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A regulatory network controlling 
developmental boundaries and meristem 
fates contributed to maize domestication

Zhaobin Dong    1,2  , Gaoyuan Hu1, Qiuyue Chen    3, Elena A. Shemyakina2, 
Geeyun Chau    2, Clinton J. Whipple4, Jennifer C. Fletcher2 & 
George Chuck    2 

During domestication, early farmers selected different vegetative 
and reproductive traits, but identifying the causative loci has been 
hampered by their epistasis and functional redundancy. Using chromatin 
immunoprecipitation sequencing combined with genome-wide association 
analysis, we uncovered a developmental regulator that controls both types 
of trait while acting upstream of multiple domestication loci. tasselsheath4 
(tsh4) is a new maize domestication gene that establishes developmental 
boundaries and specifies meristem fates despite not being expressed within 
them. TSH4 accomplishes this by using a double-negative feedback loop 
that targets and represses the very same microRNAs that negatively regulate 
it. TSH4 functions redundantly with a pair of homologs to positively regulate 
a suite of domestication loci while specifying the meristem that doubled 
seed yield in modern maize. TSH4 has a critical role in yield gain and helped 
generate ideal crop plant architecture, thus explaining why it was a major 
domestication target.

Since wild teosinte is not suitable for agriculture, numerous changes in 
plant architecture were required to transform it into the maize crop we 
use today. In many grasses, a common suite of traits that comprise the 
well-characterized ‘domestication syndrome’ was selected during this 
transformation1. These include a lack of seed shattering, a reduction 
in vegetative lateral branching (tillering) and a reduction in leafy floral 
organs. Some of these floral traits, however, conflict with what is desired 
during the vegetative phase, and thus it is critical that domestication 
genes have defined phase-specific functions. For example, during the 
vegetative phases of many crops, leaf growth predominates while the 
associated axillary meristems are repressed. During the floral phase, 
the reverse is often true where leaves are repressed and reproductive 
axillary meristems derepressed to enhance yield. One such axillary 
meristem is the spikelet pair meristem (SPM) that branches to form two 
spikelets, thus allowing maize to double its seed yield compared to its 

single spikelet-producing teosinte ancestor2. While many domestica-
tion loci have been identified, the mechanisms by which they work and 
how they are able to have distinct functions during different growth 
phases remain mysterious. In addition, the identification of new domes-
tication loci can be hampered by epistasis, in which the effects of one 
gene are dependent on the presence or absence of another3. This is 
especially true in maize where an epistatic network of several different 
gain-of-function mutations has been shown to be critical for domesti-
cated plant architecture4.

The reduction in lateral branching in maize compared to teosinte 
was accomplished by selection for a dominant allele of the transcrip-
tion factor TEOSINTE BRANCHED1 (TB1)5. TB1 in turn directly targets a 
host of other domestication genes4 including grassy tillers1 (gt1), which 
controls lateral branch suppression6, teosinte glume architecture1 
(tga1), which controls glume elaboration7, and tassels replace upper 
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such as tiller number (TILN), percentage staminate spikelets (STAM), 
kernel weight (KW) or tassel branch number (TBN), a maize improve-
ment trait. The QTLs STAM7.1 (P = 2.44 × 10−9), TBN7.2 (P = 2.22 × 10−5) 
and KW7.1 (P = 1.19 × 10−6) mapped to tsh4 by joint-linkage mapping in 
the TeoNAM population (Fig. 1a). Interestingly, the same STAM7.1 and 
TBN7.2 QTL were also detected in several of the single teosinte parent 
populations (single-pop QTL) for the BC1S4 lines (Fig. 1a). Moreover, 
another single-pop QTL, TILN7.1, exhibited a high logarithm of the 
odds (LOD) score of 21.29 and mapped to tsh4 in the BC2S3 population 
(Fig. 1a). Notably, tsh4 was the only gene in common for all four QTL 
intervals based on physical position (Fig. 1a). RIL populations were 
used to compare the phenotypic effects of the teosinte versus maize 
tsh4 alleles. This demonstrated that the maize tsh4 allele reduces TILN, 
STAM and TBN while increasing KW (Fig. 1b–e). Thus, selection for the 
maize tsh4 locus during domestication facilitated a reduction in vegeta-
tive lateral branching and helped specify lateral branch sex identity, 
which ultimately resulted in increased KW. After domestication, further 
selection on tsh4 may have resulted in reduced TBN, a desirable maize 
improvement trait. Given that tsh4 alone does not affect vegetative 
branching or lateral branch sex determination20, a re-analysis of tsh4 
gene function was undertaken.

tsh4 functions redundantly with ub2 and ub3
A previous analysis of tsh4 mutants revealed potential functional redun-
dancy with its duplicated paralogs unbranched2 (ub2) and unbranched3 
(ub3) with respect to vegetative development21, but the floral pheno-
type was unclear. To remedy this, the inflorescences of two different 
ub2/ub3/tsh4 triple mutant combinations were analyzed in the W22 
and B73 backgrounds, with both showing identical phenotypes. In 
wild-type (WT) tassels and ears, several specialized axillary meristems 
are made, each producing unique reproductive structures22. In tassels, 
the main inflorescence meristem first initiates several tassel branch 
meristems (BM), before producing ordered rows of SPM that initiate in 
the axils of rudimentary, suppressed bract leaves23 (Fig. 1f,k). The SPM 
then widens transversely and branches to form two spikelet meristems 
(SM), each capable of initiating single spikelets that produce kernels 
in straight rows in ears (Fig. 1g,k). An analysis of triple mutant tassels 
showed that they were shorter and lacked BM compared to WT (Fig. 1f). 
Interestingly, subtending bract leaves were derepressed throughout 
both male and female triple mutant inflorescences (Fig. 1f–g), each 
subtending single spikelets instead of paired spikelets. In ears, the lack 
of paired spikelets manifests as disordered rows, something not seen 
in either tsh4 or ub2/ub3 mutants that maintain straight, ordered rows 
(Fig. 1g). In triple mutant tassels, single spikelets were often hidden 
in the axils of large derepressed bract leaves (Fig. 1h). Finally, triple 
mutants also overproduce tillers, phenotypes not seen in WT (Fig. 1i), 
tsh4 or ub2/ub3 doubles. The meristems at the tips of the derepressed 
tillers often have mixed sex identities instead of being strictly male, as 
observed in WT (Fig. 1j).

To determine the origin of the derepressed bract leaf and unpaired 
spikelet phenotypes, scanning electron microscopy (SEM) was per-
formed. In triple mutant tassels, BM are not initiated, and all bract 
leaves are derepressed and grow before SPM formation (Fig. 1l) com-
pared to WT (Fig. 1k). Furthermore, the meristems that form in the axils 
of the derepressed bracts do not have SPM activity because they only 
initiate single spikelets (Fig. 1l). To understand these phenotypes, we 
performed immunolocalization with the meristem identity and bound-
ary marker RAMOSA2 (RA2). RA2 protein normally localizes as a ring 
at the base of, and throughout the SPM, the base of the SM (Fig. 1m), 
and is absent from lateral organs16. In triple mutants, however, RA2 is 
ectopically expressed in the derepressed bract leaves and downregu-
lated in meristems (Fig. 1n,p), indicating that the SPM boundary and 
identity are altered. This derepression of lateral organs and loss of BM 
and SPMs results in greatly reduced yield in both the male and female 
triple mutants (Fig. 1f,g).

ears1 (tru1), which controls lateral branch growth and sex identity8. 
Cloning of tb1 showed that it encodes a Teosinte branched1/Cincinnata/
proliferating cell factor transcription factor that is overexpressed in 
maize5 due to the insertion of Hopscotch retrotransposon approxi-
mately 58 kb upstream of the promoter9. Interestingly, all the TB1 
targets mentioned above are either ectopically expressed in maize 
versus teosinte, overexpressed or, in the case of TGA1, have amino acid 
changes that lead to gain-of-function phenotypes7. Thus, it appears that 
the domesticated architecture of maize largely resulted from a suite 
of different gain-of-function genes, all of which are directly targeted 
by TB1. This phenomenon may not be limited to maize, as orthologs 
of several of these same genes were breeding targets in other grasses 
including barley10 and wheat11.

The formation of boundaries between adjoining cell popula-
tions possessing distinct identities is essential for differentiating 
the development of leaves from axillary meristems. For example, a 
unique boundary exists between the indeterminate cells of meristems 
and the determinate leaves initiated off their flanks12. One mecha-
nism for the establishment of these boundaries is through mutual 
negative regulation, a process that can effectively divide adjacent 
populations at cell-to-cell resolution as seen in several animal sys-
tems such as Drosophila13. In plants, this could be achieved through 
microRNA-mediated repression of target genes, thereby sequestering 
each other to adjacent, but opposing fields. For example, it has been 
shown that microRNAs often occupy distinct, although overlapping, 
domains compared to their targets within meristems14. Once two 
opposing fields are established, boundary-specific genes may be 
expressed at their borders, including lateral organ boundaries (LOB) 
transcription factors that occupy boundaries between meristem and 
leaves15. In maize, floral-specific LOB genes exist, such as ramosa2 (ra2) 
that is first expressed in the SPM to control meristem determinacy 
and identity16. Interestingly, many LOB genes are known to be regu-
lated by auxin and have auxin response factor binding sites in their 
regulatory sequences17, indicating that phytohormones may also have 
roles in defining boundaries and distinguishing determinate versus 
indeterminate fates.

Here we identify the diverse mechanisms by which the maize 
SBP-box transcription factor tasselsheath4 (tsh4) establishes leaf 
versus meristem boundaries and vegetative versus floral meristem 
fates as part of a domestication gene network. Genome-wide map-
ping of domestication traits in maize/teosinte recombinant inbred 
populations uncovered tsh4 as a major locus responsible for multi-
ple floral and vegetative domestication traits. We performed TSH4 
chromatin immunoprecipitation followed by sequencing (ChIP–seq) 
and identified a suite of downstream genes that affect boundary for-
mation, leaf repression and axillary meristem growth. Interestingly, 
these boundaries form through mutual negative regulation between 
the microRNAs that repress tsh4 but are also negatively regulated by 
it. We show that tsh4 and related paralogs work together to target 
several domestication loci, including those responsible for axillary 
meristem suppression such as tb1. These diverse mechanisms reveal 
how tsh4 was able to coordinate the broad range of critical floral and 
vegetative morphological changes demanded by early farmers during 
maize domestication.

Results
Genome-wide association analysis of domestication traits
Several traits associated with maize domestication and improvement 
were scored and quantitatively mapped in a previously described set 
of 866 maize–teosinte BC2S3 recombinant inbred lines (RILs)18, as 
well as a second pooled set of 1,257 maize–teosinte BC1S4 RILs called 
the teosinte nested association mapping (TeoNAM) population19. 
Quantitative trait loci (QTLs) associated with these traits mapped to 
a common interval containing tsh4 in both populations, identifying it 
as a strong candidate gene. These QTLs influence domestication traits 
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Fig. 1 | tsh4 affects domestication traits. a, Four domestication and 
improvement QTLs were mapped to the tsh4 gene in six different W22 maize–
teosinte mapping populations. Single-population QTLs are displayed as 
significant LOD-colored curves on top, and multipopulation joint-linkage 
TeoNAM QTLs are displayed on the bottom. QTL support intervals are plotted as 
horizontal bars. The gene position of tsh4 is indicated by a vertical red line. b–e, 
Maize versus teosinte tsh4 allele effects with teosinte donor parents listed at the 
top: (b) TILN7.1, (c) STAM7.1, (d) TBN7.2 and (e) KW7.1. For box and whisker plots 
in Fig. 1b–e, the centerline indicates the median. The box extends from the 25th 
to 75th percentiles, and whiskers show minimum to maximum values. The lower 
and upper hinges correspond to the first and third quartiles. The upper whisker 
extends from the hinge to the largest value no further than 1.5× IQR from the 
hinge. The lower whisker extends from the hinge to the smallest value, at  
most 1.5× IQR of the hinge. A two-tailed t-test was used to determine  
P values. n = number of RILs. f, WT, ub2-mum1/ub3-mum1, tsh4-mum1 and  
tsh4-mum1/ub2-mum1/ub3-mum1 triple mutant tassels in the B73 background. 
The lowermost bract leaves were removed in tsh4, and the triple mutant to 

reveal a lack of branches. g, WT, ub2-mum1/ub3-mum1, tsh4-mum1 and triple 
mutant ears. Bottom-most bract leaves were removed to reveal single kernels. 
h, Dissected tassel spikelet pair of WT (left), and single spikelet in the axil of 
the bract leaf of the triple mutant (right). i, WT B73 flowering plant compared 
to the triple mutant plant. Stars indicate tiller branch tips. j, Closeup of triple 
mutant tiller branch tip displaying mixed sex identity. k, SEM of WT tassel 
showing IM, initiating SPM, SM and BM. l, SEM of triple mutant tassel showing 
derepressed bract leaves and lack of BM or SPM. m, RA2 immunolocalization on 
WT showing expression in SPM. The inset shows expression at the base of the 
SM. n, RA2 immunolocalization on triple mutant showing ectopic expression at 
the base of derepressed bracts that form before the meristems. o, Sagittal view 
of RA2 immunolocalization on WT SPM showing a boundary formed by a ring 
of expression at the base. p, Sagittal view of RA2 immunolocalization on triple 
mutant meristem showing ectopic expression in bracts accompanied by loss of 
meristem expression. Scale bars: f–h, 1 cm; l, 1 foot; j, 0.5 cm; k–n, 200 µm; o and 
p, 100 µm. IM, inflorescence meristem; IQR, interquartile range.
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TSH4 ChIP–seq
To identify the genes responsible for the lack of BM and SPM and 
the loss of the SPM/bract boundary, we performed ChIP–seq on 
3–5 mm B73 ear primordia using a TSH4 antibody20. Using previously 
described protocols4, two biological replicates were sequenced, iden-
tifying 2,609 and 3,136 high-confidence peaks, respectively (Fig. 2a), 
compared to immunoglobulin G (IgG)-negative controls. In total, 
1,894 of these peaks were common to both libraries, the vast majority 
(80.2%) mapping to genic regions (Fig. 2b). A MEME analysis identi-
fied a GTAC motif located at peak summits (Fig. 2c) similar to the core 
consensus-binding motif of SBP-box transcription factors24. We cor-
related reproducible peaks with potential target genes by requiring 
them to map within 10 kb upstream and 5 kb downstream. This identi-
fied 1,911 possible target genes, most of which were bound by TSH4 
within 1 kb of the transcription starts (Fig. 2d). To determine which 
of these were transcriptionally modulated in tsh4, we correlated the 
peaks with tsh4 differentially expressed genes (DEGs) identified by 
RNA sequencing (RNA-seq) on young ears (Fig. 2e). Although 3,060 
DEGs were found, only 263 of them were ChIP–seq targets. We rea-
soned that the number of target genes in meristematic young ears 
was reduced because TSH4 is not found in meristems20, and thus only 
a fraction of this tissue expressed TSH4. To address this problem, 
we took advantage of an RNA-seq library derived from laser-capture 
microdissected (LCM) suppressed bract tissue where TSH4 is known 
to be expressed25. This library identified an additional 1,392 DEGs, of 
which 146 were additional ChIP–seq targets. Taken together, 409 tsh4 
DEGs were found to be bound by TSH4 using ChIP–seq, comprising 
a pool of high-confidence direct target genes. Gene ontology (GO) 
term analysis of the combined DEGs revealed enrichment in genes 

that function in transcription, phytohormone response and signal-
ing, metabolism and development (Fig. 2f).

TSH4 targets auxin response regulators
Since the triple mutant displays branching phenotypes also observed 
in auxin mutants26, auxin targets were analyzed in greater detail. 
We identified members of the auxin/indole-3-acetic acid (Aux/IAA) 
response gene families as consistent direct targets of TSH4 (Fig. 3a). 
To confirm that these same genes were also targeted by UB2 and UB3, 
we took advantage of a previous DNA affinity purification sequencing 
(DAP-seq) dataset of putative TSH4, UB2 and UB3 targets27 to identify 
peaks that may overlap with those from TSH4 ChIP–seq. While rare 
instances of overlap were found between all four datasets, such as 
those for ZMIAA14 (Fig. 3a), more often we found target genes that 
displayed clear ChIP–seq peaks, but inconsistent, or unclear DAP-seq 
peaks. This latter group includes the maize bif4 Aux/IAA gene that 
causes an unbranched inflorescence when mutated28, as well as several 
other Aux/IAAs that have not been functionally characterized yet such 
as ZMIAA2, ZMIAA8 and ZMIAA14 (Fig. 3a). The TSH4 ChIP peaks at 
the bif4 locus were validated by additional independent ChIP–qPCR 
(Fig. 3b), and thus it is not clear why no DAP-seq peaks were found for 
this locus. Thus, we relied only on the TSH4 ChIP–seq data to find down-
stream targets but used the DAP-seq data if it overlapped and agreed 
with the ChIP–seq data (Supplementary Note). We confirmed that 
these Aux/IAA genes are in fact downregulated in tsh4 single, ub2/ub3 
double, as well as triple mutants (Fig. 3c), indicating that they are 
activated by all three SBP proteins. Because Aux/IAA genes are known 
to function as repressors that negatively regulate auxin response29, 
these results suggest that SBPs may restrict the growth of floral bracts 
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in WT by repressing their ability to sense auxin. If so, enhanced auxin 
response should be expected in the growing, derepressed bracts of 
triple mutants. To test this, we introgressed triple mutants into the 
pZmPIN1a::ZmPIN1a-YFP1 and DR5rev:mRFPer reporter backgrounds 
that track auxin transport and response, respectively30. In WT, fluores-
cence indicating high auxin transport and the response was observed 

in early repressed bracts (Fig. 3d). Later, this fluorescence was lost as 
the bracts were suppressed, but observed throughout the SPM instead 
(Fig. 3d) as well as off its flanks (Fig. 3e). In comparison, triple mutants 
exhibited enhanced high fluorescence at the tips of the derepressed 
bracts with very little in the SPM (Fig. 3d,e). Taken together, these data 
indicate that in the triple mutant, most of the auxin transport and 
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response occurs in derepressed bracts at the expense of the associ-
ated axillary meristems.

TSH4 targets its own negative regulating microRNAs
Because the boundary marker RA2 was misexpressed in triple mutants 
(Fig. 1n,p), we sought to analyze other potential target genes that may 
function as boundary determinants, including microRNAs31. In total, 
35 of 154 known maize microRNA genes are bound by TSH4, far more 
than would be expected by chance (Fig. 4a). To determine which of 
these microRNAs are modulated by TSH4, microRNA sequencing was 
performed on tsh4, ub2/ub3 double and triple mutant ears (Fig. 4b). 
Nine of them were upregulated, including MIR156 and MIR529, both 
of which are known to cleave tsh4 mRNA20. Analysis of MIR529 and 
MIR156 expression via microRNA–qPCR confirmed that both are over-
expressed in tsh4 single mutants, ub2/ub3 double and the triple mutants 
(Fig. 4c), indicating that they are repressed by TSH4 and UB2/UB3. 
The locations of the TSH4 ChIP–seq peaks in the MIR156 and MIR529 
promoters overlapped very well with UB2/UB3 DAP-seq peaks and were 
validated by additional ChIP–qPCR (Fig. 4d). Taken together, these 
data indicate that these microRNA genes are bound and repressed by 
all three SBP proteins.

The fact that TSH4 binds to, and represses, the same microR-
NAs that negatively regulate it raises the intriguing possibility of a 
double-negative feedback loop32 acting between them. We hypoth-
esized that this could establish a tight boundary between SPMs and 
bracts and clarify why this boundary is absent in triple mutants. To 
determine if this mechanism was feasible, we examined the timing 
and spatial expression of TSH4 and MIR529 using simultaneous TSH4 
immunolocalization and microRNA in situ hybridization. TSH4 protein 
is not found in any meristem and is expressed at high levels in bract 
primordia and stems20 (Fig. 4e). Conversely, MIR529 is expressed in 
meristems but not bract primordia (Fig. 4f). In triple mutants, MIR529 
is ectopically expressed in both bracts and SPMs (Supplementary 
Fig. 1a), while the sense control showed no expression (Fig. 4f, inset). 
A simultaneous MIR529 in situ hybridization and TSH4 immunolo-
calization revealed that the microRNA is expressed in the IM first 
but later overlaps with TSH4 in the bract anlagen (Fig. 4g, top-right 
inset). At this point, TSH4 can be observed in the nuclei, while MIR529 
can also be seen in the cytoplasm of the same cells (Fig. 4g, top-right 
inset). Later, a high degree of expression overlap still occurs in the 
growing bract primordium (Fig. 4g, bottom-right inset), but less 
overlap is observed in the initiating SPM anlagen as TSH4 begins to 
be cleared from the nuclei. Once the SPM is established and bract 
suppression occurs, they no longer overlap, with MIR529 localizing 
to the cytoplasm of the SPM while TSH4 is relegated to the nuclei of 
a thin strip of cells subtending the SPM in the remnant bract (Fig. 4g, 
bottom-right inset). These observations are consistent with TSH4 
and MIR529 gradually establishing exclusive expression domains in 
the developing inflorescence through mutual negative regulation. 
This boundary only begins to stabilize once the switch in fates occurs 
and the two adjacent fields between the meristem and lateral organ  
are cemented.

TSH4 targets domestication loci
Because the association analysis indicated that tsh4 controls domesti-
cation traits (Fig. 1a–e), we investigated whether TSH4 targets known 
maize domestication genes. We confirmed that tb1 is a TSH4 target with 
ChIP–seq peaks located adjacent to a Hopscotch transposon insertion 
located 58 kb upstream of the tb1 promoter (Fig. 5a), a known domesti-
cation site important for tiller repression33. These ChIP–seq peaks also 
overlap with putative UB2- and UB3-binding sites identified by DAP-seq 
(Fig. 5a). Immunolocalization of TSH4, TB1 and UB2/UB3 in adjacent 
sections of young maize and teosinte tiller bud primordia indicates 
that all three proteins overlap (Supplementary Fig. 1b), consistent with 
these SBPs having a role in tiller repression.

The lateral branches of triple mutants are very long and have mixed 
sex identities instead of being only female (Fig. 1j), a phenotype known 
to be controlled by the tru1 domestication gene8. We found that tru1 is 
another TSH4 ChIP target with peaks located in the first intron near UB2 
and UB3 DAP-seq peaks (Fig. 5a). Because TSH4-binding sites are typi-
cally located in promoters rather than introns (Fig. 2b), we performed 
additional ChIP–qPCR to validate this result and found that TSH4 
binding is in fact enriched in the intron (Fig. 5b). A third domestication 
gene that controls glume hardness, tga1, is another TSH4 direct target 
that has overlapping UB2 and UB3 DAP-seq peaks (Fig. 5a), although 
we observed no clear glume defects in triple mutants. To determine 
if tb1, tru1 and tga1 are activated or repressed by the SBP proteins, 
we performed RT–qPCR on different WT tissues and two different 
triple mutant combinations. Both tb1 and tru1 were confirmed to be 
significantly downregulated in triple mutant shoots, while tga1 was 
downregulated in triple mutant ears, indicating that the SBP genes 
function to activate these domestication genes (Fig. 5c).

Differential activity of the maize versus teosinte tsh4 alleles
We investigated whether there were any activity differences between 
the maize versus teosinte tsh4 alleles and whether this correlated with 
differential expression of domestication genes. Interestingly, the maize 
tsh4 allele was expressed at higher levels than the teosinte allele in 
tassel and ear tissue (Fig. 5d). We used maize near-isogenic lines (NILs) 
derived from the W22-teosinte BC2S3 population to assay whether 
the teosinte versus maize tsh4 alleles were more efficient at activating 
expression of the domestication genes within a maize background. 
Indeed, we found that tb1 and tga1 were more highly expressed by the 
domesticated tsh4 W22 maize allele compared to the teosinte allele in 
the same background (Fig. 5e). In contrast, the ub2 and ub3 genes were 
not differentially expressed by either tsh4 allele as expected (Fig. 5e). 
Thus, it appears that a high-expressing domesticated tsh4 allele may 
have a role in facilitating the tb1 or tga1 gain-of-function phenotypes 
in maize compared to teosinte.

Diversity scans
Because the association analysis indicated tsh4 was a domestication and 
improvement target, we analyzed its nucleotide conservation in maize, 
maize landraces and teosinte. We observed that diversity decreased 
dramatically within the genic region of tsh4 in domesticated modern 
maize and landraces compared to teosinte (Fig. 5f). Taijima’s D values 
were significantly negative across the entire maize tsh4 locus compared 
to the teosinte, indicating that the domesticated maize allele was under 
stronger positive selection (Fig. 5f,g). A relative comparison of the cod-
ing versus noncoding regions of several sequenced maize and teosinte 
tsh4 genes pointed to the first intron as being responsible for the bulk 
of the differences (Fig. 5g and Supplementary Fig. 1c). To examine the 
degree of nucleotide divergence in this region, the entire tsh4 genes 
from 15 different teosinte accessions were amplified, sequenced and 
compared to those of the entire maize nested association mapping 
(NAM) founder population that represents the range of diversity found 
in modern maize34 (Supplementary Fig. 2). This analysis uncovered 
several amino acid changes and numerous small deletion and inser-
tion polymorphisms centered in the first intron (Fig. 5g) and one 
60 bp deletion present only in maize (Supplementary Fig. 2). Because  
transient expression assays comparing the activity of the maize versus 
teosinte first introns gave mixed results, the functional significance 
of this region is unclear. Despite this, the fact that a single haplotype 
exists in modern maize, coupled with the association analysis and the 
identification of target genes, supports tsh4 as a new domestication 
locus that sits atop of a large gene network (Fig. 5h).

Discussion
Like many other grass crops, maize leaves are elaborated during the  
vegetative phase while their associated axillary buds are repressed. 
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After the switch to reproductive growth, however, leaves are repressed 
while the axillary floral buds are elaborated. This growth habit is the 
result of nearly 10,000 years of selection because the progenitor of 

maize originally had derepressed axillary buds during the vegeta-
tive phase and fewer reproductive axillary buds during the floral 
phase. Given the critical roles of floral structures in yield gain, it is 

Chr4: 137,205,438–137,208,065

Chr5: 160,608,258–160,613,829
zma-MIR156e

zma-MIR529 p2p1

gf

p2

MIR529

MIR529

MIR529 +
TSH4

MIR529 +
TSH4

MIR529
SPM

suppressed
bract

Suppressed
bract

SPM

WT

10
0 
µ

m TSH4
immuno

bract
anlagen

Growing
bract

p1
0

0.2

0.4

0.6 ***

zma-MIR156i

Chr2: 32,119,551–32,122,352

250 bp

500 bp

500 bp

zma-MIR156d
zma-MIR164g
zma-MIR166a

zma-MIR166m
zma-MIR167c
zma-MIR167d
zma-MIR319a

zma-MIR408b
zma-MIR529

tsg
4

ub2/u
b3

Tri
ple

log2(FC)

Peaks
(1,894)

miRNA
(154)

119 35 1,859

Hypergeometric
P = 7.1 × 10−14

miR156

WT WT

ts
h4

ub
2/

ub
3

Tr
ip

le
P 

= 
5.

6 
× 

10
–3

P 
= 

3.
8 

× 
10

–3

P 
= 

4.
7 

× 
10

–3

En
ric

hm
en

t C
hI

Pe
d 

D
N

A/
1%

 in
pu

t

Re
la

tiv
e 

ab
un

da
nc

e

10
0 
µ

m

P 
= 

4.
1 ×

 10
–3

P 
= 

2.
2 

× 
10

–3

P 
= 

0.
04

ts
h4

ub
2/

ub
3

Tr
ip

le WT

ts
h4

ub
2/

ub
3

Tr
ip

le

miR529 miR159

2
0
–2

4

2

0

WT

Anti-
MIR529
in situ

SPM

Suppressed
bract

MIR529
sense

TSH4
immuno

anti-MIR529
in situ

SPM

WT

IM

TSH4

a b d
TSH4 ChIP rep 1

TSH4 ChIP rep 2

TSH4 DAP

UB2 DAP

UB3 DAP

TSH4 ChIP rep 1

TSH4 ChIP rep 2

TSH4 DAP

UB2 DAP

UB3 DAP

TSH4 ChIP rep 1

TSH4 ChIP rep 2

TSH4 DAP

UB2 DAP

UB3 DAP

[0–75]

[0–75]

[0–10]

[0–59]

[0–59]

[0–32]

[0–32]

[0–10]

[0–38]

[0–34]

[0–32]

[0–10]

[0–20]

[0–32]

c

e

P 
= 

1.5
 ×

 10
–3

10
0 
µ

m

100 µm

100 µm

Fig. 4 | Double-negative feedback regulation between TSH4 and MIR529.  
a, Overlap between miRNA loci and TSH4-binding peaks. Significance confirmed 
by two-sided hypergeometric test. b, MicroRNA sequencing identified nine 
microRNAs that are upregulated in tsh4, double and triple mutants. c, RT–qPCR 
evaluation of mature miR156 and miR529 expression showing upregulation  
in sbp mutants. miR159, a nontarget, showed no difference. d, Examples of  
TSH4-binding profiles near representative miRNA genes, with two TSH4  
ChIP–seq replicates as well as UB2 UB3 and TSH4 DAP-seq peaks. The inset shows 
qPCR validation of MIR529 peaks using primers located at the peak (p1) and 
downstream (p2). For c and d, error bars are presented as means ± s.d (n = 3), and 

the P value is shown from two-tailed t-test. e, TSH4 immunolocalization (gold) on 
young tassel showing protein in the stem, suppressed bract leaves, but missing 
in IM and SPM. f, Anti-MIR529 in situ hybridization on tassel showing expression 
in SPM, but not in bracts. Inset shows a sense control. g, Double labeling of 
tassel primordium with MIR529 antisense microRNA in situ (blue) and TSH4 
antibody (gold). Enlarged insets of the same primordium on the right taken under 
differential interference contrast (DIC) filters, demonstrating overlap in the bract 
anlagen (top right), but loss of overlap and complementary expression at the 
bract suppression stage (bottom right). Scale bars, 100 µm (e–g). ***Significant  
P value < 0.05.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-024-01943-z

TSH4 ChIP rep 1
a [0–33]

[0–34]

[0–10]

[0–17]

[0–39]

TSH4 ChIP rep 2

TSH4 DAP

UB2 DAP

UB3 DAP

TSH4 ChIP rep 1

TSH4 ChIP rep 2

TSH4 DAP

UB2 DAP

UB3 DAP

TSH4 ChIP rep 1

TSH4 ChIP rep 2

TSH4 DAP

UB2 DAP

UB3 DAP

1.0

0.5

0

0.25

0.50

0.75

1.00

1.25

0.4

0.6

0.8

1.0

1.2

0.50

0.75

1.00

1.25

0.5

tsh
4
teo

tsh
4
W22

tsh
4
teo

tsh
4
W22

tsh
4
teo

tsh
4
W22

tsh
4
teo

tsh
4
W22

tsh
4
teo

tsh
4
W22

2.5

2.0

1.5

1.0

Tassel

Teosinte

Maize
0.15

0.10

Pi

0.05

0

0

4 bp
8 bp

6 bp 14
 bp

3 bp

2,000 4,000

4 bp 21 
bpMIR529/MIR156

binding
tga1 tru1

tb1 domesticatication

gt1

A/T N/S

62 b
p

10
 bp

5 bp
6 bp

4 bp
6 bp

11 
bp

5 bp
4 bp

4 bp
25

 bp
4 bp

3 bp

S/– R/H –/A A/G

Ear

Tourist

[0–10]

[0–20]

[0–10]

[0–14]

[0–14]

tb1 promoter
Hopscotch

Chr1: 265,744,661–265,754,189

Chr3: 150,087,801–150,091,775

Chr4: 44,529,714–44,539,897

GRMZM2G039867

GRMZM2G101511

W22 TSH4 TB1 TGA1 UB2 UB3

NS
NS

2

1

Teosinte

p2 p1

p1 p2

1 kb

1.4

1.2

1

0.8

0.6

0.4

0.2

0

0

0

0.01

0.02

0.03f

2

–2

TajimaD

Teosinte

–1.871

–1.1773–0.668

–0.3031–0.9361

–2.1205–1.7333

–0.8638

Maize

–0.5

–1.0

–1.5

–2.0

Ta
jim

aD
PI

tru1

tru1

***

tb1 tru1 tga1

tsh4
ub2
ub3

**

**
**

**

**

P 
= 

1.9
 ×

 10
–4

P 
= 

4.
4 

× 
10

–3

P 
= 

6.
9 

× 
10

–5

P 
= 

6.
4 

× 
10

–3

P 
= 

2.
2 

× 
10

–4

P 
= 

1.2
 ×

 10
–3

P 
= 

4.
5 

× 
10

–1
0

P 
= 

3.
4 

× 
10

–4

P 
= 

2.
7 

× 
10

–3

P 
= 

0.
02

P 
= 

0.
02

tga1

500 bp

B73

Inbred
Landrace

Teosinte

Inbred
Landrace

Teosinte

137,290,000

Repression of
auxin response

Aux/IAAs

Boundary
formation

microRNAs
MIR529
MIR156

137,280,000137,270,00037,260,000
Chromosome

ub2-mum1/ub3-mum1/tsh4-mum1

ub2-mum1/ub3-mum1/tsh4-ds

1 kb 0.25

0.2

0.15

0.1

0.05

0

En
ric

hm
en

t C
hI

Pe
d 

D
N

A/
1%

 in
pu

t

Re
la

tiv
e 

ge
ne

 e
xp

re
ss

io
n

Re
la

tiv
e 

ex
pr

es
si

on

Re
la

tiv
e 

ab
un

da
nc

e

[0–21]

[0–27]

[0–8]

[0–150]

[0–110]

b

c

d e

g

h

Fig. 5 | TSH4 targets domestication loci. a, Location of SBP-binding peaks 58 kb 
upstream of the tb1 promoter flanking the Hopscotch retrotransposon insertion 
responsible for domestication, tru1 intron and tga1 promoter. b, Independent 
ChIP–qPCR validation showing enrichment of TSH4-binding peaks in tru1 
intron (p1) compared to promoter (p2). ***P = 6.4×10−3. c, RT–qPCR analysis 
of domestication gene expression in 3-week-old B73 and triple mutant shoots 
(tb1 and tru1) and silking ears (tga1). **P = 0.02, **P = 6.9 × 10−5, **P = 4.4 × 10−3, 
**P = 1.9 × 10−4 and **P = 0.02. d, RT–qPCR comparison of maize tsh4 versus 
teosinte tsh4 expression levels in tassels and ears. b–d, Error bars are presented 
as means ± s.d. (n = 3 for b and c; n = 4 for d; and P values were calculated 
using a two-tailed t-test). e, RT–qPCR on ear tissue from maize/teosinte NILs 
demonstrating upregulation of tsh4, tb1 and tga1 in lines with the tsh4 maize 
alleles (pink) compared to sibs containing the teosinte alleles (blue; n ≥ 15). 
The centerline indicates the median, and the box extends from the 25th to 75th 
percentiles. The upper whisker extends from the hinge to the largest value no 

further than 1.5× IQR from the hinge, and the lower whisker extends from the 
hinge to the smallest value at most 1.5× IQR of the hinge. P values were calculated 
using a two-tailed t-test. NS, not significantly different. f, Nucleotide diversity (PI) 
(top) and Tajima’s D-test (bottom) for the region surrounding the tsh4 locus for 
maize, maize landraces and teosinte. Vertical gray dashed lines indicate the tsh4 
transcript start and endpoints. Gray outlines denote 95% confidence intervals. 
g, Evaluation of nucleotide diversity (Pi) and Tajima’s D-test (top, colored boxes) 
within the tsh4 gene using sequence data from 15 teosinte lines (red) and 25 maize 
NAM population inbreds (blue). The first intron of tsh4 shows the strongest signal 
of selection. Below is the tsh4 gene model showing the positions of relevant 
polymorphisms. Solid arrowheads indicate that the maize allele is an insertion 
relative to teosinte, and the hollow arrowheads indicate that the maize allele 
is a deletion; amino acid changes are labeled below. Gray outlines denote 95% 
confidence intervals. h, Model for tsh4 function incorporating microRNAs, auxin 
response and domestication.
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not surprising that early farmers selected plants with enhanced floral 
branching. We show how selection for tsh4 could engender ideal plant 
architecture during vegetative growth by helping to repress vegetative 
axillary buds, while also improving yield during the floral phase by 
helping to initiate and pattern the reproductive buds. This architecture 
was achieved through the selection of a high-expressing tsh4 allele that 
is more efficient in activating the expression of domestication genes 
(Fig. 5e) and functions to establish developmental boundaries through 
microRNA-mediated double-negative feedback loops.

TSH4 targets and represses two microRNA genes, MIR156 and 
MIR529, which in turn cleave tsh4 transcripts. This mechanism is 
reminiscent of microRNA-mediated double-negative feedback 
autoregulation35, leading to a cell fate switch between bract leaf versus 
SPM identity. Using simultaneous microRNA in situ hybridization and 
TSH4 immunolocalization, we were able to correlate the timing and 
location of this switch with developmental outcomes. Although both 
MIR529 and TSH4 proteins overlap in a common SPM/bract anlagen, 
their expression becomes mutually exclusive when SPM fates are estab-
lished and bract growth is repressed (Fig. 4g, bottom inset), indicating 
that the switch in cell fates is complete. Interestingly, boundary genes 
such as RA2 begin to be expressed in developing SPMs (Fig. 1m,o) at this 
stage. Thus, it is likely that the establishment of the meristem/bract 
boundary is cemented at this point, and subsequent meristem-specific 
RA2 localization allows SPM identity to be acquired16. In the absence 
of this boundary, RA2 localizes to the derepressed bract of the triple 
mutant (Fig. 1n,p), and SPM branching activity is lost. Because of this, 
we propose that in triple mutants, the SPMs lose their identities, becom-
ing more determinant and making only single spikelets.

Interestingly, neither TSH4 (ref. 20) nor UB2 and UB3 (ref. 21) 
are expressed in BMs or SPMs, so the loss of both meristems in triple 
mutants is surprising. We hypothesized this results from derepressed 
bract leaves in triple mutants capturing hormonal resources normally 
used for branching and initiation events, thereby creating low auxin 
zones near axillary meristems that are commonly observed in other 
plants36. To explore this, we used maize fluorescence reporters and 
observed clear fluorescence signals for auxin transport and response 
throughout the WT SPM (Fig. 3d, left). In contrast, in triple mutants, 
high levels of fluorescence were seen in the derepressed bract leaves 
(Fig. 3d, right) but very low levels in the SPM, consistent with an auxin 
deficit in the meristem cells. Because auxin is critical for meristem 
branching and initiation in maize inflorescences26, this deficit may 
also explain why the triple mutant SPMs do not branch and form two 
spikelets, or why BMs do not initiate.

In WT-suppressed bracts, our ChIP results indicate that a low auxin 
environment may result from the presence of TSH4, which binds and 
activates several Aux/IAA genes (Fig. 3a). Aux/IAA proteins function 
as repressors that bind the promoters of auxin-responsive genes and 
prevent their transcription37. Thus, the strong expression of TSH4 in 
the primordial bracts, normally the site of local auxin maxima (Fig. 3d, 
left), may activate Aux/IAAs to block lateral organ development by 
preventing cells from responding to the hormone. The associated 
SPM, however, does not express TSH4 and is free to respond to auxin 
and ultimately branch to make two spikelets.

We show that tsh4 promotes the domestication syndrome during 
the vegetative phase of plant development by repressing tillering but 
then promotes reproductive branching by repressing bract growth. The 
fact that the domesticated tsh4 allele influences multiple agronomic 
traits during two different phases of development may explain why it 
was a major target of selection. We propose that tsh4 should be consid-
ered a new domestication gene in light of the following lines of evidence: 
(1) QTL mapping using multiple maize/teosinte populations uncovered 
tsh4 as a key locus controlling several domestication traits (Fig. 1a–e); 
(2) nucleotide diversity analysis confirmed that tsh4 is under strong 
selection (Fig. 5f,g), with few haplotypes present in modern maize but 
multiple haplotypes present in wild teosinte (Supplementary Fig. 2);  

and (3) genetic and molecular analysis showed that TSH4, together with 
UB2 and UB3, binds and activates several known domestication genes 
(Fig. 5a) and affects domestication phenotypes when mutated (Fig. 1f–j).  
Given the importance of these SBP genes during domestication, it is 
curious that they were not identified by previous studies. Given their 
positions at the top of the domestication hierarchy (Fig. 5h), it is pos-
sible that epistasis and functional redundancy may have concealed 
their presence. Because of this, implementing ChIP–seq together with 
higher-order genetic analysis, QTL mapping and nucleotide diversity 
analysis were all required to uncover a domestication role for tsh4. 
There is no doubt that many more domestication loci will be uncovered 
in maize by taking advantage of these diverse genetic resources, and 
only then will we gain a clearer understanding of how ancient farmers 
were able to transform a simple weed into the major crop plant we 
depend on today.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41588-024-01943-z.
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Methods
Plant materials and growth conditions
The tsh4-mum1, ub2-mum1 and ub3-mum1 mutant plants were geno-
typed using previously described primers20,21. Those plants used for 
bulk ear RNA-seq and other expression assays were introgressed into 
the B73 background at least four times and then grown in the field. The 
tsh4-DS, ub2-mum1, ub3-mum1 triple mutant in the W22 background 
was obtained via a similar method. The teosinte–maize NIL lines MR961 
and MR588 originating from the W22-teosinte BC2S3 population18 were 
genotyped as having the teosinte tsh4 allele and introgressed into the 
W22 background two more times to reduce background effects. The 
heterozygous lines were then selfed and genotyped again to gener-
ate NILs containing the homozygous teosinte or maize tsh4 alleles, 
respectively. All lines are available upon request.

Genome-wide association analysis
The single-pop QTL population of 866 maize–teosinte BC2S3 RILs 
made by a cross between W22 and Zea mays ssp. parviglumis acces-
sion 8759 was scored for 16 traits and over 50,000 markers using 
genotyping-by-sequencing as previously described18. A second 1,257 
maize–teosinte BC1S4 RIL population (TeoNAM) derived from five differ-
ent crosses between W22 and teosinte was scored for 22 traits and over 
51,544 SNPs as previously described19. For the BC2S3 population, two 
generations of backcrossing to the recurring maize parent were made, 
followed by three generations of selfing, while for the TeoNAM popula-
tion, there was one generation of backcrossing followed by four genera-
tions of selfing. QTL mapping in each single population was carried out 
using a multiple QTL model in R/qtl38. The joint-linkage mapping was 
performed using a stepwise linear regression fixed model, while for the 
single QTL population, Haley–Knott regression was used. More details 
of the two strategies can be found in ref. 19. To analyze QTL allele effects, 
we used the accession 8759, TIL01, TIL03, TIL11 and TIL14 RIL families  
(Z. mays ssp. parviglumis lowland teosinte), as well as the TIL25 family  
(Z. mays ssp. mexicana highland teosinte). The allele effects at the popu-
lation level were examined using the SNP genotypes at the tsh4 gene. The 
RILs with consistent genotypes across SNPs were divided into homozy-
gous maize and teosinte alleles to test the trait difference, and P values 
were obtained using Student’s t-test by dividing genotypes into maize 
(tsh4W22) and teosinte (tsh4teo) based on markers within the tsh4 gene.

Immunolocalization
Ear and shoot tissue at various stages were embedded in Paraplast Plus 
(Sigma-Aldrich, P3683), and standard paraffin sections were dewaxed 
in Histoclear and rehydrated in ethanol–water gradient as described 
previously39. The slides were then immersed in 10 mM sodium citrate 
buffer (pH 6.0) and boiled for 3 min as described previously. PBS (1×), 
2 mg ml−1 powder milk and 0.1% Triton X-100 were used to prepare the 
blocking regent. A 1:400 dilution of TSH4, UB2/UB3 or TB1 antibody 
was added to the slides and incubated at 4 °C for overnight. After three 
washes in the blocking solution, a 1/1,000 dilution of an anti-rabbit alka-
line phosphatase (AP)-conjugated secondary antibody (Invitrogen) was 
added and incubated at room temperature for 1 h. After washing three 
times as mentioned above, the slides were immersed in TNM buffer 
(100 mM Tris-HCl pH 9.5, 100 mM NaCl and 50 mM MgCl2) for 10 min 
before developing in developing solution (20 μl of 5-bromo-4-chloro-
3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) in 1 ml of 
1× TNM buffer). dried and mounted. For the double labeling in situ 
hybridization of MIR529 followed by the TSH4 immuno experiment, we 
synthesized an anti-MIR529 dual DIG-labeled locked nucleic acid oligo 
5′-T(A)GAT(C)ATGCTG(G)CAGC(T)TC(A)-3′ (Eurogentec) and followed 
the in situ hybridization protocol40. After staining in the developing 
solution, the tissue was blocked and subjected to immunolocalization 
using the protocol described above but developed using horseradish 
peroxidase (HRP) secondary antibodies with the Vectastain ABC kit 
with yellow-colored substrate.

ChIP
Young ear primordia of 3–5 mm were carefully dissected, cross-linked 
for 10 min in 1% formaldehyde solution under vacuum and quenched 
by adding glycine to a final concentration of 0.1 M. About 1 g of tis-
sue was used for each biological replication of the ChIP experiment. 
Nuclei extraction and ChIP using the TSH4 antibody were performed 
as described previously4. Normal goat anti-rabbit IgG was used as a 
negative control. To validate putative TSH4 targets, three replicates of 
similar ear tissue were used for ChIP–qPCR assays using gene-specific 
primer pairs (Supplementary Table 1) and Fast Evagreen qPCR mix. 
Relative enrichment was calculated using the ΔΔCT method, and sig-
nificant differences were evaluated through a t-test between anti-TSH4 
precipitated samples and IgG-negative controls.

ChIP–seq
The concentration of ChIP yields DNA from each replicate was quanti-
tated by Qubit (Invitrogen Qubit 4). Approximately 2 ng was used for 
ChIP–seq library construction by the NEXTflex ChIP–Seq Kit (Bioo Sci-
entific, NOVA-5143-01) according to the manufacturer’s protocol. Thir-
teen PCR cycles were performed for library amplification. The ChIP–seq 
libraries were quality-checked by a bioanalyzer and sequenced at the 
Illumina HiSeq 4000 platform, generating 50 bp single-end reads. All 
clean reads were aligned to the maize genome (Zea_mays.AGPv3.30) 
using Bowtie2, allowing one mismatch41, and the resulting uniquely 
mapped reads with map quality >20 were used for peak calling using 
MACS2 software (v.2.1.0; https://github.com/taoliu/MACS). Significant 
peaks (q < 0.05) relative to the IgG control samples were identified in 
each of the two biological replicates, and reproducible peaks were 
then identified if summits from each replicate were positioned within 
300 bp of each other. The upstream 50 bp and downstream 50 bp 
around the reproducible peak summits were extracted and submitted 
for motif enrichment analysis using the MEME program (v.4.11.2). Puta-
tive TSH4 target genes were assigned if reproducible peaks were found 
in the range from 10 kb upstream to 5 kb downstream of the gene. The 
bigwig files generated by MACS2 were visualized using the Integrated 
Genomics Viewer (v.2.16.0).

Transcriptome analysis
Here, 3–6 mm ear tissue was dissected from B73, tsh4, ub2/ub3 and 
triple mutants, respectively, and immediately frozen in liquid nitrogen. 
Only the first ear from the top of each plant was collected, and approxi-
mately 20 ears were pooled for one biological replicate with three bio-
logical replicates collected per genotype. Total RNA was isolated using  
TRIzol Reagent (Invitrogen, 15596026) according to the manufacturer’s 
instructions. Library construction was performed using ScriptSeq v2 
RNA-Seq Library Kit (Epicenter, SSV21106) according to the manufac-
turer’s instructions and then sequenced on a HiSeq 2500 sequencer 
(Illumina) for 150 single-end reads. Sequence data analysis was con-
ducted as described previously4. All of the clean reads were trimmed 
by Trimmomatic v.0.36 and mapped to the maize B73 v3 genome using 
STAR aligner v.2.6.0a with default parameter settings42. Reads were 
tested for differential expression with edgeR using a false discovery 
rate significance threshold of 0.05. GO analysis was performed through 
agriGO (v2.0)43, and the results were visualized using ggplot2 in R.

Gene expression quantification by RT–qPCR
Total RNA was isolated from various ear tissue samples harvested using 
TRIzol Reagent (Invitrogen, 15596026) according to the manufacturer’s 
instructions. For quantitative RT–PCR (RT–qPCR) analysis, cDNA was 
synthesized from DNase I-treated total RNA as described previously4. 
Tenfold diluted cDNA was used as a template in a 20 μl Fast Evagreen 
qPCR mix, and the s.d. was calculated among three biological repli-
cates for each sample. ZmGAPDH was used as the internal reference to 
normalize the expression data. The primers used for qPCR are listed in 
Supplementary Table 1.
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Visualization of PIN1-YFP DR5-RFP
The pZmPIN1A::ZmPIN1a-YFP and DR5rev::mRFPer transgenic maize 
lines30 were crossed to tsh4 ub2 ub3 triple mutants, and after sub-
sequent backcrossing followed by sib crossing, homozygous triple 
mutants positive for yellow fluorescent protein (YFP) and red fluo-
rescent protein (RFP) were selected for fluorescence imaging. WT 
siblings positive for YFP and RFP were used as the control. All the rep-
licate images were taken under a consistent setting of the Leica TCS 
SP8 confocal microscope. YFP was imaged using 514 excitation and 
520–575 emission, while RFP was imaged using 594 excitation and 
625–655 emission.

miRNA sequencing and data analysis
Total RNA was isolated by the same method as used for the transcrip-
tome analysis and RT–qPCR. Small RNA-seq libraries were generated 
using NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB, 
E7300L) according to the manufacturer’s instructions. Briefly, 3′ and 
5′ adaptors were ligated to 3′ and 5′ end of small RNA, respectively. The 
first-strand cDNA was synthesized after hybridization with a reverse 
transcription primer. The double-stranded cDNA library was gener-
ated through PCR enrichment. After purification and size selection, 
libraries with insertions between 18 bp and 40 bp were isolated. Library 
quality was assessed on the Agilent 5400 system, quantified by qPCR 
and then sequenced on Illumina platforms with the SE50 strategy by 
Novogene Bioinformatics Technology. At least 10 M reads were gener-
ated for each sequencing sample. After quality control and removing 
the low-quality sequences, the reads from total sRNAs (18–28 nt) were 
extracted and validated by mapping to the maize reference genome 
without mismatch by Bowtie2 (ref. 41). sRNA sequences were aligned 
to maize miRNAs according to the miRbase database (http://www.mir-
base.org/) and normalized against the total count of 18 to 28 nucleotide 
reads, reported as reads per million. Differential expression of miRNA 
was calculated as described previously44.

miRNA quantification by qPCR
Real-time quantification of microRNAs was performed by deploying 
a stem-loop RT–PCR strategy. The six-nucleotide extension at the 3′ 
end of the stem-loop reverse transcription primer and the forward and 
reverse primers for specific miRNAs were designed according to the 
target miRNA sequence obtained from the maize miRbase database. 
Stem-loop pulsed reverse transcription and the subsequent real-time 
PCR were done following the protocol described in ref. 45. The primers 
used are listed in Supplementary Table 1.

Diversity scans
Nucleotide diversity (pi) and Tajima’s D around tsh4 in maize and teo-
sinte were calculated by vcftools 0.1.15 with sliding windows (window 
size 1,000 bp and step size 300 bp), using the third-generation Z. mays 
haplotype map (HapMap 3) data were downloaded from https://www.
panzea.org. Genomic DNA from 19 teosinte lines (Supplementary 
Table 1) was isolated and used as a template for tsh4 PCR and sequence 
analysis. Eight pairs of primers covering the tsh4 region from 3 kb 
upstream of the TSS to 1 kb downstream of the TTS were designed, 
and PCR amplification was performed using 2× Phanta Max Master 
Mix (Vazyme). PCR products were ligated into pTOPO-Blunt Simple 
Vector using a Zaro Background pTOPO-Blunt Simple Cloning Kit 
(Aidlab) and transformed into Trans5α Chemically Competent Cell 
(TransGen Biotech). PCR-positive colonies were sequenced and used 
for comparative DNA diversity analysis.

Statistics and reproducibility
Statistical analyses used in this study are described in the Methods. 
Data are presented as mean ± s.d. P values and sample sizes of biologi-
cal replicates (n) are indicated or described in the legends of Figs. 1 and 
3–5. Significance analysis was performed by two-tailed Student’s t-test 

for pairwise comparisons. Results with a P value <0.05 were considered 
statistically significant. Experiments regarding the SEM observation, 
protein immunolocalization and miRNA in situ were repeated at least 
three times using tissues from different individual plants.

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

Data availability
All RNA-seq and ChIP–seq data generated in this study have been depos-
ited in the National Center for Biotechnology Information Sequence 
Read Archive (accession code PRJNA517683). The link for the BC2S3 
population can be found at http://datacommons.cyverse.org/browse/
iplant/home/shared/panzea/genotypes/GBS/v23/teoW22_BC2S3_
GBS_phased_genos_imputed_20110423.zip and https://figshare.
com/s/0d3aa121f8393c9b4720 (ref. 46). The TeoNAM population 
link is located at http://datacommons.cyverse.org/browse/iplant/
home/shared/panzea/genotypes/GBS/TeosinteNAM and https://
doi.org/10.6084/m9.figshare.9820178, respectively. The Zea_mays.
AGPv3.30 genome is available at the maize gene database (www.
maizegdb.org). All other relevant data supporting the key findings 
of this study are available within the article, in the Supplementary 
Information files or are available from the corresponding authors 
upon reasonable request.

Code availability
No custom code was generated. All code used to analyze the sequence 
data is publicly available in the SAMtools section of GitHub (https://
github.com/samtools/samtools).
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