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Abstract

Leaves develop as planar organs, with a morphology that is specialized for photosynthesis. Development of a planar
leaf requires genetic networks that set up opposing adaxial and abaxial sides of the leaf, which leads to establish-
ment of dorsoventral polarity. While many genes have been identified that regulate adaxial and abaxial fate there is
little information on how this is integrated with cellular function. EMBRYO DEFECTIVE DEVELOPMENT1 (EDD1) is a
nuclear gene that encodes a plastid and mitochondrial localized glycyl-tRNA synthetase. Plants with partial loss of
EDD1 function have changes in patterning of margin and distal regions of the leaf. In combination with mutations in the
MYB domain transcription factor gene ASYMMETRIC LEAVES1 (AS1), partial loss of EDD1 function results in leaves
with reduced adaxial fate. EDD1 may influence leaf dorsoventral polarity through regulating the abaxial fate genes
KANADI1 (KAN1) and ETTIN (ETT)/AUXIN RESPONSE FACTORS3 (ARF3) since these genes are upregulated in the edd1
as1 double mutant. SCABRA3 (SCA3), a nuclear gene that encodes the plastid RNA polymerase is also required for
leaf adaxial fate in the absence of AS1. These results add a novel component to networks of genetic regulation of leaf
development and suggest that organelles, particularly plastids, are required in leaf patterning. Potentially, signalling
from organelles is essential for coordination of different cell fates within the developing leaf.
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Introduction

Plant shoots are initiated during embryogenesis, when the sin-
gle cell zygote undergoes cell divisions to form a basal root
meristem and a shoot apical meristem. During vegetative
development, cells on the flanks of the shoot apical meristem
are recruited into the production of leaves. In Arabidopsis,
initiating leaves develop into determinate, flattened structures
with morphologically distinct dorsoventral polarity. The adax-
ial (dorsal) side of the leaf is specialized for capture of light
energy and the abaxial (ventral) side of the leaf is specialized
for gas exchange, so that leaf dorsovental polarity is optimized
for photosynthesis.

Development of leaf dorsoventral polarity requires jux-
taposition of adaxial and abaxial fates and, in the absence
of either fate, leaves develop as radial organs. Dorsoventral
polarity is determined by distinct adaxial and abaxial fac-
tors. Class III HD-ZIP transcription factor genes REVOLUTA
(REV), PHABULOSA (PHB), and PHAVULOTA (PHYV) are
expressed on the adaxial side of lateral organs and act redun-
dantly in adaxial fate (McConnell et al., 2001; Otsuga et al.,
2001; Emery et al., 2003; Prigge et al., 2005). While loss of
PHB and PHYV has no phenotypic effect, loss of REV results
in a reduced number of lateral branches and floral organs, as
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well as vascular patterning defects (Talbert et al., 1995; Zhong
and Ye, 1999; Otsuga et al., 2001; Emery et al., 2003; Prigge
et al., 2005). Loss of these three class III HD-ZIP genes in tri-
ple mutants results in radial organs (Emery et al., 2003; Prigge
et al., 2005). Dominant mutations, which disrupt posttran-
scriptional regulation of REV, PHB, and PHV by mirl65/166,
result in radial, adaxialized leaves, and in the dominant phb-1d
mutant PHB expression is expanded to the abaxial side of the
leaf (McConnell et al., 2001; Emery et al., 2003; Kidner and
Martienssen, 2004; Zhong and Ye, 2004). Class I[II HD-ZIP gene
expression is also restricted to the adaxial side of developing
leaves through a genetic pathway involving KANADI (KAN)
family genes. KANADI genes, which encode GARP-domain
transcription factors, are expressed on the abaxial side of lateral
organs and act redundantly to promote abaxial fate. Loss of
KANADII (KANTI) causes mild dorsoventral patterning defects
such as upward curled leaves and precocious development of
abaxial trichomes (Eshed et al., 2001, 2004; Kerstetter et al.,
2001). The extent of leaf adaxialization is increased as more
of the KANADI gene family members (KAN2, KAN3, and
KAN4) are mutated (Eshed et al., 2001, 2004). In kanl kan2,
for example, ectopic patches of adaxial fate on the abaxial side
of the leaf leads to ectopic abaxial lamina protrusions. In addi-
tion, ectopic expression of KANI throughout the leaf results in
development of radial, abaxial organs consistent with a require-
ment for KANI for abaxial fate (Eshed et al., 2001; Kerstetter
etal.,2001). Abaxial fate also requires the AUXIN RESPONSE
FACTOR (ARF) family genes ETTIN (ETT)/AFR3 and ARF4.
Loss of both ETT and ARF4 in the ett arf4 double mutant results
in leaves resembling kanl kan2 and kan mutants are enhanced
by loss of either ETT or ARF4. KANADI and ETT/ARF4 appear
to cooperate in specification of abaxial fate, and this could be in
part mediated by protein interaction between KANI1 and ETT
(Pekker et al., 2005; Kelley et al., 2012).

Initiation of organ primordia involves the transition of cells
from an indeterminate to a determinate cell fate. Two genes
involved in this transition are the MYB domain transcription
factor gene ASYMMETRIC LEAVESI (ASI) and the LOB/
ASL-domain transcription factor gene ASYMMETRIC LEAVES2
(4S2) (Byrne et al., 2000, 2002; Iwakawa et al., 2002; Lin et al.,
2003). AS1 is expressed throughout developing leaves whereas
AS?2 expression is restricted to the adaxial side of the leaf (Byrne
et al., 2000; Iwakawa et al., 2002, 2007). AS1 and AS2 act as a
heterodimer, which may serve to limit the activity of these two
proteins to the adaxial side of the leaf (Xu et al., 2003). AS/ and
AS?2 repress the expression of meristem homeodomain transcrip-
tion factor class I KNOX genes in determinate organs (Byrne
et al., 2000; Iwakawa et al., 2002; Lin et al., 2003). Loss of either
AS1 or AS? results in similar phenotypes with changes of leaf
shape to short, round and weakly epinastic leaves. Although
this phenotype does not suggest a prominent role in leaf dor-
soventral polarity, the function of 4S2 in adaxial fate is indi-
cated by the phenotype of plants overexpressing AS2, which
have leaves similar to kanl kan2, and AS2 is a direct target of
KANI regulation (Lin et al., 2003; Wu et al., 2008). In addition,
orthologues of 4S5/ in other dicotyledonous species, including
PHANTASTICA (PHAN) in Antirrhinum, CRISPA in pea, and
NSPHAN in tobacco, demonstrate a role for these ASI-related

genes in adaxial fate since loss or reduced function of these genes
results in abaxialized and radial leaves (Waites and Hudson,
1995; Waites et al., 1998; McHale and Koning, 2004; Tattersall
et al., 2005). Therefore in some species AS/ has a prominent
role in leaf adaxial fate. This function has either been reduced in
Arabidopsis or alternate pathways mask the contribution of 4S5/
to leaf dorsoventral polarity.

Several genes act in parallel with A4S/ and 4S2 in leaf adax-
ial fate and enhance the polarity defect of as/ and as2 mutants
resulting in trumpet-shaped or radial leaves. These genes
encode for proteins involved in a diverse range of biological
processes. These include trans-acting siRNA components that
are involved in small RNA-mediated cleavage of ETT and ARF4
transcripts; ARGONAUTE] (AGOL1); the histone deacetylases
HDT1/HD2A and HDT2/HD2B; proteasome complex proteins;
and Elongator complex proteins (Li et al., 2005; Garcia et al.,
2006; Huang et al., 2006; Yang et al., 2006; Ueno et al., 2007,
Kojima et al., 2011). Mutations in ribosomal protein genes also
enhance as/ leaf dorsoventral polarity defects (Pinon et al.,
2008; Yao et al., 2008; Horiguchi et al., 2011; Szakonyi and
Byrne, 2011). In the case of the piggyback (pgy) ribosomal pro-
tein gene mutants, the as/ pgy double mutants have ectopic lam-
ina outgrowths on the adaxial side of the leaf. These ribosomal
protein mutants enhance the adaxial defect of class III HD-ZIP
mutants and suppress the abaxial defect of mutants in KANADI
genes, suggesting that ribosomal proteins or the ribosome have
a specific function in leaf adaxial fate (Pinon ef al., 2008; Yao
et al., 2008). How ribosome function influences leaf dorsoven-
tral polarity is not known. Possibly reduced ribosome function
selectively affects expression of regulatory genes involved in
leaf dorsoventral polarity.

In this study, EMBRYO DEFECTIVE DEVELOPMENTI
(EDD1) has been identified as a gene that acts with A4S/ in leaf
adaxial fate. EDD1 encodes a glycyl-tRNA synthetase localized
to plastids and mitochondria, and loss-of-function mutations in
EDDI are embryo lethal (Uwer et al., 1998; Duchene et al.,
2001; Berg et al., 2005). However, the partial loss-of-function
mutant edd-3 is viable, revealing a role for organelles in leaf
development. Single edd! mutants alter patterning of marginal
and distal regions of leaves whereas edd! asl double mutants
have trumpet-shaped and radial abaxial leaves. Genetic inter-
actions and gene expression analysis indicate that adaxial fate
is sensitive to organelle function and suggest that EDD/ may
influence leaf dorsoventrality in part through KAN/ and ETT.

Materials and methods

Plant material and growth conditions

edd]-3 was an ethylmethane sulphonate (EMS)-induced mutation gen-
erated in an as/-1 background, as described previously (Byre et al.,
2002). eddl-4 was a Ds transposon insertion allele (GT_5_108612)
obtained from the European Arabidopsis Stock Centre (NASC) (Scholl
et al.,, 2000). pgy2-1, rev-6, kanl-2, and kan2-1 were obtained as
described previously (Pinon et al., 2008). sca3-1 was obtained from
José Micol. All mutants were in the Landsberg erecta (Ler) background.
For complementation analysis, a 10.5-kb genomic region encompassing
the EDD1 gene was cloned into the pMDC123 binary vector and trans-
formed into eddI-3 asi/+ plants by the floral dip method (Clough and
Bent, 1998; Curtis and Grossniklaus, 2003).



Molecular biology

DNA and RNA techniques were carried out using stand-
ard methods. Genotyping for eddl-3 was performed by PCR
using the primers 5-GCAGGTAGTGGATTGTTCAAGT-3' and
5'-CGCTCTGCTAGGACAGACC-3', followed by restriction diges-
tion of the product with Ddel, which cleaves the mutant allele but not
the wild-type allele. Quantitative reverse-transcription PCR (qRT-PCR)
analysis was carried out as previously described (Pinon et al., 2008).
Total RNA was extracted from 20 10-day-old seedlings using Trizol
(Invitrogen) and DNase treated prior to cDNA synthesis using Superscript
II reverse transcriptase (Applied Biosystems). qRT-PCR was carried
out using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich).
Three biological replicates were performed. Gene-specific primers
for qRT-PCR were KANI (5-GATCCAGCATTCAAAATCAGG-3'
and S5-TTTCTCGTGCCAATCTGGTCT-3'), KAN2 (5-TTTGCAT-
GGGAAGTTAATCG-3' and S5-TTGTTCCCGAGATGCTTGAT-3"),
ETT (5-GGAAAGCCTGATATCCCTGTC-3' and 5'-ACCATCCG-
AACAAGTGTTGA-3"), REV (5-ATATTCGATGAATCGGGTCGTA-3'
and  5-ATAACTCACATGTCTTCCCATCG-3") and  ACTIN2
(5-GCACCCTGTTCTTCTTACCG-3'and5'-AACCCTCGTAGATTGG-
CACA-3"). qRT-PCR data was analysed using MJ Opticon Monitor Data
Analysis software. Gene transcript accumulation was normalized to
ACTIN2. Statistical analysis was carried out using ANOVA and values
=0.01 were considered significant.

In situ hybridization

RNA in situ hybridizations were performed as previously described
using a DIG-labelled antisense probe generated from a linearizing plas-
mid carrying the 5' region of FIL (Long et al., 1996; Siegftried et al.,
1999).

Histology

Tissue for sectioning was fixed in 2.5% glutaraldehyde, dehydrated in
an ethanol series to 100% and embedded in Technovit 7100 (Heraeus).
Resin-embedded samples were sectioned to 10 um, and stained with
0.1% toluidine blue. For analysis of leaf morphology, three leaves of
each genotype were analysed.

Results

edd1 is a weak mutant allele of a nuclear gene
encoding an organelle-localized glycyl-tRNA
synthetase

In a genetic screen for modifiers of as/ a mutant that produced
radialized leaves was identified. To identify the new enhancer
of asl a mapping population was generated by crossing as/
plants carrying the enhancer in Ler to Col-0. Analysis of 1050
chromosomes from double mutants located the enhancer to a
44-kb region on chromosome 3 between 17.756 and 17.803 kb.
Candidate genes in this region were sequenced and revealed
a G to A base pair change in the coding sequence of the gene
At3g48110. This gene encodes a glycyl-tRNA synthetase
(GlyRS). Aminoacyl-tRNA synthetases catalyse the addition of
amino acids to their cognate tRNAs (Dang, 1986). At3g48110
has been previously named EDD/ (Uwer et al., 1998). The new
mutant allele of this gene was therefore named edd/-3. Unless
otherwise stated, this allele will be referred to here as edd|.
EDD] is composed of 33 exons and encodes a 117-kDa protein
of 1068 amino acids (Fig. 1A). EDDI has an N-terminal transit
peptide sequence that targets both plastids and mitochondria,
and this protein is likely to function in both organelles (Duchene
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et al., 2001). EDD1 is further divided into an N-terminal ‘a
domain’ and a C-terminal ‘b domain’ (Uwer et al., 1998). These
two domains share homology with the two subunit proteins of
GIlyRS from Escherichia coli. The ‘a domain’ shares 59% iden-
tity with the a subunit protein of GlyRS, which is involved in
ATP-dependent formation of the enzyme-bound aminoacyl-ade-
nylate, and the ‘b domain’ shares 36% identity with the 3 subunit
of GlyRS, which is involved in binding the tRNA (Nagel et al.,
1984; Toth and Schimmel, 1990; Uwer et al., 1998). The muta-
tion in eddl-3 resulted in a proline to leucine substitution in a
highly conserved amino acid (816) in the ‘b domain’ of the pro-
tein (Fig. 1A, 1B). Since the previously reported null insertion
mutant alleles, edd]-1 and edd]-S (designated here as eddi-2),
are homozygous embryo lethal (Uwer et al., 1998; Berg et al.,
2005), it is proposed that the mutation in edd-3 is a partial loss-
of-function allele, which encodes a protein that retains some
activity.

To confirm the new modifier of as/ is due to the mutation in
EDDI, a 10.5-kb genomic fragment encompassing EDD/ was
tested for complementation of the edd! as! mutant. In four inde-
pendent transgenic lines, the wild-type EDDI transgene fully
suppressed the trumpet and radial leaf phenotypes of edd! asi
and the phenotype of these transgenic plants was indistinguish-
able from as/ single mutants. Genetic analysis was also carried
out to determine whether the mutation in edd!-3 disrupts EDD1
function. eddl-3 was crossed with a Ds transposon insertion
allele (GT_5 108612), designated edd -4 (Fig. 1A). As reported
for eddl-1, homozygous eddl-4 individuals were not identified
and siliques of eddl-4/+ plants had 25% aborted seed, indicat-
ing this allele is embryo lethal. Plants from a cross of eddi-3
with edd[-4/+ resulted in 54% (n = 120) embryo lethality, and a
reciprocal cross of edd-4/+ with edd -3 resulted in 53% embryo
lethality (n = 99). The lack of complementation demonstrates
eddl-3 is a mutant allele of EDDI. Together, complementation
and allelism data confirm that the new enhancer of as/ is due to
mutation in EDD].

edd1 disrupts leaf development

To determine whether the new enhancer of as/ affects leaf devel-
opment independently to as/, the leaf phenotype of the single edd
mutant was examined. In wild type, rosette leaves were elongate
and rounded and have very subtle marginal serrations (Fig. 1C).
The edd ] mutant produced pointed leaves with more pronounced
marginal serrations but did not produce trumpet-shaped or radial
leaves (Fig. 1D, 1E). The edd] mutant was also characterized by
pale green tissue or chlorosis in regions where cells were under-
going proliferation and expansion, including the proximal region
of young leaves and immature floral organs (Fig. 1E). The extent
of pale tissue was progressively reduced during growth, such
that mature organs lacked visible chlorosis. In the majority of
plants, at least one cauline leaf had an abaxial outgrowth at the
distal tip of the leaf, and this outgrowth appeared to be associ-
ated with the midvein (Fig. 1F). The frequency of this phenotype
was rare in rosette leaves of plants grown at 22 °C, but increased
when plants were grown at 18 °C, where 70% of edd | plants had
at least one rosette leaf with an abaxial outgrowth at the distal
tip of the leaf.
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Fig. 1. The edd7 mutation is a partial loss-of-function allele of EDD1 that disrupts patterning in marginal and distal regions of leaves.
(A) The EDD1 gene, with exons displayed as blue boxes, interconnected by introns displayed as lines. Regions encoding an N-terminal
chloroplast and mitochondrial (CP/MT) transit peptide (green), the ‘a domain’ (red), and the ‘b domain’ (blue) are shaded. The sites of
the edd7-3 point mutation and other insertion mutant alleles are marked. (B) Alignment of selected region of glycyl-tRNA synthetase
genes from different species, showing that the edd7-3 point mutation causes a proline to leucine substitution in a highly conserved
amino acid, marked with an *. (C) Rosette of wild type. (D, E) Rosette of edd? (D) and in close-up (E), showing that leaves are pointed
and have more prominent serrations (arrowheads). Regions of pale green tissue are visible (E). (F) edd7 cauline leaves produce

an abaxial midvein protrusion (arrowhead). (G-J) edd1 does not alter cells of the leaf lamina but alters the region of the midvein.
Comparison of wild-type and edd1 cell number (G), cell size (H), number of cells in transverse sections that include midvein and leaf
blade (1), and distance between adaxial and abaxial leaf surfaces in the region of the leaf blade and midvein (J). Bars, 2mm (A-D). Error

bars (G-J) are standard deviations from three replicates.

To determine whether edd! disrupts morphology of the leaf,
the arrangements of cells in internal tissue layers of wild-type
and edd] leaves were compared in transverse sections of mature
leaves. In wild type, the palisade mesophyll comprises a subepi-
dermal layer of tall, narrow, closely packed cells on the adaxial
side of the leaf (Fig. SIA). edd! mutants also had a distinct pali-
sade mesophyll layer (Fig. S1C). Comparison of the palisade
mesophyll cell number and size showed no significant difference
between the wild type and the edd/ mutant (Fig. 1G, 1H). The
cell number in an area of the leaf transverse sections that included
the leaf vasculature and leaf lamina was also compared. edd! had
a slight increase in the number of cells in the transverse dimen-
sion compared with wild type (Fig. 1I). The distance between the
adaxial and abaxial sides of the leaf (thickness) was also used to
compare the morphology of edd! with wild type. There was no
difference in the thickness of the leaf in the region of the leaf

lamina, whereas the midvein thickness was greater in edd! com-
pared with wild type (Fig. 1J). The increase in cell number in the
edd] leaf may therefore be associated with a change in develop-
ment of the midvein. A change in the thickness of the midvein
may be associated with the abaxial outgrowth at the distal tip
of the leaf. However, the change in leaf shape in edd! does not
appear to be associated with major changes in internal mesophyll
morphology.

edd1 as1 mutants produce trumpet-shaped and
radial leaves

The edd] mutant had a more severe effect on leaf development
in the edd! asl double mutant. The as/ single mutant had short,
broad, rounded, and slightly epinastic leaves (Fig. 2A). By
comparison, the edd! as! double mutant had narrower leaves
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asl — eddl asl __

Fig. 2. edd1 as1 produces trumpet-shaped and radial leaves. (A) Rosettes of as?. (B) Rosettes of edd? as?. (C) A trumpet-shaped leaf
of edd1 as1, showing the abaxial (left) and adaxial (right) sides of a leaf. (D) A radial leaf of edd? as7, with minimal lamina and an abaxial
midvein protrusion (arrowhead). (E-G) Transverse sections through the midvein vasculature of wild type (E), edd? (F), and edd1 as? (G).
(H) edd1 as1 radial cauline leaves (arrowhead). (I, J) Transverse sections of moderately (I) and more severely (J) affected radial cauline
edd1 asT leaves. (K, L) in situ analysis of FIL in transverse sections of as? (K) and edd17 as7 (L) young vegetative shoots. Bars, 2mm

(A-D, H) and 50 pm (E=G, I-L).

than as/ (Fig. 2B). Rosette and cauline leaves of edd! asl were
often trumpet-shaped or radial (Fig. 2C, 2D, 2H). The inner
side of trumpet-shaped leaves was dark green and resembled
adaxial tissue, while the outer side was light green and resem-
bled abaxial tissue, suggesting that trumpet leaves had reduced
adaxial fate and were abaxialized (Fig. 2C). In addition, some
eddl asl leaves produced an abaxial outgrowth at the distal tip
of the leaf (Fig. 2D). To further determine whether leaf dors-
oventral polarity was disrupted in edd! asl, internal vascular tis-
sue in transverse sections of leaves from wild type, edd!, and
eddl asl were compared. In wild type, vasculature was oriented
along the dorsoventral axis with xylem tissue adaxial to phloem
(Fig. 2E). Vascular patterning in edd! was similar to wild type,
whereas vasculature of trumpet-shaped edd! asl leaves was
radial with phloem surrounding xylem, indicating these leaves
were abaxialized (Fig. 2F, 2G). In transverse sections of more
severely affected edd! as! radial cauline leaves, the vasculature
was disorganized in the proximal region of the leaf and was not
clearly evident in the distal region of the leaf, suggesting that
radial leaves may have a general reduction in dorsoventral polar-
ity (Fig. 21, 2J).

Expression of the gene FILAMENTOUS FLOWER (FIL) is
restricted to the abaxial side in developing leaves (Sawa et al.,
1999; Siegfried et al., 1999). To further examine leaf polarity in
eddl asl, the expression pattern of FIL in eddl asl leaves was
compared with wild type by in situ hybridization. The expression
of FIL was restricted to the abaxial side of as/ leaves (Fig. 2K).
In eddl asl radial leaves, FIL was expressed throughout

initiating leaves and, as leaves developed, FIL became more
highly expressed on the adaxial side of the leaf than on the abax-
ial side of the leaf (Fig. 2L). This expression pattern confirmed
that edd! asl leaves were compromised in adaxial fate. Based
on the single mutant phenotype, it is concluded that EDD]I has
a role in leaf dorsoventral polarity that requires A4S/, whereas
EDD] patterning of leaf margins and the distal tip of the leaf is
independent of 4S/.

edd1 interacts synergistically with pgy2 in leaf
development

Other enhancers of as/ with leaf shape phenotypes similar to
eddl are mutants in ribosomal proteins (Pinon et al., 2008; Yao
et al., 2008; Horiguchi et al., 2011; Szakonyi and Byrne, 2011).
Ribosomal proteins act with A4S/ to promote adaxial fate. In an
asl background, ribosomal protein mutants have ectopic out-
growths on the adaxial side of the leaf or have radial leaves.
Single ribosomal protein mutants have pointed and serrated
leaves like edd 1, but ribosomal protein mutants also have defects
in the internal palisade mesophyll, where cells are less closely
aligned than in wild type (Pinon et al., 2008; Yao et al., 2008;
Horiguchi et al., 2011; Szakonyi and Byrne, 2011). The edd!
mutant leaf phenotype therefore has some overlap with riboso-
mal protein mutants including pgyl, which is defective in the
ribosomal protein gene RPLI0aB, and pgy2, which is defec-
tive in the ribosomal protein gene RPLIC (Pinon et al., 2008).
To determine whether EDD]I regulates leaf development in a
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common genetic pathway with ribosomal proteins, edd! was
combined with pgy2 and the leaf phenotype in the double mutant
was analysed. Both edd! and pgy?2 single mutants had pointed
and serrated leaves (Fig. 3A, 3B). Compared with either single
mutant, the double mutant was reduced in size (Fig. 3C). Leaves
of the eddl pgy2 double mutant were pointed and serrated, had

eddl

eddl asko

eddl asl )

G ot . " el

4 27 = 40 ==
E I K
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%20 220
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5 5
= 10 —10 -
z ii " z
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18°C 22°C 26°C 18°C 22°C 26°C
Temperature Temperature

Fig. 3. Genetic interactions between edd? and pgy1 are
additive. (A) Rosette of edd?. (B) Rosette of pgy2. (C, D) Rosette
of edd? pgy2 (C) and in close-up (D), showing leaves with pale
margins (arrowheads), prominent serrations and an abaxial
midvein protrusion (arrows). (E, F) edd? as1 grown at 18 °C had
trumpet-shaped and radial leaves (arrowhead) (square in E is
enlarged in F). (G, H) Phenotype severity of as? pgy? and edd1
as1 grown at 18, 22, and 26 °C. The leaf phenotype severity was
scored, with *, **, and *** for mild trumpet shape, severe trumpet
shape, and radial leaf shape, respectively. Scores are means for
leaves of 20 individual plants. Bars, 2mm (A-E) and 1 mm (F).

pale margins, and had an abaxial outgrowth at the distal tip of the
leaf suggesting that these two mutations have additive effects on
leaf development (Fig. 3C, 3D).

The severity of the eddl asl leaf phenotype was found to be
temperature sensitive. Therefore the severity of the edd! asl and
asl pgyl leaf phenotypes were examined at 18,22, and 26 °C. The
eddl asl adaxial defect was most prominent when plants were
grown at 18 °C, where one-third of leaves were trumpet-shaped
or radial compared to a low level of defective leaves when plants
were grown at 22 and 26 °C (Fig. 3E-G). At all temperatures, the
severity of the leaf defect was greatest in late rosette and cauline
leaves. By contrast, the severity of the as/ pgyl leaf phenotype
was not increased by growth at 18 °C and instead the frequency
of abaxialized leaves in as/ pgy! mutants was decreased at 18 °C
(Fig. 3H). These leaf phenotypes and the genetic interactions
indicate that EDD/ and the ribosomal PGY genes act indepen-
dently in leaf development.

edd1 enhances rev and kan1 kan2 phenotypes

To establish whether EDD] interacts with other genes involved in
leaf dorsoventral polarity, edd! was combined with rev and with
kanl kan2, and the leaf phenotypes were compared to the single
mutants. 7ev mutants have long and narrow leaves and a reduced
number of lateral branches (Talbert et al., 1995; Zhong and Ye,
1999; Otsuga et al., 2001) (Fig. 4A, 4B). The eddl rev double
mutant had phenotypes of both single mutants. Leaves of the dou-
ble mutant were long, narrow, and serrated, had pale margins, and
often had an abaxial midvein protrusion (Fig. 4C, 4D). The edd!
rev double mutant had an increased number of leaves relative to
rev and many of these leaves were not associated with an axillary
branch (Fig. 4E). The edd rev mutant also had an abnormal pin-like
inflorescence, which produced a small number of flowers as well as
radial outgrowths that were interpreted to be rudimentary flowers
(Fig. 4F). The double mutant phenotypes indicate that EDDI and
the HD-ZIPIII gene REV have additive interactions in leaf develop-
ment and synergistic interactions in the inflorescence and suggest
that these genes act independently in organ development.

The kanl kan2 double mutant has small leaves with ectopic
leaf lamina protrusions from the abaxial side of the leaf (Eshed
et al.,, 2001) (Fig. 5A). In the edd! kanl kan2 triple mutant,
leaves were smaller and narrower than kan/ kan2 leaves and had
a significant reduction in abaxial ectopic outgrowths (Fig. 5B).
To further analyse the effect of edd! on kanl kan2 leaf dorsoven-
tral polarity, the morphology of edd! kanl kan2 and kanl kan2
leaves in transverse sections was examined. Leaves in the triple
mutants were more rounded than in kanl kan2, consistent with
reduced leaf lamina (Fig. 5C, 5D). Although kanl kan2 leaves
had reduced lamina, the leaf vasculature retained dorsoventral
polarity (Fig. 5E). In transverse section, edd! kanl kan2 leaf
vasculature was less organized than in kanl kan2 but vascula-
ture retained dorsoventral polarity (Fig. 5F). Together, the edd!
mutation suppressed the kanl kan2 ectopic abaxial outgrowths
and enhanced the leaf lamina expansion defect of kanl kan2 but
otherwise did not affect leaf dorsoventral polarity.

Genetic interactions between edd! and the leaf polarity genes,
rev and kanl kan2, indicated that EDD/ may influence leaf adax-
ial fate via a pathway partly involving these genes. To further test
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Fig. 4. edd1 enhanced rev inflorescence phenotypes. (A) edd?.
(B) rev. (C, D) edd1 rev showed an additive leaf phenotype
including long leaves that had serrations (arrowhead) (C) and
abaxial midvein protrusion (D). (E) edd7 enhanced the number
of cauline leaves and the number of leaves without branches
compared to rev. (F) edd1 rev produced disorganized floral
meristems with radial organs. Bars, 2mm (A-C, F).

this possibility, transcript levels of KANI, KAN2, ETT, and REV
in the edd! as] mutant were compared with wild type and the two
single mutants by qRT-PCR (Fig. 5G). Transcript levels of abaxial
fate genes, KANI, KAN2 and ETT, showed no significant changes
in the edd] single mutant compared to wild type and as/. In the
eddl asl double mutant, KAN2 showed no significant changes
compared to wild type and as/, whereas KANI and ETT were
upregulated in the double mutant. REV transcript levels showed
no change in either edd! as! or in the single mutants compared to
wild type. Expression of dorsoventral polarity genes in edd! asl
suggests either that the edd! asl abaxialized phenotype is due to
upregulation of KANI and ETT or that upregulation of these genes
is a consequence of reduced adaxial fate in edd! asl leaves. EDD1
may therefore not act as a canonical dorsoventral polarity gene.

edd1 and scabra3 act synergistically in organ
patteming

EDDI1 is targeted to plastids and mitochondria, and potentially the
adaxial defect in edd! asl mutants is due to reduced translation
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Fig. 5. edd1 alters the kan1 kan2 leaf phenotype. (A) Rosette of
kan1 kan2. (B) Rosette of edd1 kan1 kan2. (C) Transverse section
of kan1 kan2 leaf. (D) Transverse section of edd? kan1 kan2 leaf.
(E) Close-up of kan1 kanZ2 leaf midvein vasculature. (F) Close-up of
edd1 kan1 kanZ2 leaf midvein vasculature. (G) gRT-PCR expression
analysis of KANT, KAN2, ETT, and REV in wild type, as, edd1,
and edd17 as1 (**, P < 0.01). Bars, 2mm (A, B) and 50 pm (C-F).

in one or both of these organelles. Some other nuclear-encoded
genes encoding plastid-localized proteins required for nonpho-
tosynthetic functions of chloroplasts also disrupt leaf develop-
ment. One of these, SCABRA3 (SCA3), was used to test whether
disruption of plastid transcription affects leaf adaxial fate. SCA3
encodes the protein RpoTp, a nuclear-encoded, plastid-targeted
RNA polymerase (Hricova et al., 2006). SCA3 transcribes a
subset of plastid genes including genes coding for translational
machinery, such as ribosomal proteins and the plastid-encoded
DNA polymerase (Hajdukiewicz et al., 1997). Mutations in
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SCA3 result in reduced plant growth and abnormal leaf morphol-
ogy, including pale and serrate margins, similar to edd! (Hricova
et al., 2006) (Fig. 6A, 6B). Given the similarity between the leaf
phenotypes of sca3 and edd], the role of SCA3 in leaf develop-
ment and adaxial fate was examined by analysis of edd! sca3
and sca3 asl double mutants. The edd! sca3 double mutant was
greatly reduced in size, and leaves had large regions of pale green
and white tissue (Fig. 6C). Most leaves had an abaxial outgrowth
at the distal tip of the leaf, which occurred at a higher frequency
than in edd! (Fig. 6D). These abaxial protrusions were not pre-
sent in sca3. eddl sca3 mutants also had additional defects in
shoot development. The inflorescence formed a pale and trans-
lucent pin-like structure with rudimentary growths, which was
interpreted to be floral meristems that have failed to develop
organs (Fig. 6E). The enhanced phenotype of the edd! sca3 is
consistent with both EDD/ and SCA3 involvement in organ
development, and this may reflect the role of both genes in plas-
tid function. To determine whether plastid function is required
for adaxial fate, leaf development in the sca3 as/ double mutant
was examined. Like edd! asl, the sca3 asl double mutant pro-
duced trumpet-shaped leaves (Fig. 6F). Together, these results

eddl sca3

Fig. 6. sca3 interacts with edd? and as? in leaf development.
(A) Rosette of edd1. (B) Rosette of sca3. (C, D). Leaves of
edd1 sca3 showing chlorosis and abaxial midvein protrusion
(arrowheads). (E) edd1 sca3 floral meristems were surrounded
by radial organs (arrowheads). (F) sca3 as7 produced
trumpet-shaped leaves (arrowheads). Bars, 2mm (A-F).

indicate that organelles, particularly plastids, are involved in
organ patterning.

Discussion

EDD] is essential for plant viability and null mutations in this
gene are embryo lethal, which has precluded analysis of EDD1
function in plant development (Uwer et al., 1998). However,
eddl-3 described here is a partial loss-of-function mutation that
has uncovered a role for EDDI1 in leaf morphogenesis. edd!
asl leaves had trumpet-shaped and radial leaves with reduced
adaxial fate. Consistent with EDD1 function in adaxial fate the
abaxial genes KANI and ETT were upregulated in eddl asl
plants. edd! as! did not alter leaf dorsoventral polarity in the rev
mutant, although it is possible that interaction with this class III
HD-ZIP gene is masked by redundancy with PHB and PHYV.
Furthermore edd! suppressed abaxial outgrowths of kanl kan2
but reduced the leaf lamina expansion of kanl kan2. The edd!
kanl kan2 leaves are reminiscent of kanl kan2 leaves that have
further reduced abaxial fate through loss of KAN3 or YABBY
gene function (Eshed et al., 2004). Therefore EDD/ may influ-
ence adaxial as well as abaxial fate through the class IIIl HD-ZIP
and KANADI pathway. The edd! leaf has a shape similar to pgy
ribosomal protein mutants. However, genetic interactions and
temperature sensitivity of edd! asl and asl pgy mutants suggest
that EDD1 functions independent of ribosomes in leaf dorsoven-
tral polarity.

Single edd ] mutants had leaves with pronounced marginal ser-
rations. Leaf serrations are formed at regular intervals along the
leaf margin at localized points of auxin maxima, which are estab-
lished by the auxin efflux transporter PINFORMED1 (PIN1) and
the transcription factor CUPSHAPED COTYLEDON2 (CUC2)
(Kawamura et al., 2010; Bilsborough et al., 2011; Hasson et al.,
2011; Byrne, 2012). The more prominent serrations in edd!
may reflect a disruption in auxin gradients mediated by PIN1
and CUC2. edd] also produced an abaxial outgrowth at the dis-
tal tip of the leaf and these outgrowths appeared to be exten-
sions of the midvein. Although the nature and morphogenesis of
these outgrowths is unclear, they may reflect a lack of coordina-
tion between development of the vasculature and leaf lamina.
Similar outgrowths develop on the abaxial side of leaves that are
mutant for the two related zinc-finger transcription factor genes
JAGGED (JAG) and NUBBIN (NUB) (Dinneny et al., 2004,
2006; Ohno et al., 2004). In jag nub double mutants, these out-
growths have epidermal cells similar to vasculature, consistent
with the possibility that they represent vascular growth without
lamina growth. JAG and NUB promote growth of lateral organs.
During leaf development, JAG expression becomes restricted to
the distal region of the leaf, whereas NUB is expressed on the
abaxial side of the leaf (Dinneny et al., 2004, 2006; Ohno et al.,
2004). Possibly the abaxial outgrowth at the distal tip of the leaf
in edd] is associated with misregulation of JAG and NUB. The
leaf distal tip phenotypes edd! suggests that EDDI1 is differen-
tially required along the proximodistal axis of the leaf.

EDDI encodes a glycyl-tRNA synthetase that is local-
ized to plastids and mitochondria (Uwer et al., 1998; Duchene
et al., 2001). A reasonable prediction is that translation in these



organelles is disrupted in the edd/ mutant. Other mutants dis-
rupting the nonphotosynthetic functions of chloroplasts or mito-
chondrial function demonstrate both organelles are required
during leaf development. Weak or unstable mutations in a num-
ber of genes required for chloroplast function have defects in
development of the leaf palisade cell layer. The tomato gene
DEFECTIVE CHLOROPLASTS AND LEAVES (DCL) and
the closely related Arabidopsis gene AtDCL are nuclear genes
encoding plastid-localized proteins involved in ribosomal rRNA
processing (Bellaoui et al., 2003; Bellaoui and Gruissem, 2004).
In unstable dc/ mutants, plastid organization is aberrant and pali-
sade cells fail to expand in mutant sectors of the leaf (Keddie
et al., 1996). The Antirrhinum gene DIFFERENTIATION AND
GREEENING (DAG), which encodes a protein of unknown func-
tion, and the tobacco gene VARIEGATED AND DISTORTED
LEAF (VDL), which encodes a predicted plastid RNA helicase,
are required for the development of mesophyll cell chloroplasts
and for development of the leaf palisade (Chatterjee et al., 1996;
Wang et al., 2000). Another factor demonstrating a link between
chloroplast function and leaf development is CRUMPLED
LEAF (CRL) (Asano et al., 2004). CRL is a novel protein that
localizes to the outer envelope of plastids. In the c¢r/ mutant,
plastids are enlarged and planes of cell division are aberrant in
multiple tissues. In addition, mutation of the plastid-encoded
ribosomal protein gene 7p/36 in tobacco results in slender hypo-
nastic leaves (Fleischmann et al., 2011). Leaf morphology also
depends on mitochondrial function. For example, mutations in
AtFtsH4, a nuclear-encoded mitochondrial ATP-dependent met-
alloproteases, have asymmetric leaves with irregular serrations
and irregular arrangement of cells in the palisade (Gibala et al.,
2009). These mutants have abnormal mitochondria but also have
abnormal chloroplasts, so it is unclear whether the leaf defects
are a primary or secondary consequence of changes in mitochon-
drial function.

The correlation between nonphotosynthetic plastid func-
tion and leaf development has prompted the suggestion that
a plastid-derived signal promotes palisade cell division and
expansion (Chatterjee et al., 1996; Keddie et al., 1996). Many
plastid-localized proteins are nuclear encoded, and retro-
grade signalling, from the chloroplast to the nucleus, controls
expression of nuclear genes encoding plastid-localized proteins
involved in photosynthesis (Nott et al., 2006). Such retrograde
signalling may also control the transition from cell proliferation
to cell expansion (Andriankaja et al., 2012). Although significant
alteration in cell number or size in the leaf blade of edd/ was not
detected, it may be possible that small changes in palisade cell
division and/or expansion in edd! and sca3 lead to disruption
of the palisade and that, in combination with as/, this results
in reduced adaxial fate. One reason for the adaxial palisade
mesophyll possibly being more sensitive to signalling from the
chloroplast might relate to the duration of cell divisions in this
tissue, which is prolonged relative to that of adjacent epidermal
cells and spongy mesophyll cell layers (Donnelly et al., 1999).
In this case, EDD1 and SCA3 would be acting relatively late
in leaf patterning and subsequent to the initial establishment of
adaxial fate. Alternatively, the role of plastids in adaxial fate
may involve intracellular signalling to determine adaxial fate
that is independent of retrograde signalling. EDDI is likely to be
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essential for general cellular function. However, some aspects of
leaf development have a greater requirement for EDD1 function.
Although the mechanism by which EDDI affects development
remains speculative, it is clear that organelle function is critical
for leaf morphogenesis.

Supplementary material

Supplementary data are available at JXB online.
Supplementary Fig. S1. Transverse sections of wild-type and
edd] leaves
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