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Here, we show a mechanism for expansion regulation through mutations in the green revolution gene gibberellin20 (GA20)-
oxidase and show that GAs control biosynthesis of the plants main structural polymer cellulose. Within a 12,000 mutagenized
Sorghum bicolor plant population, we identified a single cellulose-deficient and male gametophyte-dysfunctional mutant named
dwarfl-1 (dwfl-1). Through the Sorghum propinquum male/dwfl-1 female F2 population, we mapped dwfI-1 to a frameshift in
GA20-oxidase. Assessment of GAs in dwfl-1 revealed ablation of GA. GA ablation was antagonistic to the expression of three
specific cellulose synthase genes resulting in cellulose deficiency and growth dwarfism, which were complemented by exogenous
bioactive gibberellic acid application. Using quantitative polymerase chain reaction, we found that GA was positively regulating
the expression of a subset of specific cellulose synthase genes. To cross reference data from our mapped Sorghum sp. allele with
another monocotyledonous plant, a series of rice (Oryza sativa) mutants involved in GA biosynthesis and signaling were isolated,
and these too displayed cellulose deficit. Taken together, data support a model whereby suppressed expansion in green
revolution GA genes involves regulation of cellulose biosynthesis.

In all higher plants, development of upright plant
growth is advanced by a highly regulated process of cell
division, cell fate determination, and cell expansion (Xie
et al., 2011). Cell shape and morphogenesis are largely
acquired through anisotropic expansion, during which
the plant cell wall provides the structural integrity
needed to resist internal turgor pressure and simulta-
neously extend in a controlled and organized manner
(Cosgrove and Jarvis, 2012). Cellulose is the main load-
bearing component on the plant cell wall, and cellulose is
synthesized in a highly organized manner according to
the expansion state and growth pattern (Tsekos, 1999). A
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number of phytohormones are involved in regulating
expansion, including auxin (Paque et al., 2014), brassi-
nosteroid (Xie et al., 2011), the rapid alkalinization factor
peptide hormone (Haruta et al.,, 2014), cytokinin
(Downes and Crowell, 1998), and GAs (Keyes et al.,
1989). A complex and still poorly understood interplay
exists among phytohormones to precisely regulate cel-
lular expansion machinery.

Sorghum bicolor is one of the most agriculturally im-
portant grains produced worldwide (Paterson, 2008). It is
largely cultivated in Africa, India, China, and the United
States for both grain and biomass. An advantage that
Sorghum sp. holds over many other grain crops is drought
tolerance, an important trait in low-rainfall conditions
and anticipated climate change shifts (Schmidhuber and
Tubiello, 2007). The Sorghum sp. genome (730 Mb;
Paterson et al., 2009) is much smaller than maize (Zea
mays; 2,500 Mb) and most grasses (e.g. wheat [Triticum
aestivumy], 15,000 Mb; barley [Hordeum vulgare], 5,100 Mb),
and genetic tools are available (Paterson et al., 2009; Liu
and Godwin, 2012). Here, we aimed to isolate a cellulose-
deficient mutant from within a chemical mutagenesis
population, which we named dwarfl-1 (dwfl-1). From
here, we aimed to characterize the genetic mutation un-
derlying severe cellulose deficiency and aberrant expan-
sion in a dwfl-1. Most cellulose-deficient mutants have
been mapped to cellulose synthase (CESA) genes (Arioli
et al., 1998; Taylor et al., 2003; Sethaphong et al., 2013).
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dwf1-1 did not map to a CESA gene but rather, mapped to
a GA20-oxidase involved in GA biosynthesis. We then
sought to explore the feedback between dwarfism and
cellulose deficiency and used rice (Oryza sativa), because
many of the GA biosynthetic mutants are characterized
as green revolution genes. Chemical inhibition, exoge-
nous GA complementation, transcriptional analyses, and
phenotypic data were used to support our findings.

RESULTS

dwf1-1 Displays Dwarfed Morphology and Reduced
Cellulose Content

The Sorghum sp. dwfl-1 mutant arose from an M2
mutagenesis population that we developed (as de-
scribed in “Materials and Methods”). The mutant was
immedjiately identifiable compared with the wild type
because of a lack of expansion and extremely dwarfed

morphology (Fig. 1, A and B). Expansion defects and
dwarfed plant form persisted until reaching maturity
(Fig. 1B). The mutant displayed a reduction in total plant
height (Fig. 1C) equivalent to one-tenth the size of ma-
ture wild-type plants. Cellulose content was determined
in M2 dwf1-1 plants and found to be around 30% lower
than that in the wild type. Leaf and stem cellulose con-
tent was measured and found to be significantly lower
than that in the wild type in both phenological growth
stages assessed (Fig. 1D; P < 0.001 and P < 0.01,
Student’s ¢ test).

Infertile Pollen in dwf1-1 and Inheritance Analysis Using
Wild-Type Pollen

Inflorescence from dwfl-1 was unable to produce
seed. A plausible explanation was that severe cellulose-
deficient mutants, such as Arabidopsis (Arabidopsis
thaliana) cesal and Atcesa3, were determined to be male
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Figure 1. dwf1-1 displays dwarfed plant form and cellulose deficit. A, Wild-type (WT) and dwf7-1 plants grown in natural light
conditions for 2 weeks in the greenhouse (24°C). Bar = 5 cm. B, The fully expanded mature wild type and dwf7-1. Bar = 25 cm.
C, Height measurement between dwf1-1 and the wild type evaluated at maturity (n=100). D, Cellulose content was measured as
a proportion of AIR and determined on leaves and stems of dwf71-1 and the wild type (n = 4; error bars indicate sem). Asterisks
indicate significance by Student’s t test. **, P = 0.01; ***, P =0.001.
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gametophytic lethal (Persson et al., 2007), and this may
also be the case for dwf1-1. We therefore characterized
pollen viability and germination (Fig. 2). It was found
that the dwfl-1 pollen did not germinate compared with
robust germination in the wild type (Fig. 2, D-F). Ger-
mination in the wild type was approximately 45%, and
this rate is in agreement with previous reports indi-
cating the germination rates in Sorghum sp. (Lansac
et al.,, 1994; Tuinstra and Wedel, 2000; Burke et al.,
2007). Additional histochemical staining with aniline
blue, 4’,6-diamidino-2-phenylindole, and Fluorescein
Diacetate also showed differences in the health of
dwfl-1 pollen. Approximately one-half of the dwfl-1
pollen grains were found to be nonviable according to a
modified Alexander stain method (Peterson et al., 2010;
Fig. 2, A-C). To test for female gametophyte fertility, we
crossed wild-type pollen onto the stigma of dwfI-1, and
the resulting cross was fertile and capable of producing
viable seed.

For trait inheritance analysis, pollen from the wild
type was used and crossed into dwfl-1. Because the
mutant arose from the M2, we anticipated it to be a re-
cessive trait. This was quantitatively verified in the F2
dwfl-1 and wild-type cross. Here, 440 seedlings were
assessed, and it was determined that 346 were pheno-
typically equivalent to the wild type and that 94 were
dwfl-1, which was statistically a 3:1 ratio (y* = 1.634,
degrees of freedom = 1, P > 0.05). Additional popula-
tions were analyzed, and they verified a consistent 3:1
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GA and Cellulose Synthesis

inheritance of the trait. Thus, we observed dwfI-1 inher-
itance that was consistent with a single recessive gene
inherited in a Mendelian manner.

The dwf1-1 Mutation Maps to a GA20-oxidase and Not to a
CESA Gene

The parental lines used for map-based cloning were
dwfl-1 (parent 1) as the female receptor and wild-type
species Sorghum propinguum (parent 2) as the pollen
donor, and the segregating population in the F2 gener-
ation was assessed. Genetic markers for S. bicolor X
S. propinquum were derived from the works by Bhat-
tramakki et al. (2000) and Billot et al. (2013). Bulked
segregant analysis allowed for a linkage of dwfl-1 to
the lower arm of chromosome 10. Additional markers
from chromosome 10 were obtained (Xu et al., 1995;
Bhattramakki et al., 2000; Kong et al., 2000, 2013; Menz
etal., 2002; Billot et al., 2013), and we determined that the
mutation was associated to a region approximately 8-cm
long between the genome landmark of Xtxpl41 and
Xcup3 (Fig. 3, A and B). Selected Cleaved Amplified
Polymorphic Sequences (CAPS) markers and chromo-
some walking linked the mutation to a group of GA20-
oxidases. Cloning and sequencing (all primers in
Supplemental Table S1) of the GA20-oxidase identified a
frameshift mutation, which caused the loss of 60 amino
acids within the first splice variant and 40 amino acids in
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Figure 2. Pollen viability and germination are dysfunctional in dwf7-1. A, Example of wild-type (WT) pollen that has been stained
with 4',6-diamidino-phenylindole to show the three-nucleated pollen grain and spherical shape. nu-g, Germinative nuclei; nu-v,
vegetative nuclei. Bar = 10 um. B, Representative example of dwf1-1 pollen highlighting internally collapsed surface, absence of
nuclei, and aberrant spherical shape. Bar = 10 um. C, Viability of pollen grains determined by a modified Alexander stain (n =
100; error bar is sem of three technical replicates). Asterisks indicate significance by Student’s ttest. **, P=0.01. Light micrographs
of pollen germination determined in the wild type (D) and dwf1-1 (E). In the wild type, evidence of the protruding annulus (an) and
the germinating pollen tube (PT) is noted, but they are absent in dwf7-1. Bar = 10 um. F, Germination rate determined as the
percentage of pollen that developed the pollen tube (error bars represent sem; n = 3 independent replications [100 counts eachl).

Asterisks indicate significant difference. ***, P =0.001.
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Figure 3. Map-based cloning of dwf1-1. A, Physical map of chromosome 10 with relevant SSR markers (Kong et al., 2013). B,
Genomic region between SSR markers Xtxp141 and Xcup43 with the location of the genetic locus for the GA20-oxidase
(§b10g028050). C, The three alternative gene models (splice variant) determined for Sb70g028050 with the position of the
frameshift mutation highlighted. D, CAPS marker for the area containing the mutation observed in the dwf1-1 population (ex-
amples 1-3) but not in wild-type S. propinquum (P2; plant specimen indicated by red arrows).

the remaining two alternative splicing forms of the gene
(Fig. 3C; Sb10g28050). CAPS marker within the region
containing the mutation verified the mapping popula-
tion, with all but the parental S. propinquum containing
the mutation (Fig. 3D).

Undetectable Levels of GAs in dwf1-1

A metabolic investigation of plant hormones was per-
formed (Plant Hormone Analysis Laboratory; National
Research Council of Canada). Numerous GAs were pre-
sent in wild-type tissue, including GA3, GA7, GA19,

GA20, GA24, GA44, and GA53 (Fig. 4). By contrast, no
detectable GAs were measured in dwfl-1 (Fig. 4). These
data implied that the early 13 hydroxylation pathway
conducive to formation of bioactive GA1 and GAS8
(not bioactive GA; GA53 — GA44 — GA19 — GA20 —
GA29 —» GA1 — GAS8) was dysfunctional in dwfl-1. In the
assessment of hormones (Plant Hormone Analysis Lab-
oratory; National Research Council of Canada), GA12
was not included, and GA53 was detected at 4 ng g~ ' dry
weight of wild-type tissue, which was not represented
graphically (Fig. 4). The absence of any significant levels
of GAs in the dwfl1-1 was consistent with a metabolic block
in the biosynthetic pathway and the genetic dysfunction

Figure 4. Analyses of GAs. dwf1-1 and the wild 50
type grown were examined for the occurrence of Gibberellins awf1-1
12 key metabolic GAs. No GAs were detected in 451 B wT
the dwf1-1, whereas the main GAs in the 13 early
hydroxylation pathway were quantified for the 40
wild type (WT). DW, Dry weight. g 35 ]
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in the GA pathway. Additionally, sampling time may
have been important to reveal the abundance of different
GAs. For example, in our analysis, we did not detect
GAl, GA4, or GAS, but the precursors were evident in
wild-type tissue: GA19 to GA20 to GA4 to GA1. GAs are
highly regulated by light and photoperiodism, and a
prior study (Lee et al., 1998) showed that the highest
level of GA53 corresponds to the lowest levels of GA1
and GAS8. It was, therefore, plausible that our sampling
focused on a proportionally high point in production of
GA53 and GA19, which correspondingly overlapped
with a low sampling point for GA1 and GAS8. Impor-
tantly, transcriptional analysis of early genes in GA
biosynthesis (stages 1 and 2; Hedden and Kamiya, 1997;
Hedden and Phillips, 2000) revealed a lack of differential
expression (Supplemental Fig. S1). These data were
consistent with the downstream position of GA20-oxidase
in the GA pathway. Other hormones analyzed (auxins
and cytokinins) failed to display notable differences in
accumulation (Supplemental Fig. S2). Taken together,
data were consistent with a nonredundant role for the
GA20-oxidase encoded by dwfI-1 in biosynthesis of GA.

dwf1-1 Phenotype Is Rescued by the Application of
Exogenous GA,

In prior studies, phenotypes linked to GA deficit could
be complemented with exogenous GA (Hedden and
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Phillips, 2000). Furthermore, recent chemical comple-
mentation experiments of GA mutants in Sorghum sp.
used application of exogenous GA; (Ordonio et al.,
2014), consistent with the work by Lee et al. (1998).
Therefore, we hypothesized that the genetic block lead-
ing to no bioactive GAs in dwf1-1 could be chemically
complemented by application of exogenous GA,. Im-
portantly, this was a two-tiered question to establish
whether either or both (1) cellulose deficiency and (2)
dwarf phenotype could be complemented using GA,
applied to dwfl-1. Because of male gametophytic
lethality, the homozygous dwf1-1 seedlings were selected
from a segregating F2 population. Upon transplanting
homozygous dwfl-1 to GAs-supplemented media, the
dwarfed growth phenotype was fully rescued (Fig. 5, A
and B). On a timescale, within 2 d of GA; application, the
dwfl-1 (height) grew 60% in length compared with the
dwf1-1-control. Wild-type plants also reached a greater
height (7.6% increase) compared with the untreated
wild-type control. After 5 d of exposure, wild-type
plants exposed to GA; displayed a 12% increase com-
pared with untreated controls. However, the dwf1-1 was
120% longer than dwfl-1 controls after 5 d and pheno-
typically indistinguishable from the wild type. These
data support chemical complementation of the dwfl-1 by
GA,, which is in agreement with the lack of GAs. Also,
cellulose deficit in dwfl-1 was rescued with exogenous
GA,. Here, after 7 d exposure to 5 um GA,, the cellulose
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Figure 5. Chemical complementation of dwfT-1. A, Visual assessment of dwf7-1 and the wild type (WT) grown for 5 d in media supplemented
with exogenous GA,. Bar = 1 cm. B, Proportional growth observed on the GA;- versus the non-GA-treated wild type and dwf1-1. Proportions
are presented. Statistical assessment was performed on expansion capacity of aerial plant tissue with n =4 with five technical replicates. C, Bars
indicate cellulose content (as a proportion of AIR). Control is untreated compared with the GA-treated wild-type and dwf1-1 samples (n=4
with five technical replicates; error bars represent sem). Asterisks indicate significance by Student’s t test. **, P =0.01; ***, P = 0.001.
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content in dwfl-1 was almost identical to that in the wild
type, and although marginally lower, it was found not to
be significantly different (P = 0.1246, Student’s f test; Fig.
5C). Thus, cellulose and dwarfism phenotypes in dwf1-1
were linked to a GA deficit as expected from the genetic
linkage data.

In addition to dwarfism and cellulose deficiency, the
dwfl-1 line was characterized by male sterility. There-
fore, we sought to determine if the application of GA,
could revert male infertility. After GA, application, it
was found that the inflorescences were able to set seeds,
albeit in a small percentage (5%-10%). The plantlets
arising from seeds were phenotypically equivalent to
the maternal dwf1-1 line.

GA Inhibition Reduces Cellulose Synthesis in the Wild
Type But Not in dwfl-1

By theory, pharmacological inhibition of GA bio-
synthesis should phenocopy genetic dysfunction with
respect to causing reduced cellulose synthesis. This
experiment was also important to pharmacologically
mimic the dwf1-1 mutant. To test this, after plants were
sufficiently past seedling emergence stage and the first
true leaves began to expand, they were transplanted to
media supplemented with 0.2 or 0.4 mm chlorocholine
chloride (CCC) and 0.2 or 0.4 mm daminozide (DMZ),
both inhibitors of GA biosynthesis. In the wild type, a
substantial drop in cellulose was observed after inhi-
bition of GA (Fig. 6; P = 0.001), consistent with the
genetic data earlier presented. By contrast, in the dwf1-1
mutant background, there was no significant change in
the cellulose content after pharmacological inhibition of
GA (Fig. 6). Therefore, GA regulation, both geneti-
cally and pharmacologically, may account for a signif-
icant capacity of cellulose biosynthesis in Sorghum sp.
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Figure 6. Pharmacological inhibition of GA causes cellulose deficit.
The result of applying two different GA inhibitors (DMZ and CCC) was
assessed compared with untreated controls (C). Cellulose content was
measured as the proportion of AIR in wild-type (WT) and dwf1-1
plantlets (aerial tissue) after 10 d of exposure compared with C. ANOVA
was used to established significance between and across groups (n = 4
with five technical replicates). Different letters indicate significance
established at P = 0.05.
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However, our observations do not exclude contribu-
tions to cellulose regulation from other mechanisms.

Rice GA Mutants Phenocopy Sorghum sp. dwf1-1 in
Cellulose Deficiency

In lieu of our map-based cloning of a single mutant
allele identified from within our 12,000 Sorghum sp.
population and the difficulties in transformation of the
parental sweet Sorghum sp. variety for single-gene
complementation, we sought to identify alleles in an-
other monocotyledonous species: rice. To evaluate how
GA dysfunction impacted cellulose biosynthesis, six GA-
related mutant lines with semidwarf or dwarf pheno-
types were examined (Fig. 7). Two groups of semidwarf
mutants defective in GA biosynthesis were investigated.
Mutant alleles of semidwarf-1 (sd-1; ga20-oxidase), in-
cluding two sd-1 intermediate alleles (sc®™ and
scShm’m”) and one sd-1 null allele (sc™7; Xia et al,, 1991; Ogi
et al., 1993; Irie et al., 2008), were grown alongside and
compared with their parent wild-type Norin 29 (Fig. 7).
Here, sc®™ is the weakest allele, and sc'™" is the most
severe (Okuno et al., 2014). Corresponding, mutations all
induced a reduction in cellulose biosynthesis (milligrams
per gram cell wall acid-insoluble residue [AIR]).

To further explore the link between GA and cellulose
biosynthesis, we examined cellulose content in a mild
mutation in ent-kaurene oxidase (KO; Tan-Ginbozu),
which catalyzed an early step in GA biosynthesis (Itoh
etal.,, 2004; Okuno et al., 2014) compared with its parental
Ginbozu. This class of mutation in the GA biosynthetic
pathway also resulted in less cellulose content (milligrams
per gram AIR) than that in parental plants (Fig. 7).

We questioned whether dysfunctional GA signaling
may also cause reduced cellulose content. Therefore,
we examined mutations in SLENDER1 (SLR1) and
GIBBERELLIN INSENSITIVE DWARF1 (GID1). SLR1-d1
is a mutant encoding a constitutively active form of a
suppressor protein for GA signaling: SLR1 (Ueguchi-
Tanaka et al., 2007; Asano et al., 2009). By contrast,
GID1 encodes a soluble GA receptor that positively
regulates GA signaling (Ueguchi-Tanaka et al., 2007),
and thus, the above two mutants both show suppressed
GA signaling. Interestingly, the reduction in cellulose
content was modest and relatively consistent for GA
signaling mutants compared with more severe GA bio-
synthetic mutants (Fig. 7).

Specific CESA Transcripts Were Down-Regulated in
dwf1-1 Mutant and Conversely Activated by Exogenous
GA Application, Suggesting Regulatory Specificity

CESA genes were bioinformatically annotated based
on prior phylogenetic studies that included Arabidopsis,
setaria (Setaria viridis), and maize along with Sorghum sp.
(Petti et al., 2013). Based on bioinformatic data available,
we annotated a total of eight Sorghum sp. genes as CESA;
they were Sb09g005280, Sb03g004310, Sb01g004210,
Sb02g006290, Sb02g007810, Sb01g019720, Sb02g025020,
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and Sb02g010110. Little is known about specific prop-
erties of the CESA complex in Sorghum sp., but by con-
trast, we know that primary and secondary cell wall
CESA complexes acquire a heterotrimeric configuration
in Arabidopsis (Desprez et al., 2007; Persson et al., 2007)
with a probable stoichiometry of 1:1:1 (Gonneau et al.,
2014), which displays coexpression at the transcriptional
level (Brown et al., 2005; Persson et al., 2005). Although
we cannot safely overlay data from the Arabidopsis
system on monocotyledons because of notable differ-
ences in vascular development and physiological adap-
tations, we examined homology to functionally
characterized CESA from Arabidopsis with the Sorghum
sp. accessions. Results were Sb09g005280 (CESA1-like or
CESA10-like), Sb03g004310 (CESA1-like or CESA10-like),
Sb01g004210 (CESA3-like), Sb02g006290 (CESAS3-like),
Sb02g007810 (CESA6-like), Sb01g019720 (CESA4-like),
Sb02g025020 (CESA7-like), and Sb02g010110 (CESASI-
like). For our study, we sought to ask whether any dif-
ferential expression occurred in dwfl-1. The transcripts
that we annotated as primary cell wall-related
Sb09g005280 (CESA1-like or CESA10-like), Sb01g004210
(CESA3-like), and Sb02g007810 (CESA6-like) were differ-
entially down-regulated in a similar manner (Fig. 8; P <
0.001). All other genes were not differentially expressed.
These included putative CESA genes annotated as most
homologous to the Arabidopsis cluster of three second-
ary cell wall CESA genes (CESA4, CESA7, and CESAS;
P > 0.05; Fig. 8). Although this does not rule out GA-
mediated regulation of secondary cell wall CESAs, it does
illustrate a clustering of putative CESA genes that were
down-regulated in the GA-deficient dwfl-1. To query
transcriptional regulatory features, we examined the
promoter region (4,000 bp upstream) of all CESA genes
for the presence of cis-trans acting elements, particularly
those related to hormone response in prior studies. The
promoters of both primary and secondary CESA genes

Norin29
ScReimei
ScShiranui
ScTN-1
Sir1-d1
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gid1-8

Ginbozu

Tan-Ginbozu

contained putative GA-, cytokinin-, and auxin-
responsive elements (Supplemental Table S2). No
clear pattern was evident, suggesting that additional
work will be needed to decipher the transcriptional
regulatory machinery involved.

To advance the question of whether GA was capable
of positively regulating CESA transcription, we quanti-
fied transcript abundance for the CESA genes that were
differentially down-regulated in dwfl-1 in wild-type
Sorghum sp. after the addition of exogenous bioactive
GA,;. The experiment was performed by exogenously
applying GA; to 10-d-old light-grown (16-h-light/8-h-
dark cycle) Sorghum sp. seedlings for 1 h. Normalized
against wild-type expression, the addition of GA, caused
modest but significant increased gene expression for all
three putative CESA genes (Fig. 9). In the dwfl-1 mutant,
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Figure 8. Transcriptional analysis of Sorghum sp. CESAs. The relative
expressions of primary and secondary cell wall SbCESA genes (Petti et al.,
2013) were determined by quantitative reverse transcription-PCR in 14-d-
old plantlets (aerial tissue) from the wild type (WT) and dwf1-1. Error bars
indicate sem of three replicates. ***, Significance (P = 0.001).
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we also examined gene expression before and after the
addition of GA;. In contrast with data from wild-type
plants, the expression of CESA genes in dwfl-1 was
highly increased (5-fold) after GA,; addition (Fig. 9).

DISCUSSION

Our forward genetics screen was in Sorghum sp. be-
cause of prior genetic screens for altered cellulose being
performed in Arabidopsis. There are prominent differ-
ences between dicot and monocot cell walls. Arabidopsis
has a type I cell wall, whereas most economically im-
portant biomass and grain crops are grasses with di-
vergent type II cell walls (Carpita and Gibeaut, 1993).
Our primary screen was for (1) dwarfed plant form and
(2) cellulose deficit, which revealed dwfl-1. Map-based
cloning of dwfl-1 to SbGA20-oxidase was in contrast to
both our expectations. Certainly, dwarfed and fertility-
compromised mutant phenotypes were highly consis-
tent with GA mutants, such as gal-3 (Cheng et al., 2004)
and gid1 (Aya et al., 2009) and also, show similar growth
defects in rice (Sasaki et al, 2002) and Arabidopsis
(Plackett et al., 2012) GA20-oxidase mutants. In fact, the
rice GA20-oxidase mutant was isolated as a green revo-
lution locus (Sasaki et al.,, 2002). However, current
studies have mapped cellulose-deficient mutants to only
a handful of genes, and most of these are CESAs (Arioli
etal., 1998; Fagard et al., 2000; Desprez et al., 2002; Daras
et al, 2009) or a small handful of CESA accessory
proteins, including POM2/CELLULOSE SYNTHASE
INTERACTINGI (Lei et al., 2012), COBRA (Roudier
et al., 2005), and KORRIGAN (Lane et al., 2001). With a
genetic screen for cellulose deficit linked to GA20-oxidase,
we uncovered a GA-mediated mechanism for regulating
cellular expansion. Importantly, this result was sup-
ported by pharmacological inhibition of GA, which also
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Figure 9. Transcriptional analysis of Sorghum sp. CESAs after GA ap-
plication. The relative expressions of primary cell wall SbCESA genes
were determined by quantitative reverse transcription-PCR in 7- to 10-
d-old plantlets (aerial tissue) from the wild type (WT) and dwf1-1 with
and without GA; addition. Error bars indicate sem of three replicates.
Asterisks indicate significant difference. *, P = 0.05; **, P = 0.01; ***,
P =0001.
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led to cellulose deficit (Fig. 6). Correspondingly, in both
wild-type parental lines and the dwfl-1 mutant CESA,
transcript abundance was significantly greater after ex-
ogenous GA, addition (Fig. 9), suggesting positive reg-
ulation. Thus, an obvious question from these results is
whether cellulose deficit could be the feature of GA
deficit that leads to poor pollen viability and dwarfed
growth form. Several logical points are consistent with
this possibility. Both Atcesal and Afcesa3 mutants are
pollen lethal and severely dwarfed (Persson et al., 2007)
as is dwfl-1. Dwarfed growth is a common feature of
cellulose deficiency (Fagard et al., 2000; Desprez et al.,
2002) and GA deficit (Koornneef and van der Veen,
1980). Furthermore, transcriptional feedback was ob-
served between GA deficit in dwfl-1 and primary cell
wall CESAs (Fig. 7), which are known to be coregulated
(Brown et al., 2005; Persson et al., 2005).

Primary and secondary cell wall cellulose biosyntheses
have quite different roles in plant development. Tran-
scriptional control of secondary cell wall CESAs has been
studied, and several members of the NAC (for NAM [No
Apical Meristem], ATAF1-2, and CUC2 [Cup-Shaped
Cotyledon]) family of transcription factors have been
identified as key regulators (Yamaguchi et al.,, 2010). In
primary cell wall cellulose synthesis, posttranscriptional
(Held et al., 2008) and posttranslational control (Chen
et al.,, 2010) features have been observed. Our results
support the role of GA as a positive regulator of CESA
initiated transcriptionally. However, an additional ques-
tion is how other hormones needed for expansion fit with
proposed GA regulation of cellulose biosynthesis. For
example, auxin and brassinosteroid are also critical for
controlled expansion (Frigerio et al., 2006; Xie et al., 2011;
Wolf et al., 2012; Paque et al., 2014). Prior evidence sug-
gests cross talk between auxin and GA metabolism in
Arabidopsis to regulate expansion (Frigerio et al., 2006),
which in some circumstance, can involve auxin signaling
upstream of the GA (Paque et al.,, 2014). Furthermore,
dysfunction in brassinosteroid levels also seems to influ-
ence both primary and secondary cell wall cellulose bio-
syntheses. This signal either exists divergent of GA as a
developmentally or environmentally induced signal or
interacts with GA. Deciphering such a regulatory signal-
ing pattern will be important for our understanding of
anisotropic expansion in plants. GA responsive elements
(Chen et al., 2006) were identified within the promoter of
Sorghum sp. CESA genes, suggesting the possibility for
direct regulatory features. During review of this article,
Huang et al. (2015) published a causal association be-
tween GA signaling and the secondary cellulose biosyn-
thetic process in rice. Huang et al. (2015) propose a model
whereby GA-mediated DELLA-NAC (SLR1) signaling of
an MYB transcription factor directly regulates CESA
transcription, which is consistent with prior studies
(Yamaguchi et al., 2010). Huang et al. (2015) also illustrate
a vehicle for possible interaction with auxin-mediated
development (Frigerio et al., 2006; Paque et al., 2014),
which is where SLR1 (NAC) has been previously char-
acterized in Arabidopsis lateral root formation (Fukaki
et al., 2002). It will be interesting to examine whether the
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rice pathway is conserved in Arabidopsis and other spe-
cies and how GA responses intersect with other hormonal
signals during the regulation of plant expansion.

Classically involved in stem elongation, a mechanism
for expansion regulation through GA involves antago-
nistic signaling between light and GAs (de Lucas et al.,
2008). Interestingly, recent evidence suggests that
PHYTOCHROME INTERACTING FACTOR4 (PIF4) in-
fluences the cellulose biosynthetic process (Bischoff et al.,
2011) in Arabidopsis. PIF4 positively regulates genes
involved in cellular expansion, and this is negatively
regulated by the light photoreceptor phytochrome B
(Huq and Quail, 2002). The transcriptional activity of
PIF4 is also blocked during light signaling by DELLA
that binds to the recognition sites for target genes (de
Lucas et al., 2008). Taken with the findings by Huang
et al. (2015), here, the switch to photomorphogenesis
upon exposure to light inhibits hypocotyl expansion
through PIF4. Understanding whether interplay exists
between GA-mediated photomorphogenesis and the
regulation of the DELLA-NAC transcriptional machin-
ery (Huang et al., 2015) will be interesting future work.

Because cellulose was significantly reduced but not
ablated in dwfl-1, the possibility exists that GA regula-
tion provides a necessary biosynthetic cue to maximize
cellulose production during cell wall development. We
postulate that high-density organization of cellulose and
a requirement for biosynthesis during key times of cel-
lular expansion likely need regulatory mechanism(s) to
adequately allocate resources. GA seems to directly ful-
fill one such role in regulating cellulose biosynthetic
processes in Sorghum sp. and rice.

MATERIALS AND METHODS

Generating Ethyl Methanesulfonate Mutagenesis
Population in Sorghum sp.

Ethyl methanesulfonate (EMS; Sigma) causes preferential alkylation of guani-
dine and thus, a shift of G:C base paring to A:T and was used to generate an
mutagenesis population in Sorghum bicolor (the parental wild type). Approximately
12,000 seeds were exposed to a lethality-based saturation assay to establish the
required dose of EMS needed (0.25%-1.5% [w/v] with a stepwise increase of
0.25% [w/V]), the optimal EMS concentration being estimated as 0.75% (w/v).
Seeds were then exposed to 0.75% (w/v) EMS for 12 h followed by neutralization
in sodium thiosulfate (0.2 M) and sequentially washed (MO generation). They were
air dried and sown on soilless media (MetroMix 360; SunGro Industries) supple-
mented with 3 g of Osmocote (The Scotts Company) at field water conditions.
Seedlings were grown in a temperature-controlled greenhouse before being
transplanted to the field after 6 weeks. Plants were phenotypically scored for the
occurrence of aberrant expansion and reduced cellulose content. One such line
named dwfl-1 was identified. For height estimation, 100 plants that were green-
house grown were used for the mutant and the wild type. Plants of interest had their
inflorescence bagged upon emergence to promote self-pollination. When this failed
in the case of duwfl-1, the reciprocal cross between the wild type and dwfl-1 was
performed. Viable progeny and inheritance of the trait were ultimately established
using pollen from the wild type and dwfl-1 as the pollen receptor. The F2 population
resulting from this cross was analyzed for the inheritance of the duwyfI-1 trait.

Additional Plant Material
For the rice (Oryza sativa) sd-1 mutants, three isogenic lines (two intermediate
alleles [sc®™ and sc>"™] and one null allele [sc'™"]) were used with their

recurrent parent, Norin 29 (Xia et al., 1991; Ogi et al., 1993; Irie et al., 2008). For
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the rice KO mutant, Tan-Ginbozu was used with its original cv Ginbozu (Itoh
et al., 2004). For the rice GA-signaling mutants, gid1-8 and SIr1-d1 were used
with their original cv Taichung 65 (Ueguchi-Tanaka et al., 2007; Asano et al.,
2009). Briefly, seeds of each rice variety were surface sterilized and planted on
one-half-strength Murashige and Skoog medium agar plates with and without
GA; (5 um) supplementation. Seeds were germinated and grown in a vertical
position in an environmentally controlled growth chamber at 24°C with a 16-h-
light/8-h-dark cycle. Biomass from the first internodes was used for the anal-
ysis of cellulose content of GA-deficient mutant rice varieties along with the
respective wild-type controls. For cellulose analysis (described below), three
composite biological replicates consisting of five seedlings each were used
along with three technical replicates. Total seedling lengths were recorded for
areal tissue 10 d postgermination.

Cellulose Quantification

Cell walls were prepared according to the work by Reiter et al. (1993), and
cellulose estimation was completed on 5 mg of sample according to the work by
Updegraff (1969). To standardize the comparison, tissue was staged (Petti et al.,
2013) and used for biological and technical replicates. Whole stems were used,
and leaves of identical position and age were collected from the mutant and the
wild type.

Pollen Viability and Germination Test

Viability of the pollen grains for both the mutant and the wild type was tested
according to the work by Peterson et al. (2010) in triplicate and at different times
to account for the intrinsic variability of pollen viability (Lansac et al., 1994;
Tuinstra and Wedel, 2000; Burke et al., 2007). Pollen and germinability of the
dwfl-1 and wild-type pollen were tested according to the works by Lansac et al.
(1994) and Tuinstra and Wedel (2000) (n = 3; 100 counts each).

Mapping of the dwf1-1 Mutant

Bulked segregant analysis was used to determine the mutation underlying
the dwarf phenotype. The parental lines used were dwfI-1 (parent 1) as the
female receptor and the wild-type species Sorghum propinquum (parent 2) as the
pollen donor. Genetic markers used were simple sequence repeats (SSRs)
characterized and described for a similar cross type (S. bicolor X S. propinquum)
in the works by Bhattramakki et al. (2000) and Billot et al. (2013). SSRs were
tested for polymorphism in the parental lines P1 and P2 and a heterozygous F1.
The SSRs displaying polymorphism were used for the analysis of the two bulks
comprised of 25 individuals in each bulk. Equal amounts of purified DNA
(4 ug) were used to generate the bulked DNA, and the final concentration used
for the PCR analysis was 50 ng uL~'. PCR products were visualized on a 3.5%
(w/v) agarose gel and scored as P1, P2, or heterozygous. After chromosomal
linkage, SSRs from published resources (Bhattramakki et al., 2000; Kong et al.,
2000, 2013; Billot et al., 2013) and CAPS markers were developed to obtain a
close association to a genetic marker on a population of 200 segregants of dwfl-
1. Chromosome walking was used to identify targets genes, which were then
PCR amplified and sequenced. Sequences were compared with the reference
S. bicolor genomes sequence (Paterson et al., 2009) and S. propinquum (Mace
et al., 2013).

Hormone Analysis

GAs (GA1, GA3, GA7, GA8, GA19, GA20, GA24, GA29, GA34, GA44, GA51,
and GA53), auxin, and cytokinins were examined as described in the works by
Abrams et al. (2003), Ross et al. (2004), and Zaharia et al. (2005). These analyses
were commercially determined as a fee for service product by the National
Research Council of Canada. Arial tissue samples for both dwf1-1 and the wild
type were light-grown 10-d-old seedlings.

Chemicals and Calibration Curves

A number of compounds, namely dihydroxyphaseic acid, abscisic acid
(ABA)-glycosyl ester (GE), phaseic acid (PA), 7'- OH-ABA, neoPA, trans-ABA,
and indole-3-acetic acid (IAA)-Glu, were synthesized and prepared at the Na-
tional Research Council of Canada. ABA, TAA-Leu, TAA-Ala, TAA-Asp, TAA,
zeatin (Z), zeatin-riboside (ZR), isopentenyladenosine riboside, and iso-
pentenyladenosine were purchased from Sigma-Aldrich. dhZ and dhZR
were purchased from Olchemim Ltd., and GA1, GA3, GA4, GA7, GAS8, GA9,
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GA19, GA20, GA24, GA29, GA44, and GA53 were purchased from the Research
School of Chemistry, Australian National University. Deuterated forms of the hor-
mones that were used as internal standards included d3-dihydroxyphaseic acid, d5-
ABA-GE, d3-PA, d4-7'-OH-ABA, d3-neoPA, d4-ABA, d4-trans-ABA, d3-IAA-Leu,
d3-IAA-Ala, d3-TIAA-Asp, and d3-TAA-Glu, and they were synthesized and pre-
pared at the National Research Council of Canada according to works by Abrams
et al. (2003) and Zaharia et al. (2005). d5-IAA was purchased from Cambridge
Isotope Laboratories. d3-dhZ, d3-dhZR, d5-Z-O-Glu, d6-iPR, and d6-iP were pur-
chased from Olchemim Ltd. d2-GA1, d2-GA3, d2-GA4, d2-GA7, d2-GAS8, d2-GA9,
d2-GA19, d2-GA20, d2-GA24, d2-GA29, d2-GA34, d2-GA44, d2-GA51, and d2-
GA53 were purchased from the Research School of Chemistry, Australian Na-
tional University. Calibration curves were created for all compounds of interest.
Quality control (QC) samples were run along with the tissue samples.

Instrumentation

Analysis was performed with ultraperformance liquid chromatography
(UPLC)/electrospray ionization-mass spectrometry (MS)/MS using a Waters
ACQUITY UPLC System equipped with a binary solvent delivery manager and
a sample manager coupled to a Waters Micromass Quattro Premier XE
Quadrupole Tandem Mass Spectrometer through a Z-spray interface. Mas-
sLynx and QuanLynx (Micromass) were used for data acquisition and data
analysis.

Extraction and Purification

An aliquot (100 uL) containing all of the internal standards, each at a con-
centration of 0.2 ng uL™!, was added to homogenized sample (approximately
50 mg); 3 mL of isopropanol:water:glacial acetic acid (80:19:1, v/v/v) was further
added, and the samples were agitated in the dark for 14 to 16 h at 4°C. Samples
were then centrifuged, and the supernatant was isolated and dried on a Biichi
Syncore Polyvap. Furthermore, they were reconstituted in 100 uL of acidified
methanol, adjusted to 1 mL with acidified water, and then, partitioned against
2 mL of hexane. After 30 min, the aqueous layer was isolated and dried as above.
Dry samples were reconstituted in 800 uL of acidified methanol and adjusted to
1 mL with acidified water. The reconstituted samples were passed through
equilibrated Sep-Pak C18 Cartridges (Waters Inc.), and the final eluate was split in
two equal portions. One portion was dried completely (and stored), whereas the
other portion was dried down to the aqueous phase ona LABCONCO Centrivap
Concentrator (Labconco Corporation). The second portion was partitioned
against ethyl acetate (2 mL) and further purified using an Oasis WAX Cartridge
(Waters Inc.). The GA-enriched fraction in the second portion was eluted with
2 mL of acetonitrile:water (80:20, v/v) and then dried on a centrivap as described
above. An internal standard blank was prepared with 100 uL of deuterated in-
ternal standards mixture. A QC standard was prepared by adding 100 uL of a
mixture containing all of the analytes of interest, each at a concentration of
02 ng /.LLil, to 100 uL of internal standard mix. Finally, both portions, blanks,
and QCs were reconstituted in a solution of 40% (v/v) methanol containing
0.5% (v/v) acetic acid and 0.1 ng wL™! of each of the recovery standards.

Hormone Quantification by HPLC-ESI-MS/MS

Performed as a fee for service product by the National Research Council of
Canada, samples were injected onto an ACQUITY UPLC HSS C18 SB Column
(2.1 X 100 mm, 1.8 wm) with an inline filter and separated by a gradient elution
of water containing 0.02% (v/v) formic acid against an increasing percentage of
a mixture of acetonitrile:zmethanol (50:50, v/v). Briefly, the analysis uses the
Multiple Reaction Monitoring function of the MassLynx v4.1 (Waters Inc.)
control software. The resulting chromatographic traces are quantified offline by
the QuanLynx v4.1 software (Waters Inc.), wherein each trace is integrated, and
the resulting ratio of signals (nondeuterated to internal standard) is compared
with a previously constructed calibration curve to yield the amount of analyte
present (nanograms per sample). Calibration curves were generated from the
Multiple Reaction Monitoring signals obtained from standard solutions based
on the ratio of the chromatographic peak area for each analyte to that of the
corresponding internal standard as described by Ross et al. (2004). The QC
samples, internal standard blanks, and solvent blanks were also prepared and
analyzed along each batch of tissue samples.

Pharmacological Inhibition of GA in the Wild Type

Two GAs inhibitors, CCC and DMZ, were exogenously applied to wild-type
plant material at the concentrations of 0.2 and 0.4 mm. The two inhibitors were
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known to be targeting early and late metabolic positions of the GA biosynthesis,
CCC and DMZ (Rademacher, 2000). Plantlets exposed to these inhibitors were
harvested, freeze dried, ground up, subjected to cellulose estimation as previ-
ously described, and compared with control plantlets.

Chemical Complementation of dwf1-1 Phenotypes with
Exogenous GA

An F2 population (dwf1-1 and the wild type) was used to select homozygous
dwf1-1 alongside the wild type. Each genotype was transferred to plates con-
taining one-half-strength Murashige and Skoog medium supplemented with
5 uM GA; (Lo et al., 2008) and mock control plates. Plantlets were grown ver-
tically with approximately four plants per plate (1 = 10). The effect of GA; on
expansion was evaluated visually by seedling length, and cellulose content was
measured according to the work by Updegraff (1969).

RNA Extraction, Reverse Transcription-PCR, and
Promoter Analyses

The pathway option of GRAMENE (www.gramene.org) was used to select
candidate genes from the GA biosynthetic genes in S. bicolor. Sorghum sp. CESA
genes were previously identified (Petti et al., 2013), and a list of target genes and
primers was compiled (Supplemental Table S1). Total mRNA was extracted as
per the work by Petti et al. (2013) and converted to single-strand complemen-
tary DNA (AB Applied Biosystem). Transcript abundance was quantified by
SyBr Green semiquantitative assay and completed on each biological replicate
(n = 3 biological and technical replicates) on a StepOne Real-Time System (AB
Applied Biosystem). The AA method was used for quantifying the relative ex-
pression levels normalized against the actin gene (Supplemental Table S1).
Promoters were defined as 4,000 bp upstream of the initiation codon and ex-
amined using the PLACE Database for cir-acting regulatory DNA elements
(Higo et al., 1999).

Statistical Analyses

Statistical analysis used ANOVA, Student’s t test, and Tukey’s post hoc test.
Analyses were carried out on Graphpad PRISM5. Significance was established
at o = 0.05.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Transcriptional analysis of Sorghum sp. early GA
biosynthetic genes.

Supplemental Figure S2. Analyses of auxins and cytokinins.
Supplemental Table S1. List of primers and sequences.

Supplemental Table S2. Promoter analyses data.
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