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SUMMARY

Epigenetic pathways could provide a mechanistic explanation for the inheritance of acquired characteristics,
as proposed by Lamarck in 1802, but epigenetic alterations that endow adaptive hereditary traits have rarely
been observed. Here, in cultivated Asian rice (Oryza sativa L.), we identified an epiallele conferring acquired
and heritable cold tolerance, an adaptive trait enabling northward spread from its tropical origins. We sub-
jected cold-sensitive rice to multigenerational cold stress and identified a line with acquired stable inheri-
tance of cold tolerance. DNA-hypomethylation variation in the acquired cold tolerance 1 (ACT1) promoter re-
gion rendered its expression insensitive to cold. This change is, in large part, responsible for the acquired
cold tolerance, as confirmed by DNA-methylation editing. Natural variation in ACT7 DNA hypomethylation
is associated with cold tolerance and rice geographic distribution. Hypomethylation at ACT1 triggers adap-
tive cold tolerance, presenting a route to epigenetic-variation-driven inheritance of acquired characteristics.

INTRODUCTION

The idea that the environment can directly drive adaptive pheno-
type changes in a heritable manner is known as the inheritance of
acquired characteristics. Adaptability and hereditary stability are
two key properties of this, with several inheritance-of-acquired-
characteristics-related phenomena with adaptive features
known.>™ Owing to the lack of direct molecular evidence, a
compelling demonstration of inheritance of acquired character-
istics remains elusive.® Epigenetic mechanisms, including DNA
methylation and small RNAs, are linked to environmentally
induced phenotype changes,®'? and DNA-methylation-associ-
ated epialleles can mediate inherited phenotypes in plants.'®"°
However, these changes have not been shown to have adaptive
significance while retaining hereditary stability, and therefore
demonstration of inheritance of acquired characteristics awaits.

Here, we analyzed cold tolerance, an adaptive trait of Asian
rice, enabling its northward spread away from its tropical

origin.?>?" We identified and genetically confirmed that DNA hy-
pomethylation in the acquired cold tolerance 1 (ACTT1) gene,
induced by multigenerational cold stress, promotes both cold-
tolerance acquisition and its stable inheritance. Natural variation
in DNA methylation at ACT1 correlates with cold tolerance and
geographic distribution of rice. We demonstrate that environ-
mentally induced epigenetic variation contributes to the inheri-
tance of an acquired characteristic.

RESULTS

Multigenerational cold stress triggers heritable cold
tolerance

During the northward range expansion of rice, cold tolerance
was acquired to adapt to low-temperature environments.?? To
investigate the mechanism responsible for this, we designed a
cold-acclimation experiment to screen for variants with acquired
and heritable cold tolerance. Male reproductive development is
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Figure 1. Cold-stress-driven acquisition and stable inheritance of cold tolerance in rice
(A) Schematic of cold treatment during the meiotic stage in rice. The experiment was conducted in Harbin, China, from May to October each year, using potted

plants. The normal temperature corresponds to the natural ambient temperature in the region, while the cold treatment was carried out in a phytotron under
natural lighting conditions.

(B) Screening for cold-tolerance acquisition generation by generation. N, normal temperature; C, cold stress, 1C-4C, the generation numbers experiencing cold
stress.

(C) Seed-setting ratio of KD8 and its progeny as developed in (B) at normal and cold temperatures. The red arrow in the KD8-2C profile indicates the panicle from
which its self-progenies were used for further cold treatment. ****p < 0.0001; ns, non-significant, Wilcoxon matched-pairs signed rank test.

(D) Pollen fertility (top) and filled or unfilled grains (bottom) of representative panicles from KD8-4N and KD8-4C plants grown under normal and cold temper-
atures. Scale bars, 100 um (pollen) and 1 cm (grain).

(E) Seed-setting ratio of KD8-4N and KD8-4C inbred lines over the successive five generations without cold stress, under normal and cold temperatures. IN-5N
indicate the generation numbers at normal temperature. ***p < 0.001; ***p < 0.0001, Wilcoxon matched-pairs signed rank test.

See also Figure S1 and Table S1.

highly sensitive to cold.>*>?® We developed a cold-tolerance  observed after the second round of cold stress (Figure 1C).
evaluation system by subjecting meiotic-stage plants to cold Seeds planted from this cold-tolerant panicle and subjected to
that affects spikelet fertility and yield®?” (Figures 1A, S1A, and  a third round of cold treatment yielded plants (designated
S1B). We distinguished cold tolerance among 31 varieties/land-  “KD8-3C” for three generations of cold, “C”) with increased
races from northern China, with KenDao8 (KD8) being very cold  seed set (Figure 1C). This cold-tolerance acquisition, inferred
sensitive (Figures S1C-S1E; Table S1). KD8 was subjected to by increased seed set, persisted in the progeny from KD8-3C
multigenerational cold stress (Figure 1B). At each generation, (KD8-4C, Figures 1C and 1D). Cold tolerance can be acquired
we selected panicles with increased cold tolerance, the seeds  within three generations of cold stress at the meiotic stage.

from which were collected, planted, and subjected to further Hereditary stability is a key feature of inheritance of acquired
rounds of stress. A panicle with a high seed-setting ratio was  characteristics.” To explore this, we developed inbred lines in
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Figure 2. The ACT1 epiallele is associated with cold-tolerance acquisition
(A) Candidate-gene identification by combined analyses of genomes, transcriptomes, and DNA methylomes. n, number of genes or DMRs.

(B) RNA-seq read coverage of ACT7 in KD8-4N and KD8-4C at the indicated cold-treatment time points. FPKM, fragments per kilobase per million.

(C) DNA-methylation status of the ACTT1 region revealed by whole-genome bisulfite sequencing. The green rectangle indicates the methylation region that varies

between KD8-4N and KD8-4C.
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(D and E) Confirmation of ACT1 DNA-methylation variation by Chop-PCR (D) and bisulfite sequencing (E). The asterisk in (E) indicates the Acil site. Each circle
represents a methylated (solid) or non-methylated (empty) cytosine. Sequence contexts of cytosine are distinguished by red for CG, blue for CHG, and green for
CHH (H = C, T or A). Each row represents an independent clone.

(legend continued on next page)
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parallel over the successive five generations for KD8-4N controls
grown under normal (“N”) temperatures and KD8-4C. Upon cold
treatment, the seed-setting ratio of offspring at each generation
was consistently maintained at 70%-80%, higher than the prog-
enies of KD8-4N developed in parallel (Figure 1E). All F4 panicles
derived from reciprocal crosses between KD8-4C and KD8-
4N exhibited high seed-setting ratios upon cold stress
(Figure S1F). The loci/locus controlling the acquired cold toler-
ance behaves in a dominant manner and can be transgenera-
tionally inherited for at least five generations without a cold
stimulus.

Cold tolerance is controlled by dominant epigenetic
variation

Sequencing and assembly of KD8-4C and KD8-4N genomes re-
vealed perfect collinearity between them (Figure S2A), with only
877 SNPs/insertions or deletions (indels) identified, most of
which are in repeat regions: 745 in transposable-element re-
gions, 32 in intergenic regions, 59 in promoters, and 41 in gene
bodies, with only one causing an altered amino acid sequence
(@ 3-bp deletion in KD8-4C) for Os02g0776800 (Figure S2B).
This in-frame mutation shows a statistically non-significant cor-
relation with cold tolerance among the F, population generated
by reciprocal crosses between KD8-4N and KD8-4C (Figure
S2C), suggesting it is not responsible for the acquired trait in
KD8-4C.

We next searched candidate genes displaying differential
expression from KD8-4N, KD8-4C, and their F; progeny at
meiotic-stage panicles subjected to cold stress for 0, 1, 3, and
5 days. Principal-component analysis suggested that expres-
sion changes are strongly affected by cold treatment (Figure
S2D). Based on the dominant nature of the acquired cold-toler-
ance trait, we hypothesized that the candidate genes would
show similar expression patterns between KD8-4C and F, prog-
eny, but different from KD8-4N, when responding to cold.
Following this, 12 candidate genes were identified (Figures 2A
and S2E). The 59 SNPs/indels identified in promoter regions be-
tween KD8-4N and KD8-4C are not located in these 12 genes,
suggesting that genetic variation might account less for acquired
cold tolerance (Figure 2A).

We then explored epigenetic variation in these 12 differentially
expressed genes. DNA methylation occurs in CG, CHG (H=A, C,
T), and CHH contexts in plants and is the most prevalent epige-
netic mark.?® Methylation at CG (mCG) and CHG (mCHG) levels
were similar between KD8-4N and KD8-4C, while methylation at
CHH (mCHH) levels showed a small increase in KD8-4C
(Figure S2F). A total of 7,830 CG, 4,459 CHG, and 91 CHH differ-
entially methylated regions (DMRs) were identified between the
KD8-4N and KD8-4C genomes. Of these, 56.2% CG, 48.6%
CHG, and 37.3% CHH regions were hypomethylated in KD8-

Cell

4C, compared with KD8-4N (Figures 2A and S2G). Among the
12 candidate genes, only 1, Os08g0482300, contained a DMR
in KD8-4C. We therefore named it ACT1.

DNA hypomethylation at ACT17 enables cold tolerance
ACTT1 expression was decreased at 1, 3, and 5 days of cold treat-
ment in KD8-4N but showed less changes in KD8-4C and F4 prog-
eny (Figures 2B and S2E). We did not detect any nucleotide varia-
tion in the ACT1 gene body and promoter region across KD8-4N
and KD8-4C. However, DNA hypomethylation was observed in a
contiguous 37-bp region from —1,549 to —1,513 bp upstream of
the ACT1 transcriptional start site in KD8-4C. This region contains
three CG and three CHG sites (Figure 2C), which were confirmed
using methylation-sensitive enzyme digestion followed by PCR
(Chop-PCR) (Figure 2D) and bisulfite sequencing (Figure 2E).

To explore whether the ACT1 hypomethylation allele is trans-
generationally inherited and associated with cold tolerance, we
ran a correlation analysis between ACT7 DNA methylation and
cold tolerance among the progenies from the F, population
generated by reciprocal crosses between KD8-4N and KD8-
4C. Upon cold, seed-setting ratios exhibited a continuous distri-
bution (Figure S2H), suggesting that multiple loci contribute to
the acquired cold-tolerance traits. We hypothesized that if the
ACT1 hypomethylated epiallele is a major contributor to the
phenotype, it will be enriched in F, cold-tolerant individuals,
while hypermethylated ACT7 will be enriched in cold-sensitive
individuals. To test this, we analyzed ACT1 methylation in 18
cold-sensitive plants (with cold tolerance similar to or less than
that of KD8-4N) and 20 cold-tolerant ones (with cold tolerance
similar to or more than that of KD8-4C) (Figure S2H; Table S2).
The ACT1 hypomethylation allele is prevalent in the cold-tolerant
group but less common in the cold-sensitive group, with a strong
negative correlation observed between ACT7 methylation level
and cold tolerance (Pearson’s R = —0.757, p = 3.8e 8 for CG;
R=—0.71, p = 5.8e 7 for CHG; Figures 2F and S2l). DNA hypo-
methylation and cold-insensitive ACT1 expression persisted in
higher generations of KD8-4C inbred lines (Figures 2G and 2H).
Thus, cold-induced alterations in DNA methylation and cold-
responsive expression of ACT1 are stably inherited and associ-
ated with acquired cold tolerance.

We used SunTag®® to demethylate the hypermethylated region
upstream of ACT1 in KD8-4N. In two independent transgene-free
lines, methylation levels were reduced to levels similar to KD8-4C
(Figure 3A). ACT1 expression remained unchanged in both lines
upon cold stress, compared with downregulation in the nega-
tive-control line (Figure 3B), and seed set upon cold was increased
(Figure 3C). Grain yield per plant increased with no obvious
change in other agronomic traits (Figures S3A-S3D). Upon
methylation restoration in KD8-4C, using a DNA-methylation
editing system (Figure S3E), the resulting transgene-free lines

(F) Scatterplot showing the linear correlation between ACT7 methylation (CG) and seed-setting ratio among the progenies from F, populations of KD8-4N and
KD8-4C. Statistical significance is determined by Pearson’s product-moment correlation. R, Pearson’s correlation coefficient.
(G) DNA-methylation status in ACT7 by Chop-PCR in higher generations of KD8-4C/4N inbred lines at normal temperature. 3N-5N indicates the generation

numbers at normal temperature.

(H) ACT1 expression in higher generations of KD8-4C/4N inbred lines at normal and cold temperatures. Relative expression was normalized to UBIQUITIN and

values are means + SD of three biological replicates. **p < 0.01, Student’s t test.

See also Figure S2 and Table S2.
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Figure 3. Targeted DNA demethylation of ACT7 in KD8 enables cold-tolerance acquisition

(A) Bisulfite sequencing of the ACTT1 region in the negative control and two independent T5 transgene-free lines for targeted demethylation of ACT?1 (DM #1, DM
#2) in the KD8-4N background.

(B and C) ACT1 expression in meiotic panicles (B) and seed-setting ratio (C) of negative control, DM #1, and DM #2 lines at normal and cold temperatures.
Statistically significant differences are indicated by different lowercase letters (B, ordinary two-way ANOVA with Tukey’s multiple comparisons test, p < 0.01; C,
Kruskal-Wallis test with Dunn’s multiple comparisons test, p < 0.01).

(D) Bisulfite sequencing of the ACT1 region in the negative control and two independent T, transgene-free lines for targeted methylation of ACT1 (M #1, M #2) in
the KD8-4C background.

(E and F) ACT1 expression in meiotic panicles (E) and seed-setting ratio (F) of negative control, M #1, and M #2 lines at normal and cold temperatures. Statistically
significant differences are indicated by different lowercase letters (E, ordinary two-way ANOVA with Tukey’s multiple comparisons test, p < 0.01; F, Kruskal-Wallis
test with Dunn’s multiple comparisons test, p < 0.01).

(G) Schematic of ACT1 with the DNA-methylation-changed region and Dof1 binding site in the upstream sequence. Red vertical line denotes the Dof1 binding
motif. Black lines indicate regions (R1-R4) detected by chromatin immunoprecipitation (ChlP)-qPCR.

(H) EMSA of MBP-Dof1 binding to the unmethylated probe sequence in vitro, with weaker affinity for probe sequences containing one or more methylated
cytosines at the binding site.

(I) ChIP-gPCR assay of Dof1-FLAG binding to the ACT1 promoter in vivo. Statistically significant differences are indicated by different lowercase letters, one-way
ANOVA with Tukey’s multiple comparisons test, p < 0.01.

(J) RNA-seq read coverage of Dof7 in KD8-4N at the indicated cold-treatment time points. FPKM, fragments per kilobase per million.

(K and L) Relative ACT1 expression in meiotic panicles (K) and seed-setting ratio (L) of negative control, Dof! KO #1, and KO #2 lines at normal and cold
temperatures. Statistically significant differences are indicated by different lowercase letters (K, two-way ANOVA with Tukey’s multiple comparisons test,
p < 0.01; L, Kruskal-Wallis test with Dunn’s multiple comparisons test, p < 0.01).

(legend continued on next page)
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(M #1, M #2) displayed increased sensitivity to cold stress, with
both ACT7 expression and seed-setting ratio reduced upon
cold treatment, compared with the negative control (Figures 3D-
3F). DNA hypomethylation in the ACT7 upstream region therefore
accounts for its cold-insensitive expression and the increase in
cold tolerance in plants bearing this epigenetic change.

Transcription factors regulate gene expression, and their
target binding is influenced by DNA methylation.*® The ACT?1
promoter contains a predicted binding motif (CAAAAAGTTCA)
for the transcription factor Dof1.®" This motif contains a cytosine
(—1,519 CHG) subject to differential methylation (Figure 3G). In
EMSAs, maltose binding protein (MBP)-Dof1 can bind unmethy-
lated probes, while methylated probes containing methylated
cytosine at position —1,519 weakened this (Figures 3H and
S3F). Dof1-FLAG had a higher binding affinity to the ACT1 pro-
moter motif in vivo in the hypomethylated KD8-4C background,
compared with the hypermethylated KD8-4N (Figure 3I).

Dof1 is itself cold-induced and activates transcription
(Figures 3J and S3G). In dofl mutants (Figure S3H), ACT1
expression was reduced under cold stress, and cold tolerance
decreased (Figures 3K and 3L). Insensitivity of ACT7 expression
to cold stress in KD8-4C is therefore due to hypomethylation of
its upstream region, which facilitates the binding of the cold-
induced Dof1 and positively regulates its expression.

ACT1 hypomethylation underwent selection as a cold-
adaptation target

ACT1 encodes ARABINOGALACTAN PROTEIN 1 (AGP1), which
belongs to a family of extracellular glycoproteins implicated in
plant growth, development, and environmental interactions.®***
To determine whether ACT1 functions in the cold response, we
generated independent knockout and ACT7-3xFLAG overex-
pression lines in KD8-4C and KD8-4N backgrounds, respectively
(Figures S3I-S3K). Upon cold stress, all three knockout lines had
decreased cold-tolerance acquisition, whereas the ACTT7-
3XFLAG lines acquired cold tolerance, as inferred by seed set
(Figures 3M and 3N). These results indicate that ACT1 function
is required for cold tolerance during meiosis.

We analyzed ACT1 minor-allele frequency of 2,847 sequenced
accessions belonging to 9 subpopulations.®>* No high-frequency
variation was seen across the ACT1 region (2-kb promoter re-
gion + gene body + 1 kb downstream), with methylated nucleo-
tides identical in all sampled accessions (Figure S3L).

We checked ACT1 methylation status in the 31 varieties and
landraces used to evaluate cold-tolerance acquisition (Table
S1). Variation at the —1,549- to —1,513-bp region exists among
them (Figure 4A), and methylation levels highly correlated with
ACT1 expression upon cold treatment (Pearson’s R = —0.801,
p = 6.4e 8 for CG; R = —0.809, p = 3.6e 2 for CHG; Figures 4B
and S3M). Plants with hypermethylated DNA had weaker ACT1
expression upon cold. A strong correlation exists for cold-toler-
ance acquisition with both ACT7 methylation (Pearson’s R =
—0.84, p = 3.5¢7° for CG; R = —0.851, p = 1.4e~° for CHG;
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Figures 4C and S3N) and its cold-induced differential expression
(Pearson’s R = 0.928, p = 5.5e"'%; Figure 4D). The accessions
were further divided into cold-sensitive/tolerant groups based
on a threshold of 50% seed set upon cold treatment. Similarly,
ACTT1 epialleles were divided into low/high-methylation groups
based on the threshold of the mean number of average mCG
or mCHG in the —1,549- to —1,513-bp region between KD8-
4N and KDB8-4C. All nine cold-sensitive varieties bore high-
methylation epialleles, while 95.4% (21/22) of cold-tolerant vari-
eties had low-methylation ACT1 epialleles (Figures 4C and S3N).
DNA-methylation editing demethylated the hypermethylated
ACT1 in a cold-sensitive variety (CS1) and methylated hypome-
thylated ACT1 in a cold-tolerant variety (CT19). These edited
lines exhibited cold-insensitive ACT71 expression and improved
cold tolerance or exhibited cold-sensitive ACT7 expression
and were cold sensitive, respectively (Figures 4E-4J). Natural
ACTT1 epialleles may therefore contribute to divergence in cold
tolerance.

Crop landraces are sources of genetic or epigenetic varia-
tion associated with adaptations to diverse geographical re-
gions.®>>*® Variation associated with adaptive cold tolerance
during range expansion may be preserved in local landraces.
We investigated methylation status at ACT7 in 131 landraces
from 3 major cropping regions across China, which span diverse
geographic origins (Figure 4K; Table S3). Region 1 is located in
southern coastal China, characterized by the highest annual
active-accumulated temperature (AAT, >10°C), which is the
main heat resource index for crop growth and development; re-
gion 2 isimmediately north of and mostly inland of region 1 with a
cooler but moderate AAT; and region 3 is located in northern
China with the lowest AAT.®” Methylation levels correlate
strongly with geographic distribution, as determined by Chop-
PCR (Figure 4K). In the southern regions, over 88% (31/35 in re-
gion 1; 63/71 in region 2) of the landraces have high DNA-methyl-
ation levels in ACT1. By contrast, the hypomethylation allele is
highly enriched in region 3, from which 72% (18/25) have low
methylation. Wild rice accessions®® harbor hypermethylated
ACTT1 epialleles (Figure S30). These findings suggest that during
the northward range expansion, ACT1 hypomethylation was
selected among landraces and may have contributed to cold
adaptation.

Cold-induced downregulation of MET1b likely
contributes to hypomethylated ACT1 epiallele formation
We next explored how cold could induce the ACT1 hypomethy-
lation epiallele. Of the 10 DNA methyltransferases and 5
demethylases encoded in the rice genome,*“° DNA METHYL-
TRANSFERASE 1b (MET1b) and CHROMOMETHYLASE 3
(CMT3) were downregulated in meiotic panicles upon cold treat-
ment in KD8-4N and in other varieties (Figures 4A, S4A, and
S4B). To determine whether and to what extent cold-induced
downregulation of both methyltransferases are responsible for
the formation of hypomethylation epialleles, we generated

(M and N) Seed-setting ratio of negative control, three act? knockout mutants (M) and two transgenic ACT1 overexpression lines (OE #1, OE #2) (N) at normal and
cold temperatures. Statistically significant differences are indicated by different lowercase letters (Kruskal-Wallis test with Dunn’s multiple comparisons test,

p < 0.01).
See also Figure S3.
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Figure 4. Natural variation in ACT1 methylation correlates with cold tolerance and latitudinal distribution of rice accessions

(A) DNA-methylation status of the ACT1 upstream region in 31 varieties/landraces from northern China. The methylated cytosine ratio was determined by bisulfite
sequencing.

(B-D) Correlations between DNA-methylation level (CG) and ACT1 expression changes upon cold (B), ACT7 DNA-methylation level (CG) and seed-setting ratio
(C), and ACT1 expression changes upon cold and seed-setting ratio (D) in 31 varieties/landraces. The dashed lines in (C) indicate the thresholds of cold-sensitive/
tolerant groups or low/high DNA-methylation groups. Statistical significance of correlations was determined by Pearson’s product-moment correlation. R,
Pearson correlation coefficient.

(legend continued on next page)
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RNA: lines against MET1b and CMT3 in the KD8-4N background
(Figure S4C) and performed bisulfite sequencing. ACT1 repre-
sents a typical MET1b-dependent DMR. Both MET17b RNAI lines
exhibit the same DNA-methylation variation at the ACT1 locus as
observed in KD8-4C by cold induction, affecting identical sites
and to almost the same extent: three CG and three CHG sites
spanning a 37-bp region at —1,549 to —1,513 bp, which show
hypomethylation in MET1b RNAi lines (Figure S4D).

The stable formation of hypomethylated epialleles also re-
quires the absence of de novo DNA methylation, which is typi-
cally directed by 24-nt small interfering RNAs (siRNAs) in
plants.”® Small RNA sequencing (RNA-seq) revealed no detect-
able 24-nt siRNAs targeting the region near the methylation vari-
ation sites at ACT17 in KD8-4N and KD8-4C under normal and
cold conditions (Figure S4D).

This finding suggests that the upstream CG methylation sites
of ACT1 are directly regulated by MET1b, implying that the
cold-induced downregulation of MET1b likely mediates the for-
mation of epi-ACT7. Methylation at this locus is easily lost
when there is a disruption therein and in the absence of small
RNA(s) targeting the vicinity of the locus.

DISCUSSION

Epigenetic marks can rapidly be changed in response to environ-
mental changes, and plants and animals can experience herita-
ble epigenetic variation due to environmental stimuli. This has
prompted calls to include these mechanisms in contemporary
evolutionary theory.*' However, the adaptive significance and
long-term stability of such changes are debated because spe-
cific causal loci for stably inherited adaptive traits from epige-
netic variation have not been clearly identified.”

Here, we demonstrate that a heritable epigenetic change in
ACT1 that confers cold tolerance can be acquired through low-
temperature treatment of rice. This environmentally directed
epigenetic variation is stably inherited without continuous environ-
mental stimuli, likely aiding northward expansion of rice. We offer
evidence supporting the notion that environment-directed epige-
netic changes to phenotypic variation can serve as natural selec-
tion targets, suggesting a need to rethink evolutionary theory.

The evolutionary significance of these environmentally
directed epimutations lies in their potential to provide immediate
adaptive benefits, such as enhancing survival and fitness. More-
over, such environmentally directed epigenetic changes may
become fixed within populations, contributing to long-term
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evolutionary processes. For example, at the ACT1 locus, there
is natural variation in DNA-methylation status, with hypomethy-
lated alleles enriched in cold-tolerant rice in a cold cropping re-
gion in China.

Our results also inform a possible means through how the
environment directs the formation of epialleles, at least from
cold treatment to rice at booting stage when temperature-sensi-
tive meiosis is occurring. We propose that during rice’s north-
ward expansion, cold-induced epigenetic variations arise when
low temperatures during the meiotic stage downregulate
MET1b and CMT3, resulting in a failure to reinforce DNA methyl-
ation in CG/CHG contexts at certain loci.*> Exposure of succes-
sive generations to low temperatures strengthens and stabilizes
the loss of methylation, creating stable epialleles that help rice
adapt to colder climates (Figure S4E). The ACT1 epiallele exem-
plifies this process by promoting high AGP1 expression during
cold stress, which is crucial for cold tolerance. Its arabinogalac-
tan protein product is subject to GPI lipid anchoring, allowing it to
bind to the plasma membrane. By binding calcium ions, it forms
an AGP-Ca?* capacitor,® likely playing a role in sensing and
transmitting cold signals, thereby mediating cold tolerance.

Limitations of the study

A key point for future investigation is the generality of cold-
induced epialleles in mediating acquired cold tolerance by con-
ducting acclimation experiments with more cold-sensitive ac-
cessions. However, the current method cannot ensure that all
florets are at the cold-sensitive meiotic stage during cold treat-
ment, leading to uncertainty in the initial screening and limiting
its large-scale application. To overcome this, non-destructive
tools for efficiently detecting, labeling, and tracking young florets
are needed. This would enable high-throughput phenotypic
screening, precise sampling, and omics analysis of specific cells
to identify causal variant loci.

Although we have genetically confirmed that ACT1 plays a crit-
ical role in cold tolerance at booting, the mechanisms by which
methylation regulates ACT1 expression in response to cold
stress, as well as how ACT1 controls pollen development at
low temperatures, require investigation.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Xiaofeng Cao (xfcao@
genetics.ac.cn).

(E) Bisulfite sequencing of the ACT1 region in the negative control and two independent T5 transgene-free lines for targeted demethylation of ACT1 (DM #1, DM

#2) in variety CS1.

(F and G) ACT1 expression in meiotic panicles (F) and seed-setting ratio (G) of negative control, DM #1, and DM #2 lines in variety CS1 at normal and cold
temperatures. Statistically significant differences are indicated by different lowercase letters (F, two-way ANOVA with Tukey’s multiple comparisons test,
p < 0.01; G, Kruskal-Wallis test with Dunn’s multiple comparisons test, p < 0.01).

(H) Bisulfite sequencing of the ACTT1 region in the negative control and two independent T, transgene-free lines for targeted methylation of ACT7 (M #1, M #2) in

variety CT19.

(Iand J) Relative ACT1 expression in meiotic panicles (I) and seed-setting ratio (J) of the negative control, M #1, and M #2 lines in rice variety CT19 at normal and
cold temperatures. Statistically significant differences are indicated by different lowercase letters (I, two-way ANOVA with Tukey’s multiple comparisons test,

p < 0.01; J, Kruskal-Wallis test with Dunn’s multiple comparisons test, p < 0.01).

(K) Geographic distribution of landraces with differing DNA-methylation status at ACT7 from three major cropping regions in China, designated regions 1-3 (R1:
South China region, R2: Central China region, R3: Northeast China region). p values are determined by Student’s t test.

See also Figures S3 and S4 and Tables S1 and S3.
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Materials availability

Constructs, seeds, and unique reagents generated in this study will be avail-
able from the lead contact upon request with a completed materials transfer
agreement.

Data and code availability

The RNA-seq, whole-genome bisulfite sequencing (WGBS), and whole-
genome sequencing data generated in this study are publicly accessible
through the Genome Sequence Archive (GSA: https://ngdc.cncb.ac.cn/gsa/)
at the Beijing Institute of Genomics, Chinese Academy of Sciences, under
accession number PRJCA016978. Genome assemblies and annotation
files are available via the Science Data Bank at https://doi.org/10.57760/
sciencedb.08245. Additional data supporting the findings of this study can
be obtained from the corresponding author upon reasonable request.
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Rice: KD8-4N / ACT1 DM # 2 This study N/A

Rice: CS1/ACT1 DM # 1 This study N/A

Rice: CS1/ACT1 DM # 2 This study N/A

Rice: KD8-4C / ACT1 M # 1 This study N/A

Rice: KD8-4C / ACT1 M # 2 This study N/A

Rice: CT19/ACT1 M # 1 This study N/A

Rice: CT19/ACT1 M # 2 This study N/A

Rice: KD8-4C / ACT1 KO # 1 This study N/A

Rice: KD8-4C / ACT1 KO # 2 This study N/A

Rice: KD8-4C / ACT1 KO # 3 This study N/A

Rice: KD8-4C / Dof1 KO #1 This study N/A

Rice: KD8-4C / Dof1 KO #2 This study N/A

Rice: KD8-4N / ACT1 OE # 1 This study N/A

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Rice: KD8-4N / ACT1 OE # 2 This study N/A
Rice: KD8-4N / Dof1-FLAG This study N/A
Rice: KD8-4C / Dof1-FLAG This study N/A
Rice: KD8-4N / CMT3 RNAi # 1 This study N/A
Rice: KD8-4N / CMT3 RNAI # 2 This study N/A
Rice: KD8-4N / MET1b RNA; # 1 This study N/A
Rice: KD8-4N / MET1b RNAi # 2 This study N/A
Wild rice: P25; P46; GD-qy-01; IRGC Jing et al.*® N/A
105882; IRGC 80546; VNO1-16
Rice:31 varieties/landraces are listed in Table S1 National Mid-term GenBank N/A
for Rice of China National
Rice Research Institute
Rice:131 landraces are listed in Table S3 National Mid-term GenBank N/A

for Rice of China National
Rice Research Institute

Oligonucleotides

Primers are listed in Table S4

Sangon Biotech

Custom order

Recombinant DNA

ZmUDbi: SunTag dCas9 TET1cd-ACT1 This study N/A

ZmUbi: SunTag dCas9 DRM2cd-ACT1 This study N/A

pCXUN-Cas9 ACT1 This study N/A

ZmUbi: ACT1-FLAG This study N/A

Actin1g: CMT3 RNAI This study N/A

Actin1yo: MET1b RNAI This study N/A

ZmUbi:Dof1-FLAG This study N/A

pYL-MH Dof1- This study N/A

Software and algorithms

nextdenovo pipeline v2.2-beta.0. Wang et al.** https://github.com/Nextomics/NextDenovo
minimap2-nd v2.17-r941 Li*® https://github.com/Ih3/minimap2
Trimmomatic v0.38 Bolger et al.“® https://github.com/usadellab/Trimmomatic
Nextpolish v1.1.0 Hu et al.”” https://github.com/Nextomics/NextPolish

RaGOO v1.1

BUSCO v4.0.2
RepeatMasker v4.0.6
RepeatModeler v1.0.11
EDTA v1.8.3

MAKER v3.01.02

hisat2 v2.1.0
SNAP v2006-07-28
Syri vi.1

bwa v0.7.17-r1188
GATK v4.2.3.0

bedtools v2.29.1
Stringtie v1.3.4d
sva package (v3.50.0)

pheatmap (v1.0.12)
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Alonge et al.*®
Manni et al.*®
Smit et al.”°

Smit and Hubley®'

Ou et al.””

Campbell et al.>®

Kim et al.>*

Korf>®
Goel et al
Li and Durbin®”

McKenna et al.*®

|.56

Quinlan and Hall*®

Kovaka et al.?°

Leek et al.®

Kolde®?

https://github.com/malonge/RaGOO.
https://gitlab.com/ezlab/busco
https://www.repeatmasker.org/
http://www.repeatmasker.org/RepeatModeler/
https://github.com/oushujun/EDTA.

http://weatherby.genetics.utah.edu/
CPB_MAKER/CPB_MAKER:.tar.gz

http://daehwankimlab.github.io/hisat2/
https://github.com/KorfLab/SNAP
https://github.com/schneebergerlab/syri
https://github.com/Ih3/bwa

http://www.broadinstitute.org/gsa/
wiki/index.php/The_Genome_
Analysis_Toolkit

http://code.google.com/p/bedtools
https://github.com/gpertea/stringtie

https://bioconductor.org/packages/
release/bioc/html/sva.html

https://github.com/raivokolde/pheatmap

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ggplot2 (v3.5.0) Hadley®® https://ggplot2.tidyverse.org/

DESeq2 v1.34.0 Love et al.** http://www.bioconductor.org/packages/
release/bioc/html/DESeqg2.html

Bismark (v0.19.1) Krueger and Andrews®® www.bioinformatics.bbsrc.ac.uk/
projects/bismark/

methylKit (version 1.8.1) Akalin et al.®® http://code.google.com/p/methylkit.

bowtie (v1.3.1) Langmead and Salzberg®” http://bowtie.cbcb.umd.edu.

ShortStack (v4.0.2) Axtell®® http://axtell-lab-psu.weebly.com/

shortstack.html.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials and growth conditions

Allrice plants (Oryza sativa L.) used in this study were grown in natural conditions (except for 7-d cold treatments done at the booting
stage) either in Harbin (126°37°11"E, 45°41°00"N), China, from May to October in long-day conditions, or in Lingshui (110°0’30"E,
18°32’8"N), China, from December to April in short-day conditions from 2014 to 2024. These rice landraces were randomly selected
based on the province information from the National Mid-term GenBank for Rice of the China National Rice Research Institute.

METHOD DETAILS

Plant cold treatment

Cold treatment at the booting stage was performed annually in Harbin from July to September using a phytotron (Koito, Japan) under
natural lighting conditions. Each plant was grown in a cylindrical plastic pot 15 cm in height and 12 cm in diameter containing local soil
in the natural environment until cold treatment. During the booting stage, the tillers with the auricle distance between the flag leaf and
the penultimate leaf of -5 cm to —2 cm, which were considered to have panicles where most florets were at the meiosis stage, were
tagged and the whole plant was moved to a phytotron for cold treatment (15°C constant temperature). After cold treatment for 7 d,
plants were returned to the natural environment until maturity. The ratios of stained pollen or seed setting from the tagged tillers were
measured to evaluate the cold tolerance of each plant. Mature pollen grains were stained as previously described.®®

Generation of transgenic rice plants

Previously published epigenome-editing vectors were used to generate targeted ACT1 demethylation lines in the KD8 background.?*
Two fragments of U6 ACT17-sgRNA for epigenome editing were amplified using primers of CF6964/CF8415 and CF8414/CF6965
from the U6 template vector. The two fragments were inserted into the Pmel-digested Zmubi-SunTag-14aa vector using Gibson
assembly.

To generate targeted DNA-methylation editing system, we amplified the Nicotiana tabacum DRM2 catalytic domain using primer
pairs XP0020 and XP0021. The amplified fragment was inserted into the ZmUbi: SunTag dCas9 TET1cd-ACT1 vector digested by the
BsiWI to replace the TET1 catalytic domain.

ACTT1 knockout lines were generated in the KD8-4C background by CRISPR-Cas9. The gene-editing vector was constructed ac-
cording to a previous study.”’ In brief, two fragments of U3 ACT7-sgRNAs were amplified using primers OsU3-F/ACT1-R and
ACT1-F/OsU3-R from the U3 template vector then inserted into Kpnl-digested pCXUN-Cas9 vector using Gibson assembly. The
ACTT1 over-expression lines driven by maize UBIQUITIN promoter were generated in the background of KD8-4N. The full-length
ACT1 coding sequence was amplified using CF9200 and CF9201 primers and the PCR fragment was inserted into the Sacl/
BamHI-digested XF2753 vector using Gibson assembly. To mutate Dof1, two gene-editing targets were designed and inserted
into the pYLCRISPR/Cas9Pubi-H binary vector as previously described.”

To generate the ZmUBI,,..Dof1-FLAG over-expression vector, fragments containing the Dof7 coding sequence and 3xFLAG tag
were obtained using primers XP3067 and XP3068 using plasmid XF2753 as template, and the amplified products was inserted to the
pCXUN backbone digested by BamHI using Gibson Assembly.

The CMT3 and MET1b RNAI lines were generated in the KD8-4N background. The RNAI vector was constructed as previously
described.” Fragments to target CMT3 and MET1b were obtained using primers CF8768/CF8769 and CF8770/8771, respectively.

Agrobacterium-mediated transformation and regeneration of plants were performed as previously reported with minor modifica-
tions.”® Primers for constructs are listed in Table S4 in supplemental information.
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Total RNA isolation and qRT-PCR analysis

Total RNA was extracted from panicles at the booting stage with TRIzol reagent (15596018; Invitrogen). First-strand cDNA was synthe-
sized from 2 pg of total RNA using Superscript Il Reverse Transcriptase (#18064022; Invitrogen). Ten-fold-diluted cDNA samples were
used as template for real-time gPCR analysis using Bio-Rad CFX Manager with ChamQ Universal SYBR qPCR Master Mix (Q711-02;
Vazyme). The expression levels of target genes were normalized against UBIQUITIN (LOC_0Os03g13170). Each data point includes at
least three biological replicates. Primers for gqRT-PCR and real-time PCR are listed in Table S4 in supplemental information.

PCR amplification with methylation-sensitive restriction enzyme (Chop-PCR)

Genomic DNA was extracted using a CTAB method and 500 ng was digested with methylation-sensitive restriction enzyme Acil
(R0O551V; New England Biolabs) overnight at 37°C and followed by PCR amplification. Chop—PCR primers are listed in Table S4 in
supplemental information.

Bisulfite-sequencing-based DNA-methylation analysis

Bisulfite treatment was conducted using the EZ DNA Methylation-Gold Kit (D5005; Zymo Research) according to the instruction
manual. Bisulfite-treated DNA was used to amplify the target regions using primers listed in Table S4. PCR products were purified
and cloned into pEASY-Blunt vector (CB101-01; TransGen Biotech) for sequencing. The sequencing results were analyzed with Kis-
meth software’* and the methylation percentages of each cytosine site were calculated.

For detection of DNA-methylation levels by amplicon deep sequencing, the bisulfite-treated genomic DNA was used as a template
followed by two rounds PCR. In the first PCR, the target region was amplified using site-specific primers. In the second PCR, both
forward and reverse barcodes were added to the ends of the PCR products for library construction.”> Equal amounts of PCR prod-
ucts were pooled and samples were sequenced (Annoroad Gene Technology, Novaseq 6000 platform). The sequencing data were
analyzed by HiMeth (http://www.hi-tom.net/Hi-TOM_meth/).

EMSA

Recombinant MBP-Dof1 and MBP were incubated with biotin-labeled probes, competitor probes, or mutant probes, using a
LightShift Chemiluminescent EMSA kit (20148, Thermo Fisher), on ice for 60 min. Binding reactions were terminated by adding
5x native sample-loading buffer, and samples were separated by native PAGE. Binding signal was detected using a Nucleic Acid
Detection Module kit (89880, Thermo Fisher).

ChIP-qPCR assay

ChIP assays were performed as previously described with minor modifications.’® Briefly, approximately 1 g of Dof1 overexpression
line seedlings were crosslinked, and chromatin was extracted and sonicated to obtain DNA fragments. DNA fragments associated
with Dof1-FLAG were incubated with anti DDDDK-Tag antibody (AE092, ABclonal). Enriched DNA fragments were collected with a
ChIP DNA Clean and Concentrator kit (05205, ZYMO). The immunoprecipitated DNAs were quantified by gPCR with the primers spe-
cific to target regions. The fold enrichment is indicated by the ratio of ChIP DNA to input DNA.

Transcriptional activity assay

To investigate the transactivation activity of Dof1, a dual-luciferase reporter assay was used with transiently transgenic rice proto-
plasts. The full-length sequence of Dof1 was obtained by PCR using primers CF9351 and CF9352. The GAL4 DNA-binding domain
(BD) coding sequence was fused to Dof71 and inserted into pRT107 to generate GAL4-Dof1 effector plasmids. The fusion genes were
under the control of 35S promoter. The BD sequence was also fused to VP16 to generate a positive control effector plasmid. pRT107
containing the BD sequence was used as negative control. The reporter plasmid containing 5xUAS and 35S promoter upstream of a
reporter gene encoding a firefly luciferase (LUC) was used. The effector and reporter plasmids were co-transfected into rice proto-
plasts.”” Protoplasts derived from 14-d-old etiolated seedlings were co-transformed with reporter and control plasmids. 35S:REN
was used as an internal control. Total proteins were extracted from the samples using dual-LUC assay reagents. The LUC/REN ratio
was employed to quantify the relative promoter activity of Dof1, as measured with a GloMax 20/20 luminometer.

Genome sequencing, assembly and annotation
Genomes were sequenced with Oxford Nanopore Technology (ONT) at Nextomics Biosciences and NovaSeq at BerryGenomics. For
genome assembly, ONT long reads were de novo assembled with nextdenovo pipeline v2.2-beta.0.** Firstly, nextcorrect was used to
correct sequencing errors. The minimum-length threshold for seed sequences for KD8-4C and KD8-4N was determined to be
28,121 bp and 30,278 bp. Seed sequences were then extracted with seq_dump and transformed to bit format with seq_bit. By aligning
ONT long reads to seed sequences with minimap2-nd v2.17-r941,%° overlaps between ONT reads and seed sequences, as well as dove-
tail overlaps between seed sequences, were identified. Reads were corrected based on consensus-overlap results. Secondly, corrected
reads were assembled with nextgraph with parameters "-a1-n438-Q7-10.35-S0.18 -N 1 -r0.39 -m 5.29 -C 99 -z 16."

For genome polishing, chromosome assembly, and evaluation, short reads were firstly cleaned before use in genome polishing.
Adaptors and low-quality bases were trimmed using Trimmomatic v0.38%® with parameters "ILLUMINACLIP: MGISeq.fa:0:30:10
LEADING:3 TRAILING:3 CROP:145 HEADCROP:10 SLIDINGWINDOW:4:20 MINLEN:75." Nextpolish v1.1.0,%” was then used to
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correct possible errors in assembly. Briefly, ONT reads were firstly mapped to genomes and error corrections were performed with
parameters "task=1212; Igs_options = -min_read_len 10k -max_read_len 150k -max_depth 60" for two iterations. Secondly, clean
short reads were mapped to the corrected genome and further polishing was performed with parameters " task=1212; sgs_options=
-max_depth 100." with three iterations. Contigs were further anchored to chromosomes using homology information between draft
assemblies and Nipponbare assembly (IRGSP1.0) with RaGOO v1.1.“® Genome completeness was performed with BUSCO v4.0.2*°
using 425 BUSCO groups from clade Viridiplantae.

For genome annotation, transposable elements were first identified using a combination of homology and ab initio approaches.
For the homology-based approach, RepeatMasker v4.0.6°° was used to predict transposable elements with known rice transpos-
able-element library with species "rice." For the ab initio-based approach, RepeatModeler v1.0.11°" (http://repeatmasker.org/
RepeatModeler/) was used to build a transposable-element library for KD8-4C and KD8-4N and RepeatMasker v4.0.6 for identifying
transposable elements with an ab initio library.”® Both results were merged and used for genome masking before gene prediction. For
intact transposable elements, EDTA v1.8.3°% was used for identifying DNA transposons and LTR retrotransposons.

After masking repetitive elements, MAKER v3.01.02 pipeline was adopted to annotate the gene structure in the genomes of KD8-4C
and KD8-4N.°® Transcription and homology evidence were first prepared. RNA-seq reads of newly generated libraries as well as pub-
lished libraries of roots, leaves, and spikelets from Stein et al., were aligned to the genomes of KD8-4C and KD8-4N with hisat2 v2.1 .0.5479

For homology evidence, we downloaded protein sequences from rice (IRGSP1.0),%° maize (AGPv4),®" Arabidopsis (TAIR10)®* and
curated protein sequences from Uniprot-Swissprot with clade Viridiplantae (accessed 11 December, 2019).

These evidences were subsequently compiled and utilized in gene annotation through an iterative approach. For the first round of
gene annotation, we inferred gene structures directly from transcript and protein evidence with "est2genome=1 and protein2ge-
nome=1". The predicted genes were used to train de novo gene predictors Augustus v3.3.3 and SNAP v2006-07-28.°° For the sec-
ond round, we used the trained models of SNAP and Augustus to predict genes and integrated results with maker v3.01.02, obtaining
the final annotation.>® A total of 35,545 and 35,925 genes were annotated for KD8-4C and KD8-4N. Orthologs between KD8-4C,
KD8-4N, and Nipponbare (IRGSP1.0) were identified with getRBH.pl (https://github.com/ComputationalconSequences/ Sequence
Tools /blob /master/getRBH.pl).

Identification of variation between KD8-4C and KD8-4N genomes

Two approaches were used to identify variation between KD8-4C and KD8-4N. An assembly-based approach was first used to iden-
tify variations between chromosome assembilies with Syri v1.1.°® Even though careful curations were performed during the assembly
step, it is still possible that the resulting assembly could contain assembly errors, which could affect the identification of variations
between the two assembilies. Therefore, we took a stringent pipeline to filter raw SNPs and Indels identified by Syri. Clean short reads
for KD8-4C and KD8-4N were mapped back to the respective genome with bwa mem v0.7.17-r1188.°” Bedtools multicov v2.29.1°°
was then used to calculate read depth and only variations with depth over 20 were retained. The read-mapping-based approach was
performed by applying the best practice of GATK v4.2.3.0°® to bam files generated by bwa. Briefly, duplicated reads were first
masked with gatk MarkDuplicates.®® gatk HaplotypeCaller®® was then used to generate raw gvcfs, which were then used for geno-
typing with gatk GenotypeGVCFs. Identified SNPs were filtered with crieteria "QD < 2.0 || MQ < 40.0 || FS > 60.0 || SOR > 3.0 ||
MQRankSum < -12.5 || ReadPosRankSum < -8.0" with gatk VariantFiltration. Identified Indels were filtered with criteria "QD < 2.0
|| FS > 200.0 || SOR > 10.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0" with gatk GenotypeGVCFs. SNPs and indels that
were identified in both the assembly-based and read-mapping-based approaches were considered as high-quality variations and
retained. The locations of variations were identified with bedtools intersection v2.29.1.°° Identified missense mutations were further
verified using PCR and Sanger sequencing and were retained after they passed validation.

Transcriptome analysis

Strand-specific RNA-seq reads of KD8-4C, KD8-4N, and F4 transcriptomes were mapped to the Nipponbare reference genome
(IRGSP1.0)%%° with HISAT2 v2.1.0°* with parameters "—rna-strandness RF -mp 3,1." For coverage plot, regions of interest were tiled
into windows of 20 bp and FPKMs for each window were first calculated:

WindowMappedFragments x 10°

FPKM = TotalMappedFragments x WindowSize

Average FPMKs were then taken from different replicates and visualized using IGV (v2.16.0).%* Expression abundance for each gene
was quantified using Stringtie v1.3.4d.%° Batch effects were corrected using ComBat_seq in sva package (v3.50.0).°" Corrected Tran-
scripts Per Million (TPMs) were visualized in the heatmap and principal-component analysis (PCA) using pheatmap (v1.0.12)%? and
ggplot2 (v3.5.0).%° Differentially expressed genes with at least two-fold expression change and a Benjamini-Hochberg adjusted
p value < 0.05 (Wald test) were identified with DESeqg2 v1.34.0.%* Genes with maximum corrected TPM values below 15 were excluded
as lowly expressed. Based on the dominant nature of the acquired cold-tolerance trait, candidate genes would show similar expression
patterns between KD8-4C and F4 progeny, but different from KD8-4N, when responding to cold stress. Following this assumption, 188,
142 and 1,544 genes were identified at 1-, 3-, and 5-d cold-treatment time points, respectively, with 12 genes common to all three time
points. Meiosis in rice young panicles takes longer due to the different developmental stages of florets, particularly under
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low-temperature conditions. Genes with prolonged differential expression are likely candidates, so we focused on these 12 genes. After
cold treatment of day 1, day 3, and day 5, candidate genes that were consistently down-regulated in KD8-4N but unchanged in KD8-4C
and F, were identified as Set A, genes that were consistently up-regulated in KD8-4N but unchanged in KD8-4C and F, were identified as
Set B, genes that were consistently down-regulated in KD8-4C and F; but unchanged in KD8-4N were identified as Set C, genes that
were consistently up-regulated in KD8-4C and F; but unchanged in KD8-4N were identified as Set D, genes that were consistently
down-regulated in KD8-4N but up-regulated in KD8-4C and F were identified as Set E, and genes that were consistently up-regulated
in KD8-4N but down-regulated in KD8-4C and F4 were identified as Set F.

Whole-genome bisulfite-sequencing data processing

Clean reads from whole-genome bisulfite sequencing (WGBS) of KD8-4C and KD8-4N were mapped to the Nipponbare reference
genome (IRGSP 1.0)%#° for each sample using Bismark (v0.19.1) pipeline with Bowtie2 and default parameters.®>” Duplicated
reads were then removed using the script deduplicate_bismark. The methylation information of every single cytosine site was called
from the uniquely mapped reads using bismark_methylation_extractor implemented in Bismark. The bisulfite non-conversion rate
was estimated from the total number of cytosine (Cs) divided by the total coverage of cytosines and thymines (Cs and Ts) by mapping
WGBS reads onto the unmethylated chloroplast genome.

For DNA-methylation analysis, gene bodies or transposable elements were equally divided into 60 bins, and 2-kb upstream or down-
stream of each gene body or transposable element were divided into 20 bins, with 100 bp in each bin. The average methylation level was
calculated for each bin and plotted. The average methylation levels for CG, CHG, and CHH contexts were calculated, respectively, by the
formula [Cs/ (Cs + Ts) * 100], where Cs and Ts represent total cytosine (methylated) and thymine (unmethylated) read counts.

Identification of differentially methylated regions

Differentially methylated regions were identified by comparing the methylation level of 100-bp windows throughout the whole
genome between KD8-4C and KD8-4N lines using methylKit (version 1.8.1) pipeline.®® Briefly, regions were defined by tiling the
genome into 100-bp bins with 50-bp as the step size and comparing the number of called Cs and Ts in each sample. To avoid
100-bp bins with few cytosines, only bins with at least five cytosines that are covered by at least five reads in each sample were
selected for further analysis. Bins with a methylation difference of 0.3 for CG, CHG, and CHH contexts and a Benjamini-
Hochberg adjusted p value < 0.01 (Fisher’s exact test) were selected as candidate differentially methylated regions. Finally, candi-
date regions within 200 bp of each other were merged as final differentially methylated regions because loss and gain of methylation
occurs in clusters. Regions were annotated into four groups including those located within gene promoters, within gene bodies,
within transposable elements, and in intergenic regions. Differentially methylated regions located in multiple groups are only counted
once with descending priorities of the promoter, gene body, transposable element, and intergenic.

Characterization of the ACT17 locus

Upon exposure to cold stress, 12 candidate genes were identified that exhibited similar expression patterns between KD8-4C and
the F; progeny, but differed from expression in KD8-4N. Specifically, 11 genes were found to be down-regulated (log.FC < —1,
Benjamini-Hochberg adjusted p value < 0.05, Wald test) in KD8-4N but not in KD8-4C and the F4 progeny (designated as Set A), while
one genes were up-regulated in KD8-4N (log-FC > 1, Benjamini-Hochberg adjusted p value < 0.05, Wald test) but not in KD8-4C and
the F4 progeny (designated as Set B), in response to cold stress. Subsequently, we examined mutations in the promoters of these
genes and determined that there were no DNA differences in the promoters between KD8-4C and KD8-4N. Finally, we identified
differentially methylated regions (DMR) with methylation difference > 0.3 and Benjamini-Hochberg adjusted p value < 0.01 using
Fisher’s exact test. We screened these DMRs in the promoter regions (2 kb upstream of ATGs) of the twelve expression changed
genes and revealed: ACT1, a Set-A gene, exhibited hypomethylation in KD8-4C compared to KD8-4N.

Small-RNA analysis

Small RNAs were aligned to the Nipponbare genome (IRGSP1.0)®® with bowtie (v1.3.1).8° Up to 50 valid alignments for each read
were retained with at most one mismatch allowed for each alignment. Loci of small RNAs are annotated using ShortStack
(v4.0.2).%% Initial clusters were first identified based on coverage of alignment result, and overlapping clusters were merged with flank-
ing 75 bp with the option “—pad 75”. Loci of small RNAs with size ranges from 20-24 nt were then identified with the strandedness
cutoff of 0.8 and expressions were quantified. For 24-nt small RNA loci, their targeting of differentially methylated regions was iden-
tified with bedtools intersection v2.29.1.%°

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed with Graphpad Prism 8 (https://www.graphpad.com/scientific-software/prism/). Ordinary two-

way ANOVA, one-way ANOVA and Student’s t-test were used to obtain P values and different letters or asterisks above bars repre-
sent the significant difference at p < 0.05. The details of experiments are in respective figure legends.
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Figure S1. Evaluation system for rice cold tolerance at meiotic stage, related to Figure 1

(A) Exerting cold stress on meiotic rice in temperature-controlled growth chambers.

(B) Meiotic-stage determination by auricle distance between FLAG leaf and penultimate leaf. Panicles with auricle distances of —2 to —5 cm were used for cold-
tolerance evaluation. Scale bar, 2 cm.

(C-E) Phenotypes of pollen fertility determined by potassium-iodide staining (C), filled or unfilled grains of a representative panicle (D), and seed-setting ratio (E) of
three rice varieties with different cold tolerance grown at normal and cold temperatures. Scale bars, 100 um (pollen) and 1 cm (grain). ***p < 0.001, ****p < 0.0001;
Wilcoxon matched-pairs signed rank test.

(F) Seed-setting ratio of KD8-4N, KD8-4C, and their reciprocally crossed F4 progenies grown under normal and cold temperatures. ***p < 0.0001, ***p < 0.001;
Wilcoxon matched-pairs signed rank test.
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Figure S2. Comparative multi-omics analysis between KD8-4N and KD8-4C aimed at identifying candidate causal genes for acquired cold
tolerance, related to Figure 2
(A) Syntenic analysis of KD8-4N and KD8-4C genomes.
(B) Overview of the assembled KD8-4N genome including (a) SNPs/indels between KD8-4N and KD8-4C genomes, (b) density of genes, and (c) distribution of

transposon elements.

(C) Seed-setting ratio of progenies with different genotypes for the only indel (chr2: 33,482,848) that leads to an altered amino acid sequence, among the F,
population generated by reciprocal crosses between KD8-4N and KD8-4C, and the extreme-phenotype F, progenies. Hete, heterozygous. Statistically signif-
icant differences are indicated by different lowercase letters. Kruskal-Wallis test with Dunn’s multiple comparisons test, p < 0.01.
(D) Principal-component analysis of meiotic-stage panicles transcripts per million (TPMs) from KD8-4N, KD8-4C, and their F4 at different cold-treatment time

points.

(legend continued on next page)
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(E) Heatmap of expression profiles for the 12 candidate genes in cold treatment days 0, 1, 3, and 5 in KD8-4N, KD8-4C, and their F;. Mean TPM is used for
treatments with multiple replicates.

(F) Genome-wide levels of methylated cytosine in sequence contexts of CG, CHG, and CHH of genes and transposable elements, each with their contiguous
upstream and downstream 2-kb flanking regions in KD8-4N and KD8-4C.

(G) Hyper- or hypomethylation differentially methylated region numbers for each sequence context (CG, CHG, and CHH) in gene bodies, intergenic regions,
promoters, and transposable elements between KD8-4N and KD8-4C.

(H) Frequency distribution of seed-setting ratio upon cold treatment in the F, population from a cross between KD8-4N and KD8-4C.

(I) Scatterplot showing the linear correlation between ACT7 DNA methylation (CHG) and seed-setting ratio among the progenies from F, populations of KD8-4N
and KD8-4C. Statistical significance of the correlation is determined by Pearson’s product-moment correlation. R, Pearson’s correlation coefficient.
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Figure S3. Genetic analysis confirming DNA-methylation changes in ACT1 that confer acquired cold tolerance, related to Figures 3 and 4
(A-D) Quantification of agronomic traits for negative control, DM #1, and DM #2 plants grown under normal and cold temperatures: (A) panicle number; (B) grains
per panicle; (C) 1,000-grain weight; (D) grain yield per plant. Statistically significant differences are indicated by different lowercase letters. One-way ANOVA with

Tukey’s multiple comparisons test, p < 0.01.

(E) Schematic of the SunTag-dCas9-DRM2 DNA-methylation system. ZmUbi, Zea mays ubiquitin promoter; dCas9, nuclease-inactive Cas9; NLS, nuclear-
localization signal; GCN4, yeast transcription factor GCN4 preserving the binding site for the scFv; scFv, single-chain antibody fragment; DRM2, Nicotiana
tabacum DRM2 catalytic domain; HA, human influenza hemagglutinin epitope tag; sfGFP, superfolder green fluorescent protein; OCS, octopine synthase

terminator; NOS, nopaline synthase terminator.

(legend continued on next page)
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(F) EMSA showing MBP-Dof1 binding in vitro to wild-type motif in the ACT7 promoter but not to the mutated motifs.

(G) Top: constructs used for transient dual-reporter expression assays. The transcriptional activation ability of Dof1 was probed by co-expressing GAL4-Dof1 and
the reporter construct 35S,,0:REN GAL4,,,:LUC.

(H) Diagram of CRISPR-Cas9-generated Dof1 alleles in the KD8-4C background. The guide RNA target sequences are underlined. Red dashes and red letters
indicate the deletion and insertion nucleotides in Dof1 knockout lines (KO #1, KO #2), respectively.

(I) Diagram of CRISPR-Cas9-generated ACTT1 alleles in the KD8-4C background. The guide RNA target sequences are underlined. Red dashes and red letters
indicate the deletion and insertion nucleotides in ACT1 knockout lines (KO #7-3), respectively.

(J) Diagram of the ACT1-3xFLAG construct used for overexpression in the KD8-4N background.

(K) ACT1 expression in KD8-4N control and two ACT7-3xFLAG transgenic lines (OE #1, OE #2) grown under normal and cold conditions. Statistically significant
differences are indicated by different lowercase letters. One-way ANOVA with Tukey’s multiple comparisons test, p < 0.01.

(L) Minor-allele frequency analysis of ACT1 among 2,847 sequenced Asian cultivated rice accessions from the 3,000 Rice Genomes Project.

(M and N) Correlations between DNA-methylation level (CHG) and ACT1 expression changes upon cold (M); ACT7 DNA-methylation level (CHG) and seed-setting
ratio (N) in 31 rice varieties/landraces. The dotted lines in (N) indicate the thresholds of cold-sensitive/tolerant groups or low/high DNA-methylation groups.
Statistical significance of correlations was determined by Pearson’s correlation coefficient. R, Pearson correlation coefficient.

(O) Bisulfite sequencing of the ACT1 region in wild rice accessions.
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Figure S4. Proposed mechanism for cold-induced DNA-methylation variation mediating adaptive cold-tolerant acquisition, related to
Figure 4

(A) Heatmap showing expression levels of 10 DNA methyltransferase and 5 demethylase genes in KD8-4N, KD8-4C, and their F, at the indicated cold-treatment
time points.

(B) RT-gPCR analysis of CMT3 and MET1b in different rice varieties at normal and cold conditions. UBIQUITIN was used to normalize relative expression. Values
are means + SD of three biological replicates. *p < 0.05, ***p < 0.001; Student’s t test.

(C) Relative expression of MET1b and CMT3 in WT and RNAi lines. UBIQUITIN was used to normalize relative expression. Values are means + SD of three
biological replicates. **p < 0.01, one-way ANOVA with Tukey’s multiple comparisons test.

(D) Genome-browser view of DNA methylation and 24-nt siRNA abundance at the ACT1 region in KD8-4N, KD8-4C, and MET1b RNAI lines.

(E) Proposed working model of cold-induced DNA-methylation variation mediating adaptive cold-tolerant acquisition.
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