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Abstract
Arabidopsis ubiquitin ligases ATL31 and homologue ATL6 control the carbon/nitrogen nutri-

ent and pathogen responses. A mutant with the loss-of-function of both atl31 and atl6 devel-

oped light intensity-dependent pale-green true leaves, whereas the single knockout mutants

did not. Plastid ultrastructure and Blue Native-PAGE analyses revealed that pale-green

leaves contain abnormal plastid structure with highly reduced levels of thylakoid proteins. In

contrast, the pale-green leaves of the atl31/atl6mutant showed normal Fv/Fm. In the pale-

green leaves of the atl31/atl6, the expression ofHEMA1, which encodes the key enzyme for

5-aminolevulinic acid synthesis, the rate-limiting step in chlorophyll biosynthesis, was

markedly down-regulated. The expression of key transcription factorGLK1, which directly

promotesHEMA1 transcription, was also significantly decreased in atl31/atl6mutant. Finally,

application of 5-aminolevulinic acid to the atl31/atl6mutants resulted in recovery to a green

phenotype. Taken together, these findings indicate that the 5-aminolevulinic acid biosynthe-

sis step was inhibited through the down-regulation of chlorophyll biosynthesis-related genes

in the pale-green leaves of atl31/atl6mutant.

Introduction
Chlorophyll (Chl) biosynthesis is regulated primarily at the level of 5-aminolevulinic acid (ALA)
synthesis. In higher plants, ALA is synthesized from glutamate in the plastid in three enzymatic
steps. In the first step, the enzyme glutamyl-tRNA synthetase aminoacylates tRNAGlu with gluta-
mate, generating the substrate for plastid translation and tetrapyrrole biosynthesis. In the
following steps, tRNAGlu is reduced by glutamyl-tRNA reductase (GluTR) to glutamate-1-
semialdehyde, which is converted to ALA by glutamate-1-semialdehyde aminotransferase [1,2].
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Of the three enzymes responsible for ALA synthesis, GluTR is regarded as the main target
of regulatory mechanisms [3]. The transcription and activity of GluTR is controlled by light,
an endogenous clock, cytokinin and development [2–5]. In Arabidopsis, three HEMA genes
encode GluTR. HEMA3 is considered a pseudogene [6], whereas HEMA1 and HEMA2 encode
proteins that are 81% identical at the amino acid level [7,8]. Since HEMA1 is highly expressed
in photosynthetic tissues of leaves and stems, whereasHEMA2 is constitutively expressed at
low levels in all tissues, HEMA1 is considered the dominant form of GluTR for Chl biosynthe-
sis [9,10]. RNA interference (RNAi)-induced down-regulation of HEMA1 expression in Arabi-
dopsis and tobacco resulted in a reduction in plant Chl [5,11]. Furthermore, a hema1mutant
showed a yellowish phenotype, due to a drastically reduced level of Chl with severe growth re-
tardation [12]. Thus, regulating HEMA1 is essential for Chl biosynthesis.

Genes in the Arabidopsis Tóxicos en Levadura (ATL) family encode plant-specific putative
RING-type ubiquitin ligases with transmembrane domains. In Arabidopsis, the ATL family is
composed of 91 members [13,14]. ATL31 and its closest homolog ATL6 are membrane-
associated ubiquitin ligases, shown to be involved in the carbon/nitrogen (C/N) response by
regulating the stability of 14–3–3 proteins through their ubiquitination activity [15–17]. Plants
overexpressing full-length ATL31 or ATL6 (35S-ATL31 and 35S-ATL6) were insensitive to
high C/N stress conditions, whereas the single knockout mutants atl31–1 and atl6–1, as well as
an atl31–1/atl6–1 double knockout mutant showed increased sensitivity to high C/N stress
conditions [15,18]. ATL31 and ATL6 are also involved in the plant immune response.
35S-ATL31 showed enhanced resistance to the bacterial pathogen Pseudomonas syringae pv. to-
mato DC3000 and powdery mildew Bgh. [18,19]. Moreover, the double mutant, but not the
single mutants, showed increased susceptibility to Pst. DC3000. In contrast, the double mutant
and wild-type (WT) showed comparable resistance to Bgh entry [18,19]. In addition, the true
leaves of the atl31–1/atl6–1 double mutant had a pale-green phenotype during its early devel-
opmental stage [15]. However, the mechanism underlying this pale-green phenotype
remains unknown.

In this present study, we found that this phenotype was dependent on light intensity. Under
low light conditions, the double mutant appeared similar to WT, whereas under medium light
conditions, the double mutant showed a decreased level of Chl, an abnormal plastid structure
and reduced levels of plastid proteins on their true leaves. Expression analyses revealed that the
expression of HEMA1 and GLK1, which encodes key transcription factor for Chl biosynthesis
related genes including HEMA1, were markedly lower in the pale-green true leaves of the dou-
ble mutant than that in WT plants. Application of exogenous ALA could restore the pale-green
phenotype of the double mutant to a green phenotype, bypassing the reduction of HEMA1
function. These findings indicate the involvement of ATL31 and ATL6 to Chl biosynthesis by
controlling 5-aminolevulinic acid biosynthesis step through the down-regulation of
HEMA1 gene.

Materials and Methods

Plant materials and growth conditions
Columbia-0 was used as WT Arabidopsis. For germination, seeds were surface sterilized and
placed on Murashige and Skoog medium supplemented with 20 g l-1 sucrose formed by 4 g l-1

gellan gum. After 48 h cold treatment to synchronize germination, seeds were grown at 22°C
and 50% relative humidity under a 16/8 h light/dark cycle under indicated conditions of light
intensity. The 35S-ATL31, atl31–1, atl6–1, atl31–1/atl6–1 [15], and 35S-ATL6 [18] mutants
were obtained as described, and atl6–2 (SALK_134489) [20] was obtained from the Arabidop-
sis Biological Resource Center.
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Measurement of chlorophyll and Fv/Fm
Chl content and the Chl a/b ratio were determined as described [21]. The maximal photochem-
ical efficiency of PSII (Fv/Fm) was measured with a PAM-2000 chlorophyll fluorometer (Walz,
Germany) as described [22].

Molecular cloning
To generate an RNAi transgenic plant targeting ATL31 and ATL6, a fragment of complementa-
ry DNA encoding a truncated ATL6 was amplified by PCR using pENTRATL6 [18] as the
template and the primers shown in S1 Table. The resulting product was cloned into the
pENTR/D-TOPO vector (Life Technologies) to generate the plasmid pENTRATL6RNAi.
The ATL6RNAi fragment was recombined into the pHellsgate12 transfer-DNA binary vector
[23] according to the manufacturer’s directions (Life Technologies). All PCR products and in-
serts were verified by DNA sequencing.

Gene expression analysis
RNA isolation, reverse transcription and PCR were performed as described [24]. RT-PCR was
performed using normalized cDNA samples. PCR products were electrophoresed on agarose
gels and visualized by ethidium bromide staining. Quantitative real-time PCR was performed
with the SYBR Premix Ex Taq (TaKaRa) on an Applied Biosystems 7300 Real-Time PCR sys-
tem (Applied Biosystems) according to the manufacturer’s instructions. All signals were nor-
malized relative to the level of expression of EF1α, with relative gene expression calculated
using the ΔΔCT method. The primers used are listed in S1 Table.

Transmission electron microscopy
To assess plastid structure, first or second leaves from 2-week oldWT and atl31–1/atl6–1 plants
were fixed in 1% (w/v) glutaraldehyde, 4% (w/v) paraformaldehyde in 0.05 M phosphate buffer,
pH 7.4, for 2 h at room temperature, and washed several times with phosphate buffer. The sam-
ples were further fixed in 0.5% (w/v) osmium tetroxide, 0.15 M phosphate buffer, pH 7.4, for 2 h
at room temperature, washed twice with phosphate buffer, and dehydrated using an acetone se-
ries prior to infiltration with Spurr’s resin (Polysciences, Inc.). Following polymerization at 70°C
for 8 h, the ultra-thin sections were cut using an ultramicrotome (EM UC6, Leica Microsystems)
and viewed under a transmission electron microscope (H-7650, Hitachi).

Blue-Native PAGE, immunoblot analysis and CBB staining
BN-PAGE and immunoblot analyses were performed as described [25]. Total proteins were ex-
tracted from first or second true leaves of 2-week-old WT and atl31–1/atl6–1, with 8 mg of FW
used for BN-PAGE and 0.5 mg FW for immunoblotting. For immunoblot analyses, the trans-
ferred proteins were detected with antibodies to PsbC (CP43) and PsaA/PsaB (CP1) [26] and
with antibodies to PsbD and Lhcb1 (Agrisera, Sweden). For CBB staining, the proteins were vi-
sualized using EzStain AQua (ATTO).

Results

Double mutant atl31/atl6 developed light intensity-dependent pale-green
leaves
We previously found that the atl31–1/atl6–1 double mutant had pale-green true leaves during
early stages of development under normal growth conditions (MS medium, light/dark; 16 h/8
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h, 100 μmol m-2 s-1), with cotyledons similar to those of WT (Fig. 1 and [15]). These pale-
green leaves of mutant plants gradually turned green from the petiole to the leaf apex about
25 days after germination (Fig. 1), having green-colored leaves at the matured stage, similar to
those of WT plants (S1A and S1B Fig.). Efforts to identify the key factor responsible for this
phenotype in mutant plants found that the loss of pigment was dependent on light intensity
(Fig. 2A and 2B). Under low light (LL) conditions (40 μmol m-2 s-1), the color and Chl contents
of mutant true leaves were similar to those of WT. However, as light intensity increased, the
chlorophyll contents of mutant leaves were decreased (Fig. 2A and 2B). The ratio of Chl a to
Chl b (Chl a/b) in the mutant was similar to that of WT and independent of light intensity,
with leaves showing a pale-green color under medium light (ML: 100 μmol m-2 s-1) conditions
(Fig. 2C). In contrast to the double mutants, plants with single mutations in atl31–1 or atl6–1
and those overexpressing ATL31 and ATL6 did not develop any pale-green leaves even under
ML conditions (S2 Fig.). To exclude the possibility that this pale-green phenotype is caused by
the insertion of other T-DNA sequences, we generated another type of atl31/atl6 double mu-
tant, using different alleles of atl6mutants and RNAi. The double mutant of atl31–1 and
atl6–2, a null-mutant of ATL6 (S3A and S3B Fig.), showed a pale-green phenotype similar to
that of the atl31–1/atl6–1 double mutant (S3C Fig.). Moreover, we generated double knock
down transgenic plants for atl31 and atl6 by RNAi technique using the RNAi generating vector
pHELLSGATE12 [23]. This construct produced a hairpin RNA containing approximately
300 bp of the ATL6 coding region, sharing 75% identity with ATL31. Plants targeted by
ATL31/ATL6 also had a pale-green phenotype (S3C and S3D Fig.). These findings indicated
that a simultaneous loss of function of the ATL31 and ATL6 genes led to a light-dependent de-
crease in the amounts of Chl, with this decrease responsible for the pale-green phenotype.

Plastids of atl31/atl6 pale-green leaves had reduced inner membrane
structure
To investigate the mechanism by which knockout of the ATL31 and ATL6 genes resulted in a
pale-green phenotype, we examined plastid ultrastructure by transmission electron microscopy

Fig 1. Manifestation of the pale-green phenotype in the atl31–1/atl6–1 double mutant. Photographs of representative atl31–1/atl6–1 andWT plants over
time. Scale bar: 5 mm.

doi:10.1371/journal.pone.0117662.g001
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(TEM). Since the pale-green phenotype was gradually recovered from the petiole to the leaf
apex (Fig. 1), we separated a pale-green leaf into 3 sections along the proximal/distal axis to ob-
serve the recovering of color of the pale-green leaves (Fig. 3). Under ML conditions, WT plants
generated normal crescent-shaped chloroplasts containing plastoglobules, starch grains and
well-developed thylakoid structures including stromal thylakoids and grana stacks across

Fig 2. Dependence of the pale green phenotype of atl31–1/atl6–1 doublemutants on light intensity.
WT and atl31–1/atl6–1 plants were grown at the indicated light intensity for 2 weeks. (A) Photographs of
representative first or second leaves of each plant. Scale bar: 5 mm. (B) and (C) Chl amount and Chl a/Chl b
ratio (Chl a/b) in first or second leaves of each plant respectively. Error bars represent SD (n = 5). Statistical
significance was determined by ANOVA, followed by post-hoc Tukey’s tests. Means that differed significantly
(P<0.05) are indicated by different letters.

doi:10.1371/journal.pone.0117662.g002
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sections of the entire leaf (Fig. 3E–3G). In the same way, the bottom section of an atl31–1/
atl6–1 leaf plastid also showed a structure similar to that of WT under ML conditions
(Fig. 3A). However, middle section of atl31–1/atl6–1 leaf plastids was found to contain reduced
inner membrane structure (Fig. 3B). Furthermore, leaf plastids in the apex section of atl31/atl6
showed almost total loss of stromal thylakoids and reduced grana stacks (Fig. 3C). These fea-
tures of the mutant plastid did not resemble the properties of immature leaves or the process of
greening or the other pale-green mutants [27–31]. Under LL conditions, however, the struc-
tures of the atl31–1/atl6–1 plastids were similar to that of WT even in the leaf apex section
(Fig. 3D and 3H) which is consistent with the same Chl content in WT and atl31–1/atl6–1
(Fig. 2). Lower-magnification views were shown in S4 Fig.. These results suggest that plastid
biogenesis in the atl31–1/atl6–1 double mutants was impaired only during early leaf develop-
ment and in a light intensity-dependent manner.

Double mutant atl31/atl6 pale-green leaves had reduced levels of
thylakoid proteins
Since the structures of the plastids in atl31–1/atl6–1 resulted in abnormal leaves under ML con-
ditions, we investigated Chl-protein complexes by blue native-polyacrylamide gel electrophore-
sis (BN-PAGE). Total proteins from the leaves of 2-week-old WT and atl31–1/atl6–1 were
separated by BN-PAGE with 4–13% linear gradient gels followed by CBB staining. Although
the leaves of the double mutant (atl31–1/atl6–1) had normal levels of expression of Chl-protein
complexes, comparable with those of WT under LL conditions, the mutant leaves had marked-
ly reduced levels of Chl-protein complexes under ML conditions, despite these plants having
comparable amounts of RubisCO (Fig. 4A).

To confirm the decrease in Chl-binding proteins in atl31–1/atl6–1 under ML conditions, we
performed SDS-PAGE followed by Immunoblotting and CBB staining analyses on these

Fig 3. Plastid ultrastructure. Transmission electron microscopic images of first or second true leaves of 2-week old plants atl31–1/atl6–1 (A-D) andWT
(E-H) plants grown under ML (A-C and E-G) and LL (D and H) conditions. A red line on the left below representative leaves indicated the section of each
sample. Scale bar: 1 μm.

doi:10.1371/journal.pone.0117662.g003
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samples (Fig. 4A). We found that the PSII complex proteins PsbC and PsbD, and Lhcb1, a
major LHCII complex protein, were markedly reduced in approximately 10% of that in WT
(Fig. 4B). PsaA/B, which are PSI complex protein, were drastically reduced, to approximately
1% of that in WT (Fig. 4B). In contrast, the RbcL level of atl31–1/atl6–1 was normal or some-
what moderately decreased compared with WT (Fig. 4B). Since PSII and LHCII are dominant
in the grana stack and PSI is dominant in stroma thylakoids [34,35], the results of immunoblot
analyses were consistent with the plastid ultrastructure of pale-green leaves, which showed loss
of stromal thylakoids with reduced grana stacks (Fig. 3).

To determine whether the ratio of photo-damaged PSII was increased in the atl31–1/atl6–1
double mutant, we measured Fv/Fm, but found no significant difference between these plants
and WT, even when grown under ML conditions (Fig. 5). This result, showing that the ratio of
functional to total PSII in atl31–1/atl6–1 was comparable to that of WT, suggested that the
pale-green phenotype of atl31–1/atl6–1 was not caused by high light-induced PSII photodam-
age. This finding, taken together with the normal Chl a/b ratio in atl31–1/atl6–1, suggests that
the efficiency of photosynthesis in pale-green leaves of the double mutant was not damaged, al-
though the photoreactive capacity could be reduced under ML conditions.

DecreasedHEMA1 andGLK1 expression in atl31/atl6 pale-green leaves
Using quantitative real-time RT-PCR, we assayed the level of transcripts of photosynthesis-
related genes in WT and atl31–1/atl6–1 (Fig. 6A). Genes assayed included the plastid-encoded
RNA polymerase (PEP)-dependent rbcL and psaA genes; the nuclear-encoded-RNA

Fig 4. BN-PAGE and immunoblot analyses. (A) Separation and identification of the pigment-protein complexes in first and second true leaves of 2-week
old WT and atl31–1/atl6–1 plants grown under ML and LL conditions. The BN-PAGE gels were destained with 20%MeOH and 7% acetic acid to clarify the
bands of the pigment-protein complexes. The PSII dimer (PSII-D), PSI-LHCI supercomplex, RubisCO complex, CP29-CP24-LHCII trimer (LHCII assembly),
LHCII trimer (LHCII-T) and LHCII monomer (LHCII-M) were visualized in the BN-gel. Proteins were identified as described [25,32,33]. The positions of the
molecular markers are indicated on the right. (B) Immunoblot analyses and CBB staining of the plastid proteins in first and second true leaves of 2-week-old
WT and atl31–1/atl6–1 plants grown under ML conditions. Total leaf extracts were loaded onto 14% SDS—PAGE gels containing 4M urea. Immunoblot
analyses were performed using antibodies to PsbC, PsbD, Lhcb1 and PsaA/B, whereas RbcL was visualized by CBB staining. A dilution series of theWT
samples is indicated in percentage.

doi:10.1371/journal.pone.0117662.g004
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polymerase (NEP)-dependent rpoA and accD genes; and the nuclear-encoded CAB2 and
HEMA1 genes whose products are targeted to chloroplasts. Except for HEMA1, all of these
genes in WT and atl31–1/atl6–1 showed similar levels of expression in response to different
light intensity conditions (Fig. 6A). In contrast, the expression of HEMA1 in atl31–1/atl6–1
was much lower under ML than under LL conditions compared with that in WT (Fig. 6A). Pre-
viously, Golden 2-like (GLK) transcription factors GLK1 and GLK2 were identified as positive
regulator of nuclear photosynthetic genes including HEMA1 through direct binding to their
promoter sequences, resulting in pale-green phenotype of glkmutants [36]. Further analyses of
GLK1 and GLK2 transcript levels revealed that GLK1 was specifically down-regulated in
atl31–1/atl6–1 under ML condition as well as that of HEMA1 (Fig. 6B). Since HEMA1 is the
rate-limiting enzyme of tetrapyrrole biosynthesis [3], these results strongly suggest that the re-
duced HEMA1 expression in atl31–1/atl6–1 under ML conditions caused a down-regulation of
Chl biosynthesis, manifesting as a pale-green phenotype.

ALA application restored the normal phenotype of atl31/atl6
To confirm that Chl synthesis in the atl31–1/atl6–1 double mutant was impaired at the rate-
limiting step of ALA synthesis, and that limited ALA synthesis was responsible for the double
mutant pale-green phenotype, we tested the effects of the addition of ALA. WT and atl31–1/
atl6–1 plants grown under ML conditions were transferred to medium containing 0, 10, 30 and
100 μMALA nine days after germination and incubated for three days (Fig. 7A and 7B). The
amount of Chl recovery in atl31–1/atl6–1 was dependent on the concentration of ALA, with
the highest doses showing leaves similar to those of WT plants (Fig. 7B). Enlarged photographs
showed that newly emerging leaves near the petioles were the first to become fully green
(S5 Fig.). Taken together of all results indicated that the pale-green phenotype of atl31–1/
atl6–1 was caused by inhibition of 5-aminolevulinic acid biosynthesis through the down-
regulation of Chl biosynthesis-related genes expression.

Fig 5. Fv/Fmmeasurement. Effect of light conditions on the Fv/Fm of first or second true leaves of 2-week-
old WT and atl31–1/atl6–1 plants grown under ML or LL conditions. Error bars represent SD (n = 5).
Statistical significance was determined by ANOVA, followed by post-hoc Tukey’s tests. Means that differed
significantly (P<0.05) are indicated by different letters.

doi:10.1371/journal.pone.0117662.g005
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Discussion
The pale green phenotype of the atl31/atl6 double mutant was apparently due to a reduction in
HEMA1 expression, followed by a reduction in Chl biosynthesis. Our expression analysis
showed that HEMA1 expression in atl31/atl6 was markedly down-regulated under ML condi-
tions, whereas the addition of exogenous ALA resulted in the dose-dependent recovery of
WT phenotype.

The pale-green phenotype of atl31/atl6 was similar to that of a hema1mutant recently char-
acterized in Arabidopsis [12]. The plastid of this mutant, with 13% of the Chl present in WT,
contains markedly lower numbers of thylakoids but a normal level of RbcL. Similarly,

Fig 6. Expression of photosynthesis-related genes. Total RNA was extracted from 10-day-old WT and
atl31–1/atl6–1 plants grown under LL and ML conditions, and transcript levels of photosynthesis-related
genes,CAB2, HEMA1, rbcL, psaA, rpoA and accD (A),GLK1 andGLK2 (B) were measured by quantitative
real-time RT-PCR. EF1α was used as an internal control. The ratio of each transcript in atl31–1/atl6–1 plants
grown under ML vs. LL conditions were normalized relative to the ratio in WT plants. Error bars represent SD
(n = 3). Asterisks indicate statistically significant differences between the mutants andWT plants by Student’s
t-test (*, P< 0.001).

doi:10.1371/journal.pone.0117662.g006
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atl31/atl6 had approximately 20% of the Chl in WT, with a notably reduced inner membrane
structure under ML conditions and moderately reduced levels of RubisCO complex or RbcL.
The similar results observed in the hema1mutant and atl31/atl6 suggests that maturation of
the inner membrane structure of both plastid is impaired by the reduction in Chl level.

ATL31 and ATL6 are involved in the regulation of HEMA1 expression maybe through the
regulation of GLK1 expression. GLK genes encode a pair of partially redundant transcription
factors that are required for the expression of nuclear photosynthesis related-genes including
HEMA1 [36,37]. Since GLK regulates expression of Lhcb gene family as well as HEMA1, de-
creased amounts of Lhcb1 protein in atl31/atl6 double mutant was also consistent to this hy-
pothesis. Present study revealed that the expression of GLK1 was down-regulated in pale-green
leaves whereas that of GLK2 was not, ATL31 and ATL6 may regulate the expression of GLK1
specifically by unknown mechanism.

ATL31 and ATL6 function in growth regulation in response to C/N-nutrient availability
[15,16] and atl31/atl6 double mutant showed pale-green phenotype due to decreased Chl bio-
synthesis (this study), implicating close relationship between C/N-nutrient status and Chl bio-
synthesis. Actually, the primary C and N metabolism interacted at Glu biosynthesis reaction
through GS-GOGAT cycle [2,38], which provides Glu-tRNA, the substrate of ALA production
by HEMA1. In addition, 14–3–3 proteins, the ubiquitination targets of ATL31 and ATL6, are
involved in chloroplast biogenesis. The 14–3–3 protein family consists of 13 expressed iso-
forms, which bind to a wide variety of target proteins at phosphorylated motifs and function in
multiple developmental processes by regulating their activity or sub-cellular localization

Fig 7. Restoration from pale-green phenotype of the atl31–1 atl6–1 double mutant by exogenous ALA
application.WT and atl31–1/atl6–1 plants grown under ML conditions for 9 days were transplanted to
medium with and without ALA and incubated for 3 days. (A) Photographs of representative first or second true
leaves of each plant. Scale bar: 5 mm. (B) Amount of Chl in first or second true leaves of each plant. Error
bars represent SD (n = 5). Statistical significance was determined by ANOVA, followed by post-hoc Tukey’s
tests. Means that differed significantly (P<0.05) are indicated by different letters.

doi:10.1371/journal.pone.0117662.g007
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[39,40]. Compared with WT, larger numbers of chloroplasts were found in the roots of
14–3–3μ and 14–3–3νmutants, depending on the wavelength and intensity of light [41]. These
findings, taken together with defects in light sensing and/or response displayed by mutants of
14–3–3μ and 14–3–3ν [42], suggest that these 14–3–3 proteins may be the key integrators be-
tween light signaling and chloroplast biogenesis. Since 14–3–3 proteins are also involved in
light signaling that regulates HEMA1 transcription [40], ATL31 and ATL6 may be involved in
chloroplast biogenesis by regulating the stability of specific isoforms of 14–3–3 proteins in a
light intensity-dependent manner. To date, however, the detailed mechanism of the relation-
ship between 14–3–3 proteins and chloroplast biogenesis is still largely unknown.

Other ATL members may also participate in Chl biosynthesis. The pale-green phenotype of
atl31–1/atl6–1 was specific to true leaves and transient in younger developmental stages. In addi-
tion, the down-regulation ofHEMA1 expression only occurred early during true leaf develop-
ment, followed by a deficiency in plastid biogenesis. These results suggest that ATL31 and ATL6
regulateHEMA1 expression in true leaves of young plants early during development. Since the
ATL family in Arabidopsis consists of 91 members [14], other members of this family could be
participating in Chl biosynthesis at different developmental stages or in different tissues.

Although, determination of the detailed molecular mechanism by which ATL31 and ATL6
regulate HEMA1 expression is still unknown, further investigation of ATL31 and ATL6 pro-
vide us a new aspect of Chl biosynthesis regulation.

Supporting Information
S1 Fig. atl31–1/atl6–1 double mutants show no obvious difference at mature stage. Photo-
graphs of representative atl31–1/atl6–1 (A) and WT (B) plants at 40 days after germination
(DAG). Scale bar: 5 cm.
(TIFF)

S2 Fig. Single mutants of ATL31 or ATL6 and overexpressors of these proteins did not
show a pale-green phenotype. (A) Photographs of representative plants of 2-week mutant
plants grown under ML or LL conditions. Scale bar: 5 mm. (B) and (C) Chl amounts in the first
or second leaves of each mutant plants grown under ML (B) and LL (C). Error bars represent
SD (n = 5). Statistical significance was determined by ANOVA, followed by post-hoc Tukey’s
tests. Means that differed significantly (P<0.05) are indicated by different letters.
(TIFF)

S3 Fig. Manifestation of the pale-green phenotype in the double mutant atl31–1/atl6–2 and
after transfection of ATL31/6 RNAi. (A) Schematic diagram of the ATL6 gene structure and
the location of T-DNA insertions in the atl6–2 (SALK_134489) mutant. ATL6 consists of a sin-
gle exon (black box) with 5’- and 3’-UTRs (white boxes). (B) RT-PCR analysis of ATL6mRNA
transcript levels in the atl6–2mutant Total RNA from 4-week-old vegetative shoot tissues were
analyzed. EF1α, control expressed gene. (C) Photographs of representative atl31–1/atl6–2 and
ATL31/6 RNAi plants grown under ML conditions for 8 days. Scale bar: 1 mm. (D) RT-PCR
analysis of ATL31 and ATL6mRNA transcript levels in the ATL31/6 RNAi#4. Total RNA from
4-week-old vegetative shoot tissues were analyzed. EF1α, control expressed gene.
(TIFF)

S4 Fig. Plastid ultrastructure. Transmission electron microscopic images of first or second
true leaves of 2-week old plants atl31–1/atl6–1 (A-D) and WT (E-H) plants grown under ML
(A-C and E-G) and LL (D and H) conditions. The section of each sample was indicated by a
red line on the left below representative leaves. Scale bar: 1 μm.
(TIFF)
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S5 Fig. Restoration from pale-green phenotype of the atl31–1 atl6–1 double mutant by ex-
ogenous ALA application. Plants with the atl31–1/atl6–1 double mutation grown under ML
conditions for 9 days were transplanted to ALA containing medium and incubated for 3 days.
Photographs of representative plants are shown in upper panels. Middle panels show enlarged
first or second leaves and bottom panels show newly emerged leaves Scale bar: 5 mm.
(TIFF)

S1 Table. Primer sequences for vector constructs and gene expression assays.
(TIFF)

Acknowledgments
We thank Ms. Junko Kishimoto (Hokkaido Univ.) for excellent technical support.

Author Contributions
Conceived and designed the experiments: SM A. Tanaka JY. Performed the experiments:
SM A. Takabayashi THR HY TS. Analyzed the data: SM A. Takabayashi. Contributed
reagents/materials/analysis tools: A. Tanaka. Wrote the paper: SM JY.

References
1. Papenbrock J, Grimm B (2001) Regulatory network of tetrapyrrole biosynthesis—studies of intracellular

signalling involved in metabolic and developmental control of plastids. Planta 213: 667–681. PMID:
11678270

2. Tanaka R, Tanaka A (2007) Tetrapyrrole biosynthesis in higher plants. Annu Rev Plant Biol 58:
321–346. PMID: 17227226

3. Cornah JE, Terry MJ, Smith AG (2003) Green or red: what stops the traffic in the tetrapyrrole pathway?
Trends Plant Sci 8: 224–230. PMID: 12758040

4. Eckhardt U, Grimm B, Hörtensteiner S (2004) Recent advances in chlorophyll biosynthesis and break-
down in higher plants. Plant Mol Biol 56: 1–14.

5. Hedtke B, Alawady A, Chen S, Börnke F, Grimm B (2007) HEMARNAi silencing reveals a control
mechanism of ALA biosynthesis on Mg chelatase and Fe chelatase. Plant Mol Biol 64: 733–742.
PMID: 17571216

6. McCormac AC, Terry MJ (2002) Loss of nuclear gene expression during the phytochrome A-mediated
far-red block of greening response. Plant Physiol 130: 402–414. PMID: 12226519

7. Ilag LL, Kumar AM, Söll D (1994) Light regulation of chlorophyll biosynthesis at the level of
5-aminolevulinate formation in Arabidopsis. Plant Cell 6: 265–275. PMID: 7908550

8. Kumar AM, Csankovszki G, Söll D (1996) A second and differentially expressed glutamyl-tRNA reduc-
tase gene from Arabidopsis thaliana. Plant Mol Biol 30: 419–426. PMID: 8605295

9. McCormac AC, Fischer A, Kumar AM, Söll D, Terry MJ (2001) Regulation of HEMA1 expression by
phytochrome and a plastid signal during de-etiolation in Arabidopsis thaliana. Plant J 25: 549–561.

10. Ujwal ML, McCormac AC, Goulding A, Kumar AM, Söll D, et al. (2002) Divergent regulation of the
HEMA gene family encoding glutamyl-tRNA reductase in Arabidopsis thaliana: expression of HEMA2
is regulated by sugars, but is independent of light and plastid signalling. Plant Mol Biol 50: 83–91.

11. Kumar AM, Söll D (2000) Antisense HEMA1 RNA expression inhibits heme and chlorophyll biosynthe-
sis in Arabidopsis. Plant Physiol 122: 49–56. PMID: 10631248

12. Apitz J, Schmied J, Lehmann MJ, Hedtke B, Grimm B. (2014) GluTR2 complements a hema1 mutant
lacking glutamyl-tRNA reductase 1, but is differently regulated at the posttranslational level. Plant Cell
Physiol 55: 645–657. doi: 10.1093/pcp/pcu016 PMID: 24449654

13. Serrano M, Parra S, Alcaraz LD, Guzmán P (2006) The ATL gene family from Arabidopsis thaliana and
Oryza sativa comprises a large number of putative ubiquitin ligases of the RING-H2 type. J Mol Evol
62: 434–445.

14. Guzmán P (2012) The prolific ATL family of RING-H2 ubiquitin ligases. Plant Signal Behav 7:
1014–1021. doi: 10.4161/psb.20851 PMID: 22827943

E3 Ligase ATL31/6 on Chlorophyll Biosynthesis

PLOS ONE | DOI:10.1371/journal.pone.0117662 February 23, 2015 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117662.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117662.s006
http://www.ncbi.nlm.nih.gov/pubmed/11678270
http://www.ncbi.nlm.nih.gov/pubmed/17227226
http://www.ncbi.nlm.nih.gov/pubmed/12758040
http://www.ncbi.nlm.nih.gov/pubmed/17571216
http://www.ncbi.nlm.nih.gov/pubmed/12226519
http://www.ncbi.nlm.nih.gov/pubmed/7908550
http://www.ncbi.nlm.nih.gov/pubmed/8605295
http://www.ncbi.nlm.nih.gov/pubmed/10631248
http://dx.doi.org/10.1093/pcp/pcu016
http://www.ncbi.nlm.nih.gov/pubmed/24449654
http://dx.doi.org/10.4161/psb.20851
http://www.ncbi.nlm.nih.gov/pubmed/22827943


15. Sato T, Maekawa S, Yasuda S, Sonoda Y, Katoh E, et al. (2009) CNI1/ATL31, a RING-type ubiquitin li-
gase that functions in the carbon/nitrogen response for growth phase transition in Arabidopsis seed-
lings. Plant J 60: 852–864. doi: 10.1111/j.1365-313X.2009.04006.x PMID: 19702666

16. Sato T, Maekawa S, Yasuda S, Domeki Y, Sueyoshi K, et al. (2011) Identification of 14–3–3 proteins as
a target of ATL31 ubiquitin ligase, a regulator of the C/N response in Arabidopsis. Plant J 68: 137–146.
doi: 10.1111/j.1365-313X.2011.04673.x PMID: 21668537

17. Yasuda S, Sato T, Maekawa S, Aoyama S, Fukao Y, et al. (2014) Phosphorylation of Arabidopsis Ubi-
quitin Ligase ATL31 Is Critical for Plant Carbon/Nitrogen Nutrient Balance Response and Controls the
Stability of 14–3–3 Proteins. J Biol Chem 289: 15179–15193.

18. Maekawa S, Sato T, Asada Y, Yasuda S, Yoshida M, et al. (2012) The Arabidopsis ubiquitin ligases
ATL31 and ATL6 control the defense response as well as the carbon/nitrogen response. Plant Mol Biol
79: 217–227. doi: 10.1007/s11103-012-9907-0 PMID: 22481162

19. Maekawa S, Inada N, Yasuda S, Fukao Y, Fujiwara M, et al. (2014) The carbon/nitrogen regulator Ara-
bidopsis toxicos EN levadura31 controls papilla formation in response to powdery mildew fungi pene-
tration by Interacting with Syntaxin of Plants121 in Arabidopsis. Plant Physiol 164: 879–887. doi:
10.1104/pp.113.230995 PMID: 24394775

20. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, et al. (2003) Genome-wide insertional muta-
genesis of Arabidopsis thaliana. Science 301: 653–657. PMID: 12893945

21. Porra RJ, ThompsonWA, Kriedemann PE (1989) Determination of accurate extinction coefficients and
simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verifica-
tion of the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochem Biophys
Acta 975: 384–394.

22. Sakuraba Y, Balazadeh S, Tanaka R, Mueller-Roeber B, Tanaka A (2012) Overproduction of chl B re-
tards senescence through transcriptional reprogramming in Arabidopsis. Plant Cell Physiol 53:
505–517. doi: 10.1093/pcp/pcs006 PMID: 22285931

23. Helliwell C, Waterhouse P (2003) Constructs and methods for high-throughput gene silencing in plants.
Methods 30: 289–295.

24. Morita-Yamamuro C, Tsutsui T, Sato M, Yoshioka H, Tamaoki M, et al. (2005) The Arabidopsis gene
CAD1 controls programmed cell death in the plant immune system and encodes a protein containing
a MACPF domain. Plant Cell Physiol 46: 902–912. PMID: 15799997

25. Takabayashi A, Kurihara K, KuwanoM, Kasahara Y, Tanaka R, et al. (2011) The oligomeric states of
the photosystems and the light-harvesting complexes in the Chl b-less mutant. Plant Cell Physiol 52:
2103–2114. doi: 10.1093/pcp/pcr138 PMID: 22006940

26. Tanaka A, Yamamoto Y, Tsuji H (1991) Formation of chlorophyll-protein complexes during greening.
2. Redistribution of chlorophyll among apoproteins. Plant Cell Physiol 32: 195–204.

27. Adam Z, Charuvi D, Tsabari O, Knopf RR, Reich Z (2011) Biogenesis of thylakoid networks in angio-
sperms: knowns and unknowns. Plant Mol Biol 76: 221–234. doi: 10.1007/s11103-010-9693-5 PMID:
20859754

28. Zheng B, MacDonald TM, Sutinen S, Hurry V, Clarke AK (2006) A nuclear-encoded ClpP subunit of the
chloroplast ATP-dependent Clp protease is essential for early development in Arabidopsis thaliana.
Planta 224: 1103–1115. PMID: 16705403

29. Huang X, Zhang X, Yang S (2009) A novel chloroplast-localized protein EMB1303 is required for chlo-
roplast development in Arabidopsis. Cell Res 19: 1205–1216. doi: 10.1038/cr.2009.84 PMID:
19581937

30. Nagane T, Tanaka A, Tanaka R (2010) Involvement of AtNAP1 in the regulation of chlorophyll
degradation in Arabidopsis thaliana. Planta 231: 939–949. doi: 10.1007/s00425-010-1099-8 PMID:
20087600

31. Qiao J, Li J, ChuW, Luo M (2013) PRDA1, a novel chloroplast nucleoid protein, is required for early
chloroplast development and is involved in the regulation of plastid gene expression in Arabidopsis.
Plant Cell Physiol 54: 2071–2084. doi: 10.1093/pcp/pct148 PMID: 24132784

32. Schwenkert S, Umate P, Dal Bosco C, Volz S, Mlçochová L, et al. (2006) PsbI affects the stability,
function, and phosphorylation patterns of photosystem II assemblies in tobacco. J Biol Chem 281:
34227–34238. PMID: 16920705

33. Fu A, He Z, Cho HS, Lima A, Buchanan BB, et al. (2007) A chloroplast cyclophilin functions in the as-
sembly and maintenance of photosystem II in Arabidopsis thaliana. Proc Natl Acad Sci U S A 104:
15947–15952. PMID: 17909185

34. ChowWS, Kim EH, Horton P, Anderson JM (2005) Granal stacking of thylakoid membranes in higher
plant chloroplasts: the physicochemical forces at work and the functional consequences that ensue.
Photochem Photobiol Sci 4: 1081–1090. PMID: 16307126

E3 Ligase ATL31/6 on Chlorophyll Biosynthesis

PLOS ONE | DOI:10.1371/journal.pone.0117662 February 23, 2015 13 / 14

http://dx.doi.org/10.1111/j.1365-313X.2009.04006.x
http://www.ncbi.nlm.nih.gov/pubmed/19702666
http://dx.doi.org/10.1111/j.1365-313X.2011.04673.x
http://www.ncbi.nlm.nih.gov/pubmed/21668537
http://dx.doi.org/10.1007/s11103-012-9907-0
http://www.ncbi.nlm.nih.gov/pubmed/22481162
http://dx.doi.org/10.1104/pp.113.230995
http://www.ncbi.nlm.nih.gov/pubmed/24394775
http://www.ncbi.nlm.nih.gov/pubmed/12893945
http://dx.doi.org/10.1093/pcp/pcs006
http://www.ncbi.nlm.nih.gov/pubmed/22285931
http://www.ncbi.nlm.nih.gov/pubmed/15799997
http://dx.doi.org/10.1093/pcp/pcr138
http://www.ncbi.nlm.nih.gov/pubmed/22006940
http://dx.doi.org/10.1007/s11103-010-9693-5
http://www.ncbi.nlm.nih.gov/pubmed/20859754
http://www.ncbi.nlm.nih.gov/pubmed/16705403
http://dx.doi.org/10.1038/cr.2009.84
http://www.ncbi.nlm.nih.gov/pubmed/19581937
http://dx.doi.org/10.1007/s00425-010-1099-8
http://www.ncbi.nlm.nih.gov/pubmed/20087600
http://dx.doi.org/10.1093/pcp/pct148
http://www.ncbi.nlm.nih.gov/pubmed/24132784
http://www.ncbi.nlm.nih.gov/pubmed/16920705
http://www.ncbi.nlm.nih.gov/pubmed/17909185
http://www.ncbi.nlm.nih.gov/pubmed/16307126


35. Anderson JM, ChowWS, De Las Rivas J (2008) Dynamic flexibility in the structure and function of pho-
tosystem II in higher plant thylakoid membranes: the grana enigma. Photosynth Res 98: 575–587. doi:
10.1007/s11120-008-9381-3 PMID: 18998237

36. Waters MT, Wang P, Korkaric M, Capper RG, Saunders NJ, et al. (2009) GLK transcription factors co-
ordinate expression of the photosynthetic apparatus in Arabidopsis. Plant Cell 21: 1109–1128. doi:
10.1105/tpc.108.065250 PMID: 19376934

37. Waters MT, Moylan EC, Langdale JA. (2008) GLK transcription factors regulate chloroplast develop-
ment in a cell-autonomous manner. Plant J 56: 432–444.

38. Nunes-Nesi A, Fernie AR, Stitt M (2010) Metabolic and signaling aspects underpinning the regulation
of plantcarbon nitrogen interactions. Mol Plant 3: 973–996. doi: 10.1093/mp/ssq049 PMID: 20926550

39. Roberts MR (2003) 14–3–3 proteins find new partners in plant cell signalling. Trends Plant Sci 8:
218–223. PMID: 12758039

40. Denison FC, Paul AL, Zupanska AK, Ferl RJ (2011) 14–3–3 proteins in plant physiology. Semin Cell
Dev Biol 22: 720–727. doi: 10.1016/j.semcdb.2011.08.006 PMID: 21907297

41. Mayfield JD, Paul AL, Ferl RJ (2012) The 14–3–3 proteins of Arabidopsis regulate root growth and
chloroplast development as components of the photosensory system. J Exp Bot 63: 3061–3070. doi:
10.1093/jxb/ers022 PMID: 22378945

42. Mayfield JD, Folta KM, Paul AL, Ferl RJ (2007) The 14–3–3 proteins mu and upsilon influence transition
to flowering and early phytochrome response. Plant Physiol 145: 1692–1702. PMID: 17951453

E3 Ligase ATL31/6 on Chlorophyll Biosynthesis

PLOS ONE | DOI:10.1371/journal.pone.0117662 February 23, 2015 14 / 14

http://dx.doi.org/10.1007/s11120-008-9381-3
http://www.ncbi.nlm.nih.gov/pubmed/18998237
http://dx.doi.org/10.1105/tpc.108.065250
http://www.ncbi.nlm.nih.gov/pubmed/19376934
http://dx.doi.org/10.1093/mp/ssq049
http://www.ncbi.nlm.nih.gov/pubmed/20926550
http://www.ncbi.nlm.nih.gov/pubmed/12758039
http://dx.doi.org/10.1016/j.semcdb.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21907297
http://dx.doi.org/10.1093/jxb/ers022
http://www.ncbi.nlm.nih.gov/pubmed/22378945
http://www.ncbi.nlm.nih.gov/pubmed/17951453

