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A small number of phytohormones dictate the pattern of plant form affecting fitness via reproductive architecture and the
plant’s ability to forage for light, water, and nutrients. Individual phytohormone contributions to plant architecture have been
studied extensively, often following a single component of plant architecture, such as plant height or branching. Both
brassinosteroid (BR) and gibberellin (GA) affect plant height, branching, and sexual organ development in maize (Zea mays).
We identified the molecular basis of the nana plant2 (na2) phenotype as a loss-of-function mutation in one of the two maize
paralogs of the Arabidopsis (Arabidopsis thaliana) BR biosynthetic gene DWARF1 (DWF1). These mutants accumulate the DWF1
substrate 24-methylenecholesterol and exhibit decreased levels of downstream BR metabolites. We utilized this mutant and
known GA biosynthetic mutants to investigate the genetic interactions between BR and GA. Double mutants exhibited additivity
for some phenotypes and epistasis for others with no unifying pattern, indicating that BR and GA interact to affect development
but in a context-dependent manner. Similar results were observed in double mutant analyses using additional BR and GA
biosynthetic mutant loci. Thus, the BR and GA interactions were neither locus nor allele specific. Exogenous application of GA3
to na2 and d5, a GA biosynthetic mutant, also resulted in a diverse pattern of growth responses, including BR-dependent GA
responses. These findings demonstrate that BR and GA do not interact via a single inclusive pathway in maize but rather suggest
that differential signal transduction and downstream responses are affected dependent upon the developmental context.

Aboveground plant form is achieved by the pro-
gressive addition of organs, which guarantees plant
success through the acquisition of light and gases to

support photosynthesis and reproduction. Multiple
phytohormones regulate the architecture of organs, the
rate at which they grow, and their placement on the
growing axes of plants (Sussex and Kerk, 2001; Jaillais
and Chory, 2010; Depuydt and Hardtke, 2011). This
regulation not only contributes to the diversity of plant
form and the adaptation of plants to their environments
(Orshan, 1986; Chapin et al., 1987) but has been central
to major gains in crop yield in the 20th and 21st cen-
turies (Salamini, 2003; Salas Fernandez et al., 2009).
Phytohormone regulation of plant architecture and
components such as plant height, branching, and floral
organ development has been studied extensively
(Evans and Poethig, 1995; Choe et al., 2001; Hong et al.,
2004; Sakamoto et al., 2006). The simultaneous presence
ofmultiple phytohormones in all plant tissues raises the
question: how do interactions between these develop-
mental determinants influence the plant form?Multiple
studies of gene expression demonstrated shared and
distinct gene expression responses for various combi-
nations of phytohormones in Arabidopsis (Arabidopsis
thaliana; Nemhauser et al., 2006; Jaillais and Chory,
2010; Wang et al., 2011; Vanstraelen and Benková,
2012). However, the developmental consequences and
changes in gene expression within these interactions
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resulting in their interdependency on plant develop-
ment are largely unknown.

Brassinosteroid (BR) and gibberellin (GA) are two
phytohormones that have similar effects on aniso-
tropic cell expansion. As a result, both contribute to
the directional expansion of plant organs and are in-
volved in similar developmental processes (Santner
et al., 2009; Santner and Estelle, 2009; Wolters and
Jürgens, 2009; Hamant and Traas, 2010). BRs are
polyhydroxylated steroidal compounds that control plant
height, skotomorphogenesis and photomorphogen-
esis, branching, reproductive organ development,
stomatal development, and disease resistance (Choe
et al., 2001; Nakashita et al., 2003; Hartwig et al., 2011;
Kim et al., 2012; Oh et al., 2012; Makarevitch et al.,
2012; Wang et al., 2013). BR at concentrations of N 3
10210 is biologically active and sensitizes plants to
auxin applications (Wada et al., 1981; Vert et al., 2008).
BR and auxin positively regulate each other’s biosyn-
thesis (Li et al., 2005; Kim et al., 2014), resulting in a
positive regulatory loop. GA also influences plant
height, branching, reproductive organ development,
stomatal development, and disease resistance (Evans
and Poethig, 1995; Eckardt, 2002; Saibo et al., 2003;
Elfving et al., 2011).

Maize (Zea mays) is a monoecious species, which
produces two types of imperfect flowers in two distinct
locations. Staminate flowers are produced at the apex
of the shoot in the tassel florets, and pistillate flow-
ers are present on lateral branches in the ear florets. In
the two inflorescences, organs are arrested or aborted
postinitiation to prevent their manifestation in mature
florets. BR-deficient mutants in maize exhibit severe
dwarfism, altered leaf morphology, and pistil produc-
tion in the tassel (Hartwig et al., 2011; Makarevitch
et al., 2012). Other tasselseed (ts) mutants in maize are
not dwarf. The genes responsible for some of these
mutants are molecularly defined. Mutants such as ts1
and ts2 have a proposed function in jasmonic acid (JA)
metabolism (DeLong et al., 1993; Acosta et al., 2009),
while other mutants are involved in encoding an
APETELA2-like transcription factor, Ts6, as well as its
corresponding microRNA, ts4 (Chuck et al., 2007). As a
result, the ability of JA to inhibit pistil production in the
maize tassel has been a leading hypothesis for tassel
seed production. However, work by Nickerson (1959)
demonstrated that sustained GA3 treatments of the
maize growing point induced tassel seeds in multiple
wild-type maize inbred backgrounds. Consonant with
a role for GA in the regulation of maize floral organ
persistence, mutants deficient in GA biosynthesis were
unable to suppress stamen production in the ear
(Emerson et al., 1935). The JA and GA effects appear to
be independent, as pistil persistence in the tassel florets
of the ts1 and ts2 mutants was not suppressed by the
loss of GA synthesis in double mutants between ts1 or
ts2 and the GA-deficient mutant dwarf1 (d1; Irish et al.,
1994). Thus, an overproduction of GA or a deficiency of
JA in BR-deficient mutants could result in tassel seed
production.

Much of what we currently know about the interac-
tions between BR and GA is from experiments in Ara-
bidopsis and a single seedling organ, the hypocotyl (Bai
et al., 2012; Li et al., 2012; Stewart Lilley et al., 2013; Oh
et al., 2014). In monocots, a study on rice (Oryza sativa)
seedlings showed that BR and GA cross talk is depen-
dent upon the tissue studied and the hormone concen-
tration, exhibiting different results from Arabidopsis
(Tong et al., 2014). If plants utilize nonoverlapping
mechanisms to integrate signals, single-tissue studies
may oversimplify their interactions and fail to explain
the roles of these molecules in generating the diversity
of plant adaptations and forms.

We report the characterization and cloning of nana
plant2 (na2), first identified by H.S. Perry in the 1930s
(Emerson et al., 1935). The na2mutants exhibited severe
dwarfism, suppression of tillers, altered leaf morphol-
ogy, and a failure to suppress pistils in the tassel florets.
We demonstrated that na2 was defective in the reduc-
tion of 24-methylenecholesterol to campesterol, caused
by a mutation of D24-sterol reductase involved in BR
biosynthesis. To investigate the hormonal regulation
and cross talk of maize architecture, we created BR- and
GA-deficient double mutants in maize. Through the
analysis of these double mutants, we identified distinct
genetic interactions between BR and GA mutants that
were developmentally specific. GA was required for
pistil production in the tassels of BR mutants, and BR
was required for the increased branching observed in
GA mutants, while BR and GA additively influenced
plant height. Thus, the control of maize architecture by
phytohormones, made visible by blocking their bio-
synthesis, is the result of interdependent signaling
events that identify GA and BR cross talk as a critical
determinant of maize development.

RESULTS

na2 Mutants Are Disrupted in the D24-Sterol Reductase
of Maize

The maize line 4407D d*-N2374 was identified as
an extreme dwarf among images of maize mutants
(http://maizegdb.org/cgi-bin/displayvarrecord.cgi?
id=75364). Figure 1 shows the phenotypes displayed
by greenhouse-grown plants from this line, including
dwarfism, feminized tassels, reduced branching, and
upright leaves. Many of these are shared by the BR
biosynthetic mutant na1 (Hartwig et al., 2011). Crosses
between na1-1 and line 4407D d*-N2374 complemented
these phenotypes to the wild type in the F1 generation,
demonstrating that the 4407D d*-N2374 mutant de-
fined a distinct locus. To test allelism between 4407D
d*-N2374 and the classical mutant na2 (Emerson et al.,
1935), homozygousmutant pollen parentswere crossed
to heterozygous ear parents. 4407D d*-N2374 failed to
complement the na2 phenotypes in two stocks bearing
mutations in na2, the na2-506D line and na2-518C intro-
gressed intoHi27, demonstrating that line 4407Dd*-N2374
is a new allele of na2 (wild type:na2, 73:57 [x2 P = 0.22]
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and 16:15 [x2 P = 0.86], respectively; for data from com-
plementation crosses, see Supplemental Table S1). The
accessions in the stock center will retain the nomen-
clature they have carried to date, and line 4407D d*-
N2374 was designated na2-1. The na2-1 mutants were
similar to na1 in the effects on plant height, tiller for-
mation repression, and the suppression of floral organ
growth and development. The na2-1 mutant was ap-
proximately 10% of the height of wild-type siblings at
maturity and exhibited a tassel seed phenotype, dis-
playing pistil development in the normally staminate
tassel (Fig. 1, A, B, and D). The tassel seed phenotype of
na2-1 was not completely penetrant and was environ-
mentally influenced. In the summer of 2014, 74 of
123 plants (60.2%) grown in the field exhibited some
degree of tassel seed, whereas only three of 13 plants
(23.1%) grown in the greenhouse exhibited tassel seed

(Fisher’s exact test P = 0.018). The na2-1 mutant also
showed a deetiolated phenotype when grown in the
dark as compared with its wild-type siblings (Fig. 1C).
Reduced height at maturity resulted from the com-
pression of all internodes in na2-1 as compared with
wild-type siblings (Fig. 1, D and E). Stomatal imprints
showed a slight difference in epidermal cell morphol-
ogy between na2 mutants and wild-type siblings (Fig.
1, F–I). No significant differences were identified in
stomatal index or stomatal density for either the abaxial
or adaxial surface of na2-1 or na2-2 mutants compared
with wild-type siblings (Supplemental Table S2).

Due to the similarity in phenotypes of na2 and na1,
we measured endogenous BR intermediates to deter-
mine if the BR pathway was blocked. Table I summa-
rizes the BR pathway intermediates measured in na2-1
mutants and wild-type siblings. The na2-1 mutants

Figure 1. Morphological features of na2mutants.
A, Mature wild-type plant. B, na2-1 plant. C,
Wild-type (left) and na2-1 seedlings (right) grown
in the dark for 8 d. Red arrows indicate the distal
end of the mesocotyls. D, Plant height of the wild
type (WT) and na2-1 measured from the soil line
to the highest leaf collar. E, Internode lengths of
the wild type and the na2-1mutant. Error bars are
SD, and asterisks indicate Student’s t test (P, 0.01)
for comparisons between the wild type and na2-
1. F to I, Photomicrographs of imprints from wild-
type abaxial surface (F), na2-1 abaxial surface (G),
wild-type adaxial surface (H), or na2-1 adaxial
surface (I). Bars = 20 cm in A and B, 5 cm in C, and
50 mm in F to I.
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accumulated 6-fold greater levels of the BR interme-
diate 24-methylenecholesterol than wild-type plants.
Consistent with a block in the BR pathway at this step,
the level of the downstream intermediate campesterol
was reduced by 130-fold in the mutant as compared
with the wild type. The proposed pathway for BR bio-
synthesis in maize is presented in Supplemental
Figure S1, and the block in campesterol production
suggests that na2 is defective in the C-24 reduction of
24-methylenechloesterol (Supplemental Fig. S1). This
step in BR biosynthesis is encoded by the DWARF1
(DWF1) gene in Arabidopsis (Choe et al., 1999).

The protein sequence encoded by DWF1 was used
as a query for a sequence similarity search by the
BLAST algorithm (Tatusova and Madden, 1999) of the
maize reference genome (AGPv3.21). This identified
two predicted protein sequences in the maize genome
as highly similar toDWF1 encodedbyGRMZM2G057000
and GRMZM2G455658, both with greater than 79%
identity to the DWF1 protein sequence. The conceptual
translations of protein-coding sequences similar to
DWF1 were obtained from whole-genome assemblies
of plants available via Phytozome (Goodstein et al.,
2012). A misannotation of the genes of maize, sor-
ghum (Sorghum bicolor), and Selaginella (Selaginella
moellendorffii) contains an N-terminal deletion, but closer
inspection indicates conservation of these coding se-
quences within the regions annotated as 59 untrans-
lated region within GRZM2G455658, Sobic.004G355600,
and Sm_144134, respectively. To investigate the phy-
logenetic relationships between the maize paralogs,
DWF1, and the similar genes encoded in other plant
genomes, we used a Bayesian Markov chain Monte
Carlo approach implemented by MrBayes (Geyer,
1991; Ronquist et al., 2012) to construct the consensus
tree depicted in Supplemental Figure S2. The tree is
consistent with the two maize paralogs arising from a
gene duplication that is older than the split between

maize and sorghum. Analysis of the genomic contexts
of both maize and sorghum genes using COGE GEVO
(Lyons and Freeling, 2008) indicated extended regions
of retained gene duplicates in comparisons between
the sorghum paralogs, the maize paralogs, and the
sorghum and maize paralog pairs. The extent of syn-
teny was greater for paralogs that grouped together in
the consensus tree (Supplemental Fig. S2; data not
shown). Enzymes in this family are known to act on
multiple substrates as D24-sterol reductases (Klahre
et al., 1998) and, thus, are not specific to BR biosyn-
thesis. Consistent with their role in forming structural
sterols, such as sitosterol, genes encoding presumptive
24-sterol reductase activity are widely phylogenet-
ically distributed in plants. In agreement with pre-
vious studies, we identified similar sequences in
both Physcomitrella (Physcomitrella patens) and Selagi-
nella (Mizutani and Ohta, 2010; Cheon et al., 2013;
Hamberger and Bak, 2013). Physcomitrella and Selag-
inella each encode two paralogs that derive from du-
plication after the divergence of those lineages from
each other and the remainder of the taxa (Supplemental
Fig. S2). Supplemental Figure S3 shows a multiple se-
quence alignment of the na2 locus with D24-sterol re-
ductases from sorghum, Setaria italica, rice, Arabidopsis,
Glycine max, Manihot esculenta, Selaginella, and
Physcomitrella. Inspection of the two maize paralogs
from the B73 reference genotype identified two frame-
shift mutations in GRMZM2G455658 that break and
then restore the reading frame, resulting in more than
30 consecutive nonconserved amino acids disrupting a
well-conserved region of the protein-coding sequence
(Supplemental Fig. S3). Examination of the two
sorghum paralogs also identified multiple frame-
shift mutations accumulated in the sorghum gene
Sobic.004G355600 that disrupt extensive regions of
conserved protein-coding sequences (Supplemental
Fig. S3).

We determined the sequences of GRMZM2G057000
in multiple na2 mutants. A summary of these data is
presented in Figure 2, and the genetic material used is
described in Supplemental Table S3. Sequencing of this
locus in na2-1 identified a C-to-T nucleotide transition
at position 1,357 resulting in a premature stop codon
and truncation of the last 110 amino acids (Fig. 2). Three
additional alleles, na2-2, na2-3, and na2-4, were identi-
fied among plants with reduced stature in an ethyl
methanesulfonate (EMS)-treated population derived
from B73 (Weil, 2009). The na2-2 mutant had a G-to-A
transition at nucleotide position 658 resulting in a
missensemutation that converted the Gly codon toArg.
Similarly, na2-3 had a G-to-A transition at nucleotide
position 463 resulting in a missense mutation that
converted a Glu codon to Lys. These two missense
mutations were drastic amino acid replacements that
change codons that are 100% conserved between all
angiosperms analyzed, as well as Selaginella and
Physcomitrella, except for the missense mutation
in na2-2 in the sorghum paralog Sobic.004G355600
(Supplemental Fig. S3). The na2-4 allele was a G-to-A

Table I. BR intermediates in wild-type and na2-1 plants

Values shown are ng g21 fresh weight from plants at 28 d after
germination (DAG). Data are means of two independent experiments
with 10 plants each. n.d., Not detected.

Compound +/na2-1 na2-1/na2-1

24-Methylenecholesterol 1,950 12,550
Campesterol 21,650 167
Campestanol 442 3.62
6-Oxocampestanol 12.1 0.50
6-Deoxocathasterone 0.21 n.d.
6-Deoxoteasterone 0.04 n.d.
3-Dehydro-6-deoxoteasterone 0.41 n.d.
6-Deoxotyphasterol 2.71 n.d.
6-Deoxocastasterone 6.78 n.d.
Cathasterone n.d. n.d.
Teasterone n.d. n.d.
3-Dehydroteasterone n.d. n.d.
Typhasterol 0.04 n.d.
Castasterone 0.51 n.d.
Brassinolide n.d. n.d.
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mutation at nucleotide position 1,074 resulting in a
nonsense codon and truncation of the last 206 amino
acids. We also generated an insertion allele, na2-5, in
a targeted mutagenesis experiment among approxi-
mately 100,000 F1 plants from crosses using na2-1 pol-
len onto Mu-active ears. The single novel allele, na2-5,
contains a Mu13 insertion at the codon for amino acid
407. Two additional alleles without molecular infor-
mation were identified by allelism tests: na2-6, also
taken from the maize B73 EMS population (Weil, 2009),
and na2-7, which was in the 4405B d*-N1074C stock
at the MaizeCOOP. All seven novel alleles of na2
displayed similar dwarf phenotypes and rates of
tassel seed production similar to the original mutant
(Emerson et al., 1935).

NA2 mRNA Is Accumulated in Rapidly Growing Tissues
of B73

We performed quantitative reverse transcription-
PCR (qRT-PCR) to analyze the organ-specific expres-
sion of NA2. Figure 3 summarizes the means of relative
expression normalized to controls for NA2 in mRNA
extract from different organs and treatments of wild-
type B73 plants. The NA2 transcript was detected in all
tissues analyzed. The highest expression of NA2 was in
mRNA from the collar (comprising the intercalary
meristem, auricle, and ligule) of leaf 3 in plants at
9 DAG. The accumulation of NA2 was generally lower
in older tissues. For example, the collar of leaf 13 taken
frommature plants had less NA2 mRNA than the third
leaf from 9-DAG plants. Interestingly, NA2 expression
was low in the mesocotyl of dark-grown tissues despite
the dependence of NA2 for elongation of this tissue, as
indicated by the deetiolated phenotype of na2-1 seed-
lings (Fig. 1C). Tissue age was not the only factor con-
trollingNA2 expression.NA2 accumulationwas strongly
influenced by the linear axis of leaf expansion. The lowest
NA2 mRNA expression was found in the blade of leaf 3
at 9 DAG, just distal to the collar that provided the
highest observed NA2 accumulation.
Much like the frame-shift mutations that distin-

guished na2 from na2-like (GRMZM2G455658; Supple-
mental Fig. S3), expression level differences between

the paralogs also were visible. The accumulation of
mRNA from na2was greater than that from the na2-like
gene, as recorded in summaries of RNA sequencing
experiments in the qTeller database (http://www.
qteller.com). Shown in Supplemental Figure S4 are
RNA fragments per kilobase of transcript per million
mapped reads (FPKM) values for the two maize and
two sorghum genes from the qTeller database. The
maize na2 gene (GRMZM2G057000) had an average
FPKM value of 179.2 across all tissues and treatments,
with the highest expression in the developing leaf
(617; Supplemental Fig. S4A). The maize na2-like gene
(GRMZM2G455658) had an average FPKM value of 0.1
across all tissues and treatments, with the highest ex-
pression in one of the pollen samples (2.9), but was
inconsistently found in pollen RNA sequencing librar-
ies (Supplemental Fig. S4B). The expression levels of the
sorghum na2 (Sobic.010G277300) and na2-like ortholog
Sobic.004G355600 (Supplemental Fig. S2) had average
FPKMvalues of 167.8 and0.04, respectively (Supplemental
Fig, S4, C and D). Thus, relative to their paralogs, the
mRNA encoded by the na2 genes was accumulated to
3 and 4 orders of magnitude greater levels and the na2-like
paralogs had accumulated numerous frame-shift muta-
tions after the divergence of maize and sorghum. This
is consistent with the na2-like paralogs encoding pseu-
dogenes that have lost expression and function. The
observation that nonsense and missense mutations of
GRMZM2G057000 were sufficient to dwarf maize
plants favor this interpretation.

BR and GA Biosynthetic Mutants Exhibit Complex Genetic
Interactions Controlling Organ Development and Growth

BR and GA biosynthetic mutants exhibit defects in
floral development and severe dwarfism (Suttle, 1924;
Hartwig et al., 2011). BR interacts with GA metabo-
lism in rice (Schmitz et al., 2013; Tong et al., 2014) and
at the signal transduction level in Arabidopsis (Bai
et al., 2012; Li et al., 2012; Stewart Lilley et al., 2013).
To investigate the BR and GA interaction in maize, we
generated double mutants between BR and GA bio-
synthetic mutants. The BR mutants na2-1 and na1-1, a
5a-steroid reductase, and the GA mutants d1, a GA

Figure 2. Structure of the na2 locus and alleles. Exons are depicted as white boxes, the intron as a bent black line, and the
sequence encoding the putative FAD-binding domain as a small gray box. Alleles are indicated with dashed lines for single-
nucleotide polymorphism variations in na2-1, na2-2, na2-3, and na2-4 and a triangle at the site of the Mu13 transposable
element insertion in na2-5. The amino acid substitution that results from each single-nucleotide polymorphism is specified
above each allele designation, with an asterisk indicating the induction of a stop codon.
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3-oxidase, and d5, an ent-kaurene synthase, were used
in this study (Hedden and Phinney, 1979; Hartwig
et al., 2011; Chen et al., 2014). F2 populations from
crosses between na2-1 and d5, na2-1 and d1, and na1-1
and d1 segregated for the mutants and effects of the
genetic backgrounds. Some parental lines were of un-
known backgrounds (Supplemental Table S3). To
control for segregating background mutation effects,
wild-type plants, single mutants, and double mutants
were phenotyped and compared between F2 siblings
to test BR and GA mutant effects without confound-
ing the genetic background. The F2 generation of each
cross was phenotyped for plant height, tiller number,
anther ear formation, and production of tassel seeds
in the summers of 2013 (na2-1/d5) and 2014 (na2-1/d5,
na2-1/d1, and na1-1/d1). These results are summa-
rized in Table II, and images of the resulting pheno-
types are presented in Figure 4. Segregation ratios
of phenotypes in the F2 generation were different
from 9:3:3:1 for the na2/d5 population (x2 P = 5.43E-16)
and for the na2-1/d1 population (x2 P = 0.011); how-
ever, the na1-1/d1 population was not different from
a 9:3:3:1 segregation (x2 P = 0.400). The na2-1/d5
and na2-1/d1 populations had an underrepresentation

of single and double mutants as compared with
wild-type plants. These results are consistent with
weak seedling establishment in BR and GA mu-
tants, as had been noted previously (Emerson et al.,
1935).

The BR and GA biosynthetic mutations displayed
multiple genetic interactions in the double mutants as
compared with the single mutants. These interactions
occurred in a development- and organ-specific manner.
Wild-type plants on average were 180.2 cm, na2-1 plants
were 21.5 cm, d5 plants were 30.3 cm, and na2-1/d5
plants were 7.2 cm, with overall plant height being
measured from the soil level to the leaf collar of the top
leaf (Fig. 4, A–D; Table II). The na2-1 and d5 plants
showed 88.1% and 83.2% reductions in plant height
as compared with wild-type plants, respectively. The
na2-1/d5 double mutants were 96% reduced in plant
height as compared with the wild type and 66.5%
or 76.2% shorter than na2-1 or d5, respectively. This
demonstrates additivity and, thus, no interaction be-
tween na2-1 and d5 for overall plant height.

Unlike plant height, tillering displayed epistasis. A
lack of endogenous GA causes maize plants to branch
more and produce multiple tillers. By contrast, loss of
BR biosynthesis suppressed tiller production. The na2-
1/d5 double mutants resembled the na2-1 single mu-
tants and did not display profuse tillers. The wild-type
plants from the na2-1 3 d5 F2 generation had 0.8 tillers
per plant, no na2-1 plants had tillers, d5mutants had an
average of 2.1 tillers, and na2-1 d5 had an average of
0.09 tillers, as only a single double mutant produced a
single tiller (Fig. 4, A–D). These results demonstrate
that na2-1 is epistatic to d5 for tiller production. This
demonstrates that BR biosynthesis is required for a loss
of GA to increase branch numbers.

BR and GA are required for the developmental fail-
ure of floral organs required to produce imperfect
flowers in maize. BR mutants failed to suppress pistil
development in the tassel, resulting in the tassel seed
reported here (Fig. 1) and previously (Hartwig et al.,
2011; Makarevitch et al., 2012). GA mutants failed to
suppress anther development in the ear resulting in
perfect flowers on the ear, also called anther ear
(Emerson, 1912; Suttle, 1924; Evans and Poethig, 1995).
To determine if these phenotypes were additive like
plant height or displayed epistasis like tillering, the in-
florescences of all F2 siblings in the cross between na2-1
and d5 were carefully observed for floral organ persis-
tence. When tassel seeds were carefully phenotyped
in the summers of 2013 and 2014 in the field, 0.3% (n =
658) of wild-type plants showed some degree of pistil
production in the tassel. In the single mutants, 60% of
na2-1 plants (n = 123) and 0% of d5 plants (n = 145) had
tassel seeds. Double mutants were substantially sup-
pressed as compared with na2-1 single mutants, with
9% of na2-1/d5 doublemutant plants (n = 23) exhibiting
some tassel seed formation (Fig. 4, E–H; Table II). This
was greater than the wild type but far less than na2-1
single mutants, suggesting that d5 is required for the
induction of tassel seeds mediated by the loss of na2-1.

Figure 3. Comparison of relative NA2 mRNA accumulation measure-
ment by qRT-PCR. qRT-PCR was carried out on mRNA extracted from
multiple organs. Relative expression was obtained by normalization to
the expression level of molybdenum cofactor (GRMZM2G067176) as
an internal standard. Samples are indicated on the x axis: FN, 0.25-cm
segment containing the first stem node of etiolated seedlings at 5 DAG;
M, mesocotyl tissue of 5-DAG etiolated seedlings; CO, coleoptile of
5-DAG etiolated seedlings; TL, true leaves of 5-DAGetiolated seedlings;
SM, shoot meristem and surrounding tissue of 9-DAG plants; R, roots of
9-DAG plants; C3, collar of the third leaf from 9-DAG plants; B3, blade
from the third leaf of 9-DAG plants; C13, collar of the 13th leaf at
maturity; S, stem segment from V7-stage plants; IE, immature ears 0.5 to
2.5 cm in length at the time of harvest; ME, mature ear sampled at silk
emergence; IT, immature tassel 0.5 to 2.5 cm in length at the time of
harvest; MT, mature tassel sampled at anthesis. Histogram height is
proportional to the mean, and error bars indicate SD. Three biological
replicateswere run in three technical replications each for each sample.
Lowercase letters indicate connecting letter report as determined by
ANOVA with a posthoc analysis using the Holm-Sidak algorithm with
P , 0.05. Samples that share the same letter do not differ statistically,
whereas samples that are not connected by the same letter are statisti-
cally different.
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The ears of the same plants were scored for anther
production. Wild-type plants showed no development
of anthers in ears (n = 658). The single mutants were
differentially affected, with 0% of the na2-1 plants
displaying anther ear (n = 123) and 100% of d5 plants
developing anther ear (n = 145). Unlike tillering, where
na2-1 was epistatic to d5, 96% of na2-1/d5 plants
exhibited anther ear (n = 23; Fig. 4, I–L; Table II). This
demonstrates that the persistence of anthers in the ears
of d5 mutants was not influenced by na2-1 and the loss
of BR.
The observations in all three double mutant com-

binations of the different BR and GA loci were mainly

similar. The phenotyping results for all three F2
families can be found in Table II. The na2-1/d1 double
mutant combinations resulted in the same genetic
interactions as described above for na2-1/d5 double
mutants. In addition, the phenotyping of the na1-1/d1
double mutants showed identical genetic interactions
between na1-1 and d1 as seen with na2-1 and d1 or d5.
There were notable differences between the F2 pop-
ulations, none of which altered the interaction be-
tween the BR and GA mutants. Most obvious among
these are the increased height of na1-1 single mutants
and a lower percentage of tassel seed production
(17%; n = 35) as compared with the na2-1 mutants in

Table II. Morphometric analysis of BR and GA double mutant combinations

Genotype n Height (cm)a Tillers per Planta Plants with Tassel Seedsb Plants with Anthers in Ear Floretsb

na2-1 3 d5; F2 949 – – – –
Wild type 658 180.2 6 21.2 a 0.8 6 1.0 a 2 (0.3%) a 0 (0%) a
na2-1 123 21.5 6 5.0 b 0 6 0 b 74 (60%) b 0 (0%) a
d5 145 30.3 6 5.7 c 2.1 6 1.2 c 0 (0%) ac 145 (100%) b
na2-1/d5 23 7.2 6 2.8 d 0.09 6 0.3 d 2 (9%) c 22 (96%) b

na2-1 3 d1; F2 576 – – – –
Wild-type 349 193.9 6 23.1 a 0.3 6 0.6 a 3 (0.9%) a 0 (0%) a
na2-1 111 23.0 6 6.1 b 0.0 6 0.0 b 55 (50%) b 0 (0%) a
d1 97 37.6 6 9.1 c 1.7 6 1.2 c 0 (0%) a 97 (100%) b
na2-1/d1 19 7.3 6 1.9 d 0.0 6 0.0 d 1 (5%) a 19 (100%) b

na1-1 3 d1; F2 172 – – – –
Wild type 102 216.3 6 22.9 a 0.7 6 0.8 a 0 (0%) a 0 (0%) a
na1-1 35 51.7 6 22.7 b 0.0 6 0.0 b 6 (17%) b 0 (0%) a
d1 29 35.3 6 7.8 c 2.0 6 1.1 c 0 (0%) ab 29 (100% ) b
na1-1/d1 6 14.2 6 3.9 d 0.0 6 0.0 d 0 (0%) ab 6 (100%) b

aData are presented as means with SD. Lowercase letters indicate connecting letter report as determined by ANOVAwith posthoc analysis using the
Holm-Sidak algorithm with P , 0.05. bNumber of plants with tassel seeds or anthers in ear florets, with the percentage of plants in parentheses.
Lowercase letters indicate connecting letter report as determined by Fisher’s exact test with P , 0.01.

Table III. Morphometric analysis of na2-1 treated with GA3

Parameter Mock +GA3

+/na2-1 na2-1/na2-1 +/na2-1 na2-1/na2-1

n 16 13 16 14
Plant heighta 192.9 6 39.1 a 32.7 6 5.7 b 309.6 6 39.2 c 52.9 6 16.8 d
Days to tassela 63.8 6 3.6 a 73.5 6 8.6 b 60.0 6 3.2 c 73.5 6 5.3 b
Tillers per planta 0 6 0 a 0 6 0 a 0 6 0 a 0 6 0 a
Plants with tassel seedsb 0 (0%) a 3 (23%) a,b 7 (44%) b 13 (93%) c
Plants with anthers in ear floretsb 0 (0%) a 0 (0%) a 0 (0%) a 0 (0%) a
Tassel branchesa 14.3 6 5 a 11.7 6 5.6 a 13.6 6 4.2 a 11.9 6 6.0 a
Total nodesa 15.1 6 0.9 a 14.4 6 1.3 a 15.5 6 1.3 a 13.1 6 1.1 b
Node of top eara 10.4 6 0.9 a 10.5 6 1.1 a 9.9 6 1.0 a,b 9.1 6 1.0 b
Tassel lengtha 50.6 6 4.2 a 28.2 6 6.5 b 54.0 6 13.5 a 31.7 6 10.7 b
Angle of upper leafa 25.9 6 16.3 a 49.6 6 19.9 b 23.8 6 17.3 a 56.4 6 17.7 b
Length of upper leafa 48.8 6 7.1 a,c 23.7 6 8.5 b 42.0 6 15.9 a 34.9 6 10.1 c
Width of upper leafa 5.4 6 0.8 a 4.3 6 1.0 b 3.5 6 0.9 c 3.2 6 0.9 c
Angle of lower leafa 45.9 6 14.7 a 61.2 6 12.8 b 50.6 6 9.8 a 74.5 6 10.2 c
Length of lower leafa 95.5 6 9.6 a 61.4 6 5.5 b 95.6 6 14.8 a 77.8 6 11.3 c
Width of lower leafa 8.0 6 0.9 a 8.1 6 1.4 a 4.9 6 1.2 b 4.3 6 1.3 b

aData are presented as means with SD. Lowercase letters indicate connecting letter report as determined by ANOVAwith posthoc analysis using the
Holm-Sidak algorithm with P , 0.05. bNumber of plants with tassel seeds or anthers in ear florets, with the percentage of plants in parentheses.
Lowercase letters indicate connecting letter report as determined by Fisher’s exact test with P , 0.01.
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the crosses to the same d1 background. As a result
of observing multiple phenotypes expressed in dif-
ferent developmental contexts, we find that there is
no single mode of interaction between GA and BR in
maize. In summary, BR and GA additively affected
plant height, GA was required for the production of
tassel seeds in the absence of BR, BR was required for
the production of tillers in the absence of GA, but BR

was not involved in the persistence of anthers in the
ears that occurs in GA-deficient mutants.

Exogenous Application of na2 and d5 with GA3

The double mutant analysis indicated multiple inter-
actions between BR andGA affecting plant morphology.
To investigate the effect of GA3 on BR-dependent plant

Figure 4. Morphological features of na2-1, d5,
and double mutant combinations. All images
were taken at maturity. A to D, Wild-type plant
(A), na2-1 plant (B), d5 plant (C), and na2-1/d5
plant (D). E to H, Tassel phenotypes of wild-type
(E), na2-1 (F), d5 (G), and na2-1/d5 (H) plants. I to
L, Ear phenotypes of wild-type (I), na2 -1 (J), d5
(K), and na2-1/d5 (L) plants. Silks have been par-
tially removed from K and L. Red arrows indicate
stamens on ears in K and L. Bars = 10 cm (A–H)
and 2 cm (I–L).
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architecture, na2-1, d5, and their wild-type siblings were
treatedwith exogenous GA3. GA3 at 866 mMwas applied
directly into the leaf whorl as 1 mL every third day from
25 DAG until tassel emergence, similar to the approach
taken by Nickerson (1959). Multiple phenotypes were
measured, including plant height, tillers per plant, leaf
angle, width and length of the leaf below the flag leaf
and the leaf subtending the ear, node number, days to
tassel, tassel branch number, tassel length, presence or
absence of tassel seeds, and presence or absence of an-
thers in ear florets. The means and SD values of these
measurements are presented in Table III. GA3 applica-
tion increased total plant height of both na2-1 and the
wild type (Table III). Plant height increased by similar
amounts of 60% and 62% in wild-type and na2-1 plants,
respectively. This increase in height resulted in signifi-
cant increases in all internodes except internode 14 of
wild-type plants, whereas only internodes 1 to 4 and
7 were increased significantly in na2-1 plants upon GA3
application (Supplemental Fig. S5). These results are
consistentwith our observation of additivity betweenBR
andGAdisruption for plant height and indicate that BR-
deficient mutants in maize respond to GA3 treatment,
resulting in internode elongation no different from that
in the wild-type siblings.
Treatment with GA3 caused the development of tas-

sel seeds in wild-type plants and enhanced this phe-
notype in na2-1 as compared with mock treatments
(Table III). Thus, just as a loss of GA biosynthesis via the
d1 and d5 mutants inhibited tassel seed production,
exogenous GA3 was sufficient to increase tassel seeds in
both na2-1 and the wild type. GA3 application also ac-
celerated tassel emergence in wild-type plants as com-
pared with controls. This application had no effect on
na2-1 tassel emergence, indicating a BR dependence on
GA3-induced flowering time acceleration. The node
carrying the top ear in na2-1 plants was lower in GA3-
treated plants, which also produced fewer internodes
overall. GA3 treatment had no effect on internode
number or ear placement, as detected in wild-type
plants. This indicates that a loss of BR was necessary
for GA3 to influence internode number.
GA3 caused na2-1 upper (leaf below the top leaf) and

lower (leaf above the node containing the uppermost
ear) leaves to become narrower and longer. Wild-type
leaf lengths were not affected by GA3 treatment, but
both upper and lower leaves were narrower (Table III).
Applying GA3 also resulted in an increase in the angle
of the lower leaf for na2-1 (more upright). Again, GA3
treatment had no effect on leaf angles for wild-type
plants. Thus, the loss of BR was required for this treat-
ment to control leaf length and leaf angle. All other pa-
rameters measured showed no significant difference
between GA3 and mock treatment or na2-1 and the wild
type, respectively.
Some phenotypes were measured in these materials

that had not been measured in our initial characteri-
zation of the na2-1 mutant. Among these, significant
differences were identified between na2-1 and wild-
type siblings. The angles of both the upper and lower

leaves were significantly greater for na2-1 plants as
compared with wild-type plants in the untreated con-
trols. In addition, the na2-1 mutants exhibited shorter
tassels than the wild-type plants under mock condi-
tions. Although tassel branch numbers were lower in
the na2-1 mutants than in wild-type plants, the differ-
ence was not statistically significant, likely due to a
remarkably high SD in tassel branch number in our
conditions.

GA3 effects on the single mutant d5 also were scored,
and means and SD values are summarized in Table IV.
Applying GA3 to d5 andwild-type siblings resulted in a
complementation of total plant height (Table IV). The
GA3 application increased all internode lengths in d5
(Supplemental Fig. S5). The d5 mutants took longer
than the wild type to reach tassel emergence; however,
GA3 application resulted in d5 reaching tassel emer-
gence faster than mock treatment, although it did not
completely recover delayed flowering time (Table IV).
The excess tiller formation in d5 mutants also was
complemented by treatment with GA3. Application of
GA3 resulted in the development of tassel seeds in 100%
of d5 plants, just as it had in wild-type plants (Table IV).
This result provides a further test that the suppression
of tassel seed production in the na2-1/d5 double mu-
tants was not due to a genetic background effect sup-
pressing tassel seed formation. The GA3 application
failed to suppress the expression of anther ear in d5
mutants, perhaps owing to the application to the whorl
not delivering GA3 to the ear branch at the time of floral
organ specification and arrest. Tassel branches and
tassel length were fewer and shorter, respectively, in d5
compared with the wild type with mock treatment.
Only tassel length was complemented in d5 mutants
upon GA3 treatment, resulting in normal length tassels
with fewer branches. The d5 mutants had shorter and
wider leaves as compared with the wild type under
mock conditions. The leaf lengths were complemented
upon GA3 treatment, whereas d5 leaves were narrower
than both untreated d5 and wild-type plants. In addi-
tion to the GA3-affected phenotypes, the angle of the
lower leaf of d5was significantlymore upright than that
of the wild type under control conditions and was un-
affected by GA3 treatment. All other parameters mea-
sured showed no significant difference between GA3
and mock treatment or d5 and wild-type contrasts.

DISCUSSION

We report here the molecular cloning of na2, the
maize ortholog of the DWF1 gene from Arabidopsis
required for the conversion of 24-methylenecholesterol
to campesterol in the BR biosynthesis pathway. The phe-
notype of na2 was largely similar to the previously iden-
tified BR biosynthetic mutants of maize na1 and brd1 (Fig.
1; Hartwig et al., 2011; Makarevitch et al., 2012). BR inter-
mediates were measured in the na2-1 mutant and com-
pared with controls (Table I). This identified a block in
the conversion of 24-methylenecholesterol to campesterol
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in the mutant plants. Metabolite data served as an
orthogonal data type that complemented a gene-
based mapping and allele sequencing approach to
confirm the na2 gene identity as one of two DWF1-
like sequences in maize. A total of seven alleles of na2
were identified, five of which we also characterized
molecularly with respect to the nature of the muta-
tion (Fig. 2). All seven novel alleles of na2 exhibited a
phenotype comparable to the original na2 allele
identified by H.S. Perry in the 1930s (Emerson et al.,
1935).

Many phenotypes observed in na2 and other maize
BR-deficient mutants indicated some lack of conserva-
tion for the effects of this phytohormone on plant de-
velopment. The severe dwarfism of na2 was similar to
the effects of BR deficiency in other plants and resulted
from a shortening of all internodes. The suppression of
pistil development observed in maize has not been
reported in the Arabidopsis mutants. Also in contrast to
the Arabidopsis mutants, we found that the loss of BR
biosynthesis downstream of na2 was not required for
stomata development in maize (Supplemental Table
S2), unlike Arabidopsis, where BR affects the stomatal
density and index (Gudesblat et al., 2012; Kim et al.,
2012; Wang et al., 2015). This may be because BRs are
not required for stomata production in all plants ormay
be due to an na2-independent production of bioactive
BR in maize.

The persistence of pistils in the tassel of na2 mutants
required GA biosynthesis (Fig. 4; Table II). We also
noted an environmental influence on this phenotype,
with the expression of tassel seed production reduced
in greenhouse conditions. Phenotype expression was
strong in the winter nursery in PR (data not shown),
indicating that it was not simply a daylength effect
between our field and greenhouse experiments.

Temperature, light quality and quantity, and rooting
media influence all could be factors.

A phylogenetic analysis was performed using protein-
coding sequences similar to D24-sterol reductases from
36 plant taxa with fully sequenced genomes. This iden-
tified two paralogs each in maize and sorghum. These
paralogs are the result of gene duplication prior to the
divergence of maize and sorghum (Supplemental Fig.
S2). Analysis of mRNA accumulation using the qTeller
database found that mRNA from na2 and the ortholo-
gous sorghum gene, Sobic.004G277300, were accumu-
lated to at least 3 orders of magnitude greater counts
than their paralogs, which showed very low or no de-
tectable accumulation across all tissues and experiments
(Supplemental Fig. S4). Analysis of the protein-
coding sequences identified multiple frame-shift mu-
tations that disrupted conserved regions of the maize
(GRMZM2G455658) and sorghum (Sobic.004G355600)
paralogs (Supplemental Fig. S3). These mutations were
not shared between maize and sorghum but, rather,
arose after the divergence of maize and sorghum. These
frame-shift mutations resulted in poor multiple align-
ments (Supplemental Fig. S3). The presence of multiple
independent frame-shift mutations that are likely to dis-
rupt protein function and the observation of very low
expression levels suggest that the na2-like subclade may
have lost function already or be more prone to loss. In
support of this possibility, this subclade is already ab-
sent in the genomes of S. italica, rice, and Brachypodium
distachyon. It is also possible that the observed frame shifts
resulted from poor genome assemblies.Wewere not able
to test this with available EST sequences. The low ex-
pression level of the na2-like genes resulted in all EST data
present in the National Center for Biotechnology Infor-
mation being either derived from the na2 orthologs or
failing to cover the regions of the frame-shift mutations.

Table IV. Morphometric analysis of d5 treated with GA3

Parameter Mock +GA3

+/d5 d5/d5 +/d5 d5/d5

n 17 15 16 15
Plant heighta 242.6 6 28.9 a 38.8 6 12.4 b 301.9 6 40.9 c 313.3 6 56.6 c
Days to tassela 58.4 6 3.6 a 71.7 6 6.7 b 55.5 6 6.9 a 61.6 6 3.8 c
Tillers per planta 0 6 0 a 0.9 6 0.9 b 0 6 0 a,c 0.2 6 0.4 c
Plants with tassel seedsb 0 (0%) a 0 (0%) a 16 (100%) b 15 (100%) b
Plants with anthers in ear floretsb 0 (0%) a 15 (100%) b 0 (0%) a 15 (100%) b
Tassel branchesa 21.8 6 6.1 a 7.9 6 5.7 b,c 16.3 6 12.0 a,c 4.6 6 3.2 b
Total nodesa 14.1 6 1.1 a 14.5 6 1.8 a 14.3 6 1.1 a 13.5 6 1.0 a
Node of top eara 9.1 6 0.6 a 8.7 6 1.0 a 9.4 6 0.7 a 9.1 6 1.0 a
Tassel lengtha 61.2 6 5.1 a 29.7 6 3.5 b 56.3 6 16.6 a,c 46.1 6 11.9 c
Angle of upper leafa 47.1 6 17.1 a 47.0 6 21.1 a 48.4 6 13.1 a 50.7 6 22.2 a
Length of upper leafa 45.4 6 5.5 a 28.4 6 9.2 b 49.8 6 10.8 a 50.3 6 10.9 a
Width of upper leafa 5.7 6 0.6 a 7.3 6 1.6 b 4.4 6 1.6 c 3.6 6 0.8 c
Angle of lower leafa 47.9 6 8.8 a 59.3 6 11.6 b 47.8 6 13.3 ab 55.7 6 11.0 a,b
Length of lower leafa 105.9 6 7.6 a 50.7 6 7.7 b 100.0 6 10.3 a 92.5 6 7.7 a
Width of lower leafa 7.1 6 0.7 a 9.6 6 1.2 b 5.1 6 1.2 a 3.8 6 0.7 c

aData are presented as means with SD. Lowercase letters indicate connecting letter report as determined by ANOVAwith posthoc analysis using the
Holm-Sidak algorithm with P , 0.05. bNumber of plants with tassel seeds or anthers in ear florets, with the percentage of plants in parentheses.
Lowercase letters indicate connecting letter report as determined by Fisher’s exact test with P , 0.01.
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Interactions between BR and GA were demonstrated
previously in Arabidopsis and rice (Bai et al., 2012; Li
et al., 2012; Stewart Lilley et al., 2013; Tong et al., 2014).
We have extended these observations of cross talk af-
fecting plant development to maize. In addition, we
have demonstrated many plant organs affected by the
interaction between these phytohormones (Table II).
The lack of a single conserved mode for the interaction
demonstrates that plant height, tiller formation, and
reproductive organ development will integrate the
information from these two signals in some distinct
manner and require the existence of a complex inter-
action scheme between BR- and GA-deficient mutants.
Amodel for the interactions between BR and GA that

is consistent with our genetic interaction data is pre-
sented in Figure 5. Loss of d5 or d1 impacted apical
dominance and increased tillering, which was sup-
pressed by the loss of na2 or na1 (Table II). Thus, the
tiller growth manifested in the absence of GA required
BR production, and these experiments provide, to our
knowledge, the first evidence in maize for BR tillering
regulation. Tillering was shown previously to involve
BR in other grasses such as barley (Hordeum vulgare)
and rice (Tong et al., 2009; Hussien et al., 2014). Pistil
production in the staminate tassel occurs in the na2 and
na1 mutants, but mutation of d5 or d1 prevented tassel
seed production (Fig. 4; Table II). This demonstrates
that tassel seed production in the BR-deficient dwarves
required GA. Furthermore, it suggested that the loss of

BR results in tassel seed production by the overpro-
duction of GA, similar to the tassel seed produced by
sustained GA3 applications performed by Nickerson
(1959). GA production loss in the d5mutants resulted in
anther ear development in maize, but unlike tillering,
na2 had no effect on this phenotype (Fig. 4; Table II).
Thus, the interactions between BR and GA that result in
their myriad effects on plant architecture were made up
of a diverse set of interaction types. No developmental
stage or organ type was predictive of the interaction.
For example, the two phytohormones interacted to
suppress pistils in the tassel but showed no interaction
in stamen arrest in the ear florets, demonstrating that
even for reproductive organ suppression, no one mode
of interaction governed the outcome. By investigating
other BR and GA biosynthetic mutant combinations
and showing that the observed phenotypes are consis-
tent with na2/d5, we demonstrate that they are not
locus-specific interactions but reflect cross talk between
BR and GA deficiency. Also, consistent with our ob-
served dependence of tassel seed formation in na2 and
na1 on GA biosynthesis (Table II), GA3 application was
able to induce tassel seed formation in d5 andwild-type
siblings (Table IV), indicating that excess GA in the
tassel primordia was sufficient to block pistil abortion
in the tassel florets even in the d5 genetic background.

GA3 application to na2-1 and d5 allowed us to further
elucidate the cross talk between BR and GA (Tables III
and IV). GA3 application results in fewer total nodes
and a lower terminal ear node in na2-1 but had no such
effect on wild-type siblings. Thus, in the absence of BR,
GA3 application reduced node number. This reduction
in node number was not associated with a decrease in
flowering time. The na2-1 mutants flowered later than
the wild types in both mock and GA3 treatments. GA3
decreased flowering time for the wild type without
changing node number (Table III). Thus, na2-1 treated
with GA3 produced fewer nodes over a longer duration.
This demonstrates a role for both BR and GA in deter-
mining the plastochron time, or time interval between
each maize node initiation. The decrease in organ ini-
tiation rate by GA3 in the na2-1 plants is the opposite of
what one would expect for GA, given the shorter
flowering time in wild-type plants. This demonstrates
that BR is required for GA to speed up flowering and
increase the rate of new organ initiation. This is similar
to the gating of GA effects by BR signaling in etiolating
Arabidopsis hypocotyls (Bai et al., 2012). This may
share a mechanistic relationship with tiller outgrowth,
in which BR was required for the loss of GA to induce
tiller outgrowth.

One maize BR-deficient phenotype demonstrated in
this work is increased leaf angle, as reported previously
of BR-deficient mutants in rice (Hong et al., 2004). Up-
right leaves are an agronomically important trait that
contributed to increased planting densities and yield
increases achieved by modern maize hybrids (Duvick,
2005). The na2-1 mutants leaves were more upright
than those of wild-type controls. Potentially contribut-
ing to this phenotype, the highest expression of NA2

Figure 5. Model of the distinct interactions between na2 and d5 in
different organs. BR and GA promote stem elongation and overall plant
height additively. BR is required for the increase in tillering when GA is
lost. GA suppresses anther formation in the ear independent of BR
levels. GA is required for the production of pistil development in tassel
florets when BR is absent. The vertical arrow at left of the maize plant
indicates total plant height; lines with arrows represent positive regu-
lation; lines with blocked arrows represent negative regulation.
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was in young developing leaf collars (Fig. 3). NA2
mRNA accumulation also was relatively high in the
shoot meristem and developing stem, with lower
accumulation in the leaf blade (Fig. 3). The abundant
expression of this gene raises the possibility that ma-
nipulation of BR levels can be used for crop improve-
ment. We demonstrated that we can simultaneously
reduce plant height and increase leaf angle. This could
both improve harvest index and allow for greater
maize planting densities. GA3 treatment to na2-1 plants
resulted in further increases to leaf angles (Table III).
Thus, BR reduction sensitized the leaf collar to GA3
treatment. In contrast, it was shown in rice that GA
inhibited lamina inclination with accumulated BR or
enhanced BR signaling (Tong et al., 2014). Leaf length
also was strongly dependent on BR and GA, but in this
case, GA only increased leaf length in the absence of BR.
This should be interpreted with caution, however, as
treatment with GA3 was performed by application into
the whorl, which may deliver GA3 to the site of leaf
primordia initiation, young leaves during expansion,
and meristems but not over the entire developmental
phase of the leaf or post intercalary meristem expan-
sion of the blade. The observations of elongated leaves in
na2-1 suggest that defects in growth established early in
leaf development by a loss of BR can be partially over-
come by GA3 applications.

MATERIALS AND METHODS

Plant Material and Growth Conditions

All of the maize (Zea mays) genetic stocks used in this study are summarized
in Supplemental Table S3. The na2-506D and na2-518C stocks were obtained
from theMaizeCOOP as lines 506D and 518C, respectively. The na2-1 and na2-7
alleles were obtained from theMaizeCOOP as lines 4407D d*-N2374 and 4405B
d*-N1074C, respectively. na2-2 (PB03NM417), na2-3 (04INW22CW04351), na2-4
(04IAB73PS020G1), and na2-6 (04CAB73SH0365) were identified in an EMS
population asM3 generation plants in the summer of 2011. na2-5was identified
as an F1 plant in a Mu-tagging screen of approximately 120,000 plants crossed
with na2-1 in the summer of 2012. Seeds of the d5 mutant were obtained from
the Carolina Biological Supply Company as item 177110. The d1 allele usedwas
obtained from the MaizeCOOP as line 302A d1-6016. The na1-1 allele (Hartwig
et al., 2011) corresponds to line 310G in the Maize COOP. The GRMZM2G057000
locus was amplified from the na2-1 to na2-5 alleles using primers described in
Supplemental Table S4. PCR products were sequenced using the Sanger method
(Sanger et al., 1977; Macrogen USA).

Doublemutant analyseswere conducted onplants grown in thefield inWest
Lafayette, Indiana, at the Agronomy Center for Research and Education in the
summer of 2013 (na2/d5) and 2014 (na2/d5, na2/d1, and na1/d1). All green-
house experiments were conducted in the Purdue Horticulture Plant Growth
Facility using temperature settings of 27°C (day) and 21°C (night) with a 16-h
daylength provided by supplemental lighting, as needed. Plants were fertilized
with 200 ppm Miracle-Gro Excel (Scotts) adjusted to pH 6 following the man-
ufacturer’s recommendations.

Theplant tissueused for qRT-PCRanalysis of gene expression in dark-grown
materialwas collected from 5-DAGetiolated plants of B73 grown in type 601flat
trays filled with Turface MVP (Profile Products) as the potting substrate. Plants
were grown in complete darkness in a Conviron E8 growth chamber at 27°C.
The material sampled included a 0.25-cm segment containing the first stem
node, mesocotyl tissue, coleoptile tissue, and the true leaves. Light-grown tis-
sues for qRT-PCR analysis of gene expression were sampled from 9-DAG
seedlings in Turface incubated in the greenhouse conditions described above.
Material collected included the shoot meristem and surrounding tissue, roots,
the leaf collar of the third leaf, and the third leaf blade cut through the inter-
calary meristem. Nonseedling tissues collected from light-grown plants were

collected from plants grown in the field. These included the uppermost stem
segments from V7-stage plants that were 1 cm in length, immature ears 0.5 to
2.5 cm in length at the time of harvest, mature ears collected at silk emergence
from the husks, immature tassels 0.5 to 2.5 cm in length at the time of harvest,
and mature tassels harvested at anthesis.

Leaf Imprints for Microscopic Analysis of
Stomata Development

Wild-type, na2-1, and na2-2 families were grown for 28 DAG (V5 stage) in
the greenhouse under the conditions stated previously. Epidermal cell layer
imprints were produced from the widest portion of the fifth leaf using ethyl
2-cyanoacrylate (Scotch SuperGlue; 3M) applied to the leaves and then pressed
onto and recovered on glass microscope slides (Thermo Fisher Scientific). Im-
prints of the adaxial and abaxial leaf surfaces were taken and observed by light
microscopy using a UNICO H606T microscope (United Products & Instru-
ments). Stomatal indices and densities were calculated for each imprint by
counting all the cells in five randomly selected viewable areas in each imprint at
403 magnification. Only areas between vasculature tissues from high-quality
imprints where all cell boundaries were completely visible were considered. For
each genotype, mean parameters were calculated from five viewable areas from
each of six plants per genotype.

Quantification of BR Intermediates

For internal BR measurements, wild-type and na2-1 siblings were grown
for 28 d in the greenhouse, and shoot tissue was harvested and immediately
frozen in liquid nitrogen. Samples were then lyophilized using the VirTis
2KBTES-55 freeze dryer (SP Scientific) for 3 d at 278°C and 0.53 Pa. Purifi-
cation and quantification of BR was performed as described (Fujioka et al.,
2002). A summary of the two independent experiments is shown in
Supplemental Table S5.

Phylogenetic Analyses and in Silico Analysis of
Expression Data

GRMZM2G057000 protein homolog DNA-coding sequences were
obtained using the Inparanoid method (O’Brien et al., 2005) through Phyto-
zome version 10.2.2 (Goodstein et al., 2012) with a Dual Affine Smith-
Waterman alignment score greater than 1,500, and a sequence similarity of
greater than 50% resulted in a total of 57 sequences from 36 taxa. All se-
quences were downloaded using BioMart (Smedley et al., 2015) and loaded
into Mesquite version 3.03 (Maddison andMaddison, 2015), where they were
aligned using ClustalW version 2.1 (Larkin et al., 2007). FastTree version 2.1.7
(Price et al., 2010) was used to create an approximate maximum-likelihood
phylogenetic tree from the aligned sequences. The maximum-likelihood tree
was used as a starting tree for MrBayes version 3.2.5 (Ronquist et al., 2012) to
infer a Markov chain Monte Carlo (Geyer, 1991) phylogenetic tree using a
general time reversible model with a proportion of invariable sites and a
g-shaped distribution of rates across sites model with a variable partition rate
(rates varied under a flat Dirichlet prior). The analysis was run for 10 million
generations.

FPKM values and histograms were obtained from qteller.com for selected
maize and sorghum (Sorghum bicolor) genes (Wang et al., 2009; Li et al., 2010;
Davidson et al., 2011, 2012; Dugas et al., 2011; Schnable and Freeling, 2011;
Waters et al., 2011; Bolduc et al., 2012; Chang et al., 2012; Kakumanu et al., 2012;
Mizuno et al., 2012). Recreation of these histograms could be obtained at
http://www.qteller.com.

qRT-PCR

Total RNA was isolated as described (Sekhon et al., 2011) from various B73
tissues and treated with DNaseI (Thermo Fisher Scientific). Complementary
DNA was synthesized using reverse transcriptase (iScript; Bio-Rad) according
to the manufacturer’s instructions. All primers used for qRT-PCR analysis are
described in Supplemental Table S4 and were designed using PrimerExpress
software (Applied Biosystems, Invitrogen). All primers used showed 90% to
110% efficiency at 500 nM concentrationwhen conducting complementary DNA
dilution standard curves using StepOne software (Applied Biosystems, Invi-
trogen) for amplification efficiency (Taylor et al., 2010). The molybdenum co-
factor biosynthesis gene (GRMZM2G067176) was used as the internal control
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(Sekhon et al., 2011). The StepOnePlus (Applied Biosystems, Invitrogen) in-
strument was used as described (Orlova et al., 2009) to conduct qRT-PCR.

GA3 Experiments

Maize plants treated with GA3 were grown under greenhouse conditions as
stated previously. Plants were grown in 2-gallon pots with a 2:1 mixture of
Turface MVP (Profile Products) to peat germinating mix (Conrad Fafard). GA3
(Gold Biotechnology) at 866 mM in water with a final concentration of 0.02%
ethanol and 0.005% Silwet L-77 (Sigma-Aldrich) or a mock preparation of
ethanol and Silwet L-77 without GA was applied to the leaf whorl every third
day, starting 25 d after planting until tassel emergence. All measurements were
taken at maturity.

Statistical Analyses

Microsoft Excel and the add-in XL Toolbox (version 6.50; http://xltoolbox.
sourceforge.net) was used for statistical analysis. ANOVA for sets of data
groups was performed with multiple comparisons/post hoc testing within XL
Toolbox. If a significant difference (P, 0.05) was detected, post hoc tests using
a Holm-Sidak correction for multiple tests (Zar, 2010) were performed. The
Microsoft Excel add-in Real Statistics Resource Pack (version 3.3.1; http://
real-statistics.com) was used for hypothesis testing on binary data. The Real
Statistics Resource Pack formula for Fisher’s exact test was used to determine
significant differences (P , 0.01) between samples, and then multiple com-
parisons were conducted between data groups (Zar, 2010).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: KX443688 (na2-1), KX443689
(na2-2), KX443690 (na2-3), KX443691 (na2-4), and KX443692 (na2-5).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Proposed BR pathway and measured intermedi-
ates from na2-1 and wild-type plants.

Supplemental Figure S2. Phylogenetic tree of presumed D24-sterol reduc-
tases from 36 taxa.

Supplemental Figure S3. Multiple sequence alignment of maize NA2 pro-
tein sequence with orthologous sequences.

Supplemental Figure S4. RNA expression levels of maize or sorghum
genes from the qTeller data set.

Supplemental Figure S5. Internode lengths of na2-1, d5, and wild-type
siblings with and without GA3 application.

Supplemental Table S1. Segregation ratios of crosses.

Supplemental Table S2. Stomatal indices and densities of na2-1, na2-2, and
wild-type plants.

Supplemental Table S3. Sources of maize genetic stocks.

Supplemental Table S4. Primers used in this study.

Supplemental Table S5. Two independent experiments showing BR inter-
mediates in wild-type and na2-1 plants.
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