








 

Figure 7. (a) Venn diagram showing the number of up- and down-regulated differentially expressed genes 
(DEGs) in mature pollen (DEGs) in JA90R vs WT, and L90R vs WT under heat stress (H) (37°C). 
Overlapping regions indicate common DEGs between the comparisons. (b) Volcano plots displaying the 
distribution of DEGs based on log₂(Fold Change) and -log₁₀(p-value) for WT vs L90R (left), and WT vs 
JA90R (right) under heat stress (H) (37°C). Points in orange and blue represent significantly up-regulated 
and down-regulated genes, respectively. (c, d) the biological processes represented by the up-regulated and 
down-regulated genes in (c) L90R and (d) JA90R under heat stress (H). Blue bars representing down-
regulated biological processes and orange bars showing up-regulated processes.!
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Figure 8. (a) log₂(Fold Change) values for selected genes involved in DNA repair in WT vs L90R under 
heat stress (H) (b) Model illustrating critical interactions between genes in DNA repair pathways, 
emphasizing the dependence of Non-Homologous End Joining (NHEJ) on HSP90 and the complementary 
function of Mismatch Mediated Repair (MMR) in L90R-H by up-regulating PMS1 (c) Heatmap of 
chromatin remodelling related genes in WT vs L90R under heat stress (H). (d-j) log₂(Fold Change) values 
for selected genes involved in stress response in WT vs L90R under heat stress. Blue bars represent up-
regulated genes, while orange bars represent down-regulated genes. 
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Figure 9. The STRING network analysis illustrates the protein-protein interaction (PPI) network of key 
DEGs in L90R under heat stress related to DNA Repair, Chromatin remodelling and DNA methylation. 
Each cluster is shown by different colour indicated in the table.  
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Figure 10. This model highlights the regulatory modifications in HSP90 RNAi lines that facilitate resilience 
under adverse conditions via a coordinated network of protein folding, reactive oxygen species scavenging, 
and stress signalling pathways. L90R under normal conditions (22 °C) – L90R-C. In control conditions, 
HSF-targeted genes are involved in regulating the ABA pathway, influencing carbohydrate and energy levels 
to maintain homeostasis. Target genes like DREB2A, NRP1, MYB aid in reactive oxygen species (ROS) 
scavenging through GSTU3, GSTU4, GSTU5 and GSTU19 enzymes, which mitigate oxidative damage. (b) 
L90R under heat stress (37 °C) – L90R-H: HSP90 knockdown impaired oxidative damage, leading to shift 
in stress response regulation by initiating ER (endoplasmic reticulum)-generated stress responses, including 
activation of DREB2A and HSF, which regulate genes like bHLH50 and bHLH74 for enhanced protein 
folding and stress resilience. ROS scavenging is intensified with the up-regulation of CAT and GSTU19. 
The unfolded protein response (UPR) mechanism is activated, with proteins such as BIP and various PDIL 
proteins promoting cellular stability. Chromatin Remodelling genes and DNA methylation related aid in 
silencing sensitive genes and increasing the genome stability. DNA repair by up-regulation of Pms1 complex 
part of the mismatch repair (MMR) pathway contributing to genome stability and the stress adaptation. 
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Supplemental Data 

 

 

Figure S1. Hierarchical clustering heatmap showing gene expression across pollen developmental 
stages under heat stress: Uni-cellular (UN), early bi-cellular  (EB), bi-cellular (BC), tri-cellular (TC), and 
mature pollen (MP). Sample groups are color-coded as indicated in the top left legend. Expression levels 
are represented by Z- scores, with a cutoff of ±4, where purple indicates up-regulation (Z ≥ 4) and green 
shows down-regulation (Z ≤ -4).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.21.660849doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.21.660849
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure S2. Localization and distribution of gene regulatory motifs in vicinity of ATG in genes highly 
expressed across pollen developmental stages under heat stress. (a) HSE motif (nGAAnnTTCnnGAAn), 
(b) Telo-box (TAGGGTTT), (c) DRE/CRT-box (CCGAC), (d) TATA-box and (e) LAT52 promoter motif, 
were analyzed by the GOLEM program (https://golem.ncbr.muni.cz) in the promoters of the genes with the 
highest transcriptional activity during male gametophyte development. The developmental stages included: 
uni-cellular  (UN), early bicellular (EB), bicellular (BC), tri-cellular  (TC), mature pollen (MP) Motif 
distribution across the genome (grey) was compared to their occurrence in genes highly expressed  under 
control condition (green) and heat stress (yellow). The genes expressed in the 90th percentile are shown 
within the range <-1000, 1000> bp. The axis size was adjusted in each row. 
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Figure S3. Comparative analysis of differentially expressed genes (DEGs) in heat stressed pollen of 
L90R and JA90R compared with DEGs in 35S:HSFA1b vs heat stressed WT in sporophytic tissue (leaves) 
(a) The Venn diagram shows the overlap in total DEGs among 35S::HSFA1 vs. WT under heat stress (red), 
L90R vs. WT (blue), and JA90R vs. WT (green). (b) The Venn diagram shows the overlap in up-regulated 
DEGs among 35S::HSFA1 vs. WT under heat stress (red), L90R vs. WT (blue), and JA90R vs. WT (green). 
(c) The Venn diagram shows the overlap in down-regulated DEGs among 35S::HSFA1 vs. WT under heat 
stress (red), L90R vs. WT (blue), and JA90R vs. WT (green). 
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Figure S4. Comparative analysis of top 50 differentially expressed genes (DEGs) in heat stressed pollen 
of L90R and JA90R compared with heat stressed WT pollen. (a) Heatmap of top 50 DEGs comparing WT 
and L90R under heat stress (37°C), (b) Heatmap of top 50 DEGs comparing WT and L90R under heat stress 
(37°C), showing the expression levels of genes. Orange indicates up-regulation, whereas blue indicates 
down-regulation. 
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Figure S5. (a) Heatmap of heat stress-related genes, which are differentially expressed in JA90R vs L90R 
under heat stress conditions (b) log₂(Fold Change) values for selected genes involved in heat stress response 
in WT vs JA90R under heat stress (37°C). Blue bars represent down-regulated genes, while orange bars 
represen up-regulated genes.  

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2025. ; https://doi.org/10.1101/2025.06.21.660849doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.21.660849
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table S1. The down-regulation of genes involved in DNA metabolism and chaperone activity in mature 
pollen of L90R compared to WT is depicted. Differential gene expression analysis highlights significant 
reductions in the expression levels of these functional gene categories, suggesting a potential impact on 
DNA repair mechanisms and protein folding capacity in mature pollen in L90R lines 

 

  

 

     Supplementary data S1. Gene onthology analysis for pollen stages under heat stress.  

     Supplementary data S2. DEGs in pollen stages under heat stress. 

     Supplementary data S3. DEGs in L90R and JA90R under heat stress. 

     Supplementary data S4. DEGs in 35S::HSFA1B under heat stress. 
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