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Inorganic phosphate (Pi) is often a limiting plant nutrient. In members of the Brassicaceae family, such as Arabidopsis (Arabidopsis
thaliana), Pi deprivation reshapes root system architecture to favor topsoil foraging. It does so by inhibiting primary root extension
and stimulating lateral root formation. Root growth inhibition from phosphate (Pi) deficiency is triggered by iron-stimulated,
apoplastic reactive oxygen species generation and cell wall modifications, which impair cell-to-cell communication and meristem
maintenance. These processes require LOW PHOSPHATE RESPONSE1 (LPR1), a cell wall-targeted ferroxidase, and PHOSPHATE
DEFICIENCY RESPONSE2 (PDR?2), the single endoplasmic reticulum (ER)-resident P5-type ATPase (AtP5A), which is thought to
control LPR1 secretion or activity. Autophagy is a conserved process involving the vacuolar degradation of cellular components.
While the function of autophagy is well established under nutrient starvation (C, N, or S), it remains to be explored under Pi
deprivation. Because AtP5A/PDR2 likely functions in the ER stress response, we analyzed the effect of Pi limitation on
autophagy. Our comparative study of mutants defective in the local Pi deficiency response, ER stress response, and
autophagy demonstrated that ER stress-dependent autophagy is rapidly activated as part of the developmental root response
to Pi limitation and requires the genetic PDR2-LPR1 module. We conclude that Pi-dependent activation of autophagy in the root
apex is a consequence of local Pi sensing and the associated ER stress response, rather than a means for systemic recycling of the

macronutrient.

Inorganic phosphate (Pi) and phospho-anhydrides
function at the nexus of bioenergetics and metabo-
lism. Plant growth and performance are therefore ex-
quisitely sensitive to Pi availability, which is limited
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in terrestrial ecosystems by complex soil chemistry in-
volving iron (Fe) and other metals (Shen et al., 2011;
Lambers et al., 2015; Abel, 2017). To cope with a Pi
shortage, plants activate adaptive responses to enhance
Pi acquisition and recycling by reprogramming their
metabolism (Plaxton and Tran, 2011) and remodeling
their root system architecture (Péret et al., 2014). A Pi
shortage fosters the formation of a shallow root system
by attenuating primary root extension, promoting lat-
eral root development, and stimulating root hair for-
mation. These changes are typical growth responses
thought to maximize Pi-scavenging from topsoil, which
tends to be rich in this macronutrient (Lynch and Brown,
2001; Williamson et al., 2001; Lépez-Bucio et al., 2002;
Muiiller and Schmidt, 2004; Sanchez-Calderoén et al., 2005;
Gruber et al., 2013; Kellermeier et al., 2014). While met-
abolic adjustments to Pi limitation are systemically reg-
ulated by internal Pi status, many characteristic changes
in root system architecture are locally controlled by
heterogeneous Pi availability in the soil (Chiou and Lin,
2011; Zhang et al., 2014; Gutiérrez-Alanis et al., 2018).
Genetic approaches in Arabidopsis (Arabidopsis thaliana)
have identified several mutants and accessions with al-
tered sensitivities to the root growth inhibitory effect of
Pi deprivation (Chen et al., 2000; Chevalier et al.,
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2003; Ticconi et al.,, 2004; Reymond et al., 2006;
Sanchez-Calderén et al., 2006; Balzergue et al., 2017;
Mora-Macias et al., 2017). Several studies have pro-
vided compelling evidence for external Pi sensing at
the root tips, and this sensing possibility depends on
Fe availability and is further modulated by hormone
and peptide signaling pathways (Svistoonoff et al.,
2007; Ward et al., 2008; Ticconi et al., 2009; Muller
et al, 2015, Dong et al., 2017a; Gutiérrez-Alanis
et al., 2017; Singh et al., 2018).

We previously uncovered a central role for LOW
PHOSPHATE RESPONSE 1 (LPR1), its close paralog
LPR2, and PHOSPHATE DEFICIENCY RESPONSE 2
(PDR?2) in local Pi sensing. These genes are expressed
in cell type-specific but overlapping domains of the
root apical meristem (RAM) and root transition/early
elongation zone. LPR1/2 and PDR2 genes functionally
interact because the insensitive Ipr1;lpr2 mutations sup-
press the hypersensitive pdr2 short-root phenotype and
associated cellular hallmarks of the triple mutant on low
Pi (Ticconi et al., 2009; Miiller et al., 2015). While LPR1
encodes a cell wall-targeted ferroxidase (Miiller et al.,
2015), PDR2 codes for AtP5A (Ticconi et al., 2009), the
single orphan P5-type ATPase (AtP5A) in Arabidopsis
(Palmgren and Nissen, 2011; Serensen et al., 2015).
AtP5A functions in the endoplasmic reticulum (ER) and
is thought to control LPR1 biogenesis or LPR1 reactant
(Fe) availability in the apoplast (Jakobsen et al., 2005;
Dunkley et al., 2006; Miiller et al., 2015). When challenged
by low Pi, the genetic PDR2-LPR1 module mediates
rapid (<20 h) and cell type-specific Fe accumulation in
the apoplast, which triggers the generation of reactive
oxygen species (ROS) and callose deposition in cell walls
of the root apex, followed by inhibition of cell-to-cell
communication, RAM maintenance, and root extension
(Miiller et al., 2015). Apart from cell type-specific callose
buildup in the apex of Pi-deprived roots, loss of PDR2
substantially alters pectin deposition and composition,
expression of cell wall modifying enzymes, and root ex-
udation profiles (Hoehenwarter et al., 2016; Ziegler et al.,
2016). These observations support a function of AtP5A/
PDR? in secretory processes and cell wall remodeling.

The Arabidopsis family of P-type ATPases comprises
46 transporters of cations and lipids, which are di-
vided into five phylogenetic groups of distinct trans-
port properties (Palmgren and Nissen, 2011). The
substrate specificity and precise role of any AtP5A,
which are unique to the eukaryotes, remain to be elu-
cidated; however, loss of P5A-ATPase activity in yeast
(Saccharomyces cerevisiae) causes pleiotropic phenotypes
consistent with failure of basic ER functions, such as
protein folding or vesicle trafficking (Serensen et al.,
2015). As in yeast, disruption of AtP5A/PDR2 sensi-
tizes a subset of ER quality control responses (Jakobsen
et al., 2005; Ticconi et al., 2009). Adverse conditions
often cause accumulation of misfolded proteins in the
ER, a situation commonly summarized as ER stress. To
restore proteostasis, conserved ER stress transducers,
primarily the IRE1 (INISITOL-REQUIRING ENZYME-
1) pathway (Ron and Walter, 2007), activate a rescue
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program known as the unfolded protein response (UPR),
which (1) improves protein folding by up-regulating
molecular chaperones, (2) stimulates ER-associated deg-
radation of damaged proteins, and (3) reduces ER protein
load by attenuating synthesis of secretory proteins. If
severe ER stress persists and overwhelms the UPR,
cells activate macro-autophagy as a countermeasure to
remove portions of the ER by vacuolar degradation to
ease the burden of faulty protein accumulation
(Howell, 2013; Liu and Howell, 2016; Wan and Jiang,
2016; Strasser, 2018).

Macro-autophagy (“autophagy” for brevity) is an
evolutionary conserved process in eukaryotes for
degrading dysfunctional or superfluous cellular com-
ponents and recycling building blocks of macromole-
cules. More than 30 autophagy-related (ATG) genes
have been identified in yeast, and most ATG orthologs
are present in Arabidopsis (Liand Vierstra, 2012; Liu and
Bassham, 2012; Lv et al., 2014; Marshall and Vierstra,
2018). Autophagy is initiated in the cytoplasm via a
nascent, cup-shaped double membrane (a phagophore)
that elongates and laterally expands to enclose the tar-
geted components or even entire organelles. The de
novo formed autophagosome translocates to the vac-
uole, where its outer membrane fuses with the tono-
plast to release the cargo surrounded by its inner
membrane (autophagic body) into the vacuole for
degradation and recycling of its hydrolytic products
(Soto-Burgos et al., 2018). Under normal growth con-
ditions, cells maintain a basal level of autophagy for
continual clearance of damaged macromolecules and
organelles. However, plants activate autophagy dur-
ing various stress responses (such as starvation,
pathogen infection, and oxidative stress) and devel-
opmental transition (for example, germination, flow-
ering, or senescence; Liu and Bassham, 2012; Lv et al.,
2014; Marshall and Vierstra, 2018). While a function of
autophagy in nutrient recycling under C, N, or S
starvation has been established (Li and Vierstra, 2012;
Avila-Ospina et al., 2014; Ren et al., 2014; Dong et al.,
2017b), its role during Pi deficiency has received little
attention. Only a few studies in yeast, algae, and to-
bacco BY-2 cells have reported induction of autophagy
upon Pi deprivation, although to a much lesser extent
than under N starvation, a result explained by the high
capacity of vacuoles to store Pi or polyphosphates
(Tasaki et al., 2014; Shemi et al., 2016; Yokota et al.,
2017; Avin-Wittenberg et al., 2018; Couso et al., 2018).

We studied the impact of Pi deprivation on autoph-
agy in Arabidopsis roots because AtP5A /PDR2 likely
functions in the ER stress response (Jakobsen et al.,
2005; Ticconi et al., 2009) and ER stress may activate
autophagy (Liu et al., 2012; Howell, 2013; Wan and
Jiang, 2016; Yang et al., 2016). Results show that ER
stress-dependent autophagy is rapidly activated during
the developmental response of the root apex to Pi lim-
itation and requires the PDR2-LPR1 module. We pro-
pose that Pi-dependent activation of autophagy is a
consequence of Pi sensing rather than a venue for Pi
remobilization in the root apex.
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RESULTS
Phosphate Limitation Stimulates Autophagy in Root Tips

To monitor autophagy in Arabidopsis roots upon
Pi deprivation, we used two well-established cyto-
logical markers for autophagosomes: a fluorescent
reporter protein, GFP-ATGS, and a fluorescent dye,
monodansylcadaverine (MDC). ATGS is a ubiquitin-
like polypeptide and core component of the au-
tophagy machinery, which is encoded by nine genes
in Arabidopsis (ATG8a-ATG8i).The polypeptide is con-
jugated to membranes of autophagosomes throughout
their life cycle (Yoshimoto et al., 2004). Thus, GFP-ATGS
is an excellent marker for tracking autophagy from
phagophore expansion in the cytoplasm to autophagic
body degradation in vacuoles (Thompson et al., 2005;
Chung et al., 2010; Bassham, 2015; Marshall et al., 2015).
Alternatively, acidotropic dyes such as MDC weakly
stain the central vacuole, but they more strongly stain
smaller acidic compartments surrounded by lipid-rich
membranes (Bassham, 2015). MDC preferably labels
autophagic structures in plant cells and colocalizes with
GFP-tagged ATGS (Xiong et al., 2007; Patel and Dinesh-
Kumar, 2008; Liu et al., 2012), which we confirmed for
Arabidopsis root tips (Supplemental Fig. S1). Previously,
MDC staining of Arabidopsis root tips detected motile
autophagosomes under C, N, or S starvation, but not in
nutrient-replete conditions (Contento et al., 2005; Xiong
et al., 2005; Dong et al., 2017b).

We used MDC staining to monitor putative auto-
phagosomes in the wild-type (Col-0) root tips during
seedling transfer from Pi-replete (+Pi) to Pi-deprived
(-Pi) conditions for up to 4 d (Supplemental Fig. S2A).
We rarely detected punctate fluorescing structures in-
dicative of autophagosomes in the roots of +Pi seed-
lings (either germinated on or transferred to +Pi
medium), which showed diffuse MDC staining. How-
ever, within 1 d of seedling transfer from +Pi to —Pi
medium, we noticed appearance of fluorescent puncta
in cells of the RAM, and these features likely represent
MDC-labeled autophagosomes (Supplemental Fig.
S2A). To confirm autophagosome formation in Pi limita-
tion, we conducted nutrient shift experiments on the
transgenic p355::GFP-ATG8a wild-type seedlings (Fig. 1A).
We detected GFP-ATGS8a fluorescence almost exclu-
sively in the cytoplasm of +Pi root tips, which indicates
low-level constitutive autophagy. Within 20 h upon
transfer to —Pi, we clearly observed formation of GFP-
ATG8a-decorated autophagic structures, usually in the
RAM and transition zone of the wild-type roots
(Fig. 1A). The amount of ATG8-labeled autophagosomes
per section was about 2.5 times higher than in the +Pi
wild-type control (Fig. 1C).

To further support our observation of autophago-
some formation in the Pi-deprived wild-type roots, we
used transmission electron microscopy (Fig. 2), which is
the most reliable method for detecting autophagic
structures (van Doorn and Papini, 2013; Bassham, 2015;
Biazik et al., 2015). We prepared ultrathin sections of
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Figure 1. Phosphate (Pi) limitation activates autophagy in the root apex.
A and B, Detection of GFP-ATG8-labeled autophagosomes in Pi-
deprived root tips. GFP-ATG8a-derived fluorescence in primary root
meristems of the transgenic (p35S::GFP-ATG8a) Col-0 wild-type (WT)
(A) and pdr2 (B) seedlings after germination on +Pi agar (4 d) and
subsequent transfer to —Pi medium for 0 to 20 h. Right labels show that
in (A) and again in (B) are representative images of the transition zone
(TZ) and early elongation zone (EZ) (upper row), the RAM (middle row),
and detail of the RAM (lower row). Scale bars = 50 um (TZ/EZ, RAM)
and 20 um (detail). C, Quantification of GFP-labeled puncta (number of
autophagosomes per section) 20 h after transfer from +Pi to +Pi (black
bars) and from +Pi to —Pi (white bars) media (£sg; n = 15; **, P< 0.01).
D, Detection by immunoblot analysis (anti-GFP antibodies) of free
GFP (open triangle) derived from GFP-ATG8a (solid triangle) expressed
in the primary roots of the transgenic wild-type and pdr2 seedlings
upon their transfer (germinated for 4 d on a +Pi medium) to either +Pi or
—Pi medium for up to 4 d. Coomassie blue-stained total proteins are
shown below the blots to indicate the amount of protein loaded
per lane. Images of the +Pi transfer experiment were derived from
the same gel/probed membrane but cropped to remove the central
marker lane.
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Figure 2. Detection of autophagosomes by ultra-
structural analysis of representative cells within the
SCN of primary root meristems. A and B, Electron
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wild-type (WT) and pdr2 seedlings (germinated for
4 d on +Pi medium) to either +Pi (A) or —Pi (B)
medium for 20 h. Shown are overview and detail
images (scale bars, 1T um and 500 nm, respectively)
of cells within the SCN, with a focus on vacuoles.
Arrows in (A) point to myelin-like structures in
vacuoles of Pi-replete pdr2 roots (see detail 3, 4 of
respective rectangles in overview). Arrowheads in
(B) point to vacuoles in SCN cells of Pi-deprived
roots (overview), harboring diverse autophagic
bodies (detail, a-f). C, Vacuoles of SCN cells were
monitored for the presence or absence of auto-
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the RAM for ultrastructural analysis of cells within the
stem cell niche (SCN). Electron micrographs of the Pi-
replete wild-type root tips revealed only few small
structures in vacuoles (Fig. 2A). However, vacuoles in
the SCN of Pi-deprived roots contained a multitude of
autophagic bodies with diverse content, including
multiple membrane vesicles, tubular-like coiled struc-
tures, or putative degradation remnants (Fig. 2B).
Quantification indicated that the fraction of vacuoles in
the SCN harboring autophagic bodies was significantly
higher in Pi-deprived than in Pi-replete roots (Fig. 2C).
Thus, three independent approaches demonstrated
rapid activation of autophagy (within 1 d) in the wild-
type root meristems upon Pi deprivation.

Control of Autophagy by PDR2-LPR1 in
Phosphate Deficiency

Because loss of PDR2 causes hypersensitive responses
to low Pi in the root apex (Ticconi et al., 2004, 2009;
Miiller et al., 2015; Hoehenwarter et al., 2016; Ziegler
et al., 2016), we compared autophagosome formation
between the wild-type and pdr2 root tips upon seedling
transfer from a +Pi to a —Pi medium. MDC staining
revealed a few dot-like structures in Pi-replete pdr2
root tips, which increased in frequency and intensity
within 1 d upon Pi deprivation and indicated en-
hanced autophagosome formation relative to the
wild-type (Supplemental Fig. 52, A and B). MDC la-
beling of puncta in pdr2 root tips was transient and
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faded over time in a -Pi medium, which is likely
explained by rapid RAM disorganization and ensuing
cell death in pdr2 root meristems, as recently reported
(Miiller et al., 2015). Counterstaining with FM4-64, a
lipophilic dye decorating endomembranes, indicated
that MDC-labeled compartments are distinct from
vesicles derived by endocytosis (Supplemental Fig.
52C). We also observed more rapid formation of
autophagosomes in the lateral root tips of pdr2 seed-
lings under Pi deprivation than in those of the wild-
type (Supplemental Fig. S2D).

Analysis of pdr2 roots expressing the GFP-ATGS8a
marker revealed pronounced stimulation of autopha-
gosome formation within 12 h of Pi deprivation, which,
after 20 h, was more than 2-fold higher in Pi-deprived
pdr2 roots than in the wild-type roots and mirrored the
visible reduction of cytosolic fluorescence (Fig. 1, B and
C). To biochemically confirm autophagic activity, we
monitored proteolytic cleavage of GFP-ATGS8a, which
reflects the delivery of autophagosomal membranes to
vacuoles (Chung et al., 2010). Total proteins prepared
from root tips were separated and subjected to immu-
noblot analysis with GFP antibodies (Fig. 1D). Consis-
tent with the confocal data (Fig. 1, A-C), the results
showed that the levels of detectable GFP-ATGS as
well as GFP core protein increased in the wild-type
roots within 1 d of Pi deprivation. While on the first
day GFP-ATGS8 and GFP protein levels were similar in
the Pi-deprived wild-type and Pi-replete pdr2 roots, the
fraction of core GFP was noticeably larger in Pi-deprived
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pdr2 than in the wild-type roots, which points to accel-
erated GFP-ATGS processing in Pi-deprived pdr2 roots
(Fig. 1D). We validated Pi-dependent activation of au-
tophagy by analyzing the steady-state mRNA levels of
the root-specific ATG8 genes, ATG8e, ATGSf, and ATGSh
(Thompson et al., 2005); they increased within 1 d of Pi
deprivation in the wild-type root tips and further increased
in Pi-deprived pdr2 root tips (Supplemental Fig. S3).

Finally, an ultrastructural analysis of longitudinal
sections across the SCN indicated the presence of nu-
merous autophagic bodies in vacuoles of both Pi-replete
and Pi-deprived pdr2 roots (Fig. 2, A and B). Interest-
ingly, the putative autophagosomes often contained thin
tubular structures forming multiple-layer compartments
or tight concentric coils reminiscent of ER membranes
(Bernales et al., 2006; Liu et al., 2012; Zhuang et al., 2013).
As expected, after transfer to low Pi, the fraction of
vacuoles harboring autophagic bodies was more than
2-fold higher in pdr2 roots than in the wild-type roots
(Fig. 2C). Taken together, our data show that loss of
PDR?2 further stimulates autophagy activation in Pi-
deprived roots.

We previously reported that genetic inactivation of
ferroxidases, LPR1 and LPR2, prevents primary root
growth inhibition on low Pi and masks the Pi-conditional
pdr2 short-root phenotype of the pdr2;lprl;ipr2 triple
mutant (Ticconi et al., 2009; Miiller et al., 2015). We
therefore hypothesized that activation of autophagy by
Pi limitation is compromised in the RAM of Iprl;ipr2
roots. Indeed, our methods to monitor autophagy (MDC
staining, GFP-ATGS8a expression, and ultrastructural
analysis) did not reveal increased autophagosome for-
mation in Ipr1;lpr2 root tips upon Pi deprivation; how-
ever, treatment with tunicamycin, an inducer of ER
stress, provoked the appearance of MDC-positive
puncta (Supplemental Fig. S4). We conclude that cell
type-specific expression of LPR1/LPR2 ferroxidase
activity in root tips, which is opposed by PDR2 func-
tion (Miiller et al., 2015), is required for autophagy
induction in a -Pi condition. Thus, the failure of
autophagosome stimulation in the root tips of Pi-
deprived Iprl;Ipr2 plants points to autophagy as a
consequence of the developmental response of root
meristems to Pi shortage, rather than to a role for
recycling of the Pi macronutrient.

Phosphate Limitation Activates ER
Stress-dependent Autophagy

PDR?2 encodes the single Arabidopsis AtP5A (Ticconi
etal., 2009), which was previously detected in the ER by
immunolocalization (Jakobsen et al., 2005) and subcel-
lular fractionation studies (Dunkley et al., 2006). We
independently confirmed ER residence of AtP5A/
PDR2 by confocal microscopy of transiently transfected
Nicotiana benthamiana leaf cells and transgenic Arabi-
dopsis plants expressing PDR2-mCherry and PDR2-
GFP protein fusions, respectively (Supplemental Fig.
S5). A function of AtP5A/PDR2 in the ER, and pre-
sumably in ER quality control (Jakobsen et al., 2005;
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Ticconi et al., 2009; Serensen et al., 2015), prompted us to
explore the role of ER stress-dependent stimulation of
autophagy during the response of roots to Pi deficiency.

ER stress-induced autophagy was reported to de-
pend on IRE1b, which is one of the two IRE1 isoforms in
Arabidopsis that senses accumulation of faulty proteins
in the ER and activates the UPR (Liu et al., 2012; Yang
etal., 2016; Soto-Burgos et al., 2018). Thus, we tested the
response to Pi limitation of irela and irelb single as well
as of irela;irelb double loss-of function mutations. We
also generated pdr2;irela and pdr2;irelb double mu-
tants. While we obtained viable pdr2;irela plants, dou-
ble homozygous pdr2;irelb seeds failed to germinate,
indicating synthetic embryo lethality of pdr2;irelb.
Nutrient shift experiments revealed similar root growth
inhibition for the wild-type, irela, and irelb seedlings
within 2 d upon transfer to a —Pi agar, whereas the irela;
irelb double mutant displayed a hypersensitive re-
sponse. This hyper-response, however, was not as se-
vere as the response of pdr2 plants (Fig. 3A). When the
pdr2;irela roots were compared to the Pi-deprived pri-
mary roots of the pdr2 mutant, those of the pdr2;irela
double mutant were significantly shorter. Such a result
illustrates the additive effects of the two mutations. This
observation can be related to a previous report that ER
stress-inducing agents (such as tunicamycin and dithi-
othreitol [DTT]) inhibit the primary root growth of
irelasirelb seedlings (Deng et al., 2013). The suggestion
is that Pi limitation facilitates ER stress-dependent ac-
tivation of autophagy.

We therefore made visible, by MDC-staining, the
formation of autophagosomes. For up to 4 d, we viewed
the Pi-deprived primary root tips of the six genotypes
(Fig. 3, B and C) and made comparisons. For example,
the formation of autophagosomes was noticeably lower
in the root tips of irela, irelb, and irela;irelb mutants in
response to low Pi than in root tips of the wild-type.
Similarly, stimulation of autophagosomes in the root
tips of Pi-deprived pdr2 was attenuated by loss of IRE1a
in the pdr2;irela double mutant (Fig. 3, B and C).
Transfer of seedlings to Pi-replete conditions in the
presence of tunicamycin revealed a similar although
accelerated behavior (<7h) upon Pi limitation (Fig. 4).
The higher level of autophagosome formation in the
root tips of pdr2 seedlings than in the wild-type, which
was also reflected by enhanced proteolytic GFP-ATGS8
processing (Fig. 4C), was counteracted by the irela
mutation in the pdr2 background (Fig. 4, A and B).

To further test whether autophagy activation in Pi-
deprived root tips depends on ER stress, we monitored
the impact of conditions known to prevent protein ag-
gregation in the ER. For example, exposure to sodium
4-phenylbutyrate (PBA), a chemical chaperone that
stabilizes unfolded proteins (Ozcan et al., 2006), or
overexpression of BiP, an ER polypeptide chaperone
facilitating protein folding (Srivastava et al., 2013), were
both reported to reduce autophagy activation by tuni-
camycin and DTT (Yang et al., 2016). Consistent with
our previously discussed observations, the presence
of PBA in a low Pi medium (-Pi +PBA) effectively
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suppressed autophagosome formation as well as GFP-
ATGS processing in the root tips of the wild-type and
pdr2 seedlings upon transfer from a Pi-replete to a Pi-
deprived condition (Fig. 5, A to C). Autophagosome
formation was similarly abrogated in Pi-deprived root
tips by overexpressing BiP in the wild-type and pdr2
seedlings (Fig. 5, D and E). These data support an at-
tenuating role of PDR2 in ER stress-mediated autoph-
agy upon Pi deprivation of Arabidopsis roots.

Phosphite Suppresses Autophagy in Phosphate Deficiency

Autophagy stimulation in Pi deficiency is controlled
by PDR2-LPR1, a key module of local Pi sensing (Abel,
2017). We wished to further confirm the role of ER
stress-associated autophagy in external Pi sensing by
root tips. We conducted experiments with phosphite
(Phi), a less oxidized Pi analog. Phi does not substitute
for Pi as a nutrient, but rather Phi suppresses both local
and systemic responses to Pi deficiency by mimicking
the nutritional Pi signal (Ticconi et al., 2001; Danova-Alt
et al, 2008; Lopez-Arredondo and Herrera-Estrella,
2012; Puga et al., 2014; Jost et al., 2015). Because Phi
supplementation maintains pCYCB1::GUS expression
and RAM organization in Pi-deprived roots (Ticconi
et al., 2004, 2009), we hypothesized that addition of
Phi to a —-Pi medium would suppress UPR activation
and ER stress-associated autophagy in root tips. In-
deed, expression of pBiP2::GUS, a reporter gene for
increased ER stress (Maruyama et al., 2010), is strongly
induced in root tips within 1 d after transfer to low Pj,
which is effectively suppressed by Phi presence in the
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Figure 3. Evidence for ER stress-mediated
autophagy upon Pi deprivation. A, Hyper-
sensitive primary root growth inhibition on
low Pi by genetic IRE1 inactivation. Seed-
lings of the indicated genotypes (germi-
nated for 4 d on a +Pi medium) were
transferred to either a +Pi (dark gray bars)
or —Pi (light gray bars) medium, and a gain
of primary root growth was recorded 2 d
after transfer (£sg; n = 42 to 92; ***, P <
0.001, two-tailed ANOVA). B, MDC stain-
ing of root tips of the indicated genotypes
after transfer of seedlings (germinated for 4 d
on a +Pi medium) to a —Pi medium for up to
4 d. Scale bars = 50 um. C, Quantification
of MDC-labeled puncta (number of auto-
phagosomes per section) in root tips after
seedling transfer (£sg; n = 10).

—Pi growth substrate (Fig. 6A). Similarly, while seedling
transfer to a —Pi medium induced autophagy in the
wild-type and pdr2 roots, transfer to a —Pi+Phi medium
prevented formation of GFP-ATG8a-decorated auto-
phagic structures in the RAM as well as transition zone
(Fig. 6, B and C). Furthermore, seedling transfer to the
—Pi+Phi medium reduced the proteolytic processing of
GFP-ATGS (Fig. 6D). Thus, activation of ER stress-
dependent autophagy in Pi-deprived root tips, which
can be suppressed by Phi, is likely associated with Pi
sensing rather than Pi recycling.

Loss of ATG Genes Inhibits Primary Root Growth in
Phosphate Deficiency

To further explore the role of autophagy in local Pi
sensing, we studied the consequences of impaired au-
tophagy on the response of root meristems to Pi dep-
rivation. Arabidopsis ATG2, ATG5, and ATG7 encode
essential proteins in autophagy, which facilitate mem-
brane delivery to the expanding phagophore and con-
jugation of ATGS to lipids, respectively (Li and Vierstra,
2012; Yang and Bassham, 2015). Knockout alleles of ei-
ther ATG gene prevent autophagosome formation and
cause slightly retarded growth, early senescence, and
hypersensitivity to C and N starvation (Thompson
et al., 2005; Inoue et al., 2006; Yoshimoto et al.,
2009). We measured the root extension of the wild-
type, atg2-1 (Inoue et al., 2006), and atg5-4 (Wang et al.,
2011) seedlings. The seedlings had been grown for 12 d
on a +Pi and a —Pi medium. When compared to the
primary root growth in the wild-type, growth in the
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Figure 4. Loss of IRET in pdr2 attenu- A
ates tunicamycin-induced autophago-
some formation. A, Seedlings of the
indicated genotypes were germinated
for 4 d on a +Pi medium, treated with
5 uM tunicamycin or dimethyl sulfoxide
(DMSO) as a solvent control. Autopha-
gosomes were detected by MDC stain-
ing. Shown are representative images
of primary root tips in overview. Scale
bars = 50 wm. B, Quantification of
MDC-stained puncta (number of auto-
phagosomes per section) after treatment
with DMSO or tunicamycin for 5 h and
7h(£s; n=10to 18; **, P= 0.01; ***,
P=0.001; two-tailed Student’s ttest). C,
Detection by immunoblot analysis (anti-
GFP antibodies) of free GFP (open tri-
angle) derived from GFP-ATG8a (solid
triangle) expressed in the primary roots
of the transgenic wild-type (WT) and
pdr2 plants upon tunicamycin or mock
treatment for the indicated time points.
Actin was used as loading control.
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atg2 and atgh mutants was slightly reduced (90%) in Pi-
replete conditions but more strongly inhibited (50%) by
Pi limitation (Supplemental Fig. S6A). Nutrient shift
experiments confirmed our observation and revealed
that the short-root phenotype of both atg mutants
developed after seedling transfer from the control me-
dium to a —Pi or a -N agar, but not to Fe-, sulfur- or Suc-
deficient conditions (Supplemental Fig. S6B).

We used propidium iodide (PI) staining to generate
z-projections of the growing root tip and measured the
root growth zone (RAM plus elongation zone) in re-
sponse to Pi deprivation (Supplemental Fig. 57, A and
B). We observed greater RAM disorganization and size
reduction in both the atg lines than in the wild-type,
but we did not find significant differences in the aver-
age length of differentiated root epidermal cells.
Accelerated RAM exhaustion of atg2 and atgs mu-
tants was further indicated by primary root growth
recovery upon retransfer from a —Pi to a +Pi medium
(Supplemental Fig. S7, C and D). While the growth of
the wild-type and atg roots recovered equally well after
4 d on a -Piagar (~100%), the recovery rates of both atg
lines drastically dropped after extended challenge by Pi
limitation. When seedlings were shifted to a +Pi me-
dium after 8 d of Pi deprivation, 90% of the wild-type
but only 10% of the atg seedlings showed resumed
primary root growth.

Because the short-root phenotype in Pi deficiency
of lines atg2 and atgb is similar to that of the pdr2
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mutant, we monitored GUS expression patterns of
several reporter gene constructs to probe RAM ac-
tivity in nutrient shift experiments as previously de-
scribed (Ticconi et al., 2009). Expression of pCYCB1.:
GUS, a marker for mitotic activity in roots (Colén-
Carmona et al., 1999; Ticconi et al., 2004), notably
declined in the atg2 and atg5 primary root tips within
2 to 4 d after transfer to a -Pi medium and had con-
firmed accelerated RAM exhaustion relative to the
wild-type (Fig. 7A). On the other hand, the pACP5::
GUS reporter is a suitable marker for Pi starvation
and cell differentiation (del Pozo et al., 1999). When
compared to the wild-type roots, the roots of both atg
lines showed a considerably stronger pACP5::GUS
induction within 2 d upon Pi deprivation, and the
GUS expression domain expanded into the distal root
tip (Fig. 7B). Interestingly, a closer inspection of
pACP5::GUS expression in root tips revealed weak
GUS activity was restricted to the SCN of both atg
lines (Supplemental Fig. S8§A). We therefore followed
QC25 expression, a marker of the quiescent center
(QQ), to examine the integrity of the SCN in the wild-
type and atg2 roots upon transfer to —Pi conditions.
We observed higher loss of QC25 activity in the
RAM of atg2-1 roots than in those of the wild-type
(Supplemental Fig. S8B). Collectively, our results
indicate that hypersensitive inhibition of atg2 and
atgh root growth by Pi limitation is caused by early
RAM differentiation.
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Figure 5. Sodium 4-PBA treatment and BiP over-
expression suppress autophagosome formation in
Pi-deprived root tips. A, GFP-ATG8a-derived flu-
orescence in primary root meristems of the trans-
genic (p35S5::GFP-ATG8a) Col-0 wild-type (WT)
and pdr2 seedlings after germination on a +Pi agar
(4 d) and subsequent transfer to the indicated
media with or without T mm PBA for 16 h. Scale
bars = 50 um and 20 pum (detail). B, Quantifica-
tion of GFP-labeled puncta (number of autopha-
gosomes per section) in root meristems of images
in (A) (n = 15). C, Corresponding GFP-ATG8-
processing assay (GFP-ATG8a, solid triangle; free
GFP, open triangle). Coomassie blue-stained total
proteins are shown below the blot to indicate the
amount of protein loaded per lane. D, MDC staining
of root tips of the indicated genotypes after transfer
of seedlings (germinated for 4 d on a +Pi medium) to
a-Pimedium for up to 2 d. Scale bars =50 um. E,
Quantification of MDC-labeled puncta (number
of autophagosomes per section) in root tips after
seedling transfer (£sg; n = 10).
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Impaired Local Phosphate Sensing Restores RAM Activity
in atg Mutants

To obtain additional evidence for a role of autophagy
in root Pi sensing, we monitored RAM activity in atg
mutants under Pi-deprived conditions, during which
local Pi sensing is suppressed. We examined pCYCB1::
GUS expression in the wild-type, atg2, and atgb roots on
media containing Pi and Phi at various concentrations.
As expected, Phi supplementation restored GUS ex-
pression and RAM activity in Pi-deprived (-Pi+Phi)
atg2 and atg5 roots (Fig. 8A). Previously we showed
that external Fe modifies local Pi sensing and that RAM
activity and root growth are restored in Pi-deprived
plants when Fe is omitted from the -Pi medium
(Ticconi et al., 2009; Miiller et al., 2015). Therefore we
monitored pCYCB1::GUS expression in the root tips of
atg2 and atg5 plants that were germinated and grown
on —Pi agar in the presence of Fe at various concentra-
tions. While GUS activity and primary root growth
were effectively repressed in the presence of 50 um Fe,
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decreasing Fe concentration successively restored
pCYCBI1::GUS expression and RAM activity, which
reached the wild-type levels upon complete Fe omis-
sion (Fig. 8, B and C). Thus, our analysis of atg mutants
corroborates a role of ER stress-dependent autophagy
downstream of external Pi sensing.

Synthetic Lethality of pdr2 and atg Mutations

We crossed pdr2 with atg2, atgb, or atg7/ to test epi-
static relationships between the recessive mutations.
We made this analysis because pdr2 and atg plants
display similar short-root phenotypes in Pi deficiency,
and loss of PDR?2 sensitizes the activation of autophagy
on low-Pi media. As previously reported in Wang et al.,
2011, atg? plants develop mild early senescence, which
we also observed in the pdr2 (+/-); atg2 (-/-) line,
whereas loss of both PDR2 gene copies in atg2 causes
accelerated senescence and seedling lethality within
4 weeks on soil (Fig. 9A). Likewise, we noticed severe
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Figure 6. Phi suppresses ER stress response and A +Pi
autophagy in Pi-deprived root tips. A, Histo-
chemical detection of pBiP2::GUS expression in
the root tips of the transgenic wild-type (WT)
seedlings after germination for 4 d on a +Pi agar

and subsequent transfer to a +Pi, —Pi or —Pi+Phi Tl
medium for 1 d. Scale bars = 100 wm. B, Detection 4
of GFP-ATG8a—derived fluorescence in the pri- 3
mary root tips of the transgenic wild-type) and gt 3

pdr2 plants after germination for 4 d on a +Pi agar
and subsequent transfer to a +Pi, —Pi or —Pi+Phi
medium for 20 h. Shown are representative im-
ages of the transition zone (TZ) and RAM. Scale

bars = 10 um. C, Quantification of GFP-labeled

puncta (number of autophagosomes per section) c
in root meristems of images in (B) (=sg; n = 10).

D, Corresponding GFP-ATG8-processing assay
(GFP-ATG8a, solid triangle; free GFP, open trian-

gle). Coomassie blue-stained total proteins are

shown below the blot to indicate the amount of
protein loaded per lane.
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growth retardation in double homozygous pdr2;atgs
plants (Supplemental Fig. 59), and we failed to raise
double homozygous pdr2;atg7 progeny, suggesting that
loss of both genes causes embryo lethality. We main-
tained the pdr2 (+/-); atg2 (—/-) line as a source of
double homozygous mutant seedlings for nutrient shift
experiments. As shown in Fig. 9A, these studies
revealed extreme RAM exhaustion in pdr2;atg2 roots, in
just 1 d upon transfer to a —-Pi medium, a result that
clearly preceded the RAM disorganization of pdr2 or
atg2 seedlings. Thus, synthetic phenotypes of the dou-
ble mutants point to genetic interaction of PDR2 and
ATG genes in autophagy.

To provide additional evidence for PDR2 as a com-
ponent of ER stress-dependent rather than starvation-
dependent autophagy activation, we monitored the
recovery of pdr2 and atg (atg2, atgb, atg7) plants after
carbon deprivation. While the three atg lines did not
survive the nutritional stress, as expected and previ-
ously described (Thompson et al., 2005), pdr2 plants
tolerated a week-long period of darkness and resumed
growth (Fig. 9B).

TARGET OF RAPAMYCIN (TOR) kinase is a central
regulator, balancing growth and autophagy in all eu-
karyotes (Soto-Burgos et al., 2018). Overexpression of
TOR suppresses activation of autophagy by nutritional or
osmotic stress, but not by ER stress or oxidative stress (Pu
et al.,, 2017). Therefore, we compared autophagosome
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formation by MDC staining in the wild-type, pdr2, and
TOR-overexpression line G548 (Deprost et al., 2007;
Pu et al., 2017) after seedling transfer from the control
medium to —-Pi or -N conditions. While pdr2 and the
wild-type roots revealed autophagy activation in either
condition, we detected autophagosomes in the roots of
line TOR G546 upon transfer to the -Pi medium but not
to the -N medium (Supplemental Fig. 510). That finding
is in agreement with the proposition that Pi limitation
activates ER stress-dependent autophagy in root meri-
stems (Fig. 10).

DISCUSSION

Among the multiple roles of autophagy for plant
growth and survival, it is generally accepted that au-
tophagy is stimulated above basal level during periods
of nutrient starvation to recycle dispensable macro-
molecules by bulk degradation in vacuoles (Liu and
Bassham, 2012; Yang and Bassham, 2015; Avin-
Wittenberg et al., 2018; Marshall and Vierstra, 2018).
Nutrient remobilization by starvation-induced au-
tophagy has been well documented for C or N deple-
tion (Avila-Ospina et al.,, 2014; Masclaux-Daubresse
et al., 2017), and a link between TOR-dependent au-
tophagy and nutrient recycling during S starvation has
been suggested (Zientara-Rytter et al., 2011; Dong et al.,
2017b). However, the role of autophagy in the plant’s
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Figure 7. Disruption of ATG genes causes early
differentiation of the RAM on low Pi. Expression of
GUS reporter genes in the primary root tips of the
Col-0 wild-type (WT), atg2-1, and atg5-4 plants
after germination for 4 d on a +Pi agar and sub-
sequent transfer to a —Pi medium for up to 8 d. A,
The pCYCB1::GUS expression illustrates acceler-
ated RAM reduction in atg2 and atg5 roots after
transfer to a -Pi medium. B, Pi starvation-

atg2-1

inducible expression of pACP5::GUS indicates
accelerated expansion of the differentiation zone
in the primary roots of atg2 and atg5 plants upon Pi
deprivation. Scale bars = 100 um.

atg5-4

response to Pi deficiency remains to be more thor-
oughly investigated (Tasaki et al., 2014; Shemi et al.,
2016; Yokota et al., 2017; Couso et al., 2018). Work in
Arabidopsis implicated RNS2, a nonspecific RNase, as
well as autophagy-dependent vacuolar pathways in
rRNA decay under normal growth conditions (Floyd
et al., 2015). Because RNS2 expression is stimulated
during senescence and upon Pi starvation, autophagy is
a likely process for Pi and N recycling through removal
of superfluous ribosomes (Abel et al., 1990; Hillwig
et al., 2011).

Apart from starvation-induced bulk degradation of
cytoplasmic components, elimination of specific pro-
tein aggregates and organelles by selective autophagy
contributes to protein quality control and cellular ho-
meostasis (Soto-Burgos et al., 2018; Wang et al., 2018).
Proteostasis in the secretory pathway is maintained by
the UPR under ER stress-inducing conditions (Howell,
2013; Wan and Jiang, 2016; Strasser, 2018). If, however,
severe ER stress overpowers the UPR, autophagy is
activated to degrade dysfunctional ER segments. This
phenomenon was observed in cells treated with
chemical inducers of ER stress (such as tunicamycin or
DTT). It was first reported in yeast (Bernales et al., 2006;
Yorimitsu et al., 2006) and mammals (Ogata et al.,
2006), and later in plants (Liu et al., 2012; Yang et al.,
2016).

In this study, we provide evidence that autophagy in
Pi-deprived root tips is activated, at least in part, by ER
stress as a consequence of the molecular processes that
monitor external Pi availability. We previously identi-
fied two genetically interacting proteins of the secretory
pathway (PDR2 and LPR1) as critical determinants of
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local Pi sensing. AtP5A/PDR2 is located in the ER
(Jakobsen et al., 2005; Dunkley et al., 2006; Supplemental
Fig. S5) and thought to control biogenesis or Fe-reactant
availability of the cell wall-targeted LPR1 ferroxidase
(Ticconi et al., 2009; Miiller et al., 2015). Although general
secretion by whole roots is not severely impaired in the
pdr2 mutant (Ticconi et al., 2004), loss of AtP5A/PDR2
function activates a subset of ER stress responses in roots
(Jakobsen et al., 2005; Ticconi et al., 2009), alters cell wall
composition in root meristems (Miiller et al., 2015;
Hoehenwarter et al., 2016), and shifts metabolite profiles
in root exudates (Ziegler et al., 2016). Interestingly, de-
letion of the AtP5A/PDR2 ortholog in S. cerevisiae, the
single ER-resident P5A-type ATPase, Spflp/Codlp,
profoundly activated the UPR and caused the third
strongest response in the ~4,500 yeast deletion strains
tested (Jonikas et al., 2009). Furthermore, the spfI muta-
tion revealed synthetic lethal interactions with gene de-
letions of yeast UPR signaling components, Irelp or
Haclp (Ng et al., 2000; Cronin et al., 2002; Vashist et al.,
2002). Thus, the available evidence suggests that the
PDR2-LPR1 module of local Pi sensing in plants is in-
tricately associated with the secretory pathway and ER
stress response.

Using three established methods for monitoring
autophagosome formation (MDC staining, GFP-ATGS8
labeling, and electron microscopy; Bassham, 2015), we
demonstrated activation of autophagy in the wild-type
root tips upon Pi deprivation, a process that was ac-
celerated and augmented by the pdr2 mutation (Figs.
1 and 2; Supplemental Fig. 52). Stimulation of autoph-
agy was further confirmed by GFP-ATG8 processing
assays and by induction of root-specific ATG8 genes
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Figure 8. Suppression of Pi sensing restores RAM activity in the atg2
and atg5 plants. A, The transgenic Col-0 wild-type (WT), atg2-1, and
atg5-4 seedlings expressing pCYCB1::GUS were germinated on media
supplemented with the indicated concentrations of Pi or Phi. GUS
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(Fig. 1, Supplemental Fig. S3). The kinetics of auto-
phagosome formation in the wild-type and pdr2 roots
was similar to our previously reported changes: apo-
plastic Fe accumulation, Fe-dependent ROS generation,
and massive deposition of callose and pectin polymers
in tissue-specific cell walls of Pi-deprived root tips
(Muller et al., 2015; Hoehenwarter et al., 2016). The
observed activation of autophagy in Pi-deprived root
meristems is most likely not a rescue strategy for Pi
recycling because autophagy can effectively be sup-
pressed under Pi starvation in several ways: (1) by loss
of LPR1/LPR2 (Supplemental Fig. S4); (2) by supple-
mentation of —Pi medium with Phi (Fig. 6), which is not
metabolized but chemically mimics Pi (Ticconi et al.,
2001; Danova-Alt et al., 2008; Lépez-Arredondo and
Herrera-Estrella, 2012; Puga et al., 2014; Jost et al., 2015);
and (3) by omission of Fe in the —Pi agar, which re-
stores primary root extension and meristem activity in
limiting Pi (Miiller et al., 2015). The three conditions
are thought to prevent Fe redox cycling and ROS
formation/signaling in the apoplast by ferroxidase in-
activation, or by chelation (Phi supplementation), or
exclusion of redox active Fe in the medium (Miiller
et al., 2015). Taken together, the data suggest that au-
tophagy stimulation in limiting Pi is a consequence of
Fe-/LPR1-dependent Pi sensing and PDR2-associated
ER stress. The proposition is supported by the obser-
vation that Phi supplementation of Pi-deprived root
tips suppresses transcriptional pBIP2::GUS activation, a
reporter of ER stress response (Fig. 6A). In addition, the
application of a chemical chaperone (PBA) or the
overexpression of an ER-resident chaperone protein
(BiP2), which both reduce polypeptide misfolding and
alleviate ER stress (Yang et al., 2016), significantly re-
duce autophagosome formation in Pi-deprived root
meristems (Fig. 5). Thus, autophagy stimulation in Pi-
deprived root meristems is at least partially caused by
ER stress and cargo overload of the secretory pathway.
This concept is best indicated by extra (the wild-type)
and massive (pdr2) cell wall depositions and cell wall
thickening in the root SCN upon Pi deficiency (Miiller
et al., 2015; Hoehenwarter et al., 2016).

To further probe ER stress-induced activation of au-
tophagy in Pi-deprived root tips, we examined the
contribution of IRE1, a major and highly conserved
transmembrane protein transducer of ER stress, which
is encoded by IREla and IRE1b in Arabidopsis (Soto-
Burgos et al., 2018). While little is known about the
function of both IRE1 isoforms, it was previously
reported that autophagy is significantly reduced in
irelb plants after chemical induction of ER stress or
upon heat exposure (Liu et al., 2012; Yang et al., 2016),

expression was monitored after 6 d by histochemical staining. B,
Seedlings were grown as above on a —Pi media containing different Fe
concentrations. GUS expression was monitored after 6 d. Scale bars =
100 um. C, Seedlings were grown as above (B), and primary root length
was measured after 12 d and compared to that observed in the wild-type
(*+sp; n=60). Different letters indicate statistical differences (P =< 0.05).
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Figure 9. Interaction of pdr2 and atg mutations. A,
Synthetic enhancement of pdr2 and atg2 growth

phenotypes in the pdr2;atg2 double mutant. Plants
of the indicated genotypes were grown in soil for
3 weeks (upper row). Morphology of pdr2;atg2?
root tips after transfer of 4-d-old seedlings from a
+Pi agar to a —Pi medium for 1 d (lower row).
Yellow bars indicate the length of the growing root

tip (from the root cap to the first emerging root
hair). Scale bars (black) = 300 um. WT, wild-type.
B, Unlike the atg mutants, pdr2 plants are insen-
sitive to carbon starvation. Plants of the indicated
genotypes (6 weeks old) were maintained under a
short-day photoperiod for 6 d (upper row) or
transferred to darkness (6 d) followed by recovery
(7 d) under the same conditions (lower row).

B wr pdr2 atg2 atg5

indicating that IRElb acts upstream of ER stress-
induced autophagy. Interestingly, although we suc-
ceeded in generating the pdr2;irela double mutant, we
failed to obtain viable pdr2;irelb seeds, a problem that is
consistent with previously reported results for the
synthetic lethal combination of spfl and irel knockout
mutations in yeast (Ng et al., 2000; Vashist et al., 2002).
The failure to generate viable pdr2;ire1b seeds highlights
the major role of IRElb in ER stress-associated au-
tophagy. As expected, loss of IRE1b (irelb or irela;irelb)
largely prevents autophagosome formation in root tips
during Pi limitation (Fig. 3, B and C) or upon tunica-
mycin exposure in Pi sufficiency (Fig. 4, A and B). IREla
inactivation also reduced autophagy in either condi-
tion, a process that is best monitored in pdr2;irela root
tips (Figs. 3 and 4). This observation points to an in-
volvement of IREla in ER stress-mediated autophagy
stimulation upon Pi limitation. Such an accessory
function of IREla was previously suggested by only a
partial reduction in autophagosome formation in heat-
stressed irelb plants (Yang et al., 2016). The local root
response to Pi limitation provides an alternative system
to study in more detail the roles of both IRE1 isoforms
in ER stress-associated autophagy.

Because impairment of autophagy in irela;irelb and
irela;pdr2 root tips leads to hypersensitive root growth
inhibition on low Pi when compared to either single
mutant (Fig. 3A), we probed the response of several atg
mutant lines to Pi limitation. ATG2, ATG5, and ATG7
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encode essential proteins for executing autophagy (Li
and Vierstra, 2012; Yang and Bassham, 2015). Knockout
alleles for either ATG gene prevent autophagosome
formation and cause slightly retarded growth, early
senescence, and hypersensitivity to N and C starvation
(Thompson et al., 2005; Inoue et al., 2006; Yoshimoto
et al., 2009; Avila-Ospina et al., 2014). When compared
to the wild-type, the atg2 and atg5 mutant plants
showed higher sensitivity to Pi deprivation as evi-
denced through primary root growth inhibition as well
as accelerated RAM consumption (Fig. 7; Supplemental
Fig. S7), a finding reflected by altered expression of
reporter genes for cell division and cell differentiation
(Fig. 8). Phi supplementation (-Pi+Phi) or Fe omission
(-Pi—Fe) restored RAM activity of atg mutants under Pi
limitation (Fig. 9); this process points to a link between
Pi sensing and autophagy. This conclusion is reinforced
by the synthetic lethal interaction of pdr2 and either atg
mutation tested in this study (Fig. 9; Supplemental Fig.
59). Because autophagy can be genetically and chemi-
cally suppressed in Pi-deprived root tips (Figs. 5 and 6;
Supplemental Fig. 54), we propose that the PDR2-LPR1
module of local root Pi sensing converges on the oxi-
dative stress/ER stress-dependent regulatory branch
of autophagy activation (Soto-Burgos et al.,, 2018).
This view is supported by insensitivity of pdr2
plants to carbon starvation. Furthermore, the concept is
underscored by the observation that overexpression of
TOR kinase, a negative regulator of starvation-induced
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Figure 10. Model of ER stress-dependent autophagy activation in Pi-
deprived root tips. Pi deprivation causes cell type-specific Fe accumu-
lation in the apoplast of root tips, which triggers ROS formation. There is
deposition of callose and pectin polymers in cell walls, followed by the
inhibition of cell-to-cell communication and RAM maintenance
(Mdiller et al., 2015; Hoehenwarter et al., 2016). These processes are
governed by the root cell type-specific expression domain of LPR1
(Svistoonoff et al., 2007), which encodes a cell wall-targeted ferrox-
idase (Miilleretal., 2015). PDR2, the ER-resident AtP5A, functions in ER
stress response (Jakobsen et al., 2005; Ticconi et al., 2009; Sgrensen
etal., 2015) and is thought to restrict LPR1 secretion or LPR1 activity in
the apoplast (Mdiller et al., 2015). Thus, the PDR2-LPRT module links
local root Pi sensing to ER stress response (or UPR) and associated au-
tophagy stimulation, which is augmented by loss of PDR2, but is pre-
vented by loss of LPRT function. ER stress-associated autophagy
activation is largely dependent on IRETb and, to a minor extent, on
IRE1a, which are both ER stress transducers (Liu et al., 2012; Yang et al.,
2016; Soto-Burgos et al., 2018). Phi supplementation or Fe omission, as
well as chemical (PBA) and molecular (BiP) chaperones, suppress au-
tophagy under Pi starvation and restore RAM activity. These data suggest
that Pi deprivation activates autophagy in root tips as a consequence of
Pi sensing and inherently associated ER stress (dotted arrows) rather
than a means for Pi recycling. Unlike ER stress-induced autophagy,
activation of autophagy by C, N, or S starvation is mediated by a TOR-
dependent regulatory pathway (Soto-Burgos et al., 2018). Experimental
ER stress-inducing conditions/agents: heat exposure. TM, tunicamycin;
DTT, dithiothreitol. Molecular/chemical chaperones: BiP, binding pro-
tein (overexpression); PBA, 4-phenylbutyrate.

autophagy (Liu and Bassham, 2010), does not prevent
autophagosome formation in Pi-deprived root tips
(Fig. 10; Supplemental Fig. S10).

In conclusion, Pi deprivation activates, at least in
part, ER stress-induced autophagy in the root apex,
which is a consequence of local Pi sensing and its as-
sociated changes in root development (rather than as a
means for Pi recycling by bulk vacuolar degradation of
nucleic acids). The enigmatic ER-resident P5-type
ATPase of Arabidopsis, AtP5A/PDR?2 (Serensen et al.,
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2015), plays a central role at the nexus of root Pi sensing
and ER stress-activated autophagy. Both processes of-
fer experimental systems for exploring the unknown
biochemical functions of the P5-type ATPase subfamily
in the future. ER stress-dependent autophagy was
originally described in yeast and mammalian cells as a
response to pharmacological inducers of ER stress
(Bernales et al., 2006; Ogata et al., 2006; Yorimitsu et al.,
2006), and was later demonstrated in plants (Liu et al.,
2012; Yang et al., 2016). In addition to the response of
plants to excessive heat exposure, which causes accu-
mulation of misfolded proteins in the ER followed by
autophagy (Liu et al., 2012; Yang et al., 2016), our work
uncovered another physiologically relevant condition
that stimulates ER stress-dependent autophagy above
basal level: the local Pi deficiency response of root tips.
Unlike chemical or heat-triggered induction of ER stress
in entire seedlings, the local Pi deficiency response offers
an environmentally tunable and organ-defined system
to dissect ER stress-associated autophagy in plants.

METHODS
Plant Lines and Growth Conditions

Arabidopsis (Arabidopsis thaliana) accession Columbia (Col-0), Col-0
mutant lines pdr2, Ipr1;Ipr2, and transgenic lines pACP5::GUS, pCYCBI::
GUS, pBIP2::GUS, p35S::BIP2 (Maruyama et al., 2015), and QC25 used in this
study were previously described (Zheng et al., 2004; Svistoonoff et al., 2007;
Ticconi et al., 2009; Maruyama et al., 2010). Transfer-DNA insertion lines
irela (SALK_018112C), irelb (SAIL_238_F07), atg2-1 (SALK_076727), atg5-4
(SALK_020601), and atg7-1 (SAIL_11_HO07) were obtained from the Euro-
pean Arabidopsis Stock Center and were genotyped (Supplemental Table
S1). The transfer-DNA insertion line raptor b (TOR) G548 (GABI_548G07;
Deprost et al., 2007) was a gift from R. Hell (Dong et al., 2017b). Transgenic
seeds supporting p355::GFP-ATG8a expression were kindly provided by
R.D. Vierstra (Thompson et al., 2005). GATEWAY technology (Invitrogen) and
Agrobacterium-mediated transformation were used to generate transgenic Arabi-
dopsis lines expressing p355::PDR2-GFP. Seeds were surface-sterilized and germi-
nated on 0.8% (w/v) Phyto-Agar (Duchefa) containing 2.5 mm KH,PO,, pH 5.6
(high Pi or +Pi medium), or no Pi supplement (low Pi or -Pi medium) as previously
described (Miiller et al., 2015). Agar media deficient in other nutrients (N, S, Fe) or
supplemented with 2.5 mm Phi were prepared as described (Chen et al., 2000;
Ticconi et al., 2001, 2004). The agar was routinely purified by repeated washing in
deionized water and subsequent dialysis using a DOWEX G-55 anion ex-
changer (Ticconi et al., 2009). ICP-MS analysis of the treated agar (7.3 ug/g Fe
and 5.9 ug/g total phosphorus) indicated a contribution of 1.0 um Fe and
1.5 uM total phosphorus to the solid 0.8% (w/v) agar medium. For carbon star-
vation experiments, 6-week-old plants grown under a short-day photoperiod
were transferred to darkness for 6 d followed by 7 d of recovery under the same
conditions (Thompson et al., 2005).

Microscopy and Staining Procedures

Samples were analyzed using a multizoom stereomicroscope (Nikon
AZ100) for overview images and a Zeiss Axiolmager bright field microscope
for detail images. Confocal microscopy was done on a Zeiss LSM710. For
propidium iodide (PI) staining, seedlings were directly imaged in 10 uM PI
(Sigma-Aldrich). Seedlings were incubated in GUS-staining solution (50 mm
Na-phosphate, pH7.2; 0.5 mm K3Fe(CN)g; 0.5 mm KyFe(CN)g; 2mM X-Gluc;
10mM EDTA; 0,1% (v/v) TritonX) at 37°C and subsequently cleared using
chloral hydrate solution (7:7:1 chloral hydrate:ddH,O:glycerol) as described
(Wong et al., 1996). MDC staining was performed according to Contento
et al. (2005), with slight modifications. Seedlings were incubated for
11 min in 100 uM MDC, diluted in a PBS buffer from DMSO stocks, and
washed two times. Microscopy was performed in PBS using a Zeiss LSM780
confocal laser scanning microscope (excitation 405 nm, emission 438 to 530
nm). Leaves of 5- to 6-week-old tobacco (Nicotiana benthamiana) plants were
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coinfiltrated with Agrobacterium tumefaciens harboring a plasmid containing
either the p355::PDR2-mCherry or p35:spGFP-HDEL (Nelson et al., 2007)
construct. After 3 d, leaf discs were analyzed by confocal laser scanning
microscopy (GFP: excitation 488 nm, emission 482 to 544 nm; mCherry:
excitation 555 nm, emission 585 nm; chlorophyll autofluorescence: excitation
555 nm, emission, 704 nm).

Transmission Electron Microscopy

Seedlings were fixed (4 h) in a 100 mm Na-cacodylate buffer (pH 7.2), 4%
(v/v) glutaraldehyde. After fixation (30 min) in the same buffer and 1%
(w/v) OsOy, plants were dehydrated in a graded ethanol series (10-30-50-
70-90-100%), which included a 1% (w/v) uranyl acetate staining step at 70%
(v/v) ethanol (1 h). Roots were infiltrated with Spurr’s epoxy resin
(EM0300, Sigma-Aldrich) by incubation in a series of ethanol dilutions
according to the manufacturer’s protocol. After polymerization at 70°C
(12 h), ultrathin sections (90 nm) were prepared with an Ultramicrotome
S (Leica), stained with uranyl acetate and lead citrate using an EM Stain
(Leica), and imaged with a Zeiss Libra 120 TEM operating at 120 kV (Miiller
et al., 2015). Images were taken using a Dual-Speed on axis SSCCD camera
BM-2k-120 (Moorenweis).

Expression Analysis of ATG8 Genes

Abundance of ATG8e, ATG8f, and ATG8h mRNAs was quantified us-
ing fluorescence-based real-time RT-PCR and gene-specific amplimers as
previously described (Thompson et al., 2005). Relative mRNA abundance
were normalized relative to PP2A transcript abundance. Samples from two
independent experiments were measured. Gene-specific primers were the
following:

ATGS8e (At2g45170): 5'-GCATCTTTAAGATGGACGACGATTTCGAA-3’
and 5'-ATGTGTTCTCGCCACTGTAAGTGATGTAA-3';

ATGSf (Atdg16520): 5'-GAATGGCAAAAAGCTCGTTCAAGCAAGAG-3'

and 5'-CATCATCCTTTTTCTCTTCGTACACAGAA-3’;

ATG8h (At3g06420): 5'-AGTCTTTCAAGGATCAATTCTCCTCTGAT-3'

and 5'-AAAGTATTGTAGAGAGAGTCCATGCGACT-3';

PP2A (AT1G69960): 5'-CCTGCGGTAATAACTGCATC-3'

and 5'-TGGTCGACTATCGGAATGAG-3'".

Chemical Treatments

Tunicamycin treatment was performed by transferring 4-d-old seedlings
(germinated on +Pi) to liquid media supplemented with 5 uM tunicamycin or
DMSO (solvent) for 5 and 7 h. Autophagosomes were monitored via MDC
staining. Seedlings expressing p355::GFP-ATG8a germinated on +Pi agar plates
(4 d old) were transferred to —Pi plates supplemented with or without 1 mm
sodium 4-PBA for 16 h. Induction of autophagy was followed via GFP-
fluorescence microscopy and GFP processing assay as described.

GFP Processing Assay

Transgenic seedlings expressing p35S::GFP-ATG8a were germinated on a
+Pimedium for 4 d and transferred to agar plates with Pi (2.5 mM) or without Pi
for different time periods. In order to detect autophagy induction, the part of the
root grown after transfer was harvested. Proteins were extracted using a RIPA-
buffer (50 mm Tris-Cl, pH 7.6, 150 mm NaCl, 20 mm NaF, 10 mm NayP,07, 1 mm
EDTA, 0.5 mm EGTA, 1% (v/v) Nonidet-P-40, 0.5% Na-deoxycholate (w/v), 1x
Roche EDTA-free proteinase inhibitor, ImM DTT) for 15 min at 4°C. Equal
amounts of total proteins were loaded on a 12% (w/v) SDS-gel and all gels
simultaneously immunoblotted. Detection of GFP was carried out using a-GFP-
rabbit (sc-8334, 1:3000) and a-rabbit-HRP (Life Technologies #31460, 1:5000)
and the membrane was stained with Coomassie Brilliant Blue G-250 (CBB) for
loading control.

Statistical Analysis

All claims of statistical significance are based on a two-tailed Student’s t test,
using a 0.05 level of significance, if not stated otherwise.

Accession Numbers

The Arabidopsis Genome Initiative locus identifiers for the genes mentioned
in this article are as follows: PDR2, At5g23630; LPR1, Atlg23010; LPR2,
At1g71040; IRE1a, At2gl7520; IRE1b, At5g24360; ATG2, At3gl19190; ATGS,
At5g17290; ATG7, At5g45900; ATGS, At4g21980; TOR, At1g50030.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Colocalization of GFP-ATGS labeling and MDC
staining in tunicamycin-treated Arabidopsis root tips.

Supplemental Figure S2. Detection of autophagosomes by MDC Staining
in wild-type and pdr2 root tips after transfer to +Pi or —Pi medium.

Supplemental Figure S3. Analysis of ATGS8 transcript levels in wild-type
and pdr2 roots after transfer to +Pi or —Pi medium.

Supplemental Figure S4. Loss of LPR1 and LPR2 genes prevents activation
of autophagy in root tips upon Pi deprivation.

Supplemental Figure S5. Subcellular localization of PDR2-mCherry and
PDR2-GFP fusion proteins in Nicotiana benthamiana and Arabidopsis thali-
ana, respectively.

Supplemental Figure S6. Disruption of ATG genes causes hypersensitive
primary root growth inhibition on low Pi.

Supplemental Figure S7. Disruption of ATG genes causes accelerated
RAM size reduction on low Pi.

Supplemental Figure S8. Expression of pACP5::GUS and QC25 in atg mu-
tants upon transfer to a -Pi medium.

Supplemental Figure S9. Aerial growth phenotype of pdr2;atgs and pdr2;
atg2 plants.

Supplemental Figure S10. Detection of autophagosomes in root tips of
wild-type, pdr2, and line mTOR G548 after transfer to a —Pi or-N
medium.

Supplemental Table S1. Amplimers for genotyping of atg lines.
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