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SUMMARY

Arabidopsis pinoid mutants show a strong phenotypic
resemblance to thepin-formed mutant that is disrupted in
polar auxin transport. The PINOID gene was recently
cloned and found to encode a protein-serine/threonine
kinase. Here we show that th&INOID gene is inducible by
auxin and that the protein kinase is present in the
primordia of cotyledons, leaves and floral organs and in
vascular tissue in developing organs or proximal to
meristems. Overexpression oPINOID under the control of
the constitutive CaMV 35S promoter 85S::PID) resulted
in phenotypes also observed in mutants with altered
sensitivity to or transport of auxin. A remarkable
characteristic of high expressing35S::PID seedlings was a
frequent collapse of the primary root meristem. This event
triggered lateral root formation, a process that was initially

inhibited in these seedlings. Both meristem organisation
and growth of the primary root were rescued when
seedlings were grown in the presence of polar auxin
transport inhibitors, such as naphthylphtalamic acid
(NPA). Moreover, ectopic expression ofPINOID cDNA
under control of the epidermis-specificLTP1 promoter
provided further evidence for the NPA-sensitive action of
PINOID. The results presented here indicate that PINOID
functions as a positive regulator of polar auxin transport.
We propose that PINOID is involved in the fine-tuning of
polar auxin transport during organ formation in response
to local auxin concentrations.
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INTRODUCTION insights were obtained through molecular characterisation of
Arabidopsis pin-formedar pinl mutants (Okada et al., 1991).
The plant hormone auxin plays a crucial role in developmenthese mutants develop a pin-like inflorescence, which is
throughout the life cycle of a plant by directing basiccharacteristic of wild-type plants grown in the presence of
developmental processes such as cell division, cell elongatid?AT inhibitors. Occasionally, flowers are produced on the
and differentiation. Experiments with radio-labelled inflorescence opinl mutant plants that have less sepals, more
derivatives of indole-3-acetic acid (IAA), the predominantpetals, no stamens and abnormal carpels. Some of these flowers
naturally occurring auxin, indicated that IAA is transportedconsist only of carpelloid structures (Okada et al., 1991).
downward from its main site of synthesis, the shoot tip, to th&loreover, pinl mutant embryos show defects in cotyledon
root. Treatment of seedlings or plant tissues with inhibitors ofiumber and position, a phenotype that can be mimicked by
this polar auxin transport (PAT), such as naphthylphtalamiculturing plant embryos with PAT inhibitors (Liu et al., 1993).
acid (NPA) or 2,3,5,-triiodo-benzoic acid (TIBA), showed thatThe AtPIN1 gene was cloned through transposon tagging and
PAT provides directional and positional information for appeared to encode a transmembrane protein with similarity
developmental processes such as vascular differentiatiom bacterial-type transporters (Galweiler et al., 1998). This
apical dominance, organ development and tropic growth. Tsuggested that the AtPIN1 protein represented the elusive
describe PAT, a chemiosmotic model was proposed in whicAEC. In agreement with its proposed function as an AEC, the
auxin enters the cell in its protonated form through diffusiorAtPIN1 protein was found to be localised to the basal end of
or through the action of a saturable auxin import carrier. Auxixylem parenchyma and cambial cell files in #@bidopsis
is deprotonated at the higher pH of the cytoplasm and can onilyflorescence axis (Galweiler et al., 1998).
exit the cell through active export by auxin efflux carriers AtPIN1 was found to be part of a multigene family in
(AECSs). The specific location of AECs at the basal side of thArabidopsiscomprising 8 members (Friml, 2000). Allelic loss-
cell was hypothesised to be the driving force of PAT (Lomayof-function mutants in another member of this gene family,
et al., 1995). AtPIN2 were independently isolated based on root
Recent studies using molecular genetic approaches agravitropism or ethylene resistance phenotypes (Chen et al.,
Arabidopsis thalianahave shed new light on the molecular 1998; Luschnig et al., 1998; Mdiller et al., 1998; Utsuno et al.,
mechanisms behind PAT and auxin action. Important new998). Immunolocalisation showed that the AtPIN2 protein is
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present at the anti- and periclinal sides of cortical anghotoperiod with 3000-4000 lux. Two- to three-week-old plants were
epidermal cells in the root tip (Mdiller et al., 1998). The distinctransferred to soil and grown at 21°C under a 16-hour photoperiod
expression and cellular localisation of AtPIN1 and AtPIN2and 60% relative humidity.
combined with the phenotypes of the respective |055'°f§NA expression analysis

function mutants suggested that the different members of t : . . . .
AtPIN family each direct distinct processes in plan,?:"aoly(A) enriched RNA was isolated from root tips using the Quick

development, which involve PAT, PrepMicro mRNA Purification Kit (Pharmacia). Total RNA isolation

N . . and RNA blot analysis were performed as described previously
The recent finding that lateral organs can be induceindn  (\emelink et al., 1994) and signal detection was performed by

inflorescences by exogenous application of IAA (Reinhardphosphor-image analysis (Molecular Dynamics). Whole-mount in
et al.,, 2000) indicated that the IAA content in th®l  situlocalisation oPID mMRNA was performed as described previously
inflorescence apex is sub-optimal for organ formation. Thigde Almeida Engler, 1998; Friml, 2000), using a 337 bfsagment
result suggested that continuous supply of IAA is essential faf the PID cDNA and T3- and T7-polymerase (Promega) for
proper positioning and development of organs from théligoxigenin-labelled sense and anti-sense probe synthesis,
inflorescence meristem. The expressionAtRIN1 in floral ~ respectively.

organ primordia (Christensen et al., 2000), even at very you
stages (Vernoux et al., 2000), suggested that polar transport @iection of the pid-2 allele

IAA Is requwed to _guarantee this supply. The pid::En197 and pid::En310 mutants were identified from a
Two Arabidopsis mutants that share several of thecqjection of En-1 transposon mutagenized lines by a PCR-based

phenotypic characteristics of tidn1 mutant aremonopteros  screen using thEn-1 specific primers En205 and En8130 (Wisman

(mp) andpinoid (pid) (Berleth and Jirgens, 1993; Bennett etet al., 1998) andINOID specific primers PKV (sTCCTTTCTCT-

al., 1995).mp mutants differ frompinl and pid in that their CAAACCTCACCGATCC-3) and PKIIl (3-CGTAGAGAAACACT-

vascular strands are disconnected and the root meristem is GAAAGGCCCAC-3). The presence of tipd-2allele was detected

formed in the embryo. Howevelike pinl and pinoid, by amplification of thePID locus using primers 1D.3 (€ATG-
cotyledon positioning in thenp embryo is aberrant and the CATTGACTCTGTTCAC-3) and 1D.4 (STAACATTATCTATCG-

inflorescence carries few flowers and terminates prematurelyACAGTG-3) and digestion of the PCR product willue!.

(Przemeck et al., 1996). Flowers have fewer outer whorl organg, terial strains, DNA libraries and cloning procedures

and have abnorm_al carpels. In anpallele PAT was found to %neral cloning and molecular biology procedures were performed as
be reduced, possibly through absence of a continuous vasCuliscrined previously (Sambrook et al., 1989) udigcoli strain

strand (Przemeck et al, 1996). TMONOPTEROSgene pHsa. For plant transformation, binary vectors were transferred to
encodes ARF5, a protein with homology to the auxinAgrobacteriumstrain LBA1115 by tri-parental mating (Ditta et al.,
responsive element binding factor ARF1 (Hardtke and Berleth,980) or through electroporation (Den Dulk-Ras and Hooykaas,
1998). MP/ARF5 was found to be a positive regulator of auxiri995).

induced gene expression (Ulmasov et al., 1999) and likely hasThePID cDNA was isolated from a cDNA library of auxin-treated
a function in cell axialisation and vascular development durin SLC:;E;JL:‘;?C?%r%s’;‘iogzﬁgﬁggdp%ycéjréggﬁttggczgglg?ltj :‘1') 1999).
Blf?;r: Otig\éeé%?g] rﬁﬂ':ar:?s Crﬁ)sé%?; f: s etr?1blaeixtlf? ap%ri?.drheur][fﬁt h The fusion betweeRID andgusAwas created by cloning ti&pH-

- . . MspAl genomic fragment containing 3.6 kb dfuntranslated region
plants, but is less severe. A cross betwgienand the auxin and the complet®ID gene, excluding the last six codons, in-frame

resistant mutanexrl suggested that AXR1 and PID have jth thegusAgene in pCAMBIA1381Xb (McElroy et al., 1995). For
overlapping functions and that PID plays some role in ame sense overexpression constructs POID cDNA was cloned
auxin-related process (Bennett et al., 1995).Hllfilegene was into the expression cassette of pART7, which was subsequently
recently cloned and found to encode a protein-serine/threonim@roduced as &lotl fragment onto binary vector pART27 (Gleave,
kinase (Christensen et al., 2000). Based on the phenotyp&$92).

induced by constitutive expressionRID, Christensen and co- ~ The pACT and pEF constructs containing th6AL4:VP16gene
workers (Christensen et al., 2000) concluded that the proteffid UASpromoter, respectively, will be described in detail elsewhere
kinase is a negative regulator of auxin signalling. (D. W., J. Haseloff, E. van Ryn, P. H. and R. O., unpublished). The

. .y . DR5::GUS reporter was obtained by cloning a synthetic fragment
Here we show thaRID Is an auxin-responsive gene and thatcontaining 7 copies of the CCTTTTGTCTC sequence (Ulmasov et al.,

the main site oPID expression is the vascular tissue in young, g 7) upstream of the47 35S promoter and fusing the resulting

developing organs. Based on these results, and on detailg@moter to thesFP::GUSAreporter gene (Quaedvlieg et al., 1998).

analyses oB5S::PID overexpression phenotypes, we propose

that PID functions as a positive regulator of polar auxirHistochemical staining and microscopy

transport. Starch granule staining was performed as described previously
(Sabatini et al., 1999). To detegisAexpression, plant tissues were
fixed in 90% acetone for 1 hour at —20°C, washed three times in 10
mM EDTA, 50 mM sodium phosphate (pH 7.0), 2 mMH&(CN},

{](gfntification of Enl transposon-induced pid alleles and
t

MATERIALS AND METHODS and subsequently stained for up to 16 hours in 10 mM EDTA, 50 mM
N sodium phosphate (pH 7.0), 1 mMgRe(CN}, 1 mM KsFe(CN)
Plant growth conditions containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-D-glucuronide (AG

Plant transformations were performed by floral dip (Clough and BenBiosynth). Tissue was cleared using chloral hydrate after fixation in
1998). Arabidopsisseeds were surface sterilised and plated on soligthanol:acetate (3:1). GUS-stained tissues were embedded in
M-A medium (Masson and Paszkowski, 1992), where neededechnovit 7100 (Heraeus, Germany) andns sections were stained
containing 25 mg/l kanamycin, 15 mg/l phosphinothricine or 20 mg/ith Safranin (0.05% in water) for 10 seconds, washed with excess
hygromycin for selection, and germinated at 21°C under a 16-howrater and mounted in Epon. GUS expression and starch staining were



PINOID enhances polar auxin transport 4059

visualised using a Zeiss Axioplan2 imaging microscope with DIC A pid::En197 pid:En310  pid-2 G380R
optics. For confocal laser scanning microscopy (CLSM) roots wer G KE DND ED R/
stained for 10 minutes in 10 mg/l propidium iodide and visualisec Lo AERL L/
using a Zeiss Axioplan microscope equipped with a BioRad MRC 40aa LoV YV ViaVibvil Vil IX X X

1024 confocal laser. Microscopic images were recorded using a So
DKC 5000 3CCD digital camera and Adobe PhotoShop software
Angles of hypocotyls and root tips towards the horizontal axis wer:
determined using Adobe PhotoShop. Root and hypocotyl lengths we B 30UMCHX — — — 4+ + —
measured using NIH Image. SUMIAR = 44 =4 &

hours 4 2 4 4 4 20

PINOID (438)

RESULTS

1.7 kb~ L L
PINOID is a primary auxin response gene encoding b
a protein kinase

As part of our studies on auxin regulated gene expression, v
analysed the expression and function of the putative proteil
serine/threonine kinase ge®NOID (PID). This gene had
previously been defined through loss-of-function mutants the
form a pin-like inflorescence (Bennett et al., 1995), and wa
recently cloned (Christensen et al., 2000). The PID protei
kinase shows significant similarity in the catalytic domain tc
members of the flowering plant-specific AGC group VIII of
protein-serine/threonine kinases (Hanks and Hunter, 199!
(Fig. 1A). The closest member of this groupArabidopsis
shares less than 50% overall similarity with PID, indicating
thatPID is a single copy gene irabidopsis

Northern blot hybridisation of poly(A) enriched RNA from
Arabidopsisroots showed that theID protein kinase gene is
upregulated 4 hours after auxin treatment (Fig. 1B)
Furthermore, induction of expression by cycloheximide anc
decline of expression after 20 hours of incubation with auxit
(Fig. 1B) suggested that the gene belongs to the group
primary auxin response genes. Because of the aux.
inducibility of the gene we looked for previously characterisedrig. 1. ThePINOID gene encodes a plant-specific protein-
auxin responsive elements in the promoter region of the genggrine/threonine kinase with a role in organ development.
A single auxin responsive TGTCTC element (Ulmasov et al(A) Schematic presentation of the PINOID protein showing the

1997) was found within f the transcriotion r ositions of the 12 conserved protein kinase subdomains, the newly
pggiti)onf:%)ou d wit 500 bp of the transcription start (al%entified AEP domain characteristic for ACG-group VIII members,

. ized . the amino acid residues that are conserved in 95% of all protein
By screening=n-1transposon mutagenized lines (Wisman etkinases and the positions of the mutations in respeciiei2

al., 1998) for insertion mutations in the protein kinase gene, Weodon 380)pid::En197(codon 197) angid::En310(codon 310).
obtained two newid alleles in which a transposon disrupted the(g) piD is expressed at low levels, but expression is upregulated 4
region encoding the conserved catalytic domain of the proteifours after treatment with IAA and/or cycloheximide (CHX), as
kinase. We named the mutantgl::En197 and pid::En310  shown by an autoradiograph of a RNA gel blot containing poly(A)
according to the codon that was disrupted byghel insertion  enriched mRNA from roots after hybridization with a genomic

(Fig. 1A). Mutant plants develop an inflorescence that ends infgagment containing the second exon of B gene. The ethidium
pin-like structure and carries only a few aberrant flowersbromide-stained gel in the lower panel shows that equal amounts of
Flowers generally contain few or no sepals and stamens, mdfdlA were loaded. Flowers gid::En310(C,D), pid-2 (F) and wild-

- eArabidopsig(G). (E) The three cotyledon phenotype observed in
petals, have a trumpet shaped pistil and produce no or only f% Ioss-of-fLE)nc?orz n(1u)tanm'd::En197e>t/ndpid::Fl)En31Oy£cale bars

seeds (Fig. 1C,F). Occasionally flowers develop with onl )

carpelloid structures (Fig. 1D). Approximately 50% of the)é'5 mm (C.E-G) and 1.5 mm (D).

mutant seedlings showed abnormal cotyledons, with three

cotyledons being the most common phenotype (Fig. 1E). TheB and not shown). To obtain a reliable impression of the
penetrance of the abnormal cotyledon phenotype indicated thgpatial and temporal distribution BID gene expression and
the pid::En mutants represent strong loss-of-function alleleghe cellular localisation of the PID protein, we fused the

(Bennett et al., 1995; Christensen et al., 2000). complete gene, including the 3.8 Khusitranslated region, but

) ) ) excluding the last six codons, in-frame to thesAreporter
PINOID is expressed in young vascular tissue and gene on pCAMBIA1381XbRID:GUS). Multiple lines were
aerial organ primordia generated in ecotype Columbia (Col) that expressed the 4 kb

PID mRNA is most abundant in young flower buds (notPID:GUS transcript and showed the sarfeglucuronidase
shown). Expression in both roots and shoots of seedlings is Io6US) expression pattern. Transformation of the empty
but can be induced by auxin and cycloheximide treatment (FigpgCAMBIA1381Xb vector did not result in a detectable GUS
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expression. One representative liRE):GUS 18, was selected PID:GUS-18 is likely to reveal the spatial and temporal
for further analysis. expression and cellular localisation of the endogenous PID
The pid-2 mutant (Bennett et al., 1995) was crossed withprotein kinase.
the PID:GUS18 line and F progeny were tested for GUS expression inPID:GUS-18 seedlings was mainly
complementation of the intermediafd-2 allele by the localised to the vascular tissue and was strongest in regions of
PID:GUS gene. Among 301 Fseedlings only 5 developed vascular differentiation proximal to the meristems and lateral
abnormal cotyledons, a phenotype that showed 20%oot primordia (Fig. 2A,C,E). A cross section of the hypocotyl
penetrance in thpid-2 mutant. The data were significant for just below the shoot apical meristem showed that GUS
goodness of fity?=0.4,P>0.5) with the 1:80 ratio expected for activity is present in the xylem parenchyma cells and in the
complementation of theid-2 mutation by thePID:GUS  endodermis around the vasculature (Fig. 2G). Moreover, closer
transgene. After transfer to soil; ldividuals were checked examination of the sub-cellular localisation of the GUS signal
by PCR for the presence of thal-2 allele and thé?ID:GUS  in untreated and auxin-treated seedlings suggested that
construct. Plants homozygous for thid allele developed the PINOID does not accumulate in the nucleus (Fig. 2H and data
typical pid inflorescence, whereas plants that werenot shown). Treatment of seedlings wit® IAA induced a
homozygous for thpid allele but also contained tR#D:GUS  significant increase of expression in vascular tissue and leaf
construct developed a wild-type inflorescence (not shownprimordia (Fig. 2B,D,F). In the inflorescence, expression was
These results proved that the PID:GUS fusion protein restor@etected in anther primordia, in the vasculature of the growing
normal growth tgid mutant plants and therefore has wild-typeflower stalk, of young pedicels and bracts (Fig. 21,J,K,L) and
PINOID function. More importantly, the complementation of of developing sepals, but not in petals (Fig. 2M). In pig8lB)
pid-2 by PID:GUS showed that the GUS activity in line was transiently expressed in the vasculature of the style and the

Fig. 2. Histochemical staining of plant tissues of IPED:GUS-18 for GUS activity shows that in 7-day-old seedlings PID:GUS is mainly
localised in the vascular tissue proximal to the root meristem (A), the shoot apical meristem (E) or lateral root prim&sgiee@S)on is also
present in developing cotyledons and leaves (E) and is significantly increased when the seedlings are incubated ovepnageringod

5uM IAA (B,D,F). (G) A transverse section through the hypocotyl, just below the shoot apex, shows that PID:GUS is localised in the
cytoplasm (see detail in H) of xylem parenchyma (xp) and endodermis (e) cells but not in the xylem plate (x) or in cetystex {fog or the
phloem (ph). Histochemical staining of (I) an inflorescence stem segment with a bract and a secondary inflorescence &t o) ax

in progressive stages of development showsRHaiGUSis transiently expressed in anther primordia (J-L) and in the vascular tissue of young
pedicels and bracts (I) and of developing sepals (M). In the pistil, expression is detected in the vascular tissue ahtheegiylen (M) and

in the integument and funiculus of fertilised ovules (N). During embryogeRH3i&US expression is localised to the cotyledon primordia

(O). Scale bars, 30m (A-D), 80um (E), 60um (F,N), 15um (G,0), 5um (H) and 0.3 mm (I-M).
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septum (Fig. 2M), in the integuments and funiculus of thevith the non-detectable overexpression indicated that this line
developing ovule (Fig. 2N) and in the cotyledon primordia ofrepresented a partial loss-of-function mutant due to silencing
embryos (Fig. 20). of the endogenouBID gene by the multiple transgene locus
PID:GUS expression in flowers and embryos corroborategresent in this line.
the in situ localisation oPID mRNA in these tissues by  Seedlings of 35S::PID lines showed agravitropy and
Christensen and colleagues (Christensen et al., 2000). Thisduced elongation growth of roots and hypocotyls (Fig. 4C).
expression pattern correlates with the phenotypic chang@he severity of the phenotype corresponded to the level of
observed in the loss-of-function mutants, i.e. alteredverexpression in each case (Fig. 4A,B) and was reproducible
cotyledon and floral organ numbers and altered pistiin subsequent generations. Lateral root formation was delayed
morphology (Fig. 1C,D,E,F), and confirms the importance ofn 35S::PID seedlings and interestingly, we observed collapse
PID for the development of these organs. The localisation aif the main root meristem within a few days after germination.
PID expression in the vasculature and in leaf primordia wahe remaining root tip consisted of only a few layers of large
confirmed by whole-mount mRNA in situ hybridisation on elongated cells, several of which showed epidermal identity as
seedlings (Fig. 3A,D), although expression BfD, as evidenced by the development of root hair structures (Fig.
detected by in situ hybridisation in the shoot, is les$A,B). Staining for starch granules indicated the absence of
pronounced compared to the expression of RB:GUS  cells with columella identity (Fig. 5B,C). Lateral roots
fusion gene. emerged following the disintegration of the primary root
meristem (Fig. 5D). These lateral roots were again
PID overexpression phenotypes corroborate
involvement of PID in auxin action

The phenotype of theid loss-of-function mutants (Bennett et A
al., 1995) and the auxin responsive expression pattePhDof
imply a role for the PID protein kinase in regulating auxin
action. To further define this role, tféD cDNA was cloned

in sense orientation behind the strong Cauliflower Mosair 21—

Virus 35S promoter 35S::PID) and introduced into

Arabidopsis thalianacotypes Col and C24. Of each ecotype,
three lines with different levels d?ID overexpression were

selected for further analysis (Fig. 4A,B). One of these linesB
C24-6, was exceptional in that it did not expr&b at a
detectable level (Fig. 4). Instead of a clear overexpressic
phenotype, adult plants developed inflorescences typical f

pid mutants and 8% of the seedlings of this line develope
abnormal cotyledons. Theid mutant phenotypes combined

35S5::PID 35S5::PID
C24 5 6 14 Col 1 10 21

Fl Root

C
: B Hypocotyl
A B C . *

" C24-C  C24-5 C24-6 C24-14 Col-C Cok1 Col10 Col-21

- =
- @t N ;W
1 1 1 1 1

Length in cm

=]
w
1

> o ., \l ; > I_(' \. ‘4 l_,!‘ .l e

Hypocotyl | 68 59 55 {8 (927 {77} {77} {e2)
angle - S N N \‘_, \_/’ py
Root (s3) Tas) (51) (66) (74) (a3) (s2 ) {18)

angle o \..I( e \._|/ '}T‘/ .)I‘ - /

Fig. 4.CaMV 35S promoter-controlled expression of HB cDNA

in Arabidopsisecotypes C24 and Columbia (Col). (A)
Autoradiograph of an RNA gel blot containing total RNA from 7-
day-old seedlings of wild-type (C24 and Col) &%8::PIDafter
hybridization with theé?ID cDNA probe. (B) Ethidium bromide-
stained gel. (C) Root and hypocotyl lengths and gravitropy, as
measured in 7-day-old seedlings. Histogram bars indicate average

D lengths of 20 roots or hypocotyls. The bars marked with an asterisk
differ significantly from the wild-type control (Student’¢est:
Fig. 3. Localisation ofPID mRNA by whole-mount in situ P<0.05). The gravitropic response is depicted as the percentage of
hybridisation in roots (A,C) and in the shoot apex (D,E) of 4-day-oldhypocotyls or root tips that was classified into each of twelve 30°
seedlings. (A,D) Anti-sendelD probe. (C,E) SendelD probe. sectors on a circle. The number of seedlings scored per line is

(B) Root of a seedling of linBID:GUS-18 stained for GUS activity.  indicated in the middle of each circle.
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E O
) - : 2 355::PID-10 -
col  col-1  col-21 c24-5  c24-14 8 o
g %7 B 6dag
Fig. 5.High levels of35S::PIDexpression result in frequent o e B 7dag
disintegration of the primary root meristem and reduced apical 3 0.8 W10 dag
dominance. (A) CLSM optical section of propidium iodide-stained 5 0.4-
collapsed primary root tip of a 4-day-@38S::PIDCol-21 seedling. S 03
No cells with columella identity are detected after staining for starch 2 0.2
granules (B), whereas columella cells are clearly stained in a root g 0.1
meristem of a 6-day-old wild-type seedling (C). (D) Lateral roots z o ; e :
have emerged from the primary root of a 10-day3&8::PID Col- = D DM 0SNG0 BLuM: Gs M NEA
21 seedling following collapse of the root meristem (white arrow).
(E) CLSM optical section of a propidium iodide-stained lateral root N e
meristem from a seedling as in D. (F,G) Wild-type a68::PID 704 b L
plants photographed 5 and 12 days after bolting, respectively. The z 60 . §
white arrows indicate the positions where lateral branches emerge ¢ £ 15 &
the primary inflorescence. Scale barspgb (A,E) and 35um (B,C). % e . %
; &
% 30 i:
agravitropic, but their meristems showed normal patternine 20 L5
(Fig. 5E) and collapse of these meristems was not observec 10 .
Flowering plants of lines with high levels &5S::PID d | Ly
=

expression showed reduced apical dominance, developing w 365:MD-10 365:FID-21

primary inflorescence with two or three lateral inflorescencegig. 6. Rescue of primary root growth 86S::PIDseedlings by

(Fig. 5F,G). Also, the emergence and development of axillaryojar auxin transport inhibitors. Seedlings of Columbia wild type

inflorescences was significantly enhanced in these plants. (A B) and line35S::PIDCol-21 (C,D) 7 days after germination (dag)
. on vertical plates. CLSM optical sections of propidium iodide-

PID overexpression phenotypes are rescued by stained root tips of wild-type (E,F) ad8S::PIDCol-21 (G,H)

polar auxin transport inhibitors seedlings, 7 dag. Root tips of 4-day-old wild-type (1,33%8::PID

The phenotype opid loss-of-function mutants most closely Col-10 (K,L) seedlings containing tfiER5::GUSreporter gene after

resembles that of thginl mutants, which are proposed to be Staining for GUS activity. (B,D,F,H,J,L) On 0.81 NPA. _

blocked in PAT owing to the absence of a functional AEdM)STng‘ﬁnzgd(;fgﬂ%egﬁg choﬁ)réTagégSégl?e”:t;@ ac\?él?;gsgsl?rom

(Galweiler et al., 1998). This led us to hypothesise that the PI e e :

protein kinase acts by regulating PAT. To further examine thigountlng phenotypes in three independent populations of 20

. . T eedlings. (N) Length and number of lateral roots on primary roots of
possible role for PID, we studied the effect of PAT Inhlbltorsl4-day-go|d(Wi)ld-typ?ESSS::PIDCOI-lO ancBSS::PIDCoI-p21 y

on root meristem collapse. Seeds of wild-tgpabidopsisand  seedlings when rescued with B! NPA. Mean values are based on
the 35S::PID lines Col-10 and Col-21 were germinated onat least 15 independent roots. Error bars indicate the standard error of
medium containing 0.1 or 0.AM naphthylphtalamic acid the mean. Scale bars, ith.
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(NPA). These specific concentrations were used because sumid Col-21 seedlings for 14 days on QuB NPA and
treatments exerted only mild effects on wild-type rootdetermined the length and the number of lateral roots per
development, as observed by root growth, lateral root initiatioprimary root. NPA-rescued primary roots of b@&8S::PID
(Fig. 6A,B) and patterning of the root meristem (Fig. 6E,F)lines were similar in length, but significantly shorter than those
Moreover, the expression of an auxin responfiRb::GUS  of wild-type seedlings R<0.001; Fig. 6N). Although the
reporter indicated that only minor changes occurred witlinhibition of lateral root formation was maintained for both
regard to auxin distribution, or sensitivity, in roots treated witi35S::PID lines in the presence of NPA, it was apparent that
these NPA concentrations (Fig. 61,J). Growth3&S::PID  Col-21 seedlings developed significantly more lateral roots
seedlings on NPA significantly increased root elongation (Fighan those of line Col-10P£0.001; Fig. 6N). Apparently, high,
6C,D) and prevented collapse of the primary root meristeras opposed to intermediate, levels of p35S-driiD
(Fig. 6G,H). Similar results were obtained when seedlinggexpression promote branching of primary roots. These findings
were grown on TIBA, which belongs to a different class of PATclearly do not fit with a role of PID as a negative regulator of
inhibitors. Clearly, suppression of PAT by inhibitor auxin signalling (Christensen et al., 2000), which implies a
concentrations that only mildly interfere with the developmennegative correlation between root branching and the level of
of wild-type seedlings was sufficient to rescue the organisatioB5S::PID expression. Instead, our observations are more
of the primary root meristem i85S::PIDlines. readily explained by general enhancement of auxin efflux due
We introduced the auxin responsi@R5::GUS reporter  to ectopic PID expression, which results in dynamic changes
gene into the35S::PID back ground and confirmed the in auxin distribution during development of tl36S::PID
observation by Christensen and co-workers (Christensen et edeedlings.
2000) that GUS expression in root tips of youBss::PID . o _
seedlings is significantly reduced (Fig. 6K). In view of theEctopic PINOID expression in the shoot results in
auxin efflux enhancing activity of PID, this result can bemore lateral roots
explained by lower auxin levels in root tips 86S::PID  Participation of PID in the regulation of PAT implies that PID
seedlings. Interestingly, reduction of auxin efflux by NPAdoes not only act locally in tissues where it is expressed, but
treatment partially restored the level@R5::GUSexpression  also exerts its effect over a distance. To test this, we analysed
in root tips of these seedlings (Fig. 6L). the effects of tissue-specifRID expression using a GAL4-
More detailed analysis showed that root meristem collapseased transactivation-reporter system (D. W., J. Haseloff,
in the strong overexpression lin@5S::PID Col-21 was E. van Ryn, P. H. and R. O., unpublished). This system
observed by 3 days after germination in some seedlings, aethabled us to study the effects of the ectopic expression of
after 7 days in most (Fig. 6M). Meristem disintegration alsdPID and to simultaneously localise PID expression through
occurred in line 35S::PID Col-10, which expresses an the observation ofGFP:GUS reporter transactivation. An
intermediate level of the85S::PIDtransgene, but in only up to activator plant lineACT-LTP1 containing the epidermis-
50% of the seedlings and with significantly delayed timingspecific promoter of thArabidopsis thaliana Lipid Transfer
Primary root meristems of the majority of 8%S::PIDCol-21  Protein 1 (LTP1) gene fused to th&AL4:VP16gene was
seedlings were rescued with uBI NPA. This concentration crossed with an effector lindEF-PID) harbouring both the
was critical, since at a slightly lower concentration (@M) PID cDNA and theGFP:GUSreporter under control of the
the rescue was only partial for high expressing 888::PID  GAL4-dependent UAS promoter. E seedlings were
Col-21, whereas rescue was almost complete for thgerminated without selection and 11- to 12-day-old seedlings
intermediate expressing lirg5S::PID Col-10. were stained for GUS expression. Segregating at the expected
The p35Sdriven PID overexpression typically inhibits 9:7 ratio for GUS-positive and GUS-negative seedlings, the F
lateral root development in young seedlings, but the inhibitiopopulation clearly displayed significantly enhanced lateral
is overcome by collapse of the primary root meristem. Sinceoot formation byLTP1 promoter-drivenPID expression
root meristem disintegration occurs earlier and more frequent§fable 1, exp. 1). A striking observation, especially since
in the high expressing5S::PIDlines, seedlings of these lines LTP1 promoter activity is confined to the aerial parts of
generally develop a more vigorous root system. In the presenseedlings (Fig. 7A), except for expression in the young
of NPA however, the meristem is rescued and lateral roapidermis of lateral roots. SinpeTPlactivity in lateral roots
formation remains suppressed. To quantify this prolonget not detectable before a stage VI primordium (Malamy and
suppression by NPA, we grew wild-type a&8®S::PIDCol-10  Benfey, 1997; Fig. 7B,C), it is unlikely that this logdlTP 1

Table 1. Effect of ectopiqoLTP1-driven PID expression on lateral root development

No. of lat. roots/mmzs.e.m. (no. of plants) Statistics
Exp. no. B population* NPA GUS* GUS Difference P
1 ACT-pLTP1x EF-PID - 0.33+0.02 (24) 0.23+0.01 (21) Significant <0.001
2 ACT-pLTP1x EF-PID ouM 0.24+0.01 (19) 0.2040.01 (15) Significant <0.05
5uM 0.17+0.01 (16) 0.15+0.01 (13) Not significant >0.05
20puM 0.08+0.01 (17) 0.07+0.01 (18) Not significant >0.05

*F, seeds were germinated and 11- to 12-day-old seedlings were tested for GUS expression by histochemical staining. Themnodatlenigéh of lateral
roots was subsequently determined.

5 ul droplets of agarose containing the indicated concentration of NPA were applied to the transition zone of 4-day-old seedlings.

8The difference between samples was tested using the Stuekests
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! aerial organ development and cotyledon positioning and
\ _ separation. PID expression in vascular tissues initially
i : suggested that PID might direct vascular development in young
developing organs. However, mild vascular defects were only

observed in the aberrant flowers and not in other organs of

pid loss-of-function mutants (Christensen et al., 2000; our

observations), indicating that the regulation of vascular

¢ development is not the primary task of PID. More likely, based
\ on the interpretation of the loss-of-function mutant phenotype

and gene expression, PID is probably involved in determining

A B :5' c ~ the posit_ion ar]d outgr_ovvth of cotyledon,_ leaf, flowgr and floral

: organ primordia. The importance of auxin and the involvement
Fig. 7. Expression pattern of the epidermis-spedifi®1 promoter of PIN1 in positioning and outgrowth of lateral aerial organs
in an B seedling from the cross AQTFP1x EF-PID after was demonstrated recently (Reinhardt et al., 2000; Vernoux et
histochemical staining for activity of the co-expres&éP:GUS al., 2000).

gene. The reporter gene is predominantly expressed in the shoot (A). In contrast to the clear developmental defects observed in
Expression is also observed in the young epidermis of lateral root aerial organs, the effects pid loss-of-function mutations on
primordia, but only after a stage VI primordium has been formed.  root development were not very obvious. However, we did
Stage V (B) and stage VI (C) lateral root primordia of a GUS- observe an irregular root waving pattermpid loss-of-function
positive 2 seedling. mutants (not shown), whil&5S::PID overexpressors had
strong alterations in root gravitropism and development. This
drivenPID expression is the cause of the enhanced lateral rostiggests that some PID functions do indeed influence auxin-
formation. mediated processes in roots.
Lateral root induction is known to rely on PAT from the
shoot into the root (Reed et al., 1998; Casimiro et al., 2001FINOID: a negative regulator of auxin signalling?
We therefore hypothesised that thTP1 driven PID  Based on two phenotypes of the 35S::PID lines, decreased
expression would result in enhanced auxin efflux from thexpression of the auxin responsive DR5::GUS reporter and
epidermis in the shoot, thereby inducing an increased transfezduced lateral root initiation even upon exogenous application
of auxin from the shoot into the root. Local application of theof auxin, Christensen et al. (Christensen et al., 2000) concluded
auxin transport inhibitor NPA to the transition zone of thethat PID acts as a negative regulator of auxin signalling.
seedlings reduced the difference between GUS+ and-GUSHowever, the new observations that we have made argue
seedlings to a non-significant level, confirming that theagainst such a function for PIIMR5::GUS expression is
increase in lateral roots is caused by enhanced efflux of auxieduced in young roots of tf85S::PID lines, but we found
from the shoot into the root (Table 1, exp. 2). These datthat expression of the reporter was clearly present in the root
support a function of the protein kinase in enhancing polavasculature after collapse of the primary root meristem or in
auxin transport. roots of older plants (not shown), suggesting that auxin
signalling to this promoter is not impaired, but rather,
prevented in young primary roots. Another auxin-dependent
DISCUSSION process that is initially perturbed 85S::PID lines is lateral
root formation. However, 14-day-old seedlings of the high
ThePID locus inArabidopsis thalianavas initially defined by  expressin®5S::PIDline, Col-21, developed more lateral roots
a series of 8 allelic mutants exhibiting the inflorescencgéhan those of the intermediate expressing line, Col-10,
phenotype of few aberrant flowers and a terminal pin-likéndicating that auxin signalling leading to lateral root induction
structure. Depending on the severity of the mutant allele, up ie not repressed by PID (over)expression. Moreover, roots of
50% of mutant seedlings show aberrations in cotyledo85S:PIDlines are clearly as sensitive to exogenously applied
number and/or separation (Bennett et al., 1995). Recentlguxins as wild-type roots (Christensen et al., 2000; our
Christensen et al. (Christensen et al., 2000) reported that tbeservations). Reduced sensitivity of root elongation to
PID gene encodes a protein-serine/threonine kinase thakogenously applied auxin has been one of the major criteria
regulates auxin response. We show tR#D is an auxin- for distinguishing mutations in components or regulators of
responsive gene, we provide important new insights into thauxin signalling (e.g.axrl). In conclusion, none of the
expression ofPID throughoutArabidopsisdevelopment and observations provides sufficient evidence that auxin signalling
we present data that further our understanding of the role @f 35S::PIDroots is perturbed and, although we do not exclude
the PID protein kinase as a mediator of auxin action in plardn involvement of the PID protein kinase in auxin signalling,
development. we consider the available data indicating a role for the protein

] ) kinase as a positive regulator of PAT.
PINOID expression reveals a role in organ

development PINOID acts as a positive regulator of auxin efflux

PID expression was observed in the cotyledon primordia ofhe pin-shaped inflorescences and the aberrant cotyledons and
embryos, in young leaves and in young floral organ$lowers of the pid mutants closely resemble thosepiof
(Christensen et al., 2000; our observations). This expressidarmedmutants. The cotyledon and inflorescence phenotypes
pattern corroborates the function of PID in the regulation otan be mimicked by treatment with auxin transport inhibitors
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of globular stage embryos or mature plants, respectivelghown), thereby confirming that IAA concentrations are sub-
(Okada et al., 1991; Liu et al., 1993; Hadfi et al., 1998)optimal for hypocotyl elongation. In our model, ectopic PID
Recently it was shown that some aspects of the aberrant flonexpression results in enhanced efflux of auxin from the root
development inpid and pinl mutants can be mimicked by meristem (Fig. 8), thereby resolving the proposed auxin
spraying flowers with the same inhibitors (Nemhauser et almaximum as organiser of the root meristem (Sabatini et al.,
2000). Moreover, expression studies show that PID co0t999) and thus leading to collapse of the meristem. The sub-
localises with AtPIN1 in the xylem parenchyma cells of theoptimal IAA levels in the root tip explain the reduced
vascular tissue (our observations; Gélweiler et al., 1998). APDR5::GUSexpression irB5S::PIDbackground roots and the
these data strongly suggest that PID acts in concert witslow and agravitropic growth of these roots. The collapse of
AtPIN1 in the vasculature, or with other AtPINs in otherthe primary root meristem i85S::PID seedlings alleviates
tissues, to positively regulate PAT. If so, loss-of-functiish  auxin depletion of the root and thereby releases the initial delay
mutants would be expected to show reduced levels of PAT arid lateral root formation. This is in line with previous findings
PID function would be sensitive to PAT inhibitors. that removal of the root meristem or the root cap enhances

Indeed, auxin transport seemed reduced in the inflorescenttee formation of lateral root primordia and the emergence of
stems of loss-of-functiopid alleles (Bennet et al., 1995; our lateral roots (Torrey, 1950; Reed et al., 1998; Tsugeki and
observations). However, PAT levels in inflorescence stems afeedoroff, 1999). In the presence of NPA at sub-micromolar
determined by many indirect factors, such as the presence aomhcentrations, elevated PAT is slowed down in roots of
number of developing aerial organs (Bennett et al., 1995; OKabS::PID seedlings, allowing for maintenance of the
et al., 1998) and proper development of the vascular tissu@ganising auxin maximum (Sabatini et al., 1999), rescue of
(Carland and McHale, 1996; Przemeck et al., 1996), whicthe root meristem and partial rescue of the gravitropy and
indicates that conclusions from direct transport measuremengsowth of the root. The recent finding that PAT inhibitor
should also be confirmed by other functional tests. Twdreatments induce an accumulation of IAA in the root tip
important observations support the role of PID as a regulatgCasimiro et al., 2001) is consistent with this model.
of PAT: (i) the PAT inhibitor sensitivity of PID action and (ii)  Both the PAT inhibitor-sensitivity of PID action and the fact
the fact that, spatiallf?ID expression and the resulting effects that PID expression does not necessarily have a local effect
on plant development do not necessarily overlap. on development were demonstrated by @1 promoter-

The NPA/TIBA-sensitivity of PID action was first mediated ectopic expression 8D in the aerial part of
demonstrated by the rescue of root growth 38S::PID  seedlings (Thoma et al., 1994, Fig. 7). The resulting significant
seedlings by low doses of these PAT inhibitors. We proposeiacrease in lateral root formation could be reduced by
model to explain th&5S::PID phenotype (Fig. 8), in which application of NPA at the transition zone between shoot and
the 35S promoter-mediated PID expression preferentiallyroot, indicating thapLTP1mediated?ID expression increases
enhances downward-directed PAT through the axis of thauxin transfer from the shoot into the root (Fig. 8).
seedlings. This canalisation of auxin depletes the more ]
peripheral tissue layers of auxin, which leads to reduce§onclusion
elongation and agravitropy of the hypocotyl and delays laterdased on the data presented above we propose that the protein
root formation. Indeed, increasing endogenous auxin levels tginase PID is a positive regulator of PAT. The inducibility of
growing the seedlings at 28°C (Gray et al., 1998) resulted ithe PID gene by auxin suggests that PAT is enhanced by
enhanced hypocotyl elongation 85S:PID seedlings (not accumulation of PID in the cell in response to an increase in

Fig. 8.A schematic model to Wild type 355::PID LTP1::PID
explain the observed seedling

phenotypes caused by ectopic

PID expression. In wild-type a
seedlings auxin is transported

from its location of synthesis in

the shoot downward to the root

Lateral transport of auxin is

essential for hypocotyl elongati b
and tropic growth (a) and latera

root formation (b). Redistributio

of auxin at the root tip by

basipetal transport toward the

elongation zone is essential for

growth and gravitropy of the roc c

(c). 35S::PIDexpression ; 13
preferentially stimulates
downward directed PAT to the
root apex, thereby reducing lateral transport. From the root tip auxin is rapidly transported to a location where it isatdetabetreted into
the medium. This deprives the peripheral cell layers and root apex of auxin and results in reduced gravitropy and groatitybBhgproot

and reduced lateral root formation. Removal of auxin from the root apex eventually leads to cbllaptiee(primary root meristem.

LTP1::PID expression only enhances PAT from the shoot into the root, thereby increasing lateral root formation. The directionsfand level
PAT is indicated by black arrows. Elongation growth is indicated by black arrows that start with a dot.
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local IAA levels. Indications for regulation of PAT by auxin

efflux in the IAA-overproducingsurl mutant of Arabidopsis thalianaA

are provided by the fact that PAT levels in inflorescence stemsmechanism of reducing auxin leveBRysiol. Plant107, 120-127.

are significantly reduced when developing flower buds o
siliques, the presumed source tissues of IAA, are removed o

Pen Dulk-Ras, A. and Hooykaas, P. J. J(1995). Electroporation of
rAgrobacterium tumefacieng Methods in Molecular Biologyol. 55: Plant
Cell Electroporation and Electrofusion Protoco{ed. J. A. Nickoloff), pp.

absent (Bennett et al., 1995; Oka et al., 1998), by the reports3.72. Totowa, NJ: Humana Press Inc.

that auxin efflux is enhanced in the auxin overprodusimg.

Ditta, G., Stanfield, S., Corbin, D. and Helinski, D. R(1980). Broad host

mutant (Delarue et al., 1999) and from the observed twofold range DNA cloning system for gram-negative bacteria: construction of a

increase of acropetalHl]IAA transport through the root in the

presence of cold IAA (Rashotte et al., 2000). The phenotyp

gene bank oRhizobium melilotiProc. Natl. Acad. Sci. USA7, 7347-7351.

il(::riml, J. (2000) Isolation and characterisation of nok&PIN genes from

Arabidopsis thaliand.. PhD thesis, Cologne.

characteristics of theid loss-of-function mutants suggest that caweiler, L., Guan, C., Miller, A., Wisman, E., Mendgen, K., Yephremov,
the PID function is essential for proper cotyledon positioning A. and Palme, K.(1998). Regulation of polar auxin transport by AtPINL
and development, for maintenance of the inflorescence in Arabidopsisvascular tissueScience282, 2226-2230.

meristem, for whorl definition during flower development and®
it is important for wild-type root growth. Enhancement of PAT

eave, A. P.(1992). A versatile binary vector system with a T-DNA
organisational structure conducive to efficient integration of cloned DNA
into the plant genomélant Mol. Biol.20, 1203-1207.

may be necessary to prEVent_ feed'back regulation of al'JXiZE'ray, W. M., Ostin, A., Sandberg, G., Romano, C. P. and Estelle, M.
biosynthesis due to accumulation of auxin, and may possibly (1998). High temperature promotes auxin-mediated hypocoty! elongation in
guarantee a continuous source-to-sink transport of auxin thatArabidopsis Proc. Natl. Acad. Sci. USB5, 7197-7202.

is essential for the organisation of, and differentiation in, thes

}éadfi, K., Speth, V. and Neuhaus, G(1998). Auxin-induced developmental
patterns irBrassica junce@mbryos.Developmeni25 879-887.

deveIOpllng organs. One |r_nportant step In equdatlng. thﬁanks, S. K. and Hunter, T.(1995). Protein Kinases 6 — The eukaryotic
mechanism of the PID-mediated enhancement of PAT will be protein kinase superfamily: kinase (catalytic) domain structure and

to investigate interactions between PID and the putative AECSs.classification FASEB J9, 576-596.

Thepid-2mutant was kindly provided by the Arabidopsis Biological
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