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Abstract     30	

The maize (Zea mays ssp. mays) wild ancestor, teosinte, has three times the seed 31	

protein content of most modern inbreds and hybrids, but the mechanisms responsible 32	

for this trait are unknown. We created a contiguous haplotype DNA sequence of a 33	

teosinte, Zea mays ssp. Parviglumis, with Trio-Binning, and map-based cloned a major 34	

high-protein QTL, teosinte high protein 9 (Thp9) on chromosome 9. Thp9 encodes an 35	

asparagine synthetase 4 that is highly expressed in teosinte, but not in the B73 inbred, 36	

where a deletion in the 10th intron of Thp9-B73 causes incorrect splicing of Thp9-B73 37	

transcripts. Transgenic expression of Thp9-teosinte in B73 significantly increased seed 38	

protein content. Introgression of Thp9-teosinte into modern maize inbreds and hybrids 39	

greatly enhanced free amino acid accumulation, especially asparagine, throughout the 40	

plant, increasing seed protein content without affecting yield. Thp9-teosinte appears to 41	

increase nitrogen utilization efficiency, important for promoting a high yield under low 42	

nitrogen conditions. 43	

INTRODUCTION 44	

Seeds of plants contain stored metabolites, e.g., carbohydrates, proteins, lipids, 45	

and nucleic acids, all of which are important for rapid cell division and growth during 46	

the transition from dormancy to photosynthetic autotrophy when environmental 47	

conditions are suitable for germination1,2. These metabolites also make seeds a 48	

valuable source of food for a variety of animals, including humans3. Over millennia, 49	

plant breeders have genetically altered plant species to create seeds with greater 50	

proportions of these metabolites and improve their nutritional value and utility as food 51	

and feed4. Perhaps one of the most striking examples was the conversion of the wild 52	

maize relative, teosinte, to modern maize5,6. 53	

Native Americans selected mutations that modified a variety of teosinte traits, 54	

notably its floral inflorescence and seed size, structure, and yield7,8. Because of its 55	

importance in their diet, the maize they created had a high protein content, enhanced 56	

favor, and utility for food making. However, as corn became a commodity and used for 57	

livestock feed, starch content (yield) was of primary importance, and less attention paid 58	

to protein content and flavor9. Also, the use of supplemental nitrogen (N) fertilizer 59	

reduced the importance of seed N content, and as a consequence modern maize 60	

hybrids contain only 5%-10% protein, compared with 20%-30% in teosinte10. 61	

While N fertilizer dramatically improves maize yield, its excessive use often leads 62	



to run off, causing eutrophication of rivers and other bodies of water11. Consequently, 63	

future maize breeding must design plants with greater N use efficiency (NUE)12. In 64	

addition, seed protein content and quality will have greater importance, as vegetable 65	

protein will become of increased importance in human diets13. 66	

To identify genes responsible for variation of the protein content in maize and 67	

teosinte, we analyzed progeny of their cross and characterized the quantitative trait 68	

loci (QTL) affecting this trait. We sequenced a teosinte haplotype genome (Zea mays 69	

ssp. parviglumis, Ames21814) and localized loci linked with high seed protein content. 70	

Using the teosinte haplotype and nearly isogenic line (NIL) populations created from it, 71	

we were able to clone a teosinte high-protein locus, Thp9, which contains an 72	

asparagine synthetase 4 (ASN4) that plays an important role in amino acid 73	

accumulation throughout the plant. The Thp9-teosinte allele, Thp9-T, is highly 74	

expressed in teosinte, while the corresponding allele in the maize B73 inbred, Thp9-75	

B73, has a 48-bp deletion in the 10th intron that affects intron splicing. Several versions 76	

of the Thp9-B transcripts contain a premature stop codon, rendering undetectable 77	

levels of the ASN4 enzyme. Introgression of Thp9-T into maize inbreds and hybrids 78	

increased the amino acid and protein content in roots, stems, and leaves, as well as 79	

seeds. These plants elicited higher NUE under low N conditions than those with the 80	

Thp9-B allele and show promise for improving maize germplasm in general.  81	

Result  82	

High protein content in teosinte 83	

During maize domestication and artificial selection, many visible (such as plant 84	

and glume architectures) and invisible (seed composition) traits were dramatically 85	

modified (Fig. 1a). To investigate variation in seed protein content between teosinte 86	

and modern maize inbreds, we collected 20 lines of Zea mays ssp. parviglumis, 10 87	

lines of Zea mays ssp. mexicana and 518 modern maize inbreds. In maize seeds, most 88	

nitrogen (N) occurs in storage proteins, so the total N content is basically equal to that. 89	

In roots, stems, and leaves, total N reflects the sum of N in free amino acids and 90	

proteins, but most of it is in protein. We determined the N content in roots, stems, 91	

leaves and seeds of B73 by two procedures, namely acid hydrolysis and the Dumas 92	

method, the latter using a Dumas rapid N analyzer (Elementar, Germany). There was no 93	

significant difference in N content measured by the two methods (Extended Data 1a). 94	

Therefore, we could use the high throughput Rapid N analyzer to assay seed protein 95	



content and N in plant tissues. Seed protein content of all teosinte lines was around 96	

30%, while that of maize inbreds (435 finally harvested for measurement) ranged from 97	

7% to 17% (Fig. 1b). These differences suggested loci controlling high seed protein 98	

content were not under selection in recent plant breeding programs, and that these loci 99	

are genetically variable among inbred lines.  100	

We selected one line of Zea mays ssp. parviglumis (accession number: 101	

Ames21814) as a representative high protein genotype for analysis. When total N 102	

content in roots, stems, and leaves of Ames21814 and B73 was measured, we found 103	

total N content in all tissues of Ames21814 was higher than in B73 (Extended Data 1b). 104	

The composition of free amino acids differed to some extent (Extended Data 1c), in 105	

particular, asparagine was notably higher in all tissues of Ames21814 than B73 (Fig. 106	

1c, Extended Data 1c). This is consistent with a previous observation in rice seed 107	

showing an increased asparagine level is associated with a high protein content14. 108	

Maize seed proteins are classified as prolamins (called zeins), albumins, globulins 109	

and glutelins, based on their solubility15. Zeins are the main endosperm storage 110	

proteins, accounting for more than 60% of the total. Based on their structure, zeins are 111	

divided into four families: α (19- and 22-kD, designated α19 and α22), β (15-kD), γ (50-, 112	

27- and 16-kD) and δ (18- and 10-kD). α19 is further divided into z1A, z1B and z1D 113	

subgroups, and α22 into z1C16,17. SDS-PAGE of zein proteins in teosinte and B73 114	

seeds revealed α19 and α22 were more abundant in teosinte (Extended Data 2), 115	

indicating α-zeins are the major component contributing to their higher protein content. 116	

We analyzed zein content in 512 inbred lines by SDS-PAGE (Source Extended 117	

Data 3a) and found the abundance of zeins in this population varied greatly (Extended 118	

Data 3a). We graded α-zein content into three phenotypes base on differential 119	

accumulation (i.e., α19 more than, equal to, and less than α22, Source Extended Data 120	

3b), and performed a genome-wide association analysis (GWAS). GWAS revealed a 121	

predominant locus controlling variation in α19 and α22 content on the short arm of 122	

chromosome 4 (Extended Data 3b), precisely where z1A and z1C genes are 123	

clustered18. This suggested gene copy number could lead to differential accumulation 124	

of α19 and α22 in the inbred population. By implication, this encouraged us to 125	

investigate the copy number of α-zein genes in teosinte. 126	

Haplotype-resolved assembly of Ames21814 genome using Trio-binning   127	

Because of advances in long-read DNA sequencing technologies, many maize 128	



inbred genomes have been characterized. For an inbred, the two genome haplotypes 129	

are theoretically identical and can be easily collapsed into one type19. However, 130	

teosinte lines are open-pollinated and their genomes have a high degree of 131	

heterozygosity. So, routine genome sequencing and assembly would collapse different 132	

homologous haplotypes into a consensus representation of frequent heterozygous 133	

alleles. This could cause loss of half of the genetic information in a diploid genome. 134	

To create a high-quality teosinte genome, we sequenced the DNA of a single F1 135	

plant from the B73 x Ames21814 cross. The genome sequence of B73 is known, and 136	

we used the graph-based Trio-binning strategy20 to untangle the haplotype information 137	

(Extended Data 4a and b). The initial Ames21814 haplotype was assembled into 138	

2,424 Mb by using 104-Gb HiFi long reads with a 47-fold coverage, resulting in 543 139	

contigs with an N50 of 62.29 Mb (Supplementary Table 1), longer than the recently 140	

sequenced 26 diverse maize genomes used as the maize Nested Association Mapping 141	

(NAM) population generated with the contig N50 of 6.26-52.36 Mb19. Two haplotigs 142	

were combined and scaffolded into 10 pseudo-chromosomes using 375.56 Gb HiC 143	

reads (Fig. 1d and Extended Data 4c). We also assembled a B73 haplotype that 144	

showed an excellent collinearity with the reference B73_v5, indicating the correctness 145	

of the assembled pipeline (Extended Data 4d). The final assembly size of the genome 146	

was 2,436 Mb, with 452 scaffolds and an N50 scaffold of 245.32 Mb (Supplementary 147	

Table 1), 11.64% more sequences than B73_v5 (2,182 Mb), which could either be from 148	

capturing more obstinate sequences by long-read sequencing or from abundant gene 149	

pools in teosinte. The teosinte genome was predicted to harbor 58,092 protein-coding 150	

genes (Supplementary Table 2), of which 46,473 (81.3%) were supported by RNA-seq 151	

data and IsoSeq. BUSCO21 analysis, indicated that 96.8% of embryophyta genes were 152	

complete in the Ames21814 assembly (Supplementary Table 3). A total of 2,109-Mb 153	

(equal to 86.57% of the genome) wase identified as repetitive sequences, including 154	

the most abundant retrotransposons (67.61%) (Supplementary Table 4). The total 155	

repeat content in Ames21814 was much higher than 1860 Mb in B73, due to the 156	

contribution of the Knob and CentC repeats in maize (~10.15%) (Fig. 1d and 157	

Supplementary Table 4), where previous study showed that Knobs could affect local 158	

recombination22. The LTR Assembly Index (LAI) score23 (LAI=33.07) indicated the 159	

Ames21814 haplotype could be a useful reference to discover valuable alleles in the 160	

wild maize ancestoral genome. Although there was good collinearity between B73_v5 161	

and Ames21814, 197,346 structural variations (>50 bp) were identified 162	

(Supplementary Table 5), especially 71 inversions larger than 100 kb. Whether these 163	

structural variations correlate with phenotypic variation between teosinte and modern 164	



maize needs experimental validation. 165	

Using the highly contiguous Ames21814 haplotype, we were able to annotate all 166	

the α-zein genes. The total copy number of α19 (z1A1，z1A2，z1B，z1D) and α22 167	

(z1C1, z1C2) genes in Ames21814 was 22 and 12, respectively, compared with 25 168	

and 15 in B73, and 25 and 19 in W22, respectively. Both the total number of genes 169	

and the number of genes in the α-zein cluster on the short arm of chromosome 4 were 170	

smaller in Ames21814 than in B73 and W22 (Extended Data 5a and b), suggesting the 171	

high-protein trait in teosinte is not conferred by a larger number of α-zein genes. Indeed, 172	

the accumulation of non-zein proteins in teosinte seeds was also apparently higher 173	

than that in B73 (Extended Data 2), which suggests the high-protein QTLs in teosinte 174	

generally, rather than specifically, increase protein content. 175	

Map-based cloning of the high-protein locus in Ames21814 176	

To identify the QTLs associated with the high-protein trait in Ames21814, we 177	

created a series of continuous backcrossing populations using Ames21814 as the 178	

high-protein donor parent and B73 as the recurrent backcrossing parent. Due to 179	

unidirectional incompatibility between teosinte and modern maize, we used 180	

Ames21814 to pollinate B73 for the F1 progeny (Extended Data 4a). We measured 181	

protein content with the Rapid N analyzer and found the F1 seeds (B73 x Ames21814, 182	

11.6±0.8%) had a protein level like B73 (10.8±1.0%), and Ames21814 seeds had a 183	

protein content of 28.6±1.0% (Fig. 2a), consistent with the accumulation pattern of zein 184	

proteins, where α-zeins (α19 and α22) are a major indicator of the total protein content 185	

(Extended Data 6a). However, the F2 seeds had nearly double the protein content 186	

(19.9±1.2%) of F1 and B73 seeds (Fig. 2a). When F2 seeds were analyzed individually 187	

by SDS-PAGE, there was no apparent variation in zein protein accumulation, and α-188	

zeins in particular were remarkably more abundant compared with B73 seeds 189	

(Extended Data 6b and Source Extended Data 6b). These results indicated the high-190	

protein trait is determined by the maternal rather than the filial genotype. 191	

Because the F1 plants displayed many rudimentary teosinte phenotypes in 192	

vegetative and reproductive growth (Extended Data 4a), we used B73 as the ear 193	

parent to make the F1BC1. Afterwards, we used B73 as the pollen source for 194	

backcrossing. In the F1BC2 ((B73 x Ames21814) x B73), we observed segregation of 195	

zein protein content among different ears in a quantitative rather than a qualitative 196	

pattern (Extended Data 6c and Source Extended Data 6c), indicating the high-protein 197	

trait is regulated by multiple genetic loci. Like the F2 seeds (Extended Data 6b), when 198	



individual seeds from a high-protein F1BC2 ear were analyzed, each seed uniformly 199	

accumulated more α-zeins than B73 (Extended Data 6d). Subsequent backcrossing 200	

generated eight ears with the highest protein content (about 15%); they were saved 201	

and seeds from each ear were planted for analysis. Similarly, quantitative 202	

measurement with the Rapid N analyzer of the F1BC3 and F1BC4 generations confirmed 203	

that protein content varied among different ears (ranging from 10-15%), but it was 204	

uniform in individual seeds of the same ear (Extended Data 6e-h). 205	

To identify the genetic loci influencing protein content, we planted the F1BC3 seeds; 206	

a piece of leaf from each plant was saved for DNA extraction. Zein and non-zein 207	

proteins from 500 F1BC3 ears were analyzed by SDS-PAGE (Extended Data 7a, 208	

Source Extended Data 7a). Based on their phenotypes we pooled leaf DNA samples 209	

of the low- and high-protein individuals (n=75 for each) for Bulked Segregant Analysis 210	

(BSA) DNA sequencing. The results revealed evidence of several QTLs, with a 211	

significant peak in the region between 130 Mb and160 Mb (based on Teo_v1) on 212	

chromosome 9 (Fig. 2b and Extended Data 7b) that contained 315 introgressed 213	

teosinte genes. Accordingly, this locus was designated teosinte high protein 9 (Thp9).  214	

Using the same approach, we created F1BC6 (n=1314) and F1BC8 (n=1386) 215	

populations. BSA of F1BC6 and F1BC8 confirmed the existence of Thp9. However, 216	

continuous backcrossing did not appear to result in more frequent recombination at 217	

this locus, as the two latter BSAs still contained 271 and 190 teosinte genes in this 218	

region (based on 0.025 threshold) (Extended Data 7c-f). We performed high-coverage 219	

(>20x) resequencing of this region in five high-protein and five low-protein individuals 220	

from the F4BC6, and found the introgressed teosinte locus in the five high-protein lines 221	

recombined in the form of large DNA fragments between 22.7 and 144.4 Mb (based 222	

on B73_v4); the smallest common region (135.5-143 Mb) should be the candidate 223	

interval (Extended Data 8). Nearly isogenic lines, NILTeo and NILB73, with high and 224	

low protein levels, respectively, were created based on this interval. 225	

To fine map Thp9, we created a F1BC9 generation (n = 2000) that narrowed Thp9 226	

to a 150-kb region containing two genes based on the B73 reference genome (B73_v4) 227	

(Fig. 2c). One gene, Zm00001d047732, encodes a protein phosphatase and lacks 228	

structural variation between Ames21814 and B73, while the 229	

other, Zm00001d047736, corresponding to Teo09G002926 in Ames21814, encodes 230	

an asparagine synthetase 4 (ZmASN4). Analysis of the Ames21814 and B73 231	

sequences revealed Teo09G002926 is an intact ASN4 gene (hereafter referred to as 232	

Thp9-Teosinte, Thp9-T), while Zm00001d047736 has a 48-bp deletion in the 10th 233	



intron of ASN4 (hereafter referred to as Thp9-B73, Thp9-B; Fig. 2c).  234	

Based on published data, this deletion creates altered splicing of Thp9-B 235	

transcripts, resulting in formation of three different isoforms of the mRNA. The 236	

ZmASN4-T001 isoform is similar to the ASN4-Teo transcript, whereas ZmASN4-T002 237	

and ZmASN4-T003 are defective, as both contain a premature stop codon (Extended 238	

Data 9a). RNA-seq revealed Thp9-T transcripts (ASN4-Teo) accumulate abundantly 239	

in roots and leaves of Ames21814, whereas the ZmASN4-T003 isoform was barely 240	

detectable in these tissues of B73 (Extended Data 9b). Further RNA-seq analysis of 241	

NILTeo and NILB73 confirmed Thp9-T is highly expressed, while Thp9-B is barely 242	

expressed in root and leaf tissues (Fig.2d, Extended Data 9c). Consistent with the 243	

transcript levels, ASN4 protein is abundantly accumulated in NILTeo, but is absent in 244	

NILB73 (Fig.2e).	The results suggest the 48 bp deletion in the 10th intron of the ASN4 245	

gene in B73 seriously affects RNA splicing and stability of ASN4 transcripts, making 246	

them and the ASN4 protein difficult to detect. Therefore, Thp9-B can be considered a 247	

null allele. 248	

We developed a molecular marker for Thp9-B and used it to genotype 200 249	

individuals in the F3BC7 population (Extended Data 10a). When we measured the free 250	

asparagine content in roots of Thp9-T and the heterozygote of Thp9-H (T/B), we found 251	

significantly higher aspargine than in Thp9-B (Extended Data 10b). The protein content 252	

of Thp9-T and Thp9-H seeds was also significantly higher than in Thp9-B seeds 253	

(Extended Data 10c), confirming the Thp9-T allele is associated with higher protein 254	

content. The protein content of NILTeo seeds grown in Harbin (northeast China), 255	

Shanghai (east China), and Sanya (south China) was 12 ±0.7%, 13.1±0.4% and 15.4 256	

±0.9%, respectively, while that of NILB73 was 9.2±0.5%, 9.7±0.4% and 11.2 ±0.9%, 257	

respectively. Thus, the Thp9-T allele increased protein content by 30.4%, 35.2% and 258	

37.8% at the three different geographic locations (Fig. 2f). We also compared other 259	

phenotypes of NILTeo and NILB73 in Sanya. NILTeo showed a 7.6% increase in plant 260	

height (Extended Data 11a and b) and 15.1% increase in plant fresh weight (root and 261	

above-ground mass) compared with NILB73 (Extended Data 11c).  262	

Since seed storage proteins function as a sink for N storage, we wondered 263	

whether the total nitrogen content, most existing as free amino acids and proteins, was 264	

elevated in source tissues. We used the Rapid N analyzer to measure N in the stems 265	

and corresponding ears of 1,334 F1BC8 plants and found they were highly correlated 266	

(Extended Data 11d). This correlation was also observed in NILs, where NILTeo had 267	

increased total N content in roots, stems, and leaves (Extended Data 11e), as well as 268	



total free amino acid contents in roots and leaves, compared to NILB73 (Extended 269	

Data 11f). In addition, the levels of free asparagine in NILTeo roots and leaves were 270	

significantly higher than those in NILB73 (Fig. 2g), indicating increased accumulation 271	

of asparagine via Thp9-T facilitates increased synthesis of proteins in roots, stems, 272	

leaves and seeds.  273	

Genetic validation and natural variation of Thp9 274	

To investigate whether Thp9-T can influence the low-protein phenotype of B73, 275	

we expressed this allele in transgenic plants using the ubiquitin promoter. The Thp9-276	

OE plants had greatly enhanced levels of ASN4 transcript and protein in leaves and 277	

roots compared with the non-transgenic B73 control (Fig. 3a-c). Two representative 278	

Thp9-OE lines grown in Sanya were analyzed. The seed protein contents of Thp9-OE-279	

1 and Thp9-OE-2 were 15.2 ±1% and 15.8 ±1%, a 25.7% and 30.9% increase, 280	

respectively, over the B73 control (12.08±0.88%), (Fig. 3d). These results are 281	

consistent with the hypothesis that the mutation in Thp9 is responsible for the low 282	

protein phenotype of B73. 283	

We measured the seed protein content of 405 and 438 maize inbreds grown at 284	

Sanya in 2019 and 2020. The protein content of the 2019 crop ranged from 6.5% to 285	

16%, with an average of 11.5%, while that in 2020 varied from 7.7% to 16.8%, with an 286	

average of 12.30% (Source Data Fig. 3e). GWAS analysis of seed protein content in 287	

these inbreds identified a region with physical coordinates near the Thp9 locus (Fig. 288	

3e). PCR and sequencing of 215 inbreds revealed the Asn4 gene in this population 289	

had three haplotypes (HAP1-3) based on an InDel polymorphism in the 10th intron: 290	

HAP1 inbreds (23.7%) belong to the Ames21814 genotype (Thp9-T) with an intact 291	

ZmASN4 coding sequence; HAP2 inbreds (45.1%) harbor a 22-bp deletion in the 10th 292	

intron that apparently doesn’t affect splicing (the allele designated Thp9-T’); HAP3 293	

inbreds (31.2%) have the B73 genotype (Thp9-B) with a 48-bp deletion in the intron 294	

(Fig.3f). We found the high-protein inbreds had a protein content higher than 13%, and 295	

low-protein inbreds less than 10%. HAP1 had the highest percentage of high-protein 296	

inbreds (21 out of 51, 41.2%), followed by HAP2 (20 out of 97, 20.6%) and HAP3 (3 297	

out of 67, 4.5%), whereas HAP3 had the highest percentage of low-protein inbreds (17 298	

out of 67, 25.4%), followed by HAP2 (6 out of 97, 6.2%) and HAP1 (0 out of 51, 0.0%). 299	

HAP1 inbreds also had the highest average protein content (12.6±1.1%), while HAP2 300	

was medium (11.9±1.3%) and HAP3 the lowest (10.9±1.3%, Fig. 3g). These results 301	

support the hypothesis that Thp9 is a major QTL influencing variation of seed protein 302	

content among inbred lines. 303	



Thp9-T increases NUE  304	

Since Thp9-T increases the free amino acid composition in plants, which in turn 305	

promotes plant development and protein accumulation in seeds, we investigated 306	

whether Thp9-T can increase NUE. To this end, we set up an experimental site on our 307	

farm in Shanghai to test the effects of applying different levels of N fertilizer on plant 308	

growth. Several above ground concrete containers with different soil N concentrations 309	

were constructed. A plastic film covered the containers to prevent rainwater from 310	

affecting the soil N concentration (Extended Data 12a-c). More than 50 NILTeo and 50 311	

NILB73 plants were grown side by side in containers with normal N application (40 312	

g/plant) and without N application. NILTeo plants appeared to grow better than NILB73 313	

plants under normal and low N conditions (Extended Data 12d-f). We measured N level 314	

in the soil and found the normal N pool contained 76.7% more N than the low N pool 315	

(Extended Data 12g). RT-qPCR showed that Thp9-T but not Thp9-B was dramatically 316	

induced for expression when N was applied, suggesting Thp9-T is sensitive to soil N 317	

level (Extended Data 12h). Without N application, both NILTeo and NILB73 plants were 318	

slender and had a smaller amount of root mass than with normal N, but NILTeo plants 319	

with less N were comparable in size to NILB73 plants with normal N (Extended Data 320	

12e and f). Root fresh weight and above-ground biomass of NILTeo and NILB73 plants 321	

were greatly reduced by low N, but there was no significant difference between NILTeo 322	

under low N and NILB73 under normal N (Extended Data 12i and j). The total N content 323	

(mostly free amino acids and proteins) in roots, stems, and leaves, and the protein 324	

content in seeds of NILTeo and NILB73 were affected by low N, but their contents in 325	

NILTeo under low N were comparable to those of NILB73 under normal N (Extended 326	

Data 12k-n). 327	

Subsequently, in 2021 we set up a larger field trial in Sanya, where we applied 328	

different amounts of N, i.e., 100% (32 g/plant), 50% (16g/plant), 25% (8g/plant) and 329	

0%. In each trial, 300 seeds of NILTeo and NILB73 were planted together (Fig. 4a). 330	

NILTeo showed an apparent growth advantage over NILB73 in terms of plant height 331	

(Fig. 4b) and above-ground biomass (Fig. 4c) under the different N conditions. Total N 332	

content in roots, stems, and leaves of NILTeo was significantly higher than in NILB73 333	

in all trials (Fig. 4d-f). After reducing N application from 100% to 0%, the protein content 334	

in NILTeo seeds decreased from 14.2%, to 13.5%, 12% and 10.7%, while in NILB73 335	

seeds it decreased from 11.4%, to 11.2%, 10.6% and 8.9% (Fig. 4g). The results 336	

indicate seed protein content is sensitive to soil N level, and in each treatment NILTeo 337	

seeds always maintained a higher level of protein than NILB73 seeds. The protein 338	

content in NILTeo seeds harvested at 25% N reached 12%, which was higher than 339	



NILB73 seeds (11.4%) with normal N. These results are consistent with the hypothesis 340	

that Thp9-T confers higher NUE than Thp9-B in NILB73 at normal and low N conditions. 341	

Creation of high-protein maize germplasms with Thp9-T 342	

B73 and Mo17 (HAP2 type) are inbreds frequently used to study hybrid vigor. To 343	

examine whether Thp9-T can increase the protein content of their hybrid and influence 344	

other agronomical traits, we made two sets of F1 seeds, i.e., NILTeo x Mo17 and 345	

NILB73 x Mo17, and planted them at Harbin, Northeast China. The protein content of 346	

F2 seeds from the NILTeo by Mo17 cross (9.2±0.6%) was 7.8% higher than that made 347	

from the NILB73 by Mo17 (8.6±0.4%) cross, while the 100-kernel weight was nearly 348	

identical for the two hybids (35.4 g vs 35.6 g, Fig. 5a-c).   349	

We also introgressed Thp9-T into Zheng58 (HAP3 type) and Chang7-2 (HAP2 350	

type), two elite inbred lines that make the Zhengdan958 hybrid, which has the largest 351	

growing area in China. The Thp9-T modified (designated Zhengdan958-T) and the 352	

unmodified Zhengdan958 (designated Zhengdan958-B) hybrids were grown for 353	

comparison in Sanya in 2021 (Fig. 5d-e). Zhengdan958-T manifested a significantly 354	

increased above-ground plant weight and height, compared with Zhengdan958-B (Fig. 355	

5f and g), and Zhengdan958-T seeds had a protein content of 11.1±1.1%, a 12.8% 356	

increase compared to Zhengdan958-B seeds (9.9±0.6%) (Fig. 5h). The total nitrogen 357	

content in roots (Fig. 5i), stems (Fig. 5j) and leaves (Fig. 5k) of Zhengdan958-T also 358	

significantly increased. However, the 100-kernel weights of Zhengdan958-T and 359	

Zhengdan958-B was not significantly different (Fig. 5l). The results suggest Thp9-T 360	

has potential value to improve the protein content of maize seeds and plants through 361	

plant breeding. 362	

Discussion  363	

 Genetic complexity of seed protein content and NUE in maize 364	

Genetic variability for seed protein content is well documented in maize. More than 365	

100 years ago, the University of Illinois initiated a breeding program to demonstrate 366	

the consequence of artificial selection on seed composition. High-protein and low-367	

protein phenotypes were among the traits selected. Midway through the decades-long 368	

process, plant breeders reversed the selection, and converted the high-protein 369	

germplasm to a low-protein phenotype, and vice versa with the low-protein selection. 370	

The outcome was four genetic materials: Illinois High Protein (IHP), Reverse High 371	

Protein (RHP), Illinois Low Protein (ILP) and Reverse Low Protein (RLP), which had 372	

protein contents ranging from about 30%, 7%, 4% and 15%, respectively24. The results 373	



of this experiment suggest the existence of both positive and negative genetic factors 374	

influencing protein content in natural maize populations that are likely controlled by 375	

multiple genetic loci25.  376	

Because modern maize was domesticated from teosinte, we reasoned that 377	

characterization of the genes responsible for the high-protein trait in teosinte might 378	

reveal a more diverse set of QTLs than those found in recent maize inbred populations. 379	

The results might also help us understand the reasons why seed protein content 380	

decreased during maize domestication10. Also, teosinte contains high levels of free 381	

amino acids, especially asparagine, in the roots, stems and leaves (Fig. 1c and 382	

Extended Data 1c), suggesting it has high N assimilation, which could contribute to 383	

seed protein content and NUE. The challenge was to create a complete teosinte 384	

genome sequence, and this led us to characterize the nucleotide sequence of a high-385	

quality teosinte haplotype, Zea mays ssp. parviglumis, Ames21814 (Fig. 1d and 386	

Extended Data 4).  387	

Zeins are the principal storage proteins in maize endosperm and are indicative of 388	

total seed protein content26. There are multiple factors that influence zein accumulation: 389	

1) zein gene number and transcriptional regulation; 2) zein mRNA level and association 390	

of these transcripts with ribosomes and aminoacyl tRNAs; and 3) translational and 391	

post-translational processing of zeins into protein bodies. Sink strength of the ear is 392	

also a factor because it draws sugars and amino acids from plant tissue into the kernel, 393	

providing energy and source materials for storage metabolite synthesis. In principle, 394	

one or more of these processes could be the most limiting factor for seed protein 395	

content. 396	

The results of our experiments show gene copy number variation influences the 397	

relative amount of α19 and α22 zeins (Extended Data 3), but it doesn’t determine total 398	

seed protein content (Fig 2a). The copy number of α-zeins in Ames21814 is less than 399	

that in B73 and W22, consistent with the hypothesis that high seed protein content in 400	

teosinte seeds is not a consequence of α-zein gene copy number (Extended Data 5a 401	

and b). A previous study showed transformation of 10 gene copies of Sorghum bicolor 402	

22-kD α-kafirins (homologues to the maize 22-kD α-zeins) into maize increased the 403	

α22 fraction, but not total seed protein27. These observations suggest maize seed 404	

protein content is less dependent on zein gene expression than other factors 405	

associated with protein synthesis. 406	

Thp9 encodes asparagine synthetase 407	

We assembled a high-quality teosinte haplotype genomic sequence that helped 408	



us identify genes responsible for QTLs associated with its high seed protein 409	

phenotype28. Significant QTLs were found on chromosomes 1, 3, 5 and 9 (Fig. 2b), but 410	

we focused on Thp9 due to it having the greatest impact and being the highest peak 411	

revealed by BSA DNA sequencing. Thp9 encodes an asparagine synthetase 4 (ASN4) 412	

gene that is highly expressed in teosinte roots and leaves, but it is not expressed in 413	

these tissues in B73 (Fig. 2d), which probably leads to differences in N assimilation.  414	

ASN is as an important enzyme in the N metabolism29 and it plays a key role in 415	

the N response network30. Previous research on Arabidopsis 31-33, rice 14,34,35, wheat 416	

36,37 and barley 38 showed changes in ASN gene expression alter plant growth and N 417	

content, and that the level of ASN expression is affected by the environment. In 418	

Arabidopsis thaliana, studies of AtASN1, AtASN2 and AtGS confirmed the effect of 419	

asparagine on the N content in seeds, floral organs, leaves, and plants 31-33,39. In rice 420	

(Oryza sativa), studies on OsASN1 confirmed the importance of asparagine on plant 421	

N and grain protein content 14. The increase in ASN activity leads to enhanced N 422	

assimilation, resulting in more asparagine transported to the seed for protein 423	

synthesis29,40.  424	

In B73, there are four ASN genes: ZmASN1-ZmASN4 (Zm00001d045675, 425	

Zm00001d044608, Zm00001d028750 and Zm00001d047736)41. ZmASN1 appears to 426	

be expressed in all maize tissues, including the root, stem, leaf, endosperm, and 427	

embryo. ZmASN2 is mainly expressed in the endosperm and embryo based on public 428	

RNA-seq data 42. ZmASN3 (on chromosome 1) and ZmASN4 (on chromosome 9) 429	

could have resulted from an ancestral gene duplication43. These two genes are 430	

functional in Ames21814 and could have an additive effect in asparagine synthesis.  431	

ZmASN3 was annotated as an intact gene in the B73 genome, but it is expressed 432	

at low levels in leaves, cobs and silks 42. The four maize ASN genes could have a 433	

redundant function for asparagine synthesis, but the absence of ZmASN4 activity 434	

leads to asparagine insufficiency in the plant. When Thp9-T was introgressed into B73, 435	

the asparagine content in roots and the N content of the entire plant were significantly 436	

enhanced (Fig. 2g; Extended Data 11e), supporting the importance of Thp9-T in NUE 437	

and increasing seed protein content. 438	

Our data suggest Thp9-B is a null allele, as the ZmASN4 protein is missing in B73 439	

(Fig. 2e). Public data showed Thp9-B gives rise to three mRNA isoforms, of which the 440	

functional one was undetectable in our assays and the other two are defective because 441	

the 48-bp deletion in the 10th intron leads to mis-splicing, which creates a premature 442	

stop codon in Thp9-B transcripts. Based on prediction via Pfam searches 443	



(http://pfam.xfam.org/search), the Thp9-T allele produces a protein of 588 amino acids, 444	

whereas the barely detectable isoform 3 of Thp9-B can only be translated into a 445	

truncated protein with 480 amino acids.  446	

Amino acids are essential substrates for protein synthesis, and their level in the 447	

plant is influenced by soil N availability and the NUE of the plant44. During amino acid 448	

synthesis, asparagine plays a primary role in N recycling, and it acts as a N donor for 449	

multiple aminotransferases45. Due to its high nitrogen-to-carbon ratio and inert nature, 450	

free asparagine is an important carrier for N storage and long-distance transport in the 451	

plant29. ASN, which is responsible for transferring amide groups from glutamine to 452	

aspartate and forming asparagine, determines N assimilation, remobilization, and 453	

allocation in the plant31,39.  454	

With limited soil N, the amino acid supply for protein synthesis can be increased 455	

by greater NUE40. NUE is determined by multiple processes, namely N uptake, 456	

transport, assimilation, and remobilization, of which N assimilation has been actively 457	

studied46. Looking to the future there is economic and environmental pressure to 458	

maintain high yielding maize while reducing the level of N applied to the soil. Therefore, 459	

it’s important to identify genetic factors that increase NUE. Several studies have shown 460	

an association between QTL and N metabolism-related enzymes47-52; however, genes 461	

responsible for QTL controlling N assimilation has not been cloned.  462	

Potential use of Thp9-T for genetic improvement 463	

Thp9-T manifested a stable phenotypic effect at different geographic locations and 464	

under different levels of N, which is essential for its practical application. However, we 465	

found the protein content of NILTeo seeds was only half that of teosinte. We can offer 466	

two possible explanations: 1) The high protein content of teosinte is regulated by 467	

multiple QTLs, and the remaining uncharacterized QTLs on other chromosomes make 468	

significant contributions to the high protein phenotype of teosinte28 (Fig. 2b); 2) Seed 469	

protein content is affected by N distribution from source to sink. Teosinte seeds are 470	

small and their yield per plant is low. Therefore, the concentration of amino acids 471	

allocated to a single seed could be greater for protein synthesis. Seeds of modern 472	

inbred lines are larger than those of teosinte, and there are more seeds per ear and 473	

per plant; consequently, a lower concentration of amino acids allocated from the source 474	

to the seed could limit protein synthesis. The protein content of hybrids with the 475	

introgressed Thp9-T allele was lower than in NILTeo (Fig. 2f; Fig. 5c and h), supporting 476	

this hypothesis.  477	

Since the most of the increased protein in teosinte and NILTeo is α-zein, which is 478	



essentially devoid of the essential amino acid lysine, the increased protein content has 479	

limited nutritional value for monogastric animals, which includes humans. However, 480	

Thp9-T can be introgressed into Quality Protein Maize (QPM), which contains less zein 481	

and more non-zein proteins due to the o2 mutation, and create high-protein, high-lysine 482	

hybrids.  483	

The IHP genotype implies some, if not all, of the ancestral high-protein QTLs were 484	

retained in domesticated maize populations. Nevertheless, seed protein content 485	

declined during modern maize breeding53. Since Thp9-T is superior to Thp9-B for 486	

protein synthesis and has no apparent negative effect on yield, why wasn’t Thp9-T 487	

retained in elite maize germplasm? One possible explanation is that Thp9 was not 488	

under selection pressure due to ample application of N fertilizer. This could have 489	

become a vicious cycle, with low NUE of Thp9-B requiring more N fertilizer to ensure 490	

yield and protein content.  491	

NUE has important environmental and economic implications for global food 492	

security, and research to understand NUE is important if we are to maintain high yield 493	

and high protein quality with low N input54. Several genes/QTLs affecting rice NUE, 494	

including NRT1.1B, OsTCP19, GRF4 and NGR5, have been cloned55. Superior alleles 495	

of these genes/QTLs offer potential to achieve high stable rice yields with low N 496	

application. Root N sensing was found to be affected by multiple external factors, and 497	

there is a novel strategy to increase N acquisition efficiency under varying N conditions 498	

for crop production46,56.  499	

Our research demonstrates the potential value of hybrids containing the Thp9-T 500	

allele. They perform well in a N poor environment, maintaining a normal yield with 501	

reduced N application. Additional research on NUE based on the high-quality teosinte 502	

genome sequence could lead to other QTLs that improve modern hybrids. The 503	

tremendous structural variation between the genomes of Zea mays ssp. parviglumis, 504	

Ames21814 and B73 will also be valuable for investigating genes potentially 505	

responsible for phenotypic modifications that occurred during teosinte domestication. 506	

  507	
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Figure legends 678	

 679	

 680	

Fig1. Variation in the protein content and genome sequence of teosinte and modern 681	

maize. a, Schematic diagram of teosinte and modern maize plant. b, Comparison of seed 682	

protein content of teosintes (Zea mays ssp. parviglumis and mexiana) and modern inbreds. 683	

c, Free asparagine content in roots, stems and leaves of Ames21814 and B73. Data are 684	

mean ±s.d (n= 6 independent biologically samples). d, Synteny between the B73 reference 685	

genome (B73_v5, orange) and the Ames21814 haplotype (blue). Grey lines represent 686	

synteny blocks, green lines represent inversions larger than 5 kb. Knob density of 10-kb 687	

windows is marked with black rectangles above the chromosomes, and CentC density is 688	

represented by red rectangles along the chromosomes. In b, different letters indicate 689	

significant differences (P < 0.01, one-way ANOVA and further Tukey’s test); In c, P values, 690	

see Source Data. 691	

  692	



 693	

 694	

Fig2. Map-based cloning and expression of Thp9. a, Phenotypes of B73, teosinte 695	

(Ames21814), and B73 x teosinte and self-pollinated B73 x teosinte seeds. The protein 696	

content and number are indicated above the corresponding seeds. Scale bar, 1 cm. b, 697	

G’value of QTLs from the BSA of the F1BC4 population. c, Map-based cloning of Thp9. 698	

Thp9 was located in a 150-kb interval between markers 140.2 and 140.3 (based on 699	

B73_v4), where Zm00001d047736, corresponding to the teosinte gene Teo09G002926, 700	

is contained. d, Analysis of FPKM value of Thp9 in NILTeo and NILB73. Data are mean 701	

±s.d (n= 3 biologically independent samples). e, Immunoblot analysis reflecting the protein 702	

level of ASN4 in roots of NILTeo and NILB73. f, The protein content in NILTeo and NILB73 703	

seeds harvested in Shanghai, Sanya, and Harbin. Data are mean ±s.d (n= 20 biologically 704	

independent samples). g, Free asparagine content in NILTeo and NILB73 roots and 705	

leaves. Data are mean ±s.d (n= 20 biologically independent samples). In a, different letters 706	

indicate significant differences (P < 0.01, one-way ANOVA and further Tukey’s test); In d, 707	

f and g, P values, see Source Data. 708	
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 721	
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 723	

 724	

 725	

 726	

Fig3. Genetic confirmation and natural variation of Thp9. a and b, RT-qPCR analysis 727	

of Thp9 expression in leaves (a) and roots (b) of Thp9-OE1 and Thp9-OE2. Expression 728	

levels were normalized to that of ZmActin. Data are presented as mean values ± SD (n = 729	

9 biologically independent samples). c, Immunoblot analysis showing the protein level of 730	

ASN4 in leaves of Thp9-OE1 and Thp9-OE2. ACTIN was used as an internal control. d, 731	

Protein content of Thp9-OE1 and Thp9-OE2 seeds. Data are presented as mean values ± 732	

SD (n = 17 biologically independent samples). e, GWAS analysis of seed protein content 733	

in 405 and 438 inbred lines grown in 2019 and 2020 identifying a significant peak flanking 734	

300 kb included in the Thp9 locus on chromosome 9. f, Schematic diagram illustrating 735	

three major Thp9 alleles in the maize population. HAP1, HAP2, and HAP3 identify inbred 736	

types containing the three different Thp9 alleles. g, The protein content in HAP1, HAP2 737	

and HAP3 seeds. Data are mean±s.d. (n = more than 50 biologically independent samples). 738	

In a, b, and d, P values, see Source Data. 739	

  740	



 741	

  742	

Fig4. NUE of NILTeo and NILB73. a, NILTeo and NILB73 plants grown with decreasing 743	

amounts of N, i.e. 100% (32 g/plant), 50%, 25% and 0%. In each trial, NILB73 is on the left 744	

and NILTeo on the right. Scal bar, 40 cm. b, Measurement of NILB73 and NILTeo plant 745	

height when grown under varying N conditions. Data are presented as mean values ± SD 746	

(n = 12 biologically independent samples). c, Measurement of above-ground biomass of 747	

NILB73 and NILTeo grown under different N conditions. Data are presented as mean 748	

values ± SD (n = 12 biologically independent samples). d, Total N content in NILB73 and 749	

NILTeo roots grown under different N conditions. Data are presented as mean values ± SD 750	

(n = 16 biologically independent samples). e, Total N content in NILB73 and NILTeo stems 751	

grown under different N conditions. Data are presented as mean values ± SD (n = 16 752	

biologically independent samples). F, Total N content in NILB73 and NILTeo leaves grown 753	

under different N conditions. Data are presented as mean values ± SD (n = 16 biologically 754	

independent samples). g, Protein content of NILB73 and NILTeo seeds grown under 755	

different N conditions. Data are presented as mean values ± SD (n = 20 biologically 756	

independent samples). In b-g, P values, see Source Data. 757	
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 759	

 760	

Fig5. Improved N content in hybrids containing Thp9-T. a, F2 ears of NILB73 x Mo17 761	

and NILTeo x Mo17. Scale bar, 1 cm. b, 100-kernel weight of F2 seeds of NILB73 x Mo17 762	

and NILTeo x Mo17. c, Protein content in F2 seeds of NILB73 x Mo17 and NILTeo x Mo17. 763	

d, Plant phenotype of Zhengdan958-B and Zhengdan958-T. Scale bar, 30 cm. e, Ear 764	

phenotype of Zhengdan958-B and Zhengdan958-T. Scale bar, 1 cm. f, Above ground 765	

weight of Zhengdan958-B and Zhengdan958-T. Data are presented as mean values ± SD 766	

(n = 10 biologically independent samples). g, Plant height of Zhengdan958-B and 767	

Zhengdan958-T. Data are presented as mean values ± SD (n = 10 biologically independent 768	

samples). h, Protein content in Zhengdan958-B and Zhengdan958-T seeds. Data are 769	

presented as mean values ± SD (n = more than 20 biologically independent samples). i, 770	

The total N content in Zhengdan958-B and Zhengdan958-T roots. Data are presented as 771	

mean values ± SD (n = 15 biologically independent samples). j, Total N content in 772	

Zhengdan958-B and Zhengdan958-T stems. Data are presented as mean values ± SD (n 773	

= 15 biologically independent samples). k, Total N content in Zhengdan958-B and 774	

Zhengdan958-T leaves. Data are presented as mean values ± SD (n = 15 biologically 775	

independent samples). l, 100-kernel weight of Zhengdan958-B and Zhengdan958-T seeds. 776	

Data are presented as mean values ± SD (n = 22 biologically independent samples). In b-777	

c and f-l, P values, see Source Data. 778	
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Extended data legends 781	



Extended Data Fig.1 |Content of total N and free amino acids in roots, stems and 782	

leaves of Ames21814 and B73. a, N content in roots, stems, leaves and seeds of B73 783	

determined by acid hydrolysis and the Dumas method. Data are presented as mean values 784	

± SD (n = 6 biologically independent samples for each method). b, Total N content in roots, 785	

stems, and leaves of Ames21814 and B73. Data are presented as mean values ± SD (n = 786	

10 biologically independent samples). c, Content of individual free amino acids in roots 787	

(the top panel), stems (the middle panel), and leaves (the bottom panel) of Ames21814 788	

and B73. Data are presented as mean values ± SD (n = 6 biologically independent 789	

samples). In a and b, P values, see Source Data. 790	
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 800	

 801	

 802	

 803	

 804	

 805	

Extended Data Fig.2|	SDS-PAGE of zein and non-zein proteins in B73 and 10 806	

teosinte lines. The apparent size in kD of each protein band is indicated on the left. M, 807	

protein markers. γ27, 27-kD γ-zein; α22, 22-kD α-zein; α19, 19-kD α-zein; γ16, 16-kD γ-808	

zein; γ15, 15-kD γ-zein; δ10, 10-kD δ-zein. 809	
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 823	

Extended Data Fig.3|	GWAS analysis of loci controlling α-zein accumulation in 824	

maize populations. a, Representative SDS-PAGE analysis of α-zein accumulation 825	

patterns occurring in 512 inbred lines. b, GWAS identified a significant peak in the α-zein 826	

locus on the short arm of chromosome 4. 827	
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 829	

Extended Data Fig.4 |Ames21814 haplotype assembled by Trio-Binning. a, 830	

Phenotypes of teosinte Z. mays ssp. Parviglumis (accession number: Ames21814), B73 x 831	

Ames21814 and B73. Scale bar, 35 cm. b, Teosinte haplotype genome assembly flow chart. 832	

To perform a de novo assembly of the teosinte haplotype, we sequenced and assembled 833	

its haplotype by integrating three technologies: HiFi long reads with the PacBio Sequel 834	

platform, paired-end sequencing with the Illumina HiSeq platform, high-throughput 835	

chromatin conformation capture (Hi-C). We completed assembly of the teosinte haplotype 836	

based on the Trio-binning strategy because of the characteristics of high heterozygosity of 837	

Ames21814. c, Whole genome HiC interaction heatmap of 2.5Mb windows. Each blue 838	

number indicates the corresponding chromosome. Each cluster represents a chromosome 839	

in the haplotype. In a set of chromosomes, the top cluster represents the hap1 (teosinte 840	

Ames21814) chromosome, the bottom cluster represents the hap2 (B73) chromosome. d, 841	

Dotplot of B73 genome assembly (hap2, this study) and B73_v5 genome assembly. 842	

Alignment less than 10 kb was filtered out. 843	
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 845	

Extended Data Fig.5| Variation in α-zein gene copies between Ames21814 and maize 846	

inbreds. a, Copy numbers of α-zein genes in Ames21814, B73 and W22. Gene numbers 847	

of α19 (z1A1, z1A2, z1B and z1D) and α22 (z1C1 and z1C2) are indicated beside each 848	

locus. b, Statistical analysis of copy number of α19 (z1A1, z1A2, z1B and z1D) and α22 849	

(z1C1 and z1C2) in Ames21814, B73 and W22. 850	
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 852	

   853	

Extended Data Fig.6 |Measurement of zein accumulation and protein content in 854	

seeds of backcrossing populations. a, SDS-PAGE showing zein accumulation in B73, 855	

teosinte (Ames2184), and B73 x teosinte seeds. b, SDS-PAGE of zein accumulation in 10 856	

F2 seeds of B73 x teosinte, showing no segregation of α-zein accumulation. B73 seed was 857	

used as the control. c, SDS-PAGE of zein accumulation in seeds from 12 different F1BC2 858	

eras, showing a quantitative segregation pattern. B73 seed was used as the control. d, 859	

SDS-PAGE of zein accumulations in 12 F1BC2 seeds from a single high-protein ear, 860	

showing no segregation of α-zein accumulation. B73 seed was used as the control. e, 861	

Protein content in seeds from 30 different F1BC3 ears. The protein content varied from 10% 862	

to 15%. f, Protein content in 8 high-protein ears in the F1BC3 population. Seven single 863	

seeds for each ear were measured. The protein content in each seed was ~15%. B73 was 864	

used as the control. g, The protein content in seeds from 30 different F1BC4 ears. The 865	

protein content varied from 10% to 15%. h, The protein content in 8 high-protein ears in 866	

the F1BC4 population. Seven single seeds for each ear were measured. The protein 867	

content in each seed was ~15%. B73 was used as the control. 868	
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  870	

Extended Data Fig.7|Mapping Thp9 by BSA sequencing of three populations of 871	

F1BC4, F1BC6 and F1BC8. a, Phenotyping high- and low-protein ears by SDS-PAGE of zein 872	

(upper panel) and non-zein protein (lower panel) accumulation in the F1BC4 population. 873	

Size of the zein protein band is indicated on the left. M, protein mol wt markers. γ27, 27-874	

kD γ-zein; α22, 22-kD α-zein; α19, 19-kD α-zein; γ16, 16-kD γ-zein; γ15, 15-kD γ-zein; δ10, 875	

10-kD δ-zein. b, Gene introgression analysis based on BSA sequencing of the F1BC4 876	

population. Introgression of 315 teosinte genes was detected in the region between 130 877	

Mb and160 Mb (based on Teo_v1) on chromosome 9, based on a threshold of 0.025. c, 878	

Frequency distribution analysis of seed protein content in the F1BC6 population. A group of 879	

1,314 ears were phenotyped and classified. d, Gene introgression analysis based on BSA 880	

sequencing of the F1BC6 population. Introgression of 271 teosinte genes was detected in 881	

the region of 130 Mb-160 Mb (based on Teo_v1) on chromosome 9, based on a threshold 882	

of 0.025. e, Frequency distribution analysis of protein content in the F1BC8 population. A 883	

group of 1,386 ears was phenotyped and classified. f, Gene introgression analysis by BSA 884	

sequencing of the F1BC8 population. Introgression of 190 teosinte genes was detected in 885	

the region of 130 Mb-160 Mb on chromosome 9, based on a threshold of 0.025. Bottom is 886	

the differential expression of introgressed genes based on RNA-Seq analysis of F1BC8 887	

leaves. 888	
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 890	

  891	

Extended Data Fig.8|Deep resequencing of 5 high-protein and 5 low-protein F4BC6 892	

lines. A total of 10 lines were analyzed for gene introgression by resequencing. The high 893	

protein lines are S2528, S2590, S2591, S2592 and S2596, and the low-protein lines are 894	

S2468, S2513, S2529, S2605 and S2609. The peak of introgressed teosinte DNA 895	

fragments in these lines was based on the B73 genome ( B73_v4) coordinates are 13 Mb-896	

143 Mb in S2528, 22.7 Mb-144.4 Mb in S2590, S2591, S2592 and S2596, 13 Mb-99 Mb 897	

in S2529, 22.7 Mb-135.5 Mb in S2605 and S2609. The smallest common region of the 898	

candidate interval is located between 135.5 and 143 Mb as indicated by the dotted box. 899	
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Extended Data Fig.9|ASN4 transcript analysis. a, Schematic representation of ASN4 921	

transcripts in B73 and Ames21814. b,TPM mean analysis of ASN4 transcripts in B73 and 922	

Ames21814 leaves and roots based on the RNA-seq data. TPM, Transcripts Per Million. 923	

c, RNA-seq reads of Thp9 in NILB73 (upper panel) and NILTeo (lower panel) leaves. The 924	

number refers to the number of reads across the junction. 925	

  926	



 927	

 928	

 929	

 930	

 931	

 932	

 933	

 934	

 935	

 936	

 937	

Extended Data Fig.10|Linkage of Thp9-T with high asparagine and high protein 938	

contents in the F3BC7 population. a, Phenotypes of three representative F3BC7 ears with 939	

maternal genotypes that are homozygous Thp9-B, heterozygous Thp9-H (T/B) and 940	

homozygous Thp9-T, respectively. b, Free asparagine content in Thp9-B, Thp9-H and 941	

Thp9-T roots in the F3BC7 population. Data are mean ±s.d. (n = 10 biologically independent 942	

samples). c, Protein content in seeds from self-pollinated Thp9-B, Thp9-H and Thp9-T 943	

plants in the F3BC7 population. Each ear was used as one unit. Data are mean ±s.d. (n = 944	

more than 20 biologically independent samples). In b-c, different letters indicate significant 945	

differences (P < 0.01, one-way ANOVA and further Tukey’s test).  946	
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 961	

Extended Data Fig.11|Phenotypic comparison of NILTeo and NILB73. a, Plant 962	

phenotypes of NILTeo and NILB73. Scale bar, 30 cm. b, Plant height of NILTeo and NILB73. 963	

The plants were grown in Sanya in 2021. Data are mean ±s.d (n = 18 biologically 964	

independent samples). c, Plant fresh weight (root and above-ground mass) of NILTeo and 965	

NILB73. Data are mean ±s.d (n = 6 biologically independent samples). d, Association 966	

analysis of seed protein content with total stem N content in the F1BC8 population. The 967	

corresponding seed protein content and stem N content of the same plant are connected 968	

by a solid grey line. (n = 1334 biologically independent samples). e, The total N content in 969	

NILTeo and NILB73 roots, stems, and leaves. Data are mean ±s.d. (n = 33, 41 and 20 970	

biologically independent samples, respectively). f, Total free amino acid content in NILTeo 971	

and NILB73 roots and leaves. Data are mean±s.d. (n = 20 biologically independent 972	

samples, respectively). In b, c and e, f, P values, see Source Data. 973	

  974	



 975	

Extended Data Fig.12|NILB73 and NILTeo under normal and low N conditions. a-c, 976	

Construction of four above ground concrete containers with plastic film covering the 977	

containers used for NUE test. d, NILB73 and NILTeo grown in ground concrete 978	

containers without N fertilizer application. e, Plant phenotypes of NILB73 and NILTeo with 979	

and without N application. Scale bar, 30 cm. f, Root phenotypes of NILB73 and NILTeo 980	

with and without N application. Scale bar, 5 cm. g, The N content of soil in containers with 981	

and without N application. Data are mean ±s.d. (n = 16 biologically independent samples). 982	

h, RT-qPCR analysis of Thp9 expression in NILB73 and NILTeo roots with and without N 983	

application. Data are mean ±s.d. (n = 3 biologically independent samples). i, The root fresh 984	

weight of NILB73 and NILTeo with and without N application. Data are mean ±s.d. (n = 8 985	

biologically independent samples). j, The above ground biomass of NILB73 and NILTeo 986	

with and without N application. Data are mean ±s.d. (n = 8 biologically independent 987	

samples). k. Total N content in NILB73 and NILTeo roots with and without N application. 988	

Data are mean ±s.d. (n = 6 biologically independent samples). l, Total N content in NILB73 989	

and NILTeo stems with and without N application. Data are mean ±s.d. (n = 10 biologically 990	

independent samples). m, Total N content in NILB73 and NILTeo leaves with and without 991	

N application. Data are mean ±s.d. (n = 6 biologically independent samples). n, Protein 992	

content in NILB73 and NILTeo seeds with and without N application. Data are mean ±s.d. 993	

(n = 20 biologically independent samples). In g-n, letters indicate significant differences 994	

(P < 0.01, one-way ANOVA and further Tukey’s test). 995	



Material and methods 996	

Plant materials 997	

We obtained 30 teosinte lines (20 lines of Zea mays ssp. parviglumis and 10 lines of 998	

Zea mays ssp. Mexicana) from Joachim Messing’s lab at Rutgers University, USA. They 999	

were originally obtained from the North Central Regional Plant Introduction Station 1000	

(NCRPIS), USA. The 518 inbred lines used for GWAS were obtained from Jinsheng Lai’s 1001	

lab at China Agricultural University. A teosinte line (Zea mays ssp. parviglumis, accession 1002	

number: Ames21814) was used for genome sequencing, creation of mapping populations, 1003	

and NILs. Maize genetic materials were grown in the experimental fields in Shanghai 1004	

(30.5°N, 121.1°E), Harbin (44.0°N, 125.4°E) and Sanya (18.2°N, 109.3°E). 1005	

Ames21814 pollen was used to fertilize B73 ears, and the resulting F1 used for pollen 1006	

to backcross with B73, yielding the F1BC1. We chosed a single F1BC1 ear for planting. In 1007	

the following generations, we used B73 pollen for backcrossing. Zein and non-zein protein 1008	

accumulation patterns of 108 F1BC2 ears were characterized, and the protein accumulation 1009	

pattern showed quantitative segregation. In a single ear, all seeds contained a uniformly 1010	

high or low α-zein content . The F1BC2 seeds from ears with a high protein content were 1011	

selected for planting. We created continuous backcrossing populations, yielding F1BC3 1012	

(n=500), F1BC4 (n=500), F1BC5 (n=1000), F1BC6 (n=1314), F1BC7 (n=1200), F1BC8 1013	

(n=1386) and F1BC9 (n=2000). In each generation, we measured the protein content ear 1014	

by ear.  1015	

To obtain homozygous NILTeo and NILB73, 20 F1BC6 independent ears with a high 1016	

protein content (about 15%) were planted as 20 groups. Thirty plants of each group were 1017	

self-pollinated, yielding 600 F2BC6, ears, which formed 30 x 20 subgroups. The protein 1018	

content of all subgroup ears was measured and 50 F2BC6 subgroup ears with a high protein 1019	

content were planted. Twenty plants of each subgroup were self-pollinated, yielding 1,000 1020	

F3BC6 ears that were measured for protein content. If individual ears in a subgroup had 1021	

uniformly high protein content, namely no segregation, they should be homozygous for the 1022	

high protein locus and identified as NILTeo. In contrast, if all the ears in a subgroup 1023	

uniformly had a protein content similar to B73 (about 10%), the ears were designated 1024	

NILB73. NILTeo and NILB73 were propagated by self-pollination. 1025	

Five F4BC6 NILTeo and five NILB73 individuals were selected for 20x resequencing. 1026	

The linkage analysis was performed by genotyping 200 F2BC7 plants and measuring the 1027	

protein content of the corresponding F3BC7 ears. 1028	

The overexpression vector of Thp9-T fused with FLAG (ubiPro:Thp9-T) was 1029	

constructed and then transformed into B73 via Agrobacterium-mediated transformation by 1030	

Wimi Biotechnology (Jiangsu) (http://www.wimibio.com/). The primer sequences used in 1031	

this study are shown in Supplemental Table 6.   1032	

Resolving the Ames21814 haplotype with trio-binning 1033	

High-quality genomic DNA was extracted from fresh leaves of the F1 crossed by B73 1034	



and Ames21814, followed by library construction according to the standard protocol of 1035	

PacBio (Pacific Biosciences, CA, USA). DNA sequencing on the PacBio sequel II HiFi 1036	

platform, which produces high-fidelity reads, was done by Shanghai OE Biotech Co., Ltd. 1037	

In addition, we generated 50X Illumina PE 150 reads for the parental B73 and Ames21814 1038	

genomic DNA, respectively. We used yak (https://github.com/lh3/yak/issues/11) to 1039	

separate parental- and maternal-derived HiFi reads with the guidance of Illumina reads. 1040	

We applied the hifiasm (0.16.1) trio mode
20

, a de novo assembler that could faithfully 1041	

preserve the contiguity of all haplotypes, to assemble the haplotypes of Ames21814. 1042	

Contaminants, such as organelle DNA or rDNA fragments, were removed by blastn. We 1043	

mapped HiC reads to the assembly and scaffolded by 3d-dna with -r 0 -m haploid. False 1044	

duplications and phase error were manually curated based on yak trioeval within Juicebox. 1045	

Finally, we used KAT and yak to evaluate the completeness of the genome assembly. 1046	

Transposon elements were annotated by EDTA using the pan-genome TE database 1047	

(https://github.com/HuffordLab/NAM-genomes/tree/master/te-annotation). Protein-coding 1048	

genes were predicted using the MAKER2
57

 with the homolog evidence of RNA-seq and 1049	

protein databases. RNA was collected from six tissues (root, leaf, stem, seed, cob and 1050	

tassel) of Ames21814 and aligned against the genome with HISAT2 (v2.10.2). Protein 1051	

sequences were downloaded from SwissProt (Viridiplantae) (https://www.uniprot.org) and 1052	

for six plant species (Arabidopsis thaliana, Oryza sativa, Setaria italica, Sorghum bicolor, 1053	

Triticum aestivum, Zea mays) , which were integrated with CD-HIT (v4.6)
58

 using the 1054	

parameter ‘-c 0.99’. Ab initio gene prediction was performed using SNAP (version 2006-1055	

07-28), AUGUSTUS (v3.3.3) and GeneMark (v4.3.8). SNAP was trained using the first-1056	

round annotation, whereas AUGUSTUS and GeneMark were trained by RNA-seq and 1057	

protein databases. The gene models with AED values less than 0.5 were retained.  1058	

Measurement of protein content with the Rapid N analyzer 1059	

To measure total N content in seeds and other tissues (root, stem, and leaf), the 1060	

samples were first dried to constant weight at 65°C and then powdered using a grinder 1061	

(60hz, 60s). A total of 50-70 mg of powder was wrapped in tin foil as the test sample. 1062	

Determination of total N was carried out using the Dumas rapid nitrogen analyzer (rapid N 1063	

exceed) from Elementar, Germany. Before each round of measurement, it was necessary 1064	

to weigh about four standard asparagine samples for internal controls. After debugging the 1065	

machine, the weight of each sample was entered in the weight column of the rapid N 1066	

exceed software, and the option (O2 dosing time: 60s; O2 dosing flow: 120ml/min; O2 cut 1067	

off threshold: 15%; Autozero delay: 30s; Peak anticip: 90s) was selected as program 1068	

settings. At the same time, the packaged samples were placed into the sample tank 1069	

according to the corresponding serial number. Fifty five samples were measured in one 1070	

round. The data was exported in Excel format for analysis. 1071	

Measurement of free amino acids 1072	

Roots, stems, and leaves of different genetic materials were analyzed to determine 1073	

the content of free amino acids at the flowering stage. Plant materials were dried at 65°C 1074	

to constant weight and ground. Thirty mg of powder was treated in 1-ml distilled water at 1075	

4°C for 8 h and then homogenized. The powder was hydrolyzed with 6 N hydrochloric acid 1076	



at 110°C for 24 h; after filtration, 100-μl liquid was added with 100-μl 5 M NaOH and 800-1077	

μl distilled water. After centrifugation at 5,500 g for 5 min, 50-µl of supernatant was mixed 1078	

with amino mixed standards (MSLAB50AA) and 50-µl 4% sulfosalicylic acid solution, and 1079	

the mixture was centrifuged at 17,370 g at 4°C for 4 min. The supernatant was mixed with 1080	

50-µl borate buffer (0.1M, pH 8.8) and then derivatized with 20-µl 6-aminoquinoline-N-1081	

hydroxyl succinimide carbamate at 55°C for 15 min. After cooling and centrifuging at 4°C, 1082	

50-μl of supernatant was analyzed by UPLC (Ultra Performance Liquid Chromatography 1083	

UPLC, Ultimate 3000)-MS/MS (Tandem mass spectrometry, API 3200 Q TRAP). 1084	

Chromatographic separations were performed on an MSLab HP-C18 column (150 × 4.6 1085	

mm, 5 μm). The mobile phase consisted of water (A) and acetonitrile (B). The solvent was 1086	

delivered to the column at a flow rate of 0.8 ml min
−1

. Conditions for MS-MS detection were 1087	

as follows: positive-ion mode; ion spray voltage, 5500 V; nebulizer gas pressure, 55 psi; 1088	

curtain gas pressure, 20 psi; collision gas pressure, medium; turbo gas temperature, 1089	

500 °C; entrance potential, 10 V; collision cell exit potential, 2 V. Nitrogen gas was used as 1090	

the collision gas in a multiple reaction monitoring mode. The data were obtained using 1091	

Analyst software version 1.5.1 (Applied Biosystems). Amino acid detection and data 1092	

analysis were performed by Beijing Mass Spectrometry Medical Research Co., Ltd.  1093	

Extraction and SDS-PAGE analysis of zein and non-zein proteins 1094	

Endosperm was first dried to constant weight at 65°C and then ground to a fine powder 1095	

in a tissue grinder. A total of 100-mg of flour was extracted with 1-ml of zein extraction 1096	

buffer (3.75 mM sodium borate, 2% 2-mercaptoethanol [v/v], 0.3% SDS and 70% ethanol). 1097	

After incubation for 2h or overnight, the mixture was centrifuged at 17,370 g for 10 min. 1098	

One hundred μL of supernatant was transferred to a new tube and mixed with 10 μl of 10% 1099	

SDS. The solution was vacuum-dried in a Concentrator Plus (Eppendorf) and the 1100	

precipitate redissolved in 100 μl of ddH2O. For non-zein protein extraction, a total of 100-1101	

mg of flour was extracted with 1 ml of zein extraction buffer three times. After each 1102	

centrifugation, the supernatant was discarded. Finally, the precipitate was vacuum-dried 1103	

and then redissolved in 1 ml of non-zein extraction buffer (12.5 mM sodium tetraborate, 2% 1104	

2-mercaptoethanol (v/v) and 5% SDS) for 2 h at room temperature. After centrifugation at 1105	

17,370 g for 10 min, the supernatant containing the non-zein proteins was transferred to a 1106	

new tube. Then, 3 μl of zein and non-zein proteins were analyzed by 15% SDS-PAGE
59

 . 1107	

GWAS analysis 1108	

We planted 518 inbred lines at Harbin in 2014, and 512 were harvested for zein protein 1109	

analysis by SDS-PAGE. Three phenotypes were distinguished based on differential 1110	

accumulation of α19 and α22 (i.e. α19 more than, equal to and less than α22). GWAS 1111	

was performed based on the α-zein accumulation patterns. The GWAS method was 1112	

described previously
60

.  1113	

   We planted 512 inbred lines at Sanya in 2019 and 2020, and 405 and 438, respectively, 1114	

were harvested for measurement of seed protein content using the Dumas rapid nitrogen 1115	

analyzer. For each inbred, three ears were used for biological repetition. For each ear, six 1116	

seeds were dissected for measurement. Genome-wide association analysis was 1117	

conducted with 1.63 million high-quality SNPs from maize haplotype map
61

 by GEMMA 1118	



software
62

. Three principal components (PCs) were fitted, and the centered identical by 1119	

state kinship matrix was used as random effects in the GWAS model. 1120	

Gene location 1121	

1）BSA sequencing 1122	

   Plants of F1BC4, F1BC6 and F1BC8 populations were labelled, and a piece of leaf was 1123	

sampled for DNA extraction. After measurement of the protein content of the next-1124	

generation seeds by SDS-PAGE (F1BC4) and the Dumas rapid nitrogen analyzer (F1BC6 1125	

and F1BC8), the corresponding high-protein and low-protein plants were identified. DNA 1126	

samples of 75, 150 and 50 for each phenotype in F1BC4, F1BC6 and F1BC8 populations, 1127	

respectively, were pooled and the library construction, sequencing and data analysis were 1128	

completed by Shanghai OE Biotech Co, Ltd.  1129	

2) Data quality evaluation 1130	

The raw reads generated by high-throughput sequencing are in fastq format. In order 1131	

to obtain high-quality reads that could be used for subsequent analysis, further quality filter 1132	

of raw reads was required. Preprocessed by fastp (Version: 0.19.5) software
63

, the quality 1133	

filter included 4 steps: (1) Removing the linker sequence; (2) Removing reads with N (non 1134	

AGCT) bases greater than or equal to 5; (3) The sliding window was performed with 4 1135	

bases as the window size, and an average base quality value less than 20 was removed; 1136	

(4) After filtering, reads with length less than 75 bp or the average base quality value less 1137	

than 15 were removed. Then, BWA (Version: 0.7.12) software
64

 was used to align the clean 1138	

reads to the reference genome to determine the position of the reads. The alignment 1139	

algorithm was bwa mem, and the parameters were the default parameters. After the 1140	

alignment, results were formatted and sorted by SAMtools (Version: 1.9) software, and the 1141	

duplication reads were removed by Picard (Version: 4.1.0.0) software. 1142	

3) Variation information detection 1143	

Based on alignment of the sample sequencing data with the reference genome, SNP 1144	

and InDel detection were performed using the Haplotypecaller module of the GATK 1145	

(Version: 4.1.0.0) software 
65

. 1146	

4）G-value analysis 1147	

The G-value analysis was implemented by R package QTLseqr
66

. After manually 1148	

filtering the snp data, a smoothed version of the standard G statistic called G' were 1149	

calculated in 8 Mb window size and plotted grouped by chromosome. Green line indicates 1150	

threshold of G' value corresponding to a q value of 0.01.  1151	

5）Introgression genes analysis 1152	

6）The coverage depth of high bulk (high protein) and low bulk (low protein) on each 1153	

window was calculated with a 25-kb window, and then normalized (divided by the 1154	

respective average sequencing depth). The normalized low bulk depth was subtracted 1155	

from the normalized high bulk depth to obtain the delta depth. The figure was drawn with 1156	

ggplot2 of R (v3.5.1). Coordinate positions are based on the teosinte Ames21814 1157	



haplotype. Peaks with delta depth >0.025 indicate introgression of teosinte genes. 1158	

According to the G-value analysis results, there was a peak in the region between 120 1159	

Mb and 150 Mb (based on B73_V4) on chromosome 9, and the corresponding region 1160	

aligned to the teosinte Ames21814 haplotype between 130 Mb and160 Mb (based on 1161	

Teo_V1) on chromosome 9. Based on the teosinte Ames21814 haplotype annotation gff 1162	

file, the number of introgressed teosinte genes in the 130 Mb and160 Mb region of F1BC4, 1163	

F1BC6 and F1BC8 is 315, 271 and 190, respectively. By gene homologous alignment (blast 1164	

v2.2.26), teo09G002926 in Ames21814 genome corresponds to Zm00001d047736 1165	

(ZmASN4) in B73 genome. 1166	

6) Resequencing Mapping Analysis  1167	

7) The introgressed genes on chromosome 9 from Ames21814 were analyzed. The 1168	

physical coordinates of the extracted regions were based on the B73 reference genome 1169	

(B73_V4). Based on the genomic sequence differences between Teosinte Ames21814 and 1170	

B73, the SNPs between teosinte and B73 were used as mapping markers. The number of 1171	

SNPs was counted every 10 kb as a window (SNP density) in each resequencing sample. 1172	

Then the R (v3.5.1) package of ggplot2 was used to plot.  1173	

7) Fine mapping 1174	

More than 2000 F1BC9 individuals were planted, numbered, sampled, and self-1175	

pollinated. The seed protein content of F2BC9 was determined by a Rapid N analyzer. 1176	

According to the teosinte Ames21814 haplotype sequence and B73 reference genome 1177	

sequence, we designed molecular marker primers (Supplementary Table 6). Based on the 1178	

genotypes of molecular markers and corresponding seed protein contents, Thp9 was 1179	

narrowed down to an interval between two markers, 140.2 and 140.3, on Chromosome 9 1180	

based on the B73 reference genome (B73_V4).  1181	

Structural variation analysis of Thp9 1182	

We analyzed gene structural variation using GSDS 2.0 (Gene Structure Display 1183	

Server 2.0) based on the Ames21814 haplotype and B73 genome sequences. ASN 1184	

transcripts in the root and leaf of B73 x Ames21814 were analyzed using kallistio (v0.44.0) 1185	

(https://pachterlab.github.io/kallisto/download.html). The index was established, the 1186	

default parameters for the paired-end sequencing results were used for alignment, and 1187	

finally the abundance of the transcripts was obtained. 1188	

Genetic confirmation of Thp9 in B73 1189	

The full-length coding sequence of Thp9-T was amplified from Ames21814 root cDNA 1190	

and fused with a Flag tag at the N-terminus. This DNA fragment was inserted downstream 1191	

of the ubiquitin promoter. The construct was transformed into B73 by Agrobacterium-1192	

mediated transformation. This was done by Wimi Biotechnology (Jiangsu).The primer 1193	

sequences used in this study are shown in Supplemental table 6.  1194	

RNA extracted, reverse transcription, and RT-qPCR 1195	

Leaf and root tissues of B73, Ames21814 and the NILs were frozen in liquid nitrogen 1196	



and stored in -80°C. These materials were ground into fine powder, and a total of 100-mg 1197	

extracted with TRIzol reagent (Invitrogen, catalog number 15,596,018). RNA was purified 1198	

with an RNeasy Mini Kit (Qiagen, catalog number 74,106) after DNaseI digestion (Qiagen, 1199	

catalog number 79,254) and used for reverse transcription with a SuperScript III First 1200	

Strand Synthesis Kit (Invitrogen, catalog number 18,080,051). cDNA was diluted to 80 1201	

ng/μl for RT-qPCR with SYBR Green (TAKARA) on a CFX Connect Real-Time System (Bio 1202	

Rad). The maize Actin gene was used as an internal control and the relative gene 1203	

expression level was calculated by the comparative CT method (ΔΔCt method). The 1204	

expression level in control was set to 1. All data were generated from three replicate 1205	

biological samples, and means and SD were calculated. The primer sequences are shown 1206	

in Supplementary table 6.  1207	

Zein copy number analysis 1208	

    To accurately locate zein gene clusters，BLASTN was used to align the assembled 1209	

Ames21814 haplotype with the known α-zein clusters and flanking genes of the B73 and 1210	

W22 inbreds
18

 for copy number analysis. To further clarify the copy number, stringent 1211	

parameters of BLASTN were chosen as follows: -evalue 1e-10.  1212	

Antibody preparation and immunoblot analysis 1213	

    A partial ASN4 protein fragment from the 460
th

 to 588
th

 amino acid was used to make 1214	

antibodies by ABclonal (Wuhan, China). To analyze protein accumulation of ASN4 in roots 1215	

of NILTeo and B73, total proteins were extracted using the non-zein buffer. Twenty μg of 1216	

total protein was separated by 10% SDS-PAGE and then transferred electrophoretically to 1217	

a PVDF membrane. The protein was detected with ASN4 antiserum at a dilution of 1:1000 1218	

at 4°C overnight, followed by secondary anti-rabbit-HRP at a concentration of 1:5000 1219	

(Abmart, catalog number: M21002L). The control protein, ACTIN, was detected with mouse 1220	

monoclonal ACTIN antibody (Abmart, catalog number M20009L), and a secondary 1221	

antibody, anti-mouse IgG-HRP (Abmart, catalog number M21001L). The membranes were 1222	

treated with chemiluminescence substrate reagent (Invitrogen, catalog number: WP20005), 1223	

and then immunoreactive bands were detected using the Tanon-5200 system. To examine 1224	

ASN4 in Thp9-OE1 and Thp9-OE2 plants, total protein was extracted from the leaf. 1225	

Immunoblotting used an Anti-FLAG (Sigma, A8592) as primary antibody at a dilution of 1226	

1:1000, and anti-mouse IgG-HRP (Abmart, catalog number M21001L) as the secondary 1227	

antibody at a diluttion of 1:5000. Imaging was with a Tanon-5200 system (Tanon). 1228	

NUE test 1229	

In 2021, we planted NILTeo and NILB73 at the Songjiang experimental filed in 1230	

Shanghai, using soil in cement tanks with or without normal N application. For normal N, 1231	

20 g of N fertilizer was applied to each plant at the seedling stage (V4) and 20 g at the 1232	

jointing stage (V12). The N content of the fertilizer is 17%. Gene expression, above-ground 1233	

biomass, root biomass and seed protein content were investigated. 1234	

Larger field trials were performed in Sanya in 2021. Four different N applications were 1235	

tested: i.e. normal application (16 g/plant applied at each seedling stage (V4) and jointing 1236	

stage (V12)), 50% (8 g/plant applied at each seedling stage (V4) and jointing stage (V12)), 1237	



25% (4 g/plant applied at each seedling stage (V4) and jointing stage (V12)) and 0% (none 1238	

applied). The N content of the fertilizer is 17%. Each treatment contained 300 plants grown 1239	

at 0.6 m x 0.25 m for each plant. Plant height, above-ground biomass, total N content of 1240	

the root, stem and leaf, seed protein content and amino acid content were measured. 1241	

Introgression of Thp9-T in hybrids 1242	

NILTeo and NILB73 were crossed with Mo17 to create hybrids that were grown in 1243	

Harbin. Using molecular marker selection, Thp9-T was introgressed into Zheng58 and 1244	

Chang7-2 by backcrossing for four generations. The marker was developed based on an 1245	

InDel polymorphism between Thp9-T and Thp9-B. After backcrossing, the resulting plant 1246	

materials were self-pollinated for two generations, creating Zheng58-T and Chang7-2-T. 1247	

The cross of Zheng58-T and Chang7-2-T produced a modified hybrid, Zhengdan958-T, 1248	

that carried the Thp9-T allele. Zhengdan958-T and Zhengdan958-B, with the Thp9-B allele, 1249	

were grown in Sanya in 2021. Plant height, above-ground biomass, total N content of the 1250	

root, stem, and leaf and seed protein content were measured. 1251	
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Supplementary Table 1. Summary of teosinte genome assembly. 1289	

 Hifi Reads HiC reads Final assembly 

Library 10-20 kb PE150 - 

Platform PacBio Hifi Illumina HiSeq - 

Clean Base (Gb) 104 376 - 

Read Number 6,752,166 2,534,951,604 - 

Sequencing Depth* 47 174 - 

Assembled Size (Mb) 2,424 - 2,436 

Contig N50 (Mb) 62.29 - 62.29 

Contig Number 543 - 545 

Scaffold N50 (Mb) - - 245.33 

Scaffold Number - - 452 

*Estimated with the genome size of 2.16 Gb. 
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 1291	

Supplementary Table 2. Gene model annotation. 1292	

Chromosome Size (Mb) Gene Number 

Chr1 316.34 7238 

Chr2 291.63 6054 

Chr3 245.33 5094 

Chr4 269.67 5426 

Chr5 283.13 5468 

Chr6 189.99 4581 

Chr7 190.65 3848 

Chr8 239.54 4474 

Chr9 165.99 3795 

Chr10 150.29 3467 

unplaced 93.44 8647 

total 2436 58092 
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 1294	

Supplementary Table 3. BUSCO analysis. 1295	

BUSCO Number Percent(%) 

Complete BUSCOs (C) 1395 96.80% 

Complete and single-copy BUSCOs (S) 1314 91.20% 

Complete and duplicated BUSCOs (D) 81 5.60% 

Fragmented BUSCOs (F) 12 0.80% 

Missing BUSCOs (M) 33 2.40% 

Total BUSCO groups searched 1440 100% 
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Supplementary Table 4. Comparison of repetitive elements between teosinte and B73. 1298	

Class 

Teo B73 

Length (bp) 
Percent(

%) 
Length (bp) 

Percent(

%) 

Class I: 

Retrotransposon 

All 

 

1,647,168,7

98  

67.61% 

 

1,627,831,6

80  

74.60% 

Copia 
 

524,384,025  
21.52% 

 

543,774,336  
24.92% 

Gypsy 

 

1,009,605,4

05  

41.44%  

965,570,400  

44.25% 

L1 LINE  5,573,192  0.23%  5,673,408  0.26% 

LINE element  1,362,291  0.06%  1,963,872  0.09% 

RTE LINE  1,783,030  0.07%  1,309,248  0.06% 

 Others 
 

104,460,855  
4.29% 

 

109,540,416  
5.02% 

Class II: DNA 

Transposon 

All 
 

198,664,789  
8.15% 

 

187,658,880  
8.64% 

CACTA  73,199,220  3.00%  64,589,568  3.00% 

Mutator  26,943,771  1.11%  21,602,592  0.99% 

PIF Harbinger  20,492,037  0.84%  23,130,048  1.06% 

Tc1 Mariner  5,219,228  0.21%  12,001,440  0.55% 

hAT  27,227,736  1.11%  25,093,920  1.15% 

Helitron  45,582,797  1.87%  41,241,312  1.89% 

Unclassified 

All 
 

263,241,107  
10.80%  44,296,224  2.39% 

Centromeric 

repeat  14,165,249  
0.58% 

 4,800,576  
0.58% 

Knob 
 

247,237,582  
10.15% 

 36,440,736  
1.67% 

Subtelomere  1,024,677  0.04%  1,091,040  0.05% 

rDNA spacer  813,599  0.03%  1,963,872  0.09% 

Total  2,109,074,6

94  

86.57% 

 

1,860,659,6

16  

84.34% 
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Supplementary Table 5. Strutural variation. 1301	

Name Type SV Counts >50bp Counts >100kb counts 

Copy gain CPG 741 741 1 

Deletion in non-reference genome DEL 18,431 18,431 0 

Copy loss CPL 2,070 2,070 2 

Duplication DUP 65,101 65,101 13 

Insertion INS 16,559 16,559 0 

Inversion INV 312 312 71 

Inverted Duplication INVDP 63,678 63,678 11 

Inverted Translocation INVTR 27,351 27,351 0 

Tandem repeat TDM 170 170 0 

High diverged region HDR 58,678 58,678 254 

Translocation 

TRAN

S 27,790 27,790 25 

Total  280,881 280,881 377 
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Supplementary Table 6. Primers (5'-3') used in this study. 1304	

Primers Sequence Purpose 

Primers for fine mapping 

130.6-F CCTGTTTGAATCCATGGTGCTAAA fine mapping 

130.6-R CATAGATGTCGTTTCTGGCATGAC fine mapping 

132.5-F AAGAGCAGAACAATGATGGTACCT fine mapping 

132.5-R TTGATGATGCTGTTGGTAAGTTGG fine mapping 

133.5-F AGAAAAGGAGTGCAGCTTCAGATA fine mapping 

133.5-R ACTTTCTTTACCGTCTGAACTCGA fine mapping 

137.8-F AGTTTCATGCCTCGTTAGTACCAT fine mapping 

137.8-R GGAGCCCACATGTTATTTGATCTC fine mapping 

139.1-F TCCTCGATCCAAACAGACTTTTCT fine mapping 

139.1-R TCCCGGTTTATTTTGTAGACACCT fine mapping 

139.9-F TGAACTGTGAGGTATGAGGATGTG fine mapping 

139.9-R TTAAAACTAGTCACGTTGCTGCTC fine mapping 

140.2-F AGAAATATGTACCACCATGCACA fine mapping 

140.2-R TCGATTGACTGTAAAAGGCGA fine mapping 

Del47-F CTCTGTGCCATGCATCCTCC fine mapping 

Del47-R CGTCAGCGCTGGTTAGC fine mapping 

140.3-F ACTCAGGGTACGAAGTTTTGAGTC fine mapping 

140.3-R CAAATCCATAGAGCTTTTTGCGACC fine mapping 

140.4-F TCAGGGTACGAAGTTTTGAGTC fine mapping 

140.4-R CCATAGAGCTTTTTGCGACCTG fine mapping 

140.6-F ATCGATGTCAGGAGGAGTATAGGA fine mapping 

140.6-R TCCAATGGCTAACAGTTGTAGTGA fine mapping 



141.0-F AGACTATCAAAGCAAGTGGTCCAT fine mapping 

141.0-R GGTTGCTACTGTTCAATTCTTGCT fine mapping 

142.8-F GGAAAGAAATTAAAGCGGACACCA fine mapping 

142.8-R CTTATCAGCTGTCGAGAGTCTTGT fine mapping 

Primers for near-isogenic lines (NILs)and breeding materials construction 

Asn4is9 CTCTGTGCCATGCATCCTCC Identification 

Asn4is9 CGTCAGCGCTGGTTAGC Identification 

Asn4is9 CAAGCCTGAACTGACGCCT Identification 

Asn4is9 CGTCAGCGCTGGTTAGC Identification 

Asn4ind CCGTTCCTCGACAAGGAGTT Identification 

Asn4ind ATCAGAGCTGAAAGTGGGGC Identification 

Asn4ind GCATGGACCCCGAATGGAAA Identification 

Asn4ind GCGATCAGAGCTGAAAGTGG Identification 

Primers for Geneclone and vector construct 

A4cds- GTCTCCTCCTCCCCACAAAA Cloned gene 

A4cds- TCGTTCGTCCCTATCCTCCA Cloned gene 

ASN4-

3300-

FlgF 

aggtcgactctagaggatccATGgactacaaggaccatgacggtgactaca

aggaccatgacattgactacaaggatgacgatgacaagggaggaggatgtg

gcatcttagccgtg 

Over-

expression 

ASN4-

3300-

R373R 

cgatcggggaaattcgagctcCTAACTTCGACGACGACCATCA

ACC 

 

Over-

expression  

Primers for RT-qPCR 

Asn4-rt- catcgcggtgtaacagtaatgaa gene  

Asn4-rt- gcttgtactgctctgctttgtca gene  

actin-F gctacgagatgcctgatggtc Internal 

actin-R cccccactgaggacaacg Internal 

qA4OE- GGAGGTGATCTACCACGACG RT-qPCR 

qA4OE- CAGTCGTACTGGTGCAGGG RT-qPCR 

Primers for search for natural variation of ZmAsn4 

A4cds- GTCTCCTCCTCCCCACAAAA PCR 

A4cds- TCGTTCGTCCCTATCCTCCA PCR 

A4ID-3F TTTCAAGCCTGAACTGACGC Detect 

A4ID-3R ACCTACCAGTCGTTCGTTCG Detect 
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