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SUMMARY

The plant hormone gibberellin (GA) impacts plant growth and development differently depending on the devel-
opmental context. In the maize (Zea mays) tassel, application of GA alters floral development, resulting in the
persistence of pistils. GA signaling is achieved by the GA-dependent turnover of DELLA domain transcription
factors, encoded by dwarf8 (d8) and dwarf9 (d9) in maize. The D8-Mpl and D9-1 alleles disrupt GA signaling,
resulting in short plants and normal tassel floret development in the presence of excess GA. However, D9-1
mutants are unable to block GA-induced pistil development. Gene expression in developing tassels of D8-Mpl
and D9-1 mutants and their wild-type siblings was determined upon excess GA; and mock treatments. Using
GA-sensitive transcripts as reporters of GA signaling, we identified a weak loss of repression under mock con-
ditions in both mutants, with the effect in D9-1being greater. D9-1was also less able to repress GA signaling in
the presence of excess GA;. We treated a diverse set of maize inbred lines with excess GA; and measured the
phenotypic consequences on multiple aspects of development (e.g., height and pistil persistence in tassel
florets). Genotype affected all GA-regulated phenotypes but there was no correlation between any of the GA-
affected phenotypes, indicating that the complexity of the relationship between GA and development extends
beyond the two-gene epistasis previously demonstrated for GA and brassinosteroid biosynthetic mutants.

Keywords: Maize, Hormones, Genetics, Gibberellins, Meristem, Branching, Floral development, Plant
height, DELLA transcription factor, Transcriptomics.

INTRODUCTION DELLA domain protein ubiquitination and degradation by

Gibberellic acid (GA) is a plant hormone, best known for
the induction of directional cell elongation by GA excess
(Brian, 1958; Phinney, 1956). The anisotropic expansion of
cells due to GA excess results in a dramatic increase in
plant organ length and height. Similarly, loss of GA biosyn-
thesis and blocks in GA signal transduction result in dwar-
fed plants (Evans & Poethig, 1995). GA signaling is
accomplished by relief of transcriptional repression in
every plant system investigated to date. The GA receptors,
the GIBBERELLIN INSENSITIVE DWARF1 proteins, physi-
cally associate with GRAS family transcription factors
encoding a DELLA domain in a GA-dependent manner (Ari-
izumi et al., 2011; Griffiths et al., 2006; Nakajima et al.,
2006). The DELLA domain is critical for their protein—pro-
tein association with this GA receptor. Binding of DELLA
domain transcription factors by GA-GID complexes recruits
SCF proteins and the Cullin1 ubiquitin ligase, resulting in

© 2022 The Authors.

the 26S proteosome (Dill et al., 2001). Degradation of
DELLA domain transcription factors relieves promoters
from transcriptional repression and stimulates GA-
dependent responses (Dill & Sun, 2001). Dominant alleles
of the DELLA domain transcriptional repressors that block
GA signal transduction have been identified in every plant
genetic model and are an important source of crop archi-
tecture improvement (Peng et al., 1997; Silverstone et al.,
1997; Winkler & Freeling, 1994). In Arabidopsis, there are
five DELLA genes and a quintuple recessive mutant main-
tained some GA-responsiveness for some traits, suggest-
ing a GA-independent signaling pathway (Fuentes et al.,
2012). This interpretation requires that none of the alleles
be leaky. The DELLA quintuple mutant was unresponsive
to GA in the presence of the 26S proteasome inhibitor
MG132 (Fuentes et al., 2012), which would be consistent
with a leaky allele of one of the DELLA genes.
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Dominant alleles of DELLA domain transcription fac-
tors played a key role in the 20th century improvement of
crop architecture, including wheat (Triticum aestivum), rice
(Oryza sativa), and barley (Hordeum vulgare) (Ashikari
et al., 2002; Hedden, 2003; Sasaki et al., 2002). These domi-
nant negative alleles decrease plant height, reduce lodg-
ing, and reduce plant responsiveness to other cues that
increase plant size such as high nitrogen and increased
plant densities (Hedden, 2003; Wu et al., 2020). Changing
plant stature and architecture permitted plant breeders to
rapidly increase the yield per acre of these crops (Pinstrup-
Andersen & Hazell, 2009). But there is ample evidence
of pleiotropy for these alleles, as should be expected for
perturbing a major phytohormone signal transduction
pathway. Changes in root depth and angle, seed micronu-
trients, and branching are also affected by these alleles
(Liao et al., 2019; Schaefer et al., 2018; Ubeda-Tomas et al.,
2008). While some of the traits affected by these DELLA
domain transcription factor alleles contribute to increases
in plant yield, others may limit their commercial potential.

In no other species is the negative pleiotropy of GA
mutants effects on yield clearer than in maize (Zea mays).
The monoecious reproductive habit of maize is sensitive to
GA. During floral development flowers are initially perfect
but undergo selective abortion of stamen or pistil primor-
dia in the ear and tassel florets, respectively (Cheng et al.,
1983; Kim et al., 2007). In pistillate ear florets, GA is
required to suppress anther production, whereas in tassel
florets, GA excess results in pistil retention (Bensen et al.,
1995; Nickerson, 1959). It is likely that as a result of this
negative pleiotropy, reduced height alleles of the DELLA
domain proteins were not utilized in the 20th century
improvement of maize (Larsson et al., 2013; Thornsberry
et al., 2001; Yu et al., 2008).

Much of what we know about the influence of GA on
transcription is the result of work done on Arabidopsis
hypocotyls, where the overwhelming influence of GA is
anisotropic cell expansion (Chiang et al., 1995; Koornneef
& van der Veen, 1980; Sun et al., 1992). Previous work in
maize demonstrated that GA and brassinosteroid (BR)
pathways have differing genetic interactions for plant
height, tiller branch development, retention of stamens in
the ear, and retention of pistils in the tassel. Even if the les-
sons of the Arabidopsis hypocotyl are completely general-
izable to maize cell elongation, the same regulator
hierarchy could only be conserved for one of the three
developmental contexts investigated so far (Best et al.,
2016; Best et al., 2017). In Arabidopsis, cell cycle genes are
regulated by DELLAs and mutants in these genes block
meristem control but not cell elongation (Serrano-Mislata
et al., 2017). This demonstrates that mutants in DELLA tar-
gets can uncouple GA regulation of cell division and cell
elongation. KNOX genes in both Arabidopsis and maize
upregulate GA catabolic genes to keep GA levels low in

developing meristems (Bolduc & Hake, 2009), suggesting
an important role of GA in maintaining meristem function.

The maize genome harbors dwarf8 (d8) and dwarf9
(d9), which encode two paralogous GRAS family transcrip-
tion factors that contain DELLA domains. Both paralogs
were identified from dominant mutant alleles (Lawit et al.,
2010; Winkler & Freeling, 1994). Thus far, the height of all
tested dominant alleles at these two loci is GA-insensitive
(Winkler & Freeling, 1994), indicating that the GA response
requires properly functioning DELLA domain proteins in
maize. The D8 transcripts are roughly 4 to 5 times more
abundant than D9 across the publicly available maize tran-
scriptome analyses (Lawrence et al., 2004; Portwood 2nd
et al., 2019). Consistent with this, many alleles have been
described for the d8 locus but only one dominant allele of
d9is known, Dwarf9-1(D9-1). Among the dominant d8 alle-
les compared by Winkler & Freeling, 1994, the weakest,
D8-Miniplant (D8-Mpl), was similar in height to D9-1 and
completely GA-insensitive (Winkler & Freeling, 1994).

Because of the strong influence of GA excess on tas-
sel development and the direct effect of DELLA domain
protein repression of transcription on GA signaling, we
explored gene expression in the maize tassel following GA
application. We utilized the D8-Mpl and D9-1 dominant
mutants and their wild-type siblings and found that both
mutants decreased the transcriptional responses to excess
GA. Surprisingly, both mutants were also ineffective tran-
scriptional repressors in the absence of GA excess.
Because of our previous reports of non-concordance of
genetic effects of loss of GA and BR on different develop-
mental outputs (Best et al., 2016; Best et al., 2017), we
explored the effects of GA excess on multiple plant organs
across the diversity of maize. Genotype influenced all GA-
dependent phenotypes but, consistent with previous find-
ings, there was no concordance in the genotypic effects
across different organs of maize. This demonstrated that
the impacts of GA on height are genetically separable from
effects on other phenotypes, opening up the opportunity
to mitigate the negative effects of pleiotropy affected by
dominant alleles at the DELLA domain proteins.

RESULTS

Floral organ retention and tassel development are
differentially sensitive to GA in D8-Mpl/+ and D9-1/+

To determine the GA-regulated gene expression associated
with floral organ retention induced by GA excess, tassel
florets were compared between GAs-treated wild-type
plants and D8-Mpl/+ or D9-1/+ mutant siblings. d8 and d9
encode GRAS domain transcription factors that contain the
DELLA domains critical for GA-regulated transcriptional
responses. Both genes are expressed in a variety of tis-
sues, but the D8 mRNA expression level was approxi-
mately 4 times higher than that of D9 mRNA across
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developing tissues (Figure S1). Dominant alleles of both
genes have been recovered from mutagenesis experiments
in maize, and all tested to date were insensitive to GA for
stem elongation (Winkler & Freeling, 1994). Only one dom-
inant mutant allele has been described at d9, D9-1, and it
results in a moderately dwarfed plant. Multiple severe
dominant alleles at d8 have been described (Lawit et al.,
2010; Winkler & Freeling, 1994) but we selected the moder-
ately dwarfed D8-Mpl allele to provide the closest compar-
ison to the D9-1 allele.

D8-Mpl[+ and D9-1/+ displayed several morphological
changes in the tassel. In the genetic backgrounds obtained
directly from the maize stock center, mock-treated D8-Mpl/f
+ and D9-1/+ had fewer primary tassel branches than
mock-treated wild-type siblings (Figure 1; Table S2). Both
wild-type siblings treated with GA; had more primary tas-
sel branches as compared to mock-treated wild-type sib-
lings. D8-Mpl/+ and D9-1/+ mutants were also both
insensitive to GA; with respect to the number of primary
tassel branches. Both D8-Mpl/+ and D9-1/+ in their own
original backgrounds and in a third backcross to B73
(B73BC3) generation produced anthers in the ear florets,
though the D9-1/+ phenotype was less severe than that of
D8-Mpl[+ (Table S2). GA; treatment was unable to sup-
press this phenotype in all genetic backgrounds. This was
most likely the result of the method of treatment to the
apex of the plant and the inability of the applied GA3 to
reach the developing axillary ear inflorescences that are
initiated well below the shoot apical meristem.

GA; was able to prevent pistil abortion in the wild-
type siblings of D8-Mpl/+ in their original background. The
wild-type D9-1/+ siblings were sterile as a result of both
smooth barren patches and abortion of florets; as a result
these did not produce pistils (Figure 1). In B73BC3 families,
wild-type siblings’ tassel florets retained pistils following
GA; treatment (Table 1). The D8-Mpl/+ mutant was com-
pletely insensitive to GA3 treatment in both backgrounds
and all plants produced viable pollen. Interestingly, D9-1/+
tassel florets retained pistils in both backgrounds. This
indicates that D9-1/+ was GA-responsive and could not
prevent pistil abortion. This difference in phenotypes may
be due to the specificity in function of the two DELLA pro-
teins or differences in the two alleles.

All GA-induced genes in developing tassels are DELLA-
regulated

Tassel morphology and floral organ development are
affected by excess GA; (Best et al., 2016; Nickerson, 1959;
Nickerson, 1960) and variation in the DELLA transcriptional
repressors (Figure 1). To identify the consequences of D8-
Mpl and D9-1 on GA-regulated gene expression we per-
formed an RNA-Seq analysis of developing tassels from
heterozygous mutants and their wild-type siblings with
and without GA; treatment. Tassel primordia of

© 2022 The Authors.

Figure 1. GA; whorl application of D8-Mpl/+ and D9-1/+ results in divergent
floral phenotypes.

(a-d) Isogenic wild type of D8-Mpl/+ at anthesis with (a, b) mock treatment
and (c, d) GA3 treatment. (e-h) D8-Mpl/+ at anthesis with (e, f) mock treat-
ment and (g, h) GA; treatment. (i-1) Isogenic wild type of D9-1/+ at anthesis
with (i, j) mock treatment and (k, I) GA3 treatment. (m-p) D9-1/+ at anthesis
with (m, n) mock treatment and (o, p) GA; treatment. (a, ¢, e, g, i, k, m, o)
Scale baris 5 cm. (b, d, f, h, j, I, n, p) Scale baris 1 cm.

approximately 0.5-1 cm were taken at 40 DAP from plants
treated with 866 um GAz or mock by injection into the
whorl every third day starting at 20 DAP. Bona fide GA-
responsive genes were identified as follows. First, all sig-
nificantly differentially expressed genes (DEGs) were iden-
tified between GAs-treated and untreated samples from
the wild-type siblings of D8-Mpl/+ and D9-1/+. Genes were
retained as GA-responsive if they (i) were identified as sig-
nificantly differentially expressed at a P-value of <0.05 after
Benjamini-Hochberg correction, (ii) had a nominal P-value
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Table 1 Effects of GA; on floral development of D8-Mpl/+, D9-1/+, and respective wild-type siblings from BC3F1 with B73

Source'

Plants with barren tassels?

Genotype Treatment n Plants with pistils in the tassel®
B73 x D8-Mpl/+ ++ Mock 10 0 (0%)? 0 (0%)?
B73 x D8-Mpl/+ e GA; 9 9 (100%)° 9 (100%)°
B73 x D8-Mpl/+ D8-Mpl/+ Mock 8 0 (0%)? 0 (0%)?
B73 x D8-Mpl/+ D8-Mpl/+ GA; 9 0 (0%)? 0 (0%)?
B73 x D9-1/+ it Mock 10 0 (0%)? 0 (0%)?
B73 x D9-1/+ H GA; 9 9 (100%)° 9 (100%)°
B73 x D9-1/+ D9-1/+ Mock 8 0 (0%)? 0 (0%)?
B73 x D9-1/+ D9-1/+ GA; 9 0 (0%)? 9 (100%)°

"Male pollen was selected for the presence of mutation in the BC2 generation.
‘Number of plants with barren tassels, with percentage of plants in parentheses. Lowercase letters indicate significant differences as deter-

mined by Fisher’s exact test with P-value < 0.001.

SNumber of plants with pistils in the tassel, with percentage of plants in parentheses. Lowercase letters indicate significant differences as

determined by Fisher’s exact test with P-value < 0.001.

of <0.05 in both experiments, and (iii) were affected by GA3
application in the same direction in both wild-type back-
grounds. In this way, 366 genes were identified, hereafter
referred to as the bona fide GA-responsive genes, which
were reproducibly affected by GA in the two wild-type
backgrounds, of which 277 were upregulated and 89 were
downregulated after GA; treatment (Data Files S1-S3).

The most obvious result from the analysis of this
group of bona fide GA-regulated genes in tassels was that
none of them were DELLA-independent. The two genetic
backgrounds of D8-Mpl/+ and D9-1/+ responded similarly
to GA treatment. No genes identified as bona fide GA-
responsive genes were identified as DEGs in the compar-
ison of D8 Mpl/+ GAs-treated compared to mock treatment
nor D9-1/+ GAs-treated compared to mock treatment. Fur-
thermore, the GA effect on every one of the 366 GA-
regulated genes was suppressed by the D8-Mpl/ and D9-1
mutations as compared to their respective GA-treated wild-
type siblings (Figure 2).

GA-regulated genes demonstrate auto-regulation and hor-
monal interactions

Among the bona fide GA-regulated genes were several
regulators of GA biosynthesis, catabolism, and response.
Transcripts encoding D8 (GRMZM2G144744) and D9
(GRMZM2G024973) were accumulated in wild-type plants
following GAjz treatment, indicating a release from nega-
tive feedback regulation by degradation of these repres-
sors. We also expect that the restoration of GA
homeostasis should be affected by the accumulation of GA
catabolic enzymes. We observed accumulation of tran-
scripts encoding the GA-catabolizing enzymes GA2-
OXIDASE2 (GA2-0X2; GRMZM2G006964) and GA2-OX9
(GRMZM2G152354) following GA;3 treatment. There was no
observable decrease in the accumulation of transcripts
encoding GA biosynthetic enzymes, suggesting that GA
biosynthesis may already be very low in tassels at this
developmental stage. A maize homolog of a gene

identified as GA-responsive in Arabidopsis, gibberellic acid
stimulated-like1 (GSL1; GRMZM2G062527) (Zhang & Wang,
2008), was also identified among the genes with increased
transcript accumulation following GAs treatment.

The GA and BR pathways interact to control tassel
development in maize (Best et al., 2016; Best et al., 2017).
The BRASSINAZOLE RESISTANT (BZR) transcription fac-
tors involved in BR-responsive gene regulation have been
shown to interact with DELLA proteins (Gallego-Bartolome
et al., 2012; Li et al., 2012). Two orthologs of the Arabidop-
sis DELLA protein interactors, a BZR homolog (encoded by
BZR10; GRMZM2G102514) (Yu et al., 2018) and a GRAS
domain transcription factor (encoded by GRAS54;
GRMZM2G106548), were increased in their expression.
This suggests that these partners of the DELLA proteins
carry out conserved roles in the GA response and hormone
integration. mRNA encoding a known interactor of the
BZRs in rice and Arabidopsis, dwarf and low tillering1
(DLT1), accumulates following GA application (Tong et al.,
2009; Tong etal, 2012) and the maize ortholog
(AC234164.1_FG004) also accumulates following GA treat-
ment of wild-type tassels, suggesting that it is a down-
stream target of the DELLA domain repressors. These
changes indicate that some of the integration of GA and
BR signaling occurs directly due to DELLA-dependent tran-
scriptional regulation of BR signaling components and
transcriptional networks.

In addition to factors involved in BR signaling, genes
with demonstrated roles in auxin signaling and transport
were differentially expressed following GAz treatment. The
ABC transporter gene responsible for the brachytic2 (br2;
GRMZM2G315375) mutant of maize (Multani et al., 2003)
was increased in expression in GAs-treated tassels. Simi-
larly, expression of the auxin transporter PINFORMED1D
(PIN1D; GRMZM2G171702) was increased, suggesting
that both BR2 and PIN1D are upregulated with excess GAz
and therefore may be direct DELLA targets. In contrast,
expression of the AUXIN RESPONSE FACTOR29 (ARF29;
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Figure 2. Heatmap of 366 bona fide filtered GA-responsive genes.
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Genes were first filtered for being differentially expressed in +/+ (D8) treated with GA; compared to mock at a Benjamini-Hochberg genome-wide significant P-
value of <0.05. The same genes then had to be significant at a nominal P-value of <0.05 in +/+ (D9) and in the same direction as +/+ (D8). Log,-transformed fold
change expression value heatmap of 366 filtered differentially expressed genes in GA-treated samples compared to mock samples within the respective geno-
type. Dodgerblue1 indicates high expression and magenta represents low expression in GA-treated samples. Genes are clustered by the expression across all

four genetic samples. Selected genes are indicated on the right of the heatmap.

GRZM2G086949) transcriptional activator (Galli et al., 2015;
Matthes et al., 2019) was decreased in tassels following
GA; treatment.

Effect of GA treatment on floral organ identity and
inflorescence development

Consistent with the pistil retention in tassel florets follow-
ing GA treatment, several transcripts with roles in floral
organ identity and the control of floral transition and

© 2022 The Authors.

patterning were differentially expressed in tassels follow-
ing GA; application. Transcripts of the two Zea mays leafy
(ZFL) homologs, ZFL1 and ZFL2 (Bomblies et al., 2003),
were more abundant following GA; treatment. This was
consistent with GA accelerating flowering time (Evans &
Poethig, 1995). In addition, the expression levels of MADS
box genes that are downstream of ZFL1 and ZFL2 (Dani-
levskaya et al., 2008) were altered. Expression of the MADS
box transcription factors ZEA MAYS MADS8 (ZMMS;
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GRMZM2G102161), ZMM14 (GRMZM2G099522), and
ZMM16 (GRMZM2G110153) was decreased following GA;
application. Both ZMM8 and ZMM14 are abundantly
expressed in tassel and ear florets (Cacharron et al., 1999).
In tassel florets, ZMMS8 is restricted to the upper floret pri-
mordia, where it accumulates in the carpels prior to abor-
tion (Cacharron et al., 1999). ZMM16 is encoded by sterile
tassel silky ear1(STS1), and loss of this pistillata homolog
results in a loss of stamens but no gain of carpels in the
tassel (Bartlett et al., 2015). Similarly, the maize homolog
of the LEUNIG (LUG) repressor (GRMZM2G361398), which
represses both the MADS box transcription factor AGA-
MOUS and microRNA172 (miR172) in Arabidopsis (Auker-
man & Sakai, 2003; Grigorova et al., 2011), was decreased
in abundance following GAs treatment. The homolog of
the known LUG interactor and YABBY transcription factor
ABNORMAL FLORAL ORGANS1/FILAMENTOUS FLOWER1
(Chen et al., 1999) (GRMZM2G005353) was also decreased
in abundance following GA; treatment.

Several other genes with predicted effects on flower-
ing time were also differentially expressed in tassels fol-
lowing GA3 treatment. Among these, CYTOCHROME P450
78A (CYP78A) transcripts, encoded by the maize plas-
tochron1 gene (PLAT, GRMZM2G167986) (Sun et al., 2017),
were increased in abundance following GA; treatment.
This is consistent with GA-induced accelerated flowering
time (Lang, 1957; Wittwer et al., 1957). Expression of
golden-like transcription factor6 (GLK6; GRMZM2G117193),
which encodes a homolog of the Arabidopsis MYB-
RELATED PROTEIN1 (MYR1), a regulator of flowering time
under low light (Zhao et al., 2011), was increased following
GA; treatment. In addition, expression of the outer cell lay-
ers1(OCL1; GRMZM2G026643) gene was decreased follow-
ing GAs3 treatment. This gene was identified based on its
accumulation in the outer cell layer of all maize meristems
and tissues investigated (Ingram et al., 1999; Ingram et al.,
2000) and was shown to delay flowering time when over-
expressed (Depege-Fargeix et al., 2011).

Although tissue was collected too late to investigate the
suppression of tassel branching, effects on axillary meris-
tems such as spikelet and floret meristems and meristem
determinacy may be visible as changes in gene expression
in these experiments. Multiple genes with known or pre-
dicted effects on axillary meristem determinacy and growth
were affected by GA3 treatment, and this was dependent on
D8 and D9. Among these genes, two have demonstrated
roles in axillary meristems in the tassel. Both the squamosa
promoter binding protein-like (SPL) transcription factor gene
unbranched2 (UB2;, GRZM2G160917) and the teosinte
branched1-cincinnata-proliferating cell factor (TCP) domain
transcription factor gene Wavy auricle in bladel/branch
angle defectivel (WAB1/BAD1; GRMZM2G110242) accumu-
lated following GA; treatment. Both UB2 and WAB1/BAD1
were previously shown to be responsible for spikelet pair

meristem and spikelet meristem determinacy (Bai, Rein-
heimer, et al., 2012a; Chuck et al., 2014; Hay & Hake, 2004).
Though multiple other SPLs were altered in their expression,
no genes with previous roles in pistil retention in the tassel
(e.g., tasselseed1 [ts7] through ts6) were differentially
expressed in response to GAs. This was consistent with
genetic studies of double mutants between GA mutants and
ts1, ts2, ts4, ts5, and ts6 mutants demonstrating independent
mechanisms regulate pistil retention in the maize tassel
(Acosta et al., 2009; Chuck et al., 2007; Delong et al., 1993;
Irish et al., 1994; Lunde et al., 2019).

GA; treatment of D8-Mpl/+ and D9-1/+ fails to identify
any DEG

GA; treatment had no discernable effect on gene expres-
sion in D8-Mpl[+ mutants as assessed by differential gene
expression analysis at a Benjamini-Hochberg adjusted P-
value threshold of <0.05. This corresponded well with the
phenotypic observation of no stem elongation upon GA3
treatment and pistil abortion in D8-Mpl/+ tassels treated
with GAz (Figure 1). Similarly, and somewhat surprisingly
given the effect of GAz treatment on D9-1/+ tassels, no
genes were significantly affected by GA; application in D9-
1/+ compared to mock controls at a Benjamini-Hochberg
P-value of <0.05. Yet, these results were consistent with
the lack of DELLA-independent transcriptional effects of
GA in the maize tassel (Figure 2; Data Files S4 and S5).
Given the phenotypic impact of GA on D9-1/+ tassels and
the absence of DEG at this threshold, we carried out a ser-
ies of careful, and more sensitive, assessments of GA-
regulated gene expression by considering pathways and
gene sets.

D8-Mpl strongly represses GA-regulated gene expression

To determine what effects these mutant alleles have on
GA-regulated gene expression, transcript levels were com-
pared between GAs-treated wild-type siblings and D8-Mpl/
+ or D9-1/+ mutants. A comparison between GAgz-treated
D8-Mpl[+ and GAgs-treated wild-type siblings identified 561
DEGs at a Benjamini-Hochberg adjusted P-value of <0.05
(Data Files S6 and S7). Of these genes, 560 were present in
the comparison of GAs- and mock-treated wild-type sib-
lings and 131 were among the 366 bona fide GA-regulated
genes (Data Files S3 and S6). Of these 131 genes, 81 genes
were both induced by GA; in wild-type samples and sup-
pressed by D8-Mpl/+ treated with GAs. Expression of the
50 genes repressed by GA; application in wild-type sam-
ples was increased in the GAs-treated D8-Mpl/+ samples
(Figure 2). Thus, all genes were affected in the expected
direction for a dominant negative mutant blocking GA
signaling.

An additional 268 GA-regulated genes were identified
in the wild-type siblings of D8-Mpl/+ following GA;3 treat-
ment. These represent putative GA-regulated genes even
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though they were not identified in the congenic wild-type
siblings of D9-1/+ treated with GA3, and were therefore not
included the bona fide gene set. Of these 268 genes, the
158 genes induced by GAs in wild type were suppressed
by D8-Mpl/+ and the 110 genes repressed by GA; applica-
tion in wild type were increased in the D8-Mpl/+ samples.
Thus, all genes affected by GA; treatment reacted to D8-
Mpl/+ as expected for genes controlled by a constitutive
repressor of GA-induced gene expression.

DEG overlaps can be problematic in the presence of
high false negative rates. A more complete analysis of the
effects of GA on the 560 D8-Mpl/+ sensitive genes during
GA; treatment was performed by looking at the direction
of their expression in the comparison of congenic wild-
type samples with and without GA; treatment (Table 2). Of
the 560 genes, 545 genes were affected in the expected
direction if D8-Mpl/+ encodes a repressor of GA-induced
gene expression (Table 2). Of the 15 genes not affected by
GAg, but altered in the mutant, six genes were on chromo-
some 1 linked to the position of d8, which was consistent
with introgression of expression quantitative trait loci
(eQTLs) from the original progenitor of D8-Mpl/+ affecting
these changes in expression. These consonant effects on
gene expression by D8-Mplf+ and GA were far more than
expected (expectation of 1:1 for consonant:dissonant
expression patterns; chi-squared P-values of <4.2 x 101"
and the direction of the effects indicated that the protein
encoded by the D8-Mpl allele represses GA-induced gene
expression.

The 268 DEGs that were repressed by D8-Mpl/+ trea-
ted with GA3 and significantly affected by GA3 application
of the wild type included 131 genes in the bona fide GA-
regulated gene list (Figure 2; Data Files S1-S3, see discus-
sion above) as well as 137 additional genes (Figure S2;
Data Files S5 and S6). Among these 137 additional genes
altered by the D8-Mpl/+ mutant were multiple genes with
possible functions in GA signaling and tassel development.
Among these was an additional BZR homolog (BZR7;

Table 2 Effect of D8-Mpl on GA-regulated gene expression com-
pared to congenic wild types

Effect of Number of
Effect of GA5® D8-Mpl° DEGs®
Increase Decrease 244
Decrease Decrease 6
Increase Increase 9
Decrease Increase 301

dIndicates if gene expression increases or decreases following
GA; treatment of wild-type tassels.

PIndicates if gene expression increases or decreases in D8-Mpl rel-
ative to wild type following GA; treatment.

‘Genes selected based on differential expression at a Benjamini-
Hochberg P-value of <0.05 in D8-Mpl relative to wild type follow-
ing GAs treatment.

© 2022 The Authors.

AC194970.5_FG002) (Yu et al., 2018) that was suppressed
by D8-Mpl/+ in the GAs-treated samples relative to GAs-
treated wild types. This was similar to the GA-induced BZR
homolog described above (BZR10; GRMZM2G102514; Fig-
ure 2; Data File S3), further suggesting that the interaction
between DELLA domain transcription factors and the BZR
transcription factors observed in Arabidopsis (Bai, Shang,
et al., 2012b; Gallego-Bartolome et al., 2012; Li et al., 2012)
is conserved in maize. In addition, a link with ethylene sig-
naling was suggested by the decreased accumulation of
transcripts encoding an ETHYLENE INSENSITIVE3 (EIN3)
homolog (EIN-LIKE6; GRMZM2G151811) in GAs-treated D8-
Mpl[+ mutants as compared to GAs-treated wild type (Fig-
ure S2; Data Files S5 and S6).

A set of floral-associated transcription factors was also
present in this list. Several MADS box transcription factors
were differentially expressed, consistent with complete sup-
pression of pistils in GAs-treated D8-Mpl/+ mutants. Among
these were three MADS box genes, all of which were
decreased in abundance in wild-type plants treated with
GA; as compared to GAs-treated D8-Mpl/+ mutants. As
these genes were repressed by GA, they were likely altered
in their expression because of pistil retention in the tassel,
rather than being direct targets of D8-Mpl transcriptional
repression. These genes included bearded ear1 (BDET,
GRMZM2G160565) (Thompson et al., 2009), mutants of
which display floral meristem indeterminacy and other
defects in floral organ production. Expression of another
member of the same AG-like subfamily, zea agamous5
(ZAG5; GRMZM2G003514), was also decreased. The third
MADS box gene was ZMM24 (GRMZM2G087095), which is
known to respond to floral induction (Danilevskaya et al.,
2008). Other genes with known roles in floral development
that may encode indirect targets included a cincinnata-like
gene, tep transcription factor7 (TCPTF7; GRMZM2G035944),
and a gene encoding the maize homolog of the flower-
specific phytochrome-associated protein (GRMZM2G11
9720). Expression of another meristem-associated transcript
encoding an aintegumenta (Klucher et al., 1996) paralog of
maize (AP2/EREBP-transcription  factor184 [EREB184];
GRMZM2G028151) was decreased in D8-Mpl, suggesting it
may be a direct target of DELLA-domain protein-mediated
repression.

Other indications of changes in specialized metabolic
pathways were visible when GAs-treated wild-type and D8-
Mpl[+ plants were compared. A second CYP78A gene that
is closely related to PLA7 and KLUH (Anastasiou et al.,
2007; Stransfeld etal., 2010; Sun etal., 2017), the
CYP78A9-like gene GRMZM2G092823, was accumulated in
wild-type treated plants as compared to GAs-treated D8-
Mpl[+ mutants. This mirrors the GA-induced genes in the
two wild-type datasets for the PLAT transcripts and sug-
gests a close link between the KLUH pathway, tassel devel-
opment, and GA signaling in maize. Expression of the
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indole monooxygenase-encoding gene BENZOXAZINONE
SYNTHESIS2 (BX2;, GRMZM2G085661) (Frey et al., 1995,
1997) was decreased in GAs-treated wild type compared to
GAgs-treated D8-Mpl/+ mutants. This gene may be a direct
target of D8-mediated gene repression.

Even in the presence of GA3, D9-1 has few consequences
for transcript accumulation in tassels

Remarkably, only 28 DEGs were identified between wild-
type siblings and D9-1/+ mutants treated with GA3 at a
Benjamini-Hochberg adjusted P-value of <0.05 (Figure S3;
Data Files S8 and S9). Of these, 15 genes are located on
chromosome 5, 14 of which were on the short arm, where
d9 is located. These are potentially cis-eQTLs introgressed
from the original mutant background into our D9-1/+ stock
introgressed into B73. Only two of the genes in Table S9,
dehydrin3 (DHN3;, GRMZM2G373522) and c-terminal
encoded peptidel (CEP1; GRMZM2G007969), are among
the bona fide GA-regulated genes and neither of these two
are located on chromosome 5. Both genes were more
accumulated in GAs-treated wild-type siblings than in GAs-
treated D9-1/+ mutants. These two genes were both upreg-
ulated in the wild-type GAs-treated compared to the mock
dataset. The very small number of DEGs demonstrates the
D9-1 mutant allele prevents GA-regulated gene expression
changes but is less able to repress GA-regulated gene
expression than D8-Mpl. The lack of differences in tran-
script abundance between D9-1/+ and wild-type controls
mirrors the retention of pistils in D9-1/+ and wild-type tas-
sels following GAz application (Figure 1 and Table 1).

D8-Mpl and D9-1 have consistent effects on expression in
the absence of GA; treatment

Minor transcriptional effects were observed between
mock-treated D8-Mpl/+ and wild-type siblings with only 17
transcripts (five upregulated and 12 downregulated in D8-
Mpl/+) being differentially accumulated between the two
samples (Data Files S10 and S11). Of these genes, 10 are
located on chromosome 1, the chromosome harboring d8,
suggesting that linked expression polymorphisms con-
tributed to the expression differences. These data suggest
that D8-Mpl/+ had little effect on gene expression in the
absence of GA3 application, perhaps because the endoge-
nous level of GA signaling in the developing maize tassel
was below the level of detection by genome-wide mRNA
profiling.

The mock-treated D9-1/+ mutant exhibited a stronger
transcriptional effect with 93 differentially accumulated
transcripts (30 upregulated and 63 downregulated in D9-1/+)
between mock-treated D9-1/+ mutant and wild-type sib-
lings (Data Files S12 and S13). Of these 93 genes, 72 were
affected in the same direction in the mock-treated D8-Mpl/+
compared to the wild-type dataset. Of the remaining genes,
19 were in opposing directions and two were not expressed

in the D8-Mpl/+ experiments. This indicates that the D8-Mpl
and D9-1 alleles have similar effects on transcription in the
absence of GA (chi-squared test P-value = 2.7 x 107%) but
that D9-1 alters transcription to a greater degree. This was
the opposite of what was observed above for the two alleles
in the presence of GA;. Because linkage drag may have
introduced cis-effects linked to d9 and d8 in these compar-
isons, we removed chromosomes 1 and 5 from the compar-
ison and re-calculated the overlaps between DEG lists.
Removing these genes resulted in 45 overlapping genes, of
which 42 moved in the same direction in both mutants and
three moved in opposing directions.

A closer look at GA-regulated genes among the
D9-1/+-affected transcripts returned a surprise. Of the 93
DEGs affected by D9-1/+ in comparison to wild-type under
mock conditions, 83 were altered in the same direction by
D9-1/+ and by GA; application compared to the wild type
(Table 3; chi-squared test P-value =3.7 x 10~'% Data
Files S5, S8, and S13). This demonstrates that under
mock conditions, D9-1/+ did not completely repress GA-
responsive genes and did not activate GA-repressed genes.
Removal of the 28 genes on chromosome 5, which may
contribute to DEGs by linkage drag of strong cis-eQTLs,
resulted in 61 of the remaining 65 genes being similarly
affected by GA; treatment and the D9-1/+ genotype (chi-
squared test P-value = 1.5 x 107'% Table S7). A similar
result was obtained when comparing the expression of 93
genes in the wild-type siblings from the D8-Mpl/+ mutant
with and without GA; treatment (64 the same, 27 oppos-
ing, two genes not expressed in the comparison; chi-
squared test P-value = 1.1 x 10~% Table 4; Data Files S4,
S6, and S11). Despite the absence of DEGs in D8-Mpl/+,
we used the mock comparison of wild type and D8-Mpl/+
to determine if the genes differentially expressed in D9-1/+
were also impacted by the D8-Mpl/+ mutation. Of the 93
genes affected by D9-7/+ in mock conditions, 72 were
similarly impacted by the D8-Mpl/+ mutant (chi-squared

Table 3 Effect of D9-7 on GA-regulated gene expression com-
pared to congenic wild types

Effect of GA3® Effect of D9-1° Number of DEGs®
Increase Decrease 8
Decrease Decrease 55
Increase Increase 28
Decrease Increase 2

Indicates if gene expression increases or decreases following
GA; treatment of wild-type tassels.

PIndicates if gene expression increases or decreases in D9-1 rela-
tive to wild type following mock treatment.

‘Genes selected based on differential expression at a Benjamini—
Hochberg P-value of <0.05 in D9-1 relative to wild type following
GA; treatment.
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Table 4 Effect of GA on gene expression in the wild-type siblings
of D8-Mpl for the 93 DEGs affected by D9-1

Effect of GAZ? Effect of D9-1° Number of DEGs®

Increase Decrease 19
Decrease Decrease 42
Increase Increase 22
Decrease Increase 8

dIndicates if gene expression increases or decreases following
GA; treatment of wild-type tassels.

PIndicates if gene expression increases or decreases in D9-1 rela-
tive to wild type following mock treatment.

‘Genes selected based on differential expression at a Benjamini-
Hochberg P-value of <0.05 in D8-Mpl relative to wild type follow-
ing GA; treatment.

Table 5 Impact of D8-Mpl on transcript accumulation for the 93
genes affected by D9-1

Effect of D9-1° Effect of D8-Mp/l° Number of transcripts

Increase Increase 26
Increase Decrease 4
Decrease Increase 15
Decrease Decrease 46

®Indicates if gene expression increases or decreases in D9-1 rela-
tive to wild type following mock treatment.

PIndicates if gene expression increases or decreases in D8-Mpl rel-
ative to wild type following mock treatment.

test P-value = 3.8 x 10~% Table 5; Data Files S$10, S12, and
S13). These findings of differential expression under mock
conditions of D9-1/+, the similarity of the direction of the
effects of GA; treatment, and the significant overlap
observed in the D8-Mpl/+ mutant were not predicted by
the ‘dominant-negative’ interpretation of these alleles’ phe-
notypes (Winkler & Freeling, 1994). Our data were consis-
tent with D9-1, and to a lesser extent D8-Mpl, encoding
hypofunctional repressors of GA-regulated genes. This
resulted in a higher expression status in D9-1/+ of GA-
responsive genes under mock conditions compared to
wild-type siblings (see additional analysis below). Together
our results demonstrate that the protein encoded by D9-1
is an inhibitor of GA signaling at high GA concentrations
and a poor repressor of GA-regulated genes under mock
conditions. We carried out additional analysis to explore
this further.

Assessment of GA-responsive gene expression using an
aggregate index of expression differences

The 366 bona fide GA-responsive genes represented an
annotated set of genes reproducibly affected by GA excess.
The chi-squared tests, as employed on DEGs, use the
direction of expression to determine whether the overall
patterns of effects were consonant, dissonant, or

© 2022 The Authors.

indistinguishable from other gene expression patterns. For
example, do effects of the D9-1/+ mutant resemble treating
wild-type plants with excess GA3? As such, these tests are
non-parametric and do not respond to the degree of
change in expression. We hypothesized that a parametric
estimate of expression similarity might be able to estimate
the degree of GA response in a tissue. We performed a
parametric quantification of GA-responsiveness by calcu-
lating an index of the aggregate effect of a treatment on
the expression levels of the 366 bona fide GA-responsive
genes (Figure 3). If our previous analyses were correct,
then D9-1 should encode a defective repressor and result
in a weak loss of repression of the 366 bona fide GA-
responsive genes in mock conditions. Thus, among the
366 bona fide GA-responsive genes, we should observe an
increase in the index value calculated for the genes that
increased in their accumulation upon GA; treatment and a
decrease in the index value calculated for the genes that
decreased in their accumulation upon GA; treatment in the
D9-1/+ mutant.

How we calculate an index that summarizes gene
expression will strongly impact the sensitivity to gene
expression distributions. Summing the gene length-
normalized counts of all up- or downregulated genes, for
example, will result in an index that is disproportionately
affected by the most abundant transcripts. The accumula-
tion distributions of transcripts were highly skewed among
genes (Data File S3; Figure S4). Within the 366 bona fide
GA-regulated genes, the top accumulated transcripts were
GRMZM2G326111 and GRMZM5G815894, each of which
contributes more than 6% of the total transcript counts
across all samples (Figure S4). The GRMZM2G326111 gene
encodes a PEPTIDYL PROLYL ISOMERASE-LIKE protein
and GRMZM5G815894 was predicted to encode a RIBOSO-
MAL L5 protein involved in ribosomal RNA export from the
nucleus. Overall, only 20 genes of the 366 genes account
for 50% of the total transcripts from the bona fide GA-
regulated gene set (Figure S4). To avoid the effect of the
unequal distribution of read counts per gene but maintain
the utility of the index as a measure of GA-responsiveness,
we chose to calculate Z-scores for each gene in each treat-
ment as the input value for the index. Thus, the index
value was the sum of the Z-scores for each gene in each
treatment. This places the estimate of each gene on the
same scale, relative to its expression level, with weights
determined by the degree of expression difference in each
sample relative to the others. We calculated indices mea-
suring the overall GA-responsiveness as a sum of the Z-
scores for all genes that increased with GA; treatment
(hereafter called the ‘up-index’), that decreased with GA3
treatment (hereafter called the ‘down-index’), and a joint
value of responsiveness by adding the up-index values
and subtracting the down-index values (Figure 3; Data
File S3).
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Figure 3. Average Z-score of normalized counts of 366 bona fide misregulated genes by GA3 treatment.

(a) Average Z-score of normalized count values of 268 upregulated genes by GA treatment of +/+ in the D8 background (solid black line with triangle) and D8-
Mpl/+ (dashed black line with square). (b) Average Z-score of normalized count values of 268 upregulated genes by GA treatment of +/+ in the D9 background
(solid black line with triangle) and D9-17/+ (dashed black line with square). (c) Average Z-score of normalized count values of 98 downregulated genes by GA
treatment of +/+ in the D8 background (solid black line with triangle) and D8-Mpl/+ (dashed black line with square). (d) Average Z-score of normalized count val-

ues of 98 downregulated genes by GA treatment of +/+ in the D9 background (solid black line with triangle) and D9-1/+ (dashed black line with square).

The index values calculated from GAs;- and mock-
treated wild-type plants fit expectations. The up-index
value increased and the down-index value decreased fol-
lowing GA; treatment in each set of wild-type samples.
Moreover, as stated above, all 366 genes in the bona fide
GA-responsive gene set were selected on the criteria that
they were consistent in their effect on the directional
change in both wild-type backgrounds.

The index values were substantially impacted in the
D8-Mpl{+ and D9-1/+ mutants. In contrast to the wild
types, and as expected from the D8-Mpl/+ mutant pheno-
type (Figure 1), the up-index did not move following GA;
treatment of D8-Mpl/+ mutants and the down-index was
only nominally decreased (Figure 3). When we analyzed
the 366 bona fide GA-responsive genes as a set, we found
evidence that the D8-MPL protein is not completely insen-
sitive to GA and the mutant is mildly GA-responsive. Of
the genes that were consistently increased in their

abundance following GAs treatment, the expression levels
of 200 genes were increased by GAs treatment in D8-Mpl/+
and the expression levels of 68 genes were decreased. Of
the genes whose abundance was consistently decreased
following GA; treatment, the abundance of 22 genes was
decreased in D8-Mpl/+ while the abundance of 76 genes
was increased. The total number of genes consistently
affected by GA; treatment in D8-Mpl/+ and wild-type sam-
ples was 222, while 144 were dissonantly affected (chi-
squared P-value = 4.6 x 1075, Table 6). This indicates that
despite the very small effect on transcript accumulation,
whether assessed by DEG analysis or by our Z-score index,
a very small but consistent GA response was visible
among the genes induced by GA; treatment.

The effects of GAz treatment were clearer in the D9-1/+
mutant RNA-Seq experiments and corroborated our
hypothesis that it encodes a weak repressor. Index values
calculated from the RNA-Seq data from the D9-1/+ mutants
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were GA-responsive, resulting in the up-index increasing
following treatment and the down-index values decreasing
(Figure 3). These index values were the result of consistent
effects on most genes in the index. Of the 366 genes, 321
responded to GAs in the same direction in wild-type and
D9-1/+ samples (chi-squared P-value=35 x 10°%;
Table 7). Thus, along with the tassel floret phenotype and
DEG analysis presented above, the index effects indicate
that D9-1/+ is mildly GA-responsive and the chi-squared
analysis indicates that these effects extend across most of
the GA-responsive genes.

If D9-1 encodes a weak repressor, one might expect a
loss of repression of GA-induced genes under mock condi-
tions. Consistent with this, the index value calculated for
the up-index gene set in D9-1/+ under mock conditions
was greater than that of the wild type and the index calcu-
lated for the down-index genes was lower in D9-1/+ than
in wild type. When the set of GA-responsive genes was
looked at by chi-squared analysis of direction of expres-
sion in the D9-1/+ mutant compared to wild type under
mock conditions, 318 of the 366 GA-responsive genes’
expression levels were affected by D9-1/+ in the same
direction as by GAj treatment in the wild-type samples,
while only 48 moved in opposite directions (chi-squared P-
value = 3.2 x 10~*; Table 8). Thus, D9-1/+ plants exhibited

Table 6 Impact of GA on transcript accumulation in D8-Mpl for
the 366 bona fide GA-regulated genes

Number of

Effect of GA5® Effect of D8-MplP transcripts

Increase Increase 200
Increase Decrease 68
Decrease Increase 76
Decrease Decrease 22

®Indicates if gene expression increases or decreases following
GA; treatment of wild-type tassels.

PIndicates if gene expression increases or decreases in D8-Mpl rel-
ative to wild type following GA3 treatment.

Table 7 Impact of GA in D9-1 on transcript accumulation for the
366 bona fide GA-regulated genes

Table 8 Impact of mock-treated D9-7 and wild type on transcript
accumulation for the 366 bona fide GA-regulated genes

Effect of GAz on Effect of D9-7 under Number of

D9-1? mock® transcripts
Increase Increase 200
Increase Decrease 68
Decrease Increase 76
Decrease Decrease 22

“Indicates if gene expression increases or decreases following
GA; treatment of D9-1 tassels.

PIndicates if gene expression increases or decreases in D9-1 rela-
tive to wild type following mock treatment.

weak constitutive GA-regulated gene expression, consis-
tent with the hypothesis that it encodes a weak repressor.

A much weaker pattern was visible by chi-square anal-
ysis of the 366 genes in D8-Mpl[/+ compared to wild type.
In mock-treated D8-Mpl[+ compared to the wild type, 216
genes were affected in the same direction as upon GA3
treatment of the wild type and 150 went in the opposite
direction (chi-squared P-value = 5.6 x 10~*: Table 9). While
no significant effect of D8-Mpl/+ was observed on the
index values under mock conditions (Figure 3), the chi-
squared results are consistent with a very weak loss of
transcriptional repression in D8-Mpl/+ in the absence of
GAs.

Taken together, our transcript analyses mirror the
developmental responsiveness of tassel florets to GA3
treatment in D9-1/+ and the insensitivity of D8-Mpl/+ floret
development to GAs application (Figure 1). These data are
consistent with our proposed explanation for the D9-1/+
DEGs that were similarly affected by GA levels in their
expression direction and the lack of DEGs between GAs-
treated wild type and D9-1/+. Our results indicate that D9-1
encodes a constitutive ineffective repressor, resulting in
weak activation of GA-responsive genes in the absence of
GA while also exhibiting a lesser increase in transcriptional
response following GAz application than observed in wild-
type plants.

Table 9 Impact of mock-treated D8-Mpl and wild type on tran-
script accumulation for the 366 bona fide GA-regulated genes

Number of

Effect of GAz on Effect of D8-Mplunder  Number of

Effect of GA3® Effect of D9-1° transcripts D8-MpP mock® transcripts
Increase Increase 250 Increase Increase 175
Increase Decrease 18 Increase Decrease 93
Decrease Increase 27 Decrease Increase 57
Decrease Decrease 71 Decrease Decrease 41

dIndicates if gene expression increases or decreases following
GA; treatment of wild-type tassels.

PIndicates if gene expression increases or decreases in D9-1 rela-
tive to wild type following GA5 treatment.

© 2022 The Authors.

Indicates if gene expression increases or decreases following
GA; treatment of D8-Mpl tassels.

PIndicates if gene expression increases or decreases in D8-Mpl rel-
ative to wild type following mock treatment.
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Plant height of D8-Mpl/+ and D9-1/+ is unresponsive to
GA application

Though D8-Mpl/+ and D9-1/+ are taller than other
semidominant alleles of d8, they were previously reported
to be insensitive to GA application (Winkler & Freeling,
1994). As there were background effects on tassel floret
development, we sought to determine if genetic back-
ground effects were visible for plant height. To test this,
mutant and wild-type siblings were treated with 866 um
GA; every 3 days by direct application into the whorl from
25 DAP until reproductive maturity. GA;z application to
wild-type siblings of D8-Mpl/+ and D9-1/+ increased plant
height by 91% and 86%, respectively (Figures 4 and 5). Nei-
ther D8-Mpl/+ nor D9-1/+ mutants showed an increased
plant height after GAz treatment in their original back-
grounds. Additionally, when backcrossed to B73 three
times, wild-type siblings of D8-Mpl/+ and D9-1/+ increased
in plant height by 33% and 25% after GAz treatment,
respectively. Backcrossing to B73 did not alter the mutants’

sensitivities to GAz as both D8-Mpl/+ and D9-1/+ mutants
were insensitive to GAs. This indicates that the mutations
leading to D8-Mpl or D9-1 constitutively repress GA signal-
ing in maize stem tissues that contribute to plant height.
Thus, D8-Mpl/+ and D9-1/+ responses to high GA levels
are similar for plant height (Figure 5) but diverge for tassel
floret retention (Figure 1). The D9-1 allele results in differ-
ent outcomes depending on the developmental output
being measured. In addition, the background dependence
in elongation response in wild-type siblings indicates
standing variation in maize for GA-responsiveness affect-
ing both plant height (Figures 4 and 5) and production of
sterile tassels following GAs; application in some back-
grounds but not others (Figure 1).

Maize standing variation results in altered sensitivity to
GA; for plant height

To test if maize inbred lines differ in sensitivity to GAs,
plant height and tassel architecture were measured in the

Figure 4. Mature plant phenotypes of D8-Mpl/+,
D9-1/+, and isogenic wild-type sibling plants with or
without GA; application.

(a) Mature +/+ (D8 background) and (b) D8-Mpl/+
mock-treated. (c) Mature ++ (D8 background;

shown next to a D8-Mpl/+ plant) and (d) D8-Mpl/+

treated with GA;. (e) Mature +/+ (D9 background)
and (f) D9-1/+ mock-treated. (g) Mature +/+ (D9
background) and (h) D9/—1+ treated with GAs. (a-h)
Scale bar is 20 cm.
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Figure 5. Plant height response of D8-Mpl/+, D9-1/+, and wild-type siblings treated with and without GAs.

(a) Plant height of isogenic +/+ and D8-Mpl/+ treated with or without GAs. (b) Plant height of isogenic wild type and D9-1/+ treated with or without GAs. (c) Plant
height of BC3F1 with B73 +/+ and D8-Mpl/+ treated with or without GAs. (d) Plant height of BC3F1 with B73 +/+ and D9-1/+ treated with or without GA3. (a—d)
Error bars indicate standard deviation. Different lowercase letters indicate P-value < 0.05, as determined by analysis of variance with a post hoc test using the

Holm-Sidak algorithm.

25 maize NAM founders and B73 repeatedly treated with
excess GAs. Plants were treated every 3 days by applying
1 ml of 866 um GA;3 as described above. Treatments were
continued until tassels emerged. The B73 inbred line was
sensitive to GAs, which showed an increase of 33.8% or
68.8 cm in plant height compared to mock treatment (Fig-
ure 6a,b). The B97 inbred line was the least responsive and
exhibited an increase of only 11.5% or 25.1 cm when trea-
ted with GA; compared to mock treatment (Figure 6c,d).
The CML322 inbred line was the most sensitive for plant
height with an increase of 63.7% or 103.8 cm when treated
with GA; (Figure 6¢e,f). Not only was there a wide range of
sensitivity to GAz (Figure 6g), but there was also large vari-
ation in mock height as previously reported by Peiffer
et al. (2014). There was no correlation between mock plant
height and GA; sensitivity (P-value of slope of line =
0.9945; Figure 6h). There was a significant negative corre-
lation between mock plant height and percent change in

© 2022 The Authors.

plant height upon GA; treatment (Figure S5). This was not
surprising as the mock plant height was the denominator
in the calculation of percent change in plant height. These
results demonstrate that GA-responsiveness of plant
height varied across the NAM founder lines.

Maize standing variation affects tassel architecture and
floret sensitivity to GA3

Similar to our results in Figure 1, previous reports demon-
strated that GA affects maize tassel branching and results
in retention of pistils in the tassel and that these effects are
sensitive to the genetic background (Nickerson, 1959; Nick-
erson, 1960). To determine whether this results from a sim-
ilar difference in sensitivity as observed for height, we
measured tassel branch number and floral organ persis-
tence in GAs-treated and untreated tassels in the same
panel of NAM founders. The effect of GA; on tassel branch
number was entirely dependent on genetic background.
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Figure 6. Effects of GAz on plant height of NAM founders and B73.
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(a—f) Photographs of selected inbred lines at maturity. (a) B73 mock-treated plant and (b) B73 plant treated with GAg. (c) B97 mock-treated plant and (d) B97 plant
treated with GAs. (€) CML322 mock-treated plant and (f) CML322 plant treated with GAs. (g) Plant height measured at maturity of the 25 NAM founders and B73
with mock or GA; treatment. Error bars indicate standard deviation, and in all inbred lines tested a significant difference was observed between GA; treatment
and mock treatment, as determined by Student’s t-test (P-value < 0.05). (h) Linear regression plot of mock-treated plant height compared to the change in plant
height upon GA; application relative to mock-treated plant height at maturity. A best-fit straight line is shown with equation, R?, and P-value for the slope of the

line. (a—f) Scale bar represents 20 cm.

Much like it was for plant height, the B73 inbred line was
similarly sensitive to GAj3 treatment for these traits and
treatment increased the primary tassel branch number
from 6.9 to 12.0 (Figure 7a,b,g). The majority of inbred
lines, such as Ki3 (Figure 7c,d,g), showed no change in tas-
sel branch number following GA; treatment. Three lines
(CML322, CML33, and M162W) exhibited a decrease in tas-
sel branch number upon GA; treatment (Figure 7e-g), indi-
cating that GA can promote or inhibit tassel branch
development depending on the genetic make-up of the
inbred line.

In addition to tassel branch number, the effect of GA3
on floral organ persistence was analyzed. Nickerson
showed that a high concentration of GA; resulted in

retention of pistils in the tassel of four inbred lines (Par-
ker's Flint, Zapalote Chico, CC5, and L317) and their
hybrids (Nickerson, 1959). Retention of pistils in the tassel
has been previously described in some inbred lines grown
in various conditions, whereas day length, light intensity,
water availability, and temperature have been shown to
influence this phenotype (Richey & Sprague, 1932). In our
growth conditions, one mock-treated P39 inbred plant
retained pistils in a small number of tassel florets. In addi-
tion, mock-treated plants from the inbred lines NC350, B97,
and CML103 exhibited barren patches primarily on tassel
branches (Figure 7h). As expected, many inbred lines
exhibited some degree of pistil retention in the tassels fol-
lowing GAj; treatment (17 out of 25 inbred lines; Figure 7i).
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Figure 7. Tassel phenotypes and quantitative tassel phenotype data of selected NAM founders and B73 plants treated with GAs.

(a-f) Photographs of selected inbred tassels at maturity. (a) B73 mock-treated tassel and (b) GAs-treated tassel. (c) Ki3 mock-treated tassel and (d) GAs-treated
tassel. (e) M162W mock-treated tassel and (f) GAs-treated tassel. (g) Average tassel branch number with (black bars) or without (white bars) GA3 treatment. Error
bars indicate standard deviation, and significant differences between inbred lines with or without GA; treatment are indicated by asterisks, as determined by
Student’s t-test (P-value < 0.05). (h, i) Number of plants with pistils in the tassel, retained pistils and partially sterile tassels, partially sterile tassels, or completely
staminate tassels with (h) mock treatment or (i) GA3 treatment. (j-I) Linear regression plots of average score (1-5) with GA; treatment for (j) barren inflorescence,
(k) presence of floret development, or (l) retained pistils in the tassel compared to change in plant height with GA3 application relative to mock plant height at
maturity. (a-f) Scale bar represents 5 cm. (j-I) A best-fit straight line is shown with equation, R?, and P-value for the slope of the line.

The most dramatic of these was M162W, as the tassel was maize ear (Figure 9e-g,i). Just like it was for tassel branch
primarily pistillate and had reduced tassel branches (7.6 to number, Ki3 florets were almost insensitive to GA;z treat-
3.9), rendering the tassel architecture reminiscent of a ment and this was the only inbred line to produce ample
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pollen after GA; treatment (Figure 7c,d,i). In addition to
branching and retention of pistils in the tassel florets, GAz
treatment also resulted in a varying degree of sterile tassel
phenotypes in all inbred lines (Figure 7i). Treated tassels
were variously sterile and any tassel with a sterile patch
was scored as such. Sterile tassels had a variety of defects
including missing spikelets, male sterility, and failure to
develop functional florets. As a result, every inbred line
had at least one individual with at least a partially sterile
tassel (Figure 7a-f,i).

Tassel and plant height traits are under independent
genetic control

If the variability in these traits’ GA response was due to
genetic variation in GA sensitivity, these traits should co-
vary across genotypes. On the other hand, if the variation
was due to differential responsiveness of developmental
programs to GA signals, we do not expect a correlation
between traits. We performed regression analyses to com-
pare the change in plant height with tassel phenotypes
and test if common allelic variation causes these differ-
ences (Figure 7j-I; Figure S6). We found no association of
any tassel phenotype (retention of pistils in tassel florets,
presence of florets, or barren phenotype) with an increase
in plant height following GA; treatment (Figure 7j-I; Fig-
ure S6). No correlation was observed between tassel
branch number and any other phenotype as well (Fig-
ure S7). These results indicate that the alleles encoding the
genetic variation in response to GAs are developmentally
distinct. The fact that the response of plant height to GA;
did not predict the effect on tassel architecture or floral
organ persistence indicates that the natural variation we
have described encodes complex and downstream signal-
ing circuits that independently control these distinct devel-
opmental processes in response to GA.

DISCUSSION

We utilized two mutants which were similar with respect
to dwarfing in the untreated plants as well as in the insen-
sitivity of plant height to GA3 application (Figures 4 and 5).
The D8-Mpl allele is the weakest among the d8 alleles
(Winkler & Freeling, 1994) and the D9-1 allele is the only
described dominant allele of d9. These mutants are also
similar in the production of anthers in the ear florets, a
stereotypical phenotype observed in GA loss-of-function
mutants (Bensen et al., 1995; Chen et al., 2014; Emerson &
Emerson, 1922; Fujioka et al., 1988; Phinney, 1956; Winkler
& Freeling, 1994). Part of the motivation to use the alleles
with the weakest phenotype was to begin our experiments
in a system where the GA response could potentially go
up (resulting in taller plants) or go down (resulting in
shorter plants). The finding that the heights of both
mutants were completely insensitive to GA; demonstrates
that GA signaling in plant cell elongation was more

complicated than this simple vision. It may be that the
weak activation of GA-regulated gene expression, visible
when the genes were assessed as a set, was relevant to
their intermediate phenotype (Figure 3).

Complete insensitivity of D9-1to GA for elongation does
not block the effects of GA on floral organ persistence

The extremely few genes that were differentially affected by
D9-1in the GAs-treated tassel RNA-Seq experiments match
the observation of GA; treatment effects on this mutant’s
tassels. Retention of pistils in tassel florets following GA
supplementation is well documented (Best et al., 2016; Nick-
erson, 1959). Unlike the complete suppression of GA-
induced plant height by D9-1/+ (Figure 4), the application of
GA; to D9-1/+ developing tassels resulted in a stereotypical
GA response, including the conversion of tassel florets to
pistillate flowers (Figure 1). As a result, both wild-type and
D9-1/+ GAs-treated tassels had similar terminal phenotypes
(Figure 1). They also accumulated GA-regulated genes to
similar levels (Figures 1 and 2). The lack of correspondence
between D9-1/+ effects on GA-induced changes in plant
architecture highlights the tissue-specific effect of GA, and
presumably GA signaling networks, on plant development.
Whether this was the result of weak expression of the d9
gene in the cells that respond to GA controlling tassel floret
development relative to expression in elongating cells in
stems is currently not clear. Previous observations of
opposing epistatic interactions and physiological interac-
tions between GA and BR signaling (Best et al., 2016; Best
et al., 2017) provide precedence for this and strongly argue
that developmental context-specific experiments are
required to unravel the signaling mechanisms affecting GA
responses and that solely observing cell elongation will not
uncover the targets, transduction mechanisms, and conse-
quences of this hormone. This context dependence may
emerge from a concentration dependence of the effect of
GA on gene expression and growth. For example, different
GA concentration thresholds may be needed to disrupt pro-
tein-protein interactions, direct proteolysis, and affect gene
expression and cell elongation. Gating of any of these pro-
cesses by the signaling status of other pathways, for exam-
ple via a DELLA-BZR physical interaction (Bai, Shang, et al.,
2012b; Gallego-Bartolome et al., 2012; Li et al., 2012), could
conceivably affect this more complex and developmentally
specific effect of the D9-7 mutant in the absence of any
tissue-specific accumulation of its gene product.

Parametric analysis of GA-induced gene expression as a
readout of GA signal status

We processed our genotype and hormone treatment
experiments to identify DELLA-responsive and GA-induced
genes. All GA-regulated genes were suppressed by the D8-
Mpl mutant, even as a heterozygote, demonstrating that
there were no DELLA-independent GA-regulated genes in
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maize tassels. The absence of any DELLA-independent GA-
regulated genes lends credence to the interpretation that
the Arabidopsis DELLA quintuple mutant contained a leaky
allele (Fuentes et al., 2012). The analysis of these genes as
a set of reproducibly GA-responsive genes provides an
assessment of the GA signaling status in each sample. This
approach, rather than looking at each gene individually,
provided a hypothesis test about the status of GA-
responsive genes in the four genotypes even in the
absence of exogenously applied GAs. The Z-score sums
calculated in Figure 3 provide a quantitative assessment of
how similar the GA response was in each transcriptome.
This composite value has averaged the measurement error
across the gene set and has the potential to uncover pat-
terns in our experiments not immediately obvious from a
traditional differential gene expression analysis. Among
the genes changed in their expression are many consistent
with expectations and predictions from other systems such
as auto-regulation of the DELLA domain transcription fac-
tors and an increase in genes encoding enzymes in GA cat-
abolism. By using the gene sets in aggregate, we observe
that both wild-type backgrounds tested responded simi-
larly to GAz and displayed a similar quantitative output
when we calculated the composite value. Unexpectedly,
these composite values identified slightly higher expres-
sion of DELLA-repressed and GA-induced genes in both
the D9-1/+ and D8-Mpl/+ mutants under mock conditions.
This effect was most evident in D9-1/+, and at first glance
seems incompatible with the dwarf phenotype and GA
insensitivity (see below). This quantitative assessment of
pathway activation status used a combination of DEG anal-
ysis in the treatment of interest, GA; application, and the
direction of the effect on gene expression. This was similar
to, and extends, our previous work using the set of genes
coding for the members of a protein complex to assess the
effects of loss of one subunit on the expression of the
complex as a set (Best et al., 2021). The extension of this
set to analyze DEGs opens up the possibility of construct-
ing indices of gene expression to test physiological
hypotheses about pathway activation states, signal levels,
or responses using gene expression as an integrative and
quantitative output. For the open questions about GA sig-
naling identified here, future work combining loss-of-
function mutants in GA biosynthesis and a lower concen-
tration of GA could be used to draw a response curve for
GA-regulated gene expression in a specific tissue.

How could the D9-7 and D8-Mpl mutants result in both GA
insensitivity and low-level constitutive expression?

The surprising finding that the expression of the 366 bona
fide GA-responsive genes was higher in the dominant
mutants invites a hypothesis to help direct further
research. The DELLA repressors have two purposes:
repress gene expression and undergo GA-dependent

© 2022 The Authors.

turnover. In other systems, dominant DELLA mutants are
the result of poor protein turnover resulting in constitutive
repression of GA-regulated gene expression and dwarfism.
A mutation that abrogated the ability of a DELLA protein to
both repress gene expression and interact with the GID1
proteins responsible for targeting DELLA proteins for
degradation would result in different phenotypes in the
presence and absence of excess GA. Given the moderate
dwarfism in D9-1/+ and D8-Mpl[+, as compared to the
other known d8 alleles, this may be the case for these alle-
les. In the absence of GA, this would result in a slight de-
repression of GA-regulated gene expression, as we
observe most clearly in D9-1/+, where GA-induced genes
were identified as DEGs that were upregulated in the
mutant mock-treated samples. An inability to proteolyze
and completely remove the DELLA proteins from promot-
ers and protein interactors in the presence of GA (Figure 8)
would result in the continued repression of GA-regulated
gene expression resulting in no change in the levels of GA-
regulated genes between these two GA levels. DELLA pro-
teins have no DNA binding activity. If structural changes
that interfere with proteolysis also decrease in the affinity
for the transcription factors that DELLA proteins use to
bind DNA, this would result in weak activation of these
sites in the presence of the mutant alleles in the absence
of GA. Most dominant DELLA mutants are defective in the
DELLA domain or the adjacent TVHYNP domain, which are
required for the binding to GID1 and the targeting of the
DELLA domain protein for degradation (Ueguchi-Tanaka
et al., 2007). These two alleles are caused by a point muta-
tion at a domain of unknown importance far from the
DELLA domain in D9-7 and an N-terminal truncation of 106
amino acids that comprise the DELLA motif and 101

+/+ DELLA
x
3 threshold for GA-induced
£ cell elongation
< _____________
O]
! - D9-1
]
feerencerasetesaecetasasesascasasasasas D8-Mpl
1
0 M [GA] 866 M

Figure 8. Model for GA-induced cell elongation by +/+ DELLA, D8-Mpl, and
D9-1.

Model for the threshold of GA-induced cell elongation in maize. The x-axis
depicts the concentration of exogenously applied GA; up to 866 um and the
y-axis depicts the transcript levels of the 366 GA-responsive genes (GA
index). The solid black line indicates wild-type (+/+) DELLA proteins, the
black dashed line indicates the mutant D9-1 protein, and the gray dashed
line indicates the mutant D8-Mpl protein. The red dashed line shows a rela-
tive threshold necessary for GAs application to induce cell elongation by
transcriptional change of the GA index genes. The model depicts that the
mutant D9-1 and D8-Mpl proteins inhibit the necessary change in the GA
index to induce cell elongation with GA; application.
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additional residues in D8-Mpl (Lawit et al., 2010). Loss of
functions critical to DELLA regulation of transcription other
than GID1 binding is possible, given the locations and
sizes of the two mutants, and seems very likely based on
the gene expression analysis in Figures 2 and 3.

Despite this weak activation of GA-induced genes in
D9-1/+, and to a lesser extent D8-Mpl/+, the mutants are
very clearly GA-insensitive dwarfs. The effect of these
mutants on plant growth indicates that this weak loss of
repression was below the threshold necessary to induce
elongation (Figure 8). We suspect, although a critical
experiment to test this is lacking, that the effects of GA on
cell elongation are mediated by localized high levels of
GA. If this was the case, our ability to measure changes in
gene expression was sensitive enough to detect changes
in gene expression affected by signaling below the thresh-
old required to induce elongation of cells. The effect of this
across our experiments was expected to be a weak activa-
tion of the GA signaling pathway in the D9-1/+ mutant that
was insufficient to result in elongation, and an inability of
high concentrations to turn over the encoded mutant pro-
tein resulting in the classic GA dwarf phenotypes. The tran-
script level of d9 was approximately 4-fold lower than that
of d8 (Figure S1). The insensitivity of elongation in D9-1/+
to GA; application suggests that the mutant protein is suf-
ficient to repress GA-induced gene expression at high GA3
application. If wild-type alleles are effectively turned over
by the signaling cascade but the mutant proteins are not,
endogenous GA levels would result in the accumulation of
mutant protein. At the time of GA application, repressor
complexes present would be disproportionately comprised
of mutant subunits. Alternatively, the weak GA signaling
could be the result of residual wild-type protein encoded
by the wild-type gene d9 and the two wild-type copies of
d8. Steady-state measurements of D8 and D9 protein abun-
dances in the mutants should confirm or rule out this latter
possibility.

Identification of GA-responsive genes in the maize tassel
and GA control of floral organ identity and meristem
determinacy

The maize MADS box genes ZMM8, ZMM14, and ZMM16
were all downregulated in the presence of GAs. These
three genes have previously been shown to be expressed
in developing floret meristems in both the tassel and the
ear and ZMM16 was shown to be expressed in carpels
right before their abortion in the tassel. Thus, the expres-
sion of these MADS box genes was consistent with pistil
retention and aberrant determinacy in the tassel floret
meristems. The reduction in the transcripts of these genes
following GA; application indicates that they are not pistil-
expressed genes and are more likely to control meristem
determinacy than organ identity. This was also consistent
with the timing of tassel collection for the RNA-Seq

experiments. Previous work has demonstrated that loss of
determinacy and proliferation of meristem types results in
misregulation of GA metabolic enzymes. The KNT gene
controls meristem maintenance via GA regulation in speci-
fic cells in the meristems (Kessler et al., 2006; Thomas
et al., 2005). Bolduc and Hake (2009) showed that KN7
represses GA via direct upregulation of catabolic genes
and GA represses meristem determinacy (Bolduc & Hake,
2009). These MADS box genes were downregulated upon
GA; treatment and therefore are not direct DELLA targets
due to the fact that DELLAs are repressors. This suggests
that there is an upstream regulator of the MADS box genes
that is a direct DELLA target. ZFL1 and ZFL2 transcripts
accumulated upon GAj treatment and have been shown to
regulate expression of MADS box genes, and both could
be direct DELLA targets responsible for their regulation.

Mutation of the UB2 and WAB1/BAD1 genes in maize
results in fewer tassel branches (Chuck et al., 2014; Du
et al., 2020). The UB2 and WAB1/BAD1 transcripts accumu-
lated upon exogenous application of GA; to wild-type
plants. The CUC2 gene has been shown to control axillary
meristem initiation in Arabidopsis (Raman et al., 2008).
Similar to UB2 and WAB1/BADI1, transcripts of the CUC2
homolog also accumulated in wild-type samples treated
with GAs. All three of these genes’ transcripts are down-
stream of GA function and may be targeted for repression
by the DELLA repressor complex. There was an increase in
tassel branch number in wild-type B73 plants (Figure 7g).
Altered expression of these genes may be the mechanism
by which GA promotes axillary branch development. Fur-
ther experiments are necessary to test this hypothesis.
Alternatively, these genes may also be indirect targets of
GA downstream of other GA-misexpressed genes such as
ZFL1, ZFL2, or the MADS box genes, which may also be
important for the regulation of meristem determinacy.

A recent study identified downregulation of the GA-
inactivating GA2-OXs in tasselsheath1 (tsh1), tsh4, and
their double mutants (Xiao et al., 2022). The TSH71 and
TSH4 genes encode transcription factors that control
meristem determinacy, branching, and bract formation
(Bommert & Whipple, 2018; Chuck et al., 2010; Whipple
et al., 2010). The lower levels of GA2-OXs might result in
higher GA levels or might be a transcriptional response to
a decrease in GA signaling affected by these mutants. In
addition to GA2-OXs, the d8 transcript level is also
decreased in these mutants. In both cases, these changes
in gene expression are consistent with a decrease in GA
signaling, rather than an increase in GA levels mediated by
a loss of GA catabolism. The full set of GA-regulated tran-
scripts in tassels identified here (Figure 2) should provide
a clearer picture of any changes in GA levels affected by
these mutants. Of the 366 GA-regulated genes (Table S3),
332 were reported by Xiao et al. (2022), and the gene
expression directions of 218, 181, and 217 genes were
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consistent with low GA signaling in tsh1, tsh4, and their
double mutant, respectively. Thus, the tsh mutants appear
to have low GA signaling, resulting in decreased accumu-
lation of GA catabolic enzyme transcripts as well as other
GA-induced genes. This insight is another demonstration
of the value of looking at the consequences on gene
expression of mutants and physiological treatments, as
well as analyzing gene sets in aggregate.

Paralogous genes within the DEG lists indicate multiple
pathways impacted by DELLA-regulated GA signaling

The detection of multiple paralogs with likely redundant
functions highlights the importance of considering
pathway-level and physiological hypotheses when analyz-
ing differential gene expression data. The reproducibly
GA-responsive genes (Figure 3; Data File S3) and genes
that were repressed in the D8-Mpl/+ mutant following GA3
treatment (Data File S7) were broadly similar. Many of the
same genes were differentially expressed in both, and the
direction of the effect fit the expectation for D8-Mpl encod-
ing a constitutive repressor of GA-regulated gene expres-
sion. Among those genes that were only found in one of
the two experiments were several gene pairs encoding par-
alogs or multiple members of an established pathway. For
example, a broad complement of BZR-like bHLH transcrip-
tion factors were among the significant DEGs in the two
experiments. In Arabidopsis, DELLAs and BZR transcription
factors have been shown to physically interact to control
GA and BR gene expression (Bai, Shang, et al., 2012b;
Gallego-Bartolome et al., 2012; Li et al., 2012). The rice
gene encoding the GRAS domain transcription factor DLT
has been demonstrated to control GA and BR responses in
rice (Li etal.,, 2010; Tong et al., 2009; Tong et al., 2012;
Xiao et al., 2017). The maize ortholog of DLT was upregu-
lated upon GA; treatment to wild-type plants (Figure 3).
The DLT ortholog in Arabidopsis, SCL28, regulates mitotic
cell cycles and this gene may be the connection point
between BR and GA and meristem determinacy. Unlike
predictions in Arabidopsis (Serrano-Mislata et al., 2017),
there no CYCLIN-DEPENDENT INTERACTING transcripts
were differentially accumulated upon GAj; treatment. In
addition to the maize DLT1 ortholog, ovate family pro-
tein26 was also upregulated upon GAjz treatment. A homo-
log of this gene, OSOFP1, interacts with DLT in rice (Xiao
et al., 2017). These data demonstrate that DELLA domain
proteins in maize and GA signaling impact gene expres-
sion and affect the BR pathway directly in maize.

In addition to regulatory pathways that are biochemi-
cally understood, GA5 application had unexpected impacts
on the pathway affected by the CYP78A family. This path-
way was genetically defined originally by the Arabidopsis
mutant kluh (Anastasiou et al., 2007) and later by the plas-
tochron1 mutant of rice (Miyoshi et al., 2004) and maize
(Sun etal., 2017). Loss of CYP78A family members
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variously affects organ size and the timing of leaf initiation
and flowering (Anastasiou et al., 2007; Ito & Meyerowitz,
2000; Miyoshi et al., 2004; Nagasawa et al., 2013; Strans-
feld et al., 2010). This family of CYP P450s is conserved
across embryophytes (Katsumata et al., 2011). Biochemical
assays demonstrated that they can hydroxylate fatty acids
(Kai et al., 2009), but how the activity of these enzymes
influences plant physiology and development is unknown.
We identified multiple, and different, CYP78A paralogs
among the DEGs in the bona fide GA-regulated genes (Fig-
ure 2), as well as in the GA-regulated and D8-dependent
(Figure 2; Figure S2) datasets. The bona fide GA-regulated
genes include the maize homolog of PLAT. The findings
that GA increased the expression of PLAT and that GA
application decreased the days to tassel emergence (Best
et al., 2016) suggest that the KLUH/PLA1 pathway may act
downstream of GA in floral induction. The CYP78A paralog
present in the GA-regulated D8-dependent genes is related
to the sister clade to KLUH. The non-overlap of these two
paralogs likely stems from the relatively strict controls for
false positives employed in RNA-Seq experiments, as the
direction of the effect on gene expression was the same
for both genes in both experiments. Future work to deter-
mine the molecular mechanism by which CYP78A proteins
affect organ growth and flowering may help clarify how
and why GA regulates the abundance of these transcripts.

No correlation between phenotypic responses to GA;
across multiple tissues

Similar to the non-correspondence of the D9-1/+ mutant’s
effects on tassel floret organ persistence and stem elonga-
tion, natural variation affecting the GA response for each
phenotype we tested displayed no correlation. GA; treat-
ment of inbred lines representing a diversity of maize
(Flint-Garcia et al., 2005; Peiffer et al., 2014) resulted in a
variety of responses. Across the variation affected by these
lines, none of the measured phenotypes were correlated,
demonstrating that the genetic basis of this variation must
be independent. This ruled out global changes in the pre-
existing levels of GA, changes in GA catabolism, or
changes in GA signaling (e.g., perception and initial trans-
duction) as variation in these would exhibit stereotypical
responses across tissues. It is possible that alleles respon-
sible for tissue-specific expression of core GA biosynthetic
or signaling genes are responsible for the non-
correspondence between phenotypes. It was also possible
that the lack of correlation between these different pheno-
types’ responses to GA; was due to variation in develop-
mentally specific regulators affecting these different GA
outputs. For example, alleles encoded by genes critical to
the effects of GA on floral organ identity and retention,
such as the leafy/floricula orthologs ZFL1 and ZFL2 and
various floral-expressed MADS box genes, may not have
any impact on plant cell elongation. Future work to
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genetically map the variation in tassel response or plant
height responses to GA will be required to discover the
molecular basis of this complexity. Our results demon-
strate that the generalization of one signaling network for a
single GA response in a single tissue (e.g., only cell elon-
gation or only floral development) will be naive and gener-
alizations will be misleading.

CONCLUSION

We conducted RNA-Seq analysis to identify GA-regulated
genes in the developing maize tassel. This identified
DELLA targets during tassel development in maize and
allows for future hypotheses to be tested on GA regulation
of plant development across development pathways. This
gene set was leveraged to calculate GA response index val-
ues in dominant mutants of DELLA domain proteins and
their wild-type siblings confirmed their role as GA excess-
resistant mutants. Analysis in untreated tissue uncovered
that these alleles are weak repressors of GA-regulated
gene expression in the absence of signal. The finding that
natural variation altering the consequences of GA signaling
was independent across three aspects of maize develop-
ment demonstrates that alleles affecting GA can be used to
modify plant architecture in maize without strong effects
on floral organ persistence and negative impacts on repro-
duction.

MATERIALS AND METHODS
Plant material and growth conditions

Seeds of D8-Mpl (accession 120F) and D9-1 (D9-N2319; accession
502C) were obtained from the Maize Genetics COOP (Champaign-
Urbana, lllinois). All studies were conducted with the semidomi-
nant mutants as heterozygotes. GA; treatments were given and
morphometric analyses were conducted in the original genetic
backgrounds from the stock center maintained by sib-mating.
RNA sequencing (RNA-Seq) analyses were conducted on material
backcrossed three times to B73 and maintained by backcrossing.
Seeds of inbred lines comprising the parents of the Nested Asso-
ciation Mapping population (e.g., NAM founders) (Flint-Garcia
et al., 2005; Peiffer et al., 2014) were obtained from the U.S.
National Plant Germplasm System. Plants were grown in two gal
pots with a 1:1 mixture of peat germinating mix (Sun Gro Horticul-
ture, Bellevue, WA) and Turface® (Profile Products LLC, Buffalo
Grove, IL). Greenhouse conditions were a 16/8-h light/dark pho-
toperiod with supplemental lighting by high-pressure sodium
growth lamps with a day-time temperature of 27°C and a night-
time temperature of 21°C. Plants were fertilized with pH 6 adjusted
200 ppm Miracle-Gro Excel (Scotts, Maryville, OH).

GA; treatments

For morphological measurements and RNA-Seq, D8-Mpl/+, D9-1/+,
and wild-type siblings were treated with 1 ml of 866 um GA3 (Gold
Biotechnology, St. Louis, MO), 0.02% ethanol, and 0.005% Silwet
L-77 (Sigma-Aldrich, St. Louis, MO). Solutions were applied
directly into the whorl using a pipette every 3 days starting at
20 days after planting (DAP) and continuing until tassel emer-
gence. Mock plants were treated with a solution with the same

total volume and concentrations of ethanol and Silwet L-77 but
lacking GAs. Plants were treated a total of seven times prior to the
collection of RNA-Seq samples. For morphological measurements
of NAM inbred lines, a total of 14 plants (seven mock and seven
treated) per inbred line were planted in a complete randomized
block design at the Purdue Horticultural Greenhouse Facility. Bam-
boo stakes and a clothesline were used to ensure stability of GAz-
treated wild-type siblings due to their extreme elongation.

RNA sequencing and analysis

Developing tassels (0.5-1 cm) of D8-Mpl/+, D9-1/+, and wild-type
siblings treated with or without GAz; were collected at 40 DAP in
the morning hours of 8:00 to 11:00 a.m. For each genotype, three
biological replicates of eight immature tassels were collected, fro-
zen in liquid nitrogen, and ground, and total RNA was extracted.
Stranded cDNA libraries were created with a TruSeq mRNA HT
Sample Prep Kit and sequenced on an lllumina HiSeq 2500 plat-
form (lllumina, San Diego, CA) using TruSeq SBS v3-HS reagents
(Illumina, San Diego, CA). Sequenced reads were aligned to the
B73 reference genome (v3.31) using tophat2 (version 2.1.1) along
with bowtie2 (version 2.3.2) (Kim et al., 2013; Langmead & Salz-
berg, 2012). Sequencing results and alignment rates are described
in Table S1. Aligned reads were used to create count tables using
HTSeq (version 0.7.0) (Anders et al., 2015), which were then
inputted into DESeq2 (version 1.27.31) (Love et al., 2014) to deter-
mine differential expression using a negative binomial likelihood
ratio test with parametric gene-wise dispersion. Genes were anno-
tated by the Basic Local Alignment Search Tool for protein
sequences (BLASTP) (Mahram & Herbordt, 2015) of maize tran-
scripts against the Arabidopsis genome. Top hits were used for
annotation with a 1e-05 cutoff; if the top hit BLASTP e-value
was greater it was not included as an annotation and was indi-
cated as an asterisk in supplementary data files. Annotation
descriptions of genes were downloaded from Arabidopsis.org
(TAIR10). For expression comparison of D8 and D9 across devel-
opmental tissues, normalized counts were obtained from Bolduc
et al. (2012).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1 RNA expression levels of dwarf8 (d8) and dwarf9 (d9)
from the Bolduc et al. (2012) dataset. Normalized RNA expression
values from previously published RNA-Seq data from Bolduc et al.
(2012) for d8 (GRMZM2G144744) and d9 (GRMZM2G024973). Data
were obtained from GEO accession GSE38487.

Figure S2. Heatmap of 561 responsive genes in +/+ (D8) compared
to D8 treated with GAz. Genes were filtered for being differentially
expressed in +/+ (D8) treated with GAs compared to D8 treated
with GA; at a Benjamini-Hochberg genome-wide significant P-
value of <0.05. Heatmap of log,-transformed fold change values of
561 differentially expressed genes. Dodgerbluel indicates high
expression and magenta represents low expression in GA-treated
samples. Genes are clustered by the expression across all six
comparisons. Selected genes are indicated on the right of the
heatmap.

Figure S3. Heatmap of 28 responsive genes in +/+ (D9) compared
to D9 treated with GA3. Genes were filtered for being differentially
expressed in +/+ (D9) treated with GA; compared to D9 treated
with GA; at a Benjamini-Hochberg genome-wide significant P-
value of <0.05. Heatmap of log,-transformed fold change values of
28 differentially expressed genes. Dodgerbluel indicates high
expression and magenta represents low expression in GA-treated
samples. Genes are clustered by the expression across all six
comparisons. Selected genes are indicated on the right of the
heatmap.

Figure S4. Transcript accumulation distribution of the filtered 366
bona fide GA-responsive gene loci averaged across all samples.
Average normalized read count across all samples of RNA-Seq
data of the filtered 366 bona fide GA-responsive gene loci ordered
by transcript abundance on the x-axis from 1 (most abundant) to
366 (least abundant). The two most abundant transcripts
(GRMZM2G32611 and GRMZM5G815894) are labeled on the
graph. The large red point denotes the 20th gene locus in order of
transcript abundance indicating that the first 20 loci represent
more than 50% of the total average normalized read counts for the
entire set of 366 bona fide GA-regulated genes.

Figure S5. Linear regression plot of mock plant height compared
to percent increase in plant height with GAs application related to
mock plant height at maturity. Plot of NAM founders and B73. A
best-fit straight line is shown with equation, R% and P-value for
the slope of the line.

Figure S6. Linear regression plots of tassel phenotypes compared
to percent increase in plant height with GAz treatment. (a—c) Lin-
ear regression plots of average score (1-5) with GA; treatment for
(a) barren inflorescence, (b) presence of floret development, or (c)
pistillate tassels compared to percent increase in plant height with
GA; application related to mock plant height at maturity. (a-c) A
best-fit straight line is shown with equation, R?, and P-value for
the slope of the line.

Figure S7. Linear regression plots of tassel branch number com-
pared to other tassel phenotypes and response in plant height
with GA; treatment. (a—j) Linear regression plots of change in

© 2022 The Authors.

tassel branch number or percent change in tassel branch number
with GAj3 treatment compared to changes in plant height or inflo-
rescence phenotypes with GA3 treatment. A best-fit straight line is
shown with equation, R?, and P-value for the slope of the line.
Table S1. RNA-Seq information and statistics.

Table S2. Morphological measurements of D8-Mpl/+, D9-1/+, and
wild-type siblings with and without GAs.

Data File S1. DESeq2 results of differential mRNA expression of
tassels from the congenic wild types of the D8-Mpl mutant sized
0.5-1 cm treated with GA; compared to tassels of the congenic
wild types of the D8-Mpl mutant sized 0.5-1 cm treated with mock
treatment. Column 1 shows the maize B73 gene identification
number (v3.31), column 2 shows the baseMean read count for all
samples, column 3 shows the log,-transformed fold change val-
ues (where positive numbers indicate higher expression in GAs-
treated tassels and negative numbers indicate lower expression in
GAs-treated tassels), column 4 shows the log,-transformed fold
change standard error, column 5 shows the Wald statistic, column
6 shows the Wald test P-value, column 7 shows the Benjamini-
Hochberg multiple testing adjusted P-value, column 8 shows the
Arabidopsis gene identification number for the closest homolog
in Arabidopsis, column 9 shows the e-value for the BLASTp result
of comparison between maize and Arabidopsis, and column 10
shows the Arabidopsis annotation. An asterisk in columns 8-10
indicates that there was not a homologous protein sequence of
the maize gene in Arabidopsis with an e-value score of 1.00e—05.
Data File S2. DESeq2 results of differential mMRNA expression of
tassels from the congenic wild types of the D9-7 mutant sized 0.5-
1 cm treated with GA; compared to tassels of the congenic wild
types of the D9-1 mutant sized 0.5-1 cm treated with mock treat-
ment. Column 1 shows the maize B73 gene identification number
(v3.31), column 2 shows the baseMean read count for all samples,
column 3 shows the log,-transformed fold change values (where
positive numbers indicate higher expression in GAs-treated tassels
and negative numbers indicate lower expression in GAs-treated
tassels), column 4 shows the log,-transformed fold change stan-
dard error, column 5 shows the Wald statistic, column 6 shows
the Wald test P-value, column 7 shows the Benjamini-Hochberg
multiple testing adjusted P-value, column 8 shows the Arabidop-
sis gene identification number for the closest homolog in Ara-
bidopsis, column 9 shows the e-value for the BLASTp result of
comparison between maize and Arabidopsis, and column 10
shows the Arabidopsis annotation. An asterisk in columns 8-10
indicates that there was not a homologous protein sequence of
the maize gene in Arabidopsis with an e-value score of 1.00e—05.
Data File S3. The filtered 366 bona fide GA-responsive genes. Col-
umn 1 shows the maize B73 gene identification number (v3.31),
column 2 shows the log,-transformed fold change values from the
comparison of the congenic wild types of the D8-Mpl mutant trea-
ted with GA; compared to tassels of the congenic wild types of
the D8-Mpl mutant treated with mock treatment (where positive
numbers indicate higher expression in GAs-treated tassels and
negative numbers indicate lower expression in GAgs-treated tas-
sels), column 3 shows the Benjamini-Hochberg multiple testing
adjusted P-value for the comparison in column 2, column 4 shows
the log,-transformed fold change values from the comparison of
the congenic wild types of the D9-17 mutant treated with GAz com-
pared to tassels of the congenic wild types of the D9-17 mutant
treated with mock treatment (where positive numbers indicate
higher expression in GAs-treated tassels and negative numbers
indicate lower expression in GAs-treated tassels), and column 5
shows the Benjamini-Hochberg multiple testing adjusted P-value
for the comparison in column 4.
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Data File S4. DESeq2 results of differential mRNA expression of
tassels from the D8-Mpl mutants sized 0.5-1 cm treated with GA3
compared to tassels of the D8-Mpl/ mutants sized 0.5-1 cm treated
with mock treatment. Column 1 shows the maize B73 gene identifi-
cation number (v3.31), column 2 shows the baseMean read count
for all samples, column 3 shows the log,-transformed fold change
values (where positive numbers indicate higher expression in GAs-
treated tassels and negative numbers indicate lower expression in
GAg;-treated tassels), column 4 shows the log,-transformed fold
change standard error, column 5 shows the Wald statistic, column
6 shows the Wald test P-value, column 7 shows the Benjamini-
Hochberg multiple testing adjusted P-value, column 8 shows the
Arabidopsis gene identification number for the closest homolog in
Arabidopsis, column 9 shows the e-value for the BLASTp result of
comparison between maize and Arabidopsis, and column 10
shows the Arabidopsis annotation. An asterisk in columns 8-10
indicates that there was not a homologous protein sequence of the
maize gene in Arabidopsis with an e-value score of 1.00e—05.

Data File S5. DESeq2 results of differential mRNA expression of
tassels from the D9-1 mutants sized 0.5-1 cm treated with GA3
compared to tassels of the D9-7 mutants sized 0.5-1 cm treated
with mock treatment. Column 1 shows the maize B73 gene identi-
fication number (v3.31), column 2 shows the baseMean read
count for all samples, column 3 shows the log,-transformed fold
change values (where positive numbers indicate higher expres-
sion in GAs-treated tassels and negative numbers indicate lower
expression in GAs-treated tassels), column 4 shows the log,-trans-
formed fold change standard error, column 5 shows the Wald
statistic, column 6 shows the Wald test P-value, column 7 shows
the Benjamini-Hochberg multiple testing adjusted P-value, col-
umn 8 shows the Arabidopsis gene identification number for the
closest homolog in Arabidopsis, column 9 shows the e-value for
the BLASTp result of comparison between maize and Arabidopsis,
and column 10 shows the Arabidopsis annotation. An asterisk in
columns 8-10 indicates that there was not a homologous protein
sequence of the maize gene in Arabidopsis with an e-value score
of 1.00e—05.

Data File S6. DESeq2 results of differential mRNA expression of
tassels from the congenic wild types of the D8-Mpl mutant sized
0.5-1 cm treated with GAz; compared to tassels of the D8-Mpl/
mutants sized 0.5-1 cm treated with GAs. Column 1 shows the
maize B73 gene identification number (v3.31), column 2 shows the
baseMean read count for all samples, column 3 shows the log,-
transformed fold change values (where positive numbers indicate
higher expression in wild-type GAs-treated tassels and negative
numbers indicate lower expression in wild-type GAs-treated tas-
sels), column 4 shows the log,-transformed fold change standard
error, column 5 shows the Wald statistic, column 6 shows the
Wald test P-value, column 7 shows the Benjamini-Hochberg mul-
tiple testing adjusted P-value, column 8 shows the Arabidopsis
gene identification number for the closest homolog in Arabidop-
sis, column 9 shows the e-value for the BLASTp result of compar-
ison between maize and Arabidopsis, and column 10 shows the
Arabidopsis annotation. An asterisk in columns 8-10 indicates that
there was not a homologous protein sequence of the maize gene
in Arabidopsis with an e-value score of 1.00e—05.

Data File S7. Differentially expressed genes in congenic wild-type
tassels treated with GAs; compared to D8-Mpl tassels treated with
GAz. Column 1 shows the maize B73 gene identification number
(v3.31), column 2 shows the log,-transformed fold change values
(where positive numbers indicate higher expression in wild-type
GAgs-treated tassels and negative numbers indicate lower expres-
sion in wild-type GAs-treated tassels), and column 3 shows the
Benjamini-Hochberg multiple testing adjusted P-value.

Data File S8. DESeq2 results of differential mMRNA expression of
tassels from the congenic wild types of the D9-7 mutant sized 0.5-
1 cm treated with GAz compared to tassels of the D9-1 mutants
sized 0.5-1 cm treated with GAz. Column 1 shows the maize B73
gene identification number (v3.31), column 2 shows the baseMean
read count for all samples, column 3 shows the log,-transformed
fold change values (where positive numbers indicate higher
expression in wild-type GAs-treated tassels and negative numbers
indicate lower expression in wild-type GAs-treated tassels), col-
umn 4 shows the log,-transformed fold change standard error,
column 5 shows the Wald statistic, column 6 shows the Wald test
P-value, column 7 shows the Benjamini-Hochberg multiple testing
adjusted P-value, column 8 shows the Arabidopsis gene identifica-
tion number for the closest homolog in Arabidopsis, column 9
shows the e-value for the BLASTp result of comparison between
maize and Arabidopsis, and column 10 shows the Arabidopsis
annotation. An asterisk in columns 8-10 indicates that there was
not a homologous protein sequence of the maize gene in Ara-
bidopsis with an e-value score of 1.00e—05.

Data File S9. Differentially expressed genes in congenic wild-type
tassels treated with GA; compared to D9-7 tassels treated with
GA;z. Column 1 shows the maize B73 gene identification number
(v3.31), column 2 shows the log,-transformed fold change values
(where positive numbers indicate higher expression in wild-type
GAg;-treated tassels and negative numbers indicate lower expres-
sion in wild-type GAs-treated tassels), and column 3 shows the
Benjamini-Hochberg multiple testing adjusted P-value.

Data File $10. DESeq2 results of differential mMRNA expression of
tassels from the congenic wild types of the D8-Mpl mutant sized
0.5-1 c¢cm treated with mock treatment compared to tassels of the
D8-Mpl mutants sized 0.5-1 cm treated with mock treatment. Col-
umn 1 shows the maize B73 gene identification number (v3.31),
column 2 shows the baseMean read count for all samples, column
3 shows the log,-transformed fold change values (where positive
numbers indicate higher expression in wild-type mock-treated tas-
sels and negative numbers indicate lower expression in wild-type
mock-treated tassels), column 4 shows the log,-transformed fold
change standard error, column 5 shows the Wald statistic, column
6 shows the Wald test P-value, column 7 shows the Benjamini-
Hochberg multiple testing adjusted P-value, column 8 shows the
Arabidopsis gene identification number for the closest homolog
in Arabidopsis, column 9 shows the e-value for the BLASTp result
of comparison between maize and Arabidopsis, and column 10
shows the Arabidopsis annotation. An asterisk in columns 8-10
indicates that there was not a homologous protein sequence of
the maize gene in Arabidopsis with an e-value score of 1.00e—05.
Data File S11. Differentially expressed genes in congenic wild-type
tassels treated with mock treatment compared to D8-Mpl tassels
treated with mock treatment. Column 1 shows the maize B73 gene
identification number (v3.31), column 2 shows the log,-trans-
formed fold change values (where positive numbers indicate
higher expression in wild-type mock-treated tassels and negative
numbers indicate lower expression in wild-type mock-treated tas-
sels), and column 3 shows the Benjamini-Hochberg multiple test-
ing adjusted P-value.

Data File $12. DESeq2 results of differential mMRNA expression of
tassels from the congenic wild types of the D9-7 mutant sized 0.5-
1 cm treated with mock treatment compared to tassels of the D9-1
mutants sized 0.5-1 cm treated with mock treatment. Column 1
shows the maize B73 gene identification number (v3.31), column 2
shows the baseMean read count for all samples, column 3 shows
the log,-transformed fold change values (where positive numbers
indicate higher expression in wild-type mock-treated tassels and
negative numbers indicate lower expression in wild-type mock-

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. This article has been contributed
to by U.S. Government employees and their work is in the public domain in the USA.,

The Plant Journal, (2022), 112, 493-517



DELLA regulation of gibberellin response in maize tassels 515

treated tassels), column 4 shows the log,-transformed fold change
standard error, column 5 shows the Wald statistic, column 6
shows the Wald test P-value, column 7 shows the Benjamini-
Hochberg multiple testing adjusted P-value, column 8 shows the
Arabidopsis gene identification number for the closest homolog
in Arabidopsis, column 9 shows the e-value for the BLASTp result
of comparison between maize and Arabidopsis, and column 10
shows the Arabidopsis annotation. An asterisk in columns 8-10
indicates that there was not a homologous protein sequence of
the maize gene in Arabidopsis with an e-value score of 1.00e—05.

Data File S13. Differentially expressed genes in congenic wild-type
tassels treated with mock treatment compared to D9-1 tassels
treated with mock treatment. Column 1 shows the maize B73 gene
identification number (v3.31), column 2 shows the log,-trans-
formed fold change values (where positive numbers indicate
higher expression in wild-type mock-treated tassels and negative
numbers indicate lower expression in wild-type mock-treated tas-
sels), and column 3 shows the Benjamini-Hochberg multiple test-
ing adjusted P-value.

REFERENCES

Acosta, I.F., Laparra, H., Romero, S.P., Schmelz, E., Hamberg, M., Mot-
tinger, J.P. et al. (2009) tasselseed1 is a lipoxygenase affecting jasmonic
acid signaling in sex determination of maize. Science, 323, 262-265.

Anastasiou, E., Kenz, S., Gerstung, M., Maclean, D., Timmer, J., Fleck, C.
et al. (2007) Control of plant organ size by KLUH/CYP78A5-dependent
intercellular signaling. Developmental Cell, 13, 843-856.

Anders, S., Pyl, P.T. & Huber, W. (2015) HTSeq--a Python framework to work
with high-throughput sequencing data. Bioinformatics, 31, 166-169.

Ariizumi, T., Lawrence, P.K. & Steber, C.M. (2011) The role of two f-box pro-
teins, SLEEPY1 and Sneezy, in Arabidopsis gibberellin signaling. Plant
Physiology, 155, 765-775.

Ashikari, M., Sasaki, A., Ueguchi-Tanaka, M., Itoh, H., Nishimura, A., Datta,
S. et al. (2002) Loss-of-function of a rice gibberellin biosynthetic gene,
GA20 oxidase (GA200x-2), led to the rice ‘green revolution’. Breeding
Science, 52, 143-150.

Aukerman, M.J. & Sakai, H. (2003) Regulation of flowering time and floral
organ identity by a MicroRNA and its APETALA2-like target genes. Plant
Cell, 15, 2730-2741.

Bai, F., Reinheimer, R., Durantini, D., Kellogg, E.A. & Schmidt, R.J. (2012a)
TCP transcription factor, BRANCH ANGLE DEFECTIVE 1 (BAD1), is
required for normal tassel branch angle formation in maize. Proceedings
of the National Academy of Sciences of the United States of America,
109, 12225-12230.

Bai, M.Y., Shang, J.X., Oh, E., Fan, M., Bai, Y., Zentella, R. et al. (2012b)
Brassinosteroid, gibberellin and phytochrome impinge on a com-
mon transcription module in Arabidopsis. Nature Cell Biology, 14, 810
817.

Bartlett, M.E., Williams, S.K., Taylor, Z., Deblasio, S., Goldshmidt, A., Hall,
D.H. et al. (2015) The Maize PI/GLO ortholog Zmm16/sterile tassel silky
ear1 interacts with the zygomorphy and sex determination pathways in
flower development. Plant Cell, 27, 3081-3098.

Bensen, R.J., Johal, G.S., Crane, V.C., Tossberg, J.T., Schnable, P.S., Mee-
ley, R.B. et al. (1995) Cloning and characterization of the maize An1 gene.
Plant Cell, 7, 75-84.

Best, N.B., Addo-Quaye, C., Kim, B.-S., Weil, C.F., Schulz, B., Johal, G. et al.
(2021) Mutation of the nuclear pore complex component, aladin1,
disrupts asymmetric cell division in Zea mays (maize). G3
Genes|Genomes| Genetics, 11, jkab106.

Best, N.B., Hartwig, T., Budka, J., Fujioka, S., Johal, G., Schulz, B. et al.
(2016) nana plant2 encodes a maize ortholog of the Arabidopsis brassi-
nosteroid biosynthesis gene DWARF1, identifying developmental interac-
tions between brassinosteroids and gibberellins. Plant Physiology, 171,
2633-2647.

Best, N.B., Johal, G. & Dilkes, B.P. (2017) Phytohormone inhibitor treat-
ments phenocopy brassinosteroid-gibberellin dwarf mutant interactions
in maize. Plant Direct, 1, 1-18.

© 2022 The Authors.

Bolduc, N. & Hake, S. (2009) The maize transcription factor KNOTTED1
directly regulates the gibberellin catabolism gene ga2ox1. Plant Cell, 21,
1647-1658.

Bolduc, N., Yilmaz, A., Mejia-Guerra, M.K., Morohashi, K., O’Connor, D.,
Grotewold, E. & Hake, S. (2012) Unraveling the KNOTTED1 regulatory
network in maize meristems. Genes & Development, 26, 1685-1690.

Bomblies, K., Wang, R.L., Ambrose, B.A., Schmidt, R.J., Meeley, R.B. & Doe-
bley, J. (2003) Duplicate FLORICAULA/LEAFY homologs zfl1 and zfl2 con-
trol inflorescence architecture and flower patterning in maize.
Development, 130, 2385-2395.

Bommert, P. & Whipple, C. (2018) Grass inflorescence architecture and meris-
tem determinacy. Seminars in Cell & Developmental Biology, 719, 37-47.
Brian, P.W. (1958) Role of gibberellin-like hormones in regulation of plant

growth & flowering. Nature, 181, 1122-1123.

Cacharron, J., Saedler, H. & Theissen, G. (1999) Expression of MADS box
genes ZMM8 and ZMM14 during inflorescence development of Zea mays
discriminates between the upper and the lower floret of each spikelet.
Development Genes and Evolution, 209, 411-420.

Chen, Q.Y., Atkinson, A., Otsuga, D., Christensen, T., Reynolds, L. & Drews,
G.N. (1999) The Arabidopsis FILAMENTOUS FLOWER gene is required
for flower formation. Development, 126, 2715-2726.

Chen, Y., Hou, M., Liu, L., Wu, S., Shen, Y., Ishiyama, K. et al. (2014) The
maize DWARF1 encodes a gibberellin 3-oxidase and is dual localized to
the nucleus and cytosol. Plant Physiology, 166, 2028-2039.

Cheng, P.C., Greyson, R.I. & Walden, D.B. (1983) Organ initiation and the
development of unisexual flowers in the tassel and ear of zea mays.
American Journal of Botany, 70, 450-462.

Chiang, H.H., Hwang, . & Goodman, H.M. (1995) Isolation of the Arabidop-
sis GA4 locus. Plant Cell, 7, 195-201.

Chuck, G., Meeley, R., Irish, E., Sakai, H. & Hake, S. (2007) The maize tas-
selseed4 microRNA controls sex determination and meristem cell fate by
targeting Tasselseed6/indeterminate spikelet1. Nature Genetics, 39,
1517-1521.

Chuck, G., Whipple, C., Jackson, D. & Hake, S. (2010) The maize SBP-box
transcription factor encoded by tasselsheath4 regulates bract develop-
ment and the establishment of meristem boundaries. Development, 137,
1243-1250.

Chuck, G.S., Brown, P.J., Meeley, R. & Hake, S. (2014) Maize SBP-box tran-
scription factors unbranched2 and unbranched3 affect yield traits by reg-
ulating the rate of lateral primordia initiation. Proceedings of the
National Academy of Sciences of the United States of America, 111,
18775-18780.

Danilevskaya, O.N., Meng, X., Selinger, D.A., Deschamps, S., Hermon, P.,
Vansant, G. et al. (2008) Involvement of the MADS-box gene ZMM4 in
floral induction and inflorescence development in maize. Plant Physiol-
ogy, 147, 2054-2069.

Delong, A., Calderonurrea, A. & Dellaporta, S.L. (1993) Sex determination
gene Tasselseed2 of maize encodes a short-chain alcohol-
dehydrogenase required for stage-specific floral organ abortion. Cell, 74,
757-768.

Depege-Fargeix, N., Javelle, M., Chambrier, P., Frangne, N., Gerentes, D.,
Perez, P. et al. (2011) Functional characterization of the HD-ZIP IV tran-
scription factor OCL1 from maize. Journal of Experimental Botany, 62,
293-305.

Dill, A., Jung, H.S. & Sun, T.P. (2001) The DELLA motif is essential
for gibberellin-induced degradation of RGA. Proceedings of the
National Academy of Sciences of the United States of America, 98,
14162-14167.

Dill, A. & Sun, T.P. (2001) Synergistic derepression of gibberellin signaling
by removing RGA and GAI function in Arabidopsis thaliana. Genetics,
159, 777-785.

Du, Y., Liu, L., Peng, Y., Li, M., Li, Y., Liu, D. et al. (2020) UNBRANCHED3
Expression and Inflorescence development is mediated by
UNBRANCHED?2 and the distal enhancer, KRN4, in maize. PLoS Genetics,
16, €1008764.

Emerson, R.A. & Emerson, S.H. (1922) Genetic interrelations of two
andromonoecious types of maize, dwarf and anther ear. Genetics, 7,
203-236.

Evans, M.M.S. & Poethig, R.S. (1995) Gibberellins promote vegetative
phase-change and reproductive maturity in maize. Plant Physiology, 108,
475-487.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. This article has been contributed
to by U.S. Government employees and their work is in the public domain in the USA.,

The Plant Journal, (2022), 112, 493-517



516 Norman B. Best and Brian P. Dilkes

Flint-Garcia, S.A., Thuillet, A.C., Yu, J., Pressoir, G., Romero, S.M., Mitchell,
S.E. et al. (2005) Maize association population: a high-resolution platform
for quantitative trait locus dissection. The Plant Journal, 44, 1054-1064.

Frey, M., Chomet, P., Glawischnig, E., Stettner, C., Grun, S., Winkimair, A.
et al. (1997) Analysis of a chemical plant defense mechanism in grasses.
Science, 277, 696-699.

Frey, M., Kliem, R., Saedler, H. & Gierl, A. (1995) Expression of a
cytochrome-P450 gene family in maize. Molecular & General Genetics,
246, 100-109.

Fuentes, S., Ljung, K., Sorefan, K., Alvey, E., Harberd, N.P. & Ostergaard, L.
(2012) Fruit growth in Arabidopsis occurs via DELLA-dependent and
DELLA-independent gibberellin responses. Plant Cell, 24, 3982-3996.

Fujioka, S., Yamane, H., Spray, C.R., Katsumi, M., Phinney, B.O., Gaskin, P.
et al. (1988) The dominant non-gibberellin-responding dwarf mutant (D8)
of maize accumulates native gibberellins. Proceedings of the
National Academy of Sciences of the United States of America, 85, 9031-
9035.

Gallego-Bartolome, J., Minguet, E.G., Grau-Enguix, F., Abbas, M., Locascio,
A., Thomas, S.G. et al. (2012) Molecular mechanism for the interaction
between gibberellin and brassinosteroid signaling pathways in Ara-
bidopsis. Proceedings of the National Academy of Sciences of the United
States of America, 109, 13446-13451.

Galli, M., Liu, Q., Moss, B.L., Malcomber, S., Li, W., Gaines, C. et al. (2015)
Auxin signaling modules regulate maize inflorescence architecture. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 112, 13372-13377.

Griffiths, J., Murase, K., Rieu, I., Zentella, R., Zhang, Z.L., Powers, S.J. et al.
(2006) Genetic characterization and functional analysis of the GID1 gib-
berellin receptors in Arabidopsis. Plant Cell, 18, 3399-3414.

Grigorova, B., Mara, C., Hollender, C., Sijacic, P., Chen, X. & Liu, Z. (2011)
LEUNIG and SEUSS co-repressors regulate miR172 expression in Ara-
bidopsis flowers. Development, 138, 2451-2456.

Hay, A. & Hake, S. (2004) The dominant mutant Wavy auricle in blade1 dis-
rupts patterning in a lateral domain of the maize leaf. Plant Physiology,
135, 300-308.

Hedden, P. (2003) The genes of the Green Revolution. Trends in Genetics,
19, 5-9.

Ingram, G.C., Boisnard-Lorig, C., Dumas, C. & Rogowsky, P.M. (2000)
Expression patterns of genes encoding HD-ZiplV homeo domain proteins
define specific domains in maize embryos and meristems. Plant Journal,
22, 401-414.

Ingram, G.C., Magnard, J.L., Vergne, P., Dumas, C. & Rogowsky, P.M.
(1999) ZmOCL1, an HDGL2 family homeobox gene, is expressed in the
outer cell layer throughout maize development. Plant Molecular Biology,
40, 343-354.

Irish, E.E., Langdale, J.A. & Nelson, T.M. (1994) Interactions between tassel
seed genes and other sex-determining genes in maize. Developmental
Genetics, 15, 155-171.

Ito, T. & Meyerowitz, E.M. (2000) Overexpression of a gene encoding a
cytochrome p450, CYP78A9, induces large and seedless fruit in arabidop-
sis. Plant Cell, 12, 1541-1550.

Kai, K., Hashidzume, H., Yoshimura, K., Suzuki, H., Sakurai, N., Shibata, D.
et al. (2009) Metabolomics for the characterization of cytochromes P450-
dependent fatty acid hydroxylation reactions in Arabidopsis. Plant
Biotechnology, 26, 175-182.

Katsumata, T., Fukazawa, J., Magome, H., Jikumaru, Y., Kamiya, Y., Nat-
sume, M. et al. (2011) Involvement of the CYP78A subfamily of cyto-
chrome P450 monooxygenases in protonema growth and gametophore
formation in the moss Physcomitrella patens. Bioscience, Biotechnology,
and Biochemistry, 75, 331-336.

Kessler, S., Townsley, B. & Sinha, N. (2006) L1 division and differentiation
patterns influence shoot apical meristem maintenance. Plant Physiology,
141, 1349-1362.

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R. & Salzberg, S.L.
(2013) TopHat2: accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biology, 14, R36.

Kim, J.C., Laparra, H., Calderon-Urrea, A., Mottinger, J.P., Moreno, M.A. &
Dellaporta, S.L. (2007) Cell cycle arrest of stamen initials in maize sex
determination. Genetics, 177, 2547-2551.

Klucher, K.M., Chow, H., Reiser, L. & Fischer, R.L. (1996) The AINTEGU-
MENTA gene of arabidopsis required for ovule and female gametophyte

development is related to the floral homeotic gene APETALA2. Plant Cell,
8, 137-153.

Koornneef, M. & van der Veen, J.H. (1980) Induction and analysis of gib-
berellin sensitive mutants in Arabidopsis thaliana (L.) heynh. Theoretical
and Applied Genetics, 58, 257-263.

Lang, A. (1957) The effect of gibberellin upon flower formation. Proceedings
of the National Academy of Sciences of the United States of America, 43,
709-717.

Langmead, B. & Salzberg, S.L. (2012) Fast gapped-read alignment with
Bowtie 2. Nature Methods, 9, 357-359.

Larsson, S.J., Lipka, A.E. & Buckler, E.S. (2013) Lessons from Dwarf8 on the
strengths and weaknesses of structured association mapping. PLoS
Genetics, 9, €1003246.

Lawit, S.J., Wych, H.M., Xu, D., Kundu, S. & Tomes, D.T. (2010) Maize
DELLA proteins dwarf plant8 and dwarf plant9 as modulators of plant
development. Plant & Cell Physiology, 51, 1854-1868.

Lawrence, C.J., Dong, Q., Polacco, M.L., Seigfried, T.E. & Brendel, V. (2004)
Maizegdb, the community database for maize genetics and genomics.
Nucleic Acids Research, 32, D393-D397.

Li, Q.F., Wang, C.M,, Jiang, L., Li, S., Sun, S.S.M. & He, J.X. (2012) An inter-
action between BZR1 and DELLAs mediates direct signaling crosstalk
between brassinosteroids and gibberellins in Arabidopsis. Science Sig-
naling, 5, ra72.

Li, W., Wy, J., Weng, S., Zhang, Y., Zhang, D. & Shi, C. (2010) Identification
and characterization of dwarf 62, a loss-of-function mutation in DLT/
OsGRAS-32 affecting gibberellin metabolism in rice. Planta, 232, 1383-
1396.

Liao, Z., Yu, H., Duan, J., Yuan, K., Yu, C., Meng, X. et al. (2019) SLR1 inhi-
bits MOC1 degradation to coordinate tiller number and plant height in
rice. Nature Communications, 10, 2738.

Love, M., Huber, W. & Anders, S. (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biology,
15, 550.

Lunde, C., Kimberlin, A., Leiboff, S., Koo, A.J. & Hake, S. (2019) Tasselseed5
overexpresses a wound-inducible enzyme, ZmCYP94B1, that affects jas-
monate catabolism, sex determination, and plant architecture in maize.
Communications Biology, 2, 114.

Mahram, A. & Herbordt, M.C. (2015) NCBI BLASTP on high-performance
reconfigurable computing systems. ACM Transactions on Reconfigurable
Technology and Systems, 7, 1-20.

Matthes, M.S., Best, N.B., Robil, J.M., Malcomber, S., Gallavotti, A. &
Mecsteen, P. (2019) Auxin EvoDevo: conservation and diversification of
genes regulating auxin biosynthesis, transport, and signaling. Molecular
Plant, 12, 298-320.

Miyoshi, K., Ahn, B.O., Kawakatsu, T., Ito, Y., Itoh, J.I., Nagato, Y. et al.
(2004) PLASTOCHRONT1, a timekeeper of leaf initiation in rice, encodes
cytochrome P450. Proceedings of the National Academy of Sciences of
the United States of America, 101, 875-880.

Multani, D.S., Briggs, S.P., Chamberlin, M.A., Blakeslee, J.J., Murphy, A.S.
& Johal, G.S. (2003) Loss of an MDR transporter in compact stalks of
maize br2 and sorghum dw3 mutants. Science, 302, 81-84.

Nagasawa, N., Hibara, K., Heppard, E.P., Vander Velden, K.A., Luck, S.,
Beatty, M. et al. (2013) GIANT EMBRYO encodes CYP78A13, required for
proper size balance between embryo and endosperm in rice. The Plant
Journal, 75, 592-605.

Nakajima, M., Shimada, A., Takashi, Y., Kim, Y.C., Park, S.H., Ueguchi-
Tanaka, M. et al. (2006) |dentification and characterization of Arabidopsis
gibberellin receptors. The Plant Journal, 46, 880-889.

Nickerson, N.H. (1959) Sustained treatment with gibberellic acid of five
different kinds of maize. Annals of the Missouri Botanical Garden, 46, 19—
37.

Nickerson, N.H. (1960) Sustained treatment with gibberellic acid of maize
plants carrying one of the dominant genes teopod and corn-grass. Amer-
ican Journal of Botany, 47, 809-815.

Peiffer, J.A., Romay, M.C., Gore, M.A., Flint-Garcia, S.A., Zhang, Z., Millard,
M.J. et al. (2014) The genetic architecture of maize height. Genetics, 196,
1337-1356.

Peng, J.R., Carol, P., Richards, D.E., King, K.E., Cowling, R.J., Murphy, G.P.
et al. (1997) The Arabidopsis GAl gene defines a signaling pathway that
negatively regulates gibberellin responses. Genes & Development, 11,
3194-3205.

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. This article has been contributed
to by U.S. Government employees and their work is in the public domain in the USA.,

The Plant Journal, (2022), 112, 493-517



DELLA regulation of gibberellin response in maize tassels 517

Phinney, B.0. (1956) Growth response of single-gene dwarf mutants in
maize to gibberellic acid. Proceedings of the National Academy of
Sciences of the United States of America, 42, 185-189.

Pinstrup-Andersen, P. & Hazell, P.B.R. (2009) The impact of the green revo-
lution and prospects for the future. Food Reviews International, 1, 1-25.

Portwood, J.L., 2nd, Woodhouse, M.R., Cannon, E.K., Gardiner, J.M., Har-
per, L.C., Schaeffer, M.L. et al. (2019) MaizeGDB 2018: the maize multi-
genome genetics and genomics database. Nucleic Acids Research, 41,
D1146-D1154.

Raman, S., Greb, T., Peaucelle, A., Blein, T., Laufs, P. & Theres, K. (2008)
Interplay of miR164, CUP-SHAPED COTYLEDON genes and LATERAL
SUPPRESSOR controls axillary meristem formation in Arabidopsis thali-
ana. The Plant Journal, 55, 65-76.

Richey, F.D. & Sprague, G.F. (1932) Some factors affecting the reversal of sex
expression in the tassels of maize. The American Naturalist, 66, 433-443.
Sasaki, A., Ashikari, M., Ueguchi-Tanaka, M., Itoh, H., Nishimura, A., Swa-
pan, D. et al. (2002) Green revolution: a mutant gibberellin-synthesis
gene in rice - New insight into the rice variant that helped to avert famine

over thirty years ago. Nature, 416, 701-702.

Schaefer, R.J., Michno, J.M., Jeffers, J., Hoekenga, O., Dilkes, B., Baxter, I.
et al. (2018) Integrating coexpression networks with GWAS to prioritize
causal genes in Maize. Plant Cell, 30, 2922-2942.

Serrano-Mislata, A., Bencivenga, S., Bush, M., Schiessl, K., Boden, S. &
Sablowski, R. (2017) DELLA genes restrict inflorescence meristem func-
tion independently of plant height. Nature Plants, 3, 749-754.

Silverstone, A.L., Mak, P.Y.A., Martinez, E.C. & Sun, T.P. (1997) The new
RGA locus encodes a negative regulator of gibberellin response in Ara-
bidopsis thaliana. Genetics, 146, 1087-1099.

Stransfeld, L., Eriksson, S., Adamski, N.M., Breuninger, H. & Lenhard, M.
(2010) KLUH/CYP78A5-dependent growth signaling coordinates floral
organ growth in Arabidopsis. Current Biology, 20, 527-532.

Sun, T., Goodman, H.M. & Ausubel, F.M. (1992) Cloning the Arabidopsis
GA1 locus by genomic subtraction. Plant Cell, 4, 119-128.

Sun, X., Cahill, J., Van Hautegem, T., Feys, K., Whipple, C., Novak, O. et al.
(2017) Altered expression of maize PLASTOCHRON1 enhances biomass
and seed yield by extending cell division duration. Nature Communica-
tions, 8, 14752.

Thomas, S.G., Rieu, |. & Steber, C.M. (2005) Gibberellin metabolism and sig-
naling. Plant Hormones, 72, 289-338.

Thompson, B.E., Bartling, L., Whipple, C., Hall, D.H., Sakai, H., Schmidt, R.
et al. (2009) bearded-ear encodes a MADS box transcription factor critical
for maize floral development. Plant Cell, 21, 2578-2590.

Thornsberry, J.M., Goodman, M.M., Doebley, J., Kresovich, S., Nielsen, D.
& Buckler, E.S. (2001) Dwarf8 polymorphisms associate with variation in
flowering time. Nature Genetics, 28, 286-289.

© 2022 The Authors.

Tong, H., Jin, Y., Liu, W., Li, F., Fang, J., Yin, Y. et al. (2009) DWARF
AND LOW-Tillering, a new member of the GRAS family, plays positive
roles in brassinosteroid signaling in rice. The Plant Journal, 58, 803-
816.

Tong, H., Liy, L., Jin, Y., Dy, L., Yin, Y., Qian, Q. et al. (2012) DWARF AND
LOW-TILLERING acts as a direct downstream target of a GSK3/SHAGGY-
like kinase to mediate brassinosteroid responses in rice. Plant Cell, 24,
2562-2577.

Ubeda-Tomas, S., Swarup, R., Coates, J., Swarup, K., Laplaze, L., Beemster,
G.T.S. et al. (2008) Root growth in Arabidopsis requires gibberellin/
DELLA signalling in the endodermis. Nature Cell Biology, 10, 625-628.

Ueguchi-Tanaka, M., Nakajima, M., Katoh, E., Ohmiya, H., Asano, K., Saji,
S. et al. (2007) Molecular interactions of a soluble gibberellin receptor,
GID1, with a rice DELLA protein, SLR1, and gibberellin. Plant Cell, 19,
2140-2155.

Whipple, C.J., Hall, D.H., Deblasio, S., Taguchi-Shiobara, F., Schmidt, R.J. &
Jackson, D.P. (2010) A conserved mechanism of bract suppression in the
grass family. The Plant Cell, 22, 565-578.

Winkler, R.G. & Freeling, M. (1994) Physiological genetics of the dominant
gibberellin-nonresponsive maize dwarfs, dwarf-8 and dwarf-9. Planta,
193, 341-348.

Wittwer, S.H., Bukovac, M.J., Sell, H.M. & Weller, L.E. (1957) Some effects
of gibberellin on flowering and fruit setting. Plant Physiology, 32, 39—
41.

Wu, K., Wang, S., Song, W., Zhang, J., Wang, Y., Liu, Q. et al. (2020)
Enhanced sustainable green revolution yield via nitrogen-responsive
chromatin modulation in rice. Science, 367, eaaz2046.

Xiao, Y., Guo, J., Dong, Z., Richardson, A., Patterson, E., Mangrum, S. et al.
(2022) Boundary domain genes were recruited to suppress bract growth
and promote branching in maize. Science Advances, 8, eabm6835.

Xiao, Y., Liu, D., Zhang, G., Tong, H. & Chu, C. (2017) Brassinosteroids regu-
late OFP1, a DLT interacting protein, to modulate plant architecture and
grain morphology in rice. Frontiers in Plant Science, 8, 1698.

Yu, H., Feng, W., Sun, F., Zhang, Y., Qu, J., Liu, B. et al. (2018) Cloning and
characterization of BES1/BZR1 transcription factor genes in maize. Plant
Growth Regulation, 86, 235-249.

Yu, J., Holland, J.B., Mcmullen, M.D. & Buckler, E.S. (2008) Genetic design
and statistical power of nested association mapping in maize. Genetics,
178, 539-551.

Zhang, S. & Wang, X. (2008) Expression pattern of Gasa, downstream genes
of Della, in Arabidopsis. Science Bulletin, 53, 3839-3846.

Zhao, C., Hanada, A., Yamaguchi, S., Kamiya, Y. & Beers, E.P. (2011) The
Arabidopsis Myb genes MYR1 and MYR2 are redundant negative regula-
tors of flowering time under decreased light intensity. The Plant Journal,
66, 502-515.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd. This article has been contributed
to by U.S. Government employees and their work is in the public domain in the USA.,

The Plant Journal, (2022), 112, 493-517



	 SUMMARY
	 Flo�ral organ reten�tion and tas�sel devel�op�ment are dif�fer�en�tially sen�si�tive to GA in D8-Mpl/+ and D9-1/+
	 All GA-in�duced genes in devel�op�ing tas�sels are DELLA-reg�u�lated
	tpj15961-fig-0001
	 GA-reg�u�lated genes demon�strate auto-reg�u�la�tion and hor�monal inter�ac�tions
	 Effect of GA treat�ment on flo�ral organ iden�tity and inflo�res�cence devel�op�ment
	tpj15961-fig-0002
	 GA3 treat�ment of D8-Mpl/+ and D9-1/+ fails to iden�tify 	any DEG
	 D8-Mpl strongly represses GA-reg�u�lated gene expres�sion
	 Even in the pres�ence of GA3, D9-1 has few con�se�quences for tran�script accu�mu�la�tion in tas�sels
	 D8-Mpl and D9-1 have con�sis�tent effects on expres�sion in the absence of GA3 treat�ment
	 Assess�ment of GA-re�spon�sive gene expres�sion using an aggre�gate index of expres�sion dif�fer�ences
	tpj15961-fig-0003
	 Plant height of D8-Mpl/+ and D9-1/+ is unre�spon�sive to GA appli�ca�tion
	 Maize stand�ing vari�a�tion results in altered sen�si�tiv�ity to GA3 for plant height
	tpj15961-fig-0004
	 Maize stand�ing vari�a�tion affects tas�sel archi�tec�ture and flo�ret sen�si�tiv�ity to GA3
	tpj15961-fig-0005
	tpj15961-fig-0006
	tpj15961-fig-0007
	 Tas�sel and plant height traits are under inde�pen�dent genetic con�trol
	 Com�plete insen�si�tiv�ity of D9-1 to GA for elon�ga�tion does not block the effects of GA on flo�ral organ per�sis�tence
	 Para�met�ric anal�y�sis of GA-in�duced gene expres�sion as a read�out of GA sig�nal sta�tus
	 How could the D9-1 and D8-Mpl mutants result in both GA insen�si�tiv�ity and low-level con�sti�tu�tive expres�sion?
	tpj15961-fig-0008
	 Iden�ti�fi�ca�tion of GA-re�spon�sive genes in the maize tas�sel and GA con�trol of flo�ral organ iden�tity and meris�tem deter�mi�nacy
	 Par�al�o�gous genes within the DEG lists indi�cate mul�ti�ple path�ways impacted by DELLA-reg�u�lated GA sig�nal�ing
	 No cor�re�la�tion between phe�no�typic responses to GA3 across mul�ti�ple tis�sues
	 Plant mate�rial and growth con�di�tions
	 GA3 treat�ments
	 RNA sequenc�ing and anal�y�sis
	 DATA AVAILABILITY STATEMENT

	 REFERENCES
	tpj15961-bib-0001
	tpj15961-bib-0002
	tpj15961-bib-0003
	tpj15961-bib-0004
	tpj15961-bib-0005
	tpj15961-bib-0006
	tpj15961-bib-0007
	tpj15961-bib-0008
	tpj15961-bib-0009
	tpj15961-bib-0010
	tpj15961-bib-0011
	tpj15961-bib-0012
	tpj15961-bib-0013
	tpj15961-bib-0014
	tpj15961-bib-0015
	tpj15961-bib-0016
	tpj15961-bib-0017
	tpj15961-bib-0018
	tpj15961-bib-0019
	tpj15961-bib-0020
	tpj15961-bib-0021
	tpj15961-bib-0022
	tpj15961-bib-0023
	tpj15961-bib-0024
	tpj15961-bib-0025
	tpj15961-bib-0026
	tpj15961-bib-0027
	tpj15961-bib-0028
	tpj15961-bib-0029
	tpj15961-bib-0030
	tpj15961-bib-0031
	tpj15961-bib-0032
	tpj15961-bib-0033
	tpj15961-bib-0034
	tpj15961-bib-0035
	tpj15961-bib-0036
	tpj15961-bib-0037
	tpj15961-bib-0038
	tpj15961-bib-0039
	tpj15961-bib-0040
	tpj15961-bib-0041
	tpj15961-bib-0042
	tpj15961-bib-0043
	tpj15961-bib-0044
	tpj15961-bib-0045
	tpj15961-bib-0046
	tpj15961-bib-0047
	tpj15961-bib-0048
	tpj15961-bib-0049
	tpj15961-bib-0050
	tpj15961-bib-0051
	tpj15961-bib-0052
	tpj15961-bib-0053
	tpj15961-bib-0054
	tpj15961-bib-0055
	tpj15961-bib-0056
	tpj15961-bib-0057
	tpj15961-bib-0058
	tpj15961-bib-0059
	tpj15961-bib-0060
	tpj15961-bib-0061
	tpj15961-bib-0062
	tpj15961-bib-0063
	tpj15961-bib-0064
	tpj15961-bib-0065
	tpj15961-bib-0066
	tpj15961-bib-0067
	tpj15961-bib-0068
	tpj15961-bib-0069
	tpj15961-bib-0070
	tpj15961-bib-0071
	tpj15961-bib-0072
	tpj15961-bib-0073
	tpj15961-bib-0074
	tpj15961-bib-0075
	tpj15961-bib-0076
	tpj15961-bib-0077
	tpj15961-bib-0078
	tpj15961-bib-0079
	tpj15961-bib-0080
	tpj15961-bib-0081
	tpj15961-bib-0082
	tpj15961-bib-0083
	tpj15961-bib-0084
	tpj15961-bib-0085
	tpj15961-bib-0086
	tpj15961-bib-0087
	tpj15961-bib-0088
	tpj15961-bib-0089
	tpj15961-bib-0090
	tpj15961-bib-0091
	tpj15961-bib-0092
	tpj15961-bib-0093
	tpj15961-bib-0094
	tpj15961-bib-0095
	tpj15961-bib-0096
	tpj15961-bib-0097
	tpj15961-bib-0098
	tpj15961-bib-0099
	tpj15961-bib-0100
	tpj15961-bib-0101
	tpj15961-bib-0102
	tpj15961-bib-0103
	tpj15961-bib-0104
	tpj15961-bib-0105


