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NPY genes and AGC kinases define two key steps
in auxin-mediated organogenesis in Arabidopsis
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Auxin is an essential regulator of plant organogenesis. Most key
genes in auxin biosynthesis, transport, and signaling belong to
gene families, making it difficult to conduct genetic analysis of
auxin action in plant development. Herein we report the functional
analysis of several members of 2 gene families (NPY/ENP/MAB4
genes and AGC kinases) in auxin-mediated organogenesis and
their relationships with the YUC family of flavin monooxygenases
that are essential for auxin biosynthesis. We show that 5 NPY
genes (NPY1 to NPY5) and 4 AGC kinases (PID, PID2, WAG1, and
WAG2) have distinct, yet overlapping, expression patterns. Dis-
ruption of NPY1 does not cause obvious defects in organogenesis,
but npy1 npy3 npy5 triple mutants failed to make flower primor-
dia, a phenotype that is also observed when AGC kinase PID is
compromised. Inactivation of YUCT and YUC4 in npy1 background
also phenocopies npy1 npy3 npy5 and pid. Simultaneous disrup-
tion of PID and its 3 closest homologs (PID2, WAG1, and WAG2)
completely abolishes the formation of cotyledons, which pheno-
copies npy1 pid double mutants and yuc? yuc4 pid triple mutants.
Our results demonstrate that NPY genes and AGC kinases define 2
key steps in a pathway that controls YUC-mediated organogenesis
in Arabidopsis.

NPY1/ENP1/MAB4 | YUC | PINOID | embryogenesis | cotyledon

Formation of embryonic and postembryonic organs is an
essential process for normal plant development and is reg-
ulated by intrinsic signals and environmental cues. Genetic
analyses of Arabidopsis mutants with defects in organogenesis
demonstrated that the plant hormone auxin plays a key role in
determining the formation and patterning of lateral organs.
Disruption of either auxin biosynthesis (1, 2) or polar auxin
transport/auxin signaling (3-5) leads to defects in embryogenesis
and in the formation of leaves and flowers. Auxin has been
proposed as a morphogen that provides instructive signals for the
formation of organs (6-9). The current model of organogenesis
in Arabidopsis is that an auxin maximum (auxin peak) at the
flanks of the apical meristem is necessary and sufficient to
initiate the formation of lateral organs (9, 10). However, the
exact mechanisms by which auxin regulates organogenesis are
not fully resolved.

It is still not understood how auxin maxima are generated and
maintained. Much of the work in this aspect in the past decade
was centered on the active transport of auxin mediated by the
PIN-FORMED (PIN) auxin efflux carriers and AUXIN1
(AUX1) influx carriers (4, 5, 10). Computer-assisted modeling
on auxin dynamics and organogenesis based on PIN protein
localization further improved our understanding of how auxin
transport may contribute to the formation of auxin peaks (9, 11).
However, recent progress in auxin biosynthesis reveals a more
complicated picture. It appears that both local auxin production
and polar auxin transport contribute to the creation and main-
tenance of auxin peaks. Mutations in the auxin efflux carrier
PINI disrupt the initiation of floral organs (5). Simultaneously
inactivation of YUCCAI (YUCI) and YUC4, which encode
homologous flavin-containing monooxygeases essential for de
novo auxin biosynthesis (1, 12), also leads to defects in flower
development (1). The yuc! yuc4 pinl triple mutants fail to make
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any true leaves (2), a phenotype not observed in either pinl or
yucl yuc4 alone, demonstrating that leaf initiation is controlled
by both the auxin biosynthetic YUC genes and the auxin trans-
port PIN genes. Furthermore, the auxin influx carrier mutant
aux] itself does not show any defects in organogenesis in the
aerial parts of Arabidopsis, but aux] fails to make flowers in the
yucl yuc2 yuc4 yuc6 quadruple-mutant background, indicating
that the functions of AUX1 in organogenesis are masked by local
auxin biosynthesis (2).

One of the difficulties in conducting genetic analysis of auxin
pathways is that almost all of the key components in auxin
biosynthesis, polar transport, and auxin signaling belong to gene
families whose members have overlapping functions. For exam-
ple, the 11 YUC flavin monooxygenases in Arabidopsis catalyze
a rate-limiting step in auxin biosynthesis and disruption of a
single YUC gene does not cause any obvious developmental
defects, but some double- and triple-mutant combinations have
severe defects in development (1, 12). For the PIN family of
efflux carriers and the auxin response factor (ARF) family,
inactivation of PINI or MONOPTEROS (MP)/ARFS5 alone is
sufficient to cause dramatic developmental defects (5, 13, 14).
However, it has been demonstrated that PINI has overlapping
functions with other PIN genes (4) and that MP has overlapping
functions with ARF7 and ARF19 (15). Such genetic complexities
in auxin pathways make it difficult to define the functions of an
individual of a gene family and conduct epistasis analysis of the
auxin mutants because inactivation of one gene does not lead to
a complete null of the gene function because of the compensa-
tory effects from the other homologous genes.

To further elucidate the molecular mechanisms by which auxin
regulates plant organogenesis, we conducted a genetic screen for
enhancers of yucl yuc4 double mutants on the basis of the
hypothesis that the yucl yuc4 double mutants provide a sensi-
tized background for identifying novel components that are
involved in auxin-regulated organogenesis. Our previous studies
have demonstrated that the yuc mutants synergistically interact
with polar auxin transport mutants (2). We focused our attention
to mutants that fail to make flowers, but still develop an
inflorescence in the yucl yuc4 background. Such naked inflo-
rescences without flowers are called pin-like inflorescences.
Formation of pin-like inflorescences has become a hallmark for
malfunction of auxin pathways because known pin-like mutants
such as pinl (5), pinoid (pid) (16, 17), and mp (14) all are involved
in aspects of auxin biology.

We identified a yucl yuc4 enhancer naked pins in yuc mutants
1 (npyl), which forms pin-like inflorescences in the yucl yuc4
background, but not in wild-type background (18). Mutant npyl
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Fig. 1. Schematic trees of NPY proteins and AGC kinases. (A) A tree of NPY
proteins that belong to a family with 32 members in Arabidopsis. The found-
ing member of this superfamily is NPH3. For simplicity, the details of the NPH3
clade and the other large clade are not shown. (B) A tree of the AGC kinase
family. More detailed phylogenetic trees of the 2 families have been published
(18, 21, 24). The GenBank accession numbers for NPY genes are At4g31820
(NPYT), At2914820 (NPY2), At5967440 (NPY3), At2g23050 (NPY4), and
At4g37590 (NPY5). The GenBank accession numbers for PID and its homologs
are At2g34650 (PID), At2g26700 (PID2), At1g53700 (WAGT), and At3g14370
(WAG2).

is allelic to enhancer of pinoid 1 (enpl) and macchi-bou 4 (mab4)
(19, 20), which failed to develop cotyledons in the pid back-
ground. NPY1/ENP1/MAB4 encodes a plant-specific protein that
contains a BTB (Bric-a-brac, Tramtrack, Broad-complex) do-
main at the N-terminal region and an NPH3 (NON-
PHOTOTROPIC HYPOCOTYL 3) domain in the middle.
NPY1 belongs to a large gene family with 32 members in the
Arabidopsis genome (Fig. 14). The founding member of this
family, NPH3, mediates phototropic response downstream of the
photoreceptor PHOT1 (21). Both PHOT1 and PID are Ser/Thr
kinases that belong to the AGC kinase superfamily (Fig. 1B).
The AGC kinases are the collective name for cAMP-dependent
protein kinase A, cGMP-dependent protein kinase G, and
phospholipids-dependent protein kinase C (22). The fact that
NPY1 is homologous to NPH3 and PID is homologous to
PHOT1 suggests that auxin-regulated organogenesis and pho-
totropic responses are analogous. Furthermore, both processes
require the involvement of an auxin response factor. Inactivation
of NPH4/ARF7 leads to defects in phototropic response and
disruption of MP/ARFS5 leads to the formation of pin-like
inflorescences (14, 23). Analysis of genetic interactions among
yucl yuc4, npyl, and pid has put the genes in a genetic context
in regulating Arabidopsis organogenesis (18).

The npyl pid double mutants and the yucl yuc4 pid triple
mutants failed to make cotyledons, a phenotype that was not
observed in pid, npyl, or yucl yuc4 alone (18). The synergistic
genetic interaction can be explained as the genes are involved in
parallel pathways. Alternatively, it can also be interpreted that
the YUCs, NPY1, and PID are in a linear pathway, providing that
each gene has redundant partners in the Arabidopsis genome. To
distinguish between the 2 possibilities, it is necessary to analyze
whether other NPY1-like genes and PID-like genes also partic-
ipate in auxin-regulated plant development. Herein we demon-
strate that 2 closest NPYT homologs in Arabidopsis also play an
important role in the formation of flowers. Inactivation of one
or more NPYI homologs in npyl background leads to the
formation of pin-like inflorescences, a phenotype observed in
pid and yucl yuc4 npyl triple mutants (18). Furthermore, we
show that inactivation of the 3 closest PID homologs in the pid
background completely abolishes the formation of cotyledons, a
phenotype that is also observed in yucl yuc4 pid triple mutants
(18) and npyl pid double mutants (18, 19). Our analyses establish
that members of YUC, NPY1, and PID families participate in a
linear pathway in regulating auxin-mediated organogenesis in
Arabidopsis and NPY genes and PID-like AGC kinases define 2
essential steps in the pathway. This study also provides a model
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Fig. 2. The expression patterns of NPY genes during embryogenesis. (A)
NPY2. (B) NPY3. (C) NPY4. (D) NPY5. The expression of the NPY genes were
detected by using RNA in situ hybridization.

for conducting genetic analysis on a network of multiple gene
families.

Results

NPY Genes Have Unique and Overlapping Expression Patterns. Mu-
tations in NPY1 greatly enhanced the phenotypes of yucl yuc4
double mutants (18) and pid mutants (18, 19), but npy! itself does
not have dramatic developmental defects. It is likely that a subset
of the NPY1 homologs has at least partially overlapping functions
with NPY1. On the basis of sequence homology, the 32 members
of the NPY1/NPH3 family in Arabidopsis can be divided into 4
subgroups: the NPH3/RPT2 group, the NPY group, and 2 other
groups. In this article we focus our effort on the NPY group that
includes 5 members named as NPY1 to NPY5 (Fig. 14).
Detailed phylogenetic analyses of the NPY1/NPH3 family and
the AGC kinases have been described (18, 21, 24).

First, we analyzed the expression patterns of the 5 NPY genes
by RNA in situ hybridization. It was evident that all 5 NPY genes
were expressed during embryogenesis (Fig. 2) (18), but with
distinct, yet overlapping, patterns. NPY1 was expressed mainly in
the apical regions of embryos including cotyledon tips and the
apical meristem (18). In contrast, NPY2 was specifically ex-
pressed in the hypophysis and the root meristems in the embryos
(Fig. 2A4). The expression of NPY3 was concentrated in provas-
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Fig.3. Therolesof NPY genesin Arabidopsis development. (A) Expression of
NPY3in the inflorescence apex. (B) NPY5 expression in the inflorescence apex.
(C) Disruption of NPYTand NPY5 led to the formation of pin-like inflores-
cences. A scanning electron microscope micrograph of npy? npy5 inflores-
cence is shown at right. The arrow points to a pin-like inflorescence. (D) NPY
genes were required for proper gynoecium development. WT gynoecium had
well connected and defined median and lateral vascular bundles. The ovules
and valve tissues were also evident. However, npy1 npy5, or npy1 npy3, or pid
all failed to make proper valves and developed abnormal vascular tissues in
gynoecia. From left to right, WT, npy1 npy5, npy1 npy3, and pid. (E) The npy1
npy3 double mutants were sterile. (F) The triple mutants of npy? npy3 npy5
formed strong pin-like inflorescences.

cular and vascular systems (Fig. 2B). Both NPY4 and NPY5 were
also expressed in the cells that would differentiate into vascular
bundles, but NPY4 and NPY5 appeared to have different tissue
specificities (Fig. 2 C and D). NPY4 was expressed mainly in the
hypocotyls (Fig. 2C), whereas NPY5 was more concentrated in
cotyledons (Fig. 2D). Overall, the expression of the 5 NPY genes
marked the 2 meristems, provascular tissues, and the cotyledon
tips during embryogenesis.

In the inflorescence apex, NPY1 was expressed in the apical
meristem and flower primordia (18). In apical meristem, the
NPY1 expression appeared to be restricted to the L1 layer (18).
We did not detect any expression of NPY2 in the inflorescence
apex by RNA in situ hybridization (data not shown), which is
consistent with the idea that NPY2 may play a more specific role
in root development. NPY3 expression was not detected in the
apical meristem; instead it marked the incipient sites of new
floral primordia (Fig. 34). NPY3 mRNA was also detected in the
early stages of flowers (Fig. 34). NPY4 was weakly expressed in
the vascular tissues of inflorescences apex (data not shown).
Among the 4 NPYI homologs, the expression pattern of NPY5
was the most similar to that of NPY7 (Fig. 3B) (18). NPY5 mRNA
was detected in the apical meristem and young flowers (Fig. 3B).
However, NPY5 showed a more pronounced expression in the
incipient sites of flower primordia than NPYI. Overall, the
expression patterns of NPY5 overlapped greatly with those of
NPYI1 and NPY3 in the inflorescence apex.

Cheng et al.

Inactivation of NPY Genes Leads to the Formation of Pin-Like Inflo-
rescences. We isolated T-DNA insertion mutants of NPY7 and its
4 closest homologs (Fig. S1). None of the single mutants
displayed any obvious defects in organogenesis except npyl,
which had subtle defects in cotyledon development (18). The
single npy mutants never developed pin-like inflorescences (data
not shown). However, when npy! and npy5 were combined, the
resulting double mutants had pin-like inflorescences (Fig. 3C),
a phenotype that was also observed in pin! (5), pid, mp, and npyl
yucl yuc4 triple mutants. The npyl npy5 double mutants still
made some flowers, but the flowers were abnormal (Fig. 3C).
Like the flowers in pid and pinl, the npyl npy5 flowers often
contained multiple petals (Fig. S2). The gynoecium of npyI npy5
often lacked valves and displayed vascular defects (Fig. 3D),
which were also observed in pid and pinl mutants. The observed
phenotypes of npyl npy5 correlated well with the fact that both
NPYI1 and NPY5 were expressed in the inflorescence meristem
and that the expression patterns of the 2 genes overlapped (Fig.
3) (18).

The double mutants npy! npy3 also displayed defects in flower
development (Fig. 3E). Inactivation of both NPYI and NPY3 led
to sterile plants (Fig. 3E). The flowers in npyl npy3 failed to
develop proper valves and vascular tissues in gynoecium, phe-
notypes not observed in either npyl or npy3 alone (Fig. 3D). The
defects in gynoecium development in npyI npy3 double mutants
were very similar to those observed in npy! npy5 and pid (Fig.
3D). The genetic enhancement of npyl by npy3 indicated that
NPY] and NPY3 also had overlapping functions, which is con-
sistent with the expression patterns of NPY! and NPY3 (Fig. 3).

Interestingly, the double mutants of npy3 npy5 did not display
any obvious developmental defects, suggesting that NPYI plays
a more prominent role. We generated all other possible double
mutant combinations including npy! npy2 and npyl npy4, but
only npyl npy3 and npyl npy5 displayed obvious developmental
defects. The triple mutants of npyl npy3 npy5 had stronger
phenotypes than the double mutants npyI npy3 or npy! npy5 (Fig.
3F). The triple mutants made very few flowers and developed
strong pin-like inflorescences (Fig. 3F). We further inactivated
NPY2 and NPY4 in the npyI npy3 npy5 triple-mutant background;
the resulting quintuple mutants were very similar to the npyl
npy3 npy5 triple mutants.

Three PID Homologs Were Expressed During Embryogenesis. PID is
expressed during Arabidopsis embryogenesis, and PID has been
shown to play important roles in cotyledon development. Be-
cause both npyl pid and yucl yuc4 pid failed to develop cotyle-
dons while pid alone made cotyledons, we hypothesized that the
PID homologs and PID may have overlapping functions in
cotyledon development. In this article, we focus on the 3 closest
PID homologs (PID2, WAG1, and WAG?2) (Fig. 1B) and their
roles in plant development. Both WAG1 and WAG2 were shown
to play a role in root development and gravitropic response (25),
whereas the role of PID2 [previously called AGC1-10 or AGC3-4
(22, 24)] in plant development has not been analyzed.

We first used RNA in situ hybridization to investigate whether
the PID homologs are expressed during embryogenesis. We
detected the mRNAs of the 3 PID homologs during embryo-
genesis (Fig. 4). Both WAGI and WAG2 were expressed through-
out the embryogenesis; higher expression of WAGI and WAG?2
in the cotyledon primordia at heart stages was evident (Fig. 4).
Compared with WAGI and WAG2, PID2 had much higher
expression (Fig. 4). The PID2 mRNA was restricted mainly in
provascular tissues (Fig. 4), a pattern that was very similar to
those of NPY3, NPY4, and NPY5 (Fig. 2).

PID and Its Homologs Are Essential for the Formation of Cotyledons.

We isolated T-DNA insertion mutants of PID, PID2, WAG1, and
WAG?2 (Fig. S3). Inactivation of PID led to the formation of 3
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Fig. 4. The expression patterns of the 3 closest homologs of PID and their
roles in embryogenesis. (A) PID2 expression. (B) WAGT expression. (C) Expres-
sion pattern of WAG2; the expression patterns were revealed by in situ RNA
hybridization. (D) Essential roles of PID and its homologs in cotyledon devel-
opment. The quadruple mutants pid pid2 wag1 wag2 failed to make cotyle-
dons. The same phenotypes were also observed in npy1 pid and yucT yuc4 pid.
From left to right, WT, pid pid2 wag1 wag2 quadruple mutants, npy! pid
double mutants, and yuc? yuc4 pid triple mutants.

cotyledons, but the phenotype was not fully penetrant. Single
mutants of pid2, wagl, and wag2 did not display any obvious
defects in embryogenesis (data not shown). When we put pid2 in
pid background, the resulting double mutants behaved like pid
during embryogenesis (Table 1). Most seedlings (72%) of the
double mutants pid wagl had normal-looking cotyledons, but we
observed some seedlings (24%) with only residual cotyledons or
no cotyledon at all (1%) (Table 1) (Fig. S4). Like pid wagl, ~5%
of pid wag2 had residual cotyledons, 14% had no cotyledons, and
81% appeared normal. Other double mutants without pid such
as wagl wag2 did not show obvious embryonic defects.

We also analyzed the triple-mutant combinations of pid, pid?2,
wagl and wag2 (Table 1). Whereas pid2 wagl wag2 did not show
any obvious defects, the other triple mutants displayed defects in
cotyledon development. The majority of pid pid2 wagl and pid
pid2 wag2 had normal cotyledons (77% and 73%, respectively),
and a small number of the triple mutants had cotyledon defects
(Table 1). Unlike the other triple mutants, most of the pid wagl
wag?2 triple mutants (88%) failed to make any cotyledons and
only 7% had residue cotyledons (Table 1). Less than 5% of pid

wagl wag2 displayed normal cotyledons. We noticed that het-
erozygous wagl or wag2 increased the frequency of cotyledon
defects in pid wag2 and pid wagl, respectively (Table 1). The
no-cotyledon phenotype in pid wagl wag2 was identical to that
of npyl pid and yucl yuc4 pid (Fig. 4). The failure to make
cotyledons in pid wagl wag2 took place during embryogenesis
(Fig. S4).

We further analyzed the pid pid2 wagl wag2 quadruple
mutants. Among the 59 seedlings of the quadruple mutants, 58
seedlings had no cotyledons, suggesting the phenotype was
almost fully penetrant (Table 1). Our genetic analyses indicate
that PID plays a more prominent role than the PID homologs
during embryogenesis. Whereas the majority of pid wagl wag?2
did not make cotyledons (88%), the frequency was greatly
increased (98%) in pid pid2 wagl wag2.

Discussion

Herein we present direct evidence that the NPY genes play an
essential role in Arabidopsis organogenesis. Our genetic analysis
of NPY genes and PID genes demonstrates that each gene family
represents a key step in exerting the functions of auxin during
Arabidopsis development.

NPY Genes Collectively Control Organogenesis in Arabidopsis. NPY'1
belongs to a large gene family (Fig. 14). Genetic screens for
enhancers of yucl yuc4 and pid led to the discovery of NPY1 as
a key component in auxin-regulated organogenesis. The npy! pid
double mutants failed to develop cotyledons and the npy! yucl
yuc4 formed pin-like inflorescences (18), but npy! alone did not
display obvious developmental defects. In addition to the inter-
pretation that NPY7 works in the same pathway as PID and YUC
genes, the observed genetic enhancements among yuc, pid, and
npyl can be accounted for if NPY1 and PID function in parallel
pathways. Inactivation of either NPY3 or NPY5 in the npyl
background led to dramatic flower defects similar to those
observed in pid (Fig. 3). Furthermore, the npyl npy3 npy5 display
strong pin-like phenotypes (Fig. 3), which is identical to those of
strong pid alleles, demonstrating that NPY7 and PID are unlikely
to function in 2 parallel pathways.

NPYI1, NPY3, and NPY5 displayed overlapping and distinct
expression patterns (Figs. 2 and 3), suggesting that each gene
may also have unique functions. It is difficult to dissect the
unique functions of the genes in a family. It may require us to put
individual mutants in a sensitized background. For example,

Table 1. Genetic analyses of mutant combinations of pid, pid2, wag1, and wag2

Mutant genotype analysis

Mutant phenotype analysis

No. of seedlings (% of total seedlings

No. of seedlings (% of total number of

genotyped) mutant seedlings)

Seedlings With Residual Without
Parent genotype Mutant genotype Expected Observed genotyped cotyledons cotyledons cotyledons
pid+'— pid2 pid pid2 36 (25) 33 (23) 144 33 (100) 0 (0) 0 (0)
Pid*'— wag1 pid wag1 27 (25) 25 (23) 109 18 (72) 6 (24) 1(4)
pid*'~ wag2 pid wag2 40 (25) 37 (23) 160 30 (81) 2 (5) 5 (14)
pid*'~ pid2 wag1+/~ pid pid2 wag1 10 (6) 13 (8) 164 10 (77) 1(8) 2 (15)
pid*'— pid2*+'— wag2 pid pid2 wag2 >9(>6)* 26 (18) 145 19 (73) 3(12) 4 (15)
pid*/~wag1*+/~ wag2 pid wag1 wag2 8 (6) 7 (6) 121 0 (0) 0 (0) 7 (100)
pid*'~ wag1 wag2*t/~ pid wag1 wag2 8 (6) 5(4) 135 0 (0) 0 (0) 5 (100)
pid*'— wag1 wag2 pid wag1 wag2 29 (25) 30 (26) 116 2(7) 3(10) 25 (83)
pid*’'~ wag1 wag2+/~ pid wag1 wag2+/~ 17 (13) 12 (9) 135 1(8) 4 (33) 7 (58)
pid*'~ wag1*/~ wag2 pidwag1+/~ wag2 15 (13) 18 (15) 121 2(11) 3(17) 13(72)
pid2 wag1 wag2 pid2 wag1 wag2 24 (100) 24 (100) 24 24 (100) 0 (0) 0 (0)
pid*/~ pid2 wag1 wag2 pid pid2 wagiwag2 59 (25) 59 (25) 237 1(2) 0 (0) 58 (98)
*Both PID and PID2 are located on chromosome Il and are linked.
21020 | www.pnas.org/cgi/doi/10.1073/pnas.0809761106 Cheng et al.
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YUC! and YUC4 have overlapping and unique expression pat-
terns and the 2 genes certainly have overlapping functions (1).
However, when combined with pinl-5, yuc4 pinl-5 double
mutants displayed a much stronger phenotype than yuc! pinl-5,
indicating that YUC4 plays a more prominent role in inflores-
cence development than YUCI (2). It will be interesting to
investigate whether other NPY genes can also enhance yucl yuc4
and pid.

NPY?2 and NPY4 were expressed in Arabidopsis (Fig. 2), but so
far we have not had direct evidence that the 2 genes are also
involved in auxin-regulated plant development. It is striking that
NPY?2 was specifically expressed only in the root meristem (Fig.
2A), indicating that NPY2 may have a root-specific function. As
discussed previously, npy! pid double mutants had severe defects
in cotyledon development; however, npyl npy2 npy3 npy4 npy5
quintuple mutants did not display obvious defects in embryo-
genesis, suggesting that additional NPY genes may also partici-
pate in embryogenesis. The obvious candidates would be the 3
genes that have the highest homology to the NPY clade (Fig.
1A4). Furthermore, vascular development in cotyledons was
disrupted when AtS5g10250, a distant homolog of NPY1, was
mutated, suggesting that more NPH3/NPY-like genes may be
involved in auxin-mediated plant development (26).

Control of Cotyledon Development by AGC Kinases. PID is known
mainly for its role in the formation of flowers (16, 17). The fact
that simultaneous inactivation of PID and its 3 closest homologs
in Arabidopsis abolished the formation of cotyledons (Fig. 4D)
demonstrates that the PID genes are also essential for cotyledon
development. Remarkably, pid pid2 wagl wag?2 is phenotypically
indistinguishable from npyl pid and yucl yuc4 pid (Fig. 4D).
Because PID is not a homolog of NPYI and YUC genes, the
genetic enhancement of pid by npyl or yucl yuc4 cannot be
explained by gene redundancy. Therefore, we conclude YUC
genes, PID, and NPY genes probably are key components in the
same pathway involved in regulating organogenesis.

Interestingly, the pid pid2 wagl wag2 appear to be able to
develop a primary root (Fig. 4D), whereas yucl yuc4 yucl0yucll
failed to make a root meristem during embryogenesis. There-
fore, it is likely that additional AGC kinases may be required for
the root development (Fig. 1B). It will require us to make the
right combinations of AGC kinases to observe defects in other
processes.

A Pathway for Auxin-Regulated Organogenesis. Because YUCs,
NPYs, and PIDs all belong to gene families, it is difficult to
genetically determine whether they are in the same pathway. It
is also difficult to conduct epistatic studies to determine the
relative positions of the genes in a pathway. It is clear that
members in each of the 3 families have overlapping functions.
Plants with multiple YUC genes inactivated have much stronger
phenotypes than the single mutants (1, 2). The same is true for
the PID family and NPY family (Figs. 3 and 4). If the 3 families
participate in the same pathway and are not involved in other
pathways, we expect that removal of all YUC genes should lead
to the same phenotypes as those caused by disruption of all NPY
genes or PID genes. Although mutants without any YUC or NPY
or PID activities are not available, our analysis on yuc, pid, and
npy mutant combinations and the genetic interactions among the
3 groups of mutants indicate that the 3 family genes are key
components of a pathway that regulates auxin-mediated orga-
nogenesis. First, pid and npyI npy5 displayed very similar defects
in flower development: both formed pin-like inflorescences and
abnormal flowers (Fig. 3). The defects in gynoecium of npy! npy5
were also similar to those in pid and yucl yuc4 quadruple mutants
(1), demonstrating that mutations in each gene family lead to
similar developmental defects. Second, the formation of coty-
ledons was completely disrupted by simultaneously inactivating
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PID, PID2, WAG1, and WAG2. The same cotyledon defects can
also be achieved by disrupting both PID and NPY! or inactivating
YUCI, YUC4, and PID simultaneously. We propose that the 3
gene families participate in a linear pathway that regulates
auxin-mediated organogenesis. PID and its 3 closest homologs
are required for the formation of cotyledons. PID appears to be
the most prominent member in the family because pid alone has
flower defects and inactivating pid2, wagl, and wag2 does not
result in defects in flower development. NPY7 and its homologs
NPY3 and NPY5 are required for organogenesis (Fig. 3). Simul-
taneously inactivating PID and NPYI would effectively cut the
output of the pathway to the level of multiple pid mutants. For
example, if PID accounts for 70% of the output of the PID
family and NPYI accounts for 70% of the output of the NPY
family, the npyl pid double mutants will cut down the total
output of the pathway to 9% if the 2 families work in the same
pathway. The total output of the pathway in pid mutant
background can also be further decreased if additional PID
homologs are inactivated, which explains why npy! pid and pid
pid2 wagl wag3 displayed identical cotyledon phenotypes. The
same interpretation can also be applied to the synergistic
genetic interactions between yuc! yuc4 and pid.

Our data support that YUCs, PIDs, and NPYs are compo-
nents of a linear pathway that controls auxin-mediated organo-
genesis. However, the relative positions of the 3 gene families in
the pathway have not been determined. Because PID/NPY-
mediated organogenesis is analogous to PHOTI1/NPH3-
mediated phototropic responses where PHOT1 is upstream of
NPH3, we propose that PID is probably upstream of NPY1.
Interestingly, NPH3 physically interacts with the chromophore-
binding portion of PHOT]1 to form a protein complex (21, 27).
Unlike PHOT1, PID and its close homologs do not have the
photoreceptor domain, suggesting that additional adaptor pro-
teins may be involved in the PID/NPY pathway. Consistent with
this hypothesis, preliminary studies indicate that PID and NPY1
do not interact directly (19).

This work has put the complex genetic interactions among
YUCs, PIDs, and NPYs into a simple pathway that provides a
genetic basis for further understanding of how auxin regulates
plant organogenesis. For example, it now becomes feasible to
determine the relative positions of the components by gain-of-
function studies in the various mutant backgrounds. Our genetic
analysis on the gene families shown here also provides a model
for analyzing complex genetic interactions among multiple gene
families in other pathways.

Methods

Plant Materials. The T-DNA insertion mutants were obtained from the Arabi-
dopsis Biological Resource Center or The Nottingham Arabidopsis Stock Cen-
ter (NASC). The npyT mutant used in this study was the npy7-2 T-DNA allele
(SALK-108406), which has been described (18). The npy2 mutant was the
T-DNA line SALK-142094, which contained a T-DNA insertion in the first intron
of the gene 75 bp after the ATG start codon. The npy3 mutant referred to the
T-DNA line SALK-119048. The T-DNA was inserted in the second exon of NPY3,
876 bp downstream of the ATG start codon. The npy4 mutant was the
SALK-046452 line, in which the T-DNA was inserted in the fourth exon, 1,628
bp downstream of the ATG start codon of NPY4. The npy5 mutant was the
T-DNA line N372878, a GABI-Kat line (GK-027H10) from NASC. The T-DNA was
inserted in the fourth exon, 1,746 bp after the start codon of NPY5.

The T-DNA mutants were genotyped by using 3 primers according to the
protocol described (28). For npy1, npy2, npy3, and npy4, the mutants were
genotyped by using 2 gene-specific primers and 1 T-DNA-specific primer
JMLB1. The T-DNA-specific primer for genotyping the T-DNA insertion site in
npy5 was PAC106-T-DNA (5'-ATATTGACCATCATACTCATTGC-3'). The gene-
specific primers for genotyping npy mutants are shown in Table S1.

The mutants for pid and its homologs all were T-DNA lines. The pid allele
was the SALK-049736 line as reported (18). The pid2 allele referred to the
line SAIL-269-G07, in which a T-DNA fragment was inserted at 2,010 bp
downstream of the ATG start codon of PID2. The wag1 mutant referred to
the SALK-002056. The T-DNA insertion was at 372 bp after the ATG start
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codon of WAGT1.The T-DNA allele of wag2 was the line SALK-070240, which
had a T-DNA insertion at 207 bp downstream of the ATG start codon of
WAG2. The T-DNA-specific primer for genotyping wag? and wag2 was the
JMLB1, and the T-DNA-specific primer for pid2 was SAIL-LB1 (5'-GCCTTTTC-
AGAAATGGATAAATAGCCTTGCTTCC-3’). The gene specific primers for
genotyping the PID homolog mutants are listed in Table S1.

Methods. We conducted the in situ RNA hybridization according to the
methods described (29). The full-length cDNA of NPY and PID genes were used
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