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Supplemental information, Figures S1 through S15.

This file contains the following Supplemental Figures, each on a separate page:

Figure S1. Tetrapyrrole profiling of fc2 mutants.
Figure S2. Visualization of variance among RNA-seq replicates used in the study.

Figure S3. Volcano plot analysis of mean differential gene expression between genotypes in a
single condition.

Figure S4. Gene ontology analyses of differentially expressed genes in fc2 mutants.
Figure S5. Analysis of stress marker gene expression in the single pub4 mutant.
Figure S6. Gene ontology analyses of differentially expressed genes in fc2 pub4.

Figure S7. WRKY, ERF, and NAC transcription factor networks are induced by chloroplast
singlet oxygen accumulation.

Figure S8. Gene Ontology term enrichment of differentially expressed transcription factors genes
and transcription factor gene families.

Figure S9. WRKY and NAC transcription factor targets are induced by chloroplast singlet
oxygen accumulation and activation of NAC targets is blocked by the pub4 mutation.

Figure S10. Gene ontology analyses of differentially expressed plastid protein-encoding genes in
fc2 mutants.

Figure S11. Gene ontology analyses of differentially expressed plastid protein-encoding genes
shared between fc2 and fc2 pub4 mutants.

Figure S12. Gene ontology analyses of differentially expressed plastid protein-encoding genes
unique to fc2 pub4 mutants.

Figure S13. Relative expression of plastid protein-encoding genes during singlet oxygen stress.

Figure S14. Analysis of salicylic acid response marker gene expression in the single pub4
mutant.

Figure S15. Activation of senescence pathways is blocked by the pub4 mutation.
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Figure S1. Tetrapyrrole profiling of fc2 mutants.

Protochlorophyllide and total chlorophyll content was determined in wt and fc2 plants. (a) Mean
protochlorophyllide levels (%wt in constant (24h) light) (+/- SEM) of seven-day-old seedlings
grown under constant (24h) light conditions for six days and then incubated in the dark for 18
hours (18h dark). As a control, another set of seedlings was kept in constant light conditions
(constant light) (n > 3 biological replicates). (b) Mean total chlorophyll content (ng / seedling) (+/-
SEM) of five-day-old seedlings grown in 24h light conditions (n = 6 biological replicates).
Statistical analyses were performed by a one-way ANOVA test followed by Tukey's HSD. Letters
indicate statistically significant differences between samples (P < 0.05). Closed circles represent
individual data points.
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Figure S2. Visualization of variance among RNA-seq replicates used in the study.
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Shown are two analyses to visualize variance among the 18 RNA-seq replicates used in this study.
Three genotypes (wt, fc2, and fc2 pub4) were grown in two conditions (19 days in constant light
conditions (24h) or 17 days of constant light conditions followed by two days on 16h light/8h dark
diurnal cycling light conditions (cycling)) for a total of 6 groups with three replicates each. (a)
Principal component analysis (PCA) scatter plot showing variance of the RNA-seq replicates.
Principal component (PC) 1 and PC2 are plotted and colored by genotype (wt, fc2 and fc2 pub4)
and growing condition (constant light (24h) and 16h light/8h dark diurnal cycling light (cycling)
conditions) for each replicate (3 each). The genotypes and conditions are color coded according to
the key on the right. PCA was performed using feature count matrix produced from the RNA-seq
data sets. Variation percentage for each PC (PC1: 67% variance, PC2: 24% variance) reported in
brackets with the axis label. (b) Shown is a distance matrix for the same 18 replicates. The heatmap
was generated using feature count matrix produced from the RNA-seq data sets and the clustering
of samples show an overview of similarities and dissimilarities between the replicates. Shades of
grey indicate distance between samples with darker shades indicating smaller distance and lighter
shades indicating greater distance.
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Figure S3. Volcano plot analysis of mean differential gene expression between genotypes in a
single condition.

Volcano plots showing pairwise comparisons between genotypes (wt vs. fc2 or wt vs. fc2 pub4)
within a single condition (permissive constant light (24h) conditions or two days of singlet oxygen-
producing 16h light/8h dark diurnal cycling light conditions (cycling)). Expression data is from
the DESeq?2 analysis of the included RNA-seq data set; (a) fc2 vs. wt in cycling light conditions,
(b) fc2 vs. wt in 24h light conditions, (c¢) fc2 pub4 vs. wt in cycling light conditions, and (d) fc2
pub4 vs. wt in 24h light conditions. The y-axis represents the negative logio-transformed P-values
from gene-specific tests, and the x-axis shows the log, fold change (FC). Red dots represent
differentially expressed genes (DEGs) according to the logoFC and padj cut-off values of > +/-1
and < 0.01 respectively. Green dots represent DEGs that only pass the log2FC cutoff, blue dots
represent DEGs that only pass the logoFC cutoff, and dark grey dots represent DEGs that did not
pass either cutoff. The most upregulated genes are towards the right, the most downregulated genes
are towards the left, and the most statistically significant genes are towards the top.




Rai, S. et al. 2025 Supplemental information — Additional file 1

shared between fc2 vs. wt and

(a) fc2 vs. wt - 24h - up-regulated (b) fc2 pub4 vs. wt - 24h - up-regulated
Pollen exine formation = ——— Response to unfolded protein = —————
Pollen wall assembly = e— Response to hydrogen peroxide = m————f
Cellular component assembly involved in morphogenesis * n— N. of Genes Cellular response to topolagically Incorrect protein N. of Genes
. Ol Response to virus = s— * 20
Cellular component morphogenesis = n—— ® 3 ® 25
® 10 Response to reactive oxygen species = m— ® 30
Response to hydrogen peroxide = m—— ® 12 ® 35
Response to heat = =—) ® 40
Protein complex oligomerization = — :
—log10(FDR) Response to oxidative stress = =@
Response to reactive oxygen species = =g 5.5 -log10(FDR)
Response to salt stress = ==g
6.0 25
Anatomical structure formation involved in morphogenesis « m=—=g 6.5 Response to temperature stimulus = 3 3.0
Response to heat - =@ Response to inorganic substance = ==
Cellular developmental proc. = “@ Cellular response to stress = “@
0 20 40 60 0 25 50 75 100 125
Fold Enrichment Fold Enrichment

Figure S4. Gene ontology analyses of differentially expressed genes in fc2 mutants.

Shown are gene ontology (GO) term enrichment analyses of the identified differentially expressed
genes (DEGs) in this study. (a) GO-term enrichment from the 69 up-regulated DEGs from fc2 vs.
wt under constant (24h) light conditions. (b) GO-term enrichment from the 11 shared up-regulated
DEGs between fc2 vs. wt and fc2 pub4 under constant (24h) light conditions. GO-term enrichment
analyses were performed using ShinyGO 0.82 with an FDR cutoff of p < 0.01. x-axes indicate
fold-enrichment. The ball size indicates number of genes. The line colors represent FDR values.
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Figure S5. Analysis of stress marker gene expression in the single pub4 mutant.

Shown are transcript profiles from 21-day-old plants as measured by RT-qPCR. (a-c) Transcript
levels of defense-related genes (Chitinase AT2g43620, AAP3, PTR3) in plants grown under 24h
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constant light conditions. (d-g) Transcript profiles of PUB4-dependent stress marker genes (BAP1,
SIB1, NOD, ZAT12) that are up-regulated in fc2. Plants were grown for 19 days in 24h constant
light conditions and shifted to cycling light conditions (16h light / 8h dark) for two days and
harvested one hour after subjective dawn. (h-j) Transcript profiles of PUB4-dependent stress
marker genes (CAI, CHLH, LHCB1.2) that are down-regulated in fc2. The same cDNA probed in
panels d through g was used. Shown are mean values compared to ACTIN2 expression (+/- SEM)
and normalized to wt (n = 3 plants [total above ground tissue]). Statistical analyses were performed
using one-way ANOVA tests, and the different letters above the bars indicate significant
differences within data sets determined by Tukey-Kramer post-tests (P < 0.05). Closed circles
indicate individual data points.
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Figure S6. Gene ontology analyses of differentially expressed genes in fc2 pub4.

Shown are gene ontology (GO) term enrichment analyses of the identified differentially expressed
genes (DEGs) in this study. (a) GO-term enrichment from the 80 shared up-regulated DEGs
between fc2 vs. wt and fc2 pub4 under 16h light/8h dark diurnal cycling light (cycling) conditions.
(b) GO-term enrichment from the 80 shared down-regulated DEGs between fc2 vs. wt and fc2
pub4 under 16h light/8h dark diurnal cycling light (cycling) conditions. GO-term enrichment
analyses were performed using ShinyGO 0.80 with an FDR cutoff of p < 0.01. x-axes indicate
fold-enrichment. The ball size indicates number of genes. The line colors represent FDR values.
(c) RNA-seq analysis of plants grown in cycling light conditions was confirmed by RT-qPCR
using RNA extracted from an independent set of plants grown in the same conditions (17 days of
24h constant light conditions, followed by two days of 16h light/8h dark diurnal cycling light
conditions and harvested one hour post dawn). Shown is the correlation of independent RNA-seq
and RT-qPCR analyses of pairwise comparisons between wt and fc2 under cycling light conditions
and wt and fc2 pub4 under cycling light conditions. The fold change values (logz) of nine nuclear
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genes (SIB1, PAO, CHLH, LOX4, AOC3, EDS16, CAM1, GPAI, PAPI) are plotted (total of 18
comparisons). Expression values normalized to expression of ACTIN2.
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Figure S7. WRKY. ERF. and NAC transcription factor networks are induced by chloroplast
singlet oxygen accumulation.
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The RNA-seq data set was analyzed for differentially expressed transcription factors (DETFs). (a)
A heatmap showing the change in expression of 254 DETFs identified from all differentially
expressed genes (DEGs) lists from pairwise comparisons between wt and the mutants (fc2 or fc2
pub4) in each condition (constant light conditions (24h) or 16h light/8h dark diurnal cycling light
conditions (cycling) (cutoffs > +/- 1.0 log2FC, padj <0.01). Red color indicates up-regulation, blue
indicates down-regulation, and black indicates no change. (b) Venn diagram comparing the DETFs
identified in DEG lists obtained from “fc2 vs. wt — cycling” (219 genes) and “fc2 vs. wt - 24h” (13
genes). (¢) Venn diagram comparing the DETFs identified in DEG lists obtained from “fc2 vs. wt
— cycling” (219 genes) and “‘fc2 pub4 vs wt — cycling” (41 genes). (d) Enrichment of up-regulated
(red bars) and down-regulated (blue bars) DETF families from “fc2 vs. wt — cycling” and “fc2
pub4 vs. wt — cycling” analyses. n represents the count of respective TF family genes represented
in each list. A hypergeometric test followed by the Benjamini—-Hochberg method was used to
determine the False Discovery Rate (FDR) (* = P <0.05, ** = P <0.01, *** = P <0.001, **** =
P <0.0001).
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Figure S8. Gene Ontology term enrichment of differentially expressed transcription factors genes
and transcription factor gene families.
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Differentially expressed transcription factor (DETF) and DETF families from the “fc2 vs. wt —
cycling” (219 genes) and “fc2 pub4 vs. wt — cycling” (41 genes) pairwise comparisons were
assessed for biological process (BP) gene ontology (GO) term enrichment. (a) BP GO term
enrichment from the “fc2 vs. wt — cycling” pairwise comparison (219 genes). (b) BP GO terms
enrichment from the “pub4 vs. wt -cycling” pairwise comparison (41 genes). (¢) BP GO term
enrichment of WRKY (32 genes), ERF (25 genes), and NAC (23 genes) transcription factor (TF)
family genes up-regulated in the “fc2 vs. wt — cycling” pairwise comparison. (d) BP GO term
enrichment of WRKY (32 genes) and ERF (25 genes) TF family genes up-regulated in the “fc2
pub4 vs. wt — cycling” pairwise comparison. Red bars = up-regulated and blue bars = down-
regulated, respectively. GO term enrichment analysis was performed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) 2021 (https://david.ncifcrf.gov/).
Top 10 significant terms (where applicable) are reported. n represents the count of respective TF
or TF family genes represented in each list. An FDR < 0.05 cutoff was applied to enriched GO
terms found in this analysis.
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Figure S9. WRKY and NAC transcription factor targets are induced by chloroplast singlet oxygen
accumulation and activation of NAC targets is blocked by the pub4 mutation.

15



Rai, S. et al. 2025 Supplemental information — Additional file 1

Transcript levels determined by RNA-seq analyses was used to determine the transcription factors
(TFs) whose targets were enriched in chloroplast singlet oxygen (10>) signaling. Venn diagrams
depicting the transcription factor enrichment analyses (TFEAs) which identified the TFs with
enriched targets in (a) up-regulated and (b) down-regulated genes identified in differentially
expressed gene (DEG) lists obtained from “fc2 vs. wt — cycling” and “fc2 pub4 vs. wt — cycling”
pairwise comparisons. (¢) Enrichment of TF families from “fc2 vs. wt — cycling” and “fc2 pub4
vs. wt — cycling” pairwise comparisons whose targets were significantly enriched in their
corresponding DEG lists. Red bars = up-regulated and blue bars = down-regulated, respectively.
n represents the count of respective TF family genes represented in each list. A hypergeometric
test followed by the Benjamini—Hochberg method was used to determine the False Discovery Rate
(FDR) (*=P<0.05, **=P<0.01, ***=P<0.001, **** = P<0.0001). Venn diagram comparing
the DETFs identified in Figs. S7b and ¢ with TFs obtained from the TFEA using up- and down-
regulated DEGs from (d) “fc2 vs. wt — cycling” (262 TFs) and (e) “fc2 pub4 vs. wt — cycling” (98
TFs) pairwise comparisons.
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Figure S10. Gene ontology analyses of differentially expressed plastid protein-encoding genes in

fc2 mutants.
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Shown are gene ontology (GO) term enrichment analyses of the identified differentially expressed
plastid protein encoding genes (PPEGs) in this study. (a) GO-term enrichment from the 160 up-
regulated PPEGs from fc2 vs. wt under 16h light/8h dark diurnal cycling light conditions (cycling).
(b) GO-term enrichment from the 975 down-regulated PPEGs from fc2 vs. wt - cycling. GO-term
enrichment analyses were performed using ShinyGO 0.80 with an FDR cutoff of p < 0.01. x-axes
indicate fold-enrichment. The ball size indicates number of genes. The line colors represent FDR

values.
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Figure S11. Gene ontology analyses of differentially expressed plastid protein-encoding genes
shared between fc2 and fc2 pub4 mutants.
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Shown are gene ontology (GO) term enrichment analyses of the identified differentially expressed
plastid protein encoding genes (PPEGs) in this study. (a) GO-term enrichment from the shared 25
up-regulated PPEGs between fc2 vs. wt — cycling and fc2 pub4 — cycling. (b) GO-term enrichment
from the shared 322 down-regulated PPEGs between fc2 vs. wt — cycling and fc2 pub4 — cycling.
GO-term enrichment analyses were performed using ShinyGO 0.80 with an FDR cutoff of p <
0.01. x-axes indicate fold-enrichment. The ball size indicates number of genes. The line colors
represent FDR values.
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Figure S12. Gene ontology analyses of differentially expressed plastid protein-encoding genes
unique to fc2 pub4 mutants.
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Shown are gene ontology (GO) term enrichment analyses of the identified differentially expressed
plastid protein encoding genes (PPEGs) in this study. (a) GO-term enrichment from the unique 61
up-regulated PPEGs from fc2 pub4 — cycling. (b) GO-term enrichment from the unique 39 down-
regulated PPEGs from fc2 pub4 — cycling. GO-term enrichment analyses were performed using
ShinyGO 0.80 with an FDR cutoff of p < 0.01. x-axes indicate fold-enrichment. The ball size
indicates number of genes. The line colors represent FDR values.
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Figure S13. Relative expression of plastid protein-encoding genes during singlet oxygen stress.
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Relative expression of select (a) plastid-encoded and (b) nuclear encoded (right column)
chloroplast proteins in fc2 and fc2 pub4, grown in 16h light/8h dark diurnal (cycling) light
conditions, compared to wt. Shown are Log> Fold Change values from the DESeq?2 analysis of the
included RNA-seq data set. Values shaded in blue pass the significance cutoff (padj < 0.01), and
values in red font do not. The left columns indicate the protein complexes in which these gene
products reside. Immunoblot analysis of selected plastid-encoded proteins (¢) RbcL, (d) PsaA, (e)
PsbD, and (f) and (g) PetB. from leaves of three-week-old plants grown in constant (24h) light
conditions or grown in 24h light conditions and shifted to 16h light/8h dark diurnal (cycling) light
conditions for two (F) or seven (C, D, E, and G) days. Shown are mean values compared to actin
levels (+/- SEM) and normalized to wt in 24h light conditions (n > 3 leaves from separate plants).
Statistical analyses were performed using one-way ANOVA tests, and the different letters above
the bars indicate significant differences within data sets determined by Tukey-Kramer post-tests
(P <0.05). Separate analyses were performed for the different light conditions, and the significance
for the cycling light condition is denoted by letters with a prime symbol (). Statistical analyses of
genotypes between conditions were performed by student’s t-tests (*, P < 0.05; ns, P > 0.05).
Closed circles indicate individual data points.
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Figure S14. Analysis of salicylic acid response marker gene expression in the single pub4 mutant.
Shown are transcript profiles from 21-day-old plants as measured by RT-qPCR. (a-d)Transcript
levels of salicylic acid (SA)-response genes (PRI, PR2, WRKY33, and WRKY40) in plants grown
under 24h constant light conditions. Shown are mean values compared to ACTIN2 expression (+/-
SEM) and normalized to wt (n = 3 plants [total above ground tissue]). Statistical analyses were
performed using a student’s t-test and p values are indicated in each graph. Closed circles indicate
individual data points.

25



Rai, S. et al. 2025 Supplemental information — Additional file 1

Expression of senescence associated genes
(a) I

1.5

-1.5
Z score

g \q %g\ %\éx %&\
8, K K\ K\
9 Vo X X
0 cﬁo ) Q\Soc.}\(\% Q‘SO@S‘Q
@
A\ A\
) (0)1 0- W 24h [Jcycling
growth 100 um laaa gp g
condition MeJA 0.8- =
cycling . ]
light - N °°
o - S
light : 0
wt fc2  fc2 “]
pub4 0.0
$\s\c:1’\$ob‘ &\C{J’\SOD‘
QR QR
O O
(d) []-JA @ +A (e _
1.01 Z 50 [J-A @ +A
* Q *
(@]
ool s | = B Eaop
% 3 aba.b’ E :
o6{[ 2 2 | S 30] M
W eeliEs 5
W : (—-) a *% IE|
b 0.4 ’ = 20| |- ﬂ o
L] * 8— °
0.2' § 10- 5 b’ O
E M
0.0 - 5 L
Q s\cﬂ’ RS o & s\a’ Y
Q Q
‘\& \(:1’

Figure S15. Activation of senescence pathways is blocked by the pub4 mutation.
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Heatmap showing the expression levels of 128 senescence-associated genes (GO-term “leaf
senescence,” GO:0010150) in fc2 and fc2 pub4 (relative to the wt), under constant (24h) light and
16h light/8h dark (cycling) light conditions. The gene expression data are Log Fold Change values
derived from DESeq?2 analysis of the included RNA-seq data set. Genes that are up-regulated or
down-regulated in comparison to wt are colored yellow or green, respectively. (b) Representative
images of detached 3rd and 4th rosette leaves from plants grown in 24h light conditions plus two
days of cycling light conditions. The leaves were incubated in the dark with water (control
conditions) or with 100 uM methyl jasmonate (MeJA) for 3 days. Measurement of the maximum
quantum efficiency of photosystem II (F\/Fm) of (c) control leaves (left in light without JA) or (d)
leaves from panel b. (e) Total chlorophyll content of leaves in panel b. Statistical analyses were
performed using one-way ANOVA tests, and the different letters above the bars indicate
significant differences within data sets determined by Tukey-Kramer post-tests (P < 0.05).
Separate analyses were performed in ¢ for each light condition and in d and e for the different
treatments. The significance for cycling light samples in ¢ and for the JA treatment in d and e are
denoted by letters with a prime symbol (). Statistical analyses of genotypes between conditions
were performed by student’s t-tests (*, P < 0.05; **, P <0.01; ns, P > 0.05). n = 3 whole leaves
from separate plants. Error bars = +/- SEM. Closed circles indicate individual data points.
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