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Plant height and leaf angle are two crucial determinants of plant architecture in maize (Zea mays) and are closely related to
lodging resistance and canopy photosynthesis at high planting density. These two traits are primarily regulated by several
phytohormones. However, the mechanism of ethylene in regulating plant architecture in maize, especially plant height and leaf
angle, is unclear. Here, we characterized a maize mutant, Semidwarf3 (Sdw3), which exhibits shorter stature and larger leaf angle
than the wild type. Histological analysis showed that inhibition of longitudinal cell elongation in the internode and promotion in
the auricle were mainly responsible for reduced plant height and enlarged leaf angle in the Sdw3 mutant. Through positional
cloning, we identified a transposon insertion in the candidate gene ZmACS7, encoding 1-aminocyclopropane-1-carboxylic acid
(ACC) Synthase 7 in ethylene biosynthesis of maize. The transposon alters the C terminus of ZmACS?7. Transgenic analysis
confirmed that the mutant ZmACS7 gene confers the phenotypes of the Sdw3 mutant. Enzyme activity and protein degradation
assays indicated that the altered C terminus of ZmACS7 in the Sdw3 mutant increases this protein’s stability but does not affect
its catalytic activity. The ACC and ethylene contents are dramatically elevated in the Sdw3 mutant, leading to reduced plant
height and increased leaf angle. In addition, we demonstrated that ZmACS7 plays crucial roles in root development, flowering
time, and leaf number, indicating that ZmACS7 is an important gene with pleiotropic effects during maize growth and

development.

Maize (Zea mays) is one of the most widely cultivated
cereal crops in the world. During the past six decades,
the grain yield per unit area of maize worldwide
exhibited a linear increase of 66.9 kg ha~! yr~! (FAOstat
database, 1961—2018). This annual increase in maize
yield per unit area is not attributed to increased yield
potential per plant; instead, it is mainly due to increased
planting density (Duvick, 2004). However, high plant-
ing density can heighten interplant competition for
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environmental resources, especially light, leading to
increased shoot elongation at the expense of internode
thickening and root development, thereby increasing
plant susceptibility to lodging (Hébert et al., 2001; Xue
et al., 2016). Moderately reducing plant height is an
effective strategy for improving lodging resistance in
maize grown at high density (Tang et al., 2007). The
incredible increases in rice (Oryza sativa) and wheat
(Triticum aestivum) production during the “Green Rev-
olution” were largely due to the use of semidwarf genes
(semidwarfl in rice and Reduced height-B1b and Reduced
height-D1b in wheat; Hedden, 2003). In addition,
breeding strategies aimed at optimizing leaf angle
could increase canopy photosynthesis and grain yield
at high planting density (Pendleton et al., 1968; Tian
et al.,, 2011).

Several plant hormones, including gibberellins (GAs),
brassinosteroids (BRs), and auxin, play important roles
in regulating plant height and/or leaf angle, as demon-
strated in rice (Wang et al., 2018a). To date, many genes
responsible for plant height in maize have been identi-
fied. Maize mutants defective in GA biosynthesis and
signaling, including anther ear1, dwarfl (d1), d3, Dwarf8
(D8), and D9, show various levels of plant height re-
duction (Bensen et al., 1995; Winkler and Helentjaris,

1184 Plant Physiology®, July 2020, Vol. 183, pp. 1184-1199, www.plantphysiol.org © 2020 American Society of Plant Biologists. All Rights Reserved.


https://orcid.org/0000-0002-8195-2585
https://orcid.org/0000-0002-8195-2585
https://orcid.org/0000-0002-1275-581X
https://orcid.org/0000-0002-1275-581X
https://orcid.org/0000-0001-9320-9628
https://orcid.org/0000-0001-9320-9628
https://orcid.org/0000-0002-8195-2585
https://orcid.org/0000-0002-1275-581X
https://orcid.org/0000-0001-9320-9628
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.19.01421&domain=pdf&date_stamp=2020-06-25
http://dx.doi.org/10.13039/501100001809
http://dx.doi.org/10.13039/501100001809
mailto:weiweijin@cau.edu.cn
http://www.plantphysiol.org
mailto:weiweijin@cau.edu.cn
http://www.plantphysiol.org/cgi/doi/10.1104/pp.19.01421

1995; Peng et al., 1999; Cassani et al., 2009; Teng et al.,
2013). Several BR-deficient or insensitive maize mu-
tants, such as nana plantl, nana plant2, and the BRAS-
SINOSTEROID INSENSITIVE1 knockdown line, are
characterized by severe dwarfism (Hartwig et al., 2011;
Kir etal., 2015; Best et al., 2016), and nana plant1 and the
BRASSINOSTEROID INSENSITIVE1 knockdown line
also have erect leaves (Hartwig et al., 2011; Kir et al.,
2015). Genes involved in polar auxin transport, such as
Brachytic2 and ZmPIN1a, are also implicated in the ge-
netic control of plant height in maize (Multani et al.,
2003; Xing et al., 2015; Li et al., 2018; Wei et al., 2018).
Moreover, some genes responsible for flowering time
affect plant height in maize, largely due to variations
in internode number, such as delayed floweringl,
ZmRap2.7, ZmCCT, and indeterminatel (Colasanti
et al., 1998; Muszynski et al., 2006; Salvi et al., 2007;
Yang et al., 2013). Furthermore, in maize production,
ethephon (2-chloroethylphosphonic acid), an ethylene-
releasing compound, is widely used to increase lodging
resistance by reducing plant height and ear height
(Langan and Oplinger, 1987).

In maize, the ligular region consists of a ligule and
two wedge-like auricles. The ligule is an adaxial fringe
that protects the axillary bud from water, debris, and
predators, whereas the auricles serve as hinges between
the leaf blade and leaf sheath, thereby controlling leaf
angle (Moreno et al., 1997; Foster and Timmermans,
2009; Moon et al., 2013). liguleless1 (LG1) and LG2 are
the most informative genes responsible for ligule and
auricle development. The loss-of-function mutants /g1
and /g2 have upright leaves (Moreno et al., 1997; Walsh
etal.,, 1998; Tian et al., 2011). Liguleless narrow, encoding
a kinase, also regulates ligule and auricle development
and leaf angle formation (Moon et al., 2013). Although
many maize mutants related to plant architecture have
been characterized and their underlying genes cloned,
the role and regulatory mechanism of ethylene in plant
architecture, especially plant height and leaf angle, are
unclear.

Ethylene, a gaseous phytohormone, plays impor-
tant roles in various physiological processes, includ-
ing seed germination, cell expansion, adventitious
root formation, sex determination, leaf abscission, flower
fading, fruit ripening, and biotic/abiotic stress responses
(Mattoo and Suttle, 1991). Ethylene is produced in es-
sentially all parts of higher plants, and its biosynthesis
begins with the conversion of Met to S-adenosyl-L-Met
(SAM), a process catalyzed by SAM synthase. SAM is
then converted into 1-aminocyclopropane-1-carboxylic
acid (ACC) by ACC synthase (ACS). ACC is ultimately
oxidized to ethylene in the catalysis of ACC oxidase
(ACO; Yang and Hoffman, 1984). ACS, the key rate-
limiting enzyme in this pathway (Yu et al., 1979), is
encoded by a multigene family in every plant species
investigated (Wang et al., 2002; Gallie and Young, 2004;
Lin et al., 2009).

Arabidopsis (Arabidopsis thaliana) contains eight en-
zymatically active ACS isoforms (AtACS2, AtACS4
to AtACS9, and AtACS11) and an inactive isoform
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(AtACS1; Yamagami et al., 2003). These nine AtACS
isoforms are divided into three types based on the
hypervariable C-terminal sequence. Type I ACS iso-
forms (AtACS1, AtACS2, and AtACS6) have a long
C-terminal domain (CTD), carrying three Ser residues
that are phosphorylation sites for mitogen-activated
protein kinase (MAPK) and a Ser residue that can be
phosphorylated by calcium-dependent protein kinase.
Type Il isoforms (AtACS4, AtACS5, AtACS8, AtACS9,
and AtACS11) have a relatively short CTD that includes
only the calcium-dependent protein kinase phospho-
rylation site, and the Type Il isoform (AtACS7) has the
shortest CTD, which lacks both phosphorylation sites
(Argueso et al., 2007; Luo et al., 2014). In general, ACS
is present in low abundance in tissues (Sato and
Theologis, 1989) and could be regulated transcription-
ally and posttranslationally in response to various de-
velopmental, environmental, and hormonal factors
(Yip et al., 1992; Spanu et al., 1994; Botella et al., 1995;
Lelievre et al., 1997; Chae et al., 2003; Luo et al., 2014;
Lee et al., 2017). Increasing studies demonstrated that
the CTD of ACS plays a pivotal role in posttransla-
tionally regulating ACS stability (Joo et al., 2008;
Choudhury et al., 2013; Xu and Zhang, 2015). In addi-
tion to phosphorylation sites, the CTD of ACS also
carries the recognition sites for ACS degradation me-
diated by the ubiquitin-proteasome system, which
could be impeded by phosphorylation of the CTD and
promoted by dephosphorylation of the CTD (Yoshida
et al., 2006; Joo et al., 2008; Han et al., 2010; Skottke
et al., 2011; Ludwikéw et al., 2014; Xu and Zhang,
2015). Several studies on ethylene-overproducer (eto)
mutants showed that CTD mutations of AtACS5 and
AtACS9 in eto2 and efo3 mutants, respectively, resulted
in increased ACS stability and ethylene production due
to damage of protein interaction with ETO1, a compo-
nent of E3 ligase, and its homologs ETO1-like 1 (EOL1)
and EOL2 (Vogel et al., 1998; Chae et al., 2003; Wang
etal., 2004; Christians et al., 2009; Xu and Zhang, 2015).

In maize, three ACS genes, ZmACS2, ZmACS6, and
ZmACS7, were identified by PCR amplification from
the genome of the commonly used maize inbred line
B73 (Gallie and Young, 2004). It had been reported that
ZmACS2 and ZmACS6 were involved in many physi-
ological processes of maize, including leaf senescence,
root growth in response to hypoxia and physical re-
sistance presented by soils, and kernel development
in response to pathogen infection (Young et al., 2004;
Gallie et al., 2009; Geisler-Lee et al., 2010; Wang et al.,
2017). However, little is known about the physio-
logical roles of ZmACS7, especially in regulating
plant architecture, due to the lack of available mu-
tants (Young et al., 2004). In this study, we charac-
terized a semidominant maize mutant, Semidwarf3
(5dw3), which exhibits shorter stature and larger leaf
angle than the wild type. Taking a map-based cloning
strategy, we limited the target gene into an 8-kb interval
on maize chromosome 10 and identified a transposon
insertion into the only candidate gene, ZmACS7. The
transposon insertion alters the C terminus of ZmACS7
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and increases the stability of this protein but does not
affect its catalytic activity. Thus, more ACC and ethyl-
ene are produced in the Sdw3 mutant than those in the
wild type, leading to reduced plant height and enlarged
leaf angle. In addition, we showed that ZmACS?7 plays
crucial roles in root development, flowering time, and
leaf number in maize.

RESULTS

The Semidominant Sdw3 Mutant Displays Reduced Plant
Height and Enlarged Leaf Angle

We identified a spontaneous maize mutant in the
breeding field, Sdw3, which exhibits short stature and
a large leaf inclination angle (Fig. 1A). Quantitative
measurements at anthesis indicated that plant height
and ear height were markedly reduced in the Sdw3
mutant compared with the wild-type near-isogenic line
(N18; Fig. 1B; Supplemental Fig. S1A). Gratifyingly,
these changes could increase stalk lodging resistance in
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the Sdw3 plants (Supplemental Fig. S1B). To investigate
the dwarfism of the Sdw3 mutant, we measured the
aboveground internode number and internode length
of the plants. Unexpectedly, the aboveground inter-
node number was significantly increased by 1.75 on
average in the Sdw3 plants compared with N18
(Supplemental Fig. S1C). By contrast, each measured
internode and tassel of the Sdw3 mutant were almost
uniformly shortened (42% to 66%) than those of N18
(Fig. 1C). Histological observation by scanning electron
microscopy (seM) indicated that the longitudinal pa-
renchyma cells of the second internode above the pri-
mary ear were dramatically shorter (~58%) in Sdw3
than in N18 (Fig. 1D; Supplemental Fig. S1D), and the
internode cell number was slightly reduced in Sdw3
(Supplemental Fig. S1E). These results demonstrate that
the semidwarf phenotype of the Sdw3 mutant is mainly
attributed to reduced cell elongation in the internode.
To investigate leaf inclination, we measured the
angles of the first leaf above the primary ear
(Supplemental Fig. S1F), the third leaf below the pri-
mary ear, and the flag leaf. All three leaf angles were
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Figure 1. Phenotypic characterization of the Sdw3 mutant. A, Overall morphology of three NILs of Sdw3 at anthesis. The wild
type (N18), heterozygous mutant (Sdw3/—), and homozygous mutant (Sdw3) are shown. Scale bars = 20 cm. B, Quantitative
measurements of plant height of N18, Sdw3/—, and Sdw3 at anthesis. Error bars represent = sp (n = 24). C, Quantitative
measurements of the length of tassels and aboveground internodes at anthesis. Internodes above the primary ear are labeled 1, 2,
3,4, and 5, and internodes below the ear are labeled —1, —2, =3, —4, =5, —6, and —7. All internodes were measured except the
internodes below —7 due to obstruction from strong brace roots. Error bars represent = sp (n = 20). T, Tassels. D, sem observation
of longitudinal sections of parenchyma tissue in the middle region of the second internode above the primary ear of N18, Sdw3/—,
and Sdw3 at anthesis. Scale bars = 100 um. E, Quantitative measurements of the angle of the first leaf above the primary ear of
N18, Sdw3/—, and Sdw3 at anthesis. Error bars represent = sp (n = 24). F, Adaxial auricles of the first leaf above the primary ear of
N18, Sdw3/—, and Sdw3 at anthesis. The red dotted lines indicate the outer edge of the auricles. Scale bars = 1 cm. G, sem
observation of adaxial epidermal cells in auricles in the middle region near the outer edge (framed by a white rectangle in Fig. 1F)
of the first leaf above the primary ear of N18, Sdw3/—, and Sdw3 at anthesis. Scale bars = 50 um. Different letters above the error
bars in B, C and E indicate significant differences at P < 0.05 using Tukey’s multiple comparison test. Images in A and F were
digitally extracted from their original photos and placed on a black background.
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significantly increased in the Sdw3 mutant compared
with N18 (Fig. 1E; Supplemental Fig. 51, G and H). We
found that the outer edge of the auricle was markedly
longer in the Sdw3 mutant than in N18 (Fig. 1F;
Supplemental Fig. S1I), thereby leading to an increased
leaf angle. Further investigation indicated that epider-
mal cells in the auricle were much longer in the Sdw3
mutant than those in N18 (Fig. 1G; Supplemental Fig.
S1J), but there were fewer such cells in Sdw3 than in N18
(Supplemental Fig. S1K). These results indicate that the
enlarged leaf angle in the S5dw3 mutant is mainly due to
increased cell elongation in the auricles, in contrast with
the inhibited cell elongation observed in the internode.

In addition, we analyzed the phenotypic variations in
the heterozygous mutant Sdw3/—. Most of the pheno-
types and quantitative data for the Sdw3/— mutant

ZmACS7 Regulates Plant Architecture in Maize

(Fig. 1; Supplemental Fig. S1) were intermediate to
those of N18 and the Sdw3 mutant, but closer to Sdw3.
Moreover, plant height in the F2 generation plants de-
rived from self-pollination of the Sdw3/— mutant seg-
regated at an approximate ratio of 1:2:1 (18 high:37
intermediate:20 dwarf, X2 = 0.12 < X2 (905, 2) = 5.99).
Collectively, these findings demonstrate that the Sdw3
phenotype is controlled by a single semidominant
nuclear gene.

ZmACS7, Encoding an ACC synthase, Is the Candidate
Gene of the Sdw3 Phenotype

We applied a map-based cloning strategy to identify
the gene responsible for the Sdw3 phenotype. With use
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Figure 2. Map-based cloning of the Sdw3 mutant and mRNA expression pattern of ZmACS7. A, Fine mapping of the Sdw3
mutant. M1 to M10 indicate molecular markers. Numbers below the markers indicate the number of recombinants between the
locus and the markers shown. Double hyphens below the markers indicate that the markers shown displayed no molecular
polymorphism between the Sdw3 mutant and the corresponding inbred line. The final mapping interval (M8 to M9) overlaps with
a partial sequence of only one candidate gene, GRMZM5G89619 (ZmACS?). B, Gene structure and mutated sequences of
ZmACS7. ZmACS7 has four exons and three introns. The boxes indicate exons, and the lines between boxes indicate introns. The
black boxes represent the coding sequence. The empty boxes represent the 5’ untranslated region (left) and 3" untranslated region
(right). The red triangle indicates the 205-bp transposon. The DNA sequence and the deduced amino acid sequence of mutated
ZmACS?7 in the Sdw3 mutant are in red. The transposon deleted the last four amino acids VHAS of ZmACS7, but extended the C
terminus, containing two additional SP motifs (encircled by red rectangles). C, RT-qPCR analysis of ZmACS7 in multiple N18 and
Sdw3 tissues. The tissues and stages used for RNA extraction are described in the legend of Supplemental Fig. S14B. ZmActin1
(GRMZM2G126010) served as the reference gene for normalization of RT-qPCR data. Error bars represent =+ sp (n = 3). Asterisks
indicate significant differences between N18 and Sdw3 using Student’s t test (*P < 0.05 and **P < 0.01; n.s. = no significant

difference).
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of a small P11 (Productivell) population of 96 indi-
viduals, the target gene was initially mapped to the
long arm of maize chromosome 10 between molecular
markers p-bnlg1250 and IDP8334. We screened three
large populations of P11, Z58 (Zheng58), and B73 plants
containing over 10,000 individuals and localized the
Sdw3 gene to an 8-kb interval between markers M8 and
M9 (Fig. 2A). This region contains a partial sequence of
only one candidate gene, ZmACS7 (GRMZM5G894619),
based on a database search (www.gramene.org). ZmACS7
encodes an ACC synthase, a key enzyme catalyzing the
biosynthesis of ACC, the precursor for ethylene biosyn-
thesis. A possible 205-bp nonautonomous MuDR trans-
poson was inserted in the fourth exon of ZmACS7 in the
Sdw3 mutant locating 11 bp upstream of the stop codon
(Fig. 2B; Supplemental Fig. S2; www .girinst.org/censor/).
Phylogenetic analysis showed that ZmACS7 belongs
to Type I ACSs and its closest ortholog is AtACS6
(Supplemental Fig. S3A). Like AtACS6, ZmACS7 and
its closest paralog ZmACS2 harbor potential phos-
phorylation sites in their CTDs, that is, Ser residues in
the RLSL (Arg [R] - Leu [L] - Ser [S] - Leu [L]) and three
SP (Ser [S] - Pro [P]) motifs (Supplemental Fig. S3B;
Choudhury et al., 2013). The transposon brought about
a frameshift mutation that deleted the last four amino
acids VHAS of ZmACS7, but extended its CTD, with
two additional SP motifs (Fig. 2B; Supplemental Fig.
S3B). Reverse transcription-quantitative PCR (RT-qPCR)
analysis showed that ZmACS7 was widely expressed in
various tissues, including the root, internode, leaf sheath,
ligular region, leaf blade, tassel, ear, and kernel (Fig. 2C).
ZmACS7 was highly expressed in the developing ligular
region, which is consistent with the changes in leaf angle
observed in the Sdw3 mutant. In addition, ZmACS7 was
expressed at markedly lower levels in most tissues of the
Sdw3 mutant compared with N18 (Fig. 2C). However,
ZmACS7 transcript levels were low in the internodes of
both lines, with no significant difference between Sdw3
and N18 plants (Fig. 2C). These results suggest that the
phenotypic variations in the Sdw3 mutant may be not
directly caused by reduced ZmACS7 transcript levels.

Elevated ACC and Ethylene Levels Are Responsible for the
Phenotypes of the Sdw3 Mutant

To investigate whether the mutation of ZmACS7 in
the Sdw3 plants influences its metabolite composition,
we measured endogenous ACC levels. The Sdw3 mu-
tant had dramatically higher endogenous ACC levels
than N18 in all tissues examined, including the devel-
oping internode, leaf sheath, and developing ligular
region at the V7 stage (Fig. 3A). We reasoned that this
excessive ACC might be responsible for the phenotypic
differences between Sdw3 and N18 plants. We tested
the responses of N18 plants to exogenous ACC treat-
ment in a hydroponic assay. After cultivation, we
measured the length of the fifth leaf sheath and the
angle of the fifth leaf of N18, and found that the length
of the leaf sheath obviously decreased, whereas the leaf
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angle significantly increased, with increasing ACC
concentration (Fig. 3, C-E), indicating that treatment
with high concentrations of ACC mimicked the phe-
notypes of the Sdw3 mutant. We also examined the
effects of aminoethoxyvinyl-Gly (AVG), a potent com-
petitive inhibitor of ACS, on the Sdw3 mutant. The leaf
sheaths of Sdw3 plants treated with 0.1 um AVG were
significantly elongated, whereas the leaf angle of the
Sdw3 mutant was markedly reduced after this treat-
ment (Fig. 3, C-E), suggesting that inhibiting ACS using
0.1 um AVG at least partially restored the wild-type
phenotypes in the Sdw3 plants.

Because ACC is the precursor of ethylene biosyn-
thesis, we measured endogenous ethylene levels in leaves
at the V7 stage. Consistent with the changes in ACC
content, endogenous ethylene production dramatically
increased in the Sdw3 mutant (11.2 nL h™! g=! DW)
compared with N18 (8.5 nL h™! g=! DW; Fig. 3B). To
simulate the higher ethylene levels in the Sdw3 mutant,
we sprayed N18 plants with different concentrations of
ethephon weekly from the jointing stage to the tasseling
stage. Indeed, N18 plants continuously treated with
ethephon mimicked the phenotypes of the Sdw3 mutant
(Fig. 3F). At anthesis, the plant height, ear height, and
internode length of N18 were dramatically reduced with
increasing ethephon concentration (Fig. 3, F and G;
Supplemental Fig. S4, A, C, and D), whereas the leaf
angle was markedly increased (Fig. 3, F and H;
Supplemental Fig. 54B). Collectively, these results dem-
onstrate that the mutation of ZmACS7 increases ACC
and ethylene levels in the Sdw3 mutant, thus conferring
reduced plant height and enlarged leaf angle in this
mutant.

ZmACS7 Confers Reduced Plant Height and Enlarged Leaf
Angle in the Sdw3 Mutant

To determine whether the ZmACS7 mutation was
responsible for the Sdw3 phenotype, a construct with a
recombinant fragment including the deduced coding
sequence of ZmACS7 in the Sdw3 mutant under the
native promoter of ZmACS7 from the transgenic ac-
ceptor 1329 (pZmACS732:ZmACS75%%3) was trans-
formed (Fig. 4A). Three positive transgenic Ty plants
(C#1 to C#3) were identified from two separate trans-
formations to L329 (Fig. 4B; Supplemental Fig. S5, A
and B). The phenotypes of all three transgenic T, plants
mimicked the Sdw3 phenotypes, with obviously re-
duced stature and flat leaves compared with the cor-
responding nontransgenic plants (NT#1 and NT#2).
However, we were not able to obtain any higher gen-
eration of all three T, plants due to excessively defective
growth and development. We further introduced the
pPZmACS732:ZmACS75%3 construct into another ac-
ceptor B104. The four positive T plants C#4 to C#7 from
two transformations also mimicked the Sdw3 phenotypes
to different degrees (Fig. 4B; Supplemental Fig. S5B). RT-
gPCR analysis showed that C#4 to C#7 plants harbored
much higher mRNA of ZmACS75%3 compared with the
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parental mutant Sdw3 (Supplemental Fig. S5C). The in-
creased times of ACC content in C plants were much
greater than that of the Sdw3 mutant compared with
their corresponding wild types (Supplemental Fig. S5,
D-F), which probably led to excessively defective
growth and development in these T, plants than that in
Sdw3. Taken together, these results at least indicated that
the mutated ZmACS7 confers reduced plant height and
enlarged leaf angle in the Sdw3 mutant.

To further validate the function of ZmACS7, we created
lines with similar C-terminal mutations of ZmACS7 to
that of the Sdw3 mutant using clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-as-
sociated protein 9 (Cas9) genome editing (Fig. 4C). We
identified two lines (perturbation of the CTD of ZmACS7
[PCH#1 and PC#2) with perturbed ZmACS7 C termini due
to frameshift mutations (Fig. 4D; Supplemental Fig. S7A).
We also produced transgenic plants overexpressing
ZmACS7 to investigate its functions at the transcriptional
level (Fig. 4E). We identified three positive overexpression
lines (OX#7-1, OX#7-2, and OX#7-3) with ZmACS7
mRNA levels 200- to 300-fold higher than 1329
(Supplemental Fig. S7B). When compared with L.329, all
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the transgenic PC and OX lines had markedly increased
ACC contents and ethylene production (Fig. 4, G and H)
and showed an obvious decrease in plant height, ear
height, and internode length (Fig. 4, F and I; Supplemental
Fig. 57, C-E) but a significant increase in stalk lodging
resistance, aboveground internode number, and leaf an-
gle (Fig. 4, F and J; Supplemental Fig. S7, F-H). All these
transgene-generated lines recapitulated the phenotypes of
the Sdw3 mutant to different degrees, suggesting that
ZmACS?7 indeed corresponds to the Sdw3 locus.

Altering the C-terminal Domain Enhances the Protein
Stability of ZmACS7

In general, increased ACC levels due to the mutation
of ACS are correlated with a rise in ACS transcript
levels. However, we found that the steady-state level of
ZmACS7 mRNA was reduced in most Sdw3 tissues
examined (Fig. 2C), suggesting that the elevated ACC
levels in the Sdw3 mutant are not due to an increase
in ZmACS7 transcript levels. Indeed, in some cases,
altering the CTD of ACS proteins in Arabidopsis
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Figure 3. Excessive ACC and ethylene confer reduced plant height and enlarged leaf angle in the Sdw3 mutant. A, Quantitative
measurements of endogenous ACC content in three tissues between N18 and Sdw3 seedlings at the V7 stage. Error bars represent
* sp (n = 3). FW, fresh weight. B, Quantitative measurements of endogenous ethylene production in the leaf blade between N18
and Sdw3 seedlings at the V7 stage. Error bars represent = s (n = 9). DW, dry weight. C, Overall morphology of N18 and Sdw3
seedlings after hydroponic cultivation. The distance between two yellow arrowheads refers to the length of the fifth leaf sheath.
Scale bars = 10 cm. D and E, Quantitative measurements of the fifth leaf sheath length (D) and the fifth leaf angle (E) of N18 and
Sdw3 plants after hydroponic cultivation. Error bars represent * s (n = 12). F, Overall morphology of various concentrations of
ethephon (ETH)-treated N18 plants at anthesis. Scale bars = 30 cm. G and H, Quantitative measurements of plant height (G) and
the first leaf angle above the primary ear (H) of ETH-treated N18 plants at anthesis. Error bars represent = sp (n = 20). Asterisks in A
and B indicate significant differences in the corresponding tissue between N18 and Sdw3 (*P < 0.05 and **P < 0.01; Student’s
ttest). Different letters above the error bars in D, E, G, and H indicate significant differences at P < 0.05 using Tukey’s multiple
comparison test. Images in C and F were digitally extracted from their original photos and placed on a black background.
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Figure 4. ZmACS7 is responsible for reduced plant height and enlarged leaf angle in the Sdw3 mutant. A, Schematic diagram of
the pZmACS7329:ZmACS75#3 construct including the coding sequence of ZmACS7 from the Sdw3 mutant under the native
promoter of ZMACS7 from L329. RB, right border; Tnos, terminator of nopaline synthase gene; p35S, cauliflower mosaic virus
35S promoter; Bar, (bialaphos resistance gene) serves as the selective marker; LB, left border. B, Overall morphology of seven
positive pZmACS7329:ZmACS 7593 T plants (C#1 to C#7) grown in the greenhouse from four batches of transformations. NT#1
(nontransgenic plant 1) is the control for C#1 and C#2, whereas NT#2 is the control for C#3; all these lines share the same genetic
background of germplasm L329. NT#3 is the control of C#4, and NT#4 is the control of C#5, C#6, and C#7 with genetic
background of B104. Scale bars = 15 cm. C, Gene structure of ZmACS7 with the target (marked in red) for CRISPR/Cas9-specific
binding to perturb the C terminus of ZmACS7. D, Alignment of C-terminal domains of ZmACS7 in L329, PC#1, and PC#2.
Background colors indicate the similarity level of amino acid sequences (dark blue = 100%; baby blue <75% and =50%). Red
rectangles were used to mark the SP and TP motifs in the CTDs of ZmACS7. The homologous sequence of the last 16 amino acids
of AtACS6 in ZmACS7 was marked by a black line. E, Schematic diagram of the construct used for transgenic overexpression of
ZmACS?7. The maize ubiquitin promoter was applied to dominate the expression of the ZmACS” coding sequence from L329. The
Bargene serves as the selective marker. pUbi, the maize ubiquitin-1 promoter. F, Overall morphology of PC and ZmACS7 OX lines
at anthesis. Scale bars = 30 cm. The Cas9 constructs were screened out from PC lines. The wild-type parent L329 served as the
control of both PC and ZmACS7 OX lines, because L329 displayed similar phenotypes with L329’, a transgenic line introduced by
an empty vector, similar to pBCXUN (Supplemental Fig. S6). G, Quantitative measurements of endogenous ACC content of the
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increased their protein stability rather than affecting
their specific activity (Vogel et al., 1998; Chae et al.,
2003). These findings prompted us to explore the pro-
tein stability and catalytic activity of the mutated
ZmACS7 in the Sdw3 mutant.

We expressed HIS-tagged intact ZmACS7N'® and
ZmACS75%3 proteins and their corresponding C-terminal
domains, CTDN® and CTDS4%3, in Escherichia coli
(Supplemental Fig. S8, A-C) and evaluated the catalytic
activities of ZmACS7N1® and ZmACS7%9%3 based on the
ethylene synthesis rate in vitro. Enzyme activity assay
showed that the specific activities of ZmACS75%3 and
ZmACS7N'8 were similar (Fig. 5A), suggesting that the
altered CTD in the Sdw3 mutant does not affect the
specific activity of ZmACS?7. To further confirm the
effect of the CTD mutation on ZmACS?7 stability, we
compared the turnover rates of HIS-tagged CTDN'® and
CTD%%3 in a cell-free protein degradation system. Im-
munoblot analysis revealed that CTD5¥3 was com-
paratively harder to be degraded than CTDN'8 (Fig. 5, B
and C). Moreover, the degradation rates of CTDN!® and
CTD%4%3 were markedly inhibited by MG132, a specific
inhibitor of the 265 proteasome (Fig. 5, B and C), sug-
gesting that the degradation of ZmACS?7 is mediated by
the ubiquitin-265 proteasome pathway. These results
demonstrate that the altered CTD of ZmACS7 (caused by
a transposon insertion) in the Sdw3 mutant enhances
ZmACS7’s function by increasing its stability but not af-
fecting the specific activity.

It is worth noting that the CTD variant in the Sdw3
mutant ablated the last four amino acids VHAS of the wild-
type ZmACS?7, but harbors a prolonged terminus. To de-
termine whether the deletion of the VHAS motif confers
ZmACS7 stabilization in the Sdw3 mutant, we compared
the protein turnover rates of HIS-tagged CTDN® and
CTDAVHAS that lacks the VHAS motif. Immunoblot anal-
ysis revealed comparable protein turnover rates of
CTDAVHAS and CTDN!8 (Supplemental Fig. S8, D and E),
suggesting that the deletion of the VHAS motif is not re-
sponsible for ZmACS? stabilization in the Sdw3 mutant.

Transcriptome Changes in the Developing Internode and
the Developing Ligular Region of the Sdw3 Mutant

The reduced plant height and enlarged leaf angle of
the Sdw3 mutant are mainly attributed to a reduction in
longitudinal cell elongation in the internode and an
increase in the auricle (Fig. 1, D and G; Supplemental
Fig. S1, D and ]). To investigate the transcriptome

ZmACS7 Regulates Plant Architecture in Maize

changes during internode and auricle development in
Sdw3 versus N18 plants, we performed RNA sequenc-
ing (RNA-seq) analysis. We identified 462 differentially
expressed genes (DEGs) in the developing internode
and 1588 DEGs in the developing ligular region of the
Sdw3 mutant versus N18 using a cutoff of twofold
change or greater in expression and a false discovery
rate of q value <0.05. Verification of the expression
patterns of various DEGs via RT-qPCR revealed highly
positive correlations between the RNA-seq data and
RT-qPCR results for both the internode and ligular re-
gion (Pearson correlation coefficients of 0.97 for the
internode transcriptome and 0.95 for the ligular region),
indicating that our RNA-seq data were quite reliable
(Supplemental Fig. S9, A and B).

A global view of the pathways based on MapMan
ontology (Thimm et al., 2004) revealed that DEGs in
the internode and ligular region were mapped to a
wide range of functional categories, including cell
wall development, lipid metabolism, cell cycle, and
hormone metabolism. Further analysis showed that
an ACC oxidase gene (ACO35), an ETHYLENE
INSENSITIVE3-like2 gene (EIL2), and 11 ethylene-
responsive genes (Chao et al., 1997; Riechmann and
Meyerowitz, 1998; Gallie and Young, 2004) were sig-
nificantly up-regulated in both the internode and lig-
ular region (Supplemental Fig. S10A), suggesting that
the ethylene biosynthesis, signaling, and response
pathway is highly activated in the Sdw3 mutant. Several
negative regulators in this pathway, such as REVER-
SION-TO-ETHYLENE SENSITIVITY1 (RTE1)-like genes
and ETHYLENE INSENSITIVE3-Binding F-box genes
(EBF1; Potuschak et al., 2003; Resnick et al., 2008), were
also up-regulated in the Sdw3 mutant, perhaps due to
negative feedback regulation.

Plant kinesins, a family of microtubule-based mo-
tor proteins, are essential for cell division and cell
elongation (Li et al., 2011; Deng et al., 2015). Our
RNA-seq data showed that 12 kinesin-related genes
were up-regulated in the ligular region but down-
regulated in the internode of the Sdw3 mutant
(Supplemental Fig. S10B), which perhaps lead to the
promotion of cell elongation in the auricle and inhi-
bition in the internode of the Sdw3 mutant, although
they displayed an insignificant decrease in the de-
veloping Sdw3 internode. Notably, LG2 transcript
levels increased by 2.18-fold in the ligular region of
the Sdw3 mutant (Supplemental Fig. SI0A), which
may play an important role in the auricle extension
and enlarged leaf angle observed in the Sdw3 mutant.

Figure 4. (Continued.)

shoot at V1 stage in PC and ZmACS7 OX seedlings. Error bars represent *+ sp (n = 3). FW, fresh weight. H, Quantitative mea-
surements of endogenous ethylene production in leaf 8 and leaf 9 at V7 stage in PC and ZmACS7 OX seedlings. Error bars
represent = sp (n = 5). DW, dry weight. | and J, Quantitative measurements of plant height (I) and angle of the first leaf above the
primary ear (J) in PC and ZmACS7 OX lines at anthesis. Error bars represent = sp (n = 20). Asterisks above the error bars in G and H
indicate significant differences between the corresponding line and L329 (**P < 0.01; Student’s ttest). Different letters above the
error bars in | and ] indicate significant differences at P < 0.05 using Tukey’s multiple comparison test. Images in B and F were
digitally extracted from their original photos and placed on a black background.
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Figure 5. Specific activity and stability of ZmACS7 in N18 and Sdw3 plants. A, Specific activity of ZmACS7N'8 and ZmACS759w3
measured based on the ethylene synthesis rate in vitro. CK refers to HIS-tagged protein from the empty vector, which served as the
negative control. Error bars represent = so (n = 9); n.s. indicates no significant difference between ZmACS7N'8 and ZmACS759w3
(Student’s ttest). B, Immunoblot analysis of HIS-tagged CTDN'® and CTDS?3 proteins after incubation in a cell-free degradation
system at different time points. NC indicates the negative control (sample without adding the target protein to the cell-free ex-
tract). RbcL (Rubisco large subunit) was used as a nondegraded control to indicate the same loading quantity. All the samples were
equally diluted to test protein quantity of RbcL by Western blotting. Numbers above the Western blotting bands refer to relative
protein content measured by Image) software. C, Quantitative measurements of HIS-tagged CTDN'® and CTDS%3 proteins
obtained by immunoblot analysis using ImageJ software. The mean values from three biological replicates are shown. Error bars

represent * sp (n = 3). DMSO, dimethyl sulfoxide.

Further investigation showed that flowering time
(days to first pollen shed) was delayed by 2 d in the
Sdw3 mutant (Sdw3, 68.4 * 1.0; N18, 66.2 + 1.7), and
days to first silk emergence was delayed by 6 d in the
mutant (Sdw3, 70.4 = 1.6; N18, 64.4 = 2.1). In addition,
Sdw3 plants produced an average of 1.1 more leaves
than N18 (Sdw3, 21.9 = 0.8; N18, 20.8 = 0.5) due to an
increase in leaf number below the primary ear (Sdw3,
16.7 + 0.7; N18, 15.6 = 0.5). These results are in accor-
dance with the highly positive correlation found be-
tween days to anthesis and the number of leaves below
the primary ear (Li et al, 2016). Intriguingly, some
DEGs involved in flowering time in maize were
enriched in the internode and ligular regions of the
Sdw3 mutant. ZmRap2.7, encoding a negative regulator
of flowering (Salvi et al., 2007), and its homolog
(GRMZM2G416701) were up-regulated in the internode
and ligular region of the Sdw3 mutant (Supplemental
Fig. S10A). Overexpression of ZmRap2.7 causes late
flowering and an increased number of leaves (Salvi et al.,
2007). By contrast, the transcript levels of ZMM4 (Z. mays
MADS-box 4), encoding a MADS box transcription fac-
tor that promotes flowering and functions downstream
of ZmRap2.7 (Danilevskaya et al., 2008; Romero Navarro
etal., 2017), as well as ZmMADS67, were reduced in the
internode and ligular region of the Sdw3 mutant
(Supplemental Fig. SI0A). The transcriptional changes in
these genes might explain the late flowering and in-
creased leaf number in the Sdw3 mutant.

Increased ZmACS7 Function Alters Root Morphology and
Causes Grain Yield Reduction in Maize

The maize root is a vital organ responsible for the
uptake of water and nutrients from soil and providing
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anchorage (Aiken and Smucker, 1996). Interestingly, in
addition to variation in plant height, ear height, leaf
angle, flowering time, and leaf number, we found that
Sdw3 seedlings harbored more embryonic seminal
roots and postembryonic crown roots at the V1 stage
than N18 (Supplemental Fig. S11, A-C). The Sdw3
mutant also displayed more layers of brace roots, but
with smaller root angle at the mature stage compared
with N18 (Supplemental Fig. S11, D-F). These pheno-
typic variations of the root system in the Sdw3 mutant
are in accordance with the enrichment of ZmACS7
transcript in roots (Fig. 2C; Supplemental Fig. 512). The
PC and ZmACS7 OX lines also mimicked the root ar-
chitecture of the Sdw3 mutant compared with L329
(Supplemental Fig. 511, G-I). Grain yield is the high-
light for cereal crops. In this study, all yield-related
traits investigated, including ear length (EL), ear di-
ameter (ED), ear row number (ERN), ear grain number
(EGN), ear grain weight (EGW), and hundred kernel
weight (HKW) were decreased at different levels in
ZmACS7 overexpressors than those in their wild types
(Supplemental Fig. S13). EGW, which best represents
grain yield, was significantly reduced ranging from
26.7% to 77.2% in the ZmACS7 overexpressors com-
pared with that in their controls (Supplemental Fig.
S13). All together, these results indicated that increased
ZmACS7 function could alter root morphology and
could also cause grain yield reduction in maize.

ZmACS2 Has Similar Expression Patterns and Functions
with ZmACS7

Phylogenetic analysis indicated that ZmACS2 is the
closest paralog of ZmACS7 (Supplemental Fig. S3A).
Sequence alignment revealed only a few single-amino
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acid substitutions and deletions between ZmACS7
and ZmACS2 (Supplemental Fig. S3B). Additionally,
ZmACS2 and ZmACS7 share highly similar mRNA
expression patterns based on analysis of publicly
available transcriptome data of maize at 79 different
tissues/stages (Supplemental Fig. S12, Pearson corre-
lation coefficient of 0.72; MaizeGDB, www.maizegdb.
org; Stelpflug et al,, 2016) and RT-qPCR analysis of
various tissues and developmental stages (Supplemental
Fig. S14A, Pearson correlation coefficient, 0.92). Inter-
estingly, expression levels of ZmACS7 and ZmACS2
were both reduced in most Sdw3 tissues than those in
N18 (Fig. 2C; Supplemental Fig. S14B), probably due to
negative feedback regulation in response to elevated
ACC levels. The high identity of protein sequences and
similar expression patterns of ZmACS2 and ZmACS7
imply that they may share conserved functions. Thus,
we generated transgenic plants overexpressing ZmACS2
(Supplemental Fig. 514, C and D) and found that they
were markedly shorter and had flatter leaves than 1329
(Supplemental Fig. S14E), similar to the transgenic plants
overexpressing ZmACS7 (Fig. 4F). These results suggest
that ZmACS2 harbors similar expression patterns and
functions with ZmACS?7.

We further generated mutants (knockout mutants
[KO#1 and KO#2) in which ZmACS?7 is knocked out
using CRISPR/Cas9 (Supplemental Fig. S15, A and B).
However, KO#2 displayed very similar plant architec-
ture with the wild-type L329 (Supplemental Fig. S15,
C-J). KO#1 showed a statistically significant but mild
increase in plant height (4.0%), ear height (14.1%),
above internode number (3.3%), and leaf angle (10.5%)
compared with L329 (Supplemental Fig. 515, C-J). The
loss-of-function mutation of ZmACS7 in the KO lines
might trigger a genetic compensation response from other
genes in the same pathway (El-Brolosy and Stainier,
2017), particularly its closest homolog, ZmACS2.

DISCUSSION

The Functional Divergence and the Regulatory Complexity
of ACS Isoforms in Maize

Ethylene plays multiple roles in plant growth and
development (Mattoo and Suttle, 1991). ACS is encoded
by a multigene family in every plant species investi-
gated (Wang et al., 2002; Gallie and Young, 2004; Lin
et al., 2009). Arabidopsis contains eight enzymatically
active ACS isoforms (AtACS2, AtACS4 to AtACS9, and
AtACS11) and an inactive ACS isoform (AtACSI;
Yamagami et al., 2003). These various ACS isoforms
have different enzymatic properties and expression
patterns and can be induced by diverse stimuli
(Yamagami et al., 2003; Argueso et al., 2007). Five ACSs
have been annotated in the maize genome: ZmACSI,
ZmACS2, ZmACS3, ZmACS6, and ZmACS7 (www.
gramene.org). Our phylogenetic analysis of ACS iso-
forms from maize and Arabidopsis showed that the five
maize ACSs are grouped among the three defined ACS
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types and the putative aminotransferase group
(Supplemental Fig. S3A). ZmACS7 belongs to the
Type I clade along with its closest paralog,
ZmACS2, which share 94.3% identity at the protein
level. ZmACS6 and ZmACS1 are grouped into Type
Il and Type III ACSs, respectively (Supplemental
Fig. S3A), whereas ZmACS3 belongs to the putative
aminotransferase group (Supplemental Fig. S3A),
suggesting that ZmACS3 may not be an ACC syn-
thase but an aminotransferase. Noticeably, classifi-
cation of maize ACS isoforms in our study was
consistent with Gallie and Young (2004)’s research,
although ZmACS1 and ZmACS3 were not men-
tioned in their research. However, Zhang et al. (2012)
placed ZmACS6 in a monocot Type I ACS clade. This
discrepancy was likely attributed to the difference of
sequence types (protein sequences were used in Gallie
and Young [2004] and our studies, while nucleotide
sequences and species number in Zhang et al. [2012]
used many more and divergent species) for phylo-
genic analyses. In our study, further alignment of pro-
tein sequences of ZmACS6 with ACS isoforms in
Arabidopsis showed that ZmACS6 lacks the three SP
motifs that often exist in Type I ACS, whereas it has the
WAN and RLTP motifs that are similar to the WVF and
RLSF motifs of Type II ACS (Supplemental Fig. 516),
suggesting that ZmACS6 tends to be a type II ACS.
Publicly available transcriptome data of maize at 79
different tissues/stages showed that ZmACSI and
ZmACS6 are mainly expressed at various stages during
root development (Supplemental Fig. S12), whereas
ZmACS2 and ZmACS7 are widely expressed in various
tissues and stages throughout the whole growth period
(Supplemental Figs. 512 and 14A). Consistent with the
expression patterns, previous studies revealed that
ZmACS6 and ZmACS2 regulated root growth in re-
sponse to hypoxia and physical resistance presented by
soils (Gallie et al., 2009; Geisler-Lee et al., 2010). Addi-
tionally, ZmACS6 is sporadically expressed during leaf
and seed development, which conforms with that
ZmACS6 and ZmACS2 were involved in leaf senescence
and response to pathogen infection in maize kernels
(Young et al.,, 2004; Habben et al., 2014; Wang et al.,
2017). ZmACS6 could also influence grain yield under
drought and low nitrogen conditions (Habben et al.,
2014). However, little was known about the physio-
logical roles of ZmACS7 although it’s widely expressed
due to the lack of available mutants (Young et al., 2004).
In our study, through positional cloning of a semi-
dominant plant architecture mutant, Sdw3, we dem-
onstrated that ZmACS7 regulates many morphological
and physiological traits of maize, including plant
height, ear height, leaf angle, root development,
flowering time, leaf number, and grain yield, which
corresponds to its wide expression during the maize
lifespan. High similarity of protein sequences, ex-
pression patterns, and transgenic overexpression
plants between ZmACS2 and ZmACS7 suggested
that ZmACS2 may play similar roles in plant architecture
of maize, like ZmACS7. This may explain why ZmACS7
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gene KO displayed mild changes compared with the
wild type L329 (Supplemental Fig. S15), probably due
to genetic compensation (El-Brolosy and Stainier, 2017)
from other paralogues within the same network, par-
ticularly ZmACS2.

Regulation of the CTD of ZmACS?7 in the Stability of
this Protein

ACS isoforms have very low abundance in vivo and
could be regulated transcriptionally and posttransla-
tionally in response to various endogenous and envi-
ronmental factors. Reversible protein phosphorylation
is thought to play a role in regulating ACS stability in
Arabidopsis (Liu and Zhang, 2004; Skottke et al., 2011;
Ludwikéw et al., 2014). The CTD of AtACS6 contains
the phosphorylation sites that mediate the stabiliza-
tion and accumulation of AtACS6 as well as the cis-
determinants that function in the rapid degradation of
AtACS6 by the ubiquitin-proteasome pathway (Chae
etal., 2003; Joo et al., 2008). The disruption of the CTDs
of AtACS5 and AtACS9 hampers the proteasome-
mediated degradation of these proteins in the domi-
nant mutants efo2 and efo3, respectively, thus resulting
in increased ACS stability and ethylene production
(Vogel et al., 1998; Chae et al., 2003; Wang et al., 2004;
Yoshida et al., 2005). Similarly, in our study, a trans-
poson leads to a frameshift mutation of ZmACS7. The
resulting CTD alteration increases ZmACS7 stability
(Fig. 5, B and C) but does not affect the specific activity
of this enzyme (Fig. 5A), thereby increasing ACC and
ethylene production in the Sdw3 mutant (Fig. 3, A and
B). However, unlike replacement of the last
12 C-terminal amino acids of AtACS5 in the efo2 mu-
tant or the missense mutation of the conserved WVF
motif of AtACS9 in the eto3 mutant that hampered the
proteasome-mediated degradation (Chae et al., 2003;
Wang et al., 2004; Yoshida et al., 2005), the CTD var-
iant in the Sdw3 mutant only ablated the last four
amino acids VHAS of the wild-type ZmACS?7. The
VHAS motif appears similar to the C-terminal motif
VRAQt in AtACS6, which had not been specially
linked to ACS stability (Joo et al., 2008). Indeed, we
found that the deletion of the VHAS motif does not
affect ZmACS? stability (Supplemental Fig. S8, D and
E). Although the prolonged CTD of ZmACS7 in the
Sdw3 mutant contains two Ser residues in the addi-
tional SP motifs, which may serve as potential MAPK
phosphorylation sites to increase ZmACS7 stability.

Two CRISPR /Cas9-induced CTD variants of ZmACS7
in the PC mutants partially recapitulated the pheno-
types of the Sdw3 mutant; however, their mutation sites
are different from that in Sdw3 plants due to lack of the
Cas9 guide sequence to precisely change the VHAS
motif. Owing to frameshift mutations, both CTD vari-
ants in the PC#1 and PC#2 lines ablated the last 22
amino acids of the wild-type ZmACS7 (Fig. 4D). In
Arabidopsis, the C terminus of AtACS6 served as the
targeting site of the degradation machinery and the
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deletion of the last 16 amino acids (Supplemental Fig.
S3B) was sufficient to stabilize AtACS6 due to inter-
ference with its degradation (Joo et al., 2008). Similarly,
CTD mutations ablating the last 22 amino acids of
ZmACS7 in the PC#1 and PC#2 lines, which include the
intact homologous sequence of the last 16 amino acids
of AtACS6 (Fig. 4D), might increase ZmACS?7 stability.
The CTD variant of ZmACS7 in the PC#2 line owned a
longer but very different tail lacking three SP motifs,
whereas the unelongated CTD variant in PC#1 retained
the three SP motifs although the flanking sequences
were changed and harbored an additional TP motif,
which should be subject to MAPK-mediated phospho-
rylation (Fig. 4D; Pitzschke, 2015). This distinction of
CTD mutations may confer the differences of increased
ACC and ethylene production and phenotypic severity
in the PC#1 and PC#2 lines (Fig. 4, F-J; Supplemental
Fig. S7, C-H). It would be interesting to further un-
derstand the fine mechanism underlying ZmACS7
stabilization and turnover.

Pleiotropy of ZmACS7 on Maize Growth and Development

Ethylene has been widely used in agriculture to
control lodging in cereals mainly by shortening plant
height and ear height (Langan and Oplinger, 1987;
Simmons et al., 1988). Here, we present a key gene in
ethylene biosynthesis, ZmACS7, with pleiotropic effects
on leaf angle, root architecture, leaf number, and
flowering time, besides plant height and ear height.
ZmACS7 overexpressors, including the Sdw3, PC, and
ZmACS7 OX lines, exhibited reduced plant height and
ear height, larger leaf angle, and more layers of brace
roots with smaller angles compared with their corre-
sponding wild types. Indeed, stalk lodging resistance
was enhanced in ZmACS7 overexpressors, probably
due to the reduction of plant height and ear height.
Besides, the Sdw3 mutant displayed increased leaf
number and delayed flowering due to increased
ZmACS? stability. It is possible that the far-ranging
expression of ZmACS7 in multiple tissues and stages
during the lifespan resulted in pleiotropy of ZmACS7
on maize growth and development. Generally, erect
upper leaves could improve maize tolerance to high
plant density (Tian et al., 2011). Surprisingly, ZmACS7
KO mutants did not show reduced leaf angle but rather
a mild increase in leaf angle, which may originate from
a genetic compensation effect by other genes, particu-
larly ZmACS2 (El-Brolosy and Stainier, 2017). However,
enlarged maize leaf angle is not totally disadvantageous.
Prior reports showed that maize plants with erect
leaves above the ear and intermediate or horizontal leaf
orientation below the ear could yield better than the
plants with all leaves upright (Pendleton et al., 1968;
Mock and Pearce, 1975). In this study, our results also
indicated that increased ZmACS? function could cause
alteration of root morphology and reduction of grain
yield in maize (Supplemental Figs. S11 and S13), which
is in accordance with the reports that ACC and ethylene
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promoted the emergence of nodal roots, including
aboveground brace roots and underground crown
roots (Hochholdinger, 2009; Shi et al., 2019), and the
report that ethephon caused grain yield reduction when
lodging was not a severe problem (Cox and Andrade,
1988).

Ethylene is generally considered as a growth inhibi-
tor; however, accumulating evidences revealed a bi-
phasic response of ethylene (Smalle et al., 1997; Hattori
et al,, 2009). The inhibitory or stimulatory effect of
ethylene on growth, especially cell elongation, had been
reported to depend on species (wetland or terrestrial
plants), growing environments (the presence or absence
of light, light quality, and the condition of nutrients),
and ethylene dose (Pierik et al., 2006; Dugardeyn and
Van Der Straeten, 2008). In our study, inhibition of
longitudinal cell elongation in the internode and pro-
motion in the auricle are mainly responsible for the
reduced plant height and the enlarged leaf angle in the
ethylene-overproducing mutant Sdw3, suggesting a
tissue-specific growth response of ethylene. The un-
derlying mechanism of the opposite effects of ethylene
on cell elongation in different tissues of the same plant
needs further investigation. In addition, ethylene also
displayed biphasic effects on flowering time in different
species, for example, stimulating flowering in pineap-
ple (Ananas comosus) and rice but inhibiting flowering
in Arabidopsis (Burg and Burg, 1966; Achard et al.,
2007; Wuriyanghan et al.,, 2009; Schaller, 2012). The
observation of delayed flowering in maize due to in-
creased ethylene level in this study enriched our
knowledge of the regulation of ethylene in plant
flowering time.

ZmACS7 overexpressors using its own promoter or
the ubiquitin promoter exhibited reduced plant height
and ear height, enhanced brace root development, and
enlarged leaf angles below the ear, thereby facilitating
lodging resistance and photosynthesis below the ear,
but would also be associated with some adverse traits,
such as increased leaf angles above the ear and reduc-
tion of grain yield. Some tissue- and stage-specific
promoters should be applied to overexpress ZmACS7
individually or collectively, in order to decrease ear
height, promote brace root development, and enlarge
leaf angles below the ear, but not negatively affect grain
yield of maize. Equally important, using a specific
promoter to decrease leaf angles above the ear (e.g. by
knocking down ZmACS7 and ZmACS2 expression in
the auricles above the ear) is worth further investiga-
tion. Orchestrating ZmACS7 expression may help
maize adaptation to higher plant density, thereby in-
creasing maize grain yield per unit area.

MATERIALS AND METHODS
Plant Materials

The maize (Zea mays) Sdw3 mutant originated from a spontaneous mutation
in the field. The heterozygous mutant Sdw3/— was selected to self for five

generations to generate the near-isogenic lines (NILs) N18 (the wild type),
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Sdw3/— (the heterozygous mutant), and Sdw3 (the homozygous mutant). The
NILs of Sdw3 and transgene-generated lines, including the PC lines, ZmACS7
OX lines, and ZmACS2 OX lines, were grown in Beijing (40.1°N, 116.2°E),
China, in the summers of 2015 and 2017. The transgenic pZmACS7132:-
ZmACS75%%3 T, plants were grown in the greenhouse. ZmACS7 KO lines and
the transgenic L329” line (Supplemental Fig. S6) were grown in Beijing (40.1°N,
116.2°E), China, in the summer of 2019.

Positional Cloning

Sdw3 was crossed with inbred lines P11, B73, and Z58, and the F1 progenies
were backcrossed with their corresponding wild-type parents to develop three
BC1 populations. Initial mapping was performed using 86 molecular markers
that uniformly covered the entire maize genome (Www.maizegdb.org). With
use of a small P11 population of 96 individuals, the target gene was initially
mapped to the long arm of maize chromosome 10 between molecular markers
p-bnlg1250 and IDP8334. Ten molecular markers, M1 to M10, were developed
for fine mapping, as shown in Supplemental Table S1. With use of a large P11
population of 1404 individuals, the Sdw3 locus was further mapped between
molecular markers M3 and M10. Subsequently, Z58 and B73 populations of
over 10,000 individuals were screened, and the Sdw3 locus was ultimately
narrowed down to an 8-kb interval between markers M8 and M9.

RNA Extraction and RT-qPCR Analysis

Various tissues from different maize lines at different developmental stages
were collected separately, cut into small pieces, immediately frozen in liquid
nitrogen, and stored at —80°C. Each tissue sample had three independent bi-
ological replicates with at least six individual plants per biological replicate.
Total RNA was extracted from the samples using a Plant RNA Isolation Kit
(www.huayueyang.com.cn/) according to the manufacturer’s instructions.
Total RNA (1 ug) was reversely transcribed using a FastKing RT Kit (www.
tiangen.com/). RT-qPCR was performed using the 7500 Fast and 7500 Real-
Time PCR Systems (Applied Biosystems) with a SYBR Premix Ex Taq Kit
(www.takara.com.cn/). ZmActinl (GRMZM2G126010) was used for normali-
zation among samples. The primers used for RT-qPCR are listed in
Supplemental Table S1. The AACt method was used to measure the relative
expression levels of the target gene (Livak and Schmittgen, 2001). All data are
based on three independent biological replicates and four technical replicates.

Phylogenetic Analysis and Protein Sequences Alignment

The full-length protein sequences of the five annotated ACS isoforms from
maize and the 11 ACS isoforms from Arabidopsis (Arabidopsis thaliana) were
obtained from Gramene (www.gramene.org); AtACS3 was excluded as a
pseudogene. The 16 sequences were aligned using ClustalW embedded in
MEGA version 6.0 with default parameters. Phylogenetic trees were con-
structed using the neighbor-joining method with a Poisson model and 1000
bootstrap replications (Tamura et al., 2013). The program for multiple se-
quences alignment embedded in the DNAMAN v6 software (www.lynnon.
com/) was used to perform protein sequences alignment. In some cases, fine
manual adjustment after automatic alignment was conducted to generate an
anchoring alignment to highlight important motifs.

Quantification of Endogenous ACC and Ethylene Levels

For endogenous ACC measurements, the developing internode between leaf
7 and leaf 8, the sheath of leaf 8, and the developing ligular regions of leaf 8 and
leaf 9 of Sdw3 and N18 seedlings at the V7 stage were separately harvested. Each
sample was collected from six individual plants and pulverized in liquid
nitrogen. With use of the internal standard method, approximately 200 mg of
fresh plant tissue per sample was used to extract endogenous ACC, which was
measured using the QTRAP 5500 LC-MS/MS system (AB SCIEX; Xin et al.,
2020).

Endogenous ethylene levels were assayed as described previously, with
some modifications (Habben et al., 2014). The seventh and eighth leaf blades of
N18 and Sdw3 seedlings were harvested at the V7 stage, and a hole punch was
used to create small discs (6.33 mm in diameter). The discs were incubated for
2 h at 25°C to allow wounding-induced ethylene production to subside. One
hundred discs per sample were sealed in a 20-mL headspace vial with a rubber
cap. After incubation for 16 h at 25°C, ethylene levels in the vials were assayed
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by gas chromatography (Shimadzu GC-17A). Finally, the leaf discs were dried and
weighed to evaluate normalized ethylene levels with nine biological replicates.

Exogenous ACC and Ethephon Treatment

N18 and Sdw3 seeds were surface-sterilized in 10% (v/v) H>O, solution for
30 min, washed five times in sterile water, and germinated at 28°C for 36 hin the
dark on moist filter paper. The germinated seeds were sown in aseptic ver-
miculite and cultured in an illumination incubator for 1 week (60% relative
humidity; light, 26°C, 14 h; dark, 24°C, 10 h). The endosperm was removed
from the seedlings by hand, and uniform seedlings with one developed leaf
were transferred into an 18-L lightproof plastic case filled with full-strength
Hoagland solution (pH 6.0) containing 0.5 mm (NH4),SO,, 2 mm Ca(NOs),,
0.25 mm KH,POy, 0.75 mm K5Oy, 0.65 mm MgSO,, 0.1 mm KCl, 1 um MnSQOy,,
1 um ZnSOy, 0.1 um CuSOy, 0.005 um (NHy)sM07054, 1 um H3BO3, 0.1 mMm
FeSO,, and 0.1 mm EDTA-Na. Stock solutions of ACC or AVG were added to
the plastic cases and diluted in Hoagland solution to the corresponding con-
centrations (0, 1, 10, and 100 um ACC; 0 and 0.1 um AVG). The seedlings were
cultured in an artificial climate chamber for 3 weeks (60% relative humidity;
light, 26°C, 14 h; dark, 24°C, 10 h); the culture solution was renewed every 3 d.
All treated lines were harvested for morphology observation and quantitative
measurements after the fifth leaves had fully developed. Because the height of
maize seedlings is largely determined by the length of leaf sheaths, the length of
the fifth leaf sheath and the angle of the fifth leaf were measured.

N18 and Sdw3 seeds were planted in Beijing (40.1°N, 116.2°E), China, in the
summer of 2019. Beginning at the V7 stage, the leaves of N18 plants were
sprayed weekly with various concentrations of ethephon (250, 500, and 750
ppm; 20 mL per plant) until the tassels emerged. The control plants were
sprayed with the same amount of acidic double-distilled water (pH = 2.5),
because the pH of working solutions containing 250, 500, and 750 ppm ethe-
phon are 2.79, 2.56 and 2.42, respectively. At anthesis, plant height, ear height,
the length of the second internode above the primary ear, and the angle of the
first leaf above the primary ear were measured.

Plasmid Construction and Plant Transformation

To generate the pZmACS7-32%:ZmACS75%%3 construct, a 4172-bp DNA
fragment containing a 2660-bp putative native promoter of ZmACS7 amplified
from the genome of the transgenic acceptor L329 and the 1512-bp coding se-
quence of ZmACS7 amplified from the complementary DNA library of the Sdw3
mutant was cloned into the pCAMBIA3300M vector. Notably, the putative
promoter of ZmACS7 used in our study had been submitted to National Center
for Biotechnology Information (NCBI)’s GenBank database. The CRISPR/Cas9
plasmids to alter the CTD and knockout ZmACS7 were constructed as previ-
ously described (Xing et al., 2014). Briefly, two specific 19-bp Cas9 guide se-
quences (Supplemental Figs. S7A and S15A) near the transposon insertion site
and the translation start site of ZmACS?7, respectively, were designed using
CRISPR-P (http:/ /cbi.hzau.edu.cn/cgi-bin/CRISPR) and introduced into the
pBUE411 vector. The introduced sequences from the Cas9 constructs in the
transgene-derived PC and KO mutants were screened and excluded. In
addition, to construct the overexpression plasmids (Ubi:ZmACS7 and
Ubi:ZmACS2), the full coding sequences of ZmACS7 and ZmACS2 from B73
were fused into the pBCXUN vector (from the Center for Crop Functional
Genomics and Molecular Breeding of China Agricultural University [CAU])
driven by the maize ubiquitin promoter. The primers used for cloning are listed
in Supplemental Table S1. The pZmACS7-32%:ZmACS75%3 construct, the
CRISPR/Cas9 plasmids used for perturbation of the CTD of ZmACS7 (PC) and
knockout of ZmACS7 (KO), and the Ubi:ZmACS7 and Ubi:ZmACS2 constructs
overexpressing ZmACS7 and ZmACS2 (OX) were transformed into L329 by the
Center for Crop Functional Genomics and Molecular Breeding at CAU. The
PZmACS7"32%:ZmACS754%3 construct was also introduced into the transgenic
acceptor B104.

Preparation of Recombinant Proteins

The overall coding sequences of ZmACS7 from N18 and Sdw3 plants and
truncated DNA sequences expressing CTDs of ZmACS7 from N18 and Sdw3,
and the CTD that lacks the VHAS motif, were independently fused in-frame
with the HIS tag sequence in the pCold TF vector (www.takarabiomed.com.cn/
). The primers used are listed in Supplemental Table S1. The empty vector and
five recombinant plasmids were subsequently transformed into Escherichia coli
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strain BL21 for inducible expression. The expressed proteins were purified
using Proteinlso Ni-IDA Resin (www.transgen.com.cn/) according to the pro-
duct manual. The concentrations of purified proteins were measured using an
Enhanced BCA Protein Assay Kit (www.beyotime.com/).

Assay of the Specific Enzyme Activity of ZmACS7

The specific enzyme activity assay was conducted using ~8 pmol of newly
purified HIS-ZmACS7N'8 and HIS-ZmACS75%%3 fusion proteins in a 11.7-mL
headspace bottle containing 0.5 mL of reaction buffer (50 mm Tris-HCI, 4 mm
dithiothreitol, 20 um pyridoxal 5'-phosphate, and 150 um SAM [pH 8.0]) at 30°C
for 30 min. After 100 uL of 20 mm HgCl, was added to terminate the reaction,
the sample was precooled on ice for 3 min. Following the addition of 100 uL of a
1:1 (v/v) cold mixture of commercial NaClO (10% [w/v] available chlorine) and
saturated NaOH, the vial was immediately sealed with a rubber cap and in-
cubated on ice for 3 min, shaking once during the incubation. The ethylene
levels in the vial headspace were detected by gas chromatography (GC-17A,
Shimadzu; Luo et al., 2014).

Cell-Free Protein Degradation Assay

A cell-free protein degradation assay was carried out as described (Wang
et al., 2018b), with some modifications. Ten-day-old wild-type B73 seedlings
were harvested and ground into fine powder in liquid nitrogen. Total proteins
were extracted with degradation buffer (pH 8.0) containing 50 mm Tris-HCI,
0.5 M Suc, 1 mm MgCl,, 10 mm EDTA, 5 mum dithiothreitol, and 1 mm ATP. Cell
debris was removed by two 10-min centrifugations at 12,000¢ and 4°C, and the
supernatant was filtered through Miracloth (Calbiochem). The extract was
collected and supplemented with 50 um MG132 (APEXBIO) or dimethyl sulf-
oxide as a control. The newly purified HIS-CTDN!® (300 ng), HIS-CTD54w3
(308.5 ng), and HIS-CTDAVHAS (298.1 ng, the same molar amount as HIS-
CTDN'8 and HIS-CTDS#%3) proteins were incubated with 100 uL of total protein
extracts (~500 ug total proteins). The protein degradation reactions were car-
ried out in a 25°C water bath, and SDS-PAGE loading buffer was added to
terminate the reaction at different time points. Anti-HIS antibody was used to
detect HIS-CTD protein abundance by immunoblot analysis, and the band
intensity was quantified using Image] software (imagej.nih.gov/ij/).

Transcriptome Analysis

The developing internode between leaf 7 and leaf 8 and the developing ligular
regions of leaf 8 and leaf 9 of N18 and Sdw3 seedlings at the V7 stage were
separately sampled for total RNA extraction, with three biological replicates.
Library construction was performed using the Illumina HiSeq mRNA con-
struction method and sequenced on the Illumina Hiseq 4000 platform. RNA-seq
data analysis was conducted as previously described (Trapnell et al., 2012).
Briefly, after low-quality bases and adapter sequences were removed, the clean
data were mapped to the maize genome (AGPv3) with TopHat v2.1.0 (ccb jhu.
edu/software/tophat/). RNA-seq data were normalized as fragments per
kilobase of exon per million fragments mapped. The Cufflinks package was
used to assemble transcripts, compare and merge assembles, and identify
DEGs. When Sdw3 is compared with N18, a cutoff of twofold change or greater
in expression and a false discovery rate of q value <0.05 were used to screen the
DEGs. Two subsets of 15 DEGs were selected at random from the tran-
scriptomes of the internode and ligular region to confirm the reliability of the
RNA-seq data via RT-qPCR. The primers used for verification of the relative
mRNA levels of the DEGs via RT-qPCR are listed in Supplemental Table S1.
MapMan software first was used to perform a global view of the pathways
of DEGs in the internode and ligular region based on the functional annotation
file “Zm_B73_5b_FGS_cds_2012" (https://mapman.gabipd.org), and detailed
gene annotations were obtained from the Gramene database (www.gramene.
org). We then artificially selected and grouped the genes related to ethylene
biosynthesis, signaling and response, the genes determining cell elongation, the
genes reported to regulate leaf angle, and the genes that have been reported to
determine flowering time in maize to analyze the correlation of expression
patterns of DEGs and phenotypic changes.

Statistical Analysis

Microsoft Excel 2016 was used for data processing. F-test and Student’s ¢ test
were performed to compare two samples using the data analysis module in
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Excel. Tukey’s multiple comparison method was used after one-way ANOVA
to compare the means of three or more samples using IBM SPSS software.

Accession Numbers

Some DNA and protein sequences from this study can be found in the NCBI'’s
GenBank database under the following accession numbers: the transposon in-
cluding target-site duplication sequence: MK450314; ZmACS7N'® and CTDN'8,
MK450317; CTDAVHAS, MIN815769; ZmACS54%3 and CTDS#*3, MK450315; the
putative promoter sequence of ZmACS7, MK450316. RNA-seq data from this
article can be found in the NCBI's Short Read Archive sequence database under
the following accession number: GSE127448.
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The following materials are available in the online version of this article.

Supplemental Figure S1. Phenotypic comparison of N18, Sdw3/—, and
Sdw3 plants.

Supplemental Figure S2. Verification of the transposon insertion by PCR
and Sanger sequencing.

Supplemental Figure S3. Phylogenetic analysis of maize and Arabidopsis
ACS isoforms and protein sequence alignment of ZmACS7 and ZmACS2
with AtACS6.

Supplemental Figure S4. Internode and leaf morphology in ethephon-
treated N18 plants.

Supplemental Figure S5. Identification of positive Ty plants of the
pZmACS732%:ZmACS7%4%3 construct.

Supplemental Figure S6. Phenotypic comparison of L329 and 1329".

Supplemental Figure S7. Phenotypic analyses of PC and ZmACS7 OX
lines.

Supplemental Figure S8. Purified HIS-tagged proteins and protein turno-
ver of CTDN!8 and CTDAVHAS,

Supplemental Figure S9. Verification of DEGs (based on RNA-seq data)
by RT-qPCR analysis.

Supplemental Figure S10. Heat map representing expression patterns of
DEGs obtained by RNA-seq.

Supplemental Figure S11. Increased ZmACS7 function alters root mor-
phology in maize.

Supplemental Figure S12. Expression atlas of four ACS isoforms in maize.

Supplemental Figure S13. Analyses of ear traits in Sdw3 NILs, PC and
ZmACS7 OX lines.
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of ZmACS2 and ZmACS7.
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