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Summary

Post-embryonic plant development must be coordinated in response to and with environmental
feedback. Development of above-ground organs is orchestrated from stem cells in the center
of the shoot apical meristem (SAM). Heat can pose significant stress to plants and induces a
rapid heat response, developmental alterations, chromatin decondensation, and activation of
transposable elements (TEs). However, most plant heat-stress studies are conducted with
whole plants, not resolving cell-type-specific responses. Heat stress consequences in stem
cells are of particular significance, as they can potentially influence the next generation. Here
we use fluorescent-activated nuclear sorting to isolate and characterize stem cells after heat
exposure and after a recovery period in wild type and mutants defective in TE defense and
chromatin compaction. Our results indicate that stem cells can suppress the heat response
pathways that dominate surrounding somatic cells and maintain their developmental program.
Furthermore, mutants defective in DNA methylation recover less efficiently from heat stress
and persistently activate heat response factors and heat-inducible TEs. Heat stress also
induces epimutations at the level of DNA methylation, and we find hundreds of DNA
methylation changes three weeks after stress. Our results underline the importance of

disentangling cell type-specific environmental responses for understanding plant development.
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1. Introduction

Transposable elements (TES) are mobile genetic elements that can replicate independently of
the host genome. Transposition of TEs within the host genome can result in mutations or
changes in gene expression (Dubin et al., 2018; Lisch, 2013). Since the seminal discovery of
TEs in maize by Barbara McClintock (McClintock, 1956), transposons have been investigated
intensively, particularly after the advancement of sequencing technology (Cain et al., 2020).
Studies with somatic tissues (Guo et al., 2021; Sun et al., 2020) and gametophytes (Slotkin et
al., 2009; Olmedo-Monfil et al., 2010) showed that transposon control could differ between
somatic and germline cells. However, as the germline separation in plants is not so clear and
debated (Lanfear, 2018), these differences need to be investigated in more detail. Recent
evidence shows that populations of plant stem cells of the shoot apical meristem (SAM) are
similar in some respect to germline cells (Bradamante et al., 2022; Nguyen and Gutzat, 2022)
and are hubs for TE activity. As SAM stem cells give rise to all post-embryonic above-ground
organs, including the reproductive cells, these cells are “of interest” for TEs to increase their

copy number vertically over generations.

TEs are classified into two groups. Class | or retrotransposons amplify through a “copy-and-
paste” mechanism, using RNA replication intermediates and reverse transcriptase (Lisch,
2013). After reverse transcription, double-stranded DNA is produced to form linear or circular
extrachromosomal DNA (Fan et al., 2022). The extrachromosomal DNA is inserted into the
genome by integrases. Class | includes long terminal repeat retroelements (LTR), non-LTR
retroelements, and short interspersed nuclear elements (SINEs). Class Il TEs or DNA
transposons employ a “cut-and-paste” mechanism to transpose (Lisch, 2013) via a
transposase encoded in their genome responsible for excision and insertion. Class Il TEs
encompass miniature inverted-repeat transposable elements (MITEs), including degenerate
non-autonomous copies that nevertheless can be mobilized in the presence of autonomous
copies (Feng, 2003). Helitrons are also classified as DNA transposons, although their
transposition via a rolling circle mechanism is slightly different (Kapitonov and Jurka, 2001;
Thomas and Pritham, 2015).

TEs occupy a large fraction of plant genomes (Charles et al., 2008; Huang et al., 2012; Jiao et
al., 2017) and can amplify when the epigenetic control is impaired (lto et al., 2011; Mari-
Ordofiez et al.,, 2013). Epigenetic TE silencing mechanisms include DNA methylation,
heterochromatic histone modifications, and higher-order compaction of chromatin (Liu et al.,
2022). A crucial regulator of DNA methylation is the chromatin remodeler DECREASE IN
METHYLATION 1 (DDM1), discovered decades ago by the loss of DNA methylation at satellite
repeats in the mutant (Vongs et al, 1993). Loss of DDM1 allows transcription and reinsertion
of different transposons (Higo et al., 2012; Hirochika et al., 2000; Kato et al., 2004). DDM1

2
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68 exerts its role in DNA methylation likely by facilitating chromatin access to DNA
69  methyltransferases such as METHYLTRANSFERASE 1 (MET1) and
70 CHROMOMETHYLASE 2/3 (CMT2/3). Loss of DDML1 results in an almost complete reduction
71  of DNA methylation in all sequence contexts (Zemach et al., 2013). DNA methylation at CHG
72  and CHH sites of TEs is installed by RNA-directed DNA methylation (RdDM). In this pathway,
73  a plant-specific polymerase POLYMERASE IV (POLIV) with an affinity for methylated DNA
74  produces short ~40 nt-long transcripts (Zhai et al., 2015). These transcripts are processed by
75 RNA-dependent RNA polymerase 2 (RDR2) and DICER 3 (DCL3) into 24 nt-long siRNAs and
76  loaded onto nuclear ARGONAUTE (AGO) proteins. Together with the AGOs, the siRNAs guide
77 the RNA-induced silencing complex (RISC), which includes methyltransferases DOMAIN
78 REARRANGED METHYLTRANSFERASE 1/2 (DRM1/2), to complementary transcripts of
79  another plant-specific polymerase, POLYMERASE V (POLV). DRM1/2 methylates DNA
80 asymmetrically in a CHH context (H stands for any base but G) The analysis of various mutants
81 indicates that this RNA-based pathway of TE control (Wendte and Pikaard, 2017) determines
82  mainly methylation of short TEs on chromosome arms, whereas DDM1 has a more prominent
83  role for DNA methylation on long pericentromeric TEs (Zemach et al., 2013).

84  While the epigenetic control of TEs is usually tight and strongly determined by the components
85  described above, biotic and abiotic stress can transiently suspend TE silencing and trigger
86 their activity (Dubin et al., 2018). One example is the Arabidopsis retrotransposon ONSEN
87 which becomes transcribed at high temperatures (Tittel-Elmer et al., 2010) and forms
88  extrachromosomal DNA (Cavrak et al., 2014). No new insertions were found in wild-type plants
89 and within the experimental time frame, but ONSEN proliferated in poliv and other RADM
90 mutants after heat stress (Ito et al., 2011; Hayashi et al., 2020). Analysis of the insertion pattern
91 along the inflorescence revealed that the insertion patterns differed between seeds obtained
92  from individual flowers but were similar within the progeny from the same flower (lto et al.,
93  2011). Therefore, transposition happened before gamete specification in somatic tissue, giving
94 rise to the germline. Heat stress also has many other effects on plant development, like
95 accelerated flowering (Balasubramanian et al., 2006), which must be controlled by the
96 development of the SAM and the stem cells therein. Furthermore, there is evidence that plants
97 have evolved protection mechanisms against heat stress involving factors in the stem cells
98 (Olas et al., 2021). Therefore, in this study, we aimed to understand the heat stress response
99 of SAM stem cells compared to somatic cells. To consider the two different pathways
100  contributing to the epigenetic control of TEs described above, we analyzed stem cells of wild-
101  type plants and ddml and poliv mutants for potential changes in DNA methylation triggered by

102  heat stress and for their maintenance beyond the stress period.

103  We used the heat-dependent transcriptional activation of ONSEN to establish sublethal but

104  effective heat stress conditions. We then performed fluorescence-activated nuclei sorting
3
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105 (FANS) (Gutzat and Mittelsten Scheid, 2020) to collect stem cells for transcriptome and

106 methylome analysis from plants shortly after the stress and after a recovery period.

107  Our results uncover tissue- and genotype-specific heat stress responses. We find that stem
108 cells can maintain developmental transcriptional programs that are down-regulated when
109 analyzing whole seedlings. Furthermore, we show that both DNA methylation mutants are
110  hypersensitive to heat treatment and that POLIV and DDML1 are critical in suppressing the heat
111  stress response, including heat response factors and heat-induced transposons during
112 recovery. We also detect heat-induced DNA methylation changes in stem cells, especially at
113 CHG sites, in accordance with their dynamic methylation pattern in these cells during
114  development (Gutzat et al., 2020).

115
116 2. Materials and methods
117  Plant material and growth conditions

118  Arabidopsis thaliana ecotype Col-0 was used for all experiments. The stem cell reporter
119  pCLV3::H2BmCherry is described in (Gutzat et al., 2020) and was crossed with poliv (nrpda-3
120 - SALK_128428) and ddml (ddm1-10 - SALK_093009). Plants were grown either in vitro on
121 GM medium or soil, with 16/8 h light/dark cycles. Control plants were consistently grown at
122 21°C; for heat exposure, we applied 37°C and 44°C for 24 h or 48 h.

123 DNA extraction

124  To prepare DNA for methylation analysis by bisulfite-sequencing, 5000 FANSed nuclei were
125  used to extract DNA with the Quick-DNA microprep kit (Zymo Research #D3020).

126  For Southern blots, DNA was extracted from 300 mg of above-ground tissue of seedlings with
127 CTAB adapted from (OPS Diagnostics CTAB protocol for isolating DNA).

128 RNA extraction

129  Ten dissected seedlings or ten inflorescence meristems were used for trizol RNA extraction
130 adapted from (Rio et al., 2010).

131  Southern blots for the detecting of ONSEN extrachromosomal DNA

132 For Southern blot detection, 10 pug of genomic DNA was restricted by Hpall (ThermoFisher #
133 ERO0511) overnight. After enzyme inactivation (95°C for 5 min) DNA was precipitated with
134  sodium acetate and ethanol and loaded on a 1% TAE agarose gel. The gels were rinsed with
135 250 mM HCI for 10 min, then with denaturation solution (500 mM NaOH, 1.5 M NacCl) for
136 30 min, and incubated in neutralization buffer (0.5 M Tris, 1.5 M NaCl, 1 mM EDTA) for 30 min.
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137  DNA was transferred onto a Hybond NX membrane (Merck #GERPN203T) and cross-linked
138 by a UV linker (Stratagene UV Stratalinker 2400).

139  The probe was generated by PCR amplification of the ONSEN sequence with forward primer
140 TCTAGAATCATCTTCCACCTCCTTA and reverse primer
141  ATCCTTGATAGATTAGACAGAGAGCT. The resulting amplicon was labelled with a-32P-
142  dCTP using the labeling kit (Aligent #300385).). The membranes were hybridized with the
143  denatured probe at 65°C overnight in hybridization buffer (0.4 M NazHPO,, 0.1 M NaH2PO,,
144  20% SDS, 0.5 mM EDTA) and exposed to a phosphor screen for one day and imaged by
145  phosphor-imager (Amersham Typhoon).

146  Fluorescence-activated nuclei sorting (FANS)
147  FANS was described before (Gutzat and Mittelsten Scheid, 2020).
148  mRNA and bisulfite library preparation and sequencing

149  From FANS-sorted material, bulks of 100 nuclei for each replicate were used for library
150 preparation. Smart-seq v2 (seedling, IM, stem cell D28) and v3 (stem cell D7) library
151  preparation and sequencing were performed by the Next Generation Sequencing Facility
152 (Vienna BioCenter Core Facility) NovaSeq SP SR100. For bisulfite sequencing, libraries were
153  prepared with the Pico Methyl-Seq prep kit (Zymo Research #D5456) and sequenced by the
154  Next Generation Sequencing Facility (Vienna BioCenter Core Facility) NovaSeq SP SR100.

155  RNA-seq analysis

156  Raw bam files were converted to fastq by bedtools (v2.27) (Quinlan and Hall, 2010). The fastq
157  files were used as input for the nextflow rnaseq pipeline (v21.02.0) (Ewels et al., 2020) with
158  additional parameter “--clip_r1 19 --clip_r2 9 --three_prime_clip_r1 5 --three_prime_clip_r2 5”.
159  Output count files were used to analyze differential gene and TE expression by DESeq2 (Love
160 et al., 2014) with filtering out of loci with less than 5 reads per genotype on avarage and with
161  the cutoff of p.adj. < 0.05, log2 fold change > |1|. Gene ontology enrichment was performed
162  using the PANTHER classification system (geneontology.org). Visualization of the data was
163  done with R using the packages tidyverse, ggplot2 (Wickham, 2016), pheatmap (Kolde, 2018),
164  and chromplot (Oréstica and Verdugo, 2016).

165  Bisulfite-seq analysis

166 Raw bam files were converted to fastq by bedtools (v2.27) (Quinlan and Hall, 2010). Adaptor
167  were removed with trim galore (v0.6.2) (Krueger et al., 2021) with parameter --clip_r1 13 --
168 three_prime_clip_rl 12. Genome alignment was performed with bismark (v0.22.2) (Krueger
169 and Andrews, 2011) with bowtie2. Output files were deduplicated by deduplicated_bismark
170  (bismark v0.22.2). Methylation level was obtained from methylpy call-methylation-state (v1.2.9)

5
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171  (Schultz et al., 2015). Differential methylated regions were obtained using a two-state Hidden
172 Markov Model (HMM) method on nextflow methylscore (v21.10.06) (Huther et al., 2022).

173
174 3. Results
175 3.1. Identification of heat stress conditions

176  To establish heat stress conditions that are non-lethal but would induce a maximum of TE
177  activation and potentially DNA methylation changes, we tested different temperature regimes
178  and culture conditions, quantifying ONSEN activity as an indicator of response. Heat-activated
179  ONSEN forms extrachromosomal DNA from retrotranscribed RNA, which can be quantified by
180  Southern blot analysis (Ito et al., 2011; Cavrak et al., 2014). Plants were cultured on soil or in
181  vitro and exposed to varying temperatures, as described in Figure 1a,b. Plants grown in vitro
182  displayed a much higher abundance of ONSEN extrachromosomal DNA than soil-grown plants
183  (Figure 1b). This is likely due to increased humidity and reduced cooling by transpiration within
184  the culture vessels. We also tried initial cold treatment, as this has been used in previous
185 studies (Ito et al.,, 2011). In our growth conditions, cold treatment did neither induce
186  extrachromosomal ONSEN nor enhance ONSEN response to subsequent heat treatment
187  (Figure 1b). Maximum ONSEN abundance was observed after heat stress at 37°C for two days
188  (Figure 1b). The non-transgenic Col-0, as well as the line with the SAM stem cell reporter
189  pCLV3::H2BmCherry (Gutzat et al., 2020), hereafter named wt, survived this harsh treatment
190  well, but unexpectedly, this stress regime was lethal for seedlings of the DNA methylation
191 mutants poliv and ddml (Figure 1c). Both mutants showed necrotic spots on leaves and
192  cotyledons after one day at 37°C but survived in the recovery period (Figure 1d). To allow
193 inclusion of the mutants in the experiments, we chose in vitro growth of the plants and exposure

194  for one day at 37°C, providing strong ONSEN induction but low lethality of all genotypes.

195
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197 FIGURE 1. Establishing heat stress conditions. (a) Experimental setup for testing different heat stress
198 conditions. (b) Southern blot probing for ONSEN extrachromosomal DNA. Culture medium,
199  temperature, and exposure time for each lane are indicated. All samples are from wt plant except ddm1.
200 The full blots are shown in Supplementary Figure 1. (c) Survival rates of Col-0, wt
201 (pCLV3::H2BmCherry), poliv, and ddm1 plants after seven days of recovery at 21°C, N = 3 (30 plants

202 total/genotype). (d) Images of plants seven days after heat exposure.

203
204  3.2. Gene expression changes induced by heat

205 We aimed to understand (i) whether gene expression under heat stress differs between stem
206  cells and somatic tissue; (i) if and how these changes are influenced by DNA methylation; (iii)
207  and whether changes in gene expression or DNA methylation induced by heat stress persist
208  in stem cells, with the potential to become heritable.

209 To address these questions, we performed heat and mock treatment in wt, poliv, and ddm1
210 plants, all containing the reporter labelling the nuclei of SAM stem cells. We collected above-
211 ground tissue from seedlings and stem cell nuclei using FANS right after heat stress (D7). For
212 wt, we also collected non-stem cell nuclei, representing nuclei of cells from above-ground
213  tissue. The remaining seedlings were transferred to soil and grown for an additional 21 days
214 when they started to flower (D28). At this time point, we again collected stem cell nuclei by
215  FANS and hand-dissected apices with inflorescence meristems.
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216  Collecting stem cell nuclei after heat stress was challenging, as they were more sensitive to
217  the extraction procedure than mock-treated samples, and heat-stressed tissues displayed
218  more autofluorescence. This resulted in a very low yield of intact nuclei in general and even
219  less for stem cell nuclei. However, as we could obtain genome-wide representative transcripts
220  from only 50 nuclei in combination with smart-seq3 single-cell sequencing (Bradamante et al.,
221  2022), we used bulks of 100 nuclei as samples for FANSed material, in combination with smart-

222 seq3 single-cell sequencing for all mMRNA-seq samples.

223 Principal component analysis of the mRNA data showed a clear grouping of the samples
224  (Figure 2). PC1 separated ddm1 from wt and poliv samples, independently of treatment or
225  tissue type. PC2 separated mostly tissue types and stress conditions. Noticeably, upon heat
226 stress, seedlings (+Sd) became more similar to FANSed stem cell (+SC7) and non-stem cell
227  (+nSC7) samples, but stem cell samples (+SC7) more different to non-stem cell samples
228  (+nSC7). This suggests that a standard set of genes is changed by high temperature but also
229 indicates specific responses in stem cells. Furthermore, at the recovery stage, heat- and mock-
230 treated stem cell nuclei (+SC28; -SC28), as well as inflorescence meristems (+IM28; -IM28),
231  overlapped, implying that most genes had returned to a similar expression state as before
232 stress.

233 For all genotypes, the gene expression differences between stem cells and the surrounding
234  tissue (SC7 versus Sd7) were more prominent at the later developmental stage (SC28 versus
235 IM28). Interestingly, a slight separation persisted 21 days after heat treatment for the
236  inflorescence meristems (+IM28 versus -IM28), which could indicate some long-lasting
237  transcriptome changes. However, we could not observe this in the ddml samples, and all
238 ddml samples are separated from the other two genotypes, likely due to the general

239  deregulation of gene expression in this mutant.

240  Taken together, the results show that the impact of severe heat stress on gene expression can
241  reduce tissue-specific differences but cannot override the substantial ddml-specific
242  differences, connected with reduced DNA methylation in all sequence contexts and severe
243  chromatin decompaction already before heat stress (Probst et al., 2003). Furthermore, the lack
244  of asymmetric DNA methylation in heterochromatin, characteristic of poliv, does not influence
245  aglobal transcriptional response. Nevertheless, comparing the differences between stem cells
246 and somatic cells right after heat stress and between wt, poliv, and ddm1 will be informative in
247  understanding the mutants' increased heat sensitivity and the dependence of DNA-specific

248  responses on DNA methylation.
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250 FIGURE 2. Principal component analysis shows clusters within the mRNA datasets. Arrows indicate two
251  groups. Nomenclature: (-): control; (+): heat stress; nSC: non-stem cells; SC: stem cells; C7D: control
252 at D7; H7D: heat stress at D7; Sd: seedlings; C28D: control plant at D28; H28D: recovered from heat
253 stress at D28; IM28: inflorescence meristems.

254
255  3.3. Heat response differences in stem vs. somatic cells

256  We investigated the gene expression differences in stem cell vs. non-stem cell nuclei directly
257  after heat stress in more detail. Expression of 94 reference genes for stressed shoots
258  (Czechowski et al., 2005) showed no significant differences (Figure 3a), excluding systematic
259  differences between the samples. AGO5 and AGO9 are specifically expressed in stem cells
260 (Bradamante et al., 2022), and the expression of CLV3, AGO5, and AGO9 confirmed high
261  enrichment in stem cells (Figure 3a). AGO5 and AGOS9 transcripts were even elevated in stem
262 cell nuclei after heat stress (Figure 3a). In addition, the number of stem cell-specific
263  differentially expressed genes (DEGs: Wald test FDR < 0.05 and log2 fold change > |1|) was
264  more than doubled by heat stress (Figure 3b), demonstrating a strong stem cell-specific heat
265 response. After heat treatment, we found 515 genes up- and 423 genes down-regulated

266  exclusively in stem cells (Figure 3c). Analyzing the expression pattern of these stem cell-
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267  specific DEGs revealed five clusters with a strong difference between stem- and non-stem
268  cells (Figure 3d).

269  To understand which groups of genes form these five clusters, we performed a GO term
270  analysis. Only clusters two and five revealed genes with significantly enriched annotations
271  (Figure 3e). Interestingly, cluster 2 genes are only slightly induced by heat but are strongly
272 repressed in non-stem cells and included genes for maintaining shoot development and the
273  cell cycle. This suggests that stem cells maintain a cycling state and developmental programs
274  during intense heat to facilitate recovery. Cluster 2 was also enriched for genes with negative
275  regulatory roles. These genes comprised chromatin regulators, e.g., Histone H1.1, NRPD1A
276  (a PollV subunit), and the chromatin remodeling subunit SWI3B (Figure 3f); This indicates
277  increased resilience of stem cells to chromatin decompaction, which occurs in nuclei of heat
278  stressed plants (Pecinka et al., 2010; Dumur et al., 2019).

279  Genes of cluster 5 are characterized by strong down-regulation in stem cells and are enriched
280  for stress response genes (Figure 3e), which again indicates that stem cells are maintaining
281  their functions by suppressing stress-responsive pathways.
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283 FIGURE 3. Gene expression analysis confirms stem cell-specific gene expression even after heat
284  stress. (a) Normalized counts of reads for stem cell markers: AGO5, AGO9, CLV3, and the average of
285 94 reference genes. (b) Number of differentially expressed genes (DEGSs) by pairwise comparison SC7
286  vs.nSC7. (c) Venn diagrams indicate the overlap between DEGs in (b) for control versus heat stressed
287  samples. (d) Clustered gene expression heat map. (e) Gene ontology enrichment (fold change > 2, FDR
288 < 0.01) of the up-regulated DEGs of SC7 vs. nSC7. (f) Normalized counts of reads for epigenetic
289 regulators H1.1, NRPD1A, and SWI3B.

290
291  3.4. The influence of DNA methylation on heat response

292  Our subsequent analysis focused on heat-induced gene expression differences between the
293 wt and the mutants with impaired asymmetric (poliv) or global (ddm1) DNA methylation.
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294  Comparing the immediate heat response in seedlings (Sd7) of wt, poliv, and ddml, we
295 identified more than 2000 up- and over 3000 down-regulated genes for all three genotypes
296 (Wald test FDR < 0.05 and log2 fold change > |1|, Figure 4a). However, the number of DEGs
297 in stem cell nuclei was lower, with only approximately 1100 up- and 2100 down-regulated
298 genes, likely due to the absence of additive expression diversity originating from several cell

299  types in seedlings.

300 Given the heat-hyposensitive phenotype of poliv and ddm1l, we assumed that the expression
301 of genes important for heat resilience and leaf necrosis prevention should change only in wt or
302 in both ddml and poliv seedlings. Therefore, we analyzed the overlap of gene expression
303 changes (Figure 4b,c). The number of “private” DEGs for each genotype ranged between 288-
304 425 (up-DEGs) and 496-751 (down-DEGSs). These numbers were similar between stem cell
305 nuclei and seedlings (Figure 4b), but their overlap was not significant (Figure 4d), underlining
306 stem cell- and genotype-specific heat responses. To understand which functional group of
307 genes could be causative for the difference in heat resistance, we performed GO-term analysis
308  of wt private DEGs (288 up and 557 down), and DEGs present only in poliv and ddm1 (231 up
309 and 212 down). For wt private DEGs, we found 5 significant GO-terms for up- and 28 significant
310 GO-terms for down-DEGs (Figure 4e). The GO-terms for the up-regulated genes described
311  functions involved in RNA metabolism and contained among others DCL4, which is crucial for
312 miRNA biogenesis and contributing to heat resistance (Figure 4f,g) (Popova et al., 2013).
313  Interestingly, most genes of the down-regulated DEGs belong to stress response pathways,
314  except for those of the heat stress response. This suggests that other defensive mechanisms
315  were reduced to prioritize heat responses. GO-terms of DEGs changing in poliv and ddm1 also
316  included mostly stress-related categories (Supplementary Figure 2), and a loss of the homeotic
317  balance between defense genes in these mutants could potentially contribute to increased
318 heat sensitivity. Furthermore, enriched GO-terms of DEGs private to ddml comprised
319 categories of DNA damage and repair (Supplementary Figure 3b,e) and could indicate heat-
320 induced genotoxic stress in ddml caused by more frequent DNA breakage in decondensed

321  chromatin or increased transposon activity.

322  As we expected to find up-regulation of TEs and observed upregulation of AGO5 and AGO9-
323  potential TE silencing factors, we also wanted to investigate which other host-counter defense
324  genes become active. From an assembled list of genes involved in TE silencing, we identified
325 AGO3 (Figure 4g) as strongly induced by heat in stem cells in all three genotypes, but
326  especially in poliv and ddm1 (Figure 4f). AGO3 also binds to transposon-derived small RNAs
327  of 24 nt lengths (Jullien et al., 2020; Zhang et al., 2016) and, together with AGO5 and AGO9,

328  could confer protection against TE activity in stem cells under heat stress.
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FIGURE 4. Heat responses in poliv and ddml. (a) Number of differentially expressed genes (DEGS)

under heat stress compared to control conditions. Three-way Venn diagram of up-regulated (c) and

down-regulated (d) genes in wt, poliv, and ddml. (e) Gene ontology analysis of distinctive up-regulated

and down-regulated genes. (f) Expression heatmap of TE regulators in stem cells at D7 (SC7) and

seedlings (Sd7). (g) Normalized counts of DCL4 in Sd7 under control (-) and heat stress (+).
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335 3.5 Persistent gene expression changes

336 At D28, three weeks after heat stress, gene expression differences were strongly reduced
337  between mock- and heat-treated samples (Figure 5a). However, we still find 11, 8, and 39
338 genes up-regulated in stem cells (SC28) of wt, poliv, and ddml, respectively (Figure 5a,
339  Supplementary Table 1). The up-regulated genes of SC28 wt and ddml contained APA1l
340 (AT1G11910), a gene that has been shown to confer drought tolerance when overexpressed
341 (Sebastian et al., 2020). Most genes up-regulated in stem cells of ddm1 were related to stress
342  response (Table 1), including the heat shock transcription factor HSFC1 (AT3G24520)
343  (Supplementary Table 1), indicating that ddm1 stem cells displayed an ectopic stress response

344  three weeks after heat treatment.

345 Remarkably, we identified 25/68 up- and 33/55 down-regulated heat-induced DEGs in
346  inflorescence meristems of recovered plants in poliv and ddml, respectively (Figure 5a), in
347  contrast to only 8 up- and 2 down-regulated genes in wt. Similarly to SC28, many of these up-
348 DEGs are related to stress response pathways, including response to heat (Figure 5c). For
349  poliv, 20 out of the 68 up-regulated genes are involved in heat stress response, including the
350 heat shock transcription factor HFSA2 (AT2G26150). HSFA2 has previously been shown to
351 drive a transcriptional heat stress memory (Charng et al., 2007; Friedrich et al., 2021) and
352  directly activates many heat stress responsive genes via a heat-response element (HRES) in
353  the promoters of those genes (Schramm et al., 2006).

354  HSFAZ2 can also activate the transcription of TEs that contain the HRE element (Cavrak et al.,
355  2014). This includes ONSEN and other TEs, and HSFA2 activity could be the main reason for

356 the increase of TE expression upon heat stress (Pietzenuk et al., 2016).
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FIGURE 5. Persistent gene expression changes in poliv and ddml after heat stress. (a) Number of
differentially expressed genes (DEGS) in stem cell nuclei (SC28) and inflorescence meristem tissue
(IM28) 21 days after heat stress. (b) Three-way Venn diagram of up-regulated genes in SC28 and IM in

wt, poliv, and ddm1. (c) Gene ontology analysis of up-regulated and down-regulated genes in IM28.
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GO biological process complete Expected | Fold enrichment P.value FDR

Response to external stimulus 3.68 3.26 1.44E-04 | 3.85E-02
Response to biotic stimulus 3.07 3.59 1.30E-04 | 3.64E-02
Protein folding 0.25 16.06 1.17E-04 | 3.45E-02
Response to salt stress 0.77 7.78 1.09E-04 | 3.37E-02
Cold acclimation 0.08 39.04 7.18E-05 | 2.35E-02
Response to endogenous stimulus 3.15 3.81 3.18E-05 | 1.10E-02
Response to hormone 3.11 3.86 2.78E-05 | 1.02E-02
Response to lipid 2.4 4.59 1.37E-05 | 5.36E-03
Response to alcohol 1.48 6.08 1.12E-05 | 4.71E-03
Response to organic substance 4.35 3.45 6.74E-06 | 3.05E-03
Response to abscisic acid 1.33 6.77 4.76E-06 | 2.34E-03
Response to osmotic stress 1.11 8.12 1.08E-06 | 5.78E-04
Response to temperature stimulus 1.07 8.38 8.32E-07 | 4.90E-04
Response to stimulus 11.53 2.43 9.10E-09 | 5.95E-06
Response to chemical 6.26 3.51 3.82E-09 | 2.81E-06
Response to oxygen-containing compound 3.83 4.7 3.18E-09 | 2.67E-06
Response to water deprivation 1.24 9.68 1.52E-09 | 1.49E-06
Response to water 1.33 9.77 2.31E-10 | 1.36E-06
Response to inorganic substance 2.62 6.11 9.09E-10 | 1.34E-06
Response to stress 6.55 3.51 1.12E-09 | 1.32E-06
Response to abiotic stimulus 5.1 4.12 6.47E-10 | 1.27E-06
Response to acid chemical 1.37 9.48 3.33E-10 | 9.79E-07

363 TABLE 1: Gene ontology enrichment of up-regulated genes in SC7 ddm1.

364

365 3.6. Expression changes of transposons.

366  Next, we focused our analysis on TE expression. First, we quantified the proportion of reads
367  aligning to gene versus TE sequences (Figure 6a). In seedlings (Sd7), TE reads proportionally
368 increased dramatically in all three genotypes (Figure 6a). We also observed increased TE
369 transcripts in stem cell nuclei (SC7) of wt and poliv after heat treatment. In stem cells (SC) of
370 ddml, more than one quarter of all reads aligned to TEs, but surprisingly, this proportion
371  decreased after heat treatment (SC7), and this decrease was still clearly visible after 21 days
372 (SC28). This suggests that ddm1 permits the expression of TE silencing factors that have a
373  lasting effect on TE expression in stem cells under heat stress. On the contrary, we observed
374  increased proportions of TE reads in heat-stressed wt and poliv samples 21 days after
375 treatment (SC28 and IM; Figure 6a).

376  To identify individual TEs that change expression upon heat, we calculated differentially
377  expressed TEs (DETs Wald test FDR < 0.05 and log2 fold change > |1|) of heat-stressed vs.

378 mock-treated samples for all genotypes (Figure 6b). The number of up-regulated DETs was
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379  similar between stem cell nuclei and seedlings, approximately 190 TEs (Figure 6b), and there
380 was a significant overlap of heat-induced DETs in stem cells compared to seedlings
381  (Figure 6c).

382  Also, 91 and 76 TEs were up-regulated independently of the genotype in seedlings and stem
383  cells, respectively (Supplementary Figure 4a,b). Of those, 54 showed increased expression in
384  stem cells and seedlings (Supplementary Figure 4c). These 54 TEs contained all 8 ONSEN
385  copies and consisted mainly of LTR/Copia and LTR/Gypsy TEs (Supplementary Table 2).
386 Twenty three of the 54 TEs were larger than 4 kb and could potentially be autonomous
387 elements. Only stem cells showed a significant overlap for TEs with decreased expression

388  after heat stress (Supplementary Figure 4b).

389  Up-regulated TEs in stem cells and seedlings were strongly enriched for LTR/Copia and
390 LTR/Gypsy elements, but the superfamily distribution of down-regulated TEs was more similar
391 to the genomic distribution and contained more DNA TEs (Figure 6e). Only TEs down-
392  regulated in ddm1l were also enriched for LTR/Gypsy elements (Figure 6e).

393  Loss of DDM1 results in loss of DNA methylation, primarily at long heterochromatic TEs near
394  centromeres (Zemach et al.,, 2013). Acute heat stress results in decondensation of
395 chromocenters (Pecinka et al., 2010; Dumur et al., 2019), which consist of heterochromatic
396 centromeres and pericentromeres. Therefore, we asked for the chromosomal localization of
397  heat-induced up- and down-regulated DETs in our data set. Whereas up- and down-regulated
398 DETs of heat-treated wt and poliv were found distributed over all parts of the chromosomes,
399 DETs down-regulated in ddm1 are enriched at the pericentromeres (Figure 6d), concordantly
400  with the enrichment for LTR/Gypsy TEs (Underwood et al., 2017) (Figure 6e).

401  Intriguingly, we found 97 TEs still up-regulated in the inflorescence tissue of D28 poliv
402  (Figure 6b), including two members of ONSEN (ATCOPIA78: AT3TE92525 and AT5TE15240)
403  (Figure 7a). We also detected highly increased expression (log2FC > 7.5) of four LTR/Gypsy,
404 two DNA/MuDR, and two DNA TEs (Figure 7a). Most of these TEs belong to LTR/Gypsy and
405 LTR/Copia elements (Figure 7b), and 65 out of the 97 TEs contained a potential HSFA2
406  binding motif (Supplementary Table 3). The presence of cytoplasmatic RNA in meristem
407 samples and its absence in stem cell nuclei pools might explain the discrepancy in TE
408  expression between the IM and SC28 in poliv. Extrachromosomal copies of retrotransposons
409 (LTR/Gypsy and LTR/Copia) could also be templates for polymerases and could persist for
410 long periods after the activating heat stress. The up-regulation of HSFAZ2 in IM of poliv still after

411 3 weeks of heat exposure likely contributes to the activation of TEs.

17


https://doi.org/10.1101/2023.02.24.529891
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.24.529891; this version posted February 26, 2023. The copyright holder for this
preprint (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 available under aCC-BY-NC-ND 4.0 International license.

Nguyen et al.
a
1.00
2 B gene
8 [l Transposon
0.75
g
J:
5 050
[ ==
‘G
5
L 025
g
9 44 o021
a g
000 001
0\\ 66\ 0\ &(\ 0\ 6&(\ o\\ 6‘0 0\\ 6&(\ &(\ 0\ 6&(\ & 0\\ 6((\
Control Heat Control Heat Control Heat Control Heat
SC7 Sd7 SC28 IM28
b sd7 IM28 c Up -DETs wt Up-DETs poliv Up-DETs ddm1
200 100 C7 SC7 _Sd7 SC7 _Sd7
* o e
'2 -200
F -400
0 -600
‘S SC28 p.hyper = 9e-108 p.hyper = 2e-108 p.hyper = 5¢-98
g 100 Down-DETs wt Down-DETs poliv Down-DETs ddm1
E 208 75 SC7  Sd7 SC7  Sd7 SC7  Sd7
Z
-400 25
| IO e e |
-600 0
S o A
Qo\ 6 & Qo\\ b&(\ p.hyper = 0.9927 p.hyper = 0.2229 p.hyper = 0.0037
d 8 Up-DETs Down-DETs
Distribution of TE genes activated in SC7 1.00
wt poliv ddm1 I \HTI W\ J - -
123 45 123 45 12345 > r-:l _jﬁl ' DNA/En-Spm
0 e 2 0 o182 E M8 £075 ﬂ ‘ =gg~:agngsr
e © e o i BN "g:;_ - T DNA/Mariner
B-sE B =C BE=S= 9 = [/ DNAMUDR
i I e
= = = | B = B B C
EESE§ 1o:j:,. 10 :57! Eoso UNE?
e ©& e ©* - ® ! EE 4 B LTR/Copia
M| EEEE M| EEE M| EFEE & B LTRGypsy
=) = E B B = © RathE1_cons
20 o & = 20 = = 20 - | = 5025 RathE2_cons
| = 5 B = = =54 = = B B RathE3_cons
| L = © M RC/Helitron
= - - 3InNaEsigned
304 304 30{
= UpeDETs §§g‘§%ge NN
40 40 40 == Down-DETs Qa8 o3 g a8 E
SC7 Sd&7 S T sa7 sd7 2
O Q
412 O 0]

413 FIGURE 6. Expression of TEs in response to heat stress. (a) Fraction of genes and TEs by normalized
414  counts. (b) Number of up- or down-regulated TEs by tissues: Sd: seedling, IM: inflorescence meristem,
415 SC7: stem cell at D7, SC28: stem cell at D28. (c) Venn diagrams indicate overlaps of up- and down-
416 DETs between SC7 and Sd. (d) Distribution of TE genes activated in SC7. (e) Fraction of DETSs classified

417 by superfamilies. Genomic TE: Proportion of the families in the reference genome.
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419 FIGURE 7. Persistant TE expression changes after heat stress. (a) Up-DETs of 97 TEs in IM28 poliv.
420  (b) Fraction of TE superfamily of up-DETs in IM28 poliv.

421
422  3.7. Persistent DNA methylation changes in stem cells

423  DNA methylation changes at TE sequences can be associated with various stresses (e.g.,
424  Korotko et al., 2021; Wibowo et al., 2016). Furthermore, DNA methylation changes can last
425  beyond several cell division cycles, be stably inherited, and influence phenotypes (Quadrana
426  and Colot, 2016). A salt stress trigger can also induce maternally inherited DNA methylation
427  changes (Wibowo et al.,, 2016). To be heritable to the next generation, DNA methylation
428  changes should pass through the stem cells that form the germ line. Therefore, we analyzed
429 DNA methylation of heat- and mock-stressed wt, poliv, and ddm1 SAM stem cells three weeks
430  after treatment. Large-scale DNA methylation patterns were similar between heat- and mock-
431 treated samples (Figure 8a). As expected, TE DNA methylation in ddm1 stem cells was low in
432  all sequence contexts, and in poliv, CHG and CHH methylation was reduced (Figure 8b).
433 However, we observed substantial differences in DNA methylation levels at TEs of heat-
434  stressed stem cells, especially in the CHG context (Figure 8b). Heat induced a decrease of
435 CHG TE methylation in wt but an increase in poliv. Interference of heat-induced chromatin
436  decondensation with the activities of CMT2, CMT3, and RdDM could be the reason for this.

437  Next, we identified differentially methylated regions (DMRs) employing a two-state Hidden
438  Markov Model (HMM) (Hather et al., 2022). This identified hundreds of heat-induced hypo- and
439  hyper-DMRs in CG, CHG, and CHH contexts in all three genotypes (Figure 8c). wt showed
440  more hyper- than hypo-DMRs at CGs but less in CHG and CHH contexts. poliv showed similar

441  numbers of hyper- and hypo-DMRs in CG and CHG contexts but slightly fewer hypo-DMRs in
19
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442  the CHH context. Interestingly, ddml, with generally low methylation levels in all sequence
443  contexts, displayed the highest numbers of heat-induced DMRs, with less hyper- than hypo-
444  DMRs in CG, but considerably more hyper- than hypo-DMRs in CHG and CHH contexts. Most
445  DMRs overlapped with transposons or genic, a few with intergenic sequences (Figure 8d),
446  indicating potential functional relevance. CG-DMRs overlapped mostly with transposon or
447  exonic sequences. CHH-DMRs overlapped additionally to larger proportions with 5"UTR. Most
448 DMRs in the CHG context overlapped with transposons in wt and poliv. This contrasts with

449  ddml CHG-DMRs, which overlap mainly with exonic and intronic sequences.

450  Although we could not find significant overlaps of DMRs with genes deregulated at D28
451  (Supplementary Table 4), we found 4 hypo-DMRs overlapping with 2 genes and 4 TEs with
452  increased expression in IM28 poliv, and almost no hyper-DMRs overlapping with genes and
453  TEs with reduced expression at D28.

454  Our analysis identified hundreds of DMRs that indicated lasting consequences of severe heat
455  stress on DNA methylation in SAM stem cells for at least 3 weeks after stress. These DMRs
456  can potentially be inherited or might be reset during germline differentiation. These DNA
457  methylation changes seem to depend to some extent on the pre-existing DNA methylation
458  state, as - in contrast to wt -, poliv showed an increase of CHG DNA methylation, and ddm1
459 increased hyper-DMRs in CHG and CHH context after heat stress.

460
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462 FIGURE 8. Heat stress triggers long-lasting DNA methylation changes in SAM stem cells. (a) CG
463 methylation across chromosome 1, quantified in 200 kb windows. (b) Methylation levels on genes and
464  TEs. (c) Differentially methylated regions at D28. (d) Hyper- and hypo-methylation sorted according to
465 different genomic features.

466
467 4. Discussion

468  Previous analysis of transcripts, DNA methylation, and transposon activity in the stem cells of
469  the shoot apical meristem had provided evidence that here as part of the germline to the next
470  generation, cell-specific and dynamic changes contribute to the epigenetic control of the
471  genome (Gutzat et al., 2020; Bradamante et al., 2022). The present study addressed whether
472  and how the underlying mechanism in stem cells are influenced by heat stress, previously
473  shown to activate transposons. We analyzed stem cells of wild-type plants and two mutants
474  impaired in two different pathways with an impact on DNA methylation (ddm1 and poliv) for
475  potential changes triggered by heat stress and for their maintenance beyond the stress
476  exposure.

477  As expected, heat stress profoundly affected the transcriptome in all samples, mainly on
478  stress-related genes and genes involved in nucleic acid metabolism, with differences between
479  wt vs. poliv and ddm1l. This could explain the hypersensitivity to severe heat stress common
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480  to both mutants. This contrasts previous results (Popova et al., 2013), where ddm1 and poliv
481  were not identified as sensitive to heat but several RADM pathway mutants. However, heat
482  stress in that study was applied on soil-grown mature plants and does not allow a comparison
483  with the data from in vitro-grown young seedlings here. The transcriptome analysis needs to
484  be refined and extended to investigate whether the heat sensitivity in DNA methylation mutants
485 has a common basis. Still, a correlation of DNA methylation differences among geographic
486  ecotypes with temperature (Dubin et al., 2015) might speak for this connection. However, the
487  epigenetic control of heat tolerance in plants is complex, and much more is known about the

488  role of other chromatin features (reviewed in Perrella et al., 2022).

489  Using a single-cell sequencing method for bulks of nuclei allowed us to study heat responses
490  of shoot stem cells, which are crucial for post-embryonic development and hence essential for
491  understanding developmental responses to heat stress. Our analysis indicates that after heat
492  stress, cell cycle, and developmental programs are less suppressed in stem cells than somatic
493  cells. This could allow a fast resumption of growth or organ regeneration after severe heat
494  stress and agrees with an autonomous heat stress memory (Olas et al., 2021). We also found
495  astrong heat-triggered up-regulation of AGO3, and further increased expression of AGO5 and
496  AGOQOQ9 in stem cells of all three genotypes. All three AGOs are loaded with TE-derived sSRNAS,
497  but the respective mutants show little TE de-repression (Jullien et al., 2020; Bradamante et al.,
498  2022). Either they can functionally complement each other, or their role for TE repression
499  becomes only evident during heat- or other stresses, which are known to increase TE activity
500 (Gutzat and Mittelsten Scheid, 2012; Dubin et al., 2018).

501 The retrotransposon ONSEN with its heat-responsive motif in the LTR (Cavrak et al., 2014) is
502 a well-established indicator of lost epigenetic control under temperature stress, but despite
503  strong accumulation of extrachromosomal DNA in heat-treated wt and poliv, its mobilization
504  and integration into new genomic locations was only observed in poliv (Ito et al., 2010). This
505 can be connected to our observation that increased levels of ONSEN and other heat-inducible
506 TEs persisted in inflorescence meristems of poliv more than 20 days after heat exposure.
507  Correspondingly, we also found increased and lasting expression of HSFA2, a heat response
508 factor binding to the LTR of ONSEN and crucial for its heat-triggered induction. The prolonged
509 “availability” of ONSEN in stem cells in poliv, but not in wt could be one reason for the lack of
510 new insertions if the RADM pathway is intact and the window for integration events is open
511  only late in development. However, the role and mechanism of this persistent up-regulation
512  have yet to be determined, as we could not find differences in DNA methylation in any of the
513  up-regulated heat response factors or TEs. A recent study has shown that the 3D chromatin
514  organization is also important for heat-induced transposon activation (Sun et al., 2020).
515  Furthermore, heat stress induced large-scale chromatin organization changes, with an

516 involvement of HSFAla, another heat response transcription factor, and modifies numerous
22
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517 interactions of regulatory sequences in tomato (Huang et a., 2023). Future studies are
518 necessary to comprehensively capture the changes at all levels and distinguish transient
519 effects from those with long-lasting and transgenerational consequences. However, the
520 hundreds of heat-induced DMRs persisting at least in our experimental time range can be seen
521 as good reason to explore if, and when during development, stress-induced DNA methylation
522  and other epigenetic changes occur. Furthermore, our work is a starting point to study to which
523  degree such epimutations are reset or not, random or directed to distinct loci of the genome,
524  whether they can be cumulative, and if they lead to permanent gene expression changes with
525  phenotypic consequences. Investigating this stem cell- and other cell-specific stress responses
526  will significantly deepen our knowledge about developmental plant adaptation during the

527  plant's lifetime and on a population level.
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