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a b s t r a c t

Phosphate (Pi) remobilization in plants is critical to continuous growth and development. AtATL80 is a
plasma membrane (PM)-localized RING E3 ubiquitin (Ub) ligase that belongs to the Arabidopsis T�oxicos en
Levadura (ATL) family. AtATL80 was upregulated by long-term low Pi (0e0.02 mM KH2PO4) conditions in
Arabidopsis seedlings. AtATL80-overexpressing transgenic Arabidopsis plants (35S:AtATL80-sGFP) dis-
played increased phosphorus (P) accumulation in the shoots and lower biomass, as well as reduced P-
utilization efficiency (PUE) under high Pi (1 mM KH2PO4) conditions compared to wild-type plants. The
loss-of-function atatl80 mutant line exhibited opposite phenotypic traits. The atatl80 mutant line bolted
earlier than wild-type plants, whereas AtATL80-overexpressors bloomed significantly later and produced
lower seed yields than wild-type plants under high Pi conditions. Thus, AtATL80 is negatively correlated
not only with P content and PUE, but also with biomass and seed yield in Arabidopsis. In addition,
AtATL80-overexpressors were significantly more sensitive to cold stress than wild-type plants, while the
atatl80 mutant line exhibited an increased tolerance to cold stress. Taken together, our results suggest
that AtATL80, a PM-localized ATL-type RING E3 Ub ligase, participates in the Pi mobilization and cold
stress response as a negative factor in Arabidopsis.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Phosphorus (P) is an essential macronutrient required for the
biogenesis of biomembranes and nucleic acids. P is also a critical
component of metabolic processes, such as the regulation of
enzymatic activities and signal transduction [1]. P is acquired by
plants in the form of phosphate (Pi) via Pi transporters in the roots.
Pi transporters regulate the remobilization of Pi from source organs
to sink organs, thereby sustaining growth under Pi-limited condi-
tions [2]. About 78% of stored Pi was demonstrated to be redis-
tributed from older leaves to sink organs in Arabidopsis thaliana [3].
Thus, Pi transporters play major roles in both initial Pi uptake and
its mobilization within plants [2]. In Arabidopsis, members of the
ra; P, phosphorus; Pi, phos-
ponse; PUE, phosphorus uti-

en deposited in the GenBank
TL80).
PHOSPHATE TRANSPORTER 1 (PHT1) family are localized to the
plasma membrane (PM) [4]. There are nine such PHT1 proteins,
eight of which are transcriptionally induced by Pi starvation [5,6].
Of these, PHT1;1, PHT1;4, PHT1;8, and PHT1;9 were each reported
to play a role in Pi acquisition in roots under Pi-sufficient conditions
[7,8]. PHT1;5 was shown to function in the remobilization of Pi
between source and sink organs [9]. The cellular roles of the rest of
the PHT1s remain unknown.

AtATL80 belongs to the Arabidopsis T�oxicos en Levadura (ATL)
family, which is composed of 80 members in Arabidopsis [10]. The
ATL family all contains the RING motif, and therefore is likely a
RING-type E3 ligase [11]. The ATL proteins have four additional
characteristic motifs; a trans-membrane domain, a basic amino-
acid-rich region, a conserved GLD tri-peptide sequence, and a C-
terminal diverse region. The cellular functions of basic amino-acid-
rich region and GLD tri-peptide sequence remain unknown. It was
proposed that the C-terminal diverse region mediates proteine-
protein interaction, and therefore may be the substrate binding
region [12]. Currently, the physiological roles of only a few ATL
family members are known. ATL31 regulates the ratio of carbohy-
drate to nitrogen via the Ub-26S proteasome-mediated degradation
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of 14-3-3 proteins [13]. ATL78 is a negative regulator of the cold
stress response and a positive regulator of drought stress response
in Arabidopsis [14]. Both ATLs are localized to the PM [13,14].

In this report, a possible cellular role of AtATL80 was investi-
gated in terms of Pi remobilization. An RT-PCR assay indicated that
AtATL80 is up-regulated by Pi starvation in Arabidopsis seedlings.
AtATL80 is localized at the PM. Phenotypic analyses of a loss-of-
function mutant (atatl80) and AtATL80-overexpressing transgenic
lines (35S:AtATL80-sGFP) suggested that AtATL80 is involved in Pi
mobilization as a negative regulator. Our data further suggest that
AtATL80 is a negative factor of the cold stress tolerance response in
Arabidopsis.
2. Materials and methods

2.1. Plant materials and growth conditions

The atatl80 T-DNA insertion mutant (SALK_046204) was ob-
tained from the Arabidopsis Biological Resource Center (ABRC).
Sterilized Arabidopsis seeds were sownwith various concentrations
(0, 0.02, 0.5, or 1 mM) of KH2PO4 as described previously [15] and
grown for 5e10 days. Arabidopsis seedlings were transferred to
modified MS medium [16] supplemented with 1% sucrose and 1.5%
agar, with high Pi (1 mM KH2PO4) or low Pi (50 mM KH2PO4), and
grown for additional 2 weeks. The total dry weight, P content, and P
utilization efficiency (PUE) were determined. Mature Arabidopsis
plants were irrigated with modified half-strength Hoagland solu-
tion supplementedwith 250 mMKH2PO4, as described by Nagarajan
et al. [9], and flowering time and seed yield were monitored.
2.2. RT-PCR and real-time qRT-PCR analyses

The isolation of total RNA fromvarious tissues in Arabidopsiswas
performed according to Ryu et al. [17]. The cDNA synthesis, RT-PCR,
and real-time qRT-PCR analyses were conducted as described
previously [17], using SYBR Premix Ex Taq II (Takara, Kyoto, Japan).
qRT-PCR data were obtained using the IQ5 optical system software
program (Bio-Rad, Hercules, CA, USA) and normalized to the
At4g26410mRNA levels [9]. The primers used in this study are listed
in Supplementary Table S1.
2.3. In vitro self-ubiquitination assay

The in vitro self-ubiquitination assay of the bacterially-
expressed GST-DNAtATL8060-197 and GST-DNAtATL8060-197/C130S

recombinant proteins (500 ng) was conducted according to the
established protocol [18]. Immuno-blot analysis was conducted
using anti-GST and anti-Ub antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) as described by Kim and Kim [19].
2.4. Subcellular localization assay of AtATL80-sGFP in tobacco leaf
epidermal cells

The GFP, AtATL80C130S-GFP, DTM-AtATL80C130S-sGFP, and PIP2-
mCherry proteins were transiently expressed in three-week-old
tobacco (Nicotiana benthamiana) leaves using the Agrobacterium-
mediated infiltration method as described previously [20].
2.5. Generation of 35S:AtATL80-sGFP transgenic plants

35S:AtATL80-sGFP overexpressing transgenic plants were
generated according to the method described previously [17]. Ho-
mozygous T3 lines were used in phenotypic analyses.
2.6. Measurement of total P content

Total P concentrationwas quantified using a modified version of
the U.S. Environmental Protection Agency method 365.2, as recor-
ded by Song et al. [21]. Total P content was measured using a
spectrophotometer (model DU800; Beckman Coulter, Brea, CA,
USA) at 650 nm, and expressed as total P/mg tissue dry weight.

2.7. Analysis of cold stress tolerance phenotypes

Light-grown three-week-old plants were subjected to a tem-
perature drop (0 �C for 1 h / �4 �C for 3 h / 4 �C for 3 h) as
described by Chinnusamy et al. [22] and then transferred to 22 �C.
The survival of stress-treated plants was monitored after one week.
The electrolyte leakage assay was conducted as described previ-
ously [14].

3. Results

3.1. AtATL80 is an Arabidopsis RING E3 Ub ligase that is localized to
the plasma membrane

Publicly accessible in silico data (www.genevestigator.com) and
Arabidopsis whole genome Affymetrix GeneChip (ATH1) analysis
[15] showed that the AtATL80 gene is induced by Pi starvation. The
aim of this study was to explore the in vivo role of AtATL80.

The AtATL80 gene encodes a 197-amino-acid protein
(Mr¼ 20.9 kDa) (Fig. 1A). AtATL80 shares over 70% of its amino-acid
sequence identity with other ATL RING E3 homologs from various
plant species (Supplementary Fig. S1). Roles of these AtATL80 ho-
mologs are unknown. As with other ATL family members, AtATL80
contains a single C3H2C3-type RING motif, putative trans-
membrane domain, basic amino-acid-rich region, end part of
conserved GLD motif, and C-terminal diverged region (Fig. 1A and
Supplementary Fig. S1).

When the 35S:AtATL80-sGFP construct was transiently
expressed in tobacco (N. benthamiana) leaf protoplasts, AtATL80-
sGFP was barely detected, probably due to self-ubiquitination. In
contrast, the AtATL80C130S-sGFP protein, in which the conserved
Cys residue in the RING motif was replaced by Ser, was predomi-
nantly detected in the PM. This localization pattern overlapped
closely with the PM-localized PIP2. The DTM-AtATL80C130S-sGFP
protein, which lacks the trans-membrane domain, was observed in
the cytosol (Fig. 1B).

The GST-AtATL80 fusion construct was expressed in Escherichia
coli. The full-length GST-AtATL80 was insoluble in bacterial cells,
likely due to the presence of the hydrophobic N-terminal trans-
membrane domain. The N-terminal transmembrane domain was
deleted, after which the GST-DNAtATL8060-197 mutant protein was
successfully expressed as a soluble protein in bacterial cells. Fig. 1C
revealed that the purified GST-DNAtATL8060-197 protein displayed
in vitro self-ubiquitination activity in the presence of Ub, ATP, E1,
and E2, detected by both anti-Ub and anti-GST antibodies. In
contrast, GST-DNAtATL8060-197/C130S showed a loss of self-
ubiquitination activity. Taken together, these results suggest that
AtATL80 is a PM-localized E3 Ub ligase in Arabidopsis.

3.2. The ATL80 gene is up-regulated during Pi starvation

RT-PCR analysis showed that AtATL80 was expressed in all tis-
sues examined, with its expression level being highest in mature
leaves and stems (Supplementary Fig. S2).

Arabidopsis seeds were sown on high Pi (1 mM KH2PO4), suffi-
cient Pi (500 mM KH2PO4), low Pi (20 mM KH2PO4), or Pi-deprived
(0 mM KH2PO4) substrate and grown for 5 and 10 days. AtATL80

http://www.genevestigator.com


Fig. 1. Sequence, sub-cellular localization, in vitro Ub ligase analyses, and expression profiles of Arabidopsis RING E3 Ub ligase AtATL80. (A) Schematic representation of the AtATL80
gene (Genbank accession No. NM_101935.2) and its predicted protein. There is no intron in the AtATL80 gene. (B) Sub-cellular localization of the ATL80C130S-GFP protein. GFP and
PIP2-mCherry were used as specificity controls for cytosolic and PM-localized proteins, respectively. Scale bars ¼ 10 mm. (C) In vitro self-ubiquitination assay of GST-DNAtATL8060-197

and GST-DNAtATL8060-197/C130S fusion proteins (500 ng). Reaction products were analyzed by immuno-blotting with anti-GST antibody (upper panel) and anti-Ub antibody (lower
panels). High-molecular-mass self-ubiquitinated ladders are indicated by vertical dashed lines. (D) Induction patterns of AtATL80 under different Pi conditions. GAPDH C (glycer-
aldehyde-3-phosphate dehydrogenase C subunit) was used as a loading control. At4 and MYB62 were used as representative Pi starvation-response marker genes. (E) Induction of
AtATL80 in response to Pi-deprived (0 mM) conditions in shoot and root tissues of Arabidopsis seedlings.
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was up-regulated by 500 mM Pi treatment, and attained a maximal
induction level via 10 days of 0e20 mMPi treatment, indicating that
AtATL80 was induced in response to long-term Pi starvation in
Arabidopsis seedlings (Fig. 1D). The At4 andMYB62 genes were used
as representative Pi starvation-response (PSR) marker genes [9,16].
The At4 marker gene was strongly induced by a limited Pi supply
(0e20 mM) for 5 days, while the induction of MYB62 was detected
after 10 days of 20 mM Pi treatment. The induction of AtATL80 in
response to low Pi conditionwas more evident in shoots than roots
(Fig. 1E).
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3.3. Dry weight, total P content, and P utilization efficiency were
altered in atatl80 mutant and 35S:AtATL80-sGFP transgenic plants
in the presence of high Pi

Expression of AtATL80 is modulated by different concentrations
of Pi (Fig. 1D and E). Therefore, it was hypothesized that AtATL80
plays a role in Pi metabolism. Wild-type, atatl80 T-DNA knock-out
mutant (atatl80) (Supplementary Fig. S3A and B), and AtATL80-
sGFP-overexpressing transgenic (35S:AtATL80-sGFP)
(Supplementary Fig. S3C) Arabidopsis plants were grown in high Pi
(1 mM) or low Pi (50 mM) conditions for additional two weeks
(Fig. 2A). Under high Pi (1 mM) conditions, the dry weight of the
three-week-old wild-type plants was 21.7 ± 0.8 mg/5 seedlings,
while that of atatl80mutant was 26.9 ± 1.0 mg/5 seedlings (Fig. 2B).
This suggests that loss of AtATL80 resulted in a slight increase in dry
weight under high Pi conditions. In contrast, the dry weight of
35S:AtATL80-sGFP transgenic plants was markedly reduced to
10.5 ± 0.6e14.8 ± 0.5 mg/5 seedlings under the same conditions.
Thus, AtATL80 appeared to have a negative impact on seedling
growth under high Pi conditions.

Total P content per mg of dry weight was also affected under
high Pi conditions. Fig. 2C revealed that the P content of the wild-
type shoot tissues was 366 ± 6.0 mmol/mg DW with 1 mM Pi
supply. The mutation of AtATL80 reduced the P content to
316 ± 14.0 mmol/mg DW, while the overexpression of AtATL80
increased P content to 500 ± 20.0e538 ± 14.0 mmol/mg DW. These
results indicate that loss and overexpression of AtATL80 resulted in
the decrease and increase, respectively, of P content in shoot tissues
under high Pi conditions.

P utilization efficiency (PUE) is defined as the amount of
biomass produced per unit of total P accumulated in the shoots
[21]. When compared with the PUE (2.9 ± 0.1� 10�2 g DW/mg P) of
the wild-type plants, that of the atatl80 mutant increased by
approximately 17% (3.4 ± 0.2 � 10�2 g DW/mg P), whereas the PUE
of 35S:AtATL80-sGFP transgenic plants decreased by approximately
35% (1.9 ± 0.1� 10�2 g DW/mg P) to 28% (2.1 ± 0.1� 10�2 g DW/mg
Fig. 2. Dry weight, total P content in the shoots, and PUE of wild-type (WT), atatl80 mutan
KH2PO4). (A) Overall morphology of three-week-old Arabidopsis plants. (BeD) Dry weight (B
plants (n ¼ 12 replicates of 5 seedlings each). Error bars indicate ±SE. Double (**) and tripl
P < 0.01 and P < 0.001, respectively.
P) (Fig. 2D). Taken together, our phenotypic analyses showed that
the overexpression of AtATL80 caused P to accumulate in shoot
tissues, and thereby decrease seedling growth and PUE. This raised
the possibility that AtATL80 may be negatively involved in Pi dis-
tribution in shoot tissues under high Pi conditions.

However, the phenotypes of wild-type, atatl80 mutant, and
AtATL80-overexpressors were similar under low Pi (50 mM) condi-
tions (Supplementary Fig. S4AeD). In addition, the differences in
root phenotypes were undetected under both high Pi (1 mM) and
low Pi (50 mM) conditions (Fig. 2A and Supplementary Fig. S4A).
3.4. Overexpression of AtATL80 resulted in the delayed flowering
time and decrease in seed yield in sufficient Pi conditions

Under the sufficient Pi growth condition (250 mM KH2PO4 in
soil), wild-type Arabidopsis bolted approximately 28 days after
germination, while the atatl80 mutant bolted 25e26 days after
germination (Fig. 3A). AtATL80-overexpressors displayed a late
flowering phenotype and bolted 31e33 days after germination. At
32 days after germination, the inflorescence lengths of wild-type,
atatl80 mutant, and AtATL80 overexpressors were 8.0 ± 0.7 cm,
13.0 ± 0.5 cm, and 0.3 ± 0.1 (line #1) e 1.8 ± 0.3 (line #2) cm,
respectively (Fig. 3B). These results indicated that the loss of
AtATL80 resulted in earlier flowering. In contrast, the over-
expression of AtATL80 delayed flowering significantly under Pi
sufficient conditions.

Additionally, the effects of the mutation and overexpression of
AtATL80 on seed yield were monitored. As shown in Fig. 3C, seed
yield was not statistically different between wild type
(54.8 ± 1.5 mg/plant) and atatl80 mutant (56.8 ± 1.1 mg/plant)
plants. However, the seed yield of 35S:AtATL80-sGFP transgenic
plants was approximately 54e79% (11.5 ± 1.1e 25.1 ± 1.2 mg/plant)
lower than that of wild type plants (Fig. 3C), indicating that
constitutive expression of AtATL80 resulted in the reduction of seed
yield under Pi sufficient conditions.
t, and 35S:AtATL80-sGFP transgenic (lines #1 and #2) plants grown with high Pi (1 mM
), total P content in shoot tissues (C), and PUE (g dry weight mg�1 P) (D) of Arabidopsis
e asterisks (***) indicate the statistical significance as determined by Student's t test at



Fig. 3. Phenotypic analysis of mature wild-type (WT), atatl80 mutant, and 35S:AtATL80-sGFP transgenic plants fertilized with 250 mM KH2PO4. (A) Growth morphology of Arabi-
dopsis plants 30 days after germination. (B) Growth patterns of inflorescence stems of Arabidopsis plants 25e33 days after germination. Error bars represent ±SE (n ¼ 60). (C) Seed
yields (mg seeds per plant). Error bars represent ±SE (n ¼ 60). Triple asterisks (***) indicate significant differences at P < 0.001 (t-test). (D) Negative regulation of At4, AtPS3-1, and
PS2 by AtATL80. Relative expression levels of At4, AtPS3-1, and PS2 were determined by real-time qRT-PCR. At4g26410 was used as an internal control.
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We next examined the expression of Pi starvation-response
(PSR) marker genes. Real-time qRT-PCR results showed that the
transcript levels of At4, a member of the At4/IPS1 gene family
[23], were higher in the atatl80 mutant and lower in
35S:AtATL80-sGFP transgenic plants, relative to the wild-type
(Fig. 3D). The transcript levels of AtPS3-1, a member of the
glycerol-3-phosphate permease family [16], and AtPS2, a member
of a pyrophosphatase family [24], were also higher in the atatl80
mutant and lower in 35S:AtATL80-sGFP lines (Fig. 3D). These re-
sults indicate that the PSR genes are negatively regulated by
AtATL80 in Arabidopsis.

Overall, the mutation of AtATL80 produced an earlier-flowering
phenotype, whereas overexpression of AtATL80 resulted in a
delayed flowering time and decrease in seed yield under high Pi
conditions. Thus, it appears that AtATL80 acts as a negative factor
in flowering and seed yield in Arabidopsis. In addition, these
phenotypic properties were likely associated with the altered Pi
concentrations evidenced by the changes in the PSR gene
activities.
3.5. AtATL80 is negatively involved in cold stress tolerance response

Decreasing Pi concentrations were reported to increase sucrose
synthesis and photosynthetic activity, and thus trigger acclimati-
zation in response to cold stress [25]. The aforementioned results
indicate that the loss and overexpression of AtATL80 resulted in the
decrease and increase, respectively, of P content in shoot tissues
(Fig. 2). Arabidopsis plants grown with 250 mM KH2PO4 were sub-
jected to cold stress (0 �C for 1 h / �4 �C for 3 h / 4 �C for 3 h)
(Fig. 4A). The survival rates of cold stressed plants were monitored
one week after transfer from low-temperature to normal (22 �C)
condition. The survival rate of wild-type plants was 57.7 ± 3.2%,
while 75.5 ± 2.0% of atatl80 mutants survived (Fig. 4B). This in-
dicates that atatl80 mutants are more tolerant to cold stress than
wild type plants. In contrast, AtATL80-overexpressors showed
markedly reduced survival rates [24.7 ± 2.3% for line #1 and
23.1 ± 1.9 for line #2] compared to wild-type plants. Electrolyte
leakage was measured from leaves of cold-treated three-week-old
plants. Consistent with the results from whole plants, leaves from



Fig. 4. Overexpression of AtATL80 resulted in decreased tolerance to cold stress. (A) Schematic representation of the low-temperature treatment (0 �C for 1 h / �4 �C for
3 h / 4 �C for 3 h) under sufficient Pi conditions (250 mM Pi). (B) Survival rates of wild-type (WT), atatl80 mutant, and 35S:AtATL80-sGFP transgenic plants after cold stress. Results
are expressed as means ± SE from four independent experiments. More than 25 plants were used in each experiment. (C). Electrolyte leakage analysis. The degree of ion leakage of
cold stress-treated (�3, �6, �9, and �12 �C) leaves was monitored. Results are expressed as means ± SE from three independent experiments.
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transgenic lines #1 and #2 had higher rates of electrolyte leakage
than wild-type leaves in response to low temperature (Fig. 4C). In
contrast, atatl80 mutant leaves displayed lower electrolyte leakage
relative to wild-type leaves. Collectively, these results suggest that
AtATL80 is negatively involved in the cold stress tolerance
response.

4. Discussion

AtATL80 is a PM-localized RING E3 Ub ligase (Fig. 1AeC). The
AtATL80 gene was upregulated under low Pi conditions (Fig. 1DeE).
These AtATL80 expression profiles are reminiscent of those of Pi
remobilization transporter genes, such as PHT1;5, PHT2;1, and
GmPT1 [9,21,26]. Overexpression of AtATL80 caused P accumulation
in shoot tissues, lower biomass, and reduced PUE under high Pi
(1 mM) conditions compared to wild-type plants (Fig. 2). The loss-
of-function mutation of AtATL80 produced opposite phenotypes.
Thus, these phenotypic properties adversely resembled those of Pi-
remobilizing PHT1;5 transgenic lines. PHT1;5-overexpressors
possessed a larger biomass and decline in total P content in shoots
when grown in high Pi media relative to wild-type plants, whereas
the pht1;5 mutant exhibited the opposite phenotypes [9]. The PSR
genes, including At4, AtPS3-1, and AtPS2, were upregulated in
atatl80 mutant and down-regulated in AtATL80-overexpressing
plants (Fig. 3D). These results are in agreement with the results
indicating that atatl80 mutant and AtATL80-overexpresors con-
tained lower and higher Pi content, respectively, in the shoots
(Fig. 2C).

The atatl80 mutant line bolts earlier than wild-type plants,
whereas AtATL80-overexpressors possess late flowering pheno-
types (Fig. 3A and B). In addition, the degree of AtATL80 gene ac-
tivity is negatively linked to seed yield (Fig. 3C). Thus, AtATL80 is
negatively correlated not only with P content, but also with flow-
ering time and seed yield in Arabidopsis. These results are consis-
tent with the previous study that showed that PHT1;5-
overexpressing plants exhibited premature senescence along with
an increase in Pi remobilization [9]. In light of these results, we
speculated that AtATL80 may be involved in Pi mobilization within
shoot tissues as a negative regulator.

In addition, the overexpression of AtATL80 resulted in markedly
reduced tolerance to cold stress (Fig. 4). A relationship between Pi
signaling and cold stress response was proposed; cellular Pi con-
centrations influence cold acclimatization by affecting photosyn-
thetic carbon metabolism [25]. Lower Pi concentrations increased
sucrose phosphate synthase protein amount and sustained photo-
synthetic gene activities, which, in turn, positively affected accli-
matization to cold stress [25]. Overexpression of OsSPX1, which is
involved in Pi homeostasis in rice shoots, resulted in the decreased
leaf Pi content and improved cold tolerance in tobacco and Arabi-
dopsis plants [27]. Because P content in AtATL80-overexpressors
was significantly higher than in wild-type plants (Fig. 2C), the cold
stress-sensitive phenotype of 35S:AtATL80 plants may be associated
with decreased sucrose synthesis and photosynthetic activity. Thus,
our results suggest a possible functional link between Pi mobili-
zation and the cold stress tolerance response.

Overall, our data suggest that AtATL80, an Arabidopsis PM-
localized RING E3 Ub-ligase, participates in Pi mobilization and
cold stress response as a negative factor. The cellular mechanism by
which AtATL80 is involved in the Pi mobilization and cold response
is currently unknown. The root-specific Pi transporter PHT1s
(PHT1;1, PHT1;2, PHT1;3, and PHT1;4) are ubiquitinated by RING
E3 Ub ligase NLA, which indicates that PM-localized Pi transporters
are regulated by the ubiquitin system [28]. These results raised the
possibility that AtATL80 may be involved in the ubiquitination of
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PM-localized proteins, including Pi transporters. Thus, additional
experiments are needed to identify the target protein(s) of
AtATL80, and to decipher the links between AtATL80 and Pi
mobilization.
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