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Rice (Oryza sativa L.), a chilling-sensitive staple crop originating from tropical
and subtropical Asia, can be cultivated in temperate regions through the
introduction of chilling tolerance traits. However, the molecular mechanisms
underlying this adaptation remain largely unknown. Herein, we show that
HAN2, a quantitative trait locus, confers chilling tolerance in temperate japo-
nica rice. HAN2 encodes an auxin efflux transporter (OsABCB5) and negatively
regulates chilling tolerance, potentially via auxin-mediated signaling pathway.
During rice domestication, HAN2 has undergone selective divergence between
the indica and temperate japonica subspecies. In temperate japonica rice, the
insertion of a Copia long terminal repeat retrotransposon downstream of
HAN2 reduces its expression, thereby enhancing chilling tolerance and facil-
itating adaptation to temperate climates. Introgression of the temperate
Jjaponica HAN2 allele into indica rice significantly improves chilling tolerance at
both seedling and booting stages. These findings advance our understanding

of rice northward expansion and provide a valuable genetic resource for
improving yield stability under chilling stress.

Chilling stress is a critical environmental stress factor that restricts
crop growth and geographical distribution, thereby impacting crop
yield. Rice, a staple food for over 50% of the global population, origi-
nated in tropical and subtropical regions and is inherently sensitivity to
chilling stress'. Some rice ecotypes, such as whole indica rice and part
of tropical japonica rice, which predominantly grow in tropical and
subtropical areas, are particularly sensitive to chilling'. Conversely,
temperate japonica rice acquired chilling tolerance and adapted to
temperate regions during domestication’. Chilling tolerance inrice is a
complex trait governed by quantitative trait loci (QTL). To date, many
QTLs associated with the difference in chilling tolerance between

indica and japonica rice have been primarily mapped across 12 rice
chromosomes through linkage mapping or genome-wide association
studies’. However, only a few of these QTLs have been identified and
characterized, including LTGI’, COLDI", qCTS-9, LGS1°, qCT7’, HANT,
COLD11®%, COGI-4*, and COLD6" for seedling tolerance; CTBI",
CTB4a®, bZIP73", CTB3", CTBS'®, and CTB6" for booting tolerance;
gLTG3-1*° and OsUBCI2* for germination tolerance. To develop
climate-resilient rice varieties, it is essential to clone more chilling
tolerance QTLs from rice.

Plants have evolved various strategies to rapidly sense, respond
and adapt to chilling stress via calcium signalling, MAPK cascades, and
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transcription factors. The potential chilling sensors COLD1 trigger
calcium (Ca?") signalling to confer chilling tolerance in cells, while a
chilling sensor complex of COLD6 and osmotin-like 1 (OSM1) triggers
2, 3-cyclic adenosine monophosphate (2', 3-cAMP) production to
enhance chilling tolerance in rice*". These chilling-induced second
messenger signals can be sensed by MAPK cascades, which transduce
the low-temperature signals downstream via phosphorylation path-
ways, thereby facilitating the adaptive responses to chilling stress.
Among them, OsMAPI/OsMAPK3 is a gene that encodes a mitogen-
activated protein kinase and plays a crucial role in regulating chilling
tolerance during both the seedling and flowering stages®>*. Calcium-
dependent protein kinase can direct phosphorylate and activate
OsMAPI/OsMAPK3 to improve chilling tolerance in rice*. Chilling sig-
nals can also be transited by MAPK cascades, such as OsMKK6-
OsMPK3, to enhance chilling tolerance in rice”. OsMAP1/OsMAPK3
phosphorylates and stabilises OsbHLH002, which targets OsTPPI to
increase its transcription, leading to increased trehalose level and
enhanced chilling tolerance in rice?. In addition to OsMAP1/OsMAPK3,
chilling signalling is transited by many transcription factors, such
as OsMADS57%, OsTB1?°, OsWRKY94?°, MYBS3”, OsGRF6*, and
OsWRKY76% to balance the tolerance and growth. However, it remains
unreported whether the pivotal gene OsMAP1/OsMAPK3, which reg-
ulates chilling tolerance concurrently at the seedling and booting
stages, is subject to regulation by transcription factors.

Plant hormones play a crucial role in regulating the chilling tol-
erance of rice. Hormones such as jasmonic acid (JA), abscisic acid
(ABA), and ethylene are instrumental in enabling rice to adapt to
chilling environments by modulating physiological and molecular
mechanisms®’. HANI encodes a monooxygenase from the cytochrome
P450 family that facilitates the conversion of active jasmonoyl-L-
isoleucine to inactive 12-hydroxy-jasmonoyl-L-isoleucine. This process
regulates JA-mediated responses to chilling stress and enhances chil-
ling tolerance in rice'. bZIP73" interacts with bZIP71 to modulate ABA
levels and maintain a balance of reactive oxygen species, consequently
enhancing rice’s resilience to chilling stress'. OsUBCI2 encodes an
E2 ubiquitin-conjugating enzyme that negatively regulates ABA
signalling®. Auxin plays a crucial role in plant growth, development,
and environmental adaptation. A previous study reported the impact
of auxin on the adaptability of plants to chilling stress®; however, the
exact mechanism by which auxin regulates chilling tolerance is still not
well understood. Moreover, no studies have reported on the involve-
ment of auxin in the formation of chilling tolerance traits in temperate
Jjaponica rice during domestication.

In this study, we isolate and functionally characterize one of the
QTL genes, which is named HAN2 (“HAN” means “chilling” in Chinese).
HAN2 encodes an ABCB transporter (OsABCBS5) with auxin efflux
function. The gene negatively regulates chilling tolerance in rice,
potentially via auxin-mediated signalling pathway. Introgression of the
temperate japonica rice allele of HAN2, which contains a Copia long
terminal repeat retrotransposon (Copia LTR) insertion downstream,
not only enhances chilling tolerance at both seedling and booting
stages but also demonstrates its potential for improving yield stability
and supporting climate-resilient rice breeding.

Results

HAN2 negatively regulates chilling tolerance in rice

Temperate japonica rice typically exhibits stronger chilling tolerance
than indicarice (Supplementary Fig. 1a-b). The genetic bases of chilling
tolerance were investigated using a set of chromosome segment
substitution lines derived from a backcross between the temperate
Jjaponica donor cultivar Nipponbare (NPB) and the indica recipient
cultivar 93-11. The results showed that the chilling tolerance of NIL-
HAN2Y*® was approximately twice that of 93-11 (Fig. 1a, b). Genome-
wide genotyping revealed a substituted segment spanning the
26.0-29.9 Mb interval on chromosome 1 (Supplementary Fig. 2). This

suggests the presence of a QTL in this region, named HAN2, which
confers chilling tolerance in rice, consistent with previously reported
findings®.

To isolate the causal QTL gene underlying HAN2, NIL-HAN2"™® was
further backcrossed to 93-11 for high-resolution mapping, generating
approximately 3200 BC;F, progeny plants. Based on the chilling tol-
erance performance of seedlings among these progeny lines, HAN2
was mapped to the interval flanked by markers M4 (R11D2876) and M5
(R1ID2879) and further narrowed to a 30.0 kb genomic region con-
taining three predicted genes (Fig. 1c, Supplementary Fig. 3a-f and
Supplementary Table 1). Within this 30.0 kb interval, LOC Os01g50090
was identified as a retrotransposon. Differential expression analysis
revealed that the auxin transporter gene OSABCB5 (LOC 0s01g50100)
was the only gene exhibiting significant differential expression in
seedlings shoot between the two parental lines (Fig. 1d and Supple-
mentary Fig. 4). Additionally, LOC Os01 g50100 expression changed
markedly in response to chilling stress (Supplementary Fig. 5a), and its
expression level was significantly higher in indica rice than temperate
Jjaponica rice (Supplementary Fig. 5b). Based on these findings, we
identified OsABCBS as the candidate gene for HAN2.

To validate whether OsABCB5 is HANZ2, knockout and over-
expression lines were developed in the background of temperature
_Jjaponica rice cultivar ZH11. In the CRISPR/Cas9-derived knockout lines
han2-1 and han2-2, chilling tolerance was significantly enhanced at the
seedling stage (Fig. le, f and Supplementary Fig. 6a), whereas chilling
tolerance was reduced in the overexpression lines (Fig. 1g, h and
Supplementary Fig. 6b). Introduction of the pHAN2:HAN2*™-GUS
expression vector into NIL-HAN2"™® resulted in transgenic lines with
elevated HAN2 expression and decreased chilling tolerance (Supple-
mentary Fig. 7a-c). These results confirm that OSABCBS corresponds to
HAN2, which negatively regulates chilling tolerance in rice.

HAN2 functions as an auxin efflux transporter

HAN2 was predicted to encode the ABCB transporter OSABCBS5, which
may be involved in auxin transport (Supplementary Fig. 8a, b). To
validate the role of HAN2/OsABCBS in auxin transport, we conducted a
series of transport activity assays. First, we performed a deuterium-
labelled auxin 3-indoleacetic acid-ds (ds-IAA) transport assay in yeast
cells. No significant difference in ds-IAA content was observed between
HAN2-GFP and GFP-expressing yeast cells after 3 h of incubation with
150 uM ds-IAA (Supplementary Fig. 9a, b). However, after 12 h of efflux,
ds-IAA content was significantly lower in HAN2-GFP-expressing cells
than in the GFP controls (Fig. 2a, b). Second, in Xenopus oocytes, no
significant difference in ds-IAA content was observed between GFP-
HAN2 and GFP-expressing oocytes after 4 h of incubation with 150 pM
ds-IAA (Supplementary Fig. 9c). However, following 4 h of efflux, GFP-
HAN2-expressing oocytes exhibited a more pronounced reduction in
ds-IAA levels compared with GFP-expressing oocytes (Fig. 2c, d).
Additionally, a ds-IAA transport activity assay in rice protoplasts
showed that wild type (WT) protoplasts had a significantly higher
relative transfer of ds-IAA efflux than han2 protoplasts at 1h, and 2h
(Fig. 2e). These results demonstrate that HAN2 functions as an auxin
efflux transporter.

The expression pattern of HAN2 was examined to understand its
functional role. RT-qPCR analysis showed that HAN2 was primarily
expressed in the leaf, with particularly high expression in mature leaf
(Supplementary Fig. 10a, b). This result was further validated by GUS
histochemical staining in pHAN2::HAN2*>"-GUS transgenic lines (Sup-
plementary Fig. 10c). Immunofluorescence analysis using an anti-GUS
antibody in these transgenic lines revealed that HAN2 is localized in the
vascular bundle sheath parenchyma cells of the leaf (Supplementary
Fig. 10d). Additionally, subcellar localization assays demonstrated that
HAN2 resides in the plasma membrane of rice protoplasts (Supple-
mentary Fig. 10e). Together, these findings indicate that HAN2 func-
tions as an auxin transporter in the xylem of mature leaves.
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Fig. 1| Map-based cloning of HAN2. a Chilling tolerance phenotype of 93-11 and
NIL-HAN2Y™ plants. Seedlings were incubated at 10 °C for 5 days and then trans-
ferred to normal temperature for a 7 day recovery. Upper and lower panels show
93-11 and NIL-HAN2'® before and after chilling treatment, respectively. b Survival
rates of 93-11 and NIL-HAN2"® after recovery. Data represent mean+SD (n=4
biological replicates, 16 seedlings per replicate). ¢ Local genomic structure of key
recombinants and performance of their progeny after chilling treatment. CT:
chilling tolerance; T: tolerant; S: sensitive; grey bars represent heterozygous
regions. d HAN2 expression levels in 93-11 and NIL-HAN2Y®, Data represent

mean + SD (n =3 biological replicates, 3 seedlings per replicate). e Chilling

WT han2-1

han2-2

tolerance phenotype of WT and han2. Seedlings were incubated at 4 °C for 5 days
and recovered at normal temperature for 7 days. Upper and lower panels show WT
and han2 plants before and after treatment. f Survival rates of WT and han2 plants
after chilling treatment. Data represent mean +SD (n = 3 biological replicates,

24 seedlings per replicate). g Chilling tolerance phenotype of WT and HAN2-over-
expression lines. Seedlings were incubated at 10 °C for 5 days and recovered for

7 days. h Survival rates of WT and HAN2-overexpression lines after treatment. Data
represent mean + SD (n = 4 biological replicates, 16 seedlings per replicate). Sta-
tistical significance in (b-h) was evaluated using a two-tailed Student’s ¢-test (P-
values indicated). Source data are provided as a Source Data file.

Plants can synthesize auxin locally, including within leaves,
through the highly conserved TAA/YUC pathway***. HAN2 may then
transport the auxin synthesized in mature leaves to other tissues. This
hypothesis was supported by results from leaf-feeding experiments
using ds-IAA, which showed that the relative transfer rate of ds-IAA was
significantly higher in WT plants than in han2-2 mutants (Fig. 2f, g).
Auxin quantification further revealed that auxin content in the young
leaves of NIL-HAN2""® was significantly lower than that in 93-11(Fig. 2h).
and similarly, han2 mutants had significantly lower auxin content in
young leaves compared with WT (Fig. 2i). An analysis of whole-plant
auxin levels showed that NIL-HAN2'™®, which has reduced HAN2
expression both before and after chilling treatment, exhibited sig-
nificantly lower auxin content than 93-11 (Supplementary Fig. 11a).
Similarly, han2-2 mutants displayed notably lower auxin levels than WT
plants (Supplementary Fig. 11b), whereas overexpression lines showed
increased auxin accumulation (Supplementary Fig. 11c). These findings
indicate that HAN2/0OsABCBS5 not only facilitates the transport of auxin
from mature leaves to young leaves but also influences overall auxin
levels throughout the plant.

HAN2 regulates chilling tolerance potentially via auxin-
mediated signalling pathway

Auxin promotes the polyubiquitination and subsequent degradation
of Aux/IAA proteins via the 26S proteasome, thereby releasing auxin

response factors (ARFs) to activate or repress the expression of
downstream responsive genes®”. To determine whether HAN2 reg-
ulates chilling tolerance through auxin signal transduction, chilling
tolerance was assessed in different HAN2 genotypes following exo-
genous auxin application. In the absence of exogenous auxin, NIL-
HAN2YP® exhibited a significantly higher survival rate than 93-11, and
han2 mutants showed significantly greater survival than WT plants.
However, in the presence of exogenous auxin, the differences in chil-
ling tolerance between NIL-HAN2""® and 93-11 as well as between han2
and WT were reduced (Fig. 3a-d). Previous auxin measurements con-
firmed that NIL-HAN2""® and han2 plants had significantly lower auxin
levels compared with 93-11 and WT, respectively (Supplementary
Fig. 11a, b). HAN2 was also found to regulate the expression of OsYUCS
(Supplementary Fig. 12a-d), which influences local auxin biosynthesis.
Notably, auxin content was significantly lower in osyuc8 mutants than
in WT plants, and this reduction was associated with enhanced chilling
tolerance (Supplementary Fig. 13a-e). Together, these findings
demonstrate that HAN2 negatively regulates chilling tolerance in rice
through modulation of auxin signalling.

To investigate how HAN2 regulates chilling tolerance in rice, the
key chilling tolerance gene OsMAP1/OsMPK3?* > was identified among
the differentially expressed genes in chilling stress transcriptomes
(Supplementary Fig. 14a-e). Compared to their respective controls,
93-11 or WT, OsMAP1/OsMPK3 was significantly upregulated in
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NIL-HAN2"*® and han2 mutants, suggesting that HAN2 negatively reg-
ulates its expression (Supplementary Fig. 14e). This result was con-
sistent with findings from RT-qPCR analysis (Fig. 3e, f and
Supplementary Fig. 15a-c). Conversely, no differences in OsARF24
expression were observed among NIL-HAN2®, han2 mutants, and
overexpression lines compared with their respective controls (Sup-
plementary Fig. 15d-f). It has been reported that OsMAP1/OsMPK3
enhanced chilling tolerance in rice by promoting trehalose
accumulation®. We therefor measured trehalose levels under chilling
stress and found that the levels were higher in NIL-HAN2"?® than in
93-11 as well as higher in han2 mutants than in WT (Supplementary
Fig. 16a, b). Conversely, trehalose levels were significantly lower in
overexpression lines than in WT under chilling stress (Supplementary
Fig. 16¢). These results indicate that HAN2 negatively regulates the
expression of OsMAPI/OsMPK3, which in turn modulates trehalose
accumulation and ultimately influences chilling tolerance in rice.

As an auxin transporter, HAN2 may regulate the expression of
OsMAP1/OsMPK3 through auxin signal transduction. ARFs are key
components of this signalling and can specifically bind to auxin
response elements to activate or repress the transcription of down-
stream genes®. Using a dual-luciferase reporter system in rice pro-
toplasts, OsARF24 was found to inhibit OSMAP1/OsMPK3 expression
(Supplementary Fig. 17). Online predictions using New PLACE
revealed an ARF-binding element (TGTCTC) in the upstream region
of OsMAP1/0sMPK3, which may serve as the binding site for OsARF24.
Mutation of this element significantly reduced the inhibitory effect of
OsARF24 (Fig. 3g). Subsequent assays, including yeast one-hybrid
(Y1H), electrophoretic mobility shift assay (EMSA), and chromatin
immunoprecipitation followed by qPCR (ChIP-qPCR), confirmed that
OsARF24 directly binds to the ARF element in the OsMAPI/OsMPK3
promoter (Fig. 3h—-j and Supplementary Fig. 18). Expression of

OsMAP1/OsMPK3 was significantly lower in OSARF24-overexpressing
lines (OsARF24-Flag/ZH11) than in WT (Fig. 3k). To assess the func-
tional relationship between OsARF24 and OsMAP1/OsMPK3, we eval-
uated chilling tolerance in osarf24, OsARF24-Flag/ZH11, osmapl, and
osmapl/osarf24 plants, with and without exogenous auxin. Com-
pared with their respective WT controls, OsARF24-Flag/ZH11, osmap1,
and osmap1/osarf24 plants displayed increased sensitivity to chilling
stress, whereas osarf24 mutants exhibited enhanced tolerance in the
absence of auxin (Supplementary Fig. 19a-h and Supplementary
Fig. 20a-e). Under auxin treatment, OSARF24-Flag/ZH11, osmapl, and
osmapl/osarf24 plants showed further sensitivity, although the dif-
ferences in chilling response compared with WT were reduced. These
results suggest that OsARF24 acts upstream of OsMAP1/OsMPK3. To
explore the relationship between auxin and the OsARF24 protein,
non-denaturing western blot analysis was performed using total
protein extracted from mature leaves of OsARF24-Flag/ZH11 plants.
The results showed that auxin-treated plants had higher levels of free
OsARF24-Flag protein compared with untreated controls (Fig. 3I),
suggesting that elevated auxin levels promote the release of
OsARF24, thereby enhancing its regulatory effect on target genes.
Furthermore, we generated transgenic lines expressing Flag-tagged
OsARF24 in the han2 mutant background (OsARF24-Flag/han2).
Expression of OsMAP1/OsMPK3 was significantly lower in OsARF24-
Flag/han2 plants than in han2 controls (Supplementary Fig. 21a).
Non-denaturing western blot analysis using protein from mature
leaves of OsARF24-Flag/ZH11 and OsARF24-Flag/han2 plants
revealed that free OsARF24-Flag protein levels were higher in
OsARF24-Flag/han2 plants (Supplementary Fig. 21b). Collectively,
these findings indicate that HAN2 negatively regulates chilling tol-
erance in rice potentially through auxin-mediated signalling
pathway.
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represent DNA fragments from different positions of the OsMAP1/OsMPK3 pro-
moter. Immunoprecipitation was performed with anti-Flag antibody (IP), IgG was
used as a negative control (CK). Actin used as the internal standard. Data are shown
as the means + SD (n = 4 biologically replicates). k OsMAP1/OsMPK3 expression in
WT and OsARF24-OE lines. Data are shown as the means + SD (n=>5 biologically
replicates, with 3 seedlings per biological replicate). I Distribution of OsARF24 free
and compound proteins in OSARF24-Flag/ZH11 overexpressing plants with and
without auxin. A representative experiment from at least two independent
experiments is shown. Significance is evaluated by the two-tailed Student’s t-test,
and P-values are indicated. Source data are provided as a Source Data file.

Copia LTR-mediated epigenetic suppression of HAN2 in
temperate japonica rice

Within the delimited genomic region, three putative genes were
identified (Fig. 1c, Supplementary Fig. 3 and Supplementary Table 1).
Among them, LOC 0s01g50090 encodes a Copia LTR located 0.5 kb
downstream of the 3'UTR of HAN2, which is absent in the indica cul-
tivar 93-11. Studies have shown that retrotransposons may influence
the expression of the neighbouring gene®. To assess its impact on
HAN2 expression, we used CRISPR/Cas9 to delete the retrotransposon
in the temperate japonica rice cultivar ZH11 (Supplementary
Fig. 22a, b). The resulting line, HAN2'™®, carried a complete deletion of
the retrotransposon (Supplementary Fig. 22¢) and exhibited HAN2
expression level approximately twice those of WT (Fig. 4a). HAN2'™®
plants were also more sensitive to chilling stress, displaying a 50.0%
lower survival rate compared with WT plants following chilling treat-
ment (Fig. 4b, ). Additionally, we compared promoter polymorphisms
of HAN2 between 93-11 and NPB (Supplementary Fig. 23a). However, no
significant difference in HAN2 promoter activity was observed between
the two genotypes in rice protoplasts (Supplementary Fig. 23b). These
findings indicate that the significant difference in HAN2 expression
between indica and temperate japonica rice is attributable to the

presence or absence of the Copia LTR downstream of HAN2, rather
than to promoter variation.

To further validate the effect of the Copia LTR on HAN2 function,
we compared HAN2 expression and chilling tolerance across rice
varieties with and without the retrotransposon. HAN2 expression was
generally higher in five indica rice varieties lacking the LTR than in five
temperate japonica rice varieties carrying the LTR (Supplementary
Fig. 5b), whereas chilling tolerance exhibited the opposite trend
(Supplementary Fig. 1a, b). To minimise the influence of ecotype
background, we selected two groups of tropical japonica rice varieties
—those with and without the LTR—for further analysis. HAN2 expres-
sion was significantly higher in tropical japonica varieties lacking the
retrotransposon, and these varieties exhibited weaker chilling toler-
ance than those carrying the LTR (Fig. 4d, e). Collectively, these results
demonstrate that the Copia LTR in japonica rice downregulates HAN2
expression and enhances chilling tolerance.

Insertion of the Copia LTR may influence the DNA methyla-
tion status of HAN2. To test this hypothesis, we analysed HAN2
methylation levels using a whole-genome DNA methylation data-
base for the temperate japonica rice cultivar NPB and the
indica rice cultivars MH63 and ZS97, both of which lack the
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Fig. 4 | CRISPR/Cas9-based dissection of HAN2-downstream Copia LTR in gene
repression. a Expression levels of HAN2 in WT and HAN2'™ plants. Data are shown
as mean + SD (n =3 biological replicates, with 3 seedlings per replicate). b Chilling
tolerance phenotype of WT and HAN2'™® plants. Seedlings were incubated at 4 °C
for 5 days and then transferred to normal temperature for a 7 day recovery. Left and
right panels show WT and HAN2'™ plants before and after chilling treatment,
respectively. ¢ Survival rates of WT and HAN2'™® plants after recovery. Data are
shown as mean + SD (n =3 biological replicates, with 8 seedlings per replicate).

d Expression levels of HAN2 in tropical japonica rice varieties with or without the
Copia LTR insertion. Data are shown as mean + SD (n = 6 biological replicates).
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e Survival rates of tropical japonica rice with or without the Copia LTR insertion
after chilling treatment. Data are shown as mean + SD (n = 7 biological replicates).
f Chromatin modification patterns and transcriptional activity across the HAN2
gene body. g Distribution of ChIP-qPCR fragments within the HAN2 gene. P1, P2-P13
represent DNA fragments spanning different exons; LTR indicates the Copia LTR.
h, i ChIP-qPCR assays showing enrichment of H3K4me3 (h) and H3K36me3 (i) at the
HAN2 locus in WT and HANZ'™ plants. Data are shown as mean + SD (n =3 biolo-
gical replicates). Statistical significance in (a, c-e, and h, i) was evaluated using a
two-tailed Student’s ¢-test; P-values are indicated. Source data are provided as a
Source Data file.

retrotransposon  (http://glab.hzau.edu.cn/RiceENCODE/). DNA
methylation within the gene body of HAN2 was higher in the two
indica varieties compared with the japonica variety (Supplemen-
tary Fig. 24a). To further investigate this, we performed bisulfite
sequencing PCR to assess DNA methylation differences in HAN2
between 93-11 and NIL-HAN2"*® and between WT and HAN2-LTR
(Supplementary Fig. 24b). In the comparison between 93-11 and
NIL-HAN2""®, CG methylation was generally higher in indica rice,
except at the second position (Supplementary Fig. 24c). However,
methylation levels between HAN2'™ and WT showed no sig-
nificant differences, except at the fourth position where WT
exhibited higher DNA methylation than HAN2'™ (Supplementary
Fig. 24d). These findings suggest that DNA methylation within the
HAN2 gene body differs between the indica and temperate japo-
nica alleles, but this variation is not attributable to the down-
stream Copia LTR insertion.

The Copia LTR may influence histone methylation at the HAN2
locus. To explore this, we analysed the levels of histone modifications
H3K4, H3K27, and H3K36 in the gene body region across different
HAN2 genotypes. Active histone marks (H3K4me3 and H3K36me3)
were more enriched in the gene body of the HAN2 indica allele than in
the temperate japonica allele (Fig. 4f), whereas the repressive mark
H3K27me3 was more enriched in the temperate japonica allele (Sup-
plementary Fig. 25a). ChIP-qPCR analysis showed significantly higher
enrichment of H3K4me3 and H3K36me3 in the HAN2'™ mutant com-
pared with WT, suggesting that the insertion of the Copia LTR reduces
the enrichment of active histone modifications (Fig. 4g-i). However,
H3K27me3 enrichment was also higher in HAN2'™® than in WT (Sup-
plementary Fig. 25b), which contrasts with the comparison between
93-11 and NIL-HAN2"™, Collectively, these results indicate that the

downstream insertion of the Copia LTR in temperate japonica rice
reduces active histone modifications in the HAN2 region, thereby
suppressing HAN2 expression.

Copia LTR downstream of HAN2 enhances rice adaptation to
temperate habitats

To examine the distribution of the Copia LTR near HAN2, we first
genotyped a population comprising various rice ecotypes and wild rice
accessions using PCR. The Copia LTR was present in nearly all tempe-
rate japonica rice varieties, 50.0% of tropicaljaponica varieties, and
27.5% of wild rice accessions but was absent in indica rice (Supple-
mentary Fig. 26a). To confirm these observations, we analysed data
from the 3000 Rice Genomes Project” and obtained consistent results
(Fig. 5a and Supplementary Data 1, 2). These findings suggest that the
Copia LTR adjacent to HAN2 in temperate japonica rice likely originated
from wild rice ancestors and that HAN2 underwent differentiation
between indica and japonica subspecies during domestication.

To determine whether the Copia LTR contributed to the adapta-
tion of japonica rice to temperate environments, we first analysed
fixation indices (Fst), which reflect the level of genetic differentiation
between populations. Within a 6.0-Mb region (26-32 Mb) surrounding
the HAN2 locus, a strong differentiation was observed between indica
and japonica rice, with the highest Fsy (Ind, Jap) value reaching 0.71
(Fig. 5b), whereas the genome-wide Fst (Ind, Jap) value was only 0.55
(Supplementary Fig. 26b). In the region adjacent to HAN2 (26-32 Mb),
the Fst value between temperate japonica (tej) and tropical japonica
rice (trj) carrying the retrotransposon (¢rj*) was low (0.10), whereas the
Fst values for tej vs. trj (0.78) and trj* vs. trj- (0.71) were substantially
higher (Fig. 5c and Supplementary Fig. 26c, d). These findings indicate
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Fig. 5 | Population genetic evidence for adaptive evolution in HAN2.

a Distribution of HAN2 Copia LTR across Aus, Ind, Trj, Tej, and Ruf populations.

b Genetic diversity and population differentiation within a 6 Mb region (26-32 Mb)
near HAN2 in O. rufipogon and O. sativa. Circle sizes represent genetic diversity; Fst
values between groups are indicated. Ruf, O. rufipogon; Ind, indica; Jap, japonica.

c Genetic diversity and population differentiation in a 6 Mb region near HAN2 in Tej
and Tij. Circle sizes represent genetic diversity; Fsy values are indicated. Tej, tem-
perate japonica; Trj*™, tropical japonica without HAN2 Copia LTR; Trj""™}, tropical
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Jjaponica with HAN2 Copia LTR. d Haplotype analysis of the HAN2 region on chro-
mosome 1 across indica, temperate japonica, and tropical japonica rice with and
without the LTR. e Nucleotide diversity (1) surrounding the HAN2 gene in Ruf, Ind,
and Tej populations. The red arrow indicates the position of HAN2. f Nucleotide
diversity (1) surrounding the HAN2 gene in Trj, Trj*™®, and Trj*'™® populations. The
red arrow indicates the position of HAN2. g Percentage and geographical dis-
tribution of LTR insertions in rice cultivars across Asian countries. Source data are
provided as a Source Data file.

that the retrotransposon may have played a role in the adaptation of
Jjaponica rice to temperate climates. This inference was further sup-
ported by haplotype analysis of a 1.0 Mb region (28.0-29.0 Mb) sur-
rounding HANZ2 using data from the 3000 Rice Genomes Project®’
(Fig. 5d). Indica rice lacking the retrotransposon shared a similar
haplotype block with tropical japonica rice without the retro-
transposon, whereas temperate japonica rice carrying the retro-
transposon exhibited a distinct haplotype block, which was also shared
by tropical japonica rice with the retrotransposon (Fig. 5d and Sup-
plementary Fig. 26e). Nucleotide diversity analysis revealed that tem-
perate japonica rice has lower genetic diversity in the HAN2 region
compared with wild and indica rice (Fig. 5e). The Tajima’s D value for
the HAN2 region in temperate japonica rice was -2.65 (Supplementary
Fig. 26f), exceeding the 5% significance threshold, indicating a marked
reduction in genetic diversity—likely due to positive selection or
population migration. Additionally, among tropical japonica rice,
varieties with the retrotransposon exhibited lower diversity in the
HAN2 region than those without it (Fig. 5f). These results suggest that
the genomic region containing the Copia LTR downstream of HAN2
underwent selection during the domestication of temperate japonica
rice, contributing to its adaptation to temperate environments.

We conducted a geographical distribution analysis of rice vari-
eties across Asia. The results showed that the prevalence of the Copia
LTR varied by region, ranging from 3.6% in Sri Lanka at low latitudes to
100% in Korea at high latitudes, with intermediate frequencies of
30.4%,12.6%, and 14.7% in China, India, and Laos, respectively (Fig. 5g).
Among the 1039 indica rice varieties analysed, only 19 carried the
retrotransposon. In contrast, 282 out of 285 temperate japonica rice
varieties harboured the Copia LTR (Fig. 5a). Indica rice is pre-
dominantly cultivated in low-latitude, low-altitude regions, whereas

temperate japonica rice is grown in high-latitude, high-altitude envir-
onments. These findings suggest that the Copia LTR downstream of
HAN2 plays a crucial role in the adaptation of temperate japonicarice to
colder climates, indicating that HAN2 was likely subject to selection
pressure from chilling stress during domestication.

Suppression of HAN2 confers dual-stage chilling tolerance and
tillering advantage in rice

In addition to the seedling stage, we evaluated the impact of HAN2 on
chilling tolerance during the booting stage. Under normal growth
conditions, no significant differences in seed setting rates were
observed between 93-11 and NIL-HAN2*® or between WT and han2.
However, following chilling treatment at the booting stage, the seed
setting rate of NIL-HAN2"™® was significantly higher than that of 93-11,
and han2 mutants exhibited higher seed setting rates than WT
(Fig. 6a-f). Given that HAN2 negatively regulates seedling chilling tol-
erance in rice, we speculated that HAN2 may also regulate chilling
tolerance during the booting stage via the same mechanism. Then, we
measured auxin content in young spikelets of NIL-HAN2"® and han2
mutants under chilling treatment. Compared with their respective
controls, auxin levels were significantly lower in both NIL-HAN2"™
and han2 mutants (Fig. 6g, j). RT-qPCR analysis showed that
OsMAP1/0OsMPK3 expression was higher in young spikelets of NIL-
HAN2"® and han2 under chilling stress compared with the controls
(Fig. 6h, k), whereas OsARF24 expression did not differ significantly
between NIL-HAN2'®, han2, and their corresponding controls (Sup-
plementary Fig. 27a, b). Additionally, trehalose content in the young
spikelets of NIL-HAN2Y® and han2 under chilling stress showed a
similar trend to that observed during seedling chilling tolerance
(Fig. 6i, I). Together, these results indicate that HAN2 negatively
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Fig. 6 | Functional analysis of HAN2 regulation on chilling tolerance at rice
booting stage. a Left and right panels show 93-11 and NIL-HAN2"® plants before
and after chilling treatment, respectively. Bar =3 cm. b Seed setting rates of 93-11
and NIL-HAN2""® under normal conditions. Data are shown as mean +SD (n=20
biological replicates). ¢ Seed setting rates of 93-11 and NIL-HAN2Y® under chilling
conditions. Data are shown as mean + SD (n =15 biological replicates). d Chilling
tolerance phenotype of WT and han2-2 plants at the booting stage. Left and right
panels show WT and han2-2 plants before and after chilling treatment, respectively.
Bar =3 cm. e Seed setting rates of WT and han2-2 under normal conditions. Data are
shown as mean + SD (n =15 biological replicates). f Seed setting rates of WT and
han2-2 under chilling conditions. Data are shown as mean + SD (n =15 biological
replicates). g Auxin content in spikelets of 93-11 and NIL-HAN2"® after treatment at

19 °C. Data are shown as mean + SD (n = 4 biological replicates). h OsMAP1/OsMPK3
expression in spikelets of 93-11 and NIL-HAN2"™ at various time points under 19 °C
treatment. Data are shown as mean + SD (n =3 biological replicates). i Trehalose
content in spikelets of 93-11 and NIL-HAN2"® before and after 19 °C treatment. Data
are shown as mean + SD (n = 4 biological replicates). j Auxin content in spikelets of
WT and han2-2 before and after 16 °C treatment. Data are shown asmean+SD (n=3
biological replicates). k OsMAP1/OsMPK3 expression in spikelets of WT and han2-2
at various time points under 16 °C treatment. Data are shown as mean+SD (n=4
biological replicates). I Trehalose content in spikelets of WT and han2-2 before and
after 16 °C treatment. Data are shown as mean + SD (n =3 biological replicates).
Statistical significance in (b, ¢, e-1) was evaluated using a two-tailed Student’s ¢-test;
P-values are indicated. Source data are provided as a Source Data file.

regulates chilling tolerance in rice at the booting stage, also potentially
through auxin-mediated signalling pathway. Furthermore, transgenic
lines overexpressing HAN2 under the control of either the 35S pro-
moter or the native HAN2 promoter, as well as CRISPR/Cas9-edited
HAN2'™ lines, exhibited significantly lower seed setting rates under
chilling stress at the booting stage compared with their respective
controls (Supplementary Figs. 28a-f and Supplementary Figs. 29a-c).
These findings demonstrate that HAN2 negatively affects chilling tol-
erance in rice at both the seedling and booting stages.

Auxin plays a key role in regulating plant branching or tillering®,
We hypothesised that HAN2 influences rice tillering and, consequently,
yield. Field assays conducted in Changsha during the summer of 2023
showed that NIL-HAN2Y*®, which has reduced HAN2 expression, pro-
duced 1.3 more tillers than 93-11, resulting in a 16.3% increase in yield
(Supplementary Fig. 30a-e). Similarly, han2 mutants produced 3.8
more tillers than WT plants, leading to a 15.2% increase in yield (Sup-
plementary Fig. 30f-j). Field trials conducted in Hainan during the
winter of 2023 further confirmed these results: yield per plant in NIL-
HAN2Y® was 14.7% higher than that in 93-11 (Supplementary Fig. 31a-f),
and yield per plant in han2 was 28.2% higher than that in WT (Sup-
plementary Fig. 32a-f). These findings highlight the potential of the
temperate japonica rice allele or a loss-of-function HAN2 allele to not
only enhance chilling tolerance at both the seedling and booting

stages but also improve rice yield through increased tillering, offering
substantial value for breeding programmes aimed at enhancing and
stabilising rice production.

Discussion

Rice cultivated in Asia primarily consists of two subspecies: indica and
Jjaponica rice. Typically, temperate japonica rice varieties exhibit
greater adaptability to chilling stress than indica varieties**. However,
the molecular basis underlying this adaptability remains incompletely
understood, and the role of auxin in mediating the chilling tolerance of
temperate japonica rice remains to be fully clarified. Herein, we iso-
lated a chilling tolerance gene, HAN2, from temperate japonica rice
using a map-based cloning approach. HAN2 encodes an ABCB trans-
porter, OsABCB5, which functions in auxin efflux. The temperate
japonica allele of HAN2 contains a downstream retrotransposon
insertion that leads to reduced methylation of lysine residues at
positions 4 and 36 on histone H3 in the HAN2 region. This epigenetic
modification results in lower transcriptional activity and subsequently
alters auxin transport. Compared with the indica allele, the temperate
Japonica HAN2 allele confers enhanced chilling tolerance at both the
seedling and booting stages, largely due to the presence of the retro-
transposon insertion (Fig. 7). Our findings further reveal that HAN2/
OsABCBS5 negatively regulates rice chilling tolerance potentially
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through an auxin-cascade involving OsARF24 andOsMAP1/OsMPK3.
However, since we don’t have direct genetic evidence (i.e. higher order
mutants data), we cannot state that HAN2 could form any signalling
module with its potential downstream interactor(s) to mediate chilling
adaptation.

Interestingly, HAN2 regulates auxin levels in plants, similar to
other members of the ABCB transporter family, such as SD8*. How-
ever, the mechanism by which HAN2 influences auxin content remains
unclear. The tryptophan-dependent pathway is the primary route for
auxin biosynthesis, with YUCCA-encoded flavin monooxygenases
catalysing the final rate-limiting step®. To explore this further, we
analysed the expression patterns of YUCCA family members. Among
them, OsYUCS exhibited an expression pattern in leaves similar to that
of HAN2 (Supplementary Fig. 12a) and has been reported to influence
leaf development (Supplementary Data 3)*°, suggesting that OsYUCS is
the key target modulated by HANZ2 in leaf tissues. RT-qPCR analysis
confirmed that OsYUCS expression was significantly lower in NIL-
HAN2Y"® than in 93-11 (Supplementary Fig. 12b), significantly lower in
han2 mutants than in WT plants (Supplementary Fig. 12c), and sig-
nificantly higher in HAN2-overexpressing lines than in WT (Supple-
mentary Fig. 12d). Detached leaf incubation experiments using ds-Trp
further revealed that ds-IAA synthesis was significantly reduced in
osyuc8 mutants compared with WT (Supplementary Fig. 13b). More-
over, osyuc8 plants exhibited lower auxin content and a higher survival
rate following chilling treatment than WT plants (Supplementary
Fig. 13c-e). Based on these results, we propose that OsYUCS plays a
regulatory role in auxin biosynthesis within mature leaves and that
HAN2 promotes OsYUCS expression via an as-yet unidentified feedback
mechanism, thereby enhancing localised auxin synthesis.

The ds-IAA leaf-feeding experiment demonstrated that the rela-
tive transfer rate of ds-IAA was significantly higher in WT plants than in
han2 mutants across multiple leaves (Fig. 2f-g). This finding indicates
that HAN2 facilitates the movement of ds-IAA from mature source
leaves to other plant tissues. Although auxin is primarily synthesised in
young tissues, our results show that mature leaves can also produce
auxin (Supplementary Fig. 13b). The high expression of HAN2 in
mature leaves likely plays a critical role in transporting auxin synthe-
sised in these tissues to other parts of the plant. This inference is
further supported by auxin level measurements in the third to fifth
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Fig. 7 | Possible working model of HAN2-mediated chilling adaptation in rice.
HAN2 encodes the OsABCBS transporter, which mediates auxin efflux from the cell.
In rice, HAN2 is highly expressed in the parenchyma cells of the vascular bundle
sheath in mature leaves, where it facilitates the transport of auxin synthesised in
these leaves to young tissues. In temperate japonica rice, the insertion of a Copia
LTR downstream of HAN2 significantly reduces active histone modifications,
including H3K4me3 and H3K36me3, across the gene body, leading to transcrip-
tional suppression of HAN2. In contrast, indica cultivars lack this retrotransposon
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leaves of NIL-HAN2Y*® and han2 under both normal and chilling con-
ditions (Supplementary Fig. 33a-d). The main auxin transport proteins
located on the plasma membrane include members of the AUX1/LAX,
ABCB/PGP, and PIN families, which coordinate the intracellular and
extracellular transport of auxin*’. Auxin uptake is primarily mediated
by the efficient IAA/H* symport mechanism, facilitated by members of
the AUX1/Like-AUX1 family*’. Transcriptomic analysis of NIL-HAN2\P®
and han2 revealed no significant differences in the expression levels of
OsAUX genes across different HAN2 genotypes, suggesting that HAN2
does not influence these transporters (Supplementary Fig. 34a-b).
Additionally, recent studies have shown that ABCB transporters can
promote auxin efflux independently of PIN proteins*. However, the
efflux of auxin mediated by PINs typically depends on a synergistic
mechanism requiring co-localisation with ABCB transporters®.

The insertion of Copia LTR results in reduced enrichment of the
active histone marks H3K4me3 and H3K36me3, which collectively
downregulate HAN2 expression and enhance chilling tolerance in both
NPB and the HAN2'™ mutant (Fig. 4f, Supplementary Fig. 1a-b, and
Fig. 4b, ¢). To date, no studies have specifically reported the effects of
Copia retrotransposon insertions on histone methylation. However,
recent research has shown that a solo-LTR insertion can increase DNA
methylation and promote the accumulation of the repressive histone
mark H3K9me2, which together suppress GY3 expression and lead
to higher grain yield in the 02428 cultivar and other genetic
backgrounds**. It is well established that transposable elements can
influence the epigenetic regulation of nearby coding genes by pro-
moting the spread of histone methylation marks such as H3K9me2*.
Therefore, the insertion of the Copia LTR downstream of HAN2 in
temperate japonica rice may similarly affect histone methylation
through a diffusion-like mechanism, thereby modulating HAN2
expression.

With the intensification of global climate change, achieving high
and stable crop yields is essential for ensuring food security. To this
end, identifying key genes that contribute to desirable agronomic
traits in grain crops is critical. Although numerous genes associated
with high yield or abiotic stress tolerance have been identified*’, genes
that simultaneously confer high and stable yield remain limited. The
temperate japonica rice allele HAN2/OsABCBS represents a promising
example, conferring enhanced chilling tolerance at both the seedling

OsARF24 r' \\
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ARF-motif ,

ARF-motif

insertion, resulting in elevated HAN2 expression and increased auxin accumulation
in young tissues. Higher auxin levels promote the release of OsARF24, which binds
to the ARF-motif in the OsMAP1/OsMPK3 promoter and represses its expression.
This regulatory cascade could ultimately compromise chilling tolerance at both the
seedling and booting stages in indica rice. Conversely, temperate japonica rice,
which carries the Copia LTR insertion, exhibits reduced HAN2 expression and
improved chilling tolerance at both developmental stages.
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and booting stages, along with increased tiller number. Following
chilling treatment, OsMAPI1/OsMPK3 expression in NIL-HAN2Y*® was
consistently higher than that in 93-11 at both stages (Fig. 3e, Supple-
mentary Fig. 15a, and Fig. 6h), and trehalose content was significantly
greater in NIL-HAN2"*® than in 93-11 (Supplementary Fig. 16a and
Fig. 6i). These findings suggest that HAN2 enhances chilling tolerance
across developmental stages, potentially through auxin-mediated
signalling pathway. Interestingly, no significant difference in tiller
number was observed between OsARF24 overexpression lines and WT
(Supplementary Fig. 35), and yield-related traits such as plant height
and effective tiller number remained unchanged in OsMAPI knock-
down and overexpression lines compared with WT*". These results
indicate that the regulatory networks by which HAN2 controls chilling
tolerance and tiller number are distinct. The advantageous HAN2 allele
originated from the insertion of an Copia LTR downstream of the gene,
an element traceable to wild rice. This LTR is present in 5.5% of wild
rice, 50.0% of tropical japonica, and 97.3% of temperate japonica rice
varieties (Supplementary Fig. 26a). Among indica rice, the insertion is
nearly absent, while only 14.3% of the Aus ecotype—believed to have
undergone hybridisation with japonica rice during domestication*'—
carry the insertion. It is therefore hypothesised that the LTR insertion
in HAN2 originated from wild rice and was selected for in temperate
Jjaponicarice to support adaptation to cooler climates. Introgression of
the temperate japonica HAN2 allele into indica rice improves tillering,
grain yield, and chilling tolerance at both the seedling and booting
stages, thereby contributing to high and stable yield performance. In
Jjaponica rice, gene editing techniques can be used to knock out HAN2,
resulting in improved tillering, yield, and chilling tolerance. Thus,
HAN2 represents a valuable genetic resource for achieving high and
stable rice production under climate variability.

Methods

Plant materials and phenotypic evaluations

A set of chromosome segment substitution lines was developed
using the temperate japonica rice cultivar NPB as the donor and
the indica cultivar 93-11 as the recipient. From this population, a
near-isogenic line, NIL-HAN2'*®, was selected and subsequently
backcrossed to 93-11 and self-fertilised to generate a fine-
mapping population for HAN2.

To evaluate chilling tolerance at the seedling stage, 7 day-old
seedlings of indica or japonica rice were exposed to 10 °C or 4°C in a
light incubator for 4-6 days. Following this treatment, seedlings were
transferred to a growth chamber set at 28 °C/25 °C with a 13 h/11 h light/
dark cycle for a 3-7 day recovery period, after which survival rates were
recorded. Plant mortality was defined as the inability to produce new
foliage during the recovery phase under ambient conditions after
chilling exposure, ultimately resulting in complete desiccation.

To evaluate chilling tolerance at the booting stage, plants at the
booting phase—with a distance of -3 to 0 cm between the lamina joints
of the flag leaf and the second leaf—were subjected to chilling treat-
ment in a walk-in climate chamber (19 °C for indica and 16 °C for
Jjaponica, 12h light/12h dark) for 7 days. Following treatment, the
plants were returned to normal growth conditions (28 °C/25 °C, 13 h
light/11 h dark) and maintained until full maturity. Seed setting rates
were determined using a minimum of four biological replicates per
genotype.

Fine mapping of the HAN2 locus

To fine-map HAN2, a genetic segregation population (BC;F,) was
generated by backcrossing NIL-HAN2""® with 93-11, followed by self-
fertilisation. Approximately 3200 individuals from this population
were genotyped using seven pairs of molecular markers. By correlating
the genotypes of markers M4 and M5 with the chilling tolerance phe-
notypes of six key recombinant lines (R1-R6), HAN2 was mapped to a
30.0-kb genomic interval.

Vector construction and genetic transformation

For the genetic complementation of HAN2, the HAN2 coding sequence
along with its 2.0 kb native promoter was amplified from the 93-11
genome using primers CP-HAN2-F and CP-HAN2-R. The resulting
fragment was inserted into the pCAMBIA1301 vector to generate a
fusion construct in which HAN2 is driven by its native promoter.

To construct an overexpression vector, the full-length HAN2 gene,
including all introns, was amplified from the NPB genome using pri-
mers HAN2-OE-F and HAN2-OE-R. The amplified fragment was then
cloned into the pCAMBIAI300-EGFP expression vector under the
control of the constitutive 35S promoter.

For the HAN2 knockout, a CRISPR/Cas9-based vector was
designed with an sgRNA targeting the exon of HAN2 under the OsU6a
promoter.

To knock out the Copia LTR, a CRISPR/Cas9-based vector con-
taining two sgRNAs was constructed: one sgRNA targeting the left
flanking sequence of the retrotransposon was driven by the OsU6a
promoter, and the other targeting the right flanking sequence was
driven by the OsU6b promoter. The complementation vector was
introduced into the NIL-HAN2"*® line via Agrobacterium-mediated
transformation, whereas the remaining constructs were transformed
into the temperate japonica rice cultivar ZH11.

RNA extraction and expression analysis

Total RNA was extracted using the AG RNAex Pro RNA reagent
(Accurate, China, AG21102). The extracted RNA was reverse tran-
scribed into cDNA using the HiScript I Q RT SuperMix for qPCR
(R223-01, Vazyme). RT-qPCR was then performed using ChamQ Uni-
versal SYBR qPCR Master Mix (Q711-02, Vazyme). Gene expression
levels were analysed using the AACt method based on 3-4 biological
replicates. Statistical significance was determined using Student’s
t-test.

RNA-seq analysis

Rice shoots were harvested and immediately frozen in liquid nitrogen
for RNA-seq analysis. Three biological replicates were included for
each sample. RNA sequencing was conducted by BGI using the MGI
platform. For data analysis, processed reads were aligned to the
reference genome MSURelease7.0*® using Hisat2 v2.0.1*°. Gene quan-
tification was performed with HTSeq v0.6.1°°, and differential expres-
sion analysis was performed using DESeq2”. Differentially expressed
genes were identified based on a P-value<0.05 and an absolute
log, fold change (|log,FC|)=1. Gene Ontology enrichment analysis
was conducted using the DAVID database (https://david.ncifcrf.
gov/home).

Subcellular localisation

The constructed vectors 355::HAN2-GFP and 35S5::GFP were introduced
into rice protoplasts via PEG-mediated transformation. Following
transformation, the protoplasts were stained with 100 uM FM4-64 (a
plasma membrane marker) for 1 min, washed with W5 solution, and
examined for GFP fluorescence using a confocal laser scanning
microscope (LSM880, Carl Zeiss).

DNA methylation analysis

Genomic DNA was extracted from the third leaf of 2 week-old rice
seedlings using the SDS method. CpG island regions were predicted
and designed using MethPrimer, and bisulfite sequencing PCR (BSP)
primers for HAN2 were designed accordingly (Supplementary Data 4;
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi). The
extracted DNA was treated with sodium bisulfite using the EpiTect
Bisulfite Conversion Kit (Qiagen). PCR products amplified with BSP
primers were ligated into the pEASY Blunt cloning vector (TransGen
Biotech), and randomly selected clones were sequenced. CG methy-
lation levels were analysed using Sequencher 5.4.5 software.
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ChIP assay

Using ChiP-seq datasets of 93-11 and NPB (SRR10751611, SRR10751742,
SRR10751615, SRR10751746, SRR094791, SRR1827950) available in the
NCBI public repository”*>*, we analysed histone modifications
H3K4me3, H3K27me3, and H3K36me3 in the HAN2 region.

Leaf samples (4 g) were collected from 2 week-old rice seedlings
and cross-linked with 1% formaldehyde. The cross-linking reaction was
quenched with 0.125 mol/L glycine. ChIP assays were performed using
the EpiQuik Plant ChIP Kit (Epigentek, Brooklyn, NY, USA) with the
following antibodies: anti-Flag (#14793, Cell Signalling Technology,
Danvers, MA, USA; dilution 1:50), anti-H3K4me3 (A22146, ABclonal,
Wuhan, China; dilution 1:50), anti-H3K27me3 (A16199, ABclonal,
Wuhan, China; dilution 1:50), and anti-H3K36me3 (A20379, ABclonal,
Wuhan, China; dilution 1:50). Chromatin was sheared to fragments of
<1000 bp via sonication. Enriched DNA was analysed via RT-qPCR
using primers targeting the ARF-motif site in the OsMAP1/OsMPK3
promoter or primers spanning the HAN2 exon region. ChIP-qPCR
assays for H3K4me3, H3K27me3, and H3K36me3 were conducted to
compare lines such as WT and HAN2'™, To confirm OsARF24 binding to
the OsMAP1/OsMPK3 promoter, ChIP-qPCR was performed in the
p35S::ARF24-Flag overexpression line. Chromatin precipitated with
normal mouse IgG (provided in the kit) was used as a negative control.
All primers used are listed in Supplementary Data 4.

Luciferase transient transcriptional activity assay

Using NPB and 93-11 as templates, a 2.0 kb promoter region upstream
of the HAN2 start codon was amplified and cloned into the
pGreenll0800-LUC vector to construct the reporter plasmid. The 35S
promoter in the pGreenll0800-LUC vector was then replaced with the
HAN2 promoter to generate the pHAN2::LUC construct. The reporter
plasmids were introduced into rice protoplasts and incubated in the
dark at 28 °C for 12 h. Protoplasts were then harvested and lysed using
the lysis buffer provided in the Dual-Luciferase Reporter Assay Kit
(Vazyme, DL101-01). Firefly luciferase activity was measured according
to the manufacturer’s instructions. Renilla luciferase, driven by the 35S
promoter in the pGreenll0800-LUC vector, served as an internal
control. Relative firefly luciferase activity was calculated as the ratio of
firefly luciferase to Renilla luciferase activity for each sample.

Determination of auxin content

The method for extracting auxin was carried out according to pre-
viously described with minor modifications®.To analyze the indole-3-
acetic acid (IAA) content in 2-week-old rice seedlings under both
normal and chilling treatment conditions (4 °C or 10 °C), samples of
the shoots or leaves were collected and immediately frozen in liquid
nitrogen. 0.1g sample was weighed into a 1.5mL tube, mixed with
750 pL cold extraction buffer (methanol: ddH,O:acetic acid, 80:19:1,
v/v/v), vigorously shaken on a shaking bed for 16 h at 4 °C in dark, and
then centrifuged at 14,000 x g for 15 min at 4 °C. The supernatant was
carefully transferred to a new 1.5 mL tube and the pellet was remixed
with 400 pL extraction buffer, shaken for 4 h at 4 °C, and centrifuged.
The two supernatants were combined and filtered the mixture into a
sample bottle using a nylon filter membrane with a diameter of
13 millimetres and a pore size of 0.22 micrometres (Nylon 66; Tianjin
Jinteng Experimental Equipment Co., Ltd.). The samples in the sample
bottle will be analyzed for auxin determination using AB SCIEX QTRAP
5500 mass spectrometer.

Determination of trehalose content

The trehalose content was determined according to previously
described with minor modifications®. Seedlings (0.5 g) were collected
at the seedling stage and subjected to low-temperature treatment—
either before or after exposure—for 24 h at 4 °C for japonica rice or
10 °C for indica rice. At the booting stage, young panicles (0.5 g) were
collected and treated at 19 °C for 24 h in indica rice, either before or

after chilling treatment. Samples were ground in liquid nitrogen, and
2mL of 80% (v/v) ethanol was added. Following centrifugation at
13,000 x g for 15min, the supernatant was collected and heated in
boiling water for 20 min and then re-centrifuged at 13,000 x g for
10 min. The resulting supernatant was dried at 80 °C, and the residue
was dissolved in 4 mL of deionised water and stored at —20 °C until
analysis. Before high-performance liquid chromatography, the sam-
ples were filtered thrice through a 0.22 um sterile filter. Each experi-
ment included 3-4 biological replicates, and statistical significance was
determined using Student’s ¢-test.

Yeast transport experiment

The control vector pYES-MOB-GFP-IST2 and the construct pYES-MOB-
HAN2-GFP-IST2 were introduced into the yeast strain INSCVI. For the ds-
IAA uptake assay, individual yeast colonies were cultured in SD-Ura
liquid medium containing 2% glucose at 30 °C with shaking at 200 rpm
until the optical density (ODgg0) reached 0.8. Cells were then harvested
through centrifugation at 4 °C and 3500 x g for 10 min, washed thrice
with sterile water, and resuspended in SD-Ura medium containing 2%
lactose, adjusting the ODgoo to 20. ds-IAA was then added to a final
concentration of 150 puM, and the cell suspension was incubated at 30 °C
with shaking at 200 rpm for 3 h. After incubation, cells were washed with
10% methanol followed by sterile water, dried, and subjected to isotope
ratio mass spectrometry (MAT253, Thermo Fisher Scientific). Three
independent biological replicates were performed for each sample.

In the ds-1AA efflux assay, yeast clones were cultured in SD-Ura
liquid medium containing 2% glucose at 30 °C with shaking at 200 rpm
until an ODg¢go of 0.8 was reached. The subsequent steps followed the
same protocol as the uptake experiment, except that a portion of the
harvested cells was incubated for 12 h in SD-Ura medium containing 2%
lactose before further processing. All remaining steps were identical to
those used in the uptake assay, including the use of three biological
replicates for each sample.

Transport activity assay in Xenopus oocytes

Using overlapping PCR, we constructed pT77:GFP and pT7::GFP-HAN2
expression modules for injection into Xenopus oocytes. cCRNA was
synthesised by in vitro transcription according to the manufacturer’s
protocol (Yeasen, 10623ES50). A volume of 50 nL of GFP, GFP-HAN2
cRNA, or water (negative control) was injected into selected oocytes
using a Nanoject Il automatic injector. The oocytes were incubated in
modified barth’s solution (MBS) at 18 °C for 24 h before transport
activity assays. For the uptake experiment, five injected Xenopus
oocytes were transferred to MBS solution containing 150 pM ds-IAA and
incubated at 18 °C for 4 h. After incubation, oocytes were washed thrice
with fresh MBS solution, dried, and prepared for further analysis. Three
biological replicates were conducted. For the efflux experiment, injec-
ted oocytes were first incubated in MBS solution containing 150 pM ds-
IAA at 18 °C for 12 h. Afterwards, they were washed thrice with fresh
MBS solution and transferred to new MBS solution. Five oocytes were
collected at O and 4 h post-transfer, washed thrice, and dried. Both
uptake and efflux samples were analysed using an isotope ratio mass
spectrometer (MAT253, Thermo Fisher Scientific).

Protoplast transformation experiment in rice

Protoplasts were isolated from WT and han2-2 plants®. The proto-
plasts were suspended in pre-cooled W5 solution. For the loading
experiment, the protoplasts were centrifuged at 4 °C and 100 x g for
10 min. The supernatant was discarded, and the protoplasts were
resuspended in pre-cooled W5 solution. Cell concentration was
determined using a hemocytometer. Protoplasts were then transferred
into 2 mL round-bottom centrifuge tubes, with each tube containing a
final ds-IAA concentration of 75 uM. Twelve tubes were prepared and
incubated at 28 °C with gentle shaking at 48 rpm for 0, 0.5, 1, and 2 h.
At each time point, three tubes were selected. The protoplasts were
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centrifuged at 4 °C and 100xg for 5min, the supernatant was
removed, and the protoplasts were washed 2-3 times with 1 mL of pre-
cooled W5 solution and then collected and dried for further analysis.

For the efflux experiment, protoplasts that had been incubated
with ds-IAA for 2 h were washed 2-3 times with pre-cooled W5 solution,
resuspended in fresh W5 solution, and transferred to 2 mL round-
bottom centrifuge tubes, with 1 mL of protoplast suspension per tube.
Twelve tubes were prepared and incubated at 28 °C for 0, 1, 2, and 3 h.
At each time point, three tubes were selected. The protoplasts were
centrifuged at 4 °C and 100 x g for 5min, and the supernatant was
transferred to a new centrifuge tube for further analysis. The proto-
plasts were then washed 2-3times with 1mL of pre-cooled
W5 solution, collected, and dried. Both the loading and efflux sam-
ples were analysed using an isotope ratio mass spectrometer.

Feeding of ds-IAA to rice leaves

ZH11 and han2 seedlings with uniform growth were selected after
3 weeks of cultivation in hydroponic nutrient solution. A 60 pM ds-IAA
solution was applied to the third leaf, positioned approximately 6 cm
from the tip, and allowed to absorb for 48 h. After treatment, samples
of the treated leaf, leaf sheath, and root tissues were collected, ground
into a fine powder, and dried. ds-IAA levels were measured using iso-
tope ratio mass spectrometry.

GUS histochemical staining and fluorescence
immunocytochemistry

The pHAN2:HAN2-GUS fusion expression vector, driven by the HAN2
promoter, was constructed and introduced into NIL-HAN2"*® rice via
Agrobacterium-mediated transformation. Positive transgenic lines were
selected for GUS staining and immunofluorescence analysis. GUS his-
tochemical staining was performed on T3 homozygous transgenic
plants. Leaves and leaf sheaths from seedlings were stained, observed,
and photographed using a stereomicroscope. For immunofluorescence
analysis, the second leaf and second leaf sheath from 3 week-old seed-
lings were examined using a GUS antibody (Abcam, AB50148; dilution
1:100). Fluorescent signals were visualised with a confocal laser scanning
microscope (LSM880, Carl Zeiss).

Identification of the HAN2-neighbouring Copia LTR

Two pairs of primers were designed to detect the downstream inser-
tion of the Copia LTR in 134 rice varieties, including 28 indica, 14 tro-
pical japonica, 37 temperate japonica, and 55 wild rice accessions. The
primer pair F/1R successfully amplified a 368 bp PCR product from
NPB genomic DNA, which contains the retrotransposon, whereas no
amplification was observed from 93-11 genomic DNA, as the reverse
primer (1R) specifically binds within the retrotransposon, which is
absent in 93-11. Conversely, the primer pair F/2R amplified a 465 bp
PCR product from 93-11 genomic DNA lacking the retrotransposon,
whereas no amplification was detected from NPB genomic DNA. This is
likely because the target region in NPB spans approximately 3.8 kb,
exceeding the amplification range of the PCR conditions used.

Y1H assay

The ARF cis-regulatory element from the OsSMAPI/OsMPK3 promoter and
its corresponding mutant version (ARFm) were synthesised with three
tandem copies and cloned into the pHis2.0 vector via homologous
recombination to generate the pHis2-3 x ARF and pHis2-3 x ARFm con-
structs, respectively. The full-length coding sequence of OsARF24 was
amplified using PCR from a rice cDNA library and inserted into the
pGADT7 vector via homologous recombination to produce the AD-
OsARF24 construct. The YIH assay was conducted using the Matchmaker
Gold Yeast One-Hybrid Library Screening System (Clontech). Briefly,
transformants were first plated on SD/-Trp-Leu medium for growth
assessment, followed by spotting on SD/-Trp-Leu-His and SD/-Trp-Leu-His
media supplemented with 3-amino-1,2,4-triazole for interaction analysis.

EMSA

The coding region of OsARF24 was amplified from a rice cDNA library
and cloned into the pGEX-6P-1 vector via homologous recombination.
Protein expression and purification were performed according to the
manufacturer’s instructions. A biotin-labelled oligonucleotide corre-
sponding to the OsARF24 binding site was synthesised by annealing
equimolar complementary oligonucleotides in Taq DNA polymerase
buffer. EMSAs were conducted at room temperature using the EMSA
kit (20148, Thermo Fisher Scientific). Briefly, biotin-labelled probes
were incubated with either GST or GST-OsARF24 in binding buffer for
20 min. For competition assays, 50x and 200x molar excesses of
unlabelled competitor probes were included. DNA-protein complexes
were separated on 5% native polyacrylamide gels, and biotin signals
were detected using the ChemiDoc XRS System (Bio-Rad, USA).

Protein extraction and western blot analysis

Total protein was extracted from the shoots or mature leaves of 15 day-
old OsARF24-Flag/ZH11 and OsARF24-Flag/han2 seedlings using a total
protein extraction kit (BestBio, BB-3183) according to the manu-
facturer’s instructions. The extracted proteins were then subjected to
non-denaturing western blot analysis. Total OsARF24-Flag protein
levels, assessed via SDS-PAGE western blotting, were used as an
internal reference. Immunoblot analysis was performed using anti-Flag
monoclonal antibodies (CST, D6W5B, dilution 1:1000). All experiments
were repeated at least thrice, yielding similar results.

Population genetic analysis of HAN2

To obtain the SNPs required for downstream analyses, SNP calling was
performed using the VariantFiltration tool in GATK (v4.2.2.0) with
default parameters. Fst values were calculated using VCFtools (v0.1.16)
with a sliding window of 100 kb and a step size of 50 kb. The map
shown in Fig. 6g was generated using the ggmap package in R”.
Nucleotide diversity within the HAN2 region across different popula-
tions was calculated using DnaSP v5.10°%. SNPs were imputed using
Beagle (v5.1)*°, and haplotype blocks were extracted using plotHaps in
vcflib (v1.0.1)°° and visualised with R (v4.0.2).

Phylogenetic analysis

The full-length protein sequences of ABCB transporters from both rice
and Arabidopsis genomes were obtained from the Ensembl Plants
database (http://plants.ensembl.org/index.html). Sequence alignment
was performed using ClustalW in MEGA7°.. A neighbour-joining phy-
logenetic tree was then constructed based on the aligned sequences
using the Poisson correction method with pairwise deletion of gaps.
The reliability of the tree was assessed through bootstrap analysis with
1000 replicates.

Primers
All primers used in this study are shown in the Supplementary Data 4.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10. Data are
presented as the mean + standard error of the mean. For comparisons
between two groups, a two-tailed independent samples t-test was
used, whereas one-way ANOVA followed by Tukey’s multiple com-
parisons test was applied for comparisons involving three or more
groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this work are available within this paper
and its Supplementary Information files. Genetic materials used in this
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work are available from the corresponding authors upon request. RNA-
Seq and DNA re-sequencing data generated in this study have been
deposited in the NCBI/Sequence Read Archive (SRA) database under
accession code PRJNA1244014 and PRJNA1244057. ChIP-Seq datasets
of 93-11 and NPB are available in the NCBI/Sequence Read Archive
(SRA) database under accession code SRR10751611, SRR10751742,
SRR10751615, SRR10751746, SRR094791 and SRR1827950. Gene
sequence and annotation information is available from the Rice Gen-
ome Annotation Project (https://rice.uga.edu/). Source data are pro-
vided with this paper.
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