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Abstract
Mutations in cis-regulatory regions play an important role in the domestication and improvement of crops by altering gene 
expression. However, assessing the in vivo impact of cis-regulatory elements (CREs) on transcriptional regulation and pheno-
typic outcomes remains challenging. Previously, we showed that the dominant Barren inflorescence3 (Bif3) mutant of maize 
(Zea mays) contains a duplicated copy of the homeobox transcription factor gene ZmWUSCHEL1 (ZmWUS1), named 
ZmWUS1-B. ZmWUS1-B is controlled by a spontaneously generated novel promoter region that dramatically increases its ex-
pression and alters patterning and development of young ears. Overexpression of ZmWUS1-B is caused by a unique enhancer 
region containing multimerized binding sites for type B RESPONSE REGULATORs (RRs), key transcription factors in cytokinin 
signaling. To better understand how the enhancer increases the expression of ZmWUS1 in vivo, we specifically targeted the 
ZmWUS1-B enhancer region by CRISPR-Cas9-mediated editing. A series of deletion events with different numbers of type B 
RR DNA binding motifs (AGATAT) enabled us to determine how the number of AGATAT motifs impacts in vivo expression 
of ZmWUS1-B and consequently ear development. In combination with dual-luciferase assays in maize protoplasts, our analysis 
reveals that AGATAT motifs have an additive effect on ZmWUS1-B expression, while the distance separating AGATAT motifs 
does not appear to have a meaningful impact, indicating that the enhancer activity derives from the sum of individual CREs. 
These results also suggest that in maize inflorescence development, there is a threshold of buffering capacity for ZmWUS1 
overexpression.
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Introduction
The Arabidopsis (Arabidopsis thaliana) homeobox-encoding 
gene WUSCHEL (WUS) plays a crucial role in controlling stem 
cell populations in a specific functional domain of the shoot 
apical meristem called the organizing center and is regulated 
by a negative feedback loop called the CLAVATA/WUS path-
way (Kitagawa and Jackson 2019). WUS can function both as 
an activator and repressor of transcription (Ikeda et al. 2009). 

Notably, in the meristem central zone, WUS positively regu-
lates CLAVATA3 (CLV3) expression, which encodes a short 
peptide that in turn, together with its antagonistic peptide 
CLE40 (CLAVATA3/EMBRYO SURROUNDING REGION 40), 
restricts WUS expression to the organizing center domain 
to buffer and maintains a stable population of stem cells 
(Ikeda et al. 2009; Perales et al. 2016; Plong et al. 2021; 
Schlegel et al. 2021). In Arabidopsis, it was shown that the 
shoot apical meristem can sustain up to 10-fold upregulation 
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of CLV3 without affecting meristem development (Müller 
et al. 2006). On the other hand, CRISPR-Cas9 editing of the 
ZmCLE7 and ZmFCP1 promoters, 2 maize (Zea mays) CLV3 
homologs that negatively regulate inflorescence meristem 
size and ear row number, showed that even limited expres-
sion perturbations (45% to 69% reduced expression) in-
creased inflorescence meristem size and enhanced grain 
yield–related traits (Liu et al. 2021). This indicates that the 
buffering capacity of the CLV-WUS pathway varies among 
different plant species.

Recently, it was revealed that type B ARABIDOPSIS 
RESPONSE REGULATORs (ARRs) directly bind to the 
Arabidopsis WUS promoter and activate WUS expression 
(Zhang et al. 2017; Zubo et al. 2017; Xie et al. 2018). The bind-
ing of type B ARRs occurs to a single motif in the WUS pro-
moter. The AGATAT-binding site for type B ARRs, including 
ARR1, ARR10, and ARR12, found in the Arabidopsis WUS was 
only evident when Arabidopsis plants were subjected to cyto-
kinin treatments (Zubo et al. 2017; Xie et al. 2018) or when 
ARR1 and ARR2 were constitutively overexpressed (Zhang 
et al. 2017). In tomato (Solanum lycopersicon), a majority 
of CRISPR-Cas9-mediated deletions in a 2.5 kb region of 
the SlWUS promoter failed to alter fruit development sug-
gesting that the core elements of WUS transcriptional regu-
lation reside in a small region containing 1 AGATAT motif 
proximal to the transcription start site or that the promoter 
of SlWUS is very tolerant to perturbations (Wang et al. 2021).

The maize ZmWUS1 gene is a coortholog of Arabidopsis 
WUS and plays a conserved role in controlling stem cell po-
pulations in inflorescence meristems (Nardmann and Werr 
2006; Chen et al. 2021). The maize Barren inflorescence3 
(Bif3) mutant, harboring a duplicated copy of ZmWUS1, 
named ZmWUS1-B, shows overproduction of stem cells in in-
florescence meristems and is caused by the increased expres-
sion of ZmWUS1-B (Chen et al. 2021). We previously showed 
that the increased activity of the ZmWUS1-B promoter is due 
to the presence of a 119 bp enhancer region at the 5′ dupli-
cation junction site. Enhancers are collections of cis- 
regulatory elements (CREs) that confer tissue-specific gene 
expression by the interaction of transcription factors (TFs) 
with specific DNA sequences. This region carries 3 additional 
AGATAT motifs, rather than a single motif found in the wild- 
type (WT) ZmWUS1 promoter (Chen et al. 2021). However, 
how these additional AGATAT cis-regulatory motifs function 
to regulate in vivo ZmWUS1 expression is unclear.

Results and discussion
Given the presence of AGATAT motifs in the promoters of 
WUS orthologs in Arabidopsis, tomato, and maize, we sought 
to understand the variability of this feature across plant species. 
In both monocot and dicot species, a single AGATAT motif is 
normally present in a similar position in the proximal promoter 
region, with the notable exception of coffee (Coffea arabica) 
where the motif is present in the first intron (Fig. 1 and 
Supplemental Fig. S1). We subsequently asked whether the 

WT promoter of the ZmWUS1 gene encompassed regions of 
evolutionary conservation within monocots. We retrieved se-
quences 5 kb upstream and 2 kb downstream of the WUS cod-
ing sequence for several monocot species and found conserved 
regions not only within the gene body, as expected, but also in 
the proximal promoter, including an 84 bp stretch of non-
coding sequence conserved across the Panicoideae subfamily 
(Fig. 1A). An additional assessment of the evolution of non-
coding sequences using a model-based approach, which com-
pares the substitution rate in regions of interest to a neutral 
model, produced similar outcomes (Fig. 1B). However, this ap-
proach also uncovered a distal promoter region (−1,000 to 
−5,000; Fig. 1A) of increased substitutions in monocots, sug-
gesting that the regulation of ZmWUS1 by the proximal pro-
moter region is subject to positive selection. Interestingly, the 
84 bp conserved noncoding sequence also overlapped with 
an accessible chromatin region, as determined by both Assay 
for Transposase-Accessible Chromatin using Sequencing 
(ATAC-seq) (Hufford et al. 2021) and MNase-defined 
cistrome-Occupancy Analysis (MOA-seq) (Savadel et al. 
2021) (Fig. 1C). Part of this region (a 69 bp fragment carrying 
a single type B RR motif) was duplicated in the 119 bp 
ZmWUS1-B enhancer, which together with 2 AGATAT motifs 
flanking the 69 bp fragment, resulted in a total of 3 additional 
type B RR motifs in the ZmWUS1-B promoter region (Fig. 1D) 
(Chen et al. 2021).

To uncover the function of both the conserved noncoding se-
quence and the type B RR binding sites, we used CRISPR-Cas9 to 
edit the 119 bp ZmWUS1-B enhancer. Two single-guide RNAs 
(sgRNAs) were designed to target its flanking regions: sgRNA1 
was located at the 3′ junction region of the enhancer insertion 
site and endogenous ZmWUS1-B promoter, while sgRNA2 was 
located 21 bp upstream of the enhancer region (Fig. 2A). The 
construct was introduced into the B104 inbred line by 
Agrobacterium tumefaciens–mediated transformation, and 
then, T0 plants carrying the transfer DNA (T-DNA) were crossed 
to Bif3 mutants in the A619 inbred background which was 
previously shown to be more sensitive to ZmWUS1 overexpres-
sion (Chen et al. 2021). The resulting T1 plants were first 
genotyped for the Bif3 mutation and subsequently for editing 
in the enhancer region. Five enhancer-edited alleles were isolated 
(Supplemental Fig. S2), and they were named Bif3-▵113, 
Bif3-▵33, Bif3-▵15, Bif3-▵4, and Bif3-▵1 according to the sizes 
of DNA deletions. Plants carrying each allele were backcrossed 
3 times to A619 to allow phenotypic comparisons with the ori-
ginal Bif3 mutant which showed a dominant and severe effect on 
ear development (Chen et al. 2021). Throughout this process, we 
also segregated away the Cas9-gRNA T-DNA insertion cassette.

All 5 alleles carried deletions in the ZmWUS1-B enhancer 
region. In particular, the Bif3-▵113 allele not only removed 
2 AGATAT-binding motifs but also most of the duplicated 
69 bp conserved sequence, while the Bif3-▵33 allele retained 
the 69 bp conserved sequence but removed the AGATAT- 
binding motif closest to the ZmWUS1 proximal promoter. 
The remaining 3 smaller deletion alleles preserved all 
AGATAT-binding motifs but removed DNA sequence 
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between the first AGATAT-binding motif and the junction 
site (Supplemental Fig. S2); we therefore only focused on 
the Bif3 -▵15 allele that encompasses the deleted sequences 
of both Bif3-▵4 and Bif3-▵1 alleles (Fig. 2B, Supplemental 
Fig. S2). As Bif3 mutants in A619 showed a unique ball-shaped 
ear phenotype (Chen et al. 2021), we asked whether these new 

alleles also affected the Bif3 phenotype. Plants carrying the 
heterozygous Bif3-▵113 or Bif3-▵33 alleles consistently 
showed a normal ear phenotype, indistinguishable from WT 
siblings. However, plants carrying the heterozygous Bif3-▵15 
allele failed to complement the Bif3 ear phenotype and in-
stead consistently showed ball-shaped ears (Fig. 2B). As Bif3 

Figure 1. The ZmWUS1 proximal promoter contains a conserved noncoding sequence in grasses. A and B) The proximal promoter of ZmWUS1 
contains an 84 bp noncoding sequence that is highly conserved across the Panicoideae (A, mVISTA analysis; B, phyloP analysis). UTR, untranslated 
region; CNS, conserved noncoding sequence. C) In maize, this conserved noncoding sequence is located in an open chromatin region (ATAC-seq 
(Hufford et al. 2021) and MOA-seq (Savadel et al. 2021)). D) Sequence annotation of the proximal region of the ZmWUS1-B promoter (−340 to 
−600 bp upstream of the start codon ATG). A 69 bp DNA fragment (blue line) within the 84 bp CNS has been duplicated and is present in 
both the proximal promoter and the ZmWUS1-B enhancer in Bif3 mutants. Denim box, enhancer DNA; orange lines, AGATAT-binding motifs. 
The 51, 33, and 68 bp indicate the respective distances between 2 adjacent AGATAT-binding motifs. Numbers next to the aligned sequences in-
dicate distance from the start codon. Ao, Asparagus officinalis; Da, Dioscorea alata; Hv, Hordeum vulgare; Os, Oryza sativa; Bd, Brachypodium dis-
tachyon; Pv, Panicum virgatum; Si, Setaria italica; Sv, Setaria viridis; Sb, Sorghum bicolor; Uf, Urochloa fusca; Ph, Panicum hallii.
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mutants had disorganized inflorescence meristems and bar-
ren patches in inflorescences, we used scanning electron mi-
croscopy (SEM) to analyze 4 to 5 mm developing ear 
primordia of the edited alleles. Both heterozygous Bif3-▵113 
and Bif3-▵33 alleles showed normal ear primordium develop-
ment relative to those of the control siblings, while the 
Bif3-▵15 allele showed disorganized inflorescence meristems, 
similar to the original Bif3 mutant ears (Fig. 3A (Chen et al. 
2021)). These results suggest that duplication of the 69 bp 
conserved region in the ZmWUS1-B enhancer region is not a 
major driver of developmental defects in Bif3 mutant ears 
but rather that meristem defects result from the presence 
of 4 AGATAT motifs controlling ZmWUS1-B expression.

We next asked to what degree editing of the ZmWUS1-B en-
hancer region influenced ZmWUS1 expression by measuring 
transcript levels in 3 to 5 mm developing ear primordia using 
RT-qPCR. Heterozygous Bif3-▵113, Bif3-▵33, and Bif3-▵15 mu-
tants showed elevated expression levels of 1.6× (P < 0.01), 
1.9× (P < 0.01), and 2.3× (P < 0.0001) in comparison with their 
corresponding control siblings, respectively (Fig. 3B). In addition, 
we examined the ear phenotype of the homozygous Bif3-▵113 
and Bif3-▵33 alleles. We found that the homozygous Bif3-▵113 
allele appeared similar to WT, while the homozygous Bif3-▵33 
allele exhibited an obvious Bif3 ear phenotype (Fig. 3, C 
and D). These data indicate that there is an expression threshold 
of ZmWUS1 in affecting inflorescence meristem function.

To further evaluate the effect of the different edited alleles on 
the activity of the ZmWUS1 proximal promoter (444 bp DNA 
upstream of ATG, named pWUS1; (Chen et al. 2021)), we per-
formed transactivation dual-luciferase assays in maize proto-
plasts by cloning each enhancer allele (Bif3-▵113, Bif3-▵33, 
and Bif3-▵15) along with the ZmWUS1 proximal promoter 
and using them to drive firefly luciferase expression. In the pres-
ence of overexpressed ZmRR8, the Bif3-▵113, Bif3-▵33, and 
Bif3-▵15 promoter alleles showed a 1.6×, 2.3×, and 3.03× re-
spective increase (P < 0.05) relative to the 444 bp proximal pro-
moter of ZmWUS1; similarly, overexpressed ZmRR11 showed a 
1.6×, 2.5×, and 3.5× respective increase (P < 0.001) (Fig. 3, E 
and F). These results suggest that increasing numbers of type 
B RR binding motifs result in a linear and additive effect on 
ZmWUS1 levels of transcription.

Type B RRs are known to homo- and heterodimerize 
(Veerabagu et al. 2012; Djeghdir et al. 2021) possibly allowing 
them to work cooperatively to bind adjacent sites. We therefore 
analyzed our edited ZmWUS1-B alleles and noted that they 
showed altered spacing distances among AGATAT core motifs 
(Fig. 2B). Furthermore, the allelic series (Fig. 2B) highlighted the 
importance of the first motif in the ZmWUS1-B enhancer region: 
the Bif3-▵33 and Bif3-▵15 mutants showed very different ear 
phenotypes but carried only minor sequence differences. 
These observations prompted us to examine the effect of the in-
termotif spacing between the first 2 AGATAT motifs on 

A

B

Figure 2. CRISPR-Cas9 editing of the ZmWUS1-B enhancer. A) Two sgRNAs were designed to target the enhancer of ZmWUS1-B. Black dots, sgRNAs; 
denim box, proximal enhancer of ZmWUS1-B; other colored boxes, exons; colored thick lines, introns. B) Three edited alleles of the ZmWUS1-B 
enhancer region and their corresponding phenotypic effects. The distances between 2 adjacent AGATAT are shown. Blue lines, 69 bp CNS; dashed 
lines, deletions by CRISPR-Cas9. Scale bars in B), 1 cm.
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enhancer functionality. To this end, we generated 2 additional 
enhancer variants by removing 22 bp of DNA from the 33 bp 
spacing sequence that separated the first and second 
AGATAT motifs, resulting in a spacing of 11 bp between 2 
AGATAT motifs (S11), and by inserting 10 bp (TTTTTA 
AAAT; S43) into the same spacing sequence, leading to a 
43 bp distance between the 2 elements (Fig. 3E; Supplemental 
Fig. S3). Next, we compared the effects of these enhancer var-
iants on the ZmWUS1 proximal promoter activity with the ori-
ginal ZmWUS1-B p570 promoter (Supplemental Fig. S3 (Chen 
et al. 2021)). Using transactivation dual-luciferase assays in 
maize protoplasts with overexpressed ZmRR8 or ZmRR11, we 
found that there were no statistical significant differences 
among all 3 promoter regions tested (Fig. 3, E and G). These find-
ings indicate that the intermotif spacing of type B RR binding 
motifs does not have a substantial impact on expression. 
While the 18 bp difference between the Bif3-▵33 and Bif3-▵15 
alleles may encompass additional TF binding sites (TFBSs), pre-
vious data indicated that the increased expression of 
ZmWUS1-B is due to the 3 additional AGATAT motifs (Chen 
et al. 2021). Overall, we conclude that the ZmWUS1-B enhancer 
activity is due to the additive effect of individual AGATAT type B 
RR binding motifs.

The ZmWUS1 gene, which positively regulates the stem cell 
population in inflorescence meristems, was found to be 
slightly overexpressed in both heterozygous Bif3-▵113 and 
Bif3-▵33 alleles (Fig. 3B). We hypothesized that these alleles, 
while consistently exhibiting a normal ear phenotype, may 
still be able to increase inflorescence meristem size and ul-
timately the number of kernel rows. We therefore scored 
additional traits in families that segregated for edited or 
WT alleles. At the 5 mm stage, only developing ear primordia 
of heterozygous Bif3-▵33 alleles showed slightly enlarged in-
florescence meristems (Fig. 4A), corresponding to the higher 
expression level of ZmWUS1 during this developmental stage 
(Fig. 3B). However, the kernel row number of heterozygous 
Bif3-▵33 plants (and Bif3-▵113 plants) was not affected 
when compared with control siblings (Fig. 4B). Surprisingly, 
we instead observed increased prolificacy in the Bif3-▵33 al-
lele, with an average of 2 ears produced in the primary lateral 
branches compared with 1 ear in the primary lateral 
branches of control siblings (Fig. 4, C and D), suggesting 
that increasing ZmWUS1 expression might have pleiotropic 
effects in inflorescence architecture yet to be investigated.

There are currently 3 predominant models to explain the 
distinct ways enhancers and TFs interact to form active regu-
latory regions: the billboard, enhanceosome, and TF collect-
ive models (Jindal and Farley 2021; Schmitz et al. 2022). In the 
billboard model, CREs located near each other form a cis- 
regulatory module (CRM); yet, each CRE can still have a un-
ique impact on gene expression. The enhancer serves as a 
unit of information, with the elements arranged for inter-
pretation by the basic transcriptional machinery and whose 
elements can be rearranged without affecting its overall func-
tion (Spitz and Furlong 2012). In the enhanceosome model, 
enhancer DNA sequence is highly structured and requires 

precise arrangement of TFBSs to facilitate functional binding 
of TFs and transcriptional activation (Jindal and Farley 2021). 
In the TF collective model instead, enhancers are occupied by 
a group of TFs through a combination of TF binding and 
physical interactions between TFs (Jindal and Farley 2021). 
Based on our in vivo analysis of the 119 bp ZmWUS1-B 
enhancer, additional AGATAT motifs have an additive 
impact on the activity of the ZmWUS1-B promoter. This is 
mostly consistent with a billboard model whereby having 
extra AGATAT motifs locally increases the concentration 
of type B RR proteins resulting in enhanced transcriptional 
activation. The examination of 5 different enhancer edits (3 
deletions, 1 insertion, and 1 deletion altering intermotif 
spacing) showed that the DNA rearrangement does not 
compromise the overall function of individual AGATAT 
CREs.

Our results also show that in maize inflorescence meris-
tems, ZmWUS1 can be upregulated up to 2.5-fold (approxi-
mately) without notably impacting ear development, 
presumably as a result of the buffering that is afforded by 
the CLV-WUS negative feedback loop (Nimchuk et al. 
2015; Liu et al. 2021; Plong et al. 2021; Schlegel et al. 2021). 
ZmCLE7, one of the CLV3 maize homologs, was reportedly 
upregulated up to 8-fold in the inflorescences of the domin-
ant Bif3 mutant, suggesting that ZmWUS1 may directly regu-
late ZmCLE7 expression and that both are integral to the 
feedback mechanism (Chen et al. 2021). This pathway ap-
pears more sensitive than the buffering of CLV3 fluctuations 
in the Arabidopsis shoot apical meristem (Müller et al. 2006) 
and may be also influenced by the presence of the paralogous 
gene ZmWUS2 (Nardmann and Werr 2006) which is downre-
gulated in Bif3 ears (Chen et al. 2021), possibly as a compen-
satory mechanism.

Multimerization of type B RR binding sites represents the basis 
of the widely used cytokinin signaling reporter TCS (Müller and 
Sheen 2008). In a recently improved version called TCSv2, a dif-
ferent arrangement of type B ARR binding sites results in in-
creased sensitivity of the reporter (Steiner et al. 2020). In 
maize, a TCS reporter line was generated based on the 
Arabidopsis TCSv2 reporter, containing multimerized 5′-(A/G) 
GAT(T/C)-3′ motifs (Steiner et al. 2020; Robil and McSteen 
2023). Our results suggest that multimerization of the 
AGATAT motif (a slightly different motif relative to TCSv2) 
found in the Bif3 locus could be used to design an improved 
marker for monitoring cytokinin response in grass meristems. 
In summary, we showed that ZmWUS1 expression can be pre-
cisely controlled by the number of individual AGATAT motifs 
in its proximal promoter region. Understanding the fine tuning 
of WUS gene expression in the context of meristem develop-
ment and regulation is particularly relevant to morphogenic- 
based crop transformation technologies (Gordon-Kamm et al. 
2019). Given that the AGATAT motifs are located within an evo-
lutionarily conserved region, the type B RR-AGATAT interaction 
represents a conserved module to activate WUS expression and 
could be engineered to provide a controlled increase of expres-
sion levels of WUS genes in different species.
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Figure 3. Type B RRs binding sites show additive effect on the expression of ZmWUS1-B. A) SEM images of WT and edited ear primordia. WT, wild- 
type siblings; +/▵113, heterozygous 113 bp deletion at the enhancer region; +/▵33, heterozygous 33 bp deletion at the enhancer region; +/▵15, 
heterozygous 15 bp deletion at the enhancer region. Scale bars 500 μm. B) RT-qPCR assays comparing ZmWUS1 expression in 3 enhancer-edited 
mutants. For each genotype, a minimum of 3 biological replicates were performed. C) SEMs of immature ears of WT and homozygous ▵113 and ▵33                                                                                                                                                                                            

(continued) 
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Materials and methods
Genomic editing of ZmWUS1-B enhancer by 
CRISPR-Cas9
CRISPR-Cas9 was used to create mutations in the previously 
identified enhancer region of ZmWUS1-B (Chen et al. 2021). 
Two sgRNAs were designed based on the Bif3 mutant sequence 
using CRISPOR (Concordet and Haeussler 2018). Both reverse 
complementary single-stranded guide DNAs (gDNAs) were 
synthesized and annealed to form double-stranded gDNAs 
with overhangs of GGCG at forward strands and AAAC at 
reversed strands. Two double-stranded gDNAs were cloned 
into a pENTR-OsU3p-scaffold by Golden Gate Assembly 

cloning. The gRNA array of OsU3p-gRNA1-scaffold and 
OsU3p-gRNA2-scaffold was assembled into the pBUE411 vector 
(Xing et al. 2014) using the Gibson Assembly Master Mix (New 
England Biolabs), and the resulting construct was transformed 
into maize (Z. mays) inbred line B104 via A. tumefaciens– 
mediated transformation. Transformation was carried out by 
the Iowa State Plant Transformation Facility. Genomic edits 
were screened by PCR amplification and Sanger sequencing of 
the target region. The resulting enhancer-edited alleles were 
backcrossed to A619 for 3 generations to remove the T-DNA 
insertion as well as to purify the genetic background before 
phenotypic and expression analysis. The guide RNA sequences 
for ZmWUS1-B enhancer and primers for gRNA array assembly 

A B

C D

Figure 4. ZmWUS1-B-edited alleles do not increase kernel row number but enhance maize prolificacy. A and B) Comparison of inflorescence meri-
stem size (in μm; y axis) and kernel row number of WT and heterozygous ▵113 and ▵33 alleles. For the quantification of inflorescence meristem 
sizes, n = 8 in +/▵113 plants and WT siblings; n = 12 in +/▵33 plants, and n = 10 in WT siblings. For the quantification of kernel row number, n =  
43 in +/▵113 allele plants and 65 in WT siblings, 28 in +/▵33 allele plants, and 44 in WT siblings. C) The heterozygous ▵33 allele showed increased 
prolificacy. Scale bars 10 cm. D) Quantification of ear numbers of the primary lateral branches in heterozygous ▵113 and ▵33 alleles. n = 56 in 
+/▵113 allele plants and 65 in WT siblings, 44 in +/▵33 allele plants, and 63 in WT siblings. Student’s t tests P-value annotation legend: ns, P > 0.05; 
**0.001 < P < 0.01; ****P < 0.0001; error bars indicate 95% confidence interval.

Figure 3. (Continued) 
edits. SEM images were digitally extracted for comparison. Scale bars 500 μm. D) Mature ears of WT and homozygous ▵113 and ▵33 edits. Scale bars 
2 cm. E to G) Transient transactivation in maize protoplasts. E) Reporter and effector constructs used in this study. The firefly luciferase is driven by 
the proximal promoter of ZmWUS1-B (denim arrows), including 444 bp (pWUS1), 570 bp of the Bif3 allele (p570), and 3 CRISPR-edited Bif3 alleles of 
ZmWUS1-B (▵113, ▵33, and ▵15). Two additional promoters were synthesized to carry a deletion of 22bp (between the 1st and 2nd AGATAT motifs; 
S11) and an insertion of 10 bp (between the 1st and 2nd AGATAT motifs; S43). The Renilla luciferase driven by the CaMV 35S promoter is used for 
normalization. F and G) Quantification of promoter activities when induced by type B RRs, ZmRR8 and ZmRR11. A minimum of 3 biological re-
plicates were performed. Student’s t tests P-value annotation legend: ns, P > 0.05; *0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P < 0.001; 
****P < 0.0001; error bars indicate 95% confidence interval.
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and enhancer-edited allele genotyping are listed in Supplemental 
Table S1.

Plant phenotyping
Images of inflorescence meristems were captured by SEM. 
For SEMs, fresh ear primordia (3 to 5 mm) were dissected 
and analyzed using a JMC-6000PLUS benchtop SEM (JEOL).

Expression analysis
RT-qPCR analysis was performed using an Illumina Eco 
Real-Time PCR System. At least 9 ear primordia were pooled 
for each genotype, and 3 biological replicates were performed 
for each assay. Total mRNA was extracted using RNeasy Mini 
Kit (Qiagen) with on-column DNase I (Qiagen) treatment 
and used for complementary DNA (cDNA) synthesis with a 
qScript cDNA synthesis kit (Quanta BioSciences). RT-qPCR 
was performed using gene-specific primers and the PerfeCTa 
SYBR Green FastMix (Quanta BioSciences). Target cycle thresh-
old values were normalized using ZmUBIQUITIN. Primers used 
are listed in Supplemental Table S1.

Transactivation assays
Transactivation assays were conducted in maize mesophyll 
protoplasts as described previously (Chen et al. 2021). The ef-
fector vector pEarlyGate 100 was used for expression of 
ZmRR8 and ZmRR11 driven by the cauliflower mosaic virus 
(CaMV) dual 35S promoter. The reporter vector pGreenII 
0800-LUC was used for detecting the transactivation activities 
of ZmRR8 and ZmRR11 on the original ZmWUS1-B promoter 
with a 119 bp insertion (p570), the ZmWUS1-B promoter with-
out the 119 bp insertion (p444), and the 3 enhancer-edited 
promoters (Bif3-▵113, Bif3-▵33, and Bif3-▵15). Two additional 
mutated enhancers with 11 bp and 43 bp spacing between the 
first 2 adjacent AGATAT-binding motifs were created by 
Golden Gate Assembly. Equal amounts of effector plasmids 
and reporter plasmids were cotransformed into mesophyll pro-
toplasts of maize by PEG-mediated protoplast transformation. 
The protoplasts were incubated in the dark at 23 °C for 16 h for 
firefly luciferase/Renilla luciferase (LUC/REN) activity analysis. 
The ratio of LUC/REN activity was measured using the 
Dual-Luciferase Reporter Assay System (Promega). Primers 
used to amplify the ZmWUS1-B promoter with various enhan-
cer edits are listed in Supplemental Table S1.

Evolutionary analysis
Orthologs of ZmWUS1 and its paralog ZmWUS2 and their cor-
responding 5 kb upstream and 2 kb downstream sequences 
were retrieved from Phytozome (https://phytozome-next.jgi. 
doe.gov/). Conserved regions were called using mVISTA with 
default settings (70% similarity and minimum size of 50 bp) 
(Frazer et al. 2004). The same regions were aligned via 
MAFFT (Katoh et al. 2002) and analyzed with phyloP from 
the PhastWeb (Ramani et al. 2019). The alignments of the 
ZmWUS1 were analyzed with phyloP using the conservation– 
acceleration model to test for conservation and acceleration 
concurrently.

Statistics and reproducibility
Statistical significance was determined by 2-tailed Student’s t 
tests; exact P-values of all comparisons are listed in 
Supplemental Table S2. All experiments have been replicated 
at least 3 times with similar or identical results, and/or data 
have been extracted using multiple biological samples. For 
SEMs, at least 3 independent samples were imaged with simi-
lar results; representative SEMs of the different genotypes 
analyzed are presented in the figures.

Accession numbers
ZmWUS1 corresponds to Zm00001eb067310 (B73v5). The 
Bif3 ZmWUS1-B sequence can be found in NCBI GenBank, ac-
cession MW677562.
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