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Gibberellin (GA) functions as an essential natural regulator of growth and development in plants. For each step of the GA
metabolic pathway, different copy numbers can be found in different species, as is the case with the 13 genes across four
enzymatic steps in rice (Oryza sativa). A common view is that such gene duplication creates homologs that buffer organisms
against loss-of-function (LOF) mutations. Therefore, knockouts of any single homolog might be expected to have little effect. To
test this question, we generated clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated protein
9 (Cas9) knockouts for these homologs and measured effects on growth and reproduction. Surprisingly, we report here that there
is consistently one or more essential gene at each enzymatic step, for which LOF mutation induces death or sterility—suggesting
that the GA pathway does not have a redundancy route and that each gene family is essential for GA metabolism. In most of
these genes from the same gene family, we observed defects in plant height and infertility, suggesting that the duplicated
members retain functions related to GA synthesis or degradation. We identified both subfunctionalization of the three recently
diversified homologs OsKO1, OsKO2, and OsKO5 and neofunctionalization in OsKO3 and OsKO4. Thus, although the function
of each step is conserved, the evolution of duplicates in that step is diversified. Interestingly, the CRISPR/Cas9 lines at the SD1
locus were typically sterile, whereas the natural sd1 mutants, related to the “Green Revolution” in rice, show normal setting
rates. Collectively, our results identify candidates for control of GA production and provide insight into the evolution of four
critical gene families in plants.

Gibberellin (GA) is a major phytohormone that reg-
ulates growth and developmental processes in plants,
including seed germination, internode elongation, and
the formation of flowers and seeds (Davies, 1995).
GA-deficient mutants of crops have been widely used
because dwarfism improves lodging resistance and
increases yields. The miracle rice (Oryza sativa) cultivar
IR8, which enabled dramatic yield increases and helped
to avert food shortages in the “Green Revolution,” has a
short height because of a mutation in the SD1 (GA20ox2)
gene (Monna et al., 2002; Sasaki et al., 2002; Spielmeyer
et al., 2002). The rice cultivar Tan-Ginbozu, which was
considered the most productive cultivar in Japan, has a

single nucleotide substitution in the d35 (KO2) gene
(Itoh et al., 2004). These profound effects of single genes
naturally lead to the question as to what roles are played
by the rest of the specific genes in the GA metabolic
pathway.
In angiosperms plants, GA synthesis starts from

geranylgeranyl diphosphate, which is converted to ent-
kaurene acid byent-copalyl diphosphate synthase, ent-
kaurene synthase, and ent-kaurene oxidase (KO; Fig. 1).
In addition to generating the precursor of GA, these
early steps also provide substrates for production of
phytoalexin compounds, such as brassinosteroids. In
later steps, ent-kaurene acid is converted to bioactive
GAs sequentially by ent-kaurenoic acid oxidase (KAO),
GA20ox, and GA3ox (Fig. 1). Deactivation of GA is
mostly catalyzed by GA2ox. C20-GA2ox uses C20-GAs
as substrates and converts them to inactive forms
(Fig. 1).
In Arabidopsis, systemic analysis of the gene families

of enzymes at particular steps in GA metabolism have
been achieved through a comprehensive collection
of T-DNA insertion loss-of-function (LOF) mutants
(Schomburg et al., 2003; Rieu et al., 2008; Plackett et al.,
2012; Regnault et al., 2014). However, in rice and other
crop species, with their larger genomes and greater
technical challenges, mutants are available for fewer
genes and much less is known. For rice specifically,
previous studies have included spontaneous mutants
(Sasaki et al., 2002), overexpression lines (Oikawa et al.,
2004; Qin et al., 2013; Shan et al., 2014a), and TOS 17
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retrotransposon knockouts (Sakamoto et al., 2004). Al-
though the clustered regularly interspaced short pal-
indromic repeats (CRISPR)/CRISPR associated protein
9 (Cas9)system has great potential to provide systemic
assessment ofmetabolic pathway steps in rice and other
plants, to our knowledge, this has not been accom-
plished previously.

The basic steps of the GA synthesis pathway are
highly conserved across angiosperms. However, there
are remarkable differences even between closely-
related species in the number of homologous genes
present at each enzymatic step. In rice, for example,
there are up to five genes at one step in the GA synthesis
pathway (Fig. 1). Such diversification raises questions
about the functions of these new homologs. Do these
new genes act in the same roles as the ancestral forms
or have they undergone subfunctionalization and
neofunctionalization?

A common view is that such gene duplication in-
creases the robustness of organisms against LOF mu-
tations in single genes. Many important enzymes in
plants are represented by two or more genes, or ho-
mologs, in the genome. In many of these cases, knock-
ing out one or the other of the homolog does not affect
the plant phenotype, whereas knocking out both ho-
mologs results in a profound defect, such as in the case
of fatty acid desaturases 3, 7, and 8 (Routaboul et al.,
2000) and KAO1 and 2 in Arabidopsis (Regnault et al.,
2014). Such cases are indicative of substantial redun-
dancy in gene function. Theoretical models suggest that

full redundancy of genes cannot persist over evolu-
tionary time (Moore and Purugganan, 2005). However,
comparative assessment of such recent homologs has
been difficult before the advent of the CRISPR/Cas9
system.

In this study, to better understand the dynamics
among genes at steps in GA synthesis, we employ
CRISPR/Cas9 (Jinek et al., 2012) to create knockout
mutants of each gene at four steps in the GA metabolic
pathway and measure phenotypic alternations under
common garden conditions to systematically reveal the
functions of the homologs in these multigene families.
Specifically, we ask the following questions: (1) Does
rice have more than one pathway in GA metabolism,
andwhich of these GAmetabolic genes are essential for
normal development? (2) Do all members of a gene
family perform a similar function, and does the reten-
tion of duplicated genes fit the patterns of redundancy,
subfunctionalization, or neofunctionalization? (3) Does
the retention mode of the same gene family follow the
same rules in rice compared to other species? (4) Is the
phenotype of a mutant an accurate reflection of gene
function? And, finally: (5) Do such analyses of GA have
potential benefit in agricultural application?

RESULTS

We first identified 13 putative genes from four fam-
ilies in the GAmetabolic pathway (Fig. 1) and obtained

Figure 1. The GA metabolism path-
ways in rice. Ellipses represent biosyn-
thesis enzymes; rectangles represent
breakdown enzymes. Scissors mark the
families mentioned in this article with
corresponding genes in rice.
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CRISPR/Cas9 full knockout lines of 11 of these genes
(Table 1), including four out of five genes from the KO
family (which catalyzes the sequential oxidation on
C-19 to produce ent-kaurenoic acid), the sole gene from
the KAO family (which converts ent-kaurenoic acid to
GA12), three out of four genes from the GA20ox family
(converting GA12 to GA4), and three out of three genes
from the C20-GA2ox family. For nine genes, we phe-
notyped T1 generations and for three additional genes
we phenotyped the T0 generation (Table 1). For the
two genes, OsKO2 and OsGA20ox1, that could not be
knocked out after three rounds of transformation,
this was consistent with possible essential roles in the
differentiation of callus. During each repeat of the
transformation experiments, both the sequences of
targeted loci and the phenotypes of all the transform-
ants obtained were identical to wild type. We also
confirmed the right spacers in those T0 lines, so we
speculate that either heterozygous or homozygous, the
successful knockout of any one of the two genes might
induce failure in transformation.

Assessment of KO Homologs

We began with the step performed by KO, the
enzyme that converts ent-kaurene to kaurenoic acid
(Fig. 1). As reported inWang et al. (2012) andMafu et al.
(2016), the KO gene family in rice has two clades, with
Clade I consisting of OsKO1, OsKO2, OsKO5 and
Clade II consisting ofOsKO3 andOsKO4 (Fig. 2A). Our
data show that rice has two more KO homologs than is
typical for plants in the Poaceae, four more KO homo-
logs than monocots outside of the Poaceae, and three
more KO homologs than the average dicot (Fig. 2A;
Supplemental Table S1). In the monocots, especially in
Oryzeae, there have been multiple independent du-
plication events (Fig. 2A; Supplemental Fig. S1). Our
comparison of these clades across the angiosperm
phylogeny suggest different evolutionary patterns of
KO homologs inmonocots and dicots, in that KO shows
a tendency toward the single-copy state in dicots,
such as in the case of Arabidopsis, whereas duplication

events have occurred with some frequency in
monocots.
To assess the relative roles of these genes, we used

CRISPR/Cas9 to modify the sequences (Table 1). Our
motivating question, based on theAtKO1 T-DNA insert
mutant in Arabidopsis that exhibits severe dwarf-
ism (Table 2), is whether single or multiple homologs
among the five rice KO genes perform the same func-
tion as AtKO1. In other words, is there functional re-
dundancy or functional differentiation? The one gene
that would not yield mutants after three rounds of
transformation was OsKO2 (CYP701A6) of Clade I,
which suggests the essentiality of OsKO2 and is con-
sistent with the report of the natural mutant d35, in
which only a single nucleotide substitution induces
semidwarfism (Itoh et al., 2004) and a previous repor-
ted OsKO2 mutant, where an insertion in exon 4 in-
duces severe dwarfism and death (Sakamoto et al.,
2004). Our spacer target in the second exon of OsKO2
may have induced severe deficiency that led to failure
to obtain the transformant. In contrast, osko1 and osko5,
which are also of Clade I, generally exhibited different
extents of dwarfism. Knockout in OsKO1 was more
severe (Fig. 2C), whereas knockout of OsKO5 (Fig. 2D)
was less severe. Notably, even the osko5 mutants died
before flowering (Table 2; Fig. 2B).
Together, these results suggest that OsKO1, OsKO2,

and OsKO5 are all essential for synthesis of GA and
they seem to act together to provide precursors for GA
synthesis, similar toAtKO1 in Arabidopsis (Table 2). To
assess relative interactions among these KO proteins,
we assessed expression data from GENEVESTIGATOR
(https://genevestigator.com/gv/). From those data,
we found a strong correlation (r2 5 0.91) between ex-
pression levels of OsKO1 and OsKO2 in 39 anatomical
parts (Pearson correlation coefficient 5 0.93, Fig. 2D).
Combining phenotypes and expression data together,
we propose two hypotheses: (1) OsKO1, OsKO2, and
OsKO5 inherit different functional parts of the ancient
KO separately, but all of the subfunctions are important
and that is why loss of any one of these three KO genes
induces severe dwarfism or death. (2) The three OsKO

Table 1. Genotypes of full knockout lines (homozygous for CRISPR allele)

Gene Symbol Locus Name Background Genotype Generation

OsKO1 Os06g0569900 Kasalath Wuyungeng24 Insufficient material for sampling, unable to
obtain

T0

OsKO2 Os06g0570100 Kasalath Wuyungeng24 Unable to obtain
OsKO3 Os06g0569500 Wuyungeng24 Full knockout T1
OsKO4 Os06g0568600 Kasalath Full knockout T1
OsKO5 Os06g0570600 Kasalath Full knockout T1
OsKAO Os06g0110000 Kasalath Wuyungeng24 Full knockout T0
OsGA20ox1 Os03g0856700 Kasalath Wuyungeng24 Unable to obtain
OsGA20ox2 Os01g0883800 Wuyungeng24 Full knockout T1
OsGA20ox3 Os07g0169700 Kasalath Full knockout T1
OsGA20ox4 Os05g0421900 Wuyungeng24 Full knockout T1
OsGA2ox5 Os07g0103500 Kasalath Wuyungeng24 Full knockout T1
OsGA2ox6 Os04g0522500 Kasalath Wuyungeng24 Full knockout T1
OsGA2ox9 Os02g0630300 Kasalath Full knockout T0
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genes, which share similar expression patterns, might
form a heterotrimer and act together, such that loss of
any one of these three KO induces breakdown of the
heterotrimer and leads to final loss of KO function.
These two hypotheses provide direction for further
assessment of gene function.

In contrast, osko3 and osko4 in Clade II did not exhibit
plant height-related phenotypes of GA deficiency
(Fig. 3, D and E), but both of them exhibited delayed
germination and the osko3 knockout exhibited slower
growth of the seminal root (Fig. 3, A and B). These
results are consistent with our reverse transcription

quantitative PCR (RT-qPCR) results that both of the KO
genes in Clade II are mainly expressed in the root at the
seedling stage (Fig. 3H) and suggest that the func-
tions of these two genes contribute to seed germination
and early root development in rice. Surprisingly, the
delayed growth of these mutants was temporary and
was later compensated such that they achieved normal
flowering time despite the delayed germination. To
assess whether these knockouts could be rescued by
exogenous GA, we applied GA3 to seeds of the osko3
and osko4 lines and found that it partially rescued the
root growth defect (Fig. 3, F andG), which demonstrated

Figure 2. Phylogenetic analysis, knockout phenotypes, and expression patterns of OsKO genes. Expression levels of KO ho-
mologs in rice. A, Phylogenetic analysis of protein sequences of KO encompassing paralogs fromAmborella trichopoda, Z. mays,
Sorghum bicolor, Brachypodium distachyon,O. sativa, Vitis vinifera,Medicago truncatula, and Arabidopsis. Scale5 0.1 amino
acid substitutions per site. The “Clade I” bracket include three genes of Clade IOsKO. B, Significant coexpression (r25 0.9128) of
OsKO1 (y axis) and OsKO2 (x axis) in 39 tissues of rice from Genevestigator database. C, Phenotype of 5-month–old wild-type
(WT) lines and severely dwarfed osko1. Scale bar 5 10 cm. D, Dwarfed phenotype of 4-month–old osko5. Scale bar 5 10 cm.
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that the defect in osko3 and osko4 is related to the GA
pathway.
Interestingly, the leaf lesion phenotype was observed

on all the osko3 mutants (Fig. 3C), which supports the
hypothesis of Itoh et al. (2004) that OsKO3 and OsKO4
may take part in phytoalexin biosynthesis because their
expression was promoted by UV irradiation and/or
elicitor treatment, but introduction of OsKO3 into the
semidwarfedOsKO2 spontaneousmutant cannot rescue
its dwarf phenotype. Taken together, these phenotypes
of osko3 demonstrate that the neofunctionalization of
disease resistance has arisen in Clade II. In other words,
Clade II OsKOs have not only retained part of the func-
tion of GA-synthesis (especially for seed germina-
tion and early root development that has a substantially

functional differentiation from Clade I), but have also
evolved novel functions related to immune function at
the same time.

Assessment of KAO

There is one KAO gene in rice, whereas Arabidopsis
(Arabidopsis thaliana) has two homologs (Table 2). In
Arabidopsis, atkao12 and atkao22 single gene knock-
outs are similar to wild type, while atkao1 and atkao2
double mutants exhibit typical GA-deficient severe
dwarfism. There are overlapping roles of AtKAO1 and
AtKAO2 throughout Arabidopsis development, sug-
gesting functional redundancy of these two members

Figure 3. Analysis of KO lines from Clade II. A,
Delayed germination of osko3 and 24. Scale bar
5 1 cm. B, Delayed germination of osko3 and24.
Scale bar 5 1 cm. C, Infection scabs on leaves of
osko3. Scale bar 5 1 cm. D and E, Similar phe-
notypes of 4-month–old (D) osko3 and (E) osko4
compared to wild type. Scale bar 5 10 cm. F and
G, 150 mg/L GA3 application complementation
experiment of (F) wild type and (G) osko3. H,
Expression of Clade II KO genes in different tis-
sues. The data are means of three replicates.
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(Regnault et al., 2014). For the sole copy of OsKAO
in rice, we constructed mutants with two different
knockout genotypes and both of them exhibited severe
dwarfism and sterility (Fig. 4C), which is consistent
with double mutants of atkao1–atkao2 in Arabidopsis
(Table 2). Our RT-qPCR analysis revealed that OsKAO
is expressed in most plant tissues, especially in panicles
at the booting stage (Fig. 4B).

Assessment of GA20ox Homologs

There are five and four homologs of GA20ox in
Arabidopsis (AtGA20ox1-5) and rice (OsGA20ox1-4),
respectively (Fig. 5). In the phylogenic tree (Fig. 4A),
two distinct clades, Clade I and Clade II, were found.
Clade I is unique to dicots and missing in monocots,
and includes one member, AtGA20ox5, in Arabidopsis.
In Clade II, AtGA20ox1-4 were grouped together,
whereas the four members from rice have greater

divergence, suggesting frequent copy-number varia-
tions in different species in this family (Fig. 5A). In
Arabidopsis GA20ox genes, the T-DNA insertion mu-
tant atga20ox1 is semidwarfed (Rieu et al., 2008; Plackett
et al., 2012); atga20ox2 has delayed flowering time and
only a slight decrease in plant height (Rieu et al., 2008);
and atga20ox3 has no obvious phenotypic changes. In-
terestingly, the triple mutant atga20ox1/2/3 exhibits
extreme dwarfism, strongly delayed flowering time
and nearly complete infertility, which is similar to a
completely GA-deficient phenotype (Plackett et al.,
2012), indicating partial functional redundancy among
these genes. In contrast, the deficient mutants of other
two genes, AtGA20ox4 and AtGA20ox5, have no ob-
served phenotypes (Plackett et al., 2012).

In the rice genome,we successfully knocked out three
of the OsGA20ox genes, OsGA20ox2–4, but failed to
knock out OsGA20ox1 even after three attempts. There
is no report of a destructive mutant in the coding re-
gion of OsGA20ox1. Overexpression of OsGA20ox1 can

Figure 4. Phylogenetic analysis, knockout phenotypes, and expression patterns of OsKAO genes. A, Phylogenetic analysis of
protein sequences of KAO encompassing paralogs from Amborella trichopoda, Z. mays, Sorghum bicolor, Brachypodium dis-
tachyon, O. sativa, Vitis vinifera, Medicago truncatula, and Arabidopsis. Scale 5 0.1 amino acid substitutions per site. B, Ex-
pression pattern of OsKAO genes. The data are means of three replicates. C, Severely dwarfed phenotypes of 40-d–old oskao.
Scale bar 5 5 cm.
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increase plant height, but reduces fertility, whereas
knockdown with RNA interference (RNAi) reduced
plant height (Oikawa et al., 2004). Together, these re-
sults suggest that OsGA20ox1 may be an essential gene
for rice.
Different natural mutants of OsGA20ox2, including

sd1, have been studied and are generally semidwarfed
and fertile (Asano et al., 2011). In contrast, our CRISPR/
Cas9 knockouts were typically sterile, with pleiotro-
pic differences depending upon the background. The
knockout mutant in the indica cv Kasalath background,
which has a completeOsGA20ox2, was severely dwarfed
and could not flower normally. In contrast, knockout

mutants in the japonica cv Wuyungeng background,
which carries an allele that encodes an enzymewith less
activity (Asano et al., 2011), showed semidwarfism and
were partly infertile (;60% setting rate). Moreover,
there was a difference in flowering time between the
two kinds of Wuyungeng mutants. Specifically, the
homozygous 13-bp deletion (osga20ox2-3) mutant had
delayed flowering time (Fig. 5D), while in the hetero-
geneous 13-bp/4-bp deletion (osga20ox2-2) mutant,
flowering time was the same as wild type (Fig. 5C),
which suggests that much is left to learn about the
function of SD1. OsGA20ox2 has been shown to act in
flower regulation (Dai and Xue, 2010). Here we report

Figure 5. Phylogenetic analysis, knockout phenotypes, and expression patterns of GA20ox genes. A, Phylogenetic analysis of
protein sequences of GA20ox encompassing paralogs from Amborella trichopoda, Z. mays, Sorghum bicolor, Brachypodium
distachyon, O. sativa, Vitis vinifera, Medicago truncatula, and Arabidopsis. Scale 5 0.05 amino acid substitutions per site. B,
Expression pattern of OsGA20ox genes in different tissues. The data are means of three replicates. C and D, Semidwarfed phe-
notypes of 3-month–old osga20ox2 and delayed flowering time of osga20ox2-3. Scale bars 5 10 cm. E and F, Semidwarfed
phenotypes of 3-month–old osga20ox3 and 24. Scale bars 5 10 cm.
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that OsGA20ox2 might affect flowering time and
fertility.

According to a previous study, transgenic plants
overexpressing OsGA20ox3 have increased stature
and greater susceptibility to pathogens, whereas RNAi
knockdown lines exhibited semidwarfism and greater
resistance to rice blast and bacterial blight (Qin et al.,
2013). The function of OsGA20ox4 has not been
reported. In our experiments, knockout mutants of
OsGA20ox3 and OsGA20ox4 both exhibit semidwarfism
and partial infertility (;30% setting rate, Fig. 5, D and
E). Through RT-qPCR, we found that all members of
GA20ox family have at least medium expression in
panicle, but exhibit distinct expression patterns oth-
erwise. OsGA20ox1 is expressed mainly in root and

panicle, while both OsGA20ox2 and OsGA20ox4 share
similar expression that is primarily in leaf and panicle,
which is consistent with their closer genetic distance in
the phylogenic tree. OsGA20ox3 is highly expressed
specifically in panicle, which explains the sterility of
osga20ox3 mutants (Fig. 5B).

Assessment of C20-GA2ox Homologs

In the GA2ox family, which inactivate GAs through
2b-hydroxylation, there is a larger class of C19-GA2oxs
and a smaller class of C20-GA2oxs, based on the sub-
strate used (Lo et al., 2008). There are two C20-GA2ox
genes in Arabidopsis (AtGA2ox7, 8) and three in rice

Figure 6. Phylogenetic analysis, knockout phenotypes, and expression patterns of C20-OsGA2ox genes. A, Phylogenetic analysis of
protein sequences of C20-GA2ox encompassing paralogs from Amborella trichopoda, Z. mays, Sorghum bicolor, Brachypodium
distachyon, O. sativa, Vitis vinifera, Medicago truncatula, and Arabidopsis. Scale 5 0.1 amino acid substitutions per site. B, Ex-
pression pattern of C20-OsGA2ox genes. The data are means of three replicates. C–E, Comparison of grain size (scale bar5 5 mm)
and transection (scale bar5 50 mm) of wild type and C20-osga2oxs. C, Grains of wild type (left) and transection of wild-type grain
(right). D, Grains of osga2ox5 (left) and transection of osga2ox5 grain (right). E, Grains of osga2ox6 (left) and transection of osga2ox6
grain (right).
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(OsGA2ox5, 6, 9; Fig. 6A; Table 1). None of these genes
have natural mutants or T-DNA/Tos17 insert mutants.
Previous knowledge of these genes has only relied
on overexpression experiments. In Arabidopsis,
overexpression of either of the two genes causes
dwarfism. In rice, overexpression of OsGA2ox5 causes
severe dwarfism and irregularly small seeds, whereas
OsGA2ox6 overexpression plants exhibited dwarfism but
normal seeds (Table 2).
Overexpression of OsGA2ox9 causes semidwarfism

and slightly decreased fertility (Lo et al., 2008). How-
ever, in our knockouts of the three rice C20-GA2ox
genes, no mutants exhibited alteration in plant height.
This may prove that the natural function of C20-GA2ox
is not in controlling plant height, and that the dwarfism
phenotype may just be an overdose effect. In our RT-
qPCR analysis, we found that the three members of
C20-GA2ox family are moderately expressed in ma-
turing seeds. OsGA2ox5 is mostly expressed in root,
OsGA2ox6 is mostly expressed in panicle and matur-
ing seed, and OsGA2ox9 is mostly expressed in stem
(Fig. 6B). Both OsGA2ox5 and OsGA2ox6 mutants
have large and chalky seeds. Moreover, mutants of
OsGA2ox5 have partial infertility and reversion to the
ancestral phenotype of an enclosing awn, a coarse layer
outside the seeds. In contrast, mutants of OsGA2ox6
have large normal seeds displaying the chalky charac-
teristic and are completely fertile (Fig. 6, C–E). Seed
size and quality are also important artificial selection
traits. Strong artificial selection signals also indicate the
importance of this gene. A population genetics
comparison (Table 3) also suggests there has been a
selective sweep in OsGA2ox6 (nucleotide diversity
[pi]-wild/pi-cultivated 5 9.7). These results sug-
gest that C20-OsGA2ox genes contribute to seed size
and quality.

DISCUSSION

CRISPR/Cas9 Provides Us with a Convenient Tool to
Study All Members of a Pathway

As one of the major phytohormones, GA functions
as natural regulators of a variety of growth and devel-
opmental processes in plants, including seed germina-
tion, internode elongation, and flower and seed
development (Davies, 1995). Previous studies of GA
pathways have generally focused on themost canonical
member of a family, such as OsKO2, which was
reported to be the primary KO gene involved in GA
synthesis (Yamaguchi, 2008). In fact, the study of the

easily overlooked, noncanonical members is key to re-
vealing the function of homologous genes, gene fami-
lies, and metabolic pathways. Moreover, previous
studies were carried out using natural mutants,
T-DNA, and/or tos17 insertion mutants to reveal the
function of each gene in the GA metabolic pathway,
which has the following disadvantages: (1) Those
approaches of mutant construction have been idiosyn-
cratic, in that it is hard to obtain enough of the mutants
of all genes in the pathway and thus, systematic study
of gene functions between different copies could not be
achieved at the same time. (2) Those approaches for
obtaining mutants do not target the specific genes, so
only nonlethal mutants with substantially phenotypic
changes were identified. Indeed, there may be some
genes that are not mutated after these random-chance
methods, some genes that are essential, for which mu-
tations are lethal to the mutant plant itself, and some
genes that induce unapparent phenotypic changes after
mutation. To study the function of those genes, the
highly specific CRISPR/Cas9 system, which allows
specific targeting of each gene in the pathway, has
allowed us to compare mutations in nearly all genes in
each step.
Among the 13 genes from four key steps in the GA

metabolic pathway, only three were studied through
spontaneous mutation or T-DNA insertion in previous
studies. In this study, we use CRISPR/ Cas9 to edit
each of these 13 genes individually and success-
fully obtained full knockout mutants for 11 of them.
We found that two of the 13 genes (OsKO2 and
OsGA20ox1) were incapable of producing knockouts.
This is consistent with previous research, where editing
in the posterior exon of OsKO2 induced severe dwarf-
ism and no knockout mutants of OsGA20ox1 were
reported (Oikawa et al., 2004). Our work represents a
comprehensive vision for studying each key step in a
pathway through mutation of each homolog. Our data
suggest that the phenotypic defects in these knockout
lines were not due to off-target effects of CRISPR/Cas9.
This is due to the fact that our whole genome se-
quencing of the mixed sample of three Osga20ox6 mu-
tants did not yield any mutations in potential off-target
sites in a way that could explain the phenotypes ob-
served. On that basis, we are confident that our phe-
notypes are related to the attributed genes.
In addition, our data suggest that GA metabolic

genes have great potential for agricultural applications.
There are lots of GA-deficient dwarf mutants found and
applied to agriculture production because dwarfism
improves lodging resistance and increases yields. How-
ever, even though it is one of the most valuable traits

Table 3. Population genetics analyses of C20-GA2ox genes in indica, japonica, cultivated, and wild rice

Pi Gene Id Indica Japonica Cultivated Wild Ind–Jap Cultivated–Wild

GA2ox5 Os07g0103500 0.0004452 0.0010203 0.0009132 0.0013064 0.0010891 0.001249866
GA2ox6 Os04g0522500 0.000113 0.00017 0.0001428 0.001384 0.0001438 0.001622979
GA2ox9 Os02g0630300 0.0019105 0.001834 0.0020736 0.0009692 0.0022742 0.001652598
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in agriculture, GA-related seed alteration has not been
reported yet. In this study, we found that the C20-GA2ox
gene family participates in seed development regulat-
ing size, shape, and quality of seeds, important to rice
yields and flavor. Therefore, there is still tremendous
potential for GA-metabolic genes and the study of these
genes can provide a genetically ideal seed resource for
future rice breeding.

The Evolutionary Dynamics of Functions of Duplicated
Genes in the Rice GA Biosynthetic Pathway

In each step of GA metabolism, different gene copy
numbers can be found in different species. Naturally,
we wanted to know whether these duplicated genes
provide functional redundancy or acquired new func-
tions (Moore and Purugganan, 2005), because mecha-
nisms that do not require evolution of new functions
may play an important role in initial retention of du-
plicate genes (Panchy et al., 2016). As expected, whether
in rice or Arabidopsis, most duplicated members
in each step of the GA pathway have some similar
functions in terms of the similar knockout outcomes
(Table 2). That said, there is functional differentiation
observed in the OsKO family in the case of the neo-
functionalization of KO3 and KO4. In general, most
phenotypes of these mutants involve lethality, plant
height (dwarf/semidwarf), or infertility (or near-infer-
tility), which is consistent with the phenotypes of GA
variations, suggesting that these duplicated members
still retain some functions of GA synthesis or degra-
dation. In contrast, there are fewer homologous genes
performing unrelated functions in the same families,
which also indicates the importance and conservatism
of this pathway. Below, we discuss subfunctionaliza-
tion (e.g. three recently diversified homologs of OsKO1,
OsKO2, and OsKO5) and neofunctionalization (e.g. OsKO3
and OsKO4) as they relate to these duplications. Essential
genes play an important role in various aspects of plant
growth and development; LOF of essential genes induces
death or sterility. Many theories have predicted that dupli-
cation of genes can alleviate the selection pressure of these
necessary genes, thereby improving the fitness of the
organism. However, it is interesting that there is always
at least one essential gene in each GA step, regardless of
whether this step has a single gene or multiple genes
(Table 1). For example, in the KO family, we found
three essential genes, KO1, KO2, and KO5, all of which
were unable to form knockout mutants or were dead
soon after transformation. In the KAO family, LOF of
the only member, OsKAO, induced dwarfism and
death. In the GA20ox family, we did not obtain a
GA20ox1 mutant after three repeated experiments,
while GA20ox3 full knockout lines were sterile. In the
C20-GA2ox family, GA2ox5 full knockout lines were
sterile. Collectively, these results indicated that the GA
pathway does not have a redundancy route for syn-
thesis in rice. This contrasts with other important hor-
mones, such as salicylic acid, which can be synthesized

in most plants through both the isochorismate-
dependent and Phe lyase-dependent pathways (Dempsey
and Klessig, 2017).

On the other hand, although some of the duplicates
may have similar or related functions, they also exhibit
obvious and rapid differentiation. For instance, in the
OsKO family that arose from tandem duplication, loss
of the Clade I KO genes induces severe dwarfism or
death; loss of the Clade IIKO genes induces tardive root
development and delayed germination. That these
mutants can be partly rescued by exogenous GA ap-
plication proves that the phenotypic changes are
caused by GA-deficiency and both Clade I and Clade II
KO genes are involved in the synthesis of GA. However,
introduction of Clade II KO into Clade I KO mutants
cannot rescue the GA-deficient dwarfism (Itoh et al.,
2004), which suggests that the GA-related functions of
Clade II KO are different from Clade I KO, which focus
only on the germination and early development of roots.
It is noteworthy that Clade II KO retained the original
GA-synthesis function and developed the novel function
of disease resistance at the same time. In consideration of
the abundant transposable elements in this region,
which might play an important role in the rapid func-
tional differentiation, the discovery may provide details
for deeper understanding of the pathway.

The four gene families studied in this article are
present in all angiosperms. They are defined as core
angiosperm gene families that show a strong preference
toward the single-copy state according to Li et al.
(2016), so it is interesting to study the retention pat-
tern of these four families. However, we detected dif-
ferent patterns of duplicate retention. There are five KO
members in rice, including Clade II (OsKO3, 4), which
have undergone neofunctionalization, while in Arabi-
dopsis, KO remains a single-copy gene. There is only
one KAO in rice, while the two KAO members in Ara-
bidopsis exhibit functional redundancy (Regnault et al.,
2014). The gene balance hypothesis suggests that du-
plicates are retained because they are in balance with
each other and selection against deletion of onemember
of a pair would prevent their rapid loss (Birchler et al.,
2005). As we observed in the KO family in rice, loss of
any one gene from KO Clade I could break the molec-
ular complexes and induce death of the whole plant.
The allocation in dosage keeps the duplicates in the
original balance state and prevents them from rapid
loss, which implies different species have chosen di-
verse evolutionary patterns even in gene families with
similar function, which might be attributed to different
environmental pressure. For the multigene families in
both rice and Arabidopsis, GA20ox and C20-GA2ox,
different expression patterns are observed in the rice
knockout mutants. Gene expression plays an important
role in the genotype-phenotype relationship, and
changes in transcriptional regulation constitute a major
component of the genetic basis for phenotypic evolu-
tion (Wray et al., 2003). The essential genes in the
GA20ox and C20-GA2ox family, OsGA20ox1 and
OsGA2ox5, show expression patterns different from
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other members from the same family, and thus it is
possible that the diversified expression patterns con-
tribute to their functional evolution.
As a matter of fact, gene loss is also an engine of

evolutionary change (Olson, 1999). Just like the diurnal
melatonin synthesis that plays a central role in the
regulation of seasonal reproduction that was preserved
in wild strains of Mus musculus although lost in labo-
ratory mice (Ebihara et al., 1986; Goto et al., 1994), or-
ganisms can gain conditional benefits by discarding
the functionality of widely conserved genes. In this
study, as part of the agronomical selection for larger
grains, loss of function of OsGA2ox6 is consistent with
the less-is-more hypothesis, whichmight be selected in
the future. These evolutionary patterns of diversity of
gene families with critical functions provide a new
path for us to explore the true nature of a certain type
of genes.

Different Mutant Genotypes Have Different Phenotypes at
Some Loci

Interestingly, CRISPR/Cas9 knockouts may yield
different outcomes relative to T-DNA insertion knock-
outs and both may yield different results from natural
allelic variants. Is the phenotype of a mutant that we
observe the true reflection of a gene? Different mutation
lines sometimes induce distinct phenotypes, such as
sd1. In our research, most of our sd1 mutants, which
possess strong alleles induced by knockout, are sterile,
whereas the natural sd1 mutants are not (Monna et al.,
2002; Sasaki et al., 2002; Spielmeyer et al., 2002; Asano
et al., 2011). Among these natural mutants, weak alleles
such as sd1-c resulting from substitutions in exon 2,
sd1-j resulting from substitutions in exon 1, sd1-r
resulting from substitutions in exon 3, and sd1-EQ
resulting from substitutions in exon 1 and 3, along
with sd1-d, which is resulted from 278-bp deletion in
exons 1 and 2, merely exhibit semidwarfism with nor-
mal setting rate. The deletion in sd1-d might form a
specific weak allele rather than be a reflection of the
gene function. In previous research, gene function was
mainly studied by regulating expression, such as in
the C20-GA2ox family. In the literature, overexpression
of C20-GA2oxs induces semidwarfism/dwarfism (Lo
et al., 2008; Huang et al., 2010), but we did not ob-
serve alteration in plant height after C20-GA2oxs was
knocked out in our experiment. Whether these phe-
notypic differences are due to the different genetic
backgrounds or experimental approaches is still un-
clear. In another respect, some severe defects caused
by mutation may have already been eliminated, and
the phenotypes we observed in the corresponding
mutants nowadays may have been the outcome of
selection during artificial breeding. These differences
suggest that research on the true functions of genes
can be further improved with more mutation types,
phenotypes, and genetic backgrounds being taken
into consideration. Collectively, our results identify

candidates for future control of GA production and
provide insight into the evolution of four critical gene
families in plants.

MATERIALS AND METHODS

Identification and Classification of Genes Related to
GA Metabolism

Gene sequences for nine rice (Oryza sativa) relatives and seven additional
angiosperms were obtained from the JGI Phytozome database v12.1 (https://
phytozome.jgi.doe.gov/pz/portal.html; Goodstein et al., 2012), NCBI Gen-
Bank, and individual genome project websites. The protein sequences of
reported rice genes related to GA metabolism (Yamaguchi, 2008) were used as
seeds to search for genes of all selected plants through the algorithm BLASTn
(NCBI, https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE5BlastSearch;
Altschul et al., 1990) with an E-value cutoff set to 0.01. We set the criteria that
only BLAST hits with identity $40% and coverage $50% were defined as
GA-metabolic genes. The protein sequences of all identified genes were aligned
with the tool ClustalW (https://www.genome.jp/tools-bin/clustalw) with
default parameters. Phylogenetic trees were constructed using maximum
likelihood with 5,000 replicates of bootstrap test through the software MEGA 6
(Tamura et al., 2013).

SNP Calling and Population Analyses

The resequencing data of japonica, indica, and wild samples were obtained
from Yuan et al. (2017), and the cultivated samples were the sum of japonica
and indica samples. The methods and algorithm used in population analyses
were adapted from Yuan et al. (2017), and nucleotide diversity (pi) was cal-
culated based on the coding sequence of C20-GA2ox genes in rice.

CRISPR/cas9-Mediated Gene Knockout and
Rice Transformation

To screen spacers for highest specificity (Supplemental Table S2;
Supplemental Fig. S2) for each of the 13 GA-metabolic genes, we used a stan-
dard method for all lines (Miao et al., 2013), with adjustments for Kasalath as
suggested in Shan et al. (2014b). The complementary oligonucleotides of each
spacer were inserted into the BsaI restriction site of the plasmid of single-guide
RNAs (sgRNAs). Then sgRNA was incorporated into the Cas9 vector, which
contained Cas9 driven by the maize (Zea mays) ubiquitin promoter with Gate-
way recombination method (Katzen, 2007). The vectors were then transformed
into two rice cultivars O. sativa ssp Indica cultivar Kasalath and O. sativa ssp
Japonica cultivarWuyungeng24 usingAgrobacterium strain EHA105 (Hiei et al.,
1994). Kasalath is a traditional indica variety used extensively in rice functional
characterization and is represented by a well-annotated genome sequence
(Sakai et al., 2014). Wuyungeng24 is a representative cultivar of japonica rice
that is known for reliable transformation. Our CRISPR/cas9 efforts yielded a
total of 60 individuals from 26 full knockout lines for 10 genes and 33 indi-
viduals from 13 partial knockout lines for seven genes (including T0 and T1).
Here, we used the full knockout lines (Supplemental Table S3) to describe the
phenotypes induced by mutation for their statistical accuracy and hereditary
stability.

Confirming Genotypes with PCR

Genomic DNA of transgenic lines was extracted using standard protocols
(Monna et al., 2002). To identifymutations in regenerated plants, genomic DNA
surrounding the targeted regions of sgRNAs was amplified by PCR and se-
quenced (Sanger et al., 1977; Supplemental Dataset). Plant lines with mutated
alleles as well as wild-type lines were then used for phenotypic analyses.

Measurement of Phenotypes

GA-related mutants often have deficiency in flowering and seed setting
(Sakamoto et al., 2004). To assess the setting rate, we calculated the percentage
of plump grains in a representative subset of 20 randomly-selected grains.
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Mutants with plump percentage #80% were defined as having decreased fer-
tility and #10% were defined as being sterile. Cross-sections of grains were
determined by examination with a model no. SZX7 microscope (Olympus).

RT-qPCR Analyses

Total RNAwas isolated from leaf, stem, and root at seedling stage, panicle at
bootingstage,panicle and leaf atfloweringstage, andseedsatmature stageusing
the MiniBEST Universal RNA Extraction Kit (Takara) followed by reverse
transcription using PrimeScript RT Master Mix (Takara) according to the
manufacturer’s instructions. RT-qPCR was carried out by using a StepOnePlus
(AppliedBiosystems) real-timePCRsystem.Gene-specific primers (Supplemental
Table S4) were designed with the software Oligo 6 (https://www.oligo.net/
downloads.html). All RT-qPCR experiments were carried out in triplicate.
RT-qPCR was performed with the following cycling parameters: 95°C for 30 s,
40 cycles of 95°C for 5 s and 60°C for 34 s, 95°C for 15 s, 60°C for 1 min, and 95°C
for 15 s. Gene expression was quantified by the 22DDCT method in comparison
with the endogenous control (G3PDH) gene (Schmittgen and Livak, 2008).

Assessment of Off-Target Effects

To quantify possible off-target effects in our CRISPR/Cas9 knockout ap-
proach, we performed whole genome sequencing of one mutant, Osga2ox6,
using a mixed sample of three independent biological replicates. Upon
obtaining the whole-genome sequencing data, we assessed the small indels and
single-nucleotide variants (SNVs). After searching for the small indels and
SNVs exhibiting putative moderate/high impact in coding sequences except
the indels in the target gene, we detected 20 SNVs and 1 indel which are most
likely to be true positives (Supplemental Table S5). None of these mutation sites
were in genes that had known association with seed properties. As predicted by
sequence similarity, none of these variations were in sequences within 100 bp of
a potential off-target site .

Statistical Analyses

Gene expression was presented by relative gene expression. Relative gene
expression level 5 22DDCT.

DDCT5DCTðAÞ 2 DCTðBÞ

DCTðAÞ5CTðsample of interest; AÞ 2 CTðsample of interest; G3PDHÞ

DCTðBÞ5CTðreference sample; BÞ 2 CTðreference sample; G3PDHÞ

CTwas calculated bymean value of three replicates. Members from the same
gene family were calculated relative to OsKAO, OsGA20ox1, and OsGA2ox5,
respectively. Panicle at flowering stage was set as the reference sample in this
study. No other statistical analyses were used in this study.

Accession Numbers

Sequence data in this article can be found in the GenBank data librar-
ies under accession numbers: OsKO1(BAS98308.1), OsKO2(BAS98310.1),
OsKO3(BAS98305.1), OsKO4(BAS98302.1), OsKO5(BAS98313.1,BAS98312.1),
OsKAO(BAS95781.1), OsGA20ox1(BAS87451.1), OsGA20ox2(BAS75582.1),
OsGA20ox3(BAT00232.1), OsGA20ox4(BAS94085.1), OsGA2ox5(BAS99697.1),
OsGA2ox6(BAS90133.1), OsGA2ox9(BAS79897.1).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. KO gene tree including 10 Oryza species.

Supplemental Figure S2. Location of spacers for GA-related genes.

Supplemental Table S1. KO homologs in other groups compared relative
to rice.

Supplemental Table S2. Spacers used in the study for GA-related genes.

Supplemental Table S3. Generations and genotypes of mutant lines used
in this study.

Supplemental Table S4. The gene-specific primers used for RT-qPCR.

Supplemental Table S5. Assessment of off-target loci.

Supplemental Dataset. Sanger sequencing results of mutants obtained.
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