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Cytokinins are essential hormones in plant development.
Arabidopsis histidine-containing phosphotransfer proteins (AHPs) are mediators in a multistep phosphorelay
pathway for cytokinin signaling. The exact role of AHP4
has not been elucidated. In this study, we demonstrated
young flower-specific expression of AHP4, and compared AHP4-overexpressing (Ox) trangenic Arabidopsis
lines and an ahp4 knock-out line. AHP4-Ox plants had
reduced fertility due to a lack of secondary cell wall
thickening in the anther endothecium and inhibition of
IRREGURAR XYLEMs (IRXs) expression in young
flowers. Conversely, ahp4 anthers had more lignified
anther walls than the wild type, and increased IRXs
expression. Our study indicates that AHP4 negatively
regulates thickening of the secondary cell wall of the
anther endothecium, and provides new insight into the
role of cytokinins in formation of secondary cell walls
via the action of AHP4.
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Introduction
Cytokinins are essential plant hormones that regulate aspects of plant development and growth, such as cell division, shoot initiation and development, vascular development, leaf senescence, seed size, chloroplast differentiation, and light responses (Jung et al., 2005; Kuroha et al.,
2006; Mok and Mok, 2001; Riefler et al., 2006). In the
higher plant, Arabidopsis thaliana, intracellular signaling
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by cytokinins is referred to as the Histidine-to-Aspartate
(His → Asp) phosphorelay system (Oka et al., 2002). In
the first step of this pathway, cytokinin sensor kinases
known as CYTOKININ RESPONSE1/ARABIDOPSIS
HISTIDINE KINASE4 (CRE1/AHK4), AHK2, and
AHK3, receive signals and autophosphorylate a His residue. AHK-mediated signals are postulated to be a set of
phosphoaccepting response regulators (ARRs), typeA and
type B ARRs, that are phosphorylated on Asp residues.
The phosporelays from AHKs to ARRs are mediated by
histidine-containing phosphotransfer proteins (AHPs).
These are a family of six related proteins. Five (AHP1AHP5) contain the conserved XHQXKGSSXS motif required for functioning as a histidine phosphotransfer protein, but AHP6/APHP1 does not. AHPs play a major role
in cytokinin signaling, and the quintuple ahp mutant
(ahp1,2,3,4,5) has various abnormalities in growth and
development, including reduced fertility, increased seed
size, reduced vascular development, and a shortened primary root (Hutchison et al., 2006), as does the triple histidine kinase mutant (ahk2 ahk3 cre1) (Riefler et al.,
2006). Four AHPs (AHP 1,2,3, and 5) are functionally
redundant as positive regulators of cytokinin signaling,
whereas AHP4 may play a negative role in some cytokinin responses (Hutchison et al., 2006).
We used a reverse genetic approach to investigate the
role of AHP4 in plant development. We characterized
AHP4-overexpressing (Ox) plants and an AHP4 T-DNA
insertional mutant. AHP4 transcripts were predominantly
expressed in young flowers, unlike the other AHP genes.
Moreover, AHP4-Ox plants had reduced fertility due to
abnormal lignification of the secondary wall of the anther
endothecium at flowering time, suggesting that AHP4 acts
as a negative regulator of secondary wall formation.
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Materials and Methods
Plant growth conditions The ecotype of Arabidopsis thaliana
used in this study is descended from the Columbia (Col-0) wild
type. Seeds of the wild-type and all transgenic plants were germinated on MS medium (Murashige and Skoog, 1962) or Sunshine potting soil #5 (Sungro), and plants were grown under
fluorescent light at 2500 lux in 40% relative humidity with a
long-day photoperiod (16 h light/25°C, 8 h dark/22°C).
Construction of the 35S::AHP4 lines and identification of
the T-DNA insertion line To generate AHP4-overexpressing
transgenic Arabidopsis plants (Col-0 ecotype), AHP4 was amplified from cDNA synthesized from total RNA using the primers ORF-S (5′-AAA TCT AGA AAA TGA CTA ATA TAG GAA
AAT GCA TGC AG-3′) and ORF-As (5′- TGA GGA TCC TTA
TTG GCT CGC CTG GAA ATA ATG-3′), both of which harbor
synthetic restriction sites (underlined). The amplified products
were digested with XbaI and BamHI, and cloned into the
pCAMBIA2300 vector, which harbors the 35S promoter and nos
terminator. The resulting recombinant plasmid was introduced
into wild-type Arabidopsis using a modified floral dip method
(Clough and Bent, 1998). Transgenics were selected on Murashige and Skoog plates containing 50 mg/mL kanamycin and
screened for the presence of the transgene by PCR. Homozygous 35S::AHP4 lines were selected in the T3 generation and
used in this study.
The T-DNA insertion line SALK_051911 was obtained from
the SALK Institute via NASC. The insertion was identified by
genomic PCR using the following primers: LBa1 (5′-TGG TTC
ACG TAG TGG GCC ATC G-3′), AHP4-S (5′-ATG ACT AAT
ATA GGA AAA TGC ATG CAG-3′), and AHP4-AS (5′-TTA
TTG GCT CGC CTG GAA ATA ATG -3′).
Scanning electron microscopy analysis Individual open flowers collected from wild type, AHP4-Ox, and ahp4 mutant plants
were fixed in a solution containing 4% (w/v) para-formaldehyde
and 2.5% (v/v) glutaraldehyde in a 0.05 M potassium phosphate
buffer (pH 7.0), rinsed four times in the same buffer, and dehydrated in a graded ethanol series (30%, 50%, 70%, 90%, 95%, 3
× 100%). Samples were critical point dried in liquid CO2 and
stored in the desiccated state for future use. The samples were
mounted on steel plates, covered with double-sided sticking tape
and coated with gold palladium. Prepared samples were viewed
at an accelerating voltage of 3K on a JSM-5300 scanning electron microscope (Japan Electric Corporation).
Microscopy For confocal microscopy (LSM 510 META; Carl
Zeiss), we used an ethidium bromide stain (Yang et al., 2007)
that stains lignified cells (red fluorescence; excitation, 590 nm).
Fresh tissues were washed (with 1× PBS and 2% [v/v] Tween
20 for 10 min, and briefly with 1× PBS), and stained with
0.00005% (w/v) ethidium bromide (1 h, room temperature).
Arabidopsis flowers collected from wild type and AHP4-Ox
plants were also fixed as described above and embedded in LR
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white resin (London Resin Company). The resin-embedded
flower samples were sliced in 0.5-µm sections using an ultramicrotome (LKB, model Bromma 2088) and stained with 1%
toluidine blue at 42°C for 5−10 min. The sections were observed
under a light microscope (Olympus model BX-51).
Analysis of RNA expression Total RNA was isolated using
TRIZOL® reagent (GibcoBRL). Five micrograms of total RNA
was reverse transcribed using the Superscript™ III reverse transcriptase (Clontech). For RT-PCR analysis, the PCR conditions
consisted of 26−37 cycles of 95°C for 15 s, 53°C for 15 s, and
72°C for 40 s, followed by a 3-min final extension at 72°C.
Quantitative real-time (qRT)-PCR was performed by the SYBR
green method using an iCycler (Bio-Rad, Hercules, Calif.). The
eIF4a1 gene was used to normalize differences in the amount of
mRNA in each reaction. Relative amounts of transcript were
calculated by the comparative CT (threshold cycle number at the
cross-point between amplification plot and threshold) method
and normalized to the internal eIF4a1 control. Each RNA sample was run in triplicate.
The following gene-specific primers were designed: 5′-ATG
ACT AAT ATA GGA AAA TGC ATG CAG-3′ (Forward) and 5′TTA TTG GCT CGC CTG GAA ATA ATG -3′ (Reverse) for
AHP4, 5′- GCT CTC CCG TGG TTT CAA GGA CCA GAT C 3′ (Forward) and 5′- GTC TGT GAG CCA ATC AAC CTT ACG
CCT G -3′ (Reverse) for eIF4a1, 5′- GGG AAA AGA AAT
AGG ATG GAT TTA CG -3′ (Forward) and 5′- GCA AAG AAG
TGA ATG GGT AGA CAA TAG -3′ (Reverse) for IRX1, 5′TCT CTC CTT ACG GAT CCA TAA ATG ATA C-3′ (Forward)
and 5′- CAC CAT ATT GAG ATG AAT AGG AGA AGA AG -3′
(Reverse) for IRX6, 5′- CCG TAT TCA TCT ACC AGA GTT
GTT TCC -3′ (Forward) and 5′- CGT CAA GCC AAT GAT
AGT AAG TGG A -3′ (Reverse) for IRX8, 5′- CCT GAG AGG
GAT GGA GTT TCG AC -3′ (Forward) and 5′- CCA TCA
AGC ATC GAA GAG GTG A -3′ (Reverse) for ARR22.
Cytokinin treatment of unopened floral buds Flower bud
clusters on 5-week-old plants were treated as droplets with 10
µM 6-benzylaminopurine (BA) dissolved in 0.05% aqueous
Tween 20. After 2 h, the treated unopened buds were harvested
and total RNA was extracted.

Results
Expression of AHP4 transcripts in different tissues
and developmental stages of flowers RT-PCR was performed on RNA isolated from rosette leaves, cauline
leaves, flowers, roots, and stems from 5 week-old plants,
using AHP4 gene-specific primers. AHP4 transcripts were
mainly expressed in flower tissues (Fig. 1A). To identify
the possible roles of AHP4 during flower development,
we analyzed expression at six stages of flower development. Expression of AHP4 transcripts was detected from
the mid-bud stage to the half-open floral stage at the start
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Fig. 1. Expression of AHP4. A. Spatial expression of AHP4
revealed by RT-PCR. Total RNAs were obtained from rosette
leaves (RL), cauline leaves (CL), flowers (FL), roots (RT), and
stems (ST). B. Expression in six stages of flower development.
Stage I, early-bud; Stage II, middle-bud; Stage III, late-bud;
Stage IV, half-open; Stage V, fully-open; Stage VI, incipient
senescent. eIF4a1 was used as a control.

of anther dehiscence (Fig. 1B).
Ectopic expression of AHP4 reduces fertility To characterize AHP4’s roles in floral development, we generated
more than 20 independent transgenic Arabidopsis lines
overexpressing AHP4 under the control of the cauliflower
mosaic virus (CaMV) 35S promoter (Fig. 2A). We also
used a T-DNA insertional ahp4 mutant line (SALK_
51911), obtained from the Salk Institute via NASC; this
mutant contained a T-DNA insertion in the third intron of
the AHP4 gene. The homozygous ahp4 mutant was verified
by genomic PCR (data not shown), and gene knock-out
was confirmed by RT-PCR analysis (Fig. 2B) The AHP4Ox plants and ahp4 showed no abnormalities at the vegetative stage; however, more than one-third of the AHP4-Ox
lines were partially or almost completely sterile (Fig. 2C).
RT-PCR analysis indicated that the lines showing greatest
sterility also contained the most transgene transcripts (Fig.
2A). To identify defects in flower morphology, we compared the open flowers of an AHP4-Ox line (8-1) with
those of the wild-type by scanning electron microscopy
(SEM). The wild-type anthers split open along the stomium
and released pollen grains (Figs. 2D and 2E), whereas the
AHP4-Ox anthers remained closed at flower opening (Figs.
2F and 2G). Moreover, the seeds produced by the AHP-Ox
lines were larger than wild type seeds; the seed lengths of
two AHP-Ox lines (7-2 and 8-1) were about 30% larger
than those of wild type. The seed size of the ahp4 mutant
did not differ from wild type (Fig. 2H).
AHP4 negatively regulates the thickening of the sec-
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Fig. 2. Phenotypes of AHP4-Ox plants. (A-B) Characterization of
AHP4-Ox lines and the ahp4 mutant. A. RT-PCR analysis of eight
AHP4-Ox transgenic lines. Total RNA was extracted from rosette
leaves of 4-week-old plants. B. The location and orientation of the
T-DNA insertion in AHP4. Black boxes represent exons and black
lines represent introns and untranscribed flanking sequences. RTPCR analysis of AHP4 expression in floral organs of wild type
and ahp4. eIF4a1 was used as a positive control. C. Six-week-old
wild-type (left) and AHP4-Ox (right) inflorescences are shown.
The AHP4-Ox/8-1 line rarely sets elongated siliques. (D-G)
Scanning electron microscopy images of wild-type and AHP4-Ox
anthers. D. Wild-type open flower. E. Wild-type dehiscent mature
anther. F. AHP4-Ox open flower. G. AHP4-Ox indehiscent mature
anther. H. Comparison of seed sizes of the wild type, two AHPOx lines (7-2, 8-1), and ahp4. Bottom panels show representative
features of each seed. Error bars indicate SE (n > 30) and scale
bars indicate 100 μm.

ondary walls in the anther endothecium Secondary wall
thickening is necessary to create the shearing force for
anther dehiscence. To see whether the indehiscence of
AHP4-Ox anthers is caused by the loss of secondary wall
thickening we investigated the lignified materials, which
are major components of secondary walls, by cytological
analysis. In wild-type anthers at the open-flower stage,
secondary thickening occurred in the endothecium as
bands of striated, spring-like thickening composed of cellulose and lignin (Figs. 3A and 3B); there was also clear
lignification with fibrous bands in the endothecium layer
and connective cell region (Fig. 3C). In the AHP4-Ox
anthers, however, little or no lignification was detected in
the anther endothecium, although other tissues underwent
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Fig. 4. RT-PCR analysis of genes associated with secondary
thickening in the wild type, two AHP4-Ox lines (7-2 and 8-1),
and the ahp4 mutant. eIF4a1 was used as a control. B, buds at
stages from early-bud to half-open; OF, fully-open flowers.
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Fig. 3. Microscopic observation of wild-type, AHP4-Ox, and
ahp4 anthers. (A-C) Mature anthers from wild-type open flowers. A. Mature wild-type anther showing the spring-like red
fluorescence of lignin in the endothecium region. B. Close-up of
(A). C. Cross-section of a wild-type anther. (D-G) Mature anthers from AHP4-Ox (7-2 and 8-1) open flowers. D. Mature
AHP4-Ox/8-1 anther with no spring-like red fluorescence. E.
Close-up of (D). F. Cross-section of an AHP4-Ox/8-1 anther.
Abnormal endothecium expansion is seen. G. A mature AHP4Ox/7-2 anther with slight net-like red fluorescence. H. A mature
ahp4 anther from open flowers. I. Close-up of (H). Slightly
more secondary thickening is visible in the endothecium. Scale
bars indicate 50 μm. C, connective; E, epidermis; En, endothecium; Fb, fibrous bands; PG, pollen grain.

normal secondary thickening (Figs. 3D–3G). Slightly
more lignification was observed in ahp4 anthers than in
the wild type (Figs. 3H and 3I).
Regulation of genes involved in secondary wall thickening by AHP4 To confirm that these changes were specifically induced by altered AHP4 expression, the genes
involved in secondary cell-wall formation, IRX1, IRX6
and IRX8, whose loss-of-function mutants are almost
completely sterile and have defective secondary cell walls
with collapsed xylem (Brown et al., 2005; Taylor et al.,
1999; 2003), were selected for RT-PCR analysis. The
IRX1 gene encodes a cellulose synthase that is required
for the synthesis of cellulose in the secondary cell wall
(Taylor et al., 1999), IRX6 encodes a member of the
COBRA family that is essential for cellulose deposition in

the secondary cell wall, and IRX8 belongs to the family of
glycosyl transferase that is involved in secondary cellwall formation (Brown et al., 2005). Expression of all
three IRX genes was correlated with levels of AHP4: it
was downregulated in the AHP4-Ox flowers and upregulated in the ahp4 flowers (Fig. 4). Taken together, these
results indicate that AHP4 is a negative regulator of secondary cell wall formation in the anther endothecium.
Regulation of the type-A ARR22 gene by AHP4 To determine whether the phenotypes of the AHP4 mutants
were associated with altered primary signal transduction
by cytokinins, we compared the expression of the type-A
gene ARR22, that is known to be specifically expressed in
reproductive organs including mature flowers (Gattolin et
al., 2006; Kiba et al., 2004), in unopened buds, BAtreated buds and open flowers (Fig. 5).
ARR22 expression in all unopened buds was induced in
response to cytokinin treatment (Fig. 5A). ARR22 transcript levels were lower in the AHP4-Ox buds, and higher
in the ahp4 buds than in wild-type buds in both the absence and presence of exogenous cytokinin (Fig. 5A).
Moreover, strong accumulation of ARR22 transcripts was
detected in wild-type and ahp4 mature flowers, in which
AHP4 is not expressed, but was strongly decreased in
mature AHP4-Ox flowers (Fig. 5B). Therefore, these data
indicate that AHP4 negatively regulates the expression of
ARR22 in floral organs, and support the idea that AHP4
plays a role in cytokinin responses.

Discussion
AHP4 has a specific function in floral organs AHP4
acts as a His-to-Asp phosphorelay intermediate between
cytokinin receptors and both type-A and type-B ARRs, as
well as other AHPs (AHP1, AHP2, AHP3, and AHP5)
(Miyata et al., 1998; Suzuki et al., 2000; Tanaka et al.,
2004). In addition, AHP4 accumulates in the nucleus in
response to cytokinin treatment (Yamada et al., 2004).
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Fig. 5. Expression of a type-A response regulator gene in floral
organs. Quantitative RT-PCR analysis of the ARR22 gene using
unopened flower buds, BA-treated buds or open flowers in the
wild type, two AHP4-Ox lines (7-2 and 8-1), and the ahp4 mutant.
Each bar represents the amount of the transcript of the gene relative to that of eIF4a1 as an internal control. The relative level of
expression of ARR22 in buds of the AHP4-Ox/8-1 line was set at
1. The data represent averages ± SE of three experiments.

AHP4 does not mediate or negatively regulate various
cytokinin responses, in contrast to the other four AHPs
(AHP1, AHP2, AHP3, and AHP5) that are redundant positive regulators of cytokinin signaling (Hutchison et al.,
2006). However, the exact role of AHP4 is not known. In
this study, we found that AHP4 was mainly expressed in
developing young flowers (Figs. 1A and 1B) contrary to
the previous report of Tanaka et al. (2004) that various
forms of AHP4 transcripts existed in leaves, stems and
flowers, as indicated by Northern blot analysis. We propose that this discrepancy may be due to methodological
differences between Northern blot analysis and RT-PCR
analysis. We performed RT-PCR analysis with the genespecific primer sets used for cloning the AHP4 open reading frame. Since AHP4 transcripts are not present in roots,
stems and leaves, unlike those of the other AHPs (Suzuki
et al., 2000; Tanaka et al., 2004), AHP4 may serve a special function in flowers. Consistent with this, we found
that the overexpression of AHP4 in Arabidopsis confers
reduced seed setting and increased seed size (Fig. 2) like
triple mutants of the cytokinin receptors (Riefler et al.,
2006), quintuple mutants of the AHPs (Hutchison et al.,
2006), and plants overexpressing cytokinin oxidase/ehyrogenase (AtCKX) genes (Werner et al., 2003). Moreover,

the decrease in seed setting and the increase in seed size
in AHP4-Ox lines was caused by dysfunction of anther
dehiscence at flowering time, and not by the severe abnormalities in overall shoot development apparent in the
triple cytokine receptor mutant (Riefler et al., 2006) or the
quintuple AHP mutant (Hutchison et al., 2006).
In addition, although we did not detect changes in the
expression of the primary response cytokinin genes
(ARR4, ARR5, ARR6, ARR7, ARR8, ARR9, and ARR16),
(D’Agostino et al., 2000), in the unopened flowers of
AHP-Ox or ahp4 mutant lines, both in the presence or the
absence of exogenous cytokinin (data not shown), we
observed a significant change of ARR22 expression in
control buds and BA-treated buds and in the open flowers
of the AHP4-Ox and ahp4 mutant lines compared wild
type (Fig. 5). Kiba et al. (2004) reported that expression
of ARR22 transcripts could be detected in reproductive
organs and that it was not activated in response to cytokinins at the seedling stage, unlike other type-A ARRs.
Moreover, it has been shown that ARR22-overexpressing
lines have dwarf phenotypes with poorly developed roots,
whereas the phenotypes of the arr22 mutant was indistinguishable from wild-type (Gattolin et al., 2006; Kiba et al.,
2004) unlike the AHP4-Ox lines and ahp4 mutant. We
conclude that the ARR22 gene is activated, at least at the
level of transcription, in response to cytokinin in young
flowers, and its expression in floral organs is strongly
reduced by expression of AHP4. Although this finding
does not provide an obvious mechanism for AHP4mediated cytokinin signaling, it supports the view that
AHP4 plays some role in the cytokinin-responsive signaling circuitry, and indicates that it functions in the floral
organ via an unknown cytokinin pathway.
AHP4 negatively regulates thickening of the secondary
cell walls of the endothecium Secondary wall thickening
in plants is important in various biological processes, including the dehiscence of anthers, the shattering of silique
pods, and the formation of tracheary elements and fibers
(Liljegren et al., 2004). Secondary cell wall thickening in
the xylem, including the vessels and the interfascicular
region of inflorescence stems, enables vascular plants to
withstand the negative pressure in vessels generated by
transpiration, and gives mechanical strength to the stems
(Ye, 2002). In the anther endothecium, on the other hand,
it provides the tensile force necessary for the release of
pollen grains and for rupture of the stomium (Goldberg et
al., 1993). Several Arabidopsis loss-of-function mutants,
such as those in MYB26 (Yang et al., 2007), NAC
SECONDARY WALL THICKENING PROMOTING FACTORS (NST1, NST2 and NST3) and IRREGULAR XYLEM
(IRX) (Brown et al., 2005; Mitsuda et al., 2005; 2007),
lead to defective secondary wall thickening of the anther
walls, resulting in indehiscent anthers. However, to date,
cytokinins have been implicated in controlling protoxy-
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lem specification in the Arabidopsis root (Fukuda, 2004;
Hutchison et al., 2006; Inoue et al., 2001; Mahonen et al.,
2000; 2006), but not in secondary wall thickening in the
anther endothecium or in the xylem. Here, we showed
that ectopic expression of AHP4 represses secondary wall
thickening in the anther endothecium, whereas ahp4 anthers showed only a slight increase of secondary wall
thickening, perhaps due to a partially redundant role of
factors such as other AHPs. In accordance with these phenotypic alterations, the expression of IRXs (IRX1, IRX6
and IRX8), which are involved in secondary cell wall
formation (Brown et al., 2005; Taylor et al., 1999), is
suppressed in AHP4-Ox anthers, but enhanced in ahp4
anthers.
In summary, we have demonstrated that AHP4 negatively regulates thickening of the secondary cell wall of
the anther endothecium, and we postulate that cytokinin
signaling via AHP4 directs the formation of the secondary
cell wall.
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