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D-amino acids are key components of the bacterial cell wall and play important roles
in neural communication and inflammatory responses in animals. However, knowledge
about D-amino acid metabolism and physiological functions in plants is limited. Here,
we isolated and characterized a rice D-amino acid aminotransferasel, OsDAATI, which
maternally regulates rice grain chalkiness through map-based cloning and a subsequent
complementation test. We found that OsDAATI is highly expressed in the vascular
tissue of rice nodes and is capable of interconverting different D-amino acids in vitro.
Mutation of OsDAATI results in elevated D-alanine levels in stems, nodes, and devel-
oping grains. The disruption of D-amino acid metabolism subsequently leads to sig-
nificantly altered peptide/protein isomerization, including some key enzymes involved
in starch and protein biosynthesis. These changes trigger severe endoplasmic reticulum
stress and ultimately leads to chalky grains. Furthermore, we identified OsDAAT1"""as
a low-chalkiness haplotype, and historical frequency analysis suggests that OsDAAT1
may have undergone selection during rice domestication. Overall, our findings uncover
a previously unrecognized role in D-amino acid metabolism in plants and facilitate the
practical use of OsDAATI in grain appearance quality improvement in rice.

rice | grain chalkiness | D-amino acid aminotransferase | endoplasmic reticulum stress |
peptide/protein isomerization

Grain chalkiness is a major constraint on rice quality that reduces consumer preference,
increases breakage during milling, and compromises eating quality. Defined by opaque
regions within the endosperm, chalkiness is classified as white-base, white-belly, white-core,
or milky-white types (1). Although studies of milky-white mutants have linked chalkiness
to defects in storage biosynthesis and organelle function, most cultivars display white-base,
white-belly, or white-core phenotypes. These forms of chalkiness represent complex quan-
titative traits governed by intricate genetic and environmental interactions (2). To date,
only four major natural quantitative trait loci, Os7PS8, Chalk5, WCRI1, and OsbZIP60,
have been characterized (3-6). Thus, the molecular mechanisms underlying natural
variation in chalkiness formation remain largely unknown.

L-amino acids are the building blocks of proteins across all kingdoms of life. Nineteen
L-amino acids have corresponding D-enantiomers as free forms or peptide-bound D-amino
acids, with the exception of glycine which lacks a chiral center (7). In bacteria, D-alanine
(D-Ala) and D-glutamate (D-Glu) are basic components of the peptidoglycan cell wall (8,
9). In animals, various D-amino acids have been detected and studied. For example, D-serine
(D-Ser) and D-aspartic acid (D-Asp) regulate neurophysiological functions by binding to
the N-methyl-D-aspartate receptor, an ionotropic glutamate receptor at the excitatory syn-
apses (10-12). Recent studies have established that D-amino acids are also ubiquitously
present in plants, which can be absorbed from the rhizosphere or de novo synthesized
(13-15). One major source of endogenous plant D-amino acids originates from the race-
mization of L-amino acids to their respective D-enantiomers, a reaction catalyzed by race-
mases, such as alanine, serine, and tryptophan racemases (16, 17). Furthermore, endogenous
D-amino acids can be interconverted through the transamination activities of D-amino acid
aminotransferases. For example, in Arabidopsis thaliana, the D-amino acid transaminase
AtDAT'1 is proposed to catalyze the conversion of D-Asp to D-Glu or D-Ala (18).

D-amino acids have been shown to play important roles in plant development and
stress resistance. For instance, D-Ser in the pistil is required for pollen tube growth by
regulating glutamate receptor AtGLR1.2 mediated Ca®* channels in Arabidopsis (19, 20).
D-Ala, a component of peptidoglycan, has been detected in the plastid envelope of the
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moss and acts as a stress signal, with its accumulation observed in
duckweed seedlings under ultraviolet stress (21, 22). Moreover,
D-Ala can be absorbed and assimilated as nitrogen source by wheat
(15). However, exogenous application of D-amino acids at high,
nonphysiological concentrations, is generally considered detri-
mental to plant growth and development (23). Thus, how
D-amino acids function in plants is largely unknown.

In this study, we demonstrate that OsDAATI encodes a
D-amino acid aminotransferase in rice, that mediates the inter-
conversion of various D-amino acids. Mutation of OsDAAT! leads
to the most prominent accumulation of D-Ala and triggers con-
stitutive endoplasmic reticulum (ER) stress response. Furthermore,
our results indicate that altered D-amino acid levels caused the
changed peptide/protein isomerization, potentially interfering
with protein folding and processing during seed development,
thereby contributing to the formation of chalky grains. Collectively,
these results indicate that OsDAATT plays an important role in
regulating rice grain chalkiness by modulating D-amino acid
metabolism. Moreover, natural variations in OsDAAT1 promoter
region are significantly associated with grain chalkiness, offering
a potential target for rice quality improvement.

Results

Phenotypic Characterization and Map-Based Cloning of OsDAATT.
To gain deep insights into the molecular mechanisms governing
grain chalkiness, we screened a tissue culture-derived population
of the japonica rice cv Nipponbare for chalky grain mutants. One
mutant, daatl, produced seeds with extremely high chalkiness in
the belly region (Fig. 14). Compared to the wild type (WT), the
daat] mutant showed a significant increase in both the percentage
of grains with chalkiness (PGWC) and the degree of endosperm
chalkiness (DEC; Fig. 1 B and C). Moreover, the daat! mutant
exhibited a slower grain-filling rate and reduced 1,000-grain weight
(Fig. 1D and SI Appendix, Fig. S1A), accompanied by significant
decreases in plant height, tiller number, panicle length, primary
and secondary branch number, seed setting rate (87 Appendix,
Table S1). Biochemical analyses of daatl grains revealed reduced
levels of total starch, amylose, and protein, accompanied by
disrupted storage reserve balance, specifically regarding starch-
to-protein and protein-to-amylose ratios, as well as altered protein
composition (S Appendix, Fig. S1 B—J). Collectively, these results
demonstrate that OsDAATT has significant effects on rice growth
and development apart from chalkiness formation.

The embryo and the endosperm of seeds originate from double
fertilization and contain filial genetic information. When the
maternal plant represents the parental generation, the embryo
within the seed constitutes the next generation (24). In our study,
reciprocal crosses using daatl and W'T plants revealed that F; seeds
developing on the daarl maternal plant exhibited chalky grain,
whereas daatl used as the male parent produced F, seeds with a
WT-like transparent phenotype (SI Appendix, Fig. S2 A and C).
These results indicated that the chalkiness phenotype is determined
by the maternal tissue environment. Then, both seeds from recip-
rocal F,plants (daarl/\W'T and WT/daarl) displayed transparent
grains, similar to WT phenotype (SI Appendix, Fig. S2 B and C).
Furthermore, when we grew the F, population, the genotypes of
the F, individual plants segregated according to the Mendelian
ratio of WT: heterozygous: homozygous as 1:2:1. We counted the
number of plants producing entirely chalky seeds vs. those pro-
ducing transparent seeds, which fitted a 3:1 ratio (Transparent
grain plants: Chalky grain plants) (S7Appendix, Table S2).
Collectively, these findings demonstrate that the grain chalkiness
phenotype in daatl is maternally controlled.

https://doi.org/10.1073/pnas.2519395123

Using 46 recessive individuals from the daar1/N22 F, popula-
tion, we initially mapped the daat! locus to the region between
simple sequence repeat (SSR) markers RM282 and Q3 on Chr.
3. Subsequent fine mapping with 2,309 F, individuals exhibiting
the chalky grain delimited the interval to a 48-kb region flanked
by markers Q1 and Q28, which contains seven open reading
frames (ORFs) (Fig. 1E). Sequencing analysis revealed a 4,931-bp
deletion in this region, encompassing the entire LOC_Os03¢24470
locus and extending to the fourth exon of LOC_Os503¢24460. This
genomic deletion caused a 448-bp loss within the coding sequence
(CDS) of LOC_0Os03¢24460, resulting in altered structure of
encoded protein (Fig. 1 E and F). Since LOC_Os03¢24470
encodes a hypothetical protein with low expression, we prioritized
LOC_Os03¢24460 as the candidate gene. The deletion was verified
by PCR and nearly abolished LOC_0s503¢24460 expression (Fig. 1
G and H). To validate the candidate gene, we constructed genomic
complementation (GC) transgenic line with the daar! mutant
with the CDS of LOC_0s03¢24460 driven by its native promoter.
All positive transgenic lines displayed significantly reduced PGWC
and DEC compared to daatl, effectively rescuing the chalky
phenotype (Fig. 1 /-K). Furthermore, CRISPR/Cas9-generated
homozygous knockout lines of LOC_0Os03¢24460 in Nipponbare
phenocopied the daarl defects (SI Appendix, Fig. S3 A-C).
Notably, wsd1, an allelic mutant of daar1, displays a similar chalky
grain phenotype (87 Appendix, Fig. S3D) (25). Collectively, these
results establish LOC_Os03¢24460 as the causative gene under-
lying the daatl phenotype.

To further verify the maternal control of grain chalkiness, we
silenced OsDAATT using either the constitutive Ubiguitin (Ubipro)
or the endosperm-specific GlutelinC (GluCpro) promoter. Constitutive
silencing (Ubipro:RNAi- OsDAAT), which down-regulated OsDAAT1
expression in vegetative tissues and endosperm, recapitulated the
chalky grain phenotype as indicated by the elevated PGWC and
DEC. In contrast, endosperm-specific silencing of OsDAATI
(GluCpro:RNAi-OsDAATI) produced normal transparent seeds
(Fig. 1 I-L). Coupled with our population analysis (S7 Appendix,
Fig. S2), the full transparent grain developed in endosperm-specific
silencing lines indicates that OsDAAT] regulates grain chalkiness
via maternal tissues rather than through its function within the
endosperm.

OsDAAT1 Encodes a Functional D-Amino Acid Aminotransferase
in Rice. Transcript profiling revealed that OsDAAT is expressed
primarily in vegetative tissues, particularly in the node (Fig. 24
and ST Appendix, Fig. S4A). In situ hybridization further localized
OsDAATTI transcripts to the vascular dssues of the first node
(Fig. 2B), an expression pattern consistent with a maternal role in
seed development. Immunoblotting confirmed that the OsDAAT'1
protein is abundant in nodes and endosperm, but less in leaves and
stems (Fig. 2C and ST Appendix, Fig. S4B). Subcellular localization
assays using both transient expression in protoplasts and stable
358pro::OsDAAT1-GFP complementation of the daat! mutant
placed OsDAAT1 in the cytosol (Fig. 2 D and E and SI Appendix,
Fig. S4 C—F). This result was corroborated by subcellular fractionation
of developing endosperm, where OsDAAT1-GFP was detected
exclusively in soluble fractions (S2, S13, and S100), mirroring the
cytosolic marker OsAlaAT1 (26) (Fig. 2E). Collectively, these data
establish OsDAATT1 as a cytosolic protein.

OsDAATT encodes a protein of 563 amino acids that harbors
a conserved D-amino acid aminotransferase domain (Fig. 2F).
Phylogenetic analysis showed that proteins homologous to
OsDAAT1 are widely distributed across eukaryotes and prokaryotes
(81 Appendix, Fig. S5). To investigate whether OsDAAT is capable

of interconverting different D-amino acids, we first analyzed the
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Fig. 1. Phenotypic characterization and Map-based cloning of OsDAATT. (A) Mature grains of WT and daat1. (Scale bar, 1 mm.) (B and C) PGWC (B) and DEC
(0), calculated as the average value of all grains from one plant. Values are means + SD, n = 10. (D) 1,000-grain weight of WT and the daat? mutant. Values are
means + SD, n = 3. (E) Fine mapping mapped the OsDAAT1 locus to a 48-kb region between markers Q1 and Q28 on rice chromosome 3 (Chr. 3). The molecular
markers and numbers of recombinants are indicated. Black and red arrows represent the ORFs, and red one is LOC_0s03g24460. Black ellipse represents the
centromere. Semitransparent rectangular frame represents a 4,931-bp deletion in daat7 mutant. (F) Gene structure of LOC_0s03g24460. Red boxes represent
exons, and lines represent introns. The pink shaded area indicates the genomic coding region deletion found in daat7. ATG and TAA represent the translation
start and stop codons, respectively. (G) PCR analyses of the 4,931-bp deletion between WT and daat? mutant. P1 and P2 in (G) are the primers used for the
PCR. (H) Relative expression levels of OsDAATT in WT and the daat? mutant. Rice Ubiquitin1 (0s03g0234200) was used as an internal control. (/) Mature grains of
the WT, daat1, OsDAAT1pro:0OsDAATT [genomic complementation (GC) transgenic lines, GC1 and GC2], Ubipro:dsRNAi-OsDAATT (#1 and #2) and GluCpro:dsRNAI-
OsDAATT (#3 and #4) plants. (Scale bar, 2.5 mm.) (/ and K) PGWC (/) and DEC (K) of WT, daat1, OsDAAT1pro:0sDAATT (GC1 and GC2), Ubipro:dsRNAi-OsDAATT (#1
and #2) and GluCpro:dsRNAi-OsDAATT (#3 and #4). (L) Relative expression levels of OsDAATT in leaves and developing seeds at 9 DAF in the WT, Ubipro:dsRNAI-
OsDAATT (#1 and #2), and GluCpro:dsRNAi-OsDAATT (#3 and #4) plants. Rice Ubiquitin1 was used as an internal control. Three independent biological replicates
were performed for each sample. P values were derived by Student’s t test.

authentic standard D-amino acids by liquid chromatography/mass ~ We then performed an in vitro enzymatic assay of OsDAAT1. As a
spectrometry (LC/MS) and found that D-Glu, D-Ala, D-Met, and ~ result, the peak of D-Ala was detected when D-Glu, D-Met, and
D-Ser produced dominant ion peaks at m/z 428.142, 370.136,  D-Ser served as amino group donors, with pyruvate as an amino
430.140, and 386.131 [M-H]’, respectively (SI Appendix, Fig. S6). group acceptor (Fig. 2 G and H and SI Appendix, Fig. S7 B-D).
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Fig. 2. OsDAATT encodes a D-amino acid aminotransferase. (A) Relative expression levels of OsDAATT in various plant tissues and developing seeds at the
indicated DAF. Rice Ubiquitin1 (0s03g0234200) was used as an internal control. Values are means + SD, n = 3. (B) Expression pattern of OsDAATT analyzed by
in situ hybridization in the first node, as indicated by the red dotted line in (S/ Appendix, Fig. S4A). Red signals indicate OsDAATT transcripts detected by the
antisense probe. The sense probe was used as a negative control. Nuclei were stained with DAPI (blue). Panels (iv-vi) represent magnified views of the boxed
areas in (i-iii) respectively. Arrows in (i) and (iv) of (B) indicate the vascular tissues of the node. (Scale bar, 100 um.) (C) Immunoblot analysis of OsDAAT1 protein
levels in developing seed, leaf, stem, and node at 9 DAF. Anti-Actin was used as a loading control. (D) Subcellular localization of OsDAAT1 in protoplasts isolated
from the daat1 355pro:0OsDAAT1-GFP plants. (Scale bar, 5 um.) (E) Immunoblot analysis of subcellular fractions. T, total extract; S, supernatant; P, pellet. Numbers
(2, 13, 100) indicate centrifugation speeds (x1,000 g). Anti-BiP1 and Anti-OsAlaAT1 were used as markers for the endoplasmic reticulum and cytoplasm,
respectively. (F) Schematic representation of the domain structure of the OsDAAT1 protein. OsDAAT1 contains a predicted DAAT-like domain with 274 amino
acid residues. (G) Diagram illustrating the transamination reaction catalyzed by OsDAAT1. (H and /) In vitro enzymatic activity of recombinant OsDAAT1 protein.
Assays measured the transamination rates using different D-amino acids (D-Glu, D-Met, D-Ser) as donors to produce D-Ala (H), or using D-Ala to produce D-Glu
(/). Values are means + SD, n = 3. (/-L) Measurement of endogenous D-Ala content in leaves (J), stems and nodes (K), and seeds (L) of WT, daat? mutant, and GC
transgenic lines (GC1 and GC2). Values are means + SD, n = 3. P values were derived by Student’s t test.

Moreover, D-Glu was produced when D-Ala served as an amino
group donor and o-ketoglutarate as an amino group acceptor
(Fig. 2I'and SI Appendix, Fig. S7A). These results establish OsDAAT'1
as a broad-spectrum D-amino acid aminotransferase in vitro.

We next quantified D—amino acids and found that only D-Ser
and D-Ala can be detected in rice tissues (Fig.2 /~L and
SI Appendix, Fig. S7 E-G). In leaves, D-Ala and D-Ser levels were

40f12 https://doi.org/10.1073/pnas.2519395123

comparable among WT, daatl, and GC lines (Fig. 2/ and
SI Appendix, Fig. S7E). In stems and node, daat! showed increased
D-Ala but reduced D-Ser compared with WT and GC lines
(Fig. 2K and SI Appendix, Fig. S7F). In developing seeds, D-Ala
was markedly elevated in daatl, whereas D-Ser levels were similar
to WT and daatl. D-Ala was reduced in the GC line but remained
higher than in WT (Fig. 2L and S Appendix, Fig. S7G), possibly
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reflecting the mixed maternal and filial origin of seed tissues. These
results indicate that OsDAATI mutation disrupts D-amino acid
homeostasis, particularly in stems and node, supporting a maternal
contribution to the chalky grain phenotypes.

OsDAAT1 Mutation Induced ER Stress Response during Grain
Development. The period from 6 to 20 days after fertilization
(DAF) is the key stage for aleurone and starchy endosperm
differentiation, as well as for storage product accumulation during
endosperm development in rice (27). To investigate the underlying
cause of chalky grain formation in the daatl mutant, an RNA-
Sequencing (RNA-Seq) was performed with 9-DAF developing
seeds of WT and daatl. A total of 5,899 differentially expressed
genes (DEGs) were identified (|log,Ratio| 2 0; 2 < 0.05), including
3,436 up-regulated and 2,463 down-regulated genes (S Appendix,
Fig. S84 and Dataset S1 A-B). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis revealed that these
DEGs were predominantly involved in pathways such as ribosome
function, carbon metabolism, starch and sucrose metabolism, and
protein processing in the ER (Fig. 34, SI Appendix, Fig. S8B,
and Dataset S1 C-V). Notably, genes related to ER-stress were
extensively upregulated in daat! and further RT-qPCR verified this
result (Fig. 3 A and B and ST Appendix, Fig. S9). Western blotting
verified a significant increase in the accumulation of ER-resident
chaperone proteins in daarl (Fig. 3C). Additionally, transmission
electron microscopy (TEM) analysis clearly showed swelling and
aberrant ER structures in daatl developing endosperm cells
(Fig. 3D), indicating a dysfunction of the ER. Considering that
severe grain chalkiness in rice is closely associated with ER stress
during endosperm development (4), these results collectively
demonstrate that mutation of OsDAATI induces severe ER stress,
which may in turn impair endosperm development, ultimately
leading to grain chalkiness in rice.

Given that the OsDAATI mutation disrupts D-amino acid
homeostasis and may induce severe ER stress in rice, we next
investigated whether there is a functional connection between
them. We initially injected a fluorescent D-Ala analogue (HADA)
into the second internode of WT at 9 DAF and detected its accu-
mulation in developing seeds after 24 h, suggesting that exogenous
D-amino acids can be transported to seeds in rice (S/ Appendix,
Fig. S10). Subsequently, we independently injected D-Ala, D-Ser,
and D-Met and analyzed the expression levels of ER stress-related
genes in endosperm cells. While minimal changes were observed
in transcript levels 1 h postinjection, significant upregulation was
detected after 3 h (Fig. 3E and ST Appendix, Fig. S11A).

Furthermore, we treated 1-wk-old WT seedlings grown hydro-
ponically with D-Ala, D-Ser, and D-Met, respectively. One hour after
treatment, the transcription levels of ER stress-related genes were
significantly increased compared to the negative control (S7 Appendix,
Fig. S11B). However, the elevated expression levels were further par-
tially recovered after 3 h (ST Appendix, Fig. S11C). Together, these
results demonstrate that exogenous D-amino acids can induce the
expression of ER stress-related genes in both seedlings and developing
grains, further suggesting that the overaccumulated D-amino acids
in daat] may trigger a constitutive ER stress response.

OsDAAT1 Mutation Altered the Protein Isomerization Levels and
Extent. Proteins are generally composed of L-amino acids; however,
peptides and proteins containing D-amino acids have been reported
in bacteria and animals (28, 29). Notably, even a single D-amino acid
substitution can substantially alter protein isomerization and higher-
order structure, thereby affecting protein function (30). Whether
such D-amino acid—containing peptides/proteins exist in plants and
whether their isomerization is influenced by perturbed D-amino acid
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metabolism remain unclear. To address this question, we performed
a mass spectrometry-based proteomic analysis of total protein from
9-DAF seeds of WT, daatl, and GC transgenic line (Fig. 44 and
Dataset S2 A-M). Initial quality assessment of the acquired data,
including total ion chromatograms (TIC) (SI Appendix, Fig. S12),
showed high reproducibility and data quality. The identified protein
abundances spanned six orders of magnitude (S Appendix, Fig. S134
and Dataset S2L), with peptide sequence coverage distributions
indicative of comprehensive proteome capture (SI Appendix,
Fig. S13B and Dataset S2M). The majority of identified peptides fell
within the optimal length range of 7 to 25 amino acids (S/ Appendix,
Fig. S13C and Dataset S2K), confirming an efficient enzymatic
digestion. Furthermore, high peptide identification confidence was
achieved, with over 95% of peptides exhibiting scores above 50
(81 Appendix, Fig. S13D and Dataset S2K).

Traditional proteomic workflow enabled the identification of
2,089 proteins in WT, 2,272 proteins in daarl and 2,100 in GC
transgenic line, with 1,853 proteins shared across all three groups,
while 213 unique proteins (~9.4%, 213/2,272) were specific to
daat] (Venn diagram, Fig. 4B and SI Appendix, Dataset S2C). Using
a home-customized isomeric retrieval algorithm, we identified 156
isomerized proteins in WT, 177 in daatl and 159 in GC, with 110
proteins exhibiting isomerization in all genotypes (Venn diagram,
Fig. 4C and SI Appendix, Dataset S2E). Similarly, we identified
8,425 peptides in WT, 9,709 peptides in daarl and 8,548 in GC
transgenic line, with 4,308 peptides common to all datasets and
1,538 unique peptides (~15.8%, 1538/9709) in daatl (Venn dia-
gram, Fig. 4B and SI Appendix, Dataset S2D). Using the isomeric
retrieval algorithm, we identified 433 isomerized peptides in WT,
495 in daarl and 485 in GC, with 256 shared among three geno-
types (Venn diagram, Fig. 4C and ST Appendix, Dataset S2F).

Notably, after isomeric screening, the number of unique
proteins and peptides in daatl is 42 (~23.7%, 42/177) and 129
(~26.1%, 129/495), respectively, representing a significant
enhancement in identification percentages compared to those
without isomeric screening (~9.4% for proteins and ~15.8% for
peptides, Fig. 4C). This approximately twofold increase in unique
protein and peptide identification suggests the effectiveness of
stereoproteome analysis, which substantially enhances proteomic
coverage depth and resolution sensitivity, thereby providing a more
reliable analytical framework for precise comparisons between WT
and mutant strains. Taken together, our results clearly demonstrate
that like in animals, plants also harbor D-amino acid-containing
peptides/proteins. Although daat1 displayed slightly higher overall
protein isomerization levels and sequence STEP ratios, the differ-
ences were not statistically significant compared with those in WT
and GC lines (Fig. 4 D and E and SI Appendix, Dataset S2 G—H).

Further quantitative analysis of isomerization regions revealed
10 significantly upregulated and 14 significantly downregulated
peptides in WT vs. daarl and 19 significantly upregulated and 12
significantly downregulated peptides in GC vs. daarI (Fig. 4F and
SI Appendix, Dataset S2]). Notably, heatmap analysis showed that
isomerization levels of peptides derived from several functional
proteins were significantly altered in daarl but restored to
near-WT levels in GC line, such as A1YQG3 (Glutelin), Q10LT'1
(Cupin family protein), Q67IX6 Protein disulfide isomerase
(PDI), and various seed storage proteins (SSPs) (Fig. 4G and
SI Appendix, Dataset S21). Principal component analysis (PCA)
further grouped WT and GC samples into a single cluster, clearly
separating them from daatl, indicating that GC treatment effec-
tively compensates for isomerization disturbances caused by daar!
deficiency (Fig. 4H and SI Appendix, Dataset S21). The results
suggest that the loss of daat] may alter the higher-order structure
of SSPs and PDI by affecting the isomerization modification.
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Fig. 3. Severe ER stress was induced in the daat7 mutant. (A) The Left and Right panels show the number of up-regulated and down-regulated genes, respectively,
in each KEGG pathway in the daat? mutant compared to the WT. (B) Validation of ER stress-related gene expression in WT and daat? through RT-qPCR analysis.
Rice Ubiquitin1 (0s03g0234200) was used as an internal control. The expression level of each gene in WT was normalized to 1. Values are means + SD, n = 3. (C)
Immunoblot analysis of ER stress markers BiP1, PDIL1-1, and HSP82. EF-1a was used as the loading control. (D) TEM images of endosperm cells in WT, daat1
mutant, and GC transgenic lines at 9 DAF. ER, endoplasmic reticulum; SG, starch grain; CW, cell wall. Red arrows indicate the abnormal structures of ER lumen.
(Scale bar, 1 um.) (E) Relative expression levels of ER stress-related genes in developing seeds of WT at 9 DAF after being treated with exogenous D-amino acids
for 3 h. The expression level of each gene in water-treated seeds was set to 1. Values are means + SD, n = 3. P values were derived by Student's t test.

Natural Variations in OsDAAT1 Promoter Region Associate with
Grain Chalkiness. To access the contribution of natural variations
in OsDAAT to rice grain chalkiness, nucleotide polymorphisms in
the OsDAATI CDS and in regions ranging from 2,296 bp upstream

60of 12 https://doi.org/10.1073/pnas.2519395123

of the ATG to 2,688 bp downstream of the TAA were investigated
among 536 rice germplasms (S/ Appendix Dataset S3). 16 single-
nucleotide polymorphisms (SNPs) significantly associated with
grain chalkiness were detected, including seven in the promoter,
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Fig. 4. Proteomic analysis of isomeric proteins with 9-DAF developing seeds of WT, daat1, and GC transgenic line. (A) Workflow for the proteomic analysis of
protein isomerization. (B and C) Venn diagrams showing the overlap of total identified proteins and peptides (B) and identified STEP proteins and peptides (C)
among WT, daat1, and GC transgenic lines. (D and E) Identification number-based calculation for the isomerization amount ratios at the protein level (D) and
STEP ratio at the peptide level (E) across WT, daat7, and GC transgenic lines. Values are means + SD, n = 3. P values were derived by Student’s t test. (F) Volcano
plots displaying the Fold changes (FC) in peptide isomerization ratios in daat? vs. WT (Left) and daat? vs. GC (Right). Red and blue dots represent significantly
upregulated and downregulated peptides respectively. (G) Differential isomerization heatmap at the peptide level identified in (F). The color scale represents
the normalized abundance (Z-score), ranging from low (blue) to high (orange). (H) PCA of differences in peptide isomerization levels identified in (F). The daat1
mutant forms a distinct cluster, while the GC line clusters closely with the WT. FC in panels F represent the ratios of isomerization level of daat7 sample to that
of WT sample for the given peptides. Significant changes are defined by FC > 1.2 and P < 0.05. Source data for panels B and C are provided (n = 6). The data
represent three independent biological replicates, each measured with two technical replicates to assess methodological stability. P values were derived by
Student’s t test.

one in the exon, five in the introns, one in the 3’untranslated region
and two in the downstream regions (S/ Appendix, Fig. S14A).
Further analysis revealed that the SNP in the exon did not cause

any amino acid change, but the seven SNPs in the promoter may
lead to changes in putative transcription factor binding sites,
such as the Anaerobic Response Element box and CAAT box

PNAS 2026 Vol.123 No.10 2519395123

https://doi.org/10.1073/pnas.2519395123 7 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2519395123#supplementary-materials

Downloaded from https://www.pnas.org by CAAS INSTITUTE OF CROP SCIENCES on March 9, 2026 from |P address 124.17.34.63.

8 of 12

(Fig. 5A and SI Appendix, Fig. S14A). Based on the seven SNPs,
two haplotypes were classified (Fig. 54). Hap1 was identified as
the elite haplotype associated with significantly lower PGWC and
DEC compared to Hap2 (Fig. 5 Band Cand SI Appendix, Fig. S14
B and C). Notably, Hapl was predominantly found in Aus/boro,
Basmatifsadri, Gengljaponica (GJ) and 62.7% of Xian/ Indica (XI)
accessions, while 37.3% of X/ carried Hap2 (Fig. 54). Further
analysis using dual-luciferase reporter system showed that Hap1
conferred stronger transcriptional activation than Hap2 (Fig. 5D).
Consistently, OsDAATI expression levels were significantly higher
in accessions with Hapl than in those with Hap2 (Fig. 5F and
SI Appendix, Fig. S14D). However, even higher levels of OsDAAT1
by overexpressing OsDAATI"™" in Nipponbare (Hap1) did not lead
to further reduction in grain chalkiness (S/ Appendix, Fig. S15). To
further assess the impact of these two haplotypes on grain chalkiness,
we identified five chromosome segment substitution lines in the
9311 (Hapl genotype) background harboring the OsDAATI
segment from PAG4s (Hap2) (SI Appendix, Fig. S16). Phenotypic
analysis revealed that introgression of the Hap2 allele resulted in
a significantly higher PGWC across all five lines compared to the
9311 recurrent parent (Fig. 5 F and G). Taken together, natural
variations in the OsDAAT1 promoter region seem to regulate grain
chalkiness by influencing OsDAAT1 expression.

To examine whether OsDAAT has been under artificial selec-
tion during rice domestication, we analyzed the genetic diversity
of the OsDAAT I region using wild rice (Oryza rufipogon and Oryza
nivara), landraces and Chinese cultivars (31). As a result, five
haplotypes (Hap1 to Hap5) were identified in wild rice accessions
and OsDAATI™" is present in approximately 79.77% and
72.35% of O.rufipogon and O.nivara, respectively, suggesting that
OsDAATI underwent a bottleneck effect and became predomi-
nant in wild rice accessions (Fig. 5H and SI Appendix, Table S3).
In contrast, only three haplotypes (Hap1, Hap2, and Hap4) were
found in all the landraces and modern cultivars, indicating that
OsDAATI may be a selected target during rice domestication and
breeding (Fig. 5H). Notably, the proportion of Hap! increased
dramatically in modern cultivars, reaching nearly 100%, which
points to additional selective pressure on OsDAATI (Fig. 5H).
Further, we calculated the F;-and nucleotide diversity () within
a 2-Mb region surrounding the OsDAATI locus in wild rice pop-
ulation. Our Fg; analysis revealed significant differentiation
between indica and japonica (SI Appendix, Fig. S17A4), while the
7 value of the OsDAATT region was significantly lower in both
indica and japonica compared to the wild rice varieties (S Appendix,
Fig. S17 Band C). These findings together suggest that OsDAAT]

may have been artificial selected during rice domestication.

Discussion

DAATSs of bacterial origin are stereospecific and exhibit activities
toward a broad range of D-amino acids (32-35). Similarly,
AtDATT1 also displays a broad range of D-amino acid substrates
(18, 36). In our study, OsDAAT 1 exhibits broad substrate activity
for D-amino acids in vitro (Fig. 2 G—I). However, AtDATT also
displays the different activity when using different amino group
acceptors (18, 36). Among the tested substrates, the OsDAAT1
activity was slightly higher when D-Ala and D-Glu served as the
amino donor (Fig. 2 A and /). While OsDAAT1 shares conserved
pyridoxal 5’-phosphate (PLP)-binding residues with YM-1 DAAT
and AtDAT1, variations in key substrate recognition residues
likely dictate its distinct substrate preference (SI Appendix,
Fig. S18). Further analysis showed that OsDAATI mutation
resulted in significantly elevated D-Ala content in stems, nodes,
and developing seeds, while D-Ser content remained largely

https://doi.org/10.1073/pnas.2519395123

unchanged in developing seeds, but decreased in stems and node
(Fig. 2 K~L and SI Appendix, Fig. S7 E-G). Previous study con-
cluded that D-Ser is mainly synthesized by serine racemase, which
converts L-Ser to D-Ser in Arabidopsis (19). Therefore, it can be
inferred that OsDAAT' is mainly involved in D-Ala metabolism
rather than D-Ser metabolism in rice.

How do D-amino acids regulate ER homeostasis? Evidence sug-
gests D-amino acids can be incorporated into nascent polypeptides
via the translational machinery or arise from enzymatic posttrans-
lational epimerization, altering protein stereochemistry (29, 37,
38). Therefore, these findings suggest that D-amino acids may
compete with L-amino acids as the substrates for the translational
machinery, leading to translation disorders during peptide elonga-
tion and alters protein isomerization. Consistent with this, we
identified stereo-isomerized peptides and proteins in developing
rice seeds, where daat]! mutants displayed isomerization profiles
distinct from WT and GC transgenic lines (Fig. 4). These findings
support the hypothesis that perturbations in D-amino acid home-
ostasis contribute to altered levels of peptide and protein isomeri-
zation. Analogous to the D-amino acid—driven aggregation observed
in Alzheimer’s disease and amyotrophic lateral sclerosis (39, 40),
we propose that such stereochemical alterations disrupt protein
folding and processing in the ER, thereby triggering the unfolded
protein response. Consistently, elevated D-Ala levels in daat1 tissues
coincided with severe ER stress, which is recapitulated in WT plants
by exogenous D-amino acid treatment (Fig. 3 and S7 Appendix,
Figs. S8-S11). While these data suggest D-amino acid accumula-
tion precipitates ER stress via protein misfolding, other indirect
mechanisms cannot be ruled out. Cereal endosperm development
is highly sensitive to ER stress, which impairs starch and protein
deposition (4, 41). Consistently, daat] endosperm exhibited signif-
icantly reduced activities of starch synthase and ADP-glucose
pyrophosphorylase, alongside altered expression of storage protein
genes (Fig. 34 and ST Appendix, Figs. S8 and $20). Thus, the severe,
constitutive ER stress in daatl likely contributes to grain chalkiness
by disrupting the accumulation of storage reserves.

Generally, endosperm phenotypes are governed by three distinct
genetic components: the zygotic effect arising from the endosperm’s
own genotype; the maternal sporophyte effect, which influences
development through maternal tissues; and the cytoplasmic effect,
derived from organelle genomes (mitochondria and chloroplasts)
(42). Mutants with maternal sporophyte effects on seed develop-
ment are revealed by significant reciprocal differences, and recessive
maternal sporophyte effect mutants will only have consequences if
parent plants are homozygous (43). Genetic analysis revealed that
grain chalkiness in daat1 is determined in a recessive maternal spo-
rophyte manner, as the phenotype manifests only when the maternal
plant is homozygous (S Appendix, Fig. S2 and Table S2). This
implies the defect lies in maternal tissues rather than in the zygotic
endosperm. In addition, OsDAATT is highly expressed in stems,
nodes and vascular tissues, the homeostasis of D-amino acids is
significantly disturbed in stems and nodes, with higher D-Ala and
lower D-Ser. In leaves, both D-Ala and D-Ser are comparable
between WT and daarl, while developing seeds showed elevated
D-Ala without a significant change in D-Ser (Fig. 2 A-C, /, and X
and SI Appendix, Figs. S4A4 and S7 E-J). Endosperm-specific silenc-
ing of OsDAAT produces transparent grains, whereas constitutive
silencing results in chalky grains. These results suppose that the
expression pattern of OsDAATI and the homeostatic of D-amino
acids in these maternal tissues, especially in vascular tissue, disrupts
metabolic homeostasis. The stems and nodes, especially nodes, func-
tion as the primary transport tissues. This phenomenon is reminis-
cent of the rice GIFI mutant, where defects in maternal vascular
tissues impair nutrient transport, limiting grain filling (44).
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Fig. 5. Haplotype analysis of OsDAATT associated with grain chalkiness. (A) Natural variation and haplotype analysis of the OsDAATT promoter region in 536
sequenced rice accessions. Numbers above the positions of variations relative to the putative translation start site ATG, (with the A of ATG designated as +1).
(B and C) Comparison of PGWC (B) and DEC (C) between Hap1 and Hap2 in the 536 rice accessions. Values are means + SD. (D) Transient expression assays of the
two OsDAAT1 promoter types in rice protoplasts. Values are means + SD, n = 3. (E) Relative expression levels of OsDAATT in representative rice varieties with Hap1
and Hap2 haplotypes. Red dotted lines represent the average expression levels of OsDAATT in representative rice varieties. Rice Ubiquitin1 (0s03g0234200) was
used as the internal control. Values are means + SD, n = 3. (F) Comparison of PGWC between /ndica variety 9311 and 9311"*? lines carrying Hap2 in the genetic
background of the 9311. n = 4 for 9311, and n = 5 for 9311"°P? lines. (G) Representative images of brown rice grains from 9311 and 9311"* lines carrying Hap2
(JW series). (Scale bar, 5 mm.) (H) Haplotype frequencies are shown as percentages for a core collection of wild, landrace, and cultivated rice accessions. P values
were derived by Student's t test.

Supporting this hypothesis, F; seeds from daarl (female) x WT  process essential for maintaining ER homeostasis. Disruption of
crosses exhibit significantly higher D-Ala content than seeds from this pathway alters protein isomerization and triggers severe ER
reciprocal crosses (SI Appendix, Fig. S19). stress. While D-amino acid—containing peptides are documented

In conclusion, our results demonstrate that OsDAAT 1 maternally in bacteria and animals (30, 45, 46), our study provides direct
regulates grain quality by modulating D-amino acid metabolism,a  evidence for their existence and functional impact in plants.

PNAS 2026 Vol.123 No.10 2519395123 https://doi.org/10.1073/pnas.2519395123 9 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2519395123#supplementary-materials

Downloaded from https://www.pnas.org by CAAS INSTITUTE OF CROP SCIENCES on March 9, 2026 from |P address 124.17.34.63.

10 of 12

Furthermore, the identification of the elite haplotype Hap1 offers
a promising genetic resource for improving rice grain appearance.

Methods

Plant Materials and Growth Conditions. The daatT mutant was isolated from a
tissue culture-induced mutantlibrary of the japonica rice cultivar Nipponbare. The
rice plants were grown at the Tugiao experimental stations of Nanjing Agricultural
University during the natural growing season in Nanjing, Jiangsu. During winter,
plants were cultivated in Sanya, Hainan.

For exogenous D-amino acids treatment, rice seedlings were cultured in
96-well microtiter plates with half-strength Murashige and Skoog (MS) medium.
The conditions in the growth cabinet alternate between 30 °C for 14 h under
lightand 28 °Cfor 10 h in the dark.

Microscopy. For scanning electron microscopy, dry seeds were transversely cut,
sputter-coated with gold and scanned with a Hitachi S-3400 N scanning electron
microscope (Hitachi, Japan) (47). For TEM and semithin section experiments,
developing seeds were fixed, dehydrated, embedded, and examined according
to the methods described previously (48).

Map-Based Cloning. To map the daat? locus, we constructed an F, mapping
population derived from a cross between daat7 and the indica cultivar N22. The
locus was initially mapped to a region between the polymorphic SSR markers
RM282 and Q3 on Chr. 3 using 46 F, mutant plants. For fine mapping, 2,309
recessive segregates were adopted to narrow the daat7 locus to a 48 kb inter-
val between the markers Q1 and Q28. Markers used in this study are listed in
Sl Appendix, Table S4.

Plasmid Construction and Rice Transformation. For genetic complementa-
tion test, the OsDAATT CDS under its native promoter was cloned into the binary
vector pCAMBIA1390 to generate OsDAATTpro:OsDAATT construct. To obtain
OsDAATT knockout lines, a 20-bp guide RNA (5'-CTTACCAAAGGATAACGGCG-3')
was cloned into the CRISPR/Cas9 vector as previously described (49).

To generate the Ubipro:dsRNAi-OsDAATT construct, two inverted repeats of
168 bp were amplified from WTand sequentially cloned into LH-FAD2-1390RNAi
in the antisense and sense orientations, using primers listed in S/ Appendix,
Table S4.To generate the GluCpro:dsRNAi-OsDAAT1 construct, the Glutelin C
(GluC) promoter was first cloned and inserted into LH-FAD2-1390RNAi empty
vector to replace Ubi promoter.Then the same two inverted repeats were sequen-
tially cloned into the intermediate vector in the antisense and sense orientations,
using primers listed in S/ Appendix, Table S5.These recombinant plasmids were
transformed into Nipponbare calli by the Agrobacterium-mediated method (50).

Subcellular Localization and Fractionation. For subcellular localization,
OsDAAT1 CDS was cloned into pAN580 to produce GFP-OsDAATT and OsDAAT1-
GFP fusion constructs driven by the CaMV 355 promoter, using primers listed in
SI Appendix, Table S4. The resulting constructs were individually transformed
into rice protoplasts following previous description (51). Afterincubation for 16 h,
the GFP-fused proteins were observed using a laser confocal microscope (Leica
TCS SP8, Germany).

To generate the 35Spro:OsDAAT1-GFP fusion construct, OsDAATT CDS
was cloned into the binary vector pCAMBIA1305-GFP, using primers listed in
Sl Appendix, Table S4.The resulting plasmid was transferred into the daat7 calli
by the Agrobacterium tumefaciens-mediated method (50). The protoplasts of
the positive transgenic lines were isolated, examined with the same confocal
microscope as described above.

For subcellularfractionation, 6-DAF endosperm samples were homogenized,
filtered, and centrifuged to separate into the cytosolic and microsomal fractions
as depicted previously (52). S2 and P2 indicates the supernatant (S2) and pellet
fractions (P2) centrifuged at 2,000 g for 20 min. Then the S2 fraction was further
centrifuged at 13,000 g to obtain the supernatant (S13)and pellet fractions (P13).
Finally, the S13 fraction was further centrifuged at 1,00,000 g to obtain the super-
natant (S100) and pellet fractions P100 for immunoblot analysis.

RNA Extraction and RT-qPCR Analysis. Total RNA was isolated with the RNA
Prep Pure Plant Kit (TIANGEN Biotech) and digested with DNasel following
the manufacturer's instructions. First-strand ¢cDNA was synthesized using the
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PrimeScript RT Reagent Kit (TaKaRa). RT-qPCR was performed with the SYBR
Green | mix (TaKaRa) and the T100TM Real-time PCR system (Bio-Rad, United
States). mRNA levels were calculated by the comparative CT method (53) and the
rice UbiquitinT gene was serving as the internal control. Primer sequences used
for RT-qPCR analysis are listed in S/ Appendix, Table S4.

In Situ Hybridization. The rice first node was prepared and fixed in
formaldehyde-acetic acid-alcohol solution (a mixture of 70% ethanol, glacial
acetic acid, and 38% formaldehyde at an 18:1:1 v/v ratio) at the initial heading
stage. Then standard paraffin sections were prepared and in situ hybridization
was performed according to published protocols with slight modifications (54).
Single-stranded RNA oligonucleotide probe was labeled with red cyanine3 at
the 5" terminus (Cy3, 5'- CAGGUACUGGAAGAGGAGGAUCAGGUAAUGUUG -3).

Expression and Purification of Recombinant Proteins. The OsDAATT CDS
was cloned into the pGEX-4 T-2 vector. The recombinant construct was trans-
formed into Escherichia coli strain BL21 (DE3) and grown at 37 °Cin LB medium
containing 100 ug mL~" ampicillin. When the 0Dy, reached 0.6, isopropyl p-D-
thiogalactoside was added to a final concentration of 0.5 mM. The cells were then
cultured for additional 24 h at 16 °C before harvesting. The GST-OsDAAT1 proteins
were purified using the Glutathione MagBeads (GenScript, China) according to
the manufacturer's protocol.

Enzyme Assays. The 1.0 mL mixture for the OsDAAT1 activity assay consisted of
100 mM potassium phosphate buffer (pH 8.0), 50 mM D-amino acids as an amino
donor, 50 mM pyruvate as an amino acceptor, 50 uM PLP, and the GST-OsDAAT1
proteins (10 ug of proteins) (18). The mixture was incubated at 37 °Cfor 10 min,
followed by an ice-bath for 10 min. After centrifugation and derivatization, the
amount of D-Ala produced was determined through a LC/MS system (Xevo ;
G2-XS QTof, Waters).

D-amino acids and HADA Treatment. One-week old seedlings and field-
grown plants at the grain-filling stage were used for exogenous D-amino acids
and HADA (a fluorescent D-Ala analogue, 7-hydroxycoumarin-3-amino-D-Ala,
Tocris, 6647) treatments. First, 1-wk old seedlings were treated with water, 2 mM
D-Ala, D-Ser, and D-Met respectively. The aboveground parts of these seedlings
were harvested and immediately frozen in liquid nitrogen. Second, 0.5 mLwater,
2 mM D-Ala, 2 mM D-Ser, 2 mM D-Met, and 0.1 mM HADA were separately
injected into the second internode of field-grown plants at 9 DAF. Endosperm was
harvested and immediately frozen 24 h postinjection. Three biological replicates
were performed, and three tillers were used for each replicate.

Amino Acid Extraction, Derivatization, and Determination. For D-amino
acids extraction, 1-wk old seedlings and 9-DAF endosperm were respectively
homogenized in buffer (100 mM Tris-HCI, pH 8.0, and 1x complete protease
inhibitor cocktail), followed by centrifugation to collect supernatant (55). The
derivatization of amino acids in the plant extracts was performed according to
the previous reports (55, 56).

The derivatives were then quantified by the Liquid Chromatograph Mass
Spectrometer (LC-MS) system. Two microliters of the solution were injected into
the ultra performance liquid chromatography (UPLC) column (2.1 x 100 mm
ACQUITY UPLC BEH C18 column containing 1.7 um particles) at a flow rate of
0.4 mL/min. Buffer A consisted of 0.1% formic acid in ultrapure H,0, and buffer
B consisted of 0.1% formic acid in acetonitrile. The gradient was as follows: 10%
buffer B for 0.5 min, 10 to 90% buffer B for 11 min, and 95% buffer B for 2 min.

Mass spectrometry was performed using electrospray source in positive ion
mode with MS acquisition. The selected mass range was 50 to 1,200 m/z, and
the lock mass option was enabled using leucine-enkephalin (m/z 556.2771)
for recalibration. The mass spectrometer was operated at a capillary voltage of
3,000V, a cone voltage of 30 V, a source temperature of 120 °C, a desolvation
gas temperature of 400 °C, and a collision energy of 20 to 40 eV. Data acquisi-
tion and processing were performed using Masslynx 4.1. Extraction of centroid
spectra peaks with a width of 0.01 Da was used to determine the extracted ion
chromatograms from the TIC.

RNA-Seq Analysis. Total RNAwas extracted from 9-DAF developing endosperm of
WTand daat1for library construction. Sequencing was performed on an lllumina
Novaseq6000 platform by Gene Denovo Biotechnology Co. (Guangzhou, China).
Approximately 2.5-Gb clean data were generated persample and all clean reads
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were mapped to the rice reference genome (GCF_001433935.1_IRGSP-1.0).To
verify the transcript abundance calculated in RNA-seq, RT-qPCR analyses of ER
stress related genes were performed using gene-specific primers (S/ Appendix,
Table S4).

Proteomic Analysis of Isomeric Proteins. Total protein extractions from 9-DAF
developing endosperm of WT, daatT and GC were performed as described previ-
ously (52), followed by Surfactantand Coagulant Assisted Sequential Extraction/
On-Particle Digestion proteomic method (57). Then samples were analyzed on
ThermoFisher Orbitrap Fusion Lumos by Liquid Chromatograph Tandem Mass
Spectrometry (LC-MS/MS) according to the previously reported method (57). The
MS proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD059692.

Protein identification and quantification were performed using MaxQuant
(version1.6.3.4). Raw files were searched against the Oryza sativa subsp. japon-
ica reviewed database with trypsin/P selected as the enzyme. For MS' scans, a
precursor ion mass tolerance of 10 ppm was used, and two missed cleavages
were allowed. Fragment ion tolerance was set to 0.02 Da for the Orbitrap MS?
detections and 0.5 Da for the IT detections. The false discovery rate was set to
1% for both protein and peptide identification by the target decoy strategy.
Carbamidomethylation of cysteine residues (+57.02146 Da) was chosen as the
fixed modification, and variable modification included oxidation of methionine
residues (+15.99492 Da) and acetylation at protein N termini (+42.01056 Da).
The quantification method was set to MaxLFQ algorithm and protein quantitative
ratios were determined using a minimum of two quantified peptides. All other
parameters were set as default.

All statistical analyses were accomplished and filtered for reverse proteins,
proteins only identified by site and potential contaminants were excluded from
the identification list by Perseus (version 1.6.14.0). The dataset was further ana-
lyzed and two-sample Student's ¢ test with a two-tailed distribution and one-
way ANOVA were also performed. All P-values were further subjected to multiple
testing corrections using the Benjamini-Hochberg method. Venn diagrams and
volcano plots were generated using the Bioinformatics online platform (https:/
www.bioinformatics.com.cn).

As recently reported (58), the isomeric proteins were identified by using a
sequence-guided data-searching algorithm for identified peptide ions of the
same amino acid sequences/molecular weights but with varied LC retention times
(RT), and the ratio_D (defined as the isomerization level, through excluding the
fraction of L-counterparts) was calculated based on the peak intensities outputted
by MaxQuant software. Specifically, the process is as follows: First, rows with zero
or empty Intensity values are filtered out to remove invalid data. The data are
then grouped by sequence and charge. Low-intensity charge information is elim-
inated to ensure distinct primary charge peaks for each sequence. Rows with a
relative RT difference of less than 0.5% and low intensity are excluded to remove
isotope peaks and abnormal tailing peaks. Next, the relative proportions of the
target peaks within each sequence are calculated. False-positive noise (ratio <
1%) is removed. The ratios are then recalculated to determine the isomerization
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ratio and the number of isomers per sequence. Finally, a concise list of isomeric
modifications is generated, containing the protein/gene name, sequence, charge,
m/z, RT, collision cross section, intensity, and isomer ratio.

All codes used in this study are available on GitHub (https://github.com/
limslab/STEP_Search.git).

Haplotype Analyses and Nucleotide Diversity Estimation. Sequence var-
iation spanning 2,296 bp upstream of translation start codon ATG to 2,688 bp
downstream of translation start codon TAA of OsDAATT was identified and used
for haplotype analysis based on 536 rice germplasm accessions (S Appendix,
Dataset S3). For evolutionary analysis of OsDAATT, genomic sequences were
obtained from a total of 2,509 accessions, including 343 wild rice and 909 lan-
draces from Jing etal.(31), as well as 624 indica cultivars and 633 japonica culti-
vars from our Lab. Nucleotide diversity (zr) and fixation index (Fst) for OSDAATT and
its flanking regions (about 2 Mb) were calculated for each rice group by VCFtools
software (http://vcftool.github.io/) using a 100 kb window with a step size of 5 kb.

Data, Materials, and Software Availability. RNA-seq data have been depos-
ited in NCBI Sequence Read Archive under accession number PRINA1426511
(59). Proteomic data have been deposited in PRIDE under identifier PXD059692
(60). Study data are included in the article and/or supporting information.
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