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Guoying Wang, Zhenjing Ren* and Yunjun Liu™

Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijjing, China

The “green revolution” gene gibberellin oxidase contributes to the semidwarf phenotype,
improving product and lodging resistance. Dissecting the function of GA biosynthetic
genes would be helpful for dwarf maize breeding. In this study, we edited the maize
GA200x3 gene and generated semidwarf maize plants using CRISPR/Cas9 technology.
Application of exogenous gibberellin can recover the dwarf phenotype, indicating that the
mutants are gibberellin deficient. The contents of GA1, and GAsz were elevated in the
mutants due to the disruption of GA20 oxidase, whereas the contents of other GA
precursors (GA1s, GAs4, GAg, GA44, and GAog) were decreased in the mutants, and the
accumulation of bioactive GA; and GA4 was also decreased, contributing to the
semidwarf phenotype. Transgene-free dwarf maize was selected from T,-generation
plants and might be useful for maize breeding in the future.

Keywords: CRISPR/Cas9, gene-editing, gibberellin oxidase, semidwarf, transgene-free

INTRODUCTION

Gibberellin (GA) is an important hormone in plants and plays essential roles in plant growth and
development, including embryogenesis, seed germination, stem elongation, and flowering
(Yamaguchi and Kamiya, 2000; Binenbaum et al., 2018). The biosynthesis of GAs is complex
and involves multiple steps. The precursors of GAs are synthesized in plastids and then modified
further in the endoplasmic reticulum and cytosol to produce bioactive GAs including GA;, GAs;,
GA,, and GA; (Hedden and Phillips, 2000). Loss of function of the genes involved in the gibberellin
biosynthesis pathway or signaling pathway would make plants dwarf, and these dwarf mutant plants
can be divided into GA-sensitive and GA-insensitive types. GA-sensitive dwarf mutants are caused
by a deficiency of GA biosynthesis-related genes and the application of exogenous gibberellin can
recover the dwarf phenotype, whereas the dwarf phenotype of GA-insensitive mutant plants cannot
be recovered by the application of exogenous gibberellin (Galbiati et al., 2002).

Semidwarf plants can greatly contribute to crop improvement, as reported for semidwarf “green
revolution” rice (Sasaki et al., 2002) and wheat (Peng et al., 1999). In “green revolution” wheat,
orthologues of the Arabidopsis Gibberellin Insensitive (GAI) gene, which plays roles in GA signaling,
are mutated. However, the phenotype of “green revolution” rice results from the mutation of
GA200x-2, which is involved in GA biosynthesis (Sasaki et al., 2002). For maize, Dwarf8 gene has
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been identified as an orthologue of the GAI gene and been
targeted by selection (Peng et al., 1999; Andersen et al., 2005).
Other numerous dwarf maize mutants have also been reported
(Bensen et al., 1995; Winkler and Helentjaris, 1995; Lawit et al.,
2010; Jiang et al., 2012; Chen et al., 2014), but none of them can
play the same essential roles as “green revolution” rice or wheat.

Overexpression or suppression of GA biosynthesis-related
genes affects plant height and biomass through increasing the
accumulation of bioactive GAs. For example, overexpression of
GA200x-1, which is an essential gene in GA biosynthesis, increased
the stem biomass yield in poplar and tobacco plants (Eriksson et al.,
2000; Biemelt et al., 2004). The ectopic expression of Arabidopsis
GA20o0x in transgenic tobacco increased bioactive GA levels and
stimulated the growth plants (Sophia et al., 2004). Transgenic citrus
plants overexpressing GA20ox presented higher active GA; levels

and increased plant growth (Fagoaga et al., 2007). Overexpression in the future.
of GA20ox in Arabidopsis increased GA, levels and seedling

hypocotyl length (Coles et al., 2010). Ectopic expression of

GA20ox1 in maize increased endogenous GA levels and led to RESULTS
longer stems of the transgenic maize (Nelissen et al., 2012). Further

research revealed that GA20oxI maize plants exhibited increased
vegetative biomass compared with control plants (Voorend et al.,
2016). Overexpression of the CrGA20oxI gene in Camellia
reticulata improved vegetative growth; however, the suppression
of the CrGA200x1 gene led to dwarf plants (Wang et al., 2018).
Recently, the clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 system has been applied for gene targeting
in various species, including rice, wheat, cotton, Arabidopsis,
tomato, and soybean (Li et al., 2013; Gao et al., 2017; Jacobs et al,
2017; Caietal,, 2018; Zhang et al., 2018a; Zhang et al., 2018b). Using
the CRISPR/Cas9 system, the tomato PROCERA gene was edited to
generate dominant or semidominant dwarf tomato mutants
(Tomlinson et al., 2019; Zhu et al., 2019). A number of studies
have reported the application of CRISPR/Cas9 in gene targeting in
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maize (Fengetal., 2016; Shietal., 2017; Chen etal., 2018). However,
there are no reports of the gene editing of GA biosynthesis-related
genes for the generation of dwarf or semidwarf maize plants. The
functions of the genes involved in GA biosynthesis in maize require
further investigation.

Maize is an important crop in the world, and maize height is
related to the architecture, lodging resistance, and grain yield of
this crop. To increase maize yield, plant density has generally
been increased (Duvick et al, 2010). However, a high plant
density will lead to a risk of lodging. To avoid lodging, one
breeding strategy is to moderately decrease maize height. In this
study, we chose ZmGA200x3 as the target gene and used the
CRISPR/Cas9 system to specifically induce targeted mutations of
the ZmGA200x3 gene. Gene-edited “transgene-free” dwarf maize
plants were generated, which might be useful for maize breeding

Targeted Mutagenesis of ZmGA200x3
Using the CRISPR/Cas9 System

The CRISPR/Cas9-mediated genome-editing tool was utilized to edit
the endogenous maize gene ZmGA200x3 (GRMZM2G368411).
Two target sites were designed in the first exon of ZmGA200x3
(Figure 1A), and the corresponding sequence was synthesized and
ligated into the pBUE411-2gR plasmid (Xing et al., 2014) to construct
the pBUE411-2gR-GA vector (Figure 1B). The vector was
transformed into the maize inbred line Cal via the Agrobacterium-
mediated transformation method, and ten independent T, transgenic
lines were generated. The fragments including the target sites were
PCR amplified from the transgenic plants and sequenced directly.
The sequencing results showed that three heterozygous transgenic
lines exhibited mutations at the target sites of the ZmGA200x3 gene.

FIGURE 1 | CRISPR/Cas9-mediated mutations at ZmGA200x3 target sites in plants. (A) Schematic illustration of the target sites. The black and gray boxes indicate
the exons and UTRs, respectively, of the ZmGA200x3 gene. The black DNA sequence is the target sequence. Nucleotides in red represent PAM sequences. PAM,
protospacer-adjacent motif. (B) The T-DNA region of the pBUE411-2gR-GA plasmid. (C) Sequence peaks of wild-type and representative homozygous mutants at
target sites. The red lowercase letter represents an adenine insertion in mut1.
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Because these T, transgenic plants could not be self-pollinated in the
greenhouse, they were crossed with the maize inbred line Cal to
produce the T, generation, which was then self-pollinated to produce
T, progeny.

Two types of homozygous mutant plants were chosen for
further experiments. One was designated mutl, which presented
an adenine insertion at the first target site and a cytosine deletion at
the second target site; the other was designated mut2 and exhibited a
twenty-two-nucleotide deletion at the first target site and a cytosine
deletion at the second target site (Figure 1C). Both of these
mutation types might result in a nonfunctional GA200x3 protein.

The Semidwarf Phenotype of

Gene-Edited Plants

The T, generation plants of these two mutants showed an
intermediate phenotype between WT and homozygous mutant
plants (Figures 2A, B). We measured the plant height (PHT) of
the mutant and WT plants once a week after the emergence of
seedlings in the field. The PHTs of homozygous mutl and mut2
plants were significantly shorter than that of the WT from the
third week after emergence, while the PHTs of the heterozygous
plants (mutl-hete and mut2-hete) were not significantly shorter
than that of the WT until after the seventh week (Figure 2C). We
also measured the -1 and -2 internodes under the ear and
internodes 1 to 3 above the ear and found that most of the
mutant internodes were markedly shorter than those of the WT
(Figure 2D). The mut2 plants presented fewer internodes than
the WT, whereas the mutl internode numbers were similar to

those of the WT (Figure 2E). We speculate that the reduced
numbers and lengths of the internodes in the mutant plants
might contribute to the dwarf phenotype.

Morphological Comparison of
Intersegmental Cells

To further explain the cytological basis of internode shortening
in the ga200x3 dwarf mutant, the morphology of the internodes
at the spike position in 12-week-old mutl, mut2, and WT plants
grown in a greenhouse was observed by scanning electron
microscopy. The cell area and cell length at the same location
in the cross section (the square box in Figures 3A-C) or the
longitudinal section (the lines in Figures 3D-F) were calculated.
The results showed that the arrangement of vascular bundles,
sclerenchyma cells, and parenchyma cells in both mutants and
WT plants was regular, but the cross-sectional area of the mutant
cells was significantly smaller than that of the WT (Figures 3A-
C). The cell area of the mutant parenchyma was significantly
different from that of the WT (Figure 3G). The length of the
mutant cells did not differ from that of the wild-type cells
(Figures 3D-F, H). These results suggest that the shortening
of mutl and mut2 internodes was not caused by a decrease in cell
longitudinal length but by the decrease in cell numbers.

GA Biosynthetic Pathway Was Affected in
Gene-Edited Dwarf Maize Plants

To determine whether the phenotype of the ga200x3 dwarfing
mutant was caused by blocked gibberellin synthesis, we determined
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FIGURE 2 | Plant height and internodes of the mutant plants. (A, B) Plant height of mut2 and wild-type plants at the mature stage. Plant leaves were stripped (B) or
not (A). Scale bar = 25 cm. (C) Plant height of mutant plants at different development stages. The values shown are the average + S. E. for independent plants
(number of mut1-hete =11, number of mut2-hete = 18, number of mut1 = 13, number of mut2 = 12, number of WT = 68) (D) The internode lengths of the mutant
and WT plants. The internodes above the ear are labeled 1, 2, and 3, and the internodes below the ear are labeled -1 and -2. The values shown are the average +
S. E. for independent plants (number of mut1-hete =10, number of mut2-hete = 10, number of mut1 = 9, number of mut2 = 19, number of WT = 10). (E) The
numbers of internodes in mutant and WT plants. Error bars represent the standard errors of nine biological repeats. The values shown are the average + S. E. for
independent plants (number of mut1-hete =10, number of mut2-hete = 10, number of mut1 = 9, number of mut2 = 9, number of WT =10). * indicates a significant
difference at the P < 0.05 level, and ** indicates a significant difference at the P < 0.01 level.
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FIGURE 3 | Intercellular morphology of ga200x3 mutant and WT plants. (A-C) showed the cross-section morphology of mut1 (A), mut2 (B), and WT (C) plants.
(D-F) showed the longitudinal sections of mut1 (D), mut2 (E), and WT (F) plants. (G) Cell area in a cross-section of the parenchyma. The cell numbers within the 0.81 mm?
area (the square box in A-C) were counted and the area of each cell was calculated by the formula: 0.81 mm?/cell numbers. (H) Cell length in a longjtudinal section of the
parenchyma. The cell numbers within 1 mm distance (the lines in D-F) were counted and the cell length was calculated by the formula: 1 mm/cell numbers. scale
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the contents of endogenous gibberellins in homozygous mutants
and WT plants grown in a greenhouse. The results showed that the
contents of GA;, and GAs; were elevated in the mutants due to the
disruption of GA20 oxidase. However, the contents of other GA
precursors (GA;s, GA,y, GAg, GAyy, and GA,,) were decreased in
the mutants. The accumulation of bioactive GA; and GA, was also
decreased in the mutants (Figure 4), which contributed to the
semidwarf phenotype. Bioactive GA; was not affected in the
mutants. The decrease in the active endogenous gibberellin
content in the mutant resulted in plant height dwarfing,
indicating that the mutants belonged to the GA-deficient
dwarfing mutant type. The expression levels of the GA
biosynthetic pathway-related genes, i.e., ZmKO1, ZmGIDI,
ZmGA2ox1, ZmGA20ox1, were decreased in mutl shoots
(Figure 5), confirming the defective of GA biosynthetic pathway.
To verify that the mutants are gibberellin deficient, we analyzed
the phenotypic changes in the mutant when exogenous GA; was
applied. GA; increased the PHT of the WT and mutant plants. After
one week of treatment, the PHT of treated mutants was similar to
that of untreated W'T plants, indicating that exogenous GA; could
alleviate the difference in plant height between the mutants and the
WT. With an longer treatment, the PHT became significantly

higher (Figure 6). The results showed that the signal transduction
pathway of gibberellin in the ga200x3 mutant was functional and
could respond to exogenous GAj; treatment and restore plant
height, indicating that the mutants are gibberellin deficient.

For WT plants, GA; application downregulated the expression
of ZmGID1I. For mutant plants, GA; application upregulated the
expression of ZmKOI and ZmGAZ2ox1, but downregulated the
expression of ZmGA200x5. ZmDWARFS, which encodes DELLA
protein and participate in GA signaling (Lawit et al., 2010), was
downregulated by GA; application in WT plants, whereas was
upregulated by GA; application in mutant plants (Figure 5).

Generation of Transgene-Free Dwarf
Maize Plants

To generate transgene-free dwarf plants, the T, generation dwarf
plants from the mut1 line were screened by PCR amplification of
the OsU3 terminator, TaU3 promoter, Ubiquitin promoter and
zcas9 cassettes (Figure 7A). Among the 13 plants tested, four
transgene-free homozygous dwarf mutants were obtained
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FIGURE 4 | GA contents in mutant and WT plants. (A) Diagram of the GA synthesis pathway. (B) Endogenous contents of GAo, GA1s, GAzs, GAg, GA4, GAgza,
GAsz, GA44, GA1e, GAzo, GA¢, and GAg in the stem apices of 7-week-old plants. Experiments were repeated with three biological replicates. * indicates significant
differences at P<0.05 level; ** indicates significant differences at the P<0.01 level.
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Experimental data was tested by student t-test analysis. * and ** indicate significant differences at the P<0.05 and P<0.01 level, respectively.

(Figure 7B). The results demonstrated that the transgene was  two different base pairs with sgRNA sequene; For the potential off-
inherited in a Mendelian fashion, so we could obtain transgene-  targetsite presenting only a two-base-pair difference from the target
free dwarf mutants in the F, segregating progeny plants. site, we also did not detect off-target mutation.

To check for potential off-target mutations in transgene-free
dwarf maize plants, we searched sites in the maize genome
showing high sequence identity to the two sgRNAs used in our  DISCUSSION
study, and identified three potential off-target sites showing two
or three nucleotide mismatches with the sgRNA sequences  “Green revolution” wheat and rice benefit from the semidwarf
(Table 1). The fragments flanking these potential off-target sites ~ phenotype to improve product and lodging resistance (Peng
were amplified from transgene-free plants and sequenced. The et al, 1999; Sasaki et al., 2002). Although many maize dwarf
results showed that there was no mutation at the potential off-  plants have been reported, few of them have been used for hybrid
target sites, which did not have NGG (PAM site) or had more than ~ production. Developing more maize semidwarf mutants and
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FIGURE 6 | Effect of exogenous GAz on the plant height of WT and mutants.
Plant heights were measured 9 weeks after emergence. The values presented
are the means + S.E.s of 10 individual plants. ** indicates significant
differences at the P<0.01 level.

dissecting the function of the causal genes will be helpful for dwarf
maize breeding. In this study, we edited the maize GA200x3 gene and
generated semidwarf maize plants using CRISPR/Cas9 technology.
Transgene-free dwarf maize materials were selected and they might
be useful for maize breeding in the future.

There are many kinds of gibberellins, which are very important in
plant growth and development, mainly in promoting plant internode
elongation and leaf growth and breaking seed dormancy (Hedden
and Phillips, 2000). GA20-oxidase, which is also known as the “green
revolution” gene, belongs to a gene family that contributes to GA
biosynthesis. A semidwarf phenotype is also observed in Arabidopsis
and rice harboring mutations in GA20 oxidase (Xu et al., 1995;
Spielmeyer et al.,, 2002). Arabidopsis has five GA200x paralogs, only
three of which exhibit GA200x activity. Arabidopsis ga20ox1 ga200x2
double mutant plants exhibit semidwarf and semifertile phenotypes
(Rieu et al,, 2008), indicating that GA deficiency also influences
fertility. Five GA20-oxidase genes have been identified in the maize

Y

@
&
t o

p R S —

genome (Song et al, 2011), and we chose ZmGA200x3 as the
candidate for gene editing due to its high identity with the rice SDI
gene. The mutant plants in which GA200x3 was mutated showed a
semidwarf phenotype compared with WT plants. These semidwarf
mutant plants will be more useful than severely dwarfed maize
materials, because they are more suitable for the heterosis usage in
maize production. The semidwarf phenotype of the ga200x3 mutants
obtained in this study might be due to the functional redundancy of
other GA20 oxidases such as GA200x5. We found that the gene-
edited ga20ox5 mutants also showed a semidwarf phenotype (our
unpublished results), indicating that GA20ox5 also has oxidase
activity. It might be interesting to investigate whether other maize
GA200xs show such activity.

There are two types of gibberellin-deficient mutants: gibberellin-
sensitive and gibberellin-insensitive. The dwarf phenotype of the
£a200x3 mutant obtained in this study could be recovered by the
application of exogenous gibberellin, revealing that it belongs to the
gibberellin-sensitive type and confirming that GA200x3 is involved
in GA biosynthesis. In the GA biosynthesis pathway, GA20-oxidase
is involved in the successive oxidation steps from GAs; to GA,yand
those from GAj, to GA,. Consistent with this, the gibberellin
content of the ga20ox3 mutant lacking GA20-oxidase3 was
significantly decreased. To our surprise, GA;9 content was
observed to be unchanged in mutl plants and to be increased in
mut2 plants compared with WT plants. These results indicate that
the conversion from GAy to GA;9 might not be catalyzed by
GA200x3 but by other GA200x genes. Further experiments should
be performed to confirm this hypothesis.

A strict regulatory framework is applied for transgenic crops
worldwide. For the gene-edited crops intended for commercial use, it
is preferable to eliminate the transgenes from the plants. It has been
reported that transgene-free plants with edited genomes can be
generated using preassembled CRISPR/Cas9 ribonucleoproteins
(Woo et al,, 2015). CRISPR/Cas9 ribonucleoproteins (RNPs) also
have the advantage of producing transgene-free gene-edited plants
(Svitashev et al., 2016; Liang et al.,, 2017). In genome-edited crops,
transgenes and off-targeted genes can also be eliminated by out-
crossing or back-crossing (Chen et al., 2018). In our study, transgenes
were eliminated by self-crossing, and transgene-free semidwarf

1485bp 873bp
2F 2R 3F 3R B

B wr Pp 1 2 3 4 5 6 7 8 9 10 11 12 13
1F/R ; 831b
—— — St B edd— P
—_— s s e o e — o—
2FI2R — — — —— N — - — —1485bp
3FI3R — — —— — — v — — w— 87 3bD

FIGURE 7 | Screening of transgene-free ga200x3 mutants. (A) Schematic representation of the T-DNA region of the pBUE411-2gR-GA vector and the locations of
the primers. (B) Agarose gel electrophoresis of three PCR fragments of T-DNA. WT, DNA of wild-type plants; P, plasmid pBUE411-2Gr; 1-13, individual T, plants.
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TABLE 1 | Evaluation of the off-target effects of CRISPR/Cas9.

Sequence of target site

CCCGGAGCCATTCCTGTGGCCGC
CTGTCCTTCGGCTTCCACGACGG
CTGTTCTTGGGCTTCCAAGAAGG

Sequence of potential off-target sites

CTAGGATCCACTTCTGTGGCCGC
CTGTCGTTCGGCTACCACGACGG

Off-target mutation Loci of the potential off-target sites

NO Chr8:Intergenic
NO Chr8:Zm00001d012212 CDS
NO Chr4:Intergenic

The underlined bold sequence is the PAM. Some letters are indicated in bold to emphasize the difference.

mutants were generated. These transgene-free semidwarf mutants
could be used for breeding value evaluation without the limitation of
regulatory frameworks for transgenic organisms.

MATERIALS AND METHODS

Construction of the sgRNA-Cas9
Expression Vector

Two sgRNA sequences were designed in the first exon of
ZmGA200x3 (GRMZM2G368411) using CRISPR-P web base
resource (http://crispr.hzau.edu.cn/CRISPR2/) (Lei et al., 2014).
Two pairs of primers, designated MT1T2-BsF/-BsR and MT1T2-
F0/-RO (Supplementary Table S1), were designed according to
the two sgRNA sequences. The PCR fragments amplified from
pCBC-MTIT2 using the two pairs of primers were inserted
between the Bsal sites of pBUE411 (Xing et al, 2014) to
construct the pBUE411-2gR-GA vector.

Agrobacterium-Mediated Maize
Transformation

The pBUE411-2gR-GA vector was transformed into Agrobacterium
tumefaciens strain LBA4401. Immature embryos from the maize
inbred line Cal were transformed according to the described method
(Chen et al, 2018). In brief, 1-1.2 mm immature embryos were
isolated and suspended in liquid infection medium. The embryos
were heated at 45°C for 3 min and then transferred to an A.
tumefaciens suspension and incubated for an additional 5 min. The
embryos were then transferred to solid cocultivation medium and
incubated in the dark at 23°C for 3 days. The embryos were
subsequently transferred to resting medium and cultured at 28°C
for 7 days. The embryos were next transferred to selection medium
and maintained for 2 weeks under dim light (10 wmol mZs')at28°C.
Resistant calli were regenerated under fluorescent white light under a
16/8 h light/dark cycle. The regenerated shoots were transferred to
rooting medium. Two weeks later, the regenerated T seedlings were
transferred to soil and grown in a greenhouse with a 16/8 h light/dark
cycle at 25-28°C.

Maize Propagation

T, generation plants were produced by crossing the transgenic T,
plants with the maize inbred line Cal. These T plants were self-
pollinated to produce the T, generation. The T; and T, plants
were grown in the field or in a greenhouse in Beijing, China.

PCR Analysis of the Transgenic Plants

Maize genomic DNA was extracted from the leaves using the
cetyltrimethylammonium bromide (CTAB) method (Murray and
Thompson, 1980). To determine the mutations in the target gene,
fragments flanking the target site were amplified by PCR using
genomic DNA as the template. For the transgenic T, and T,
generation plants, PCR products were cloned into pEASYR-Blunt
Simple Cloning vectors (TransGen, Beijing, China), six randomly
selected individual clones were sequenced, or the PCR products
were directly sequenced. For the transgenic T, generation plants,
the PCR products were directly sequenced. For the determination of
transgene-free plants, several fragments from the T-DNA region of
the pBUE411-2gR-GA vector were amplified by PCR with genomic
DNA as the template. The primers are listed in Supplementary
Table S1.

Endogenous GAs Determination

The shoot tips of 7-week-old homozygous mutant and WT
plants grown in greenhouse were sampled, and each sample
was collected from 13-15 plants. The samples were sent to the
Core Facility for Hormone Detection and Analysis (Institute of
Genetics and Developmental Biology, Chinese Academy of
Sciences, Beijing, China) for endogenous GAs determination
using UPLC-MS/MS, according to the described method
(Ma et al.,, 2015).

GA; Application in the Mutant Plants

Six week after seedling emergence, the plants were sprayed with
100 mg/L GAj; three times per week and treated for another three
weeks. As the GA; stock was dissolved in 20% ethanol, the
control plants were sprayed with 20% ethanol. The heights of the
seedlings and plants were measured from the soil surface to the
highest point of the seedlings or plants once a week. Plant height
was measured every week from the ninth week after seedling
emergence onward.

Quantitative Real-Time PCR Analysis

Two week after seedling emergence, the plants were sprayed with
100 mg/L GA; one times per day. Shoot samples were collected
one week later for total RNA isolation. The first-strand cDNA
synthesis was performed with the M-MuLV reverse transcriptase
(Promega) using total RNA as template. For the quantitative real-
time PCR (qQRT-PCR), 1 UL of cDNA was mixed with 2x SYBR
premix ExTaq (Takara), 0.2 uM forward primer, 0.2 UM reverse
primer and 0.4 uL 50x ROX in 20 UL of reaction mixture. qRT-PCR
was conducted by the ABI 7300 system using the following protocol:
95 °C for 2 min, 40 cycles at 95 °C for 5 s, 58 °C for 30 s, and 72 °C
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for31 s. The relative transcriptional levels were calculated using the
224 method with GAPDH as a housekeeping gene.

Scanning Electron Microscopy

The middle part of the stem at the spike position was harvested
when the plants had grown to the tasseling stage. Cross-sections
and longitudinal sections were prepared, immediately
immobilized in a 2% glutaraldehyde solution, and fixed for 48
hours without light at room temperature. The materials were
washed three times with phosphoric acid buffer for 30 min each
time and then dehydrated in 30%, 50%, 70%, 80%, 90%, and
100% alcohol. The sections were observed using an Olympus
SZX7 stereomicroscope.

The cell numbers within the 0.81 mm? area were counted and the
area of each cell was calculated with the formula: 0.81 mm?/cell
numbers. The cell numbers within 1 mm distance were counted and
the cell length was calculated with the formula: 1 mm/cell numbers.

Data Treatment
Comparisons of values for significant differences were made
using Student’s ¢ test in Excel (Microsoft).

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding authors.

REFERENCES

Andersen, J. R, Schrag, T., Melchinger, A. E., Zein, I, and Lubberstedt, T. (2005).
Validation of Dwarf8 polymorphisms associated with flowering time in elite
European inbred lines of maize (Zea mays L.). Theor. Appl. Genet. 111, 206—
217. doi: 10.1007/s00122-005-1996-6

Bensen, R. ], Johal, G. S., Crane, V. C,, Tossberg, J. T., Schnable, P. S., Meeley, R.
B., etal. (1995). Cloning and characterization of the maize Anl gene. Plant Cell
7, 75-84. doi: 10.1105/tpc.7.1.75

Biemelt, S., Tschiersch, H., and Sonnewald, U. (2004). Impact of altered gibberellin
metabolism on biomass accumulation, lignin biosynthesis, and photosynthesis
in transgenic tobacco plants. Plant Physiol. 135, 254-265. doi: 10.1104/
Ppp.103.036988

Binenbaum, J., Weinstain, R., and Shani, E. (2018). Gibberellin localization and
transport in plants. Trends Plant Sci. 23, 410-421. doi: 10.1016/
j.tplants.2018.02.005

Cai, Y., Chen, L., Liu, X., Guo, C., Sun, S., Wu, C,, et al. (2018). CRISPR/Cas9-
mediated targeted mutagenesis of GmFT2a delays flowering time in soya bean.
Plant Biotechnol. J. 16, 176-185. doi: 10.1111/pbi.12758

Chen, Y., Hou, M., Liu, L., Wu, S,, Shen, Y., Ishiyama, K., et al. (2014). The maize
DWAREF1 encodes a gibberellin 3-oxidase and is dual localized to the nucleus
and cytosol. Plant Physiol. 166, 2028-2039. doi: 10.1104/pp.114.247486

Chen, R,, Xu, Q,, Liu, Y., Zhang, J., Ren, D., Wang, G., et al. (2018). Generation of
transgene-free maize male sterile lines using the CRISPR/Cas9 system. Front.
Plant Sci. 9, 1180. doi: 10.3389/fpls.2018.01180

Coles, J. P., Phillips, A. L., Croker, S. J., Garcia, L. R., Lewis, M. J., and Hedden, P.
(2010). Modification of gibberellin production and plant development in
Arabidopsis by sense and antisense expression of gibberellin 20-oxidase
genes. Plant J. 17, 547-556. doi: 10.1046/j.1365-313x.1999.00410.x

Duvick, D. N., Smith, J. S. C., and Cooper, M. (2010). Long-term selection on a
commercial hybrid maize breeding program. Plant Breed. Rev. 24, 109-151.

AUTHOR CONTRIBUTIONS

YJL, ZR and GW designed the research. JZ performed the major
experiments. XZ, RC, LY, KF, YL, and ZR collected the samples
and analyzed the data. YJL, ZR, and JZ wrote the article.

FUNDING

The research was supported by the Fundamental Research Funds
for Central Non-Profit of Institute of Crop Sciences, Chinese
Academy of Agricultural Sciences (S2018QY07) and the
National Major Project for Transgenic Organism Breeding
(2016ZX08009003-004, 2016ZX08010-004).

ACKNOWLEDGMENTS

The authors thank Prof. Qijun Chen from China Agricultural
University for the providing of plasmids pCBC-MT1T2
and pBUE411.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.01048/
full#supplementary-material

Eriksson, M. E., Israelsson, M., Olsson, O., and Moritz, T. (2000). Increased
gibberellin biosynthesis in transgenic trees promotes growth, biomass
production and xylem fiber length. Nat. Biotechnol. 18, 784-788. doi:
10.1038/77355

Fagoaga, C., Tadeo, F. R,, Iglesias, D. J., Huerta, L., Lliso, I., Vidal, A. M., et al.
(2007). Engineering of gibberellin levels in citrus by sense and antisense
overexpression of a GA 20-oxidase gene modifies plant architecture. J. Exp.
Bot. 58, 1407-1420. doi: 10.1093/jxb/erm004

Feng, C., Yuan, J., Wang, R,, Liu, Y., Birchler, J. A,, and Han, F. (2016). Efficient
targeted genome modification in maize using CRISPR/Cas9 System. J. Genet.
Genom 43, 37-43. doi: 10.1016/}.jgg.2015.10.002

Galbiati, M., Landoni, M., Consonni, G., Gussago, C., and Gavazzi, G. (2002).
Identification and analysis of maize mutants defining six new genes affecting
plant stature. Maydica 47, 169-180.

Gao, W,, Long, L., Tian, X,, Xu, F,, Liu, J., Singh, P. K,, et al. (2017). Genome
editing in cotton with the CRISPR/Cas9 system. Front. Plant Sci. 8, 1364. doi:
10.3389/fpls.2017.01364

Hedden, P., and Phillips, A. L. (2000). Gibberellin metabolism: new insights revealed by
the genes. Trends Plant Sci. 5, 523-530. doi: 10.1016/S1360-1385(00)01790-8

Jacobs, T. B., Zhang, N., Patel, D., and Martin, G. B. (2017). Generation of a
collection of mutant tomato lines using pooled CRISPR libraries. Plant Physiol.
174, 2023-2037. doi: 10.1104/pp.17.00489

Jiang, F., Guo, M., Yang, F., Duncan, K., Jackson, D., Rafalski, A., et al. (2012).
Mutations in an AP2 transcription factor-like gene affect internode length and
leaf shape in maize. PloS One 7, €37040. doi: 10.1371/journal.pone.0037040

Lawit, S. J., Wych, H. M,, Xu, D,, Kundu, S., and Tomes, D. T. (2010). Maize
DELLA proteins dwarf plant8 and dwarf plant9 as modulators of plant
development. Plant Cell Physiol. 51, 1854-1868. doi: 10.1093/pcp/pcql53

Lei, Y., Lu, L, Liu, H. Y., Li, S., Xing, F., and Chen, L. L. (2014). CRISPR-P: a web
tool for synthetic single-guide RNA design of CRISPR-system in plants. Mol.
Plant 7, 1494-1496. doi: 10.1093/mp/ssu044

Frontiers in Plant Science | www.frontiersin.org

July 2020 | Volume 11 | Article 1048


https://www.frontiersin.org/articles/10.3389/fpls.2020.01048/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.01048/full#supplementary-material
https://doi.org/10.1007/s00122-005-1996-6
https://doi.org/10.1105/tpc.7.1.75
https://doi.org/10.1104/pp.103.036988
https://doi.org/10.1104/pp.103.036988
https://doi.org/10.1016/j.tplants.2018.02.005
https://doi.org/10.1016/j.tplants.2018.02.005
https://doi.org/10.1111/pbi.12758
https://doi.org/10.1104/pp.114.247486
https://doi.org/10.3389/fpls.2018.01180
https://doi.org/10.1046/j.1365-313x.1999.00410.x
https://doi.org/10.1038/77355
https://doi.org/10.1093/jxb/erm004
https://doi.org/10.1016/j.jgg.2015.10.002
https://doi.org/10.3389/fpls.2017.01364
https://doi.org/10.1016/S1360-1385(00)01790-8
https://doi.org/10.1104/pp.17.00489
https://doi.org/10.1371/journal.pone.0037040
https://doi.org/10.1093/pcp/pcq153
https://doi.org/10.1093/mp/ssu044
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al.

Generation of Transgene-Free Semidwarf Maize

Li, J. F, Norville, J. E., Aach, J., Mccormack, M., Zhang, D., Bush, J,, et al. (2013).
Multiplex and homologous recombination-mediated genome editing in
Arabidopsis and Nicotiana benthamiana using guide RNA and Cas9. Nat.
Biotechnol. 31, 688-691. doi: 10.1038/nbt.2654

Liang, Z., Chen, K,, Li, T., Zhang, Y., Wang, Y., Zhao, Q,, et al. (2017). Efficient DNA-
free genome editing of bread wheat using CRISPR/Cas9 ribonucleoprotein
complexes. Nat. Commun. 8, 14261. doi: 10.1038/ncomms14261

Ma, X., Ma, J., Zhai, H., Xin, P, Chu, J., Qiao, Y., et al. (2015). CHR729 is a CHD3
protein that controls seedling development in rice. PloS One 10, €0138934. doi:
10.1371/journal.pone.0138934

Murray, M. G., and Thompson, W. F. (1980). Rapid isolation of high molecular
weight plant DNA. Nucleic Acids Res. 8,4321-4325. doi: 10.1093/nar/8.19.4321

Nelissen, H., Rymen, B., Jikumaru, Y., Demuynck, K., Van Lijsebettens, M.,
Kamiya, Y., et al. (2012). A local maximum in gibberellin levels regulates
maize leaf growth by spatial control of cell division. Curr. Biol. 22, 1183-1187.
doi: 10.1016/j.cub.2012.04.065

Peng, J., Richards, D. E., Hartley, N. M., Murphy, G. P., Devos, K. M., Flintham, J.
E., et al. (1999). ‘Green revolution’ genes encode mutant gibberellin response
modulators. Nature 400, 256-261. doi: 10.1038/22307

Rieu, L, Ruiz-Rivero, O., Fernandez-Garcia, N., Griffiths, J., Powers, S. J., Gong, F.,
et al. (2008). The gibberellin biosynthetic genes AtGA200x1 and AtGA200x2
act, partially redundantly, to promote growth and development throughout the
Arabidopsis life cycle. Plant J. 53, 488-504. doi: 10.1111/j.1365-313X.2007.03356 x

Sasaki, A., Ashikari, M., Ueguchi-Tanaka, M., Itoh, H., Nishimura, A., Swapan, D.,
et al. (2002). Green revolution: a mutant gibberellin-synthesis gene in rice.
Nature 416, 701-702. doi: 10.1038/416701a

Shi, J,, Gao, H., Wang, H,, Lafitte, H. R, Archibald, R. L., Yang, M., et al. (2017). ARGOS8
variants generated by CRISPR-Cas9 improve maize grain yield under field drought
stress conditions. Plant Biotechnol. J. 15, 207-216. doi: 10.1111/pbi.12603

Song, J., Guo, B., Song, F., Peng, H., Yao, Y., Zhang, Y., et al. (2011). Genome-wide
identification of gibberellins metabolic enzyme genes and expression profiling
analysis during seed germination in maize. Gene 482, 34-42. doi: 10.1016/
j.gene.2011.05.008

Sophia, B., Henning, T., and Uwe, S. (2004). Impact of altered gibberellin metabolism
on biomass accumulation, lignin biosynthesis, and photosynthesis in transgenic
tobacco plants. Plant Physiol. 135, 254-265. doi: 10.1104/pp.103.036988

Spielmeyer, W., Ellis, M. H., and Chandler, P. M. (2002). Semidwarf (sd-1), “green
revolution” rice, contains a defective gibberellin 20-oxidase gene. Proc. Natl.
Acad. Sci. U.S.A. 99, 9043-9048. doi: 10.1073/pnas.132266399

Svitashev, S., Schwartz, C., Lenderts, B., Young, J. K., and Mark Cigan, A. (2016).
Genome editing in maize directed by CRISPR-Cas9 ribonucleoprotein
complexes. Nat. Commun. 7, 13274. doi: 10.1038/ncomms13274

Tomlinson, L., Yang, Y., Emenecker, R., Smoker, M., Taylor, J., Perkins, S., et al.
(2019). Using CRISPR/Cas9 genome editing in tomato to create a gibberellin-
responsive dominant dwarf DELLA allele. Plant Biotechnol. J. 17, 132-140. doi:
10.1111/pbi.12952

Voorend, W., Nelissen, H., Vanholme, R., De Vliegher, A., Van Breusegem, F.,
Boerjan, W., et al. (2016). Overexpression of GA20-OXIDASE1 impacts plant
height, biomass allocation and saccharification efficiency in maize. Plant
Biotechnol. J. 14, 997-1007. doi: 10.1111/pbi.12458

Wang, J. Y., Wu, B, Li, J. Y, Yin, H. F,, Fan, Z. Q,, Li, X. L,, et al. (2018).
Overexpression and silent expression of CrGA20o0x1 from Camellia reticulata
‘Hentiangao’ and its effect on morphological alterations in transgenic tobacco
plants. Plant Breed. 137, 903-911. doi: 10.1111/pbr.12653

Winkler, R. G., and Helentjaris, T. (1995). The maize Dwarf3 gene encodes a
cytochrome P450-mediated early step in Gibberellin biosynthesis. Plant Cell 7,
1307-1317. doi: 10.1105/tpc.7.8.1307

Woo, J. W., Kim, J., Kwon, S. I, Corvalan, C., Cho, S. W., Kim, H., et al. (2015).
DNA-free genome editing in plants with preassembled CRISPR-Cas9
ribonucleoproteins. Nat. Biotechnol. 33, 1162-1164. doi: 10.1038/nbt.3389

Xing, H. L., Dong, L., Wang, Z. P., Zhang, H. Y., Han, C. Y,, Liu, B,, et al. (2014). A
CRISPR/Cas9 toolkit for multiplex genome editing in plants. BMC Plant Biol.
14, 327. doi: 10.1186/s12870-014-0327-y

Xu, Y. L, Li, L, Wu, K,, Peeters, A. J., Gage, D. A, and Zeevaart, J. A. (1995). The
GAS5 locus of Arabidopsis thaliana encodes a multifunctional gibberellin 20-
oxidase: molecular cloning and functional expression. Proc. Natl. Acad. Sci.
U.S.A. 92, 6640-6644. doi: 10.1073/pnas.92.14.6640

Yamaguchi, S., and Kamiya, Y. (2000). Gibberellin biosynthesis: its regulation by
endogenous and environmental signals. Plant Cell Physiol. 41, 251-257. doi:
10.1093/pcp/41.3.251

Zhang, J., Zhang, H., Botella, J. R,, and Zhu, J. K. (2018a). Generation of new
glutinous rice by CRISPR/Cas9-targeted mutagenesis of the Waxy gene in elite
rice varieties. J. Integr. Plant Biol. 60, 369-375. doi: 10.1111/jipb.12620

Zhang, Y., Li, D., Zhang, D., Zhao, X, Cao, X., Dong, L., et al. (2018b). Analysis of
the functions of TaGW2 homoeologs in wheat grain weight and protein
content traits. Plant J. 94, 857-866. doi: 10.1111/tpj.13903

Zhu, Z., Kang, X., Lor, V. S., Weiss, D., and Olszewski, N. (2019). Characterization
of a semidominant dwarfing PROCERA allele identified in a screen for
CRISPR/Cas9-induced suppressors of loss-of-function alleles. Plant
Biotechnol. J. 17, 319-321. doi: 10.1111/pbi.13027

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhang, Zhang, Chen, Yang, Fan, Liu, Wang, Ren and Liu. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

July 2020 | Volume 11 | Article 1048


https://doi.org/10.1038/nbt.2654
https://doi.org/10.1038/ncomms14261
https://doi.org/10.1371/journal.pone.0138934
https://doi.org/10.1093/nar/8.19.4321
https://doi.org/10.1016/j.cub.2012.04.065
https://doi.org/10.1038/22307
https://doi.org/10.1111/j.1365-313X.2007.03356.x
https://doi.org/10.1038/416701a
https://doi.org/10.1111/pbi.12603
https://doi.org/10.1016/j.gene.2011.05.008
https://doi.org/10.1016/j.gene.2011.05.008
https://doi.org/10.1104/pp.103.036988
https://doi.org/10.1073/pnas.132266399
https://doi.org/10.1038/ncomms13274
https://doi.org/10.1111/pbi.12952
https://doi.org/10.1111/pbi.12458
https://doi.org/10.1111/pbr.12653
https://doi.org/10.1105/tpc.7.8.1307
https://doi.org/10.1038/nbt.3389
https://doi.org/10.1186/s12870-014-0327-y
https://doi.org/10.1073/pnas.92.14.6640
https://doi.org/10.1093/pcp/41.3.251
https://doi.org/10.1111/jipb.12620
https://doi.org/10.1111/tpj.13903
https://doi.org/10.1111/pbi.13027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Generation of Transgene-Free Semidwarf Maize Plants by Gene Editing of Gibberellin-Oxidase20-3 Using CRISPR/Cas9
	Introduction
	Results
	Targeted Mutagenesis of ZmGA20ox3 Using the CRISPR/Cas9 System
	The Semidwarf Phenotype of Gene-Edited Plants
	Morphological Comparison of Intersegmental Cells
	GA Biosynthetic Pathway Was Affected in Gene-Edited Dwarf Maize Plants
	Generation of Transgene-Free Dwarf Maize Plants

	Discussion
	Materials and Methods
	Construction of the sgRNA-Cas9 Expression Vector
	Agrobacterium-Mediated Maize Transformation
	Maize Propagation
	PCR Analysis of the Transgenic Plants
	Endogenous GAs Determination
	GA3 Application in the Mutant Plants
	Quantitative Real-Time PCR Analysis
	Scanning Electron Microscopy
	Data Treatment

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


