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SUMMARY

The phytohormone cytokinin plays a significant role in nearly all aspects of plant growth and development.

Cytokinin signaling has primarily been studied in the dicot model Arabidopsis, with relatively little work

done in monocots, which include rice (Oryza sativa) and other cereals of agronomic importance. The cytoki-

nin signaling pathway is a phosphorelay comprised of the histidine kinase receptors, the authentic histidine

phosphotransfer proteins (AHPs) and type-B response regulators (RRs). Two negative regulators of cytokinin

signaling have been identified: the type-A RRs, which are cytokinin primary response genes, and the pseudo

histidine phosphotransfer proteins (PHPs), which lack the His residue required for phosphorelay. Here, we

describe the role of the rice PHP genes. Phylogenic analysis indicates that the PHPs are generally first found

in the genomes of gymnosperms and that they arose independently in monocots and dicots. Consistent

with this, the three rice PHPs fail to complement an Arabidopsis php mutant (aphp1/ahp6). Disruption of

the three rice PHPs results in a molecular phenotype consistent with these elements acting as negative reg-

ulators of cytokinin signaling, including the induction of a number of type-A RR and cytokinin oxidase

genes. The triple php mutant affects multiple aspects of rice growth and development, including shoot mor-

phology, panicle architecture, and seed fill. In contrast to Arabidopsis, disruption of the rice PHPs does not

affect root vascular patterning, suggesting that while many aspects of key signaling networks are conserved

between monocots and dicots, the roles of at least some cytokinin signaling elements are distinct.
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INTRODUCTION

Cytokinins are N6-substituted adenine derivatives that

regulate diverse aspects of plant growth and development

(Mok and Mok, 2001; Hwang et al., 2012; Kieber and Schal-

ler, 2014; Schaller et al., 2015; Kieber and Schaller, 2018b;

Wybouw and Rybel, 2019), including a key role in regulat-

ing seed yield and root architecture (Jameson and Song,

2016). The cytokinin signaling pathway in plants is similar

to bacterial and yeast two-component signal transduction

pathways, specifically to the His-Asp multi-step phosphore-

lays that are comprised of sensor histidine (His) kinases

(HKs), authentic His phosphotransfer proteins (AHPs) and

response regulators (RRs) (Hwang et al., 2012; Schaller

et al., 2015; Kieber and Schaller, 2018a). The cytokinin
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signaling elements in rice, Arabidopsis and other plants

are encoded by small gene families (Pareek et al., 2006; Du

et al., 2007; Schaller et al., 2007; Pils and Heyl, 2009; Tsai

et al., 2012) whose members have overlapping functions in

Arabidopsis (Higuchi et al., 2004; Nishimura et al., 2004; To

et al., 2004; Hutchison and Kieber, 2007; Argyros et al.,

2008). Rice has four HK cytokinin receptors that, similar to

their maize and Arabidopsis counterparts, likely bind to

various cytokinin species with distinct affinities (Romanov

et al., 2006; Lomin et al., 2011; Stolz et al., 2011). The AHPs

are the direct targets of the HK receptors and act as inter-

mediates in the transfer of a phosphate from the HKs to

the downstream RRs (Suzuki et al., 1998; Tanaka et al.,

2004; Hutchison et al., 2006). The RRs fall into two main

classes called type-A and type-B RRs. In both classes, an

N-terminal receiver domain harbors an Asp residue that is

the target of phosphotransfer. Type-B RRs mediate the

transcriptional response to cytokinin; type-A RRs lack a

DNA-binding output domain, are rapidly and specifically

induced by cytokinin, and function as negative feedback

regulators in cytokinin signaling (Brandstatter and Kieber,

1998; D’Agostino et al., 2000; To et al., 2004; Jain et al.,

2006; Tsai et al., 2012).

The canonical cytokinin signaling pathway is inhibited

by two sets of signaling elements; the aforementioned

type-A RRs (To et al., 2004) and in Arabidopsis, the pseudo

phosphotransfer protein APHP1/AHP6 (hereafter referred to

simply as AHP6), in which the conserved His at the phos-

pho-receiving site is replaced with an Asn residue (Suzuki

et al., 2000; M€ah€onen et al., 2006). AHP6 is induced by

auxin and modulates the interaction between these two

hormones to regulate key developmental processes, such

as root vascular patterning, the formation of passage cells,

lateral root organogenesis, proliferation of the inflores-

cence meristem, shoot phyllotaxy and gynoecium develop-

ment (M€ah€onen et al., 2006; Bartrina et al., 2011; Moreira

et al., 2013; Besnard et al., 2014; M€uller et al., 2017;

Andersen et al., 2018). While PHP function has been

analyzed in Arabidopsis, nothing is known regarding PHP

function in monocots, including rice.

Rice is a model for investigating cytokinin function in

monocots, with genetic studies linking cytokinin metabo-

lism to inflorescence development (Ashikari et al., 2005;

Kurakawa et al., 2007; Gu et al., 2015; Yeh et al., 2015). Fur-

thermore, several studies have shed light on cytokinin sig-

naling in rice, including HK receptors (Ding et al., 2017;

Burr et al., 2020), type-B RRs (Worthen et al., 2019), and

type-A RRs (Hirose et al., 2007; Wang et al., 2019). Here, we

examined the role of the genes encoding rice pseudo His

phosphotransfer (PHP) proteins. Our analysis indicates

that, similar to the Arabidopsis AHP6 protein, the rice PHPs

are negative regulators of cytokinin signaling, although

they appear to have arisen independently of their dicot

counterparts. Consistent with their independent origins,

the rice PHPs fail to complement an Arabidopsis ahp6

mutant and disruption of the PHPs in rice results in a sub-

set of phenotypes distinct from the cognate Arabidopsis

mutant, suggesting that monocot and dicot PHPs play dis-

tinct roles in regulating growth and development.

RESULTS

Phylogenetic analysis of phosphotransfer proteins in

plants

We analyzed available plant sequences for His phospho-

transfer proteins (HPs), both AHPs and PHPs, respectively

(Schaller et al., 2007). AHPs were found in all plant species

examined, including algae. While PHPs are present in early

diverging angiosperms, including Peperomia obtusifolia

and Amborella trichopoda, and in gymnosperms (Picea

abies and Pinus taeda), they were not found in bryophytes

(Selaginella moellendorfii, Physcomitrella patens, Sphag-

num and Marchantia polymorpha) (Figure 1a; Figures S1

and S2; Tables S1 and S2). To explore the evolutionary

Figure 1. Rice histidine (His) phosphotransfer proteins (HPs).

(a) Phylogenetic tree of HPs from selected lineages: Arabidopsis thaliana (At, brown), Oryza sativa (Os, purple), Zea mays (Zm, pink), Picea abies (Pa, green),

Physcomitrella patens (Pp, blue) and Saccharomyces cerevisiae (Sc, black). See Table S1. Scale bar represents diverged distance. Branch support values for the

phylogenetic reconstruction are displayed as a percentage on each branch. Vertical orange bar indicates the pseudo His phosphotransfer proteins (PHPs), which

are also indicated with an *.
(b) Abbreviated multiple sequence alignment for the proteins shown in (a), with the numbers indicating the position of the first amino acid depicted. The posi-

tion of the conserved His residue that is the target of phosphorylation found in all authentic His phosphotransfer proteins (AHPs) is indicated with a red arrow at

the bottom.

(c) Phosphotransfer assays using yeast SLN1 HK and Rec domains with various rice phosphotransfer proteins. Purified proteins were incubated with c-32P ATP

as described in methods in a kinase assay. Reactions were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis followed by imaging using a

phosphor screen. Lanes contained the indicated purified proteins. PHP1, PHP2 or PHP3 in the last three lanes are indicated by the red numbers. Owing to the

fact that bead band protein was used, not all lanes have been loaded evenly, and consequently bands appear faint in some lanes (e.g., lane 6).

(d) Phosphotransfer assays with rice PHPs in which the receiving site is substituted from a Gln substituted for His. In vitro kinase assays were performed as in

(c). Lanes contained the indicated purified proteins.

(e,f,g) Functional analysis of rice PHPs in Arabidopsis. Arrows indicate protoxylem and yellow arrowheads metaxylem. Absence of protoxylem is indicated with

white arrowheads. The three main phenotypic classes are shown: E, wild-type pattern; F, the class with a break in one protoxylem pole; and G, the stronger

class with breaks in two protoxylem poles.

(h) Quantification of phenotypic classes in various Arabidopsis lines. At least three independent transgenic lines were assayed for each construct, with at least

20 individuals per line. Pearson chi-squared tests shows that only pAHP6::AHP6 and pAHP6::AHP6 (NQ) differ significantly from the ahp6-2 control (P ≤ 0.0001).
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history of this gene family better, we created a rooted max-

imum-likelihood tree with predicted HPs from 48 plant spe-

cies with available full genome sequences and one species

for which a transcriptome assembly was available. Two

major PHP clades are found, one from dicots that contain

an Asn at the position of the conserved His residue in HPs,
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and one from monocots that contains a Gln at this position

(Figure 1a,b; Figures S1 and S2). Based on this phylogeny,

the rice PHPs and the Arabidopsis AHP6 proteins are likely

not orthologous, as the most parsimonious solutions sug-

gest that their common ancestral protein most likely pre-

dates the split between the AHPs and PHPs. This suggests

that there have been at least two evolutionary events that

led to the formation of PHPs; one event giving rise to a

PHP(Asn) class as seen in eudicots and a second giving

rise to a PHP(Gln) class seen in monocots. The gym-

nosperm PHPs identified have an Asn at this position, simi-

lar to dicots. Additionally, the PHP gene family appears to

have expanded in the monocot lineage compared with the

dicots. For example, whereas most dicots have one or two

PHPs (e.g., Arabidopsis has a single PHP, AHP6, and Med-

icago truncatula has two PHPs; Tan et al., 2019), rice has

three and maize has two. Interestingly, the Arabidopsis

AHP4 protein groups with the monocot PHP clade (Fig-

ure 1a). Consistent with this, genetic analysis indicated

that AHP4 plays a negative role in various cytokinin

responses (Hutchison et al., 2006), suggesting that despite

the presence of a His at the canonical phosphorylation site,

some predicted HPs may act as PHPs.

Rice PHPs do not function in a phosphorelay in vitro

We examined if the rice PHPs could participate as positive

components in the phosphorelay. Rice PHP proteins were

expressed and purified from insect cells and their activity

was analyzed using an in vitro phosphotransfer assay

using the yeast SLN1 HK and receiver domains (Ault et al.,

2002a; Janiak-Spens et al., 2005) together with AHP1 from

rice (Figure 1c,d). This assay has been used previously to

show transfer of a 32P c-labeled ATP phosphoryl group

from the conserved His residue of SLN1-HisK to a con-

served Asp residue within the SLN1-Rec, and subsequently

to a conserved His residue within a plant AHP protein

(Posas et al., 1996; M€ah€onen et al., 2006). In reactions con-

taining AHP1, phosphate were transferred from SLN1-HisK

to SLN1-Rec and on to AHP1. However, when PHP1, 2 or 3

were substituted for AHP1, no phosphotransfer was

observed to the PHPs (Figure 1c). In similar reactions in

which we replaced the Gln with a His at the phospho-re-

ceiving site, the 32P-labeled ATP was transferred on to

PHP1Q79H and PHP2Q79H, albeit at a lower level than AHP1

(Figure 1d). Collectively these results suggest that similar

to Arabidopsis, the rice PHPs do not function as phospho-

transfer proteins.

We exploited the loss-of-protoxylem phenotype

observed in the Arabidopsis ahp6 mutant to test if the rice

PHPs could functionally substitute for this Arabidopsis

PHP. Similar to previous observations (M€ah€onen et al.,

2006), the ahp6-2 mutants displayed an incompletely pene-

trant phenotype in which protoxylem was missing in

patches along the root; whereas wild-type plants invariably

had two xylem poles (Figure 1e), protoxylem failed to dif-

ferentiate in either one or two poles in ahp6 (Figure 1f,g).

We have previously been able to complement fully the

ahp6 with a genomic AHP6 transgene (M€ah€onen et al.,

2006); however, a transgene expressing the AHP6 coding

sequence (CDS) from a 1.6-kb promoter (pAHP6:AHP6)

resulted in significant, albeit only partial complementation

of ahp6-2. Expression of a mutant version of this construct

in which Asn83 of AHP6 (at the site of the canonical His tar-

get in AHP1-5) was replaced with a Gln (pAHP6:AHP6N83Q)

resulted in the partial rescue of the ahp6 mutant pheno-

type, which was indistinguishable from pAHP6:AHP6 (Fig-

ure 1h). This indicates that either Asn or Gln at the

phospho-receiving site is sufficient for AHP6 function in

vascular development. When expressed using this same

segment of the AHP6 promoter, all three rice PHPs were

unable to rescue the ahp6-2 mutants. This was not depen-

dent on the identity of the amino acid at the phospho-re-

ceiving site, as replacing Gln79 with Asn in rice PHP1 did

not change its ability to complement ahp6 (Figure 1h).

Given the phylogenetic distance separating the monocot

and dicot PHPs, it is likely that divergence in other residues

has led to components of the rice and Arabidopsis two-

component signaling machinery being unable to interact

functionally in planta.

Role of the PHPs in rice growth and development

To investigate potential roles for the PHPs in rice, we

examined their expression patterns. To this end, we fused

a GUS reporter gene to 3 kb of sequence upstream of the

translational start from each PHP and examined the

expression patterns of the reporter in 14-day-old trans-

genic seedlings. All the PHP reporters were expressed in

the root tip and root hairs (Figure 2a,b,h,i,o,p). PHP1 was

expressed broadly in the root tip within the vascular cylin-

der and the inner cortex (Figure 2a,c), and at the base of

lateral root primordia. PHP2 and PHP3 were detected

specifically in the epidermis, with PHP2 expression being

restricted to root hair cells (Figure 2i,j,p,q). All three PHPs

were expressed abundantly in leaves, with the highest

expression in stomata (Figure 2d,k,r). In panicles, PHP2

and PHP3 were strongly expressed, while we only saw

transient expression of PHP1 in a few spikelets (Figure 2e,l,

s). PHP1 appears to be localized to developing embryos

(Figure 2f,g), whereas PHP2 and PHP3 show cell-type

specific patterns within the lemma and palea (Figure 2m,n,

t,u). These PHP expression patterns are generally consis-

tent with the analysis of PHP transcript levels obtained

from tissue-specific microarray and RNA-sequencing

(RNA-Seq) datasets (Figure S3) (Sato et al., 2011; Xia et al.,

2017).

To define the role of the PHPs in rice growth and devel-

opment further, we created single and multiple php mutant

lines using CRISPR/Cas9. We identified rice lines mutated
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for each PHP gene; php1-1 has a 4-bp deletion in its second

exon; php2-1 and php3-1 both have 1-bp insertions in their

second exons (Figure 3a,b). We also created a php1,2,3 tri-

ple mutant. Initially, we examined processes in which

AHP6 is known to play a role in Arabidopsis, (M€ah€onen

et al., 2006) and found no associated phenotypes. We com-

pared root sections of wild-type and the php triple mutant

and observed no changes in vascular patterning or root

anatomy (Figure 3c; Figure S4). Equally, we did not

observe any differences in root architecture in plants

grown on agar plates. We observed no significant changes

in root number, root lengths, or root system area convex

hull (Figure S5). Surprisingly, although PHP2 (and to a les-

ser extent PHP3) appears to be specifically expressed

within root hairs, under our conditions we did not see a

difference in either root hair length or density (Figure S5).

(a) (b)

(d)

(c)

(g)

(f)(e)

(h) (i)

(k)

(j)

(n)

(m)(l)

(o) (p)

(r)

(q)

(u)

(t)(s)

Figure 2. Expression pattern of pseudo histidine phosphotransfer proteins (PHPs) in rice.

GUS staining showing expression of the transcriptional reporters in stable rice transformants.

(a–g) Expression of PHP1::GUS; (h–n) Expression of PHP2::GUS; (o–u) Expression of PHP3::GUS. (a) PHP1::GUS signal can be observed broadly throughout the

root tip and (b) in the sclerenchyma and exodermis in the basal zone of primary root and root hairs. (c) Cross-sections taken from the root apex reveal staining

in the procambial cells, with the highest levels in the cells closest to the central xylem element, and in the inner cortex layer. (d,k,r) For all three PHP reporters,

staining is seen in the first leaves and is associated with stomata. (e) PHP1::GUS signal is low in inflorescences and (f,g) is localized to developing embryos only.

(h) PHP2::GUS shows staining in the whole of the primary root tip and (i) signal is present in root hair cells in more basal zones of the primary root. (j) Cross-

sections from the root apex show signal localized to sclerenchyma and exodermis. (l,m,n) PHP2::GUS signal is seen widely throughout whole inflorescences

and in spikelets is localized to the corner regions of lemma and palea epidermis. PHP3::GUS signal can be seen throughout the (o) root tip and (p) root hairs. (q)

Cross-sections from the basal zone of the primary root show expression in the sclerenchyma and exodermis. (s) PHP3::GUS signal is seen strongly throughout

the inflorescence, and (t,u) mainly localized to the narrow cell files on either side of the globular cells of the epidermal layer of the lemma and palea. At least

two independent transgenic lines for each reporter were used and representative images taken. Scale bars: (a,b,h,i,j,n,o,p,q,r,u) 100 µm; (c,d,k,r) 50 µm; (e,l,s)

10 mm; (f,g,m,t) 1 mm.
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Moving our attention to the shoot, while the lower order

mutants were generally comparable with the wild type, the

triple mutant consistently displayed substantial alterations

in various aspects of shoot and inflorescence morphology

and architecture that had not been reported in ahp6

mutants (Figure 4a,b). The overall stem height of the triple

mutant was significantly shorter than the wild type (Fig-

ure 4c); however, the length and width of leaves (Fig-

ure 4d,e) and the number of panicles (Figure 4f) were

comparable between the php1,2,3 mutant and the wild

type. Previous studies have shown that altered cytokinin

levels could have profound effects on panicle development

in rice (Ashikari et al., 2005; Kurakawa et al., 2007; Gu

et al., 2015; Yeh et al., 2015). Consistent with this, the triple

mutant panicles show multiple alterations as compared

with the wild type, including overall smaller size with fewer

primary and secondary branches (Figure 4g–j). Fewer spi-

kelets per panicle were seen in the triple mutant, with over-

all fewer filled seed per panicle as compared with wild

type (Figure 4h,k), although the seeds were of comparable

weight (Figure 4l). Profiling of cytokinin levels within spike-

lets revealed that cytokinin levels were altered in the php

mutants, with a small but statistically significant decrease

in the concentration of both cis- and trans-zeatin and an

increase in the levels of dihydrozeatin and isopentyl ade-

nine (Table S3). There did not appear to be any substantial

effects on leaf phyllotaxy in the triple mutant.

Molecular analysis of the php triple mutants suggests that

they act as negative regulators of cytokinin signaling

We assayed the response of the php triple mutant to cyto-

kinin using growth assays of 7-day-old rice seedlings

grown on an agar medium. Growth of wild-type seedlings

in increasing concentrations of the cytokinin 6-benzy-

laminopurine (BA) caused a decrease in root and shoot

growth, as well as a reduction in the number of crown

roots (Figure S6). The response of the triple php mutant

was comparable with the wild type in all aspects of this

growth assay (Figure S6), suggesting that disruption of the

PHPs does not affect the response to exogenous cytokinin,

at least in these assays.

To examine the molecular response of the mutant to

cytokinin, we used RNA-Seq to measure the effect of a 2-h

treatment with cytokinin (0, 100 nM and 5 µM BA) on the

transcriptome of wild-type and php triple mutant roots

from hydroponically grown plants in sterile culture with

constant air flow to promote transpiration. In total, 793 and

1292 genes were induced (false discovery rate [FDR] ≤0.05
and fold-change [FC] ≥1.5) in wild-type roots in response to

100 nM and 5 µM BA, respectively, under these conditions

(Figure 5c and Table S4). Most of the genes (84.5%)

induced in response to 100 nM BA were also induced at the

higher concentration of BA. Conversely, many (48%) of the

genes induced at 5 µM BA in wild-type roots were not

induced at the lower BA concentration. Similar to previous

 PHP1  GATGAAGCTAGTCCTAATTTTGTGGAAGAAGTTGTTACTTTGTTTTTTAA
php1-1 GATGAAGCTAGTCCTAATT----GGAAGAAGTTGTTACTTTGTTTTTTAA
 PHP2  AAGAACTGCAGGATGAATCAAGCCCCAATTTTGTT-GATTAAGTTGCGGC
php2-1 AAGAACTGCAGGATGAATCAAGCCCCAATTTTGTTTGATTAAGTTGCGGC
 PHP3  CACACAGTGAGAAGCATCCGAAAGACTTCGCC-AGATGGGACACACACAT
php3-1 CACACAGTGAGAAGCATCCGAAAGACTTCGCCTAGATGGGACACACACAT

PHP1

PHP2

PHP3

(a)

(b)

epyt- dli
w

3, 2, 1php
(c)

Figure 3. Analysis of pseudo histidine phospho-

transfer protein (PHP) function.

(a) Gene diagrams for PHP1, PHP2 and PHP3. Gray

boxes denote untranslated regions, lines are introns

and blue boxes are exons. Red arrows denote the

CRISPR/Cas9 target site, and black arrows the loca-

tion of where the conserved histidine residue would

be.

(b) Mutations in the php mutant lines created using

CRISPR/Cas9. Insertions are indicated by dashed

lines in the wild-type sequence (top), deletions are

shown with dashes in the mutant sequence (bot-

tom). Red indicates deleted nucleotides.

(c) Radial cross-section of wild-type and php1,2,3

roots. Note that no apparent differences are seen in

vascular anatomy. At least nine plants per genotype

were sectioned 5 cm above the root tip.

Scale = 50 µm.
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transcriptome studies (Raines et al., 2016), fewer genes

were identified as downregulated in response to cytokinin

in wild-type rice roots in these conditions (490 and 867 at

100 nM and 5 µM, respectively; FDR ≤0.05 and FC ≤0.66)
(Figure 5d and Table S4). Similar to the induced genes,

most of the genes downregulated in response to 100 nM

BA, were also downregulated in response to 5 µM BA in

wild-type roots, but only approximately half of the genes

downregulated in response to 5 µM BA were downregu-

lated at the lower BA concentration. Overall, these data

suggest that numerous genes are regulated by cytokinin

specifically at elevated concentrations.

To explore the role of the PHPs, we examined the

expression of the type-A RRs, which are well characterized

cytokinin primary response genes (Brandstatter and Kie-

ber, 1998). In the absence of exogenous cytokinin, expres-

sion of multiple type-A RRs (RR2, RR4, RR6, RR9, and

RR10) was elevated in the php triple mutant roots as com-

pared with the wild type (Figure 5a), consistent with an

upregulation of cytokinin signaling in the mutant. The

seven other type-A RRs were expressed at very low or

undetectable levels in rice roots. The level of expression of

type-A RRs was elevated in response to both doses of BA

in wild-type roots (Figure S7), consistent with previous

studies (Tsai et al., 2012). In the presence of both doses of

cytokinin, the levels of type-A RR transcripts were compa-

rable in wild-type and triple mutant roots (Figure S7), indi-

cating that the PHPs do not affect type-ARR gene

expression at the elevated cytokinin levels that result from

exogenous application of BA. We examined the expression

of other genes involved in cytokinin signaling (HKs, AHPs,

and type-B RRs) and metabolism (IPTs, LOGs, CKXs, and

cZOG1) (Table S5). There was a strong induction (>20-fold
induced) in php1,2,3 of a putative cis-zeatin O-glucosyl-

transferase 1 gene (Os04g0565200), which likely encodes

an enzyme that glycosylates cytokinin to inactivate it (Kudo

et al., 2012). A subset of the CKX genes (CKX1, CKX3, and

CKX4), which encode cytokinin oxidases that degrade cyto-

kinin, were differentially expressed in the php triple mutant

(Figure S7). For all three of these CKX genes, the expres-

sion was elevated in the absence of exogenous cytokinin

as compared with the wild type. For CKX3, there was also

an increased level of expression in the mutant at 5 µM BA.

Thus, negative regulators of both cytokinin signaling (type-

A RRs) and cytokinin levels (CKX) are upregulated in the

php triple mutants in the absence of exogenous cytokinin,

suggesting a potential feedback of these mutations on

cytokinin homeostasis.

We next examined the global effects of the php mutant

on transcription. In the absence of exogenous cytokinin,

397 genes were upregulated and 122 downregulated in the

php triple mutant as compared with wild-type roots (FDR

≤0.05 and FC ≥1.5 or FC ≤0.66) (Table S6). Gene Ontology
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Figure 4. Shoot and panicle morphology of the php1,2,3 triple mutant.

(a) Representative images of 19-week-old wild-type (WT) and php1,2,3

plants. Scale = 10 cm.

(b) Representative images of mature, dried panicles from WT and php1,2,3

plants. Scale = 1 cm.

(c–g) Quantification of (c) plant height s (n ≥ 49), (d) leaf width (n ≥ 23), (e)

flag leaf length (n ≥ 14), (f) panicle number (n ≥ 11) and (g) panicle length

(n ≥ 44) from WT and php1,2,3 triple mutant plants grown in soil as

described in Experimental procedures.

(h–k) Quantification of various aspects of panicles in WT and php1,2,3 triple

mutant plants: (h) spikelets per panicle; (i) number of primary branches per

panicle; (j) number of secondary branches per panicle; (k) number of filled

seed per panicle; (h–k) n ≥ 46.

(l) Quantification of the weight of 100 seeds from WT and php1,2,3 triple

mutant. Seeds of approximately equal age were de-hulled and 100 seeds

were counted manually and weighed. g/100 seeds (n = 7).

Data for (c–l): *statistical significance determined by a Student’s t-test with

P < 0.01.
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enrichment using g:Profiler (Raudvere et al., 2019) identi-

fied DNA-binding transcription factor activity, transcription

regulator activity, and DNA binding to be the most signifi-

cantly enriched terms, suggesting that the PHP loci affect

multiple downstream regulatory networks (Table S7). Cyto-

kinin dehydrogenase activity was also significantly

enriched (adjusted P-value 0.0078). Enrichment analysis for

biological processes showed high enrichment of processes

associated with amino acid or amine transport alongside

cytokinin signaling and RNA regulation (Table S7). Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

enrichment analysis showed the greatest enrichment in

plant hormone signal transduction and zeatin biosynthesis

(Table S7). Collectively, these results show a strong over-

lap with processes previously associated with cytokinin,

but also highlight some potential roles in amino acid trans-

port. We examined if the genes differentially expressed in

the mutant were significantly enriched for cytokinin-re-

sponsive genes. Indeed, 50% of the genes upregulated in

the php triple mutant overlapped with genes induced by

cytokinin in the wild-type roots (P(X ≥ 213) = 3.5 9 10�156,

hypergeometric test) and 23% of the genes downregulated

in the mutant overlapped with genes repressed in wild-

type roots in response to exogenous cytokinin (P

(X ≥ 30) = 5.8 9 10�16, hypergeometric test) (Figure 5e). In

contrast, there was nearly no overlap between genes

upregulated in the php mutant and downregulated by cyto-

kinin in wild-type roots (two of 397), nor in genes downreg-

ulated in the mutant and upregulated by cytokinin (two of

122). Together, these results show that a significant num-

ber of genes affected by the PHPs are downstream of cyto-

kinin response. This is consistent with the PHPs acting as

negative regulators of cytokinin signaling in roots, similar

to the proposed role of the AHP6 gene in Arabidopsis.
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Figure 5. RNA-sequencing analysis of php mutants.

(a) Normalized expression values for a subset of the type-A response regulators (RRs) in the absence of exogenous cytokinin. Type-A RR genes with very low

expression values (<50 normalized reads in all samples) were excluded. Values represent the mean (n = 3) � SE. Asterisks indicate statistical significance deter-

mined by DESeq2 for the wild type (WT) versus php1,2,3 condition in the untreated condition. Significance was defined as having an adjusted P-value lower

than 0.05, with P-value adjustments performed using a weighted Benjamini–Hochberg procedure.

(b) Heatmap of all genes that are differentially expressed after 2 h treatment with 6-benzylaminopurine (BA) (WT or php1,2,3 control plants compared with

100 nM BA- or 5 µM BA-treated plants). Genes are scaled within rows with the WT untreated plants as the reference. Scale is indicated to the right with red bars

indicating upregulation relative to untreated WT plants and blue bars downregulated genes. Green bars to the right of the heatmap indicate genes hyperinduced

in response to cytokinin in the php1,2,3 mutant. Bar units are standard deviations are relative to untreated WT.

(c,d) Gene set overlap between genes upregulated (false discovery rate [FDR] ≤ 0.05 and fold-change [FC] ≥ 1.5) (c) or downregulated (FDR ≤ 0.05 and FC ≤ 0.66)

(d) after treatment with BA in the WT and php1,2,3 mutants after treatment with 100 nM BA or 5 µM BA.

(e) Gene set overlap between genes differentially expressed in WT by treatment with 100 nM BA and genes differentially expressed between the WT and

php1,2,3 mutant with no BA treatment (FDR ≤ 0.05 and FC ≥ 1.5 or FC ≤ 0.66).
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While it is feasible that these proteins may have some

function independent of cytokinin, it is clear that a sizeable

number of genes affected in these mutants are directly

related to the cytokinin response.

While the effects of the php mutations on gene expres-

sion indicate a redundant role as negative regulators of

endogenous cytokinin signaling, the effects in response to

exogenous cytokinin are less clear. A set of genes that are

hyperregulated in response to cytokinin in the php triple

mutant as compared with the wild type (Figure 5b; green

vertical bars), are consistent with a role as negative regula-

tors of cytokinin signaling. However, in addition, a set of

genes are differentially regulated in response to cytokinin

in wild-type roots, but are not regulated in the php triple

mutant in response to either concentration of cytokinin

(Figure 5c,d). For example, 747 genes are significantly

upregulated in response to 5-µM BA in the wild-type rice

roots that are not significantly differentially expressed in

response to cytokinin in php1,2,3 mutant roots. However,

most of these genes fall into one of two categories. The

first are genes that are expressed at very low levels (i.e.,

relatively few counts detected, though above the minimal

to be considered expressed) and therefore may represent

false positives/negatives (Table S4). A second class of

genes are similar to many of the type-A RRs in that these

genes show an elevated level of expression in the php1,2,3

mutant roots as compared with the wild type in the

absence of exogenous cytokinin, but similar levels of

expression in the presence of exogenous BA; therefore,

these genes are less/not induced in the mutant (Table S4).

Few genes are not cytokinin induced in php1,2,3 that show

a substantial level of expression (i.e., >20 normalized

counts in wild-type roots in the absence of BA) that are not

constitutively upregulated in php1,2,3 mutant roots

(Table S4).

DISCUSSION

Cytokinin plays a key role in regulating many processes

that are essential to plant growth and development. Phylo-

genetic analyses show that many components of the

canonical cytokinin signaling machinery are well con-

served between Arabidopsis and rice (Pils and Heyl, 2009;

Tsai et al., 2012). Our research reveals that this is not true

of all components of the canonical cytokinin signaling

pathway. Although there is a scarcity of fully sequenced

plant genomes for many large phylogenetic groups, partic-

ularly gymnosperms and early diverging angiosperms, it

seems that PHPs, or something that most resembles what

we define as a PHP in angiosperms, did not arise until the

evolution of certain gymnosperms, such as Picea abies.

Similar to dicots, Picea abies PHPs have an Asn at the loca-

tion of the His residue, which is the target of phosphoryla-

tion in the AHPs, in contrast to the monocots that have a

Gln at this position. In angiosperms, monocot and eudicot

PHPs form independent clades that likely share indepen-

dent evolutionary origins, with the monocot PHPs being

more closely related to AHP4 than any other dicot PHP.

The function of AHP4 in Arabidopsis is not well understood

and there is evidence that it may act as either a positive or

negative regulator of cytokinin in different contexts (Hutch-

ison et al., 2006).

Consistent with the observation that the monocot and

dicot PHPs most likely arose independently, we observed

that the rice PHPs were unable to complement the Ara-

bidopsis ahp6 mutant phenotype. This inability to comple-

ment was not due to a change in amino acids at the

position usually occupied by the conserved His, as swap-

ping this residue between PHP1 of rice and AHP6 of Ara-

bidopsis did not affect the ability of either protein to

complement an Arabidopsis ahp6 mutant.

Not only are these genes not orthologous, but they are

under the control of different regulatory inputs. In Ara-

bidopsis, AHP6 is highly induced by auxin (Bishopp et al.,

2011) and consequently its expression in roots is restricted

to the protoxylem. In contrast, the rice PHPs are not

induced by auxin (Tsai et al., 2012). Here, we report that

the expression of PHPs in rice roots is much broader than

that of AHP6 in Arabidopsis roots with the signal being

observed for PHP1 in the procambium and inner cortex,

and for PHP2 and PHP3 in the epidermis. Together with the

mutant phenotypes uncovered here, these differences in

expression patterns demonstrate that the rice PHPs have

not only evolved to regulate a set of processes discrete

from AHP6 of Arabidopsis, but are regulated themselves

by different inputs. It will be interesting for future research

to investigate whether the rice PHPs are induced by speci-

fic internal signals, such as different phytohormones, or if

their expression is under the control of external stimuli,

such as changes in environmental inputs, as recently, Ara-

bidopsis AHP4 has been shown to influence growth and

development under water deficit (Ha et al., 2020). Rice

PHPs are also expressed in shoots and panicles, and regu-

late shoot growth, inflorescence architecture and seed fill,

phenotypes that have not been associated with AHP6 in

Arabidopsis, showing a clear difference in the processes

that they regulate, although AHP4 has been linked to sec-

ondary thickening of the anther endothecium (Jung et al.,

2008).

To pursue whether the PHPs function by modulating

cytokinin signaling output, we performed RNA-Seq analy-

sis on php mutant roots. Despite the fact that we could not

discern any root phenotypes, we observed 519 differen-

tially expressed genes between the mutant and wild-type

roots. These showed strong overlap with genes that are

known to be cytokinin regulated. While it is possible that

the PHP proteins have some functions independent of

cytokinin signaling, these results make it clear that they

function at least in part by modulating the response to
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cytokinin. Disruption of the PHPs in roots leads to an

upregulation of other negative regulators of cytokinin func-

tion, including the type-A RRs, multiple CKX genes, and a

cisZOG1 paralog. The compensatory upregulation of these

negative regulators likely mutes the phenotypic conse-

quences of the php triple loss-of-function mutant and sug-

gests potential functional redundancy among these

negative regulators. Indeed, when we profiled cytokinin

levels in spikelets, we observed a shift in the relative levels

of different isoforms, consistent with a feedback on cytoki-

nin homeostasis. This compensatory upregulation may be

tissue-specific, as while a cisZOG1 paralog was induced in

roots, we did not observe a significant difference in the

quantity of O-glucosyl-cis-zeatin in spikelets.

It is interesting that the php1,2,3 triple mutant had little

effect on the cytokinin response when plants were treated

with high levels of cytokinin. This suggests that a system

must exist where different negative regulators function

depending on the concentration of cytokinin within a cell.

Our results suggest that the PHP proteins reduce cytokinin

signaling only at endogenous levels of cytokinin. In the

presence of high levels of cytokinin (i.e., exogenous cytoki-

nin), the negative effect of the PHPs is negligible as we

observed little or no difference in the response to exoge-

nous cytokinin in molecular and root growth assays. This

suggests when the flux of phosphate through the cytokinin-

regulated phosphorelay is low, the PHPs can reduce the

ultimate transfer to the type-B RRs, therefore dampening

the cytokinin signaling output. In contrast, in the presence

of high cytokinin levels, the phospho flux through the path-

way is likely too high to be reduced effectively by the PHPs.

Similar RNA-Seq experiments following cytokinin induction

have not been published on Arabidopsis ahp6 mutants, and

therefore it is not possible to know whether this concentra-

tion-based effect on cytokinin repression is unique to the

PHPs or whether AHP6 acts in a similar manner. Neverthe-

less, together with our phylogenetic analysis, these obser-

vations suggest that the PHPs evolved from AHPs at least

twice, and in both cases, these molecules have switched

from being positive regulators of cytokinin signaling to

become inhibitors. Although all the monocot PHPs form

one distinct clade, it will be interesting for future studies to

confirm whether PHPs from other monocot plants share the

same functions, particularly in species where the panicle

architecture is somewhat different from rice.

This work also raises the question regarding what com-

ponents regulate processes such as vascular patterning in

monocots. Recent modeling work suggests that the mutu-

ally inhibitory interaction between auxin and cytokinin that

regulates vascular pattern in Arabidopsis can produce pat-

terns more similar to those observed in rice as the diame-

ter of the root increases (Mellor et al., 2019). However, a

central tenet underlying this is the presence of an auxin-in-

ducible inhibitor of cytokinin that would play an AHP6-like

role (Bishopp et al., 2011). As the rice PHPs do not function

like AHP6 to inhibit cytokinin at the protoxylem to facilitate

xylem formation, and are not induced by auxin (Tsai et al.,

2012), a future question will be whether other molecules

have evolved such a role. One candidate is the type-A RR

OsRR7, as this is auxin inducible in both roots and shoots

(Tsai et al., 2012) and inhibits cytokinin signaling. It is fasci-

nating that individual components of the gene regulatory

networks that control vascular patterning are not well con-

served between plants.

EXPERIMENTAL PROCEDURES

Gene accession numbers

For all gene designations, we used the RAP-DB (Rice Annotation
Project Database: https://rapdb.dna.affrc.go.jp/index.html). The
gene accession numbers for the PHPs are PHP1 (Os01g0743800),
PHP2 (Os05g0186100), and PHP3 (Os05g0521300).

Phylogenetic analysis

Primary transcript protein sequence databases were downloaded
for a subset of species from Phytozome v13 (https://phytozome-ne
xt.jgi.doe.gov/) (Goodstein et al., 2011). Sequence files for other
lineages not available through Phytozome were downloaded to
supplement the breadth of lineages searched (full list of species
and IDs in Table S2). Gymnosperm sequences were obtained from
congenie.org (Nystedt et al., 2013). The P. obtusifolia transcrip-
tome was modified (trimmed using a custom perl script, quality-
assessed with BUSCO/3.1.0 (Sim~ao et al., 2015; Waterhouse et al.,
2017), and translated using TRANSDECODER/2.1.0 (Haas et al., 2013;
Batista et al., 2017). Azolla filiculoides and Saccostrea cucullata
were downloaded from ftp://ftp.fernbase.org/ (Li et al., 2018). Com-
bretum micranthum was downloaded from NCBI (Chaw et al.,
2019). A profile HMM was built using amino acid sequences for
the known HPs from Arabidopsis thaliana and rice using hmm-
build (HMMER/3.2.1) (Eddy, 1998), and was used to mine the pro-
tein sequence databases using HMMSEARCH (HMMER/3.2.1) (Eddy,
1998) with -T 101. This resulted in a master list, which contained
both AHPs and PHP sequences. The amino acid sequence for
YPD1 (UniProtKB, ID Q07688), a phosphotransfer protein from
Saccharomyces cerevisiae, was included in this list as a root for
downstream phylogenetic analyses. We note that, previously, the
default -T was used in HMMSEARCH and additional proteins were
recovered, including two from A. thaliana (AT4G04402 and
AT5G19710) and one from P. patens (Pp3c23_13840V3.1.p). We
determined through sequence alignment that these proteins are
not well conserved enough to be considered AHPs or PHPs and
decided to use a more stringent cutoff value in our searches.

Sequences were aligned using MAFFT/7.305 (Katoh et al., 2017),
and visualized in JALVIEW 2 (Waterhouse et al., 2009). Coloration of
amino acid residues in alignments follows that of CLUSTAL (http://
www.jalview.org/help/html/colourSchemes/clustal.html). Phyloge-
netic trees were constructed using RAxML/8.2.11 (Stamatakis,
2006). MAFFT alignments were used as input, and an ML tree was
constructed using the following options: f a -N 100 -m PROTGAM-
MAAUTO -p 12345 -x 12345. Trees were visualized in FIGTREE v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/). To create the abbrevi-
ated tree and alignment for Figure 1(a), we chose one to two spe-
cies each of representative monocots and dicots, one
representative gymnosperm and one bryophyte. Sequences were
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aligned and the phylogenetic tree was built and visualized as
above.

Protein purification

Constructs for expression of SLN1-HK and SLN1-Rec of yeast
(Janiak-Spens et al., 1999; Ault et al., 2002b) with GST tags were
obtained from Ann West (University of Oklahoma). The CDS of
AHP1, PHP1, PHP2 and PHP3 were amplified from rice (cultivar
Nipponbare) cDNA (for primers, see Table S8) using Phusion DNA
polymerase (New England Biolabs, Ipswich, MA, USA). AHP1 was
cloned into pGEX-6p1 (M€ah€onen et al., 2006) (obtained from Tat-
suo Kakimoto, Osaka University) and PHP1, PHP2 and PHP3 were
cloned into pFAST-BAC1-GST. Site directed mutagenesis was per-
formed to restore the conserved phosphoaccepting His residue of
PHP1, PHP2 and PHP3, using the Quickchange II XL kit (Agilent
Technologies, Santa Clara, CA, USA) (See Table S8 for primers).

SLN1-HK, SLN1-Rec and rice AHP1 were expressed and purified
from the Escherichia coli strain Origami 2(DE3)pLysS (Novagen,
Darmstadt, Germany). Cells were grown for 2 h after induction
and harvested by centrifugation at 4000 g for 15 min. Cell pellets
were resuspended in 40 ml of GST buffer (50 mM Tris-HCl pH 8,
150 mM NaCl, 1 mM EDTA, 10% v/v glycerol, b-mercaptoethanol,
1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF), 10 µg ml�1 leupeptin) and then lysed using a high pres-
sure cell disruptor at 35 kPa. The lysate was centrifuged at 4000 g

for 15 min at 4°C and the supernatant decanted and centrifuged at
45 000 g for 1 h at 4°C. The GST tagged proteins were purified
using glutathione Sepharose 4B resin as described by the manu-
facturer (Cytiva, Marlborough, MA, USA). GST tagged proteins
were eluted with 500 µl of 40 mM glutathione in GST buffer; GST
tagged SLN1-HK and SLN1-Rec protein was left bound to glu-
tathione Sepharose 4B beads and used in assays as such. Buffers
in purified samples were exchanged for phosphotransfer buffer
(50 mM Tris-HCl pH 8, 50 mM KCl, 10% v/v glycerol, 2 mM b-mer-
captoethanol, 0.1 mM AEBSF) by dialysis.

PHP1, PHP2 and PHP3 from rice were expressed and purified
using Sf9 cells with the Bac-to-Bac expression system as
described by the manufacturer (Thermo Fisher, Waltham, MA,
USA). Briefly, pFAST-BAC1-GST plasmids containing CDS of
genes to be expressed were used to transform E. coli strain
DH10Bac. These cells are used to synthesize recombinant bac-
mid, which was extracted and used to infect Sf9 cells. Sf9 cells
were maintained in mid-log phase and grown at 28°C in Insect
X-Press protein-free media with L-glutamine (Lonza, Basel,
Switzerland) and supplemented with penicillin (100 U ml�1) and
streptomycin (100 µg ml�1). For infection with bacmid, insect
cells were grown as a monolayer adhered to the bottom of six-
well plates; for all other infections, cells were grown in media
shaking at 150 rpm with 10% fetal calf serum. Infections were
carried out according by the manufacturer (Thermo Fisher). Bac-
ulovirus-infected insect cell stocks were made as previously
described (Wasilko et al., 2009). For protein purification, 200 ml
cultures (seeded at 0.5 9 106 cell ml�1 and grown for 24 h
before infection) were infected with 100 µl baculovirus-infected
insect cell stock. After expression of protein in insect cells, cul-
tures were pelleted by centrifuging at 4000 g for 15 min and
resuspended in 20 ml GST buffer. Cells were lysed using a probe
sonicator and protein purified as described above.

Phosphotransfer assays

Phosphotransfer assays were carried out as described (Fassler
and West, 2010). For phosphorylation of bead-bound SLN1-HK,

3 µM of bead bound protein was combined with 7 µM [c-32P]-ATP
(30 Ci/mmol) in phosphotransfer buffer (50 mM Tris-HCl pH 8,
100 mM KCl, 10 mM MgCl2, 2 mM DTT, 20% glycerol) and incu-
bated at room temperature for 1 h. Resin-bound phosphorylated
protein was pelleted by centrifuging at 100 g for 1 min and
washed three times with wash buffer (50 mM Tris-HCl pH 8, 50 mM

KCl, 10 mM MgCl2, 1 mM DTT). The pellet was resuspended in
100 µl of wash buffer and used in phosphotransfer experiments
immediately.

To follow transfer of the phosphate group from SLN1-HK to
HPs, 32P~SLN1-HK-Rec was incubated with HPs in equimolar
amounts in a total reaction volume of 15 µl in reaction buffer
(50 mM Tris-HCl pH 8, 30 mM KCl, 10 mM MgCl2, 1 mM DTT) for
10 min at room temperature. Reactions were stopped by adding
5 µl of 49 stop buffer (250 mM Tris-HCl pH 6.8, 8% sodium dodecyl
sulfate, 60 mM EDTA, 40% glycerol, 0.008% bromophenol blue),
samples run by polyacrylamide gel electrophoresis, the wet gel
sealed and exposed to a BAS-IP-MS storage phosphor sheet (GE
Healthcare, Chicago, IL, USA) and imaged using the molecular
imager FX (Bio-Rad, Hercules, CA, USA).

Complementation of Arabidopsis ahp6 mutants

Vectors for trans-complementation experiments were constructed
using MultiSite Gateway (Invitrogen, Waltham, MA, USA). CDS
from PHP1, PHP2 and PHP3 from rice and AHP6 from Arabidopsis
were amplified from cDNA (for primers, see Table S8) with Phusion
DNA polymerase (New England Biolabs), and cloned into
pDONR_221. Resulting entry clones were confirmed by sequencing
and recombined with the entry clones pDONR_P4P1R_AHP6 and
p2RP3_nosT2 into the destination vector pHm34GW through an LR
reaction. Recombined vector junctions were confirmed by sequenc-
ing. AHP6(NQ) substitution was created by site-directed mutagene-
sis using the Quickchange II XL kit (Agilent Technologies) (for
primers, see Table S8). PHP1(QN) substitution was created using
Gibson assembly cloning with Gibson Assembly master mix (New
England Biolabs) according to the manufacturer’s instructions.
Complementation vectors were transformed into Arabidopsis
ahp6-2 mutants and at least three independent transgenic lines in
the T3 generation were used for phenotyping analysis. For pheno-
typing, 5-day-old seedlings were mounted in chloral hydrate and
primary roots scored for xylem defects. At least 20 plants were
scored for each independent line. For better imaging of ahp6
mutant xylem defects, 5-day-old seedlings of Col-0, ahp6-2 mutants
were harvested and incubated in acidified methanol (20%methanol
and 4 N HCl) at 55°C for 15 min, then basic solution (7% NaOH in
60% ethanol) at room temperature for 15 min. Samples were then
rehydrated sequentially in 40%, 20% and 10% ethanol for 30 min
each, stained in 0.01% basic Fuchsin for 5 min, and then de-stained
in 70% ethanol for 10 min. Seedlings were rehydrated by incubat-
ing in 40%, 20% and 10% ethanol for 10 min, followed by 5% etha-
nol 25% glycerol overnight. Samples were then mounted in 5%
glycerol and imaged using a Leica SP5 confocal microscope.

Transcriptional reporters

Promoter regions 3 kb immediately upstream of the start codon
for PHP1, PHP2 and PHP3 were amplified from rice (cultivar
Kitaake) gDNA using Phusion DNA polymerase (New England Bio-
labs) and cloned into pCAMBIA 1305.1 (Curtis and Grossniklaus,
2003). For GUS staining, tissue was harvested and fixed in cold
acetone for 1 h on ice. Acetone was washed out of tissue with
multiple washes of sodium phosphate buffer monobasic (100 mM,
pH 7). Tissue was then placed in GUS stain solution (1 mM EDTA
pH 8, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
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0.1% Triton-X-100, 1 mg ml�1 X-gluc) and incubated at 37°C in the
dark until staining appeared. After an appropriate amount of stain-
ing was seen, GUS stain solution was removed and replaced with
70% (v/v) ethanol for 1 day. Tissue was then mounted in chloral
hydrate and imaged.

For embedding and sectioning in plastic resin after GUS stain-
ing, dissected roots were fixed in 5 ml fixation solution (1 ml 25%
glutaraldehyde, 2.7 ml 37% formaldehyde, 2.5 ml 0.5 M NaPi pH
7.2, 18.8 ml double-distilled H2O) overnight at 4°C. Tissue was
then taken through an ethanol dilution series of 10%, 30%, 50%,
70%, 96% and 100%, and again 100% ethanol with incubations of
30 min at each dilution. Tissue was then incubated in 1:1 100%
ethanol/Solution A (Leica HistoResin embedding kit) and incu-
bated at room temperature overnight. Tissue was then incubated
in Solution A for 4 h and transferred to molds filled with 15:1
Solution A/Hardener (Leica HistoResin embedding kit), which were
left to set fully. Embedded tissue was sectioned (4 µm sections)
using a Leica Ultracut EM UC6 microtome. Sections were stained
with 0.05% toluidine blue in 0.1 M sodium phosphate buffer and
imaged using a Leica DM5000 B microscope.

Creation of CRISPR mutant lines

CRISPR/Cas9 guide RNAs were designed to target PHP1, 2 and 3
using CRISPR-PLANT (https://www.genome.arizona.edu/crispr/
index.html) (Xie et al., 2014). In-Fusion cloning primers were
designed so that each CRISPR target sequence would be created
between the rice pU3 promoter and Setaria U6 guide RNA
sequence on completion of the In-Fusion reaction (Takara,
Kusatsu, Shiga, Japan). The CRISPR/Cas9 guide RNAs were
ligated into pARS3_MUbCas9_MC (Worthen et al., 2019), creating
a multiplexed CRISPR vector, which was transformed into
Agrobacterium strain EHA101. Rice callus (cultivar Kitaake) was
transformed with Agrobacterium strain EHA101 containing the
PHP CRISPR vector at the transformation facility at Iowa State
University (https://www.biotech.iastate.edu/biotechnology-service-
facilities/plant-transformation-facility/). Transformants were
selected using hygromycin, and 26 resistant individuals, rooted on
regeneration medium II, were transplanted to soil. These plantlets
were grown up in soil (10 h light/14 h dark; 27.5°C/23.5°C) and
screened for CRISPR activity, as described below. Seed was taken
from individuals with active editing and screened for php muta-
tions by amplifying target genes using polymerase chain reaction
followed by acrylamide gel electrophoresis (for primer sequences,
see Table S8) and mutations confirmed by Sanger sequencing.
The CRISPR/Cas9 transgene was segregated out of the mutants
used in further analyses.

Morphological assays

Morphological assays of rice were performed in three replicates.
Wild-type and php1,2,3 triple mutant seeds were dehusked and
sterilized with 50% bleach (Clorox) solution by incubating with
shaking at room temperature for 30 min. The seeds were then
rinsed six times with sterile water and moved to a petri dish with
moistened sterile filter paper and germinated overnight at 37°C.
The seeds were then transferred directly to soil in 4 9 4 9 10 inch
pots and grown in a greenhouse (13 h light/11 h dark, 28°C/25°C,
with supplemental lighting (450 W M�2) when needed). At
10 weeks, all stems with emerged panicles were marked and the
plants were left to continue developing. At 4 months, the grain on
the selected panicles was fully mature and the marked stems were
used to collect phenotypic data. Internode lengths were measured,
starting at the root/shoot barrier measuring each internode, until
the shoot/panicle barrier was reached. Panicles were measured

starting from the shoot/panicle barrier to the uppermost seed on
the panicle. Total stem height was determined by adding each
internode length and the panicle length. Primary, secondary and
tertiary branches were quantified for each panicle. Lastly, total spi-
kelet count per panicle was determined and filled spikelets were
counted.

Morphological data analyses, graphing and statistical analyses
were performed using R 3.6.1 and RStudio Version 1.2.5001. The
data from the three replicates were visualized and the appropriate
statistical test was applied using the ggstatsplot package in R to
compare Kitaake and php1,2,3 across the different morphological
features. P < 0.01 was considered significant. Measurements from
the three replicates were not averaged.

For root phenotyping of the rice php triple mutant, seedlings
were grown sterile on agar plates and imaged after 14 days. Root
architectural measures were calculated using ROOTNAV software
from 18 plants per genotype (Pound et al., 2013). For analysis of
root anatomy, at least nine plants per genotype were sectioned
5 cm above the root tip using a vibratome. Primary and crown
roots were harvested and embedded in 3% agarose. Samples
were then mounted on to the vibratome block and 100 µm sec-
tions cut. Sections were stained with calcofluor white for 30 sec,
washed in water and imaged using a Nikon confocal microscope
with three sequential scans with different laser and detector com-
binations to create three overlayed images (1: laser 488 and 543,
detector 605/75; 2: laser 408, detector 450/35; 3: laser 408, detector
515/30). Anatomical measurements were taken using PHIV ROOTCELL

software (Lartaud et al., 2015).

Cytokinin response assays

Seeds were sterilized with bleach for the morphological assay.
After overnight germination at 37°C, seeds with an emerged
coleoptile were transferred to 19 Kimura B Nutrient solution, pH
5.5 (pH adjusted using 1 M KOH) (Ma et al., 2001) solidified with
0.6% Phytagel (Sigma, St. Louis, MO, USA) in Dart Solo
RTP16DBARE cups capped with Dart Solo DLW626 lids in which
the holes were sealed with a sterile foam stopper (250 ml media
per cup). BA at various concentrations or a vehicle control (NaOH)
was added to each sample. Six seeds were transplanted into each
cup and were grown for 7 days (10 h light/14 h dark; 27.5°C/
23.5°C). On day 7, the plants were photographed and primary root
length, crown root number and shoot length measured using Ima-
geJ software (Schneider et al., 2012).

Quantification of cytokinins

Spikelets were collected at flowering and flash frozen in liquid
nitrogen. For total cytokinin content analysis, an average 30 mg
fresh weight material was used per sample (individual plant,
n = 10). Samples were extracted in modified Bieleski buffer
(methanol/water/formic acid, 15/4/1, v/v/v) with a mixture of stable
isotope-labeled CK internal standards added to each sample for
precise quantification (Hoyerov�a et al., 2006). The purification of
isoprenoid CKs was carried out according to Dobrev and Kaminek
(2002) using the MCX column (30 mg of C18/SCX combined sor-
bent with cation-exchange properties). Analytes were eluted by
two-step elution using a 0.35 M NH4OH aqueous solution and
0.35 M NH4OH in 60% (v/v) MeOH solution. Samples were then
evaporated to dryness under vacuum at 37°C. Prior to analysis,
the samples were dissolved in 40 µl, 10% MeOH. Mass spectrome-
try (MS) analysis and quantification were performed using an liq-
uid chromatography (LC)-MS/MS system consisting of a 1290
Infinity Binary LC System coupled to a 6490 Triple Quad LC/MS
System with Jet Stream and Dual Ion Funnel technologies (Agilent
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Technologies). Ultrahigh-performance liquid chromatography-
electrospray ionization-MS/MS method parameters were adapted
from Sva�cinov�a et al. (2012).

RNA-Seq analysis

Rice seeds were surface sterilized in 50% bleach (Clorox) for
30 min and grown in sterilized hydroponics chambers for 1 week
in liquid Kimura media in constant light at 27°C. One day before
treatment, the media in the hydroponics boxes was replaced with
fresh media and sterile air pumped through the hydroponic
chamber continually through to the end of the experiment. Either
a vehicle control (NaOH) or a BA treatment (100 nM or 5 µM BA,
in 5 M NaOH solution) was added to the media for 2 h. A set of
approximately eight developmentally matched seedlings were
chosen from each genotype at each treatment condition. The
roots were separated from the shoots using a scalpel blade by
cutting above and below germinated rice. The root tissue was
sliced several places along its length and then mixed so that
each sample would contain a mix of root fragments from each
plant and from each region of the root. The shoots were cut and
mixed the same way. Each set of root and shoot tissue was
divided into three technical replicates and flash frozen in liquid
nitrogen. Three biological replicates were gathered in total.

RNA was prepared using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) and libraries prepared using Kapa TruSeq adapters as
described (Lundberg et al., 2013). Samples were evenly pooled on
one flow cell of a NovaSeq SP and paired-end 50-bp sequences
were generated. Alignment was performed using a “star” (Dobin
et al., 2012) genome built on the IRGSP 1.0 genome release and
an IRGSP 1.0 representative transcript file (created on August 29,
2019). An overhang value of 49 was used and based on recom-
mendations from the program, the SA index N bases parameter
was set to 13. Quantification was performed using “salmon”
(Patro et al., 2017) and the same transcriptome file used for the
“star” index. The gcBias and seqBias flags were both activated.
The “star” version was 2.7.2b and the “salmon” version was
v0.14.0. Differential expression analysis was performed in “R”
v3.6.1 using “DESeq2” (Love et al., 2014) v1.24.0. P-value adjust-
ment was performed using the independent hypothesis weighting
package in R (Ignatiadis et al., 2016). An FC cutoff of 1.5 was
imposed on the data by comparing the similarity between sets of
DE genes in the 100 nM and 5 µM BA Kitaake samples using a Jac-
card index, similar to the between-replicates strategy proposed by
Rau et al. for choosing optimal gene filters (Rau et al., 2013).

For Gene Ontogeny term enrichment analysis, g:Profiler (ver-
sion e101_eg48_p14_baf17f0) was used with the default options
(Raudvere et al., 2019).

CODE AVAILABILITY

The code used in this study can be accessed on Github

(https://github.com/KieberLab/Cytokinin-RICE).
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