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Figure 4: Complementation of athmgb15-4 mutant line with AtHMGB15 restores pollen

morphology and pollen tube germination.
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Figure 5: athmgb15-4 mutants have reduced levels of JA and its derivatives.
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960  Figure 6: AtHMGB15 acts as a transcriptional activator for the expression of MYC2,
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