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Abstract 

Background: UV-B, an important environmental factor, has been shown to affect 
the yield and quality of rice (Oryza sativa) worldwide. However, the molecular mecha-
nisms underlying the response to UV-B stress remain elusive in rice.

Results: We perform comprehensive metabolic profiling of leaves from 160 diverse 
rice accessions under UV-B and normal light conditions using a widely targeted metab-
olomics approach. Our results reveal substantial differences in metabolite accumula-
tion between the two major rice subspecies indica and japonica, especially after UV-B 
treatment, implying the possible role and mechanism of metabolome changes 
in subspecies differentiation and the stress response. We next conduct a transcrip-
tome analysis from four representative rice varieties under UV-B stress, revealing genes 
from amino acid and flavonoid pathways involved in the UV-B response. We further 
perform a metabolite-based genome-wide association study (mGWAS), which reveals 
3307 distinct loci under UV-B stress. Identification and functional validation of candi-
date genes show that OsMYB44 regulates tryptamine accumulation to mediate UV-B 
tolerance, while OsUVR8 interacts with OsMYB110 to promote flavonoid accumulation 
and UV-B tolerance in a coordinated manner. Additionally, haplotype analysis suggests 
that natural variation of OsUVR8groupA contributes to UV-B resistance in rice.

Conclusions: Our study reveals the complex biochemical and genetic foundations 
that govern the metabolite dynamics underlying the response, tolerance, and adaptive 
strategies of rice to UV-B stress. These findings provide new insights into the biochemi-
cal and genetic basis of the metabolome underlying the crop response, tolerance, 
and adaptation to UV-B stress.
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Background
Ultraviolet-B (UV-B; 280–315 nm) is a crucial environmental factor that poses a threat 
to plant growth, development, and crop yield due to the depletion of the stratospheric 
ozone layer, with strong UV-B radiation inducing particularly harmful effects [1, 2]. Fur-
thermore, the levels of UV-B on the Earth’s surface have increased by 6–14% since the 
1980s due to declining ozone levels in the atmosphere [3, 4]. Although UV-B accounts 
for only a small portion of the total solar radiation, its impact on plants can be signifi-
cant, causing changes at the molecular, cellular, morphological, and physiological levels 
[5, 6]. Studies have demonstrated that elevated UV-B radiation shows a strong negative 
linear correlation with rice biomass production and yields [7, 8]. As UV-B levels con-
tinue to rise, decreased rice yields are inescapable, which would ultimately increase the 
demand for world rice production. Thus, understanding the regulation mechanism of 
the response and tolerance to UV-B in rice is crucial.

The perception and response to UV-B stress are complex processes regulated by mul-
tiple loci and are influenced by various environmental factors such as latitude, season, 
solar angle, and atmosphere thickness in plants [9, 10]. It has been reported that the 
responses to lower doses of UV-B are at least partially mediated by the UV-B-specific UV 
RESISTANCE LOCUS 8 (UVR8) photoreceptor to regulate gene expression, whereas 
the responses to higher doses of UV-B involve various regulatory mechanisms, including 
the UVR8-independent pathway, cellular damage, and reactive oxygen species-mediated 
oxidative stress [11–14]. To respond to the complexity of UV-B stress perception, plants 
have evolved diverse defensive strategies, including increased levels of UV-B-absorbing 
sunscreens in the vacuoles of epidermal cells, antioxidant accumulation, and photosyn-
thetic apparatus protection [15, 16]. Among these protective mechanisms, the accu-
mulation of UV-B-absorbing sunscreens in the vacuoles of epidermal cells represents 
a particularly important adaptation of higher plants [17, 18]; these sunscreens mainly 
comprise phenolic compounds such as flavonoids, anthocyanins, and hydroxycinnamic 
acids [17, 19]. UV-B also has a marked effect on the levels of amino acids, lipids, and 
terpenoids in many plants [20–22]. However, the genetic basis of the regulation of these 
metabolites underlying the plant response to UV-B stress is still not well understood.

In nature, plants produce thousands of unique metabolites playing essential roles in 
growth, development, and tolerance to biotic and abiotic stresses [23–25]. The changes 
in the levels of metabolites under stress exposure result from interactions between 
genotypes and the surrounding environment, largely reflecting the response, tolerance, 
and adaptation to stresses in plants. With the rapid development of next-generation 
sequencing technologies [26, 27], metabolite-based genome-wide association studies 
(mGWASs) have been widely used to reveal the genetic basis of metabolic diversity and 
variation in plants under various types of stress [28–30]. Differentially evolved glucosyl-
transferases such as OsUGT706D1 (flavone 7-O-glucosyltransferase) and OsUGT707A2 
(flavone 5-O-glucosyl-transferase) were identified to determine the natural variation 
of flavone accumulation and UV tolerance in 529 rice accessions [31]. Global insights 
into the metabolic landscape and metabolite–gene associations have been revealed by 
combining large-scale untargeted mGWAS with time-course-derived networks under 
different abiotic environments for identifying metabolite–gene associations in Arabi-
dopsis [32]. Co-selection of both constitutive and induced phenylpropanoids for the 
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UV-B response and protection has been demonstrated in diverse Qingke and other bar-
ley accessions [33]. Although rice is a major cereal crop responsible for feeding over half 
the world’s population [34], the genetic basis of the metabolic diversity and adaptation to 
stress, especially UV-B stress, in rice remains unclear.

In this study, we conducted a comprehensive analysis of the metabolic and transcrip-
tomic profiles of rice in response to UV-B stress. Our results demonstrated differences 
in metabolite accumulation between rice subspecies (indica and japonica) along with 
genes from amino acid and flavonoid pathways involved in the UV-B response. mGWAS 
analyses further revealed distinct loci that are specifically induced under UV-B stress. By 
identifying and functionally validating candidate genes, we discovered novel genes that 
play a role in the accumulation of metabolites to mediate UV-B tolerance. Moreover, 
haplotype analysis was used to reveal the specific genetic variations with a major con-
tribution to conferring rice with improved UV-B tolerance. These results advance our 
understanding of the biochemical and genetic factors of metabolomes that underlie crop 
response, tolerance, and adaptation to UV-B stress.

Results
UV‑B‑responsive metabolic profiling in rice

To investigate the metabolic regulatory network in response to UV-B stress in rice seed-
lings, we collected leaf samples from 160 rice varieties grown under normal and high 
UV-B conditions, respectively (Additional file  2: Table  S1), and analyzed them using 
an ultrahigh-performance liquid chromatography-tandem mass spectroscopy (UPLC-
MS/MS)-based widely targeted metabolic profiling method as described previously 
[35, 36]. A total of 810 metabolic features were determined; among them, 143 were 
confirmed by comparison with standards and 326 were putatively annotated, includ-
ing alkaloids, amino acids, fatty acids, flavonoids, hormones, nucleic acids, others, phe-
nolamines, polyphenols, terpenes, and vitamins (Additional file  1: Fig. S1; Additional 
file  2: Table  S2). Principal component analysis (PCA) of these metabolites showed 
a clear separation between the normal and UV-B treatment conditions along the first 
component, while the second component separated the indica and japonica subspe-
cies, consistent with a previous report [28]. Interestingly, this subspecies separation was 
more pronounced under UV-B conditions, indicating a possible role and mechanism 
of metabolite regulation in subspecies differentiation and the stress response (Fig. 1a). 
Furthermore, differentially accumulated metabolite analysis between treated and con-
trol samples indicated that most (436/810) of the metabolites were significantly influ-
enced by UV-B stress, namely 47.5% (385/810) metabolites showed upregulated patterns 
and 6.3% (51/810) displayed downregulated patterns (|Fold Change|≥ 5, P < 0.05) under 
the UV-B stress compared with normal conditions (Fig.  1b). Notably, these annotated 
and upregulated metabolites mainly belonged to amino acids, fatty acids, and flavonoids 
(Fig. 1c; Additional file 1: Fig. S2), indicating these metabolites might confer and control 
rice UV-B response and tolerance. Additionally, the cluster dendrogram based on dif-
ferential accumulation of the metabolites showed two distinct groups under the UV-B 
conditions, in line with the PCA results (Fig. 1d). Collectively, these results suggest that 
the identified UV-B-responsive metabolites could efficiently reflect and even play sub-
stantial roles in the response and tolerance to UV-B in rice.
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UV‑B‑responsive transcriptomic profiling in rice

To better understand the mechanism underlying the UV-B-responsive metabolites in 
rice, we selected some rice varieties for UV-B tolerance analysis and found that differ-
ent rice varieties showed distinct difference to UV-B tolerance (Additional file  1: Fig. 
S3). Further four rice varieties (two conventional varieties, ZH11 and ZS97, medium 
susceptible and medium resistant to UV-B stress respectively; a UV-B resistant variety, 
Lemon; and a UV-B susceptible variety, Dular) were used for transcriptome analysis 
under normal and UV-B conditions. PCA showed greater differences in gene expres-
sion levels between the normal and UV-B treatment conditions than among the four rice 
varieties, with the first component explaining 22.5% of the total variance (Fig. 2a). Com-
parative analysis of differentially expressed genes (DEGs) in these rice varieties under 
UV-B treatment revealed 9029 (3995 up-regulated and 5034 down-regulated), 7596 
(3047 up-regulated and 4549 down-regulated), 7870 (3831 up-regulated and 4039 down-
regulated), and 9296 (5251 up-regulated and 4045 down-regulated) DEGs in ZH11 

Fig. 1 Metabolic differential accumulation of rice seedling leaves under normal and UV-B conditions. a 
Principal component analysis (PCA) of metabolites of rice seedling leaves under normal and UV-B conditions. 
b Volcano plot displaying upregulated and downregulated metabolites under UV-B conditions compared 
to those under the normal conditions; the red dot represents a metabolite with a |Fold Change|≥ 5 and the 
blue dot represents a metabolite with a |Fold Change|≤ 0.2, P ≤ 0.05. c Percentage of differential metabolites 
identified under UV-B conditions compared to those under the normal conditions. d Neighbor-joining tree of 
160 rice varieties based on 810 metabolites under normal and UV-B conditions
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(Additional file 2: Table S3), ZS97 (Additional file 2: Table S4), Dular (Additional file 2: 
Table S5), and Lemon varieties (Additional file 2: Table S6), respectively, compared with 
the corresponding expression levels under the normal conditions (Fig. 2b). Among these 
DEGs, 1296 and 992 genes were commonly up-regulated and down-regulated by UV-B, 
respectively (Fig. 2c).

To gain insight into biological processes involved in the response to UV-B stress, 
Kyoto Encyclopedia of Genes and Genome (KEGG) pathway enrichment analysis was 
performed on the 2288 UV-B-responsive DEGs in these four rice varieties. The set of 
1296 commonly up-regulated DEGs was mainly involved in phenylalanine, tyrosine, 
and tryptophan biosynthesis, phenylpropanoid metabolism, and flavonoid biosynthe-
sis (Fig.  2d). The 992 DEGs uniquely down-regulated under UV-B stress were mostly 
enriched in glycine, serine, and threonine metabolism, glyoxylate and dicarboxylate 
metabolism, and cysteine and methionine metabolism (Fig. 2e). These results imply that 
the regulation of phenylpropanoid, tyrosine, and tryptophan biosynthesis plays crucial 
roles in the response to UV-B stress in rice, consistent with the metabolome profiling 
results under the UV-B conditions.

Fig. 2 Global transcriptome responses in seedling leaves of four rice varieties under normal and UV-B 
conditions. a PCA of transcriptome reprogramming in seedling leaves of four rice varieties namely ZH11, 
ZS97, Lemon, and Dular under normal and UV-B conditions. b Number of differentially expressed genes 
(DEGs) in seedling leaves of four rice varieties under UV-B conditions; red, up-regulated genes and blue, 
down-regulated genes. c Venn diagrams showing overlap of DEGs in seedling leaves of four rice varieties 
under UV-B conditions. d KEGG pathway enrichment analysis for DEGs in seedling leaves of four rice varieties 
under UV-B conditions
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Genetic basis of differential metabolites in response to UV‑B in rice

To investigate the genetic basis of the differential metabolites identified in response to 
UV-B stress in rice seedlings, we calculated the coefficient of variation of 810 metabo-
lites in the 160 rice varieties under normal and UV-B conditions. The results showed a 
higher proportion of variance in rice varieties under the UV-B conditions, implying that 
the metabolites responding under UV-B treatment exhibited significant genetic diver-
sity (Additional file 1: Fig. S4). Subsequently, mGWAS was performed in the normal and 
UV-B conditions to identify significant loci associated with the differential metabolites 
(Fig. 3a, b; Additional file 1: Fig. S5). A total of 3127 and 4149 significantly induced loci 
were detected under normal and UV-B conditions, respectively, indicating their rel-
evance for screening candidate genes to explore the genetic basis of differential metabo-
lites in response to UV-B stress.

To explore the functions of genes associated with UV-B stress in these significant 
loci, Gene Ontology (GO) enrichment and KEGG pathway enrichment analyses were 
conducted. The majority of the candidate genes were involved in biological processes, 
cellular components, and molecular functions by GO analysis (Additional file  1: Fig. 
S6; Additional file 2: Table S7). Additionally, KEGG pathway analysis revealed that the 
genes that were induced under normal conditions were primarily involved in amino acid 
metabolism, fatty acid metabolism, and glycolysis, whereas those induced under the 
UV-B conditions were predominantly involved in phenylpropanoid biosynthesis, phe-
nylalanine metabolism, and starch and sucrose metabolism (Additional file  1: Fig. S7; 
Additional file 2: Table S8). These analyses supported that the regulation of phenylpro-
panoid biosynthesis and phenylalanine metabolism likely play critical roles in the UV-B 
response and tolerance in rice. Combined with the results of the transcriptome data, 
candidate genes involved in amino acid and flavonoid metabolism were further deter-
mined and identified.

Fig. 3 Overall mGWAS results of the metabolic features in rice seedling leaves under normal and UV-B 
conditions. a Genomic distribution of mGWAS results for the metabolic features in rice seedling leaves under 
normal and UV-B conditions; all metabolite–SNP associations with P ≤ 5.0 ×  10−6 are plotted; metabolites 
were grouped into seven categories and marked with different colors namely a-e. b Venn diagram showing 
the number of significant loci in mGWAS result under normal and UV-B conditions; P ≤ 5.0 ×  10−6



Page 7 of 21Zhang et al. Genome Biology          (2024) 25:234  

OsMYB44 regulates tryptamine accumulation contributing to UV‑B tolerance in rice

N-cinnamoyl tryptamine, a derivative of tryptamine, exhibited distinct loci under the 
UV-B stress conditions, as demonstrated by association analysis (Fig.  4a; Additional 
file  2: Table  S9). Candidate gene selection revealed that locus L1, SNP 900647643 

Fig. 4 Identification and functional determination of OsMYB44 in rice. a Manhattan plots showing the 
GWAS result on cinnamoyl tryptamine content in the leaves of 160 rice varieties in normal and UV-B 
conditions. b Association between polymorphic sites within the OsMYB44 loci and cinnamoyl tryptamine 
content (each dot represents a polymorphic site); representation of pairwise r2 values (a measure of LD) 
among polymorphic sites in OsMYB44. c, d Phenotypes of 4-week-old OsMYB44-overexpressing (c) and 
OsMYB44-CRISPR (d) rice seedling lines and wild-type seedling lines before UV-B treatment and after 72 h 
UV-B treatment for 10-day recovery. e Survival rate of 4-week-old OsMYB44 transgenic rice seedlings and 
wild-type seedlings after UV-B treatment for 10-day recovery. f Shoot fresh weight of OsMYB44 transgenic 
rice seedlings and wild-type seedlings after UV-B treatment for 10-day recovery. g Subcellular localization 
of OsMYB44 in tobacco leaves; OsGhd7-RFP used as a nuclear marker, bars 20 μm. h Yeast-one hybrid assays 
showing the OsMYB44 bound to OsTSα and OsTSβ promoter, an empty vector expressing the AD domain 
as the negative control. i Bar graphs showing the activity of the ProOsTSα:LUC reporter, the ProOsTSβ:LUC 
reporter, and the ProOsTDC1:LUC reporter in tobacco leaves. LUC activity value was normalized to REN activity 
as an internal control; REN, renilla luciferase; LUC, firefly luciferase. j Electrophoretic mobility shift assay 
(EMSA) analysis of OsMYB44 binding to the MBSI motif in the OsTSβ promoters. Fifty-fold molar excesses 
of unlabelled probes were used in the competition assay. k Relative expression levels of OsTSβ in OsMYB44 
transgenic rice seedling leaves and wild-type seedling leaves under normal and UV-B conditions by qRT-PCR. 
l Relative content of tryptamine and tryptamine derivatives in OsMYB44 transgenic rice seedling lines under 
UV-B conditions. Data in e, f, i, and k are shown as the means ± SD (n = 3) and *, P < 0.05 and **, P < 0.01 
(Student’s t-test) indicate significant differences
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(P = 9.8 ×  10−9), was situated 7 kb upstream of OsMYB44, encoding a transcription fac-
tor in the MYB family (Fig.  4b; Additional file  1: Fig. S8). Moreover, induction analy-
sis showed that UV-B significantly induced the expression of OsMYB44 in rice, along 
with genes associated with tryptamine biosynthesis, namely OsTSα, OsTSβ, OsTDC1, 
OsTDC3, OsTHT1, and OsTBT2 (Additional file 1: Fig. S9).

To confirm the function of OsMYB44 in rice, we first analyzed its potential role in 
UV-B stress tolerance in OsMYB44-overexpressing and CRISPR-mediated OsMYB44-
silenced rice seedling lines. The overexpression lines exhibited UV-B stress tolerance 
as evidenced by their green leaves under UV-B exposure (Fig.  4c, e). In contrast, the 
OsMYB44-CRISPR rice seedling lines showed clear withering symptoms and lower sur-
vival rates compared to those of wild-type seedlings after UV-B treatment (Fig. 4d, e). 
Consistent with these findings, the shoot fresh weight of the OsMYB44-overexpressing 
lines was higher than that of the wild type under UV-B exposure (Fig. 4f ), indicating that 
OsMYB44 positively regulates UV-B tolerance in rice.

Further examination of the mechanism underlying OsMYB44-mediated UV-B tol-
erance in rice revealed that OsMYB44 as a functional transcription factor, directly 
binding to the promoters of OsTSα and OsTSβ (Fig. 4g, h) and significantly activating 
ProOsTSα:LUC, ProOsTSβ:LUC, and ProOsTDC1:LUC reporter activities (Fig. 4i). The 
electrophoretic mobility shift assay results further confirmed that OsMYB44 directly 
binds to the MBSI element in the OsTSβ promoter (Fig. 4j). Moreover, the expression lev-
els of OsTSα, OsTSβ, OsTDC1, and OsTHT1 were significantly increased in OsMYB44-
overexpressing seedling lines, particularly after UV-B treatment (Fig.  4k; Additional 
file  1: Fig. S10). Consequently, the contents of N-cinnamoyl tryptamine, N-benzoyl 
tryptamine, N-p-coumaroyl tryptamine, and tryptamine significantly increased in these 
lines (Fig.  4l). These results suggest that OsMYB44 regulates tryptamine biosynthesis 
to enhance UV-B tolerance in rice. To further investigate the response of tryptamine to 
UV-B stress in rice, the rice seedlings were treated with exogenous tryptamine, resulting 
in a significant enhancement of their UV-B stress tolerance compared to that in the con-
trol conditions (Additional file 1: Fig. S11a–c). The survival rate of rice seedlings treated 
with tryptamine was considerably higher than that in the control conditions, especially 
after 48 h of UV-B exposure (Additional file 1: Fig. S11d). Therefore, we can conclude 
that OsMYB44 promotes UV-B tolerance in rice by regulating tryptamine accumulation.

OsUVR8 interacts with OsMYB110 to regulate flavonoid accumulation contributing to UV‑B 

tolerance in rice

C-hexosyl-luteolin O-hexoside, a flavonoid derivative, displayed distinct genetic loci 
associated with UV-B stress, as revealed in the association analysis (Fig. 5a). Candi-
date gene selection identified locus L2, SNP421222223 (P = 1.9 ×  10−10), on chromo-
some 4 positioned upstream of OsUVR8, which is a regulator encoding a protein with 
multiple RCC1 domains involved in chromosome condensation (Fig. 5b; Additional 
file 2: Table S10). Phylogenetic analysis demonstrated the similarity of UVR8 amino 
acid sequences between monocotyledons and dicotyledons (Fig. 5c). Co-expression 
analysis revealed significant enrichment of co-expressed genes with OsUVR8 in fla-
vonoid biosynthesis (Fig.  5d). Furthermore, the overexpression of OsUVR8 in rice 
seedling lines led to the upregulation of OsPAL1, Os4CL5, and OsCHS expression, 



Page 9 of 21Zhang et al. Genome Biology          (2024) 25:234  

while the downregulated expression of these genes was observed in OsUVR8-
CRISPR rice seedling lines (Additional file  1: Fig. S12a–e). Accordingly, the con-
tent of several flavonoids such as methyl apigenin C-hexoside, C-hexoside-apigenin 
O-p-coumaroyl hexoside, chrysoeriol 7-O-rutinoside, and C-hexoside-chrysoeriol 
O-hexoside significantly increased in OsUVR8-overexpressing rice seedling lines 
(Additional file 1: Fig. S12f ). These findings indicate that OsUVR8 plays a regulatory 
role in flavonoid accumulation in rice. Additionally, the OsUVR8-overexpressing 

Fig. 5 Identification and functional determination of OsUVR8 and OsMYB110 in rice. a Manhattan plots 
showing the GWAS result on C-hexosyl-luteolin O-hexoside content in the leaves of 160 rice varieties 
under normal and UV-B conditions. b Association between polymorphic sites within the OsUVR8 loci and 
C-hexosyl-luteolin O-hexoside content (each dot represents a polymorphic site); representation of pairwise r2 
values (a measure of LD) among polymorphic sites in OsUVR8 containing many RCC1 domain. c Phylogenetic 
comparison of OsUVR8 in plants; bootstrap values from 1000 resamplings are indicated. The bar represents 
0.5 amino acid substitutions per site. d Co-expressed analysis of OsUVR8 in rice. e Phenotypes of 4-week-old 
OsUVR8 transgenic rice seedling lines and wild-type seedling lines before UV-B treatment and after 72 h UV-B 
treatment for 10-day recovery. f Survival rate of 4-week-old OsUVR8 transgenic rice seedlings and wild-type 
seedlings after UV-B treatment for 10-day recovery. g Shoot fresh weight of OsUVR8 transgenic rice seedlings 
and wild-type seedlings after UV-B treatment for 10-day recovery. h Yeast two-hybrid assay for interaction 
between OsUVR8 and OsMYB110, empty vectors pGADT7 as a control in UV-B conditions. i BiFC analysis 
for interaction between OsUVR8 and OsMYB110 in tobacco, full-length OsUVR8 fused to C-terminal YFP 
(OsUVR8-cYFP) and full-length OsMYB110 fused to N-terminal YFP (nYFP-OsMYB110); OsUVR8-cYFP and nYFP 
as controls, bars 20 μm. j In vitro pull-down assays showing OsUVR8 interacting with OsMYB110. His-OsUVR8 
were incubated with GST-MYB110 and pulled down from GST-MYB110 conjugated GST beads. The eluates 
were analyzed by immunoblots with anti-His and anti-GST antibodies respectively. k Bar graphs showing the 
activity of ProOsCHS:LUC reporter in tobacco leaves. LUC activity value was normalized to REN activity as an 
internal control; REN, renilla luciferase; LUC, firefly luciferase. Data in f, g, and k are shown as the means ± SD 
(n = 3) and *, P < 0.05 and **, P < 0.01 (Student’s t-test) indicate significant differences



Page 10 of 21Zhang et al. Genome Biology          (2024) 25:234 

rice seedling lines exhibited enhanced tolerance to UV-B stress, with notably higher 
survival rates, while OsUVR8-CRISPR rice seedling lines displayed increased sensi-
tivity to UV-B stress, with lower survival rates compared to those of wild-type rice 
lines after UV-B treatment (Fig. 5e, f ). Notably, the shoot fresh weight was higher in 
OsUVR8-overexpressing rice seedling lines compared to that of wild-type rice lines 
following UV-B treatment (Fig. 5g). These results indicated that OsUVR8 is involved 
in flavonoid accumulation and UV-B tolerance in rice.

To investigate the role of OsUVR8 in flavonoid accumulation and UV-B tolerance in 
rice, a yeast two-hybrid screen was conducted with and without UV-B treatment to 
identify proteins interacting with OsUVR8. OsMYB110 was identified as an interact-
ing partner in the presence of UV-B treatment (Fig. 5h). Bimolecular fluorescence com-
plementation and GST pull-down assays further confirmed the interaction between 
OsUVR8 and OsMYB110 in vivo and in vitro (Fig. 5i, j). Moreover, transient transcrip-
tion analysis demonstrated that both OsUVR8 and OsMYB110 individually activated the 
activity of ProOsCHS:LUC, with a more pronounced effect observed when OsUVR8 was 
co-expressed with OsMYB110, particularly under the UV-B conditions (Fig. 5k).

To further underline the involvement of OsMYB110 in flavonoid accumulation and 
UV-B tolerance in rice, the UV-B-induced expression patterns of OsMYB110 and key 
genes involved in flavonoid biosynthesis, including OsPAL1, Os4CL5, OsCHS, OsF3H, 
OsFLS, and several OsUGT s, were analyzed, revealing significant upregulation under 
UV-B stress (Additional file  1: Fig. S13). Yeast one-hybrid and transient transcription 
assays demonstrated the binding of OsMYB110 to the promoters of OsPAL1, Os4CL5, 
and OsCHS, along with remarkable activation of ProOsPAL1:LUC, ProOs4CL5:LUC, 
ProOsC4H:LUC, and ProOsCHS:LUC reporter activities (Additional file 1: Fig. S14a, b). 
Moreover, OsPAL1, Os4CL5, OsCHS, OsF3H, and OsCGT  showed significant upregu-
lation in OsMYB110-overexpressing rice seedling lines, particularly after UV-B treat-
ment (Additional file 1: Fig. S14c). Consequently, higher levels of most flavonoids were 
observed in OsMYB110-overexpressing rice seedling lines under both normal and UV-B 
conditions (Additional file  1: Fig. S14d). Additionally, OsMYB110-overexpressing rice 
seedling lines exhibited reduced UV-B-induced damage and higher survival rates com-
pared to those of the wild-type rice lines (Additional file 1: Fig. S14e, f ). Similarly, the 
shoot fresh weight of OsMYB110-overexpressing rice seedling lines was significantly 
higher than that of the wild-type rice lines after UV-B treatment (Additional file 1: Fig. 
S14g). These findings provide evidence that OsUVR8 interacts with OsMYB110 to regu-
late flavonoid accumulation and enhance UV-B tolerance in rice.

Natural variation of OsUVR8 contributes to UV‑B tolerance in rice

To investigate the relationship between OsUVR8 haplotypes and UV-B intensity in 
a diverse collection of rice accessions in the world, the nucleotide polymorphisms of 
OsUVR8 were analyzed in 4275 rice accessions based on information from RiceVarMap 
V2.0 (http:// ricev armap. ncpgr. cn/). Twenty-five SNPs and insertion-deletions were cat-
egorized into two distinct groups, namely group A and group B, which encompassed 
thirteen haplotypes. Group A consisted of haplotypes H3, H4, H5, H6, H7, and H10, and 
the remaining haplotypes were assigned to group B (Fig. 6a, b). Interestingly, rice vari-
eties with haplotypes in group A (referred to as OsUVR8groupA) exhibited significantly 

http://ricevarmap.ncpgr.cn/
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high levels of most flavonoids (61 upregulared patterns in 70 differentially accumulated 
flavonoids) with P < 0.05, whereas rice varieties with haplotypes in group B (referred to 
as OsUVR8groupB) displayed notably low levels of most flavonoids (Fig.  6c). Transient 
assays further revealed that the promoter activity of OsUVR8groupA was substantially 
higher than that of OsUVR8groupB in tobacco (Fig. 6d). Moreover, geographical distribu-
tion analysis demonstrated that approximately 6% of rice varieties with OsUVR8groupB 
and only 1% of varieties with OsUVR8groupB inhabit areas characterized by low and high 
UV-B intensity (Fig. 6e). These findings suggest that rice varieties with OsUVR8groupA are 
likely to have been artificially selected for their ability to withstand high UV-B intensity 
conditions.

Fig. 6 Natural variation and geographical distribution of OsUVR8 in rice varieties. a Haplotype analysis 
of OsUVR8 in 4275 rice varieties; thirteen haplotypes were detected, and the numbers of rice accessions 
with thirteen haplotypes were shown. b Phylogenetic tree of the thirteen haplotypes divided into group A 
(Hap3-Hap7 and Hap10), and group B (Hap1, Hap2, Hap8, Hap9, Hap11, Hap12, and Hap13). The scale bar 
indicates the average number of substitutions per site for different haplotypes. c Hierarchical clustering 
showing flavonoid accumulation in rice variety leaves with the two Groups. Red represents high flavonoid 
content, and blue represents low flavonoid content. d Bar graphs showing the promoter activity of the 
OsUVR8 with different haplotypes in tobacco. LUC activity value was normalized to REN activity as an internal 
control; REN, renilla luciferase; LUC, firefly luciferase. e Geographic distribution among rice varieties with 
group A and group B in this study. Each pie chart size was proportional to the number of rice accessions 
with different groups in geographic location; red showing high UV-B intensity and blue showing low UV-B 
intensity
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Discussion
In recent years, metabolomic analyses have become increasingly prominent in research 
concerning a variety of crops, including rice, maize, and foxtail millet [37, 38]. Despite 
significant advancements in this field, there is a paucity of studies delving into the bio-
chemical and genetic underpinnings of the response of plant metabolomes to stress 
conditions. Our investigation focuses on the metabolomic responses of rice to UV-B 
radiation, utilizing an in-depth targeted metabolic profiling strategy. We discovered that 
a diverse set of flavonoids underwent significant reprogramming in response to UV-B 
stress, as shown in Fig. 1. This observation aligns with findings in Qingke barley reported 
by Zeng et al. (2020). Additionally, we observed an increase in the levels of several amino 
acids during UV-B exposure (Fig.  1). Interestingly, the difference of metabolite accu-
mulation was more obvious between indica and japonica accessions under UV-B stress 
compared with normal conditions (Fig. 1a). Due to the differing geographic distributions 
of indica and japonica accession, these two subspecies encounter distinct environmental 
stresses. Flavonoids and amino acids have been reported to play roles in various abi-
otic stress responses and resistance [39, 40]. Therefore, we hypothesize that the specific 
accumulation of these metabolites may be significant both biologically and evolutionar-
ily in the differentiation of indica and japonica accessions, as well as their adaptation 
to environmental stresses. Corroboratively, our transcriptomic analysis indicated that 
genes upregulated under UV-B conditions predominantly participate in the biosynthesis 
of specific amino acids (including phenylalanine, tyrosine, and tryptophan), phenylpro-
panoid metabolism, and flavonoid biosynthesis, echoing the alterations observed in the 
metabolome due to UV-B stress (Fig. 2). Intriguingly, genes with downregulated expres-
sion in response to UV-B were primarily related to the metabolism of glycine, serine, 
and threonine; the metabolism of glyoxylate and dicarboxylate; and the biosynthesis of 
cysteine and methionine (Fig. 2). These insights indicate that UV-B stress triggers exten-
sive remodeling of various metabolic pathways, notably those of phenylpropanoids, 
flavonoids, and amino acids in rice. Consequently, it appears that metabolomic and tran-
scriptomic responses to stress play a crucial role in the ability of plants to respond, toler-
ate, and adapt to environmental challenges.

With the rapid evolution of sequencing technologies, mGWAS have become increas-
ingly powerful and efficient tools for elucidating the genetic determinants of metabolite 
profiles in a wide range of species [41]. Despite its potential, applications of mGWAS 
in exploring plant responses to adverse stress conditions remain relatively rare. In this 
study, we conducted a mGWAS to investigate the effects of UV-B stress on rice and 
identified numerous genetic loci significantly associated with metabolites responsive 
to UV-B exposure, such as amino acids, flavonoids, and polyphenols. These associa-
tions surpassed those detected under control conditions (Fig.  3; Additional file  1: Fig. 
S5). Therefore, our findings contribute a significant layer of understanding to the genetic 
architecture underlying UV-B-responsive metabolites in rice. Notably, our study pin-
pointed the transcription factor OsMYB44 as a unique genetic locus identified through 
mGWAS based on its association with cinnamoyl tryptamine levels during UV-B stress. 
Further biochemical and genetic analyses confirmed that OsMYB44 directly targets 
and activates the promoter of OsTSβ, leading to increased OsTSβ expression and reg-
ulation of tryptamine biosynthesis in rice. Moreover, OsMYB44 expression is induced 
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by UV-B stress, and rice seedlings overexpressing OsMYB44 demonstrated enhanced 
tolerance to such stress (Fig. 4). Additionally, we identified and investigated the role of 
OsMYB110, revealing its interaction with the UV-B receptor OsUVR8 (Fig. 5). Previous 
studies have documented that OsMYB110 regulates the enzymes OsPAL1, Os4CL3, and 
Os4CL5, which are involved in lignin synthesis and resistance to brown planthoppers 
[36, 42]. In line with these previous findings, our observations suggest that OsMYB110 
interacts with the promoters of OsPAL1, Os4CL5, and OsCHS to boost their transcrip-
tion, thereby promoting flavonoid accumulation under UV-B stress in rice and enhanc-
ing UV-B tolerance (Fig.  5; Additional file  1: Fig. S14). In conclusion, OsMYB44 and 
OsMYB110 emerged not only as key players in the UV-B stress response of rice but also 
hold promise as genetic resources to improve UV-B stress resistance in rice and poten-
tially in other important crops such as wheat and maize (Fig. 7). Nevertheless, the natu-
rally occurring alleles of OsMYB44 and OsMYB110 that impart UV-B tolerance are still 
largely uncharacterized and represent an exciting avenue for further research.

 AtUVR8, the primary UV-B photoreceptor in Arabidopsis, has been extensively char-
acterized based on its role in guiding plant responses to UV-B radiation [13]. Beyond 
this primary role, AtUVR8 has been posited to participate in several additional physi-
ological processes such as the regulation of stomatal opening [43], thermomorphogenic 
growth [44], and modulation of shade-avoidance responses [15]. In the present study, we 
uncovered that OsUVR8, the rice homolog of AtUVR8, contributes to the modulation 
of flavonoid synthesis (Additional file 1: Fig. S12), a finding that corresponds with previ-
ous studies [45–47]. Intriguingly, our data point to an interaction between OsUVR8 and 
OsMYB110 that collectively modulates the accumulation of flavonoids in rice (Fig. 5). 
A key discovery of our work was that OsUVR8 plays an active role in promoting flavo-
noid accumulation to enhance UV-B stress tolerance, with natural variants within the 
OsUVR8 locus, group A specifically, linked to heightened UV-B resistance in rice (Fig. 6), 
which were similar to natural variation of rice flavone accumulation and UV-tolerance 
reported previously [31]. These results collectively revealed the fact that, the natural var-
iation of rice flavonoid accumulation is regulated not only by structural genes involved 
in flavonoid biosynthesis but also by certain upstream proteins, and exploring the nat-
urally occurring allelic variations can provide a better understanding of gene function 
from physiological, ecological and evolutionary perspectives. Collectively, these results 
provide new insights for further studies of rice response, tolerance, and adaptation to 

Fig. 7 A proposed model of metabolomic-mediated UV-B resistance in rice



Page 14 of 21Zhang et al. Genome Biology          (2024) 25:234 

UV-B stress, and underscore the significance of OsUVR8 as a valuable molecular breed-
ing target for improving rice resilience and productivity under UV-B stress to ultimately 
bolster crop tolerance to environmental stressors.

Conclusions
In summary, our investigation provides a comprehensive analysis of the metabolic and 
transcriptomic alterations in rice induced by UV-B radiation and pinpoints three genes 
integral to UV-B tolerance (Fig. 7). This study sheds light on the complex biochemical 
and genetic foundations that govern the metabolite dynamics underlying the response, 
tolerance, and adaptive strategies of rice to UV-B stress, utilizing cutting-edge genetic 
and molecular approaches. The insights gained from this research enrich our knowledge 
of the genetic strategies that underlie crop resilience, offering the potential to enhance 
agricultural sustainability by improving crop resistance to a spectrum of biotic and abi-
otic stresses.

Methods
Plant growth conditions and stress experiments

160 rice accessions were randomly selected for UV-B stress, which included 76 Indica, 58 
Japonica, 3 Admix, 17 Aus, and 6 VI, based on the proportion of rice different subgroups 
in the 533 rice varieties from all over the world [28]. Information about these accessions, 
including the variety name and the place of origin, is listed in Additional file 2: Table S1. 
The 160 rice accessions were sown and grown in a growth pool in Huazhong Agricul-
tural University, Wuhan. After 1 week, each variety was divided into two groups respec-
tively and grown in two areas with equal conditions. Four weeks later, rice seedlings in 
one area were moved to a UV-B chamber (TL40W/302  nm narrowband UV-B tube, 
Philips, Netherlands) with 30 μW  cm−2 UV-B intensity. UV-B intensity was detected by 
a UV radiometer with the UV-295 detector from the photoelectric instrument factory 
(Beijing Normal University, China). And rice seedlings in the other area were grown in 
normal conditions. After UV-B treatment for 24 h, the fully expanded leaves of at least 
three lines from each variety in UV-B and normal conditions were harvested and snap-
frozen in liquid nitrogen and stored at − 80 °C for a metabolite sample, and every sample 
was repeated two times.

For transgenic rice seedlings with UV-B treatment, 4-week-old rice seedling leaves 
grown in normal conditions were transferred to a UV-B chamber (TL8W/302 nm nar-
rowband UV-B tube, Philips, Netherlands) with 12.8  μW UV-B intensity. When these 
rice seedlings were irradiated under UV-B conditions for 24  h, RNA and metabolite 
samples were obtained. When these rice seedlings were irradiated with UV-B for 72 h, 
these rice seedlings were moved into normal conditions to renew for 10 days. And then 
the surviving plants were counted.

Metabolic profiling analysis

The metabolites were extracted and detected as previously described [35, 36]. In brief, 
the freeze-dried samples were crushed by a mixer mill (MM 400, Retsch) for 1.5 min at 
30 Hz. 100 mg powder was weighed and extracted overnight at 4 °C with 1.0 ml of 70% 
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aqueous methanol (methanol:  H2O, 70:30, v/v). After the samples were centrifugated 
at 10,000  g for 10  min at 4  °C, the supernatants were collected, filtered (SCAA-104, 
0.22 μm pore size; ANPEL, Shanghai, China) and detected by LC–MS.

Samples were detected by both LC-ESI-QTOF-MS/MS (TripleTOF 5600 + , Applied 
Biosystems, USA) and LC-ESI-QTRAP-MS/MS (4000 QTRAP, Applied Biosystems, 
USA) for the  MS2 spectral tag (MS2T) library construction. In the TOF MS mode, the 
scanning mass range was from m/z 100 to m/z 1000 with an accumulation time of 0.10 s. 
For IDA, the CEs were set at 30 V and 50 V, survey scans were acquired in 0.08 s, and 
as many as 10 product ion scans were collected. The total cycle time was fixed to 0.79 s. 
In the stepwise scan MIM–EPI mode, the Q1 (Q3) was set from 100.1 to 1000.1  Da, 
and the mass step was 1.0  Da, such as from 100.1/100.1, 101.1/101.1, 102.1/102.1, to 
1000.1/1000.1. Each MIM transition was performed with a 5-ms Dwell time, and each 
MIM–EPI experiment with 60 MIM transitions monitored [35].

As described previously, a scheduled multiple reaction monitoring (MRM) method 
was used to carry out the quantification of the metabolites [35]. An MRM detection 
window of 90 s and a target scan time of 1.0 s were used in the scheduled MRM algo-
rithm. The data were processed with Analyst 1.6 software.

Metabolite data analysis

Metabolite data were the first log2 transformed to improve the normality of distribu-
tion. PCA was performed using R (www.r- proje ct. org/) software with default settings. 
Z-score was used for the normalization of metabolite content, and then PCA analysis 
was performed. The significantly changed (P < 0.05, |Fold Change|≥ 5) metabolites were 
used for comparison analysis between UV-B treatment and normal conditions. Differ-
ences in the metabolites of rice leaves between treatment and normal conditions were 
determined using unpaired two-tailed Student’s t-tests (P < 0.05). The fold change was 
calculated by comparing the ratio of average metabolite contents in 160 rice varieties 
under UV-B treatment and normal conditions.

The values of the CV were calculated independently for each metabolite (using the 
mean of the biological replicates of the untransformed m-trait data) as follows: s/m, 
where s and m are the SD and mean of each metabolite in the population, respectively 
[28].

Genome‑wide association analysis

Genome-wide association analysis (GWAS) was made in rice varieties in normal and 
UV-B conditions as described previously. In brief, SNP information was downloaded 
via the website RiceVarMap (http:// ricev armap. ncpgr. cn) [48]. Only SNPs with an 
MAF ≥ 0.05 and numbers of varieties with a minor allele ≥ 6 in a panel were used to 
perform GWAS. Population structure was modeled with a linear mixed model (LMM), 
where each SNP and Q matrix are taken as fixed factors for regression analysis, kinship 
is taken as a random factor for SNP significance test, p-value is the p-value of GWAS 
analysis, effect is the effect value of SNP [49, 50]. mGWAS was carried out based on 
LMM via the factored spectrally transformed LMM (FaST-LMM) program according to 
threshold value P = 6.9 ×  10−6, respectively [51].

http://www.r-project.org/
http://ricevarmap.ncpgr.cn
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Transgene constructions and transformations

OsMYB44 (LOC_Os09g01960), OsMYB110 (LOC_Os10g33810) and OsUVR8 (LOC_
Os04g35570) overexpression vectors were constructed via directly inserting the full 
cDNAs into the entry vector pDONR207 and then into the destination vector PJC034 
(vector pH2GW7 for overexpression with the maize ubiquitin promoter) as described 
previously [52]. OsMYB44 and OsUVR8 mutants were generated by the CRISPR-Cas9 
method as previously described [53]. These vectors were introduced into Agrobacte-
rium tumefaciens EHA105 and then were transformed into ZH11 by an agrobacte-
rium-mediated transformation.

Phylogenetic analysis

The amino acid sequences of reported genes including MYB transcription factors and 
UVR8s were obtained from NCBI (http:// www. ncbi. nlm. nih. gov/). The amino acid 
sequences of OsMYB44 and OsUVR8 were gained from the Rice Genome Annotation 
Project (http:// rice. plant biolo gy. msu. edu/). The alignment of amino acid sequences 
was carried out by ClustalW, and neighbor-joining trees were made via MEGA5. The 
reliability of the reconstructed phylogenetic tree was evaluated by a bootstrap test 
with 1000 replicates.

Subcellular localization assays

The full-length coding sequences of OsMYB44 were amplified and cloned into the 
pH7WG vector to generate an OsMYB44-GFP fusion construct driven by the consti-
tutive cauliflower mosaic virus promoters (35S:OsMYB44-GFP and 35S:OsGhd7-RFP 
as a nucleus marker were transiently expressed in tobacco (Nicotiana benthamiana) 
leaves via A. tumefaciens-mediated infiltration as described previously [54]. After 
2 days, the fluorescence signals of OsMYB44-GFP, and OsGhd7-RFP fusion proteins 
in tobacco were observed by confocal laser scanning microscopy (Olympus FV1000, 
Olympus, Japan).

Electrophoretic mobility shift assay (EMSA)

The vector of OsMYB44 with His-tag was transformed and expressed in E. coli BL21 
(DE3) and purified as described previously [31]. The 50  bp probes containing the 
MBSI motif of OsMYB44 promoter with FAM as forwards and reverse strands were 
synthesized. OsMYB44-His-tag purifying protein (200–800  ng) was incubated in a 
20-μl reaction system (50 mmol/L sodium chloride, 1 mmol  L−1 EDTA, 1 mmol  L−1 
dithiothreitol, 0.05 mmol  L−1 poly (deoxyinosinide oxycytidylic) sodium salt, and 10% 
glycerol) at room temperature (25 °C) for 10 min and then added to the FAM-labeled 
DNA (2 nmol  L–1) at room temperature for 30 min. For competition assays, 50 × unla-
beled probes containing MBSI motif and mutants were also added to the reactions. 
The reaction mixture was electrophoresed at 4 °C on a 6% native polyacrylamide gel 
in 0.5 × Tris–borate-EDTA for 1.5 h at 120 V. DNA gels were detected with TYPhoon 
9410 (Amersham, England).

http://www.ncbi.nlm.nih.gov/
http://rice.plantbiology.msu.edu/
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Dual‑luciferase reporter assay

The promoter fragments of OsTSα, OsTSβ, OsTDC1, OsPAL1, Os4CL5, OsC4H, and 
OsCHS were amplified and cloned into the pH2GW7 vector with the firefly luciferase 
(fLUC) gene and the renilla luciferase (rLUC) gene as reporters. Meanwhile, the full-
length coding sequences of OsMYB44, OsMYB110, and OsUVR8 were cloned into the 
pEAQ-HTDEST2 vector as effects. These vectors were transferred into Agrobacte-
rium strain EHA105 and transiently expressed in tobacco leaves. The luciferase activi-
ties were measured by the dual luciferase reporter assay system (Promega, Madison, 
USA) based on the manufacturer’s instructions. The luciferase activities were calcu-
lated by the ratio of fLUC to rLUC (LUC/REN).

Yeast one‑hybrid (Y1H) and yeast two‑hybrid (Y2H) assays

Yeast one-hybrid assay was performed according to the Yeast Protocols Handbook 
(TaKaRa Bio, Japan). The respective combinations of AD fusion and pHIS2 vector 
were co-transformed into yeast strain AH109, grown on SD/-Leu-His medium, and 
then selected on SD/-His/-Leu/-Trp medium with 3-AT (3-amino-1,2,4-triazole). 
Yeast two-hybrid assays were carried out via the Matchmaker GAL4 Two-Hybrid Sys-
tem (BD Clontech). The respective combinations of pGADT7 and pGBKT7 fusion 
vectors were co-transformed into yeast strain AH109. The respective combinations 
of pGADT7 and empty pGBKT7 were co-transformed as a negative control. And then 
the transformed yeast cells were selected and cultivated on SD/-His/-Leu/-Trp/-Ade 
medium for 3 d at 30 °C.

Bimolecular fluorescence complementation (BiFC) assay

The full-length coding sequences of OsUVR8 and OsMYB110 were amplified and then 
cloned into the nYFP and cYFP vectors to generate OsUVR8-nYFP, OsUVR8-cYFP, 
OsMYB110-nYFP, and OsMYB110-cYFP fusion vectors. OsUVR8-nYFP, OsUVR8-
cYFP, OsMYB110-nYFP, and OsMYB110-cYFP vectors were transiently co-trans-
formed into tobacco leaves via A. tumefaciens-mediated infiltration. The YFP signal 
was visualized by confocal laser scanning microscopy (Olympus FV1000, Olympus, 
Japan).

In vitro GST pull‑down assays

Full-length coding sequences of OsUVR8 and OsMYB110 were amplified and 
cloned into pET28a and pGEX-6P-1 vectors respectively. The recombinant vec-
tors were transformed into E. coli strain BL21 (DE3) to express His-OsUVR8 and 
GST-OsMYB110 proteins. Recombinant His-OsUVR8 was incubated with GST-
OsMYB110 and immobilized on GST beads (Cytiva 17075605). After being pulled 
down from GST beads, the proteins were subsequently analyzed by immunoblotting 
using anti-His antibody (Abclonal AE003, 1:10,000 dilution) to detect OsUVR8 and 
anti-GST antibody (Abclonal AE077, 1:5000 dilution) to detect OsMYB110. The GST 
proteins expressed from empty pGEX-6P-1 vector were incubated with His-OsUVR8 
as a negative control.



Page 18 of 21Zhang et al. Genome Biology          (2024) 25:234 

RNA sequencing and transcriptome analysis

Three-week-old rice seedling leaves from ZH11, ZS97, Dular, and Lemon were used 
for RNA sequencing as described previously [55]. Raw reads of each sample were gen-
erated and sequenced by an Illumina Hi Step 4000 (200  bp paired-end reads). The 
clean reads were obtained by removing the adapter, the unknown bases, and the low-
quality sequence. High-quality reads were obtained by mapping to reference genome 
cultivar, Nipponbare with HISAT2. The gene expression levels were measured by tran-
scripts per million (TPM). Differentially expressed genes (DEGs) were determined via 
the Benjamini–Hochberg FDR multiple testing correction with P-value < 0.05, | Fold 
Change|> 2 or |Fold Change|< 0.5.

RNA extraction and qRT‑PCR analysis

Rice total RNA was extracted with the TRIzol reagent kit (Invitrogen, Waltham, USA) 
according to the manufacturer’s instructions. The first-strand cDNA was synthesized 
using the one-step gDNA removal and cDNA synthesis supermix (TransGen Biotech, 
Beijing, China) based on the manufacturer’s instructions. qRT-PCR was performed 
using the SYBR Premix Ex Taq kit (TaKaRa Bio) on the ABI7500 Real-time PCR sys-
tem (Applied Biosystems, USA). The rice reference gene was the UBIQUITIN gene 
(OsUBQ). Every gene was made three times, and the experiments were repeated twice. 
Gene-specific primers were designed by Primer Premier 5.0, and primer sequences were 
listed in Additional file 2: Table S11.

Exogenous tryptamine treatment

Exogenous tryptamine treatment was carried out with 4-week-old rice ZH11 seedlings. 
In detail, ZH11 seeds were selected, sown, and grown in a normal conditions. After 
3 weeks, 50 mM tryptamine dissolved in ethanol solution was sprayed onto the leaves 
of the rice seedlings, and the control rice seedlings were sprayed with ethanol solution. 
Then the rice seedlings were treated with UV-B stress for 72 h, moved into normal con-
ditions to renew for 10 days, and then the surviving plants were counted.
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