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Type-B response regulators of rice play key roles in growth,
development and cytokinin signaling
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ABSTRACT

Cytokinins are plant hormones with crucial roles in growth and
development. Although cytokinin signaling is well characterized in the
model dicot Arabidopsis, we are only beginning to understand its role in
monocots, such as rice (Oryza sativa) and other cereals of agronomic
importance. Here, we used primarily a CRISPR/Cas9 gene-editing
approach to characterize the roles of a key family of transcription
factors, the type-B response regulators (RRs), in cytokinin signaling in
rice. Results from the analysis of single rr mutants as well as higher-
order rr21/22/23 mutant lines revealed functional overlap as well as
subfunctionalization within members of the gene family. Mutant
phenotypes associated with decreased activity of rice type-B RRs
included effects on leaf and root growth, inflorescence architecture,
flower development and fertilization, trichome formation and cytokinin
sensitivity. Development of the stigma brush involved in pollen capture
was compromised in the rr21/22/23 mutant, whereas anther
development was compromised in the rr24 mutant. Novel as well as
conserved roles for type-B RRs in the growth and development of a
monocot compared with dicots were identified.
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INTRODUCTION

Cytokinins are phytohormones that regulate diverse aspects of
plant growth and development, including cell division, shoot and
root architecture, seed yield, senescence, and stress responses
(Hwang et al., 2012; Kieber and Schaller, 2014; Sakakibara, 2006).
Our understanding of the metabolism and perception of cytokinin
has made great strides in recent years, mostly from studies of the
model dicot Arabidopsis (Hwang et al., 2012; Kieber and Schaller,
2014). The initial pathway for cytokinin signal transduction is a
multistep phosphorelay that incorporates cytokinin receptors (HKs),
histidine-containing phosphotransfer proteins (AHPs) and type-B
RRs. These relay the cytokinin signal from the membrane to the
nucleus, where the type-B RRs function as transcription factors to
regulate gene expression. The type-B RRs are structurally related,
each having a receiver domain that is phosphorylated on a conserved
aspartate residue, as well as a C-terminal extension with a Myb-like
DNA-binding domain (Hosoda et al., 2002; Imamura et al., 1999;
Raines et al., 2016; Zubo et al., 2017). Type-A RRs are among the
targets the expression of which is induced by the type-B RRs, and
these function as negative feedback regulators for the cytokinin
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response (Kieber and Schaller, 2014; To et al., 2004). The type-B
and type-A RR gene families have undergone lineage-specific
expansion in monocots and dicots (Pils and Heyl, 2009; Tsai et al.,
2012), suggesting that, although they have similar ancestral
functions, the monocot RRs have also acquired novel functions
distinct from their roles in dicots.

We know surprisingly little about the role of cytokinin in
monocots, given the agronomic significance of cereals, loss-of-
function studies having probably been hampered by functional
overlap within the gene families. Rice is an ideal species to elucidate
the role of cytokinin because of its small genome size, the availability
of reference genome sequences and its ease of transformation (Devos
and Gale, 2000). Indeed, genetic studies have revealed that individual
genes involved in cytokinin biosynthesis and degradation can
have significant roles in the development of the rice inflorescence.
Disruption of LOG, which is involved in cytokinin biosynthesis,
results in failure to maintain meristematic cells in their inflorescence
meristems and, consequently, a smaller panicle and reduced grain
yield (Gu et al., 2015; Kurakawa et al., 2007). By contrast, reduced
expression of CKX2, which is involved in cytokinin degradation,
results in elevated cytokinin levels and a larger panicle (Ashikari
et al., 2005; Yeh et al., 2015). More recently, a mutation of the
cytokinin receptor gene HK6 was found to reduce the root sensitivity
to cytokinin (Ding et al., 2017), and targeting of two AHPs by RNAi
resulted in the production of smaller panicles along with a decrease in
cytokinin sensitivity (Sun et al., 2014).

According to the model for cytokinin signaling, the type-B RRs
have a pivotal role in the early transcriptional response of plants to
cytokinin. Here, we used a clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 gene-editing approach to
target the four most abundant type-B RRs of rice. Results
from the analysis of single r» mutants as well as higher-order
rr21/22/23 mutant lines revealed functional overlap as well as
subfunctionalization within members of the gene family. Mutant
phenotypes associated with decreased activity of rice type-B RRs
included effects on leaf and root growth, panicle architecture, flower
development, trichome formation and cytokinin sensitivity. These
results reveal novel as well as conserved roles for type-B RRs in the
growth and development of a monocot compared with dicots. Given
the gene conservation among the cereals, the roles for the type-B
RRs elucidated in rice have implications for other cereal crops, such
as maize and wheat.

RESULTS

Generation of type-B RR mutants by CRISPR/Cas9 gene
editing

We used a CRISPR/Cas9 approach to generate loss-of-function
mutations in rice type-B RRs. We focused on subfamily 1 members
of the rice type-B RR family (Fig. S1A), because these have the
most abundant expression and are phylogenetically related to
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members of the Arabidopsis type-B RR family implicated
in cytokinin signaling (Argyros et al., 2008; Ishida et al., 2008;
Tsai et al., 2012). Furthermore, RR22 of rice complements an
Arabidopsis subfamily 1 loss-of-function mutant, demonstrating
an ability to mediate the cytokinin response in planta (Tsai et al.,
2012). We constructed a CRISPR/Cas9 vector to edit the four most
abundant rice type-B RRs of subfamily 1 (RR21, RR22, RR23 and
RR24) based on their expression level in shoots, roots and early
panicle meristems (Figs S1 and S2). Targets for gene editing were
chosen to be within 87 bp downstream of the translation start sites of
the RRs, such that mistranslation because of frameshift mutations
would occur before the receiver domain.

The CRISPR/Cas9 vector was introduced into the Japonica
rice cultivar Kitaake by Agrobacterium-mediated transformation
and indel mutations in RRs identified by sequencing. We focused
on lines with frameshift mutations because these are predicted to
be null mutations (Table S1). Mutations were brought to
homozygosity and the CRISPR/Cas9 vector eliminated by
segregation to stabilize the mutants. In this manner, we obtained
the rr21/22/23 triple mutant from three independent
transformation events (E1, E2 and E4; Table S2), the
characterization of which is our main focus in this study. The
three independent events giving rise to the rr21/22/23 triple
mutants resulted in three different indel mutations for r»27 and
rr22, with each predicted to result in a frameshift and premature
termination during translation (Table S2). We also obtained the
single mutants 7721, rr22 and rr23, both rr2]1 and rr23 being
isolated from the same transformation event (E4) from which
we also obtained an rr21/22/23 triple mutant (Tables S1 and S2).
As an additional control, we also isolated a wild-type sibling from
the E4 transformation event.

Disruption of type-B RRs results in altered shoot
development

When grown on soil, mature plants of all three rr21/22/23 lines
(events El, E2, and E4) exhibited phenotypes that significantly
distinguished them from the wild-type controls, Wt-Kit and Wt-E4
(Fig. 1A,B). On average, plant height of the mutant decreased by
16% compared with wild type. The mutant produced more tillers
compared with the wild type, although there was a decrease in the
productive tillers (those that produce a panicle). The increase in
tillering of the 721/22/23 lines arose, in part, because of the
production of more secondary tillers compared with the wild type.
The effect on tiller number and productive tillers was not observed
in the single 77 mutants, indicative of functional overlap in the
control of this phenotype. The decrease in panicle formation by the
tillers indicates a decreased ability to produce an inflorescence
meristem, the increase in tiller production potentially arising as a
compensatory mechanism for this defect.

The rr21/22/23 plants were shorter than the wild type at least in
part because their leaves were shorter and narrower than those of
the wild type (Fig. 1C; Fig. S3A,B). The flag leaves of rr21/22/23
averaged 77% of the length, 85% of the width and 65% of the area
of the wild-type flag leaves. To determine whether the decrease in
leaf size of rr21/22/23 was because of changes in cell proliferation
and/or cell expansion, we examined epidermal cells on the adaxial
surface of the flag leaf (Fig. 1C). In the mutant, a decrease in cell
width to 87% of the wild type accounted for the similar decrease in
leaf width. By contrast, cell length was similar for the mutant and
wild type (the mutant was 99.5% of the wild-type cell length on
average), indicating that the decrease in leaf length was the result of
a decrease in longitudinal cell proliferation.

Disruption of type-B RRs results in altered panicle
development

Architecture of the rice inflorescence (panicle) is derived from the
meristematic structure of the reproductive meristem. The rice
panicle comprises a main axis (rachis) with several primary and
secondary branches, each of which produces the floral structures,
called spikelets (Fig. S3C). Panicles of the 7721/22/23 mutants were
smaller and had reduced branching compared with the wild type
(Fig. 1A,D). The rr21/22/23 mutants exhibited a significant
decrease in panicle length (Fig. S3D) and in the number of
primary and secondary branches (Fig. 1A,D). Although the number
of branches decreased, there was not a uniform effect on the primary
and secondary branch lengths of the triple mutants, which were
similar to those of the wild type (Fig. S3D). The effects of
the rr21/22/23 mutations on panicle architecture resulted in a
significant decrease in the total number of spikelets per panicle
(Fig. 1A,D). Examination of single r» mutants indicated that
mutations in RR2/ and RR23 contributed most significantly to the
panicle phenotypes found in r721/22/23 (Fig. 1A,D; Fig. S3D).
Overall, we observed a substantial branching defect in the »r21/22/
23 mutants, consistent with a reduced ability to produce primary and
secondary branch meristems.

Reduced fertility of the rr21/22/23 mutant because of
defective stigma development

The rr21/22/23 mutants displayed a significant reduction in grain
fill (Fig. 2A), which, combined with the ~50% reduction in spikelet
production, resulted in a drastic decrease in the grain yield per
panicle for rr21/22/23 (Fig. 2A). The grain that was produced
exhibited a slight but significant decrease in grain length, but no
significant difference in grain width or the 100-grain weight, and the
mutant grain germinated at a rate >90% (Fig. S4A). This is
suggestive of a defect in fertilization in r#21/22/23 rather than in
grain development.

To identify the basis for the decreased grain fill in the rr21/22/23
mutants, we dissected the floral components from the spikelet
just before dehiscence. Anthers from the triple mutant were
developmentally normal and produced pollen with a viability
>84% (Fig. S4B). However, the carpels lacked the brush structure
on the stigma that aids pollen capture, hydration, and guidance of
the pollen tube toward the ovary in grasses, probably accounting for
the poor grain fill (Fig. 2B) (Heslop-Harrison and Reger, 1988;
Heslop-Harrison et al., 1984). Examination of single »» mutants
indicated that mutation of RR22 contributed most to the stigma
brush phenotype.

Stigma brushes are generated from a type of trichome specialized
for pollen capture (Heslop-Harrison and Reger, 1988; Heslop-
Harrison et al., 1984), each brush hair in rice being multicellular and
branched (Fig. 2C,D). We compared stigma brush development of
rr21/22/23 to that of the wild type, establishing stages of brush
development based on the phenotypic characteristics of wild type.
As shown for wild type in Fig. 2C, epidermal bulges appear early
during stigma development (stage 1), give rise to multicellular
brush primordia (stage 2), begin and complete the formation of
multicellular branches (stages 3 and 4) and undergo cell expansion
(stage 5) to form the branched multicellular hairs that comprise the
stigma brush. Each hair, including its branches, is several cells thick
as well as multiple cells in length, consistent with growth involving
both periclinal and anticlinal cell divisions. By contrast, in the r721/
22/23 mutant, brush hairs were delayed in initiation, more randomly
distributed along the stigma and deficient in periclinal and anticlinal
divisions, such that they prematurely aborted growth (Fig. 2C,D).
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Fig. 1. Shoot and panicle phenotypes of type-B rr mutants. (A) Shoots and panicles of mature rr mutant plants. (B) Plant height, number of tillers per
plant and percentage of productive tillers per plant (n>6). (C) Flag leaf characteristics showing leaf images, leaf length and width (n=5), and cell length and width
(n=70). Different letters indicate significant differences at P<0.05. (D) Panicle architecture parameters, including numbers of primary branches, secondary
branches and spikelets per panicle (n>8). For data comparison of rr21/22/23 lines with wild type (B,D), ANOVA was performed with post hoc Holm multiple
comparison calculation. *P<0.05, **P<0.01; error bars show s.e.m. Scale bars: 30 cm (shoots in A); 6 cm (panicles in A; leaves in C).

However, the brush cells produced in the mutant were still capable
of expansion to a similar degree to that observed in the wild type
(Fig. 2C,D). Although cell proliferation associated with growth of
the stigma brush hairs was severely impacted by the rr21/22/23
mutant, the rest of the carpel appeared to grow normally (Fig. 2B,C)
and was still capable of being fertilized, indicative that the defect in
cell proliferation was localized to the brush itself.

To gain insight into the underlying molecular differences between
the stigmas in wild type and r#21/22/23, we examined the expression
of selected genes previously identified as enriched for expression
in the rice stigma (Li et al., 2007). For this purpose, carpels with

stage 5 brushes were used based on the developmental stage analyzed
by Li et al. (2007). We examined the expression of the transcription
factors GL3A, a rice homolog of GLABRA3 of Arabidopsis, the
homeobox-Leu zipper protein HOX2, and NPR5/BOP, which
regulates rice leaf and flower development (Toriba et al., 2019).
Expression of both GL34 and HOX2 was significantly reduced in
rr21/22/23 compared with wild type (Fig. 2E), expression of GL34
being particularly compromised in the mutant and potentially
correlating with the presence of multiple type-B RR DNA-binding
motifs in its regulatory regions [one six-mer DNA-binding motif is
found at the promoter/5’-untranslated region (UTR) junction, two in
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Fig. 2. Effect of type-B rr mutants on stigma brush development. (A) Reduced grain fill and grains per panicle in rr21/22/23 mutants. For data comparison of
rr21/22/23 lines to wild type, ANOVA was performed with post hoc Holm multiple comparison calculation (**P<0.01; n>8; error bars show s.e.m.). (B) Malformed
brush structure on stigma of rr21/22/23 mutants. (C) Characteristics of stigma development in Wt-E4 and rr21/22/23-E4. (D) Fluorescence imaging of DAPI-
stained brush hairs (stage 5) to reveal nuclei and cell boundaries. For Wt-E4, just the branched multicellular brush hairs are shown. For rr21/22/23-E4, the
prematurely aborted brush hairs (b) are shown protruding from the stigma tip (st) and stigma (s). (E) Expression analysis by RT-qPCR of genes normally enriched
for expression in wild-type stigma (n=4; *P<0.05, **P<0.01, t-test; error bars show s.e.m.). Genes chosen for analysis were from Li et al. (2007). Scale bars: 0.5
mm [B and stage 5 (right) in C]; 0.2 mm [stages 1-5 (left) in C]; 50 um (D, right); 100 um (D, left).

the 5’-UTR region and three in the first large intron of the coding
region] (Raines et al., 2016). Expression of two cell wall-related
genes (WDAI and EXPAG6) was also reduced in the mutant (Fig. 2E),
WDA1 being a CER-like gene involved in cuticle wax biosynthesis
(Jung et al., 2006). Genes related to auxin responses are enriched for
expression in the rice stigma (Li et al., 2007), and so we also
examined the expression of SAURS54 and the indole-3-acetic acid
(TAA)-amido synthetase GH3.1, expression of both of which was
significantly reduced in rr21/22/23 compared with wild type
(Fig. 2E). Although not reported to be enriched in the stigma,
we also examined WOX3B and HL6 because these genes are
implicated in the regulation of rice leaf trichome formation (Sun et al.,
2017), but found their expression too variable in the carpels to allow
for accurate assessment. Taken together, these data demonstrate
substantial changes in gene expression related to the defective stigma
brush development in r721/22/23, the effects on GL34 and WDAI
being the most pronounced of the genes examined.

Disruption of type-B RRs results in altered trichome
development

Given that stigma brushes are generated from a specialized type of
trichome, defects in their production can coincide with the inability

to produce other types of trichome (Heslop-Harrison and Reger,
1988; Heslop-Harrison et al., 1984; Li et al., 2010). Therefore,
we examined 7721/22/23 for additional defects in trichome
development, uncovering a substantial decrease in trichome
initiation and elongation on the grain hulls, with the single 7722
mutant again contributing most to this phenotype (Fig. 3A,B). The
trichomes on the hulls are substantially different from those on the
stigma, being single celled and unbranched compared with
multicellular and branched. Leaves of rr21/22/23 still produced
macrotrichomes, although these differed in two respects from the
wild type; first, they were largely absent from the abaxial leaf
surface and, second, where present on the adaxial surface and leaf
margin, they were smaller than those of the wild type (Fig. 3C).

Mutants of RR24 are infertile because of defective anther
development

Similar to 721/22/23, rr24 mutants also exhibited a drastic reduction
in grain fill. We identified two independent mutants lacking a
functional RR24, one from a T-DNA insertion population (r24) and
the second as a result of our CRISPR/Cas9 mutational analysis (an
rr23/24 double mutant). Both lines were completely infertile and
were maintained in the hemizygous state for 7724. We performed a

4

DEVELOPMENT



RESEARCH ARTICLE Development (2019) 146, dev174870. doi:10.1242/dev.174870

Fig. 3. Effect of type-B rr mutants on trichome
development. (A) Reduced trichome production
on hulls of rr21/22/23 mutants, showing complete
hulls (left) and close-up images (right). (B) Close-up
images of trichomes on hulls of Wt-E4 and rr21/
22/23-E4. (C) The rr21/22/23 lines developed
smaller macrotrichomes compared with wild type.
Macrotrichomes along the margin of the mature
flag leaf are shown. Scale bars: 1 mm (A); 0.2 mm
(B); 0.1 mm (C).

\rr21/22/23-E1 rr21/22/23;;£2 ;r‘r21’/22/2§-E4
C r21/22/23
Wt-E4 21/22/23-E4

Wt-E4 E1 E4

detailed characterization of the 7724 T-DNA insertion line
(Fig. SSA,B). Panicles of the 7724 mutant were not significantly
different from those of their wild-type siblings based on panicle
length, primary and secondary branch numbers, primary branch
length, spikelets per panicle and panicles per plant (Fig. 4A,B). We
also did not observe any obvious differences in 7724 compared with
wild type in terms of shoot growth, leaf size or mass of the root
system. Nevertheless, unlike either the wild type or the RR24"'~

hemizygote, spikelets of the homozygous 7724 mutant exhibited
no grain fill, resulting in no seed being produced from the
panicle (Fig. 4C). Dissection of the floral components from the
spikelet just before dehiscence revealed that 7724 had a normal carpel
and stigma brush, but a severely malformed anther with no detectable
pollen. This phenotype was confirmed by examination of the
floral components of the 23/24 CRISPR/Cas9-induced
mutant (Fig. S5C). The specificity of the 7724 mutant phenotype is
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Fig. 4. rr24 mutants produce infertile panicles with a wild type-like architecture. (A) Panicles of rr24 T-DNA mutant and its wild-type sibling. (B) Panicle
architecture parameters for rr24 mutant compared with wild-type sibling. Parameters were not significantly different (t-test P<0.05; n=10); s.e. in parentheses.
(C) Grain fill per panicle (%) and total grain per panicle for RR24**, RR24*"~ and RR24~/~ (n>13). P-values are indicated for comparison to the wild type
(RR24**) based on ANOVA performed with post-hoc Holm comparison calculation. (D) Dissected spikelets of rr24 and its wild-type sibling. (E) Stigmas and
anthers of rr24 and its wild-type sibling. Scale bars: 6 cm (A); 1 mm (D); 0.5 mm (E). ND, not detected.
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consistent with analyses indicating that the expression of RR24
increases when floral meristems are produced and that RR24 is the
most highly expressed type-B RR in mature anthers (Li et al., 2007;
Patel et al., 2012; Yamburenko et al., 2017).

Effects of type-B RR mutants on root development

Rice has a fibrous root system, similar to maize and other monocots,
and this comprises a seminal root, crown roots and both small
and large lateral roots (Rebouillat et al., 2009). The crown roots
are similar to adventitious roots in that they emerge from stem
nodes. This fibrous root system differs from the taproot system of
Arabidopsis, which is mostly derived from the embryonic primary
root. In 10-day-old rice seedlings grown on Kimura’s media
solidified with agar, we observed a decrease in both shoot and
root growth for rr21/22/23 compared with wild type (Fig. SA,B).
The decrease in shoot growth (Wt-Kit=10.1 cm; Wt-E4=9.4 cm;
rr21/22/23-E1=7.0 cm; rr21/22/23-E4=7.2 cm; triple mutants
significantly different from wild type, P<0.01) was consistent
with effects of the mutations on the growth of mature, soil-grown
plants (Fig. 1A-C). Characterization of root growth parameters
for rr21/22/23 indicated that it had shorter seminal roots, along with
a decrease in lateral root formation compared with wild type
(Fig. 5A,B). The reduction in root growth was unexpected based on
the model established in Arabidopsis and tobacco, in which
cytokinin is generally considered an inhibitor of root growth and
loss of type-B RRs can result in increased primary root growth
(Dello Ioio et al., 2007; Hill et al., 2013; Werner et al., 2003; Werner
et al., 2010). Given that we observed differences in rice growth
dependent on the media, we confirmed a similar root phenotype for
rr21/22/23 seedlings grown in hydroponic culture with Yoshida’s
media (Fig. 5C) (Yoshida et al., 1976). The seminal root meristem
of rr21/22/23 was smaller than that in wild type, indicating that the
reduction in root growth of the mutant was the result, at least in part,
of a decrease in cell proliferation (Fig. 5D).

Altered cytokinin response in the rr21/22/23 mutant

The major role established for type-B RRs is in mediating
cytokinin signal transduction; therefore, we assessed the cytokinin
sensitivity of the 721/22/23 mutants. For this purpose, we used a

dark-induced leaf senescence assay and a root-growth response
assay, and also examined gene expression in response to exogenous
cytokinin. For the dark-induced leaf senescence assay, wild-type
leaves lost their chlorophyll after 5 days in the dark, but this effect
could be reversed by the inclusion of cytokinin in the media
(Fig. 6A). The initial chlorophyll levels in the flag leaves of r21/22/
23 were similar to those of wild type, but the mutant was less
sensitive to cytokinin for reversing the dark-induced senescence,
indicating that type-B RRs are required for this cytokinin-mediated
response.

For the rice seminal root, as with the Arabidopsis primary root,
exogenous cytokinin inhibits elongation. Therefore, we compared
the effect of cytokinin on growth of the wild-type and rr21/22/23
seminal roots. Treatment with cytokinin inhibited growth of the
seminal root in wild-type seedlings (Fig. 6B,C). By contrast,
although the seminal roots of 7721/22/23 were shorter than those of
wild type (Fig. 5), their growth was not significantly inhibited by
exogenous cytokinin (Fig. 6B,C). Thus, based on physiological
assays for both the shoot and root, 7721/22/23 was less sensitive to
cytokinin compared with the wild type, consistent with the positive
role of type-B RRs in mediating the cytokinin response.

The type-B RRs are transcription factors and, thus, we
also examined cytokinin-dependent gene expression in the rr21/
22/23 lines. For this purpose, we examined the expression of RR6,
RR9/10 and CKX5, which are likely to be cytokinin primary-
response genes directly regulated by the type-B RRs based on
their rapid induction, induction in both shoots and roots and
extended DNA motifs in their promoters for type-B RR binding
(Raines et al., 2016). Cytokinin-dependent expression was
examined at 1 and 4 h in roots and shoots following cytokinin
treatment, because primary-response genes often exhibit an initial
increase followed by a decrease in their expression in response to
signal. The induction of these genes by cytokinin was significantly
reduced in the rr21/22/23 lines compared with the wild type
(Fig. 7). Thus, as with the physiological assays, the molecular
assays indicated that the shoots and roots of rr21/22/23 are less
sensitive to cytokinin compared with the wild type, consistent with
the positive role of type-B RRs in regulating cytokinin-responsive
gene expression.

Fig. 5. Root phenotypes of type-B rr mutants. (A) Ten-day-old

Wt rr21/22/23 16 a

E4 E1 E4

seminal root (cm) [l
(o)
(o

seedling phenotypes of Wt (Kitaake and Wt sibling of CRISPR
event 4) and rr21/22/23 (two independent CRISPR events,

E1 and E4) grown in Kimura’s media. (B) Seminal root length
and lateral roots/cm on the seminal root for Wt and rr21/22/23
lines. ANOVA was performed with post hoc Holm multiple
comparison calculation. Different letters indicate significant
differences at P<0.01 (n>9). (C) Reduced root growth of rr21/22/
23-E4 compared with Wt-E4 when grown hydroponically in
Yoshida’s media for 7 days (n>9; **P<0.01 t-test). (D) Root

Kit E4

b
c b
N
E1 E4

meristem length of rr21/22/23-E4 compared with Wt-E4 (n>5;

FW (mg) 32.2 (1.6) 18.3 (1.8) RM (um) 686 (61)

wt rr21/22/23

**P<0.01 t-test); s.e. in parentheses. Red arrows indicate
quiescent centers and yellow arrowheads indicate the upper
end of root meristem based on the central metaxylem cell file.
Scale bars: 5 cm (A); 1 cm (C); 200 pm (D). FW, mean fresh
weight of roots; RM, root meristem.
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Fig. 6. Reduced cytokinin sensitivity of rr271/22/23 mutant based on
dark-induced leaf senescence and root growth response. (A) Effect of
exogenous cytokinin (BA) on dark-induced leaf senescence (n=10). Flag leaf
segments were incubated in the dark for 5 days in the absence or presence
of 100 nM BA and then analyzed for chlorophyll retention. Chlorophyll was
also isolated from leaf segments before the assay (Pre-treat) for comparison.
(B) Root growth of Wt and rr21/22/23 in the presence and absence of cytokinin
(0.1 uM BA). (C) Quantification of seminal root-growth response to cytokinin
(n>8). ANOVA was performed with post hoc Holm multiple comparison
calculations (B and C); blue lettering indicates a statistical comparison within
a genotype for the cytokinin response; red lettering indicates a statistical
comparison at the same cytokinin concentration across genotypes. Different
letters indicate significant differences at P<0.05.

DISCUSSION

Relatively little is known in monocots regarding cytokinin signaling
in general, and almost nothing is known regarding the roles of
type-B RRs in particular. Here, we took advantage of a CRISPR/
Cas9 gene-editing approach to functionally characterize the roles of
the four most abundant type-B RRs in rice growth and development.
This approach uncovered novel roles for type-B RRs in a monocot,
along with evidence for functional overlap and subfunctionalization
within the gene family (summarized in Fig. S6). Functional overlap
was revealed by additive effects for mutations in RR21, RR22 and
RR23 ontillering, leaf growth, panicle architecture, grain fill, stigma
brush and trichome formation. Subfunctionalization was indicated
based on greater relative contributions of individual family
members to various developmental characteristics. For example,
RR21 and RR23 contributed more to leaf growth than RR22,
whereas RR22 contributed the most to stigma brush and trichome
formation, and RR24 mutants exhibited a specific defect in anther
development. The roles uncovered for type-B RRs in rice growth
and development are likely to arise primarily because they also
mediate the transcriptional response to cytokinin, based on the
decreased sensitivity of the shoot and root to cytokinin observed in
the 721/22/23 mutants and the relevance to various cytokinin-
related responses, as described below.

Our results are consistent with a positive role for rice type-B RRs
in meristem activity and cell proliferation in the shoot. A role in
meristem activity is indicated by the decreased ability of 7» mutant
tillers to form panicles and, when formed, by defects in their
architecture. Panicle architecture is determined by meristems that
give rise to the branches and spikelets, and mutants affecting
cytokinin biosynthesis and degradation have revealed a crucial role
for cytokinin in regulating this phenotype (Ashikari et al., 2005;
Gu et al., 2015; Kurakawa et al., 2007; Yeh et al., 2015). RR21 and
RR23 are expressed early during panicle meristem development,
consistent with the defects in primary and secondary branch
formation arising from their loss (Yamburenko et al., 2017). A role
for type-B RRs in cell proliferation was indicated by the decrease in
leaf size and cell number in the r721/22/23 mutant. Similarly, a
type-B RR triple mutant of Arabidopsis also exhibits smaller leaves
with fewer cells (Argyros et al., 2008). In rice, given the structured
cell organization of the leaf, a specific defect in longitudinal but not
in latitudinal cell proliferation was uncovered in the 77 mutant.

Type-B  RR mutants affected various aspects of flower
development. Analysis of the rice log mutant indicates a greater
role for cytokinin in rice flower development than is found in
Arabidopsis. The log mutant of rice fails to develop floral organs,
and was so named because it sometimes produces a single stamen
and no pistil (Kurakawa et al., 2007); by contrast, the ahk triple
cytokinin-receptor mutant of Arabidopsis produces relatively
normal-looking flowers (Kinoshita-Tsujimura and Kakimoto,
2011). The floral whorls were still produced in the rice type-B RR
mutants, allowing us to discriminate specific roles for the family
members in pistil and stamen development. A defect in stigma brush
formation was uncovered in r721/22/23, with rr22 contributing
most to this phenotype. The stigma brush of grasses aids in
pollen capture, hydration and guidance of the pollen tube toward the
ovary, its loss likely accounting for the poor grain fill observed in
rr21/22/23 (Heslop-Harrison and Reger, 1988; Heslop-Harrison
et al., 1984).

The stigma brush of grasses is considered a trichome-like
structure because it is derived from epidermal cells and its
development is sensitive to mutations that disrupt leaf trichome
formation (Heslop-Harrison and Reger, 1988; Heslop-Harrison
et al.,, 1984). Nevertheless, the structure of the stigma brush of
grasses can be considerably more complex than that we generally
associate with trichomes, even that of multicellular glandular
trichomes. The hairs on the rice brush are not only multicellular, but
also branched, each hair being several layers of cells thick and
~0.5mm in length. We identified stages of cell proliferation,
branching and elongation in the development of the rice stigma
brush, the 7721/22/23 mutant being particularly compromised in cell
proliferation and branching. In r721/22/23, the substantial decrease
in expression for WDAI, a CER-like gene involved in cuticle wax
biosynthesis (Jung et al., 2006), probably relates to the decrease in
overall surface area for the stigma brush in the mutant. Of
potentially greater interest is our finding that expression of GL34,
arice homolog of GLABRA3 of Arabidopsis, was decreased in 21/
22/23. In Arabidopsis, the transcription factor GL3 has a key role in
leaf trichome formation; however, it is unclear how well the
Arabidopsis model translates to other plant species (Liu et al., 2016;
Zheng et al., 2016).

A defect in anther development was uncovered in r724 mutants;
RR24 is a rice type-B RR that exhibits maximal expression during
later stages of panicle meristem development when floral organs are
produced and also maintains a high level of expression in the anther
itself (Li et al., 2007; Patel et al., 2012; Yamburenko et al., 2017).
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Fig. 7. Shoots and roots of rr21/22/23 mutants exhibit a
reduced response to cytokinin based on gene expression
analysis by RT-qPCR. Seven-day-old seedlings were treated with
5 uM BA for the indicated times and gene expression in shoots and
roots analyzed by RT-qPCR. ANOVA was performed with a post-
hoc Holm multiple comparison calculation; blue lettering indicates a
statistical comparison within a genotype for the cytokinin response;
red lettering indicates a statistical comparison at the same cytokinin
concentration across genotypes. Different letters indicate
significant differences at P<0.05 (n=3).
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An RR24 mutation was also recently uncovered independently in a
forward genetic screen to identify the basis for sterility in the rice
lepto]l mutant (Zhao et al., 2018), the pollen mother cells in this
mutant arresting early during prophase I of meiosis, thereby
accounting for the lack of pollen production. Previously, expression
of'a CKX gene in maize resulted in male-sterile plants lacking viable
pollen (Huang et al., 2003), consistent with RR24 mediating a
cytokinin-dependent developmental process.

Type-B RRs regulate trichome development based on the mutant
analysis. Treatment with exogenous cytokinin was previously found
to stimulate trichome initiation in Arabidopsis and rice (Maes
and Goossens, 2010; Maes et al., 2008), although the akk triple
cytokinin-receptor mutant of Arabidopsis still produces trichomes
(Nishimura et al., 2004), raising questions as to the significance
of the exogenous cytokinin studies. Analysis of the rice type-B
rr mutants suggested roles in different stages of trichome
development. They affected not only the initiation of trichome
development from epidermal cells based on the decreases observed
in leaf trichome number, but also subsequent development based on
decreases in trichome size, this being most noticeable in the stigma
brush hairs, which failed to elongate.

Based on the model established in Arabidopsis, cytokinin
primarily serves as a negative regulator of root growth (Dello Toio
et al., 2007; Hill et al., 2013; Werner et al., 2003; Werner et al.,
2010)]. However, analysis of the rice #721/22/23 mutant supported
both negative and positive roles for type-B RRs in regulating root
growth. A negative role for cytokinin in rice root growth was
supported by the inhibitory effects of exogenous cytokinin; 721/22/
23 exhibited reduced responsiveness to exogenous cytokinin
treatment, consistent with type-B RRs mediating this response.
A positive role for cytokinin in rice root growth was supported
based on the r721/22/23 mutant exhibiting shorter seminal roots,
along with a decrease in lateral root formation, compared with wild
type. This growth defect is similar to what might be predicted if the
rr21/22/23 lines were hypersensitive to cytokinin, but that
interpretation is not consistent with their decreased cytokinin
sensitivity based on root physiological and molecular response
assays. Similar to r21/22/23, AHP-RNAi lines and an HK6 mutant

of rice exhibit reduced root growth sensitivity to exogenous
cytokinin treatment (Ding et al., 2017; Sun et al., 2014), but did
not have the smaller initial root system found in rr21/22/23.
However, rr21/22/23 was more compromised than these other rice
mutants for two-component signaling, based on its panicle and seed
set defects; therefore, novel developmental phenotypes might be
uncovered in its analysis. The decrease in root meristem size in the
rr21/22/23 mutant suggests that type-B RRs and, by extension,
cytokinin signaling, can have a positive role in cell proliferation. A
model consistent with these observations is that a low level of type-
B RR activity is needed to maintain cell proliferation at the root
meristem, whereas higher levels of type-B RR activity are
inhibitory. Such a model might also apply to dicots but has not
yet been adequately tested because higher-order mutants in the
Arabidopsis cytokinin signaling pathway result in aborted primary
root growth, possibly because cell divisions needed to establish the
vasculature during its initial embryonic patterning are missing
(Argyros et al., 2008; De Rybel et al., 2014; Hutchison et al., 2006;
Nishimura et al., 2004).

MATERIALS AND METHODS

Plant materials and growth conditions

CRISPR/Cas9 mutants were developed in Oryza sativa ssp. Japonica cv.
Kitaaki. The T-DNA insertion line for RR24 (Line ID: M0003103) was
obtained from the TRIM mutant population in the Japonica rice cultivar
Tainung 67 (Hsing et al., 2007); rr24 contains the T-DNA insert in the
second exon, as confirmed by sequencing, and was maintained as a
hemizygote for the insertion because of infertility of the homozygote. For
plants grown in soil, a 1:1 ratio of Pro-mix BX Mycorrhizae and Profile
Porous Ceramic Greens Grade was used, supplemented with water-soluble
nitrogen/phosphorous/potassium (NPK) fertilizer (20-20-20; 2.9 g/l) and
iron (Fe) fertilizer (Sprint 330; 0.48 g/1). Plants were grown in a greenhouse
at 30°C during the day and 25°C at night, using a 10-h light/14-h dark cycle
as described elsewhere (Yamburenko et al., 2017). For growth of seedlings
on media, dehusked seed was sterilized with 50% (v/v) bleach solution for
30 min, washed with sterile water, germinated at 37°C for 16 h and then
generally transferred to one-half strength Kimura’s medium (Yoshida et al.,
1976) solidified with 0.4% (w/v) Phytoagar (PlantMedia) and grown at
30°C/28°C with a 12-h light/12-h dark cycle (light=400 pE).
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CRISPR/Cas9 mutagenesis of RR21, RR22, RR23 and RR24

A binary vector for rice transformation (pARS3_MUbCAS9_MC) was
constructed for use with CRISPR/Cas9 mutagenesis (Figs S1 and S2). The
backbone of the vector has a kanamycin-resistance gene (Npf) for bacteria
selection. The T-DNA portion of the vector incorporates a transformation
booster sequence (TBS) and a plant-codon-optimized hemagglutinin (HA)-
tagged nuclear-localized Cas9 gene (Cas9-HA-N7), driven by the Zea mays
UBQ10 promoter and containing a ribosomal-binding site (RBS). The
T-DNA also bears MCS for cloning of single guide RNAs (sgRNAs), and
hygromycin resistance gene (Hpt) driven by the rice UBQ2 promoter for
selection of transformed rice callus. A Gateway compatible version of the
vector was also generated (pARS3_MUbCAS9_GW) by amplifying the
Gateway cassette from the vector pEarlyGate103 using primers 5'-CTC-
GAGATCAACAAGTTTGTACAAAAAAGCTGAACG-3’ and 5'-ACTA-
GTTCAAGCGTAATCTGGAACATCGTATGGG-3’ and then blunt-end
cloning the product into the Smal site of pARS3_MUbCAS9_MC. Novel
vector sequences have been deposited with Addgene with ID numbers
76923 and 76931.

To target RR21, RR22, RR23 and RR24, a tandem CRISPR cassette was
synthesized that encoded four sgRNAs driven by rice U3 promoters and
surrounded by attL1 and attL.2 Gateway recombination sites, and cloned into
the EcoRV site of pUC57 (General Biosystems). The protospacer regions
chosen for targeting were determined by use of the CRISPR-PLANT online
tool developed at the Arizona Genomics Institute (Xie et al., 2014) and were
designed to introduce indel mutations within 87 bp from the translation start
sites of the RRs. The CRISPR array was recombined into the
PARS3_MUbCAS9_GW vector to generate the vector CRISPR-
RR21,22,23,24 (Figs S1C and S2). Transformation of Kitaake rice with
CRISPR-RR21,22,23,24 in the EHA105 strain of Agrobacterium was
performed by the Plant Transformation Facility at lowa State University
(www.biotech.iastate.edu/ptf/).

For the identification and genotyping of CRISPR/Cas9 mutants, genomic
DNA was extracted from the leaves of mature plants using the cetyl
trimethylammonium bromide (CTAB) extraction method (Clarke, 2009), the
region surrounding the CRISPR target sequence was then amplified by PCR
with gene-specific primers (Table S3) and sequenced. Indel mutations were
determined by manually examining the sequencing chromatograms. The
presence of the T-DNA insert with the Cas9 cassette was determined by PCR
using primers for Hpt (Table S3). Stable mutant lines were achieved by
segregating away the T-DNA insert. If additional mutations were desired, lines
hemizygous for the T-DNA insert were carried forwarded to the next
generation. All lines used for physiological analysis lacked the T-DNA insert
and had the mutated RR sequence reconfirmed by sequencing. Characteristics
of the indel mutations and the lines used for study are given in Tables S1 and S2.

Quantification of shoot, panicle, grain and root-related
parameters

Quantification of physiological parameters was performed using Imagel2
within the Fiji image-processing platform (Rueden et al., 2017; Schindelin
etal., 2012), after scanning of leaves, panicles, grain or roots using an Epson
Perfection V500 Photo scanner. For leaves, fully expanded flag leaves of
flowering tillers from mature plants were characterized. For panicles, the
largest panicle from mature plants was removed and taped to paper to spread
its branches before scanning. Grain was removed from panicles and
dehusked for analysis of weight, width and length. Seedlings for root
analysis were grown in sterile Magenta GA-7 vessels (Carolina Biological),
coupled to a second vessel to increase the height, containing 300 ml of media
at a low agar concentration of 0.3% (w/v) to facilitate the removal of roots
without damage. For reporting of percent differences between the r721/22/23
mutants and wild type, the averages were taken for the 7721/22/23 mutant
events compared with the average of the Wt-Kit and Wt-E4 controls.

Characterization of leaf epidermal cells

Leaf epidermal cells were characterized using a modification of the method
of Yoshikawa et al. (2013). The central portions of flag leaves from the
flowering tillers of mature plants were fixed in formaldehyde:glacial acetic
acid:50% ethanol (2:1:17) for 16 h at 4°C, followed by dehydration in a
graded ethanol series. The dehydrated leaf blades were then incubated at

96°C in 8:3:1 chloral hydrate:water:glycerol (w/v/v) diluted 1:1 with 100%
ethanol for 10 min followed by 22°C for 3 h. Epidermal cells near the
midrib were imaged by digital image correlation (DIC) with a Nikon Eclipse
90i light microscope.

Characterization of stigma brush development

Stigmas in wild type were assigned to five stages for brush development based
on morphological characteristics (Fig. 2C). These stages were then correlated
with spikelet morphology and carpel size, because these were similar in wild
type and the rr21/22/23 mutant, to allow for isolation of mutant stigma at
similar stages of development. For confocal microscopy, spikelets were fixed
with 1.5% (v/v) formaldehyde and 0.5% (v/v) glutaraldehyde in PEMT buffer
[50 mM PIPES (1,4-piperazinediethanesulfonic acid), 2 mM EGTA, 2 mM
MgSOy, 0.05% (v/v) Triton X-100, pH 7.2] for 1 h under vacuum, washed
three times with PEMT buffer, and then three times with cold PBS, using the
buffers as described previously (Ishida et al., 2009). Stigma brushes were
dissected and stained with 4’,6-diamidino-2-phenylindole (DAPI; 1 pg/ml) in
PBS on microscope slides for 15 min before imaging by confocal microscopy
using a 40x oil objective. Excitation was at 405 nm and emission light
collected using a 450/50 nm filter.

Characterization of root meristems

Seedlings were grown for 7 days on water-saturated paper, and the radicle
root tips (0.5-1 cm) were dissected and fixed in cold FAA [50% (v/v)
ethanol, 5% (v/v) glacial acetic acid, and 3.7% (v/v) formaldehyde] for 16 h
at 4°C and then transferred to 70% (v/v) ethanol for storage at 4°C. Roots
were dehydrated with a graded ethanol series of 80%, 90% and 100% (v/v)
ethanol by incubating for 30 min in each of the solutions and then mounting
on slides in methyl salicylate (wintergreen oil) for clearing. The coverslips
were sealed with nail polish, and the specimens incubated on the slides with
methyl salicylate for 16 h at 22°C before imaging. Autofluorescence emitted
from cell walls was captured using a Nikon A1 confocal microscope with
20x oil objective. Lasers of 405 nm and 488 nm were used for excitation,
and emission light collected above 482/35-nm and 540/30-nm filters,
respectively. Signals from both channels were combined, and NIS-elements
confocal software was used to stitch together four frames for each root
image. Measurements were made using ImagelJ software. Meristem length
was based on the length of the central metaxylem (cmx) cell file, starting
from the quiescent center and ending at the lower border of where the cmx
cells begin to rapidly elongate.

Pollen viability assay

Pollen viability was assessed by staining with iodine potassium iodide as
described previously (Chhun et al., 2007). Viable pollen grains were
identified by their staining black or dark brown, whereas sterile or dead
pollen grains were identified by their staining orange or light red.

Chlorophyll retention assay

Two-cm-long sections of the flag leaf, excised 2 cm up from the base of the
leaf, were incubated in water with the indicated concentrations of
benzyladenine (BA) for 5 days in the dark at 30°C. At the end of the
incubation period, chlorophyll was extracted with 100% ethanol at 4°C for 1
day on a platform shaker. For comparison, chlorophyll was also isolated
from flag leaf sections before incubation. The content of chlorophyll a+b
was measured spectrophotometrically (ODg43 and ODgg4) with a Spark
Tecan plate reader in 96-well plates, and the amount of chlorophyll a+b per
fresh weight was calculated (Ritchie, 2006).

Gene expression analysis

Seedlings used for RT-quantitative (q)PCR analysis were grown on sterile
filter paper soaked with one-half-strength Kimura liquid media in Petri
dishes at 30°C/28°C with a 12-h light/12-h dark cycle (light=100 pE).
Seven-day-old seedlings were then submerged in one-half-strength Kimura
medium containing 5 uM BA or a NaOH vehicle control in 50-ml conical
tubes for 0, 1 or 4 h. The roots and shoots were then excised and flash
frozen in liquid nitrogen. Carpels used for RT-qPCR analysis were dissected
from spikelets with stage-5 stigmas and collected in RNA/afer (Invitrogen),
with ~30 carpels per biological replicate, before freezing in liquid
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nitrogen. Frozen tissue was ground with a tissue homogenizer (Mixer Mill
400, Retsch), and total RNA extracted using the E.Z.N.A Plant RNA Kit
(Omega Bio-Tek) as described previously (Yamburenko etal., 2017). DNase
treatment was performed with the DNA-free DNA removal kit (Ambion),
first-strand cDNA synthesis with Superscript III ¢cDNA Synthesis Kit
(Invitrogen) using poly-T primers, and RT-qPCR with the iTaq Universal
SYBR Green Supermix (Bio-Rad) according to the manufacturer’s
instructions. RT-qPCR reactions were performed with three or four
biological replicates, along with technical replicates, on the CFX384 Real-
Time system (Bio-Rad). Primers used for RT-qPCR are given in Table S3.
Expression of the UBQS5 gene was used for normalization. Relative gene
expression was calculated by the AACt method (Schefe et al., 2006).

Microscopy

Images of epidermal cells in flag leaves were acquired using DIC with
a Nikon Eclipse 90i and a Hamamatsu C11440 digital camera. For
reproductive tissues, flowers were dissected and visualized using a Leica
MZ16 microscope with Spot Idea software for capturing images. For
fluorescence imaging of stigma brushes and root meristems, a Nikon Al
confocal microscope was used.

Statistical analysis
Statistical analysis was performed using an online calculator (astatsa.com/
OneWay_Anova_with_TukeyHSD/).

Accession codes

Sequence data from this article can be found in the Rice Genome Annotation
Project GenBank/EMBL data libraries under the following accession numbers
(TIGR Locus ID): RR21 (LOC_0s03g12350), RR22 (LOC_Os06g08440),
RR23 (LOC_0s02g55320), RR24 (LOC_0s02g08500), RR6 (LOC_
0s04g57720), RR9/10 (LOC_Os11g04720), CKX5 (LOC_Os01g56810),
GL3a (LOC_Os04g47080), HOX2 (LOC_Os06g04870), NPR5/BOPI
(LOC_0Os01g72020), EXPA6 (LOC_0Os03g21820), WDAI (LOC_
0s10g33250), GH3.1 (LOC_0s01g57610), SAUR54 (LOC_0Os09g37490),
HL6 (LOC_0s06g44750), WOX3B (LOC_0s05g02730) and UBQS5
(LOC_0s03g13170).
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