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Summary

Autophagy is a conserved quality control pathway that mediates the degradation of cellular
components by targeting them to the lysosomes or vacuoles?. Autophagy has been implicated in
the regulation of some regulated cell death processes in animal systems2. However, its function
in developmentally controlled programmed cell death (dPCD) in plants remains little studied

and controversial3. Some studies reported autophagy pro-survival roles*°, while others suggested
pro-death functions for autophagy®:’, calling for further detailed investigations.

Here, we investigated the role of autophagy in dPCD using the Arabidopsis root cap as an
accessible and genetically tractable model system8. In Arabidopsis, dPCD is an integral part of
root cap differentiation, restricting root cap organ size to the root meristem®. The root cap consists
of two distinct tissues: The proximally positioned columella that is located at the very root tip, and
the lateral root cap (LRC) that flanks the root meristem up to its distal end at the start of the root
elongation zonel0,

We show that autophagic flux strongly increased prior to dPCD execution in both root cap tissues,
and depends the key autophagy genes ATG2, ATG5, and ATG7. Systemic and organ-specific
mutation of these genes show delayed PCD execution and lack of post-mortem corpse clearance in
the columella, but no defects in dPCD execution or corpse clearance in the distal LRC. Our results
reveal a high degree of cell-type specificity in autophagy functions, and suggest that autophagy
roles in dPCD can considerably diverge between different cell types of the same plant organ.
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Results and Discussion

Arabidopsis root cap organ size is kept constant by a combination of cell death and cell
sloughing®11: When epidermal cells start to elongate at the distal end of the meristem, their
neighbour cells of the distal LRC (Figure 1A) undergo a tightly controlled dPCD and corpse
clearance process on the root surface®. Periodically, cell death advances proximally towards
the columella creating distinct PCD sites that demark the respective edge of each LRC
layer®. Finally, the columella cells, together with the adjacent proximal LRC cells, get shed
as cell packages into the rhizospherel2, where they undergo dPCD shortly thereafterl3,

Autophagic flux is increased prior to dPCD in root cap cells

Macroautophagy, (here “autophagy”) is controlled by a highly diversified ensemble of
autophagy-related genes (ATGs) in plantsl. The Arabidopsis mutants atg7-214, atg5-11°, and
atg2-2'6 are deficient in autophagosome formation and autophagic flux to the vacuole. To
test the relevance of autophagy for root cap dPCD, we imaged root cap cells of wild-type
and atg mutant seedling expressing autophagy reporters. In the wild type, we detected
pUBQ10::YFP-ATG8AL in both the cytosol and in punctate foci (autophagosomes) in
“pre-PCD LRC cells”, the last 1-2 cells from the distal root cap edge preparing for PCD.
By contrast, we detected predominantly cytosolic YFP in more immature “non-PCD LRC
cells”, which are 4 or more cells away from the distal root cap edge and not yet preparing
for PCD (Figure 1A, B). In atg5-1 mutants®, we counted significantly less YFP-ATG8A
foci in “pre-PCD” cells (Figure 1E), indicating autophagy activation prior to LRC cell death
in an ATG5-dependent manner. These results were confirmed in seedlings expressing an
alternative autophagy reporter, p35S::mCherry-ATG8E8 (Figure 1D, E).

In columella root cap cells we detected punctate pUBQ10::YFP-ATGS8A in the outermost
root cap layer in wild type roots (Figure 1F). By contrast, YFP-ATG8A was freely cytosolic
and clustered in large cytoplasmic aggregates in afg5-1 mutants, as previously described’
(Figure 1G). The number of autophagosomes in mature columella cells was significantly
increased compared to “non-PCD” cells (Figure 1E), suggesting that autophagic is activated
prior to dPCD execution in the LRC and the columella.

Concanamycin A (ConA) is an established drug to elevate vacuolar pH allowing
quantification of autophagic delivery to the vacuolel®. After 8 hours of ConA treatment,
numerous YFP-ATG8A-positive autophagic bodies accumulated in vacuoles of “pre-PCD”
LRC cells (Figure 1C) and mature columella cells of wild type plants (Movie S1).
Conversely, we detected no autophagic bodies in ConA-treated afg5-1 mutant (Figure 1C
and Movie S2).

To independently quantify autophagic flux to the vacuole, we imaged root cap cells
expressing a double-tagged autophagic cargo, YFP-mCherry-NBR1. After vacuolar delivery,
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low pH allows to differentiate between cytoplasmic to vacuolar fluorescence ratios
comparing the pH-sensitive YFP and the less pH-sensitive mCherry20. We identified
numerous NBR1 foci in the cytosol, and an increased vacuolar mCherry signal in “pre-PCD”
LRC and columella cells (Figure 1H, J and L). When treated with ConA, in the central
vacuole of both the LRC and the columella, we counted more NBR1-labelled autophagic
bodies in “pre-PCD” root cap cells than in “non-PCD” root cap cells (Figure 11, K and M).
These results demonstrate that autophagic flux intensifies in different root cap cell types
prior to PCD execution.

Autophagy is dispensable for dPCD execution and corpse clearance of distal LRC cells

To investigate the relevance of autophagy activation prior to dPCD execution, we performed
a live-death assay applying fluorescein diacetate (FDA, live stain) and propidium iodide (PI,
death stain)3 to roots of 5-day old wild type and afg mutant seedlings. The distal LRC PCD
onset, indicated by the longitudinal root cap extent, was indistinguishable in afg mutants
and the wild type (Figure S1A-B). Time-lapse imaging of the rapid clearance in Pl-positive
cell corpses on the root surface® revealed no differences between the wild type and atg2-2
mutants (Figure S1E-F). This result is consistent with the absence of Pl-stained cellular
remnants of LRC cells in the elongation zone of afg mutants (Figure S1A) that are typical
for corpse clearance mutants®13. These results show that despite autophagy intensification
prior to cell death, dPCD and post-mortem corpse clearance in the distal LRC occurs
independently of autophagy. Our finding is in line with the observation that Arabidopsis atg
mutants generally show mild or no phenotypes in several developmental processes involving
dPCD, such as xylem tracheary element differentiation, seed development, or tapetum
degeneration®. While autophagy has been implicated in dPCD promotion in Arabidopsis
xylem?2! and the suspensor of somatic embryos in Norway spruce (Piecea abies)’, in both
systems early steps of cellular differentiation were affected. Secondary cell wall formation
in the xylem, anisotropic cell expansion in the suspensor, and formation of large central
vacuoles in both systems were affected®’, suggesting that autophagy promotes cellular
differentiation upstream of dPCD, and might affect dPCD execution in atg mutants only
indirectly.

Autophagy is required for timely dPCD onset of proximal root cap cells

In contrast to the distal LRC, we observed a clear PCD phenotype in the columella

and adjacent proximal LRC cells. While many of these cells in the wild type had

already undergone PCD at the onset of the sloughing process, significantly more cells

in atg mutants were still alive at this time point (Figure S1A, C-D). To investigate if

general root cap development was affected in atg mutants, we visualized cell viability by
FDA and cell outlines by FM4-64. Root cap architecture was indistinguishable in wild

type and atg mutants (Figure S1G), and statolith production as a hallmark of columella
differentiation2223 was not affected in 5-day old atg mutants. While statoliths in atg mutants
appeared to be smaller and more numerous than in the wild type, they disappeared prior to
cell death in atg mutants and the wild type (Figure S1H-L), suggesting that autophagy is not
involved in statolith degradation prior to columella dPCD. Seeds of a rice Osatg7-1 mutant
are smaller and lower in starch content due to an abnormal activation of starch degradation
in the endosperm during seed maturation?4. Possibly, a similar pathway operates in the
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autophagy-deficient columella. Recently, autophagy has been shown to promote cell death
processes associated with carbon starvation in tobacco BY-2 suspension culture cells2®.
Conceivably, carbon starvation is occurring and promoting PCD in detached root cap cells,
but not in distal LRC cells, which would be in line with the different roles of autophagy we
observed in these two cell types.

To follow columella viability after sloughing, we introduced a ubiquitously expressed
tonoplast integrity marker (TolM, co-expressing vacuolar RFP and cytoplasmic GFP)12 into
the atg5-1 mutant. Twelve-hour time-lapse imaging of TolM-expressing seedlings growing
in imaging chambers did not reveal any aberration in the onset of sloughing of afg5-1 root
cap cells. However, sloughed afg5-1 root cap cells remained viable significantly longer than
the wild-type ones (Figures 2A-B). Even at 36 and 48 hours after shedding, living root

cap cells could still be detected in afg5-1, which was rarely observed in wild-type plants.
Interestingly, the vacuolar morphology was strikingly altered in these long-lived atg5-1 root
cap cells; instead of a single large vacuole observed in the wild type, root cap cells showed
two smaller vacuoles at either end of the cell (Figure 2A). Autophagy has been implicated
in plant vacuole biogenesis before26:27  although to our knowledge, afg mutants have not
been described to be affected in this process. Next, we investigated the ultrastructure in
wild-type and afg2-2 mutant root cap cells by transmission electron microscopy (TEM).
TEM confirmed the altered vacuolar structure in azg2-2 mutants (Figure S2J and K), but
otherwise showed no obvious difference between wild type and atg mutant root cap cells
prior to cell death (Figure S2D-F and J-L). Taken together, these results indicate that
autophagy is neither critical for root cap development nor differentiation, but that autophagy
promotes timely dPCD initiation in proximal LRC and columella cells.

Autophagy is required for corpse clearance of proximal root cap cells

To test the involvement of autophagy in the corpse clearance of sloughed root cap cells,

we cultivated afg mutants and wild type seedlings for 14 days on vertical agar plates. This
method minimizes friction between the growing root tip and the medium, allowing root cap
layers to accumulate. Using FDA-PI staining, we found an increased number of living root
cap cells in atg mutants, confirming our results on younger seedlings (Figure S1D, Figure
S2A-C). Additionally, we counted significantly more Pl-stained columella cell corpses in
atg mutants compared with the wild type (Figure 2C). This indicates that Pl-stained cellular
remains are rapidly degraded in the wild type, while cell corpse clearance is impaired in

atg mutants. Time-lapse imaging confirmed that corpse clearance in afg5-1 mutant columella
cells is strongly delayed, if not completely inhibited: While Pl-stained nuclei were cleared
within 24 hours in the wild type, nuclear remnants appeared practically unchanged as late

as 60 hours after Pl entry in afg5-1 mutants (Figure 2E-F). TEM imaging confirmed these
results: In dead wild type root cap cells, cytosolic remnants were strongly condensed and
organelles appeared to be degrading (Figure S2G, H and I). By contrast, in the atg2-2
mutant, columella cell corpses did not collapse, showed a continuous plasma membrane, and
contained abundant cytoplasmic remains (Figure S2M, N and O).
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Autophagy occurs independent of established dPCD gene regulatory networks

Loss of key autophagy regulators caused a columella longevity phenotype reminiscent

of the double mutant ana046 anac087. These two NAC transcription factors jointly

control the timely onset of PCD in the proximal root cap and regulate the expression of
dPCD-associated genes!3. Hence, we investigated whether autophagy is controlled by, or
controlling, these transcription factors. As previously reported!3, the ana046 anac087 mutant
exhibits delayed corpse clearance in distal LRC cells (Figure S3F), and an increased number
of living columella cells comparable to the one found in afg mutants (Figure S3F and G).
Also, we detected a delay in corpse clearance in anac046 anac087 columella cells that

had not been reported before (Figure S3H and I). However, direct comparison of anac046
anac087 and atg mutants revealed differences: The delay of corpse clearance in afg mutants
(Figure 2) was much more pronounced than in anac046 anac087 mutants (Figure S3H and
). Also, the vacuolar morphology of anac046 anac087is not similar to the one of atg
mutants, but resembles the wild type (Figure S3J).

Next, we transformed a GFP-ATGS8E autophagy reporter into the anac046 ana087 mutant,
along with the Col-0 wild type and afg5-1 mutants as controls. GFP-ATGS8E shows an
ATG5-dependent increase of autophagic activity and autophagic flux to the vacuole in

root cap cells preparing for dPCD (Figure S3A), confirming our earlier results (Figure 1).
However, autophagy activation occured in anac046 anac087 mutant as in wild-type root
cap cells (Figure 3A-C). These results indicate that the activation of autophagy in mature
root cap cells occurs independently of ANA046 and ANACO087. Inducible misexpression

of ANAC046 or SOMBRERO (SMB) leads to ectopic cell death in the entire plant!3. To
test if this ectopic cell death depends on autophagy, we transformed an estradiol-inducible
XVE-ANAC046-GFP expression construct controlled by the pPSMB promoter into atg5-1
mutants and the wild type. Two independent lines in each genotype were selected based
GFP expression levels. Eight hours after induction, we observed a strong GFP signal and an
increased number of Pl-positive root cap cells in the wild type and the afg5-1 mutant (Figure
3G, upper row, and ). 24 hours after estradiol treatment this phenotype was exacerbated in
both genotypes (Figure 3G, lower row, and 1), suggesting that ANAC046-induced ectopic
cell death does not depend on a functional autophagy pathway.

Next, we transformed an estradiol-inducible SMB-TagBFP construct driven by the
ubiquitous pH3.3/HTRS promoter28 into the wild type and afg5-1 mutants. As control, we
transformed an inducible NLS-TagBFP construct under the same promoter. Two independent
lines per construct and genotype were selected based on induction levels of SMB expression
(Figure 3J). In both the wild type and the atg5-1 mutant, we observed ectopic cell death and
root growth arrest followed by seedling death upon estradiol induction of SMB expression
(Figure 3H, J, K). The NLS-TagBFP lines showed neither root growth arrest nor ectopic cell
death after estradiol treatment (Figure 3H, K).

Finally, we investigated autophagic activity in smb-3 mutant root cap cells, that show

a delayed and aberrant cell death devoid of cell corpse clearance®. We introgressed the
YFP-ATG8A marker into the smb-3 mutant. The increased autophagic activity in mature
LRC cells in comparison with “non-PCD” LRC cells occurred in smb-3 mutants (Figure
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3D-F) in a fashion comparable to the wild type, suggesting that increased autophagic flux
prior to root cap PCD is not regulated by SMB.

Taken together, autophagic flux increase in root cap cells preparing for dPCD occurs
independently of the key PCD regulators SMB, ANAC046 and ANACO087, and the ectopic
cell death caused by misexpression of these transcription factors does not depend on
functional autophagy. These findings suggest that autophagy controls PCD in proximal root
cap cells via parallel pathway that operates independently of the established PCD-promoting
NAC transcription factor network.

Root cap-specific loss of function and complementation shows tissue-inherent functions
of autophagy

As autophagic processes are active throughout the entire plant, we wondered whether

the root cap phenotypes we observed were organ-specific, or possibly a secondary
consequence of an organism-wide autophagy deficiency. To address this question, we first
used a CRISPR-based tissue-specific knockout system, CRISPR-TSKO?2?, expressing a
fluorescently tagged Cas9 exclusively in the root cap controlled by the pSMB promoter.
Combined with guide-RNAs (QRNAs) targeting ATG2 or ATG5, we generated transgenic
lines with root-cap specific autophagy deficiency. To verify the efficiency of our constructs,
we transformed them into lines expressing the autophagy reporter p35S::mCherry-ATG8E.
In most “pre-PCD” LRC cells, both constructs produced a significant reduction in the
number of mCherry-labelled cytoplasmic foci and a clear reduction of vacuolar mCherry
signal (Figure S4A-B), indicating a defect in autophagosome formation and delivery of
ATGSE to the vacuole. Next, we transformed both constructs into the wild type and
established four independent lines each. All lines showed significantly delayed corpse
clearance in columella cells of 14-day old seedlings, comparable to the established atg
mutants (Figure 4A-D). Additionally, FDA staining revealed a pronounced columella- and
proximal LRC-cell longevity phenotype, similar to the one of the afg2-2 mutant (Figure
S4C).

Finally, we generated transgenic lines expressing a root-cap specific ATG5 complementation
construct driven by pSMB in the atg5-1 mutant background. Three independent lines
showed a complete rescue of the longevity and corpse clearance phenotypes (Figure 4E-H).
These results demonstrate an autonomous regulation and function of autophagy in the root
cap context.

More than a decade ago, cell-type specific approaches had been called for to address the
specific roles of autophagy in different contexts30. The CRISPR-TSKO root-cap specific
autophagy knock-out confirms that the PCD-promoting role of autophagy is controlled
autonomously within the root cap. Cell-type specific approaches will be a powerful addition
to the autophagy toolbox, and facilitate addressing the roles of autophagy in specific cell
types, tissues, or organs while avoiding pleiotropic or secondary effects of conventional
knockouts or pharmacological treatments.
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STAR Methods

Resource Availability

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Moritz Nowack
(Moritz.Nowack@psh.vib-ugent.be).

Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Experimental Model and Subject Details

All Arabidopsis seedlings were grown vertically on 1/2 Murashige and Skoog (MS, Duchefa
Biochemie) medium (0.1 g/L MES, pH 5.8 [KOH], and 0.8% plant agar) in a continuous
light at 21°C before analysis, except where noted.

The Arabidopsis thaliana atg2-2 mutant allele (EMS, GIng803stop) was reported by16; atg5-1
(SAIL_129 B07) was reported byl%; atg7-2 (GABI_655B06) was reported byl4, smb-3was
reported by®, anac046 anac087 was reported by13. The Arabidopsis lines pUBQ10::YFP-
ATG8A, p35S::mCherry-ATG8E8 and pSMB::NLS-GFP? were introduced into atg5-1
and/or atg2-2, or smb-3 mutant by crossing, respectively. The line p35S::YFP-mCherry-
NBR1 was reported by20. The pUBQ10::GFP-ATGSE was introduced into anac046 anac087
by dipping. pUBQ10::TolM was reported previouslyl3. Stable Arabidopsis transformations
were produced using the floral dipping method described before31.

Method Details

Cloning—Golden Gate entry modules pGG-A-pSMB-B, pGG-B-Linker-C, pGG-C-Cas9-
D, pGG-D-P2A-GFP-NLS-E, pGG-E-G7T-F, pGG-F-pATU6-26-Aarl-G, were reported
previously2®. These entry modules were assembled in pFASTR-AG, resulting in the
destination vector pFASTR-pSMB-Cas9-P2A-GFP-NLS-pATU6-26-Aarl. 2 gRNAs (Table
S1) were designed using CRISPOR32, Fragment gRNA1-pATUG-26-gRNA2 (ATG2 target)
and gRNA1-pATUB-26-gRNA2 (ATG5 target) were amplified by PCR using the following
primers, p43/p44 for ATG2, p41/42 for ATG5, and These purified PCR fragments were
inserted into pPFASTR-pSMB-Cas9-P2A-GFP-NLS-pATUG-26-Aarl destination vector via
a Golden Gate reaction. The resulting vectors were named pSMB-Cas9;ATG2 and pSMB-
Cas9;ATGS.

Golden Gate entry modules pGG-A-pUBQ10-B, pGG-B-mGFP-C, pGG-C-ATGS8E-D,
pGG-D-Linker-E, pGG-E-tHSP18.2M-F, pGG-F-linkerll-G were collected from PSB
plasmids stock. And these entry modules were assembled in pPFASTRK-AG, resulting in
the expression vector pFASTRK-pUBQ10::GFP-ATGS8E.

Gateway entry modules L4-pSMB-R1, L1-ANAC046-L2, and R2-GFP-L3 were described
previously®13, L4-pSMB-XVE-R1, L4- pH3.3/HTR5 -XVE-R1, L1-NLS-GFP-L2, L1-
NLS-TagBFP-L2, L1-SMB-L2 and R2-TagBFP-L3 were ordered from the PSB plasmid
stock (https://gatewayvectors.vib.be). The ATG5 coding sequence was amplified by

PCR with primers p214 and p215, using 4-day old seedling cDNA as template and
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inserted into pPDONR221 via BP reaction, resulting in entry vector, L1-ATG5-L2. Entry
vectors L4-pSMB-XVE-R1, L1-ANAC046-L2 and R2-GFP-L3 were assembled into
pFASTRK-34GW destination vector via LR reaction. The result vector was pFASTRK-
pSMB:: XVE-ANAC046-GFP. L4-pSMB-XVE-R1, L1-NLS-GFP-L2 were assembled into
pFASTRK-24GW destination vector via LR reaction. The resulting vector was pFASTRK-
pSMB::XVE-NLS-GFP. L4- pH3.3/HTR5 -XVE-R1, L1-SMB-L2 and R2-TagBFP-L3 were
assembled into pPFASTGB-34GW destination vector via LR reaction. The resulting vector
was pFASTGB- pH3.3/HTR5::XVE-SMB-TagBFP. L4- pH3.3/HTR5 -XVE-R1, L1-NLS-
TagBFP-L2 were assembled into pFASTGB-24GW destination vector via LR reaction.

The resulting vector was pFASTGB-pH3.3/HTR5::XVE-NLS-TagBFP. L4-pSMB-R1, L1-
ATG5-L2 and R2-GFP-L3 were assembled into pFASTGB-34GW destination vector via LR
reaction. The resulting vector was pFASTGB-pSMB::ATG5-GFP.

All PCRs for cloning was performed with Phusion high-fidelity DNA polymerase (Thermo
Scientific). All entry vectors were sequenced by Eurofins Scientific using the Mix2Seq or
TubeSeq services. All primers are listed in Table S1.

Staining and imaging—Confocal imaging was done on and LSM710 (Zeiss) using the
Plan Apochromat 20x objective (numerical aperture 0.8), or an SP8X (Leica) using a 40x
(HC PL APO CS2, NA=1.10) water immersion objective, unless stated otherwise.

For the FDA-PI viability staining, seedlings were mounted on a glass slide in FDA

solution (1 pL dissolved FDA stock solution [2 mg in 1 ml acetone] in 1 ml 0.5 1/2 MS)
supplemented with 10 pg/ml PI. FDA and P1 were imaged simultaneously on the LSM710
(Zeiss) using the 488-nm laser line to excite FDA and the 561-nm laser line to excite PI.
Emission was detected between 500 and 550 nm and between 600 and 700 nm for FDA and
Pl, respectively. For the FDA-FM4-64 staining, seedlings were mounted on a glass slide in
FDA solution (1 pL dissolved FDA [2 mg in 1 ml acetone] in 1 ml 1/2 MS) supplemented
with 4 pg/ml FM4-64. FM4-64 was imaged on the LSM710 (Zeiss) using the 561-nm laser
line to excite FM4-64. Emission was detected between 600 and 700 nm for FM4-64.

In the inducible overexpression lines, seedlings were sprayed with 50 pug/ml estradiol or
DMSO (mock) and then mounted on a glass slide in 1/2 MS supplemented with 10 pg/ml

P1 at different timepoints. GFP/TagBFP and Pl were detected simultaneously in the same
track on the LSM710 (Zeiss). GFP was excited by the 488-nm line of the argon laser and
detected between 500 and 550 nm in channel 1, or TagBFP was excited by 405-nm line and
detected between 450 and 510 nm in channel 1, whereas Pl was excited by the 561-nm line
and detected between 590 and 700 nm in channel 2. For the overnight time course, 20 hours
induced seedlings were transferred to a Lab-Tek chamber and covered with an agar slab (1/2
MS) supplemented with 10 pg/ml estradiol and 10 pug/ml Pl. Roots were imaged at different
timepoints.

For the reporter lines of pUBQ10::YFP-ATGS8A, pUBQ10::GFP-ATG8E, YFP-mCherry-
NBR1, seedlings were mounted on a glass slide in 1/2 MS medium and imaged on SP8

(Leica). YFP was excited by the 514-nm line of the argon laser and detected between 525
and 580 nm. GFP was excited by the 488-nm line of the argon laser and detected between
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500 and 550 nm. The signal of mCherry was excited by the 561-nm line and detected
between 600 nm and 700 nm. Imaging of TolM was performed as described beforel3.

For starch staining, 5 days old seedlings were stained with Lugol solution (Sigma-Aldrich)
for 5 min, washed in distilled water for 1 min and then mounted with clearing solution
(chloral hydrate: glycerol: water=8:1:3). Samples were imaged on an Olympus BX51
microscope with a 40x DIC objective.

All images were processed and analyzed using Fiji (https:/fiji.sc/)33.

Transmission Electron Microcopy (TEM)—Root tips of 5 days old and 14 days

old seedlings of Arabidopsis thaliana Col-0 and afg2-2were excised, immersed in 20%
(w/v) BSA and frozen immediately in a high-pressure freezer (Leica EM ICE; Leica
Microsystems, Vienna, Austria). Freeze substitution was carried out using a Leica EM AFS
(Leica Microsystems) in dry acetone containing 1% (w/v) OsO4 and 0.2% glutaraldehyde
over a 4-days period as follows: - 90°C for 54 hours, 2°C per hour increase for 15 hours,
-60°C for 8 hours, 2°C per hour increase for 15 hours, and -30°C for 8 hours. Samples
were then slowly warmed up to 4°C, infiltrated stepwise over 3 days at 4°C in Spurr’s resin
and embedded in capsules. The polymerization was performed at 70°C for 16 h. Ultrathin
sections were made using an ultra-microtome (Leica EM UC6) and post-stained in in a
Leica EM AC20 for 40 min in uranyl acetate at 20°C and for 10 min in lead stain at 20°C.
Sections were collected on formvar-coated copper slot grids.

Grids were viewed with a JEM1400plus transmission electron microscope (JEOL, Tokyo,
Japan) operating at 80 kV.

Quantification and Statistical Analysis

The statistical details of experiments can be found in the corresponding Figure legends. The
results of statistical tests can be found in the corresponding Results section. Statistical tests
were carried out using GraphPad Prism 9.0.0 for Windows.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Autophagy intensifies prior to developmental cell death in the Arabidopsis
root cap
. The role of autophagy in cell death is divergent depending on the root cap cell
type
. Autophagy is dispensable for cell death and corpse clearance in the lateral
root cap
. Autophagy deficiency delays cell death and blocks corpse clearance in the
columella
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eTOC Blurb

Does autophagy play a role in developmentally controlled programmed cell death in
plants? Feng et al. show that cell death at the distal edge of the Arabidopsis lateral root
cap is entirely independent of autophagy, while autophagy is required for timely cell
death execution and corpse clearance in the proximal columella root cap.

Curr Biol. Author manuscript; available in PMC 2022 November 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Feng et al.

Page 15

A pUBQ10::YFP-ATG8A B pUBQ10:YFP-ATG8A; DMSO € pUBQ10::YFP-ATG8A; ConA  Dp35S::mCherry-ATGSE

distal LRC
pre-PCD LRC

non-PCD LRC

m columella proximal LRC

m pre-PCD LRC F pUBQ10::YFP-ATG8A; WT pUBQ10::YFP-ATG8A,; atg5-1

N
=)

= non-PCD LRC Longitudinal section Projection

L .
YFP-ATG8A mCherry-ATG8E

H p35S::YFP-mCherry-NBR1 p35S::YFP-mCherry-NBR1; ConA

!

oy p35$ YFP- mCherry NBR1 M p35S::YFP-i mCherry NBR1 ConA

Longitudinal section Projection

-
o

Number of APG per cell
o 3

o

WT _ atgs-1 WT _ atg2-2

pre-PCD LRC

120

100
80
60

percell _

40

Fluorescence in ROl & non-PCD LRC
(mCherry/ YFP)

Number of autophagic bodies

ConA DMSO
& & mm pre-PCD LRC
mm non-PCD LRC

Figure 1. Visualization of the dynamics of autophagosomes/autophagy-related structures in root
cap cells

(A-C) Confocal laser scanning micrograph (CLSM) of lateral root cap (LRC) cells from
seedlings at 4 days after germination (DAG) expressing pUBQ10::YFP-ATGS8A in wild type
and afg5-1 mutant, projection of the root tip (A), longitudinal section of LRC cells treated
with DMSO as control (B), or treated with 1 uM ConA for 8 h (C). Scale bars are 50 um
(A), 20 um (B-C).

(D) CLSM of LRC cells from 4 DAG seedlings of expressing p35S::mCherry-ATG8E in
wild type and afg2-2 mutant. Scale bars are 20 pm.
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(E) Quantification of autophagosomes (APG) in LRC and columella cells. Results are means
+ SD. N = 18-30 cells from 5 roots. **** indicates a significant difference (ftest, P <
0.0001).

(F-G) CLSM of columella cells from 4 DAG seedlings expressing pUBQ10::YFP-ATG8A
in wild type (F) and atg5-1 mutant (G). Scale bars are 20 um. White arrow heads indicate
autophagosomes, white arrows indicate YFP aggregates.

(H-1) CLSM of LRC cells from 4 DAG seedlings expressing p35S::YFP-mCherry-NBRL1 in
wild type (H), treated with 1 pM ConA for 8 h (I). Scale bars are 20 pum.

(J) Quantification of the vacuolar import of NBR1 in LRC cells as shown in (H).
Quantification was performed by dividing the average gray value in cytosol (YFP) with
the average gray value in the vacuole (mCherry), using split channel images in ImageJ.
Results are means + SD. N = 18 cells from 5 roots. *** indicates a significant difference (¢
test, P < 0.001).

(K) Quantification of autophagic bodies in LRC cells treated with 1 uM ConA for 8 h

as shown in (I). Results are means + SD. N = 15-20 cells from 5 roots. **** indicates a
significant difference (#test, P < 0.0001).

(L-M) CLSM of columella cells from 4 DAG seedlings expressing p35S::YFP-mCherry-
NBR1 in wild type (L), treated with 1 uM ConA for 8 h (M). Scale bars are 20 pm.

Y/C indicates merge of the YFP channel and the mCherry channel; Y/C/T indicates merge
of the YFP channel, the mCherry channel, and the transmission channel.

See also Movie S1 and S2.
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Figure 2. Autophagy is required for dPCD onset and postmortem nuclear degradation of
proximal LRC and columella cells

(A) pUBQ10::TolM expression in wild type and atg5-1 was analyzed every 12 h (stages
1-6), with the visual onset of root cap shedding defined as stage 1. afg5-1 mutant shows
longer living shed proximal LRC and columella cells compared with the wild type. EGFP
signal is shown in green in the cytoplasm, and mRFP signal is shown in magenta in the
vacuole. Scale bars are 50 um. Close-up of cells are inserted in stage 6. V indicates the
vacuole. Scale bars are 10 pm for inserted images.
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(B) Quantification of living, shed cells from wild type and afg5-1 mutant at four stages after
shedding shows that columella cells of the mutant lived longer compared with the wild type.
Box plot whiskers show minimum and maximum values; cells were counted from 5 roots for
each sample. * indicates a significant difference (¢test, P < 0.05). ** indicates a significant
difference (ftest, P < 0.01).

(C) Quantification of Pl-stained nuclei of wild type and a#g mutants, shown in (D). Results
are means + SD. N = 8-9. Each mutant is significantly different from the wild type, as
indicated by different letters (one-way ANOVA, Dunnett’s multiple comparison test, P <
0.05).

(D) CLSM of root tips from 14 DAG seedlings of wild type, atg2-2, atg5-1 and atg7-2, pulse
labeled with FDA and PI. Scale bars are 50 um.

(E) Quantification of corpse clearance of columella cells. Nuclei of atg5-1 took longer to

be degraded after cell death compared with nuclei from the wild type. Box plots show data
from at least 40 nuclei from at 6 different roots.

(F) Kymograph showing the delay of nuclear degradation in atg5-1 mutant compared with
wild type. Cells were imaged every 12 h. P1 is shown in magenta, and cells are shown with
transmitted light. Scale bars are 50 pm.

See also Figure S1 and S2.
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Figure 3. Autophagy occurs independently of established dPCD gene regulatory networks
(A-C) CLSM of LRC cells from 5 DAG seedlings expressing pUBQ10::GFP-ATGS8E in

anac046 anac087 mutant, longitudinal section of LRC cells (A, left panel), treated with 1
UM ConA for 8 h (A, right panel), projection of root tip (B, left panel), treated with ConA
for 8 h (B, right panel). Scale bars are 20 um. C, Quantification of autophagosomes (APG)
or autophagic bodies in LRC and columella cells shown in (A-B). Results are means * SD.
N = 16-22 cells from 6 roots. **** indicates a significant difference (#test, P < 0.0001).
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(D-F) CLSM of LRC cells from 5 DAG seedlings expressing pUBQ10::YFP-ATGS8A in
smb-3 mutant, longitudinal section of LRC cells (D, left panel), treated with 1 uM ConA for
8 h (D, right panel), projection of root tip (E, left panel), treated with ConA (E, right panel).
Scale bars are 20 um. F, Quantification of autophagosomes (APG) or autophagic bodies in
LRC and columella cells shown in (D-E). Results are means + SD. N = 20-50 cells from 6
roots. **** indicates a significant difference (#test, P < 0.0001).

(G) CLSM of root tips from 5 DAG seedlings pSMB::XVE-NLS-GFP in wild type, in
atg5-1, and pSMB::XVE-ANAC046-GFP in wild type and atg5-1 mutant. Two independent
lines are shown, stained with Pl (magenta). 8 h after estradiol induction (z-stack projection,
up row), 24 h after estradiol induction (z-stack projection, down row). White arrows indicate
the position of the last living root cap cells. Scale bars are 50 um.

(H) Macroscopic appearance of estradiol-induction of SMB-TagBFP driven by promoter of
pH3.3/HTR5 in wild type and afg5-1 mutant, estradiol-induction of NLS-TagBFP in wild
type or atg5-1 mutant as control. Two independent lines are shown at 0 day (upper row)

and 6 days (bottom row) after transfer to estradiol-containing medium. Overexpression of
SMB resulted in root growth arrest in atg5-1 mutants similar to in the wild type, while the
overexpression of NLS-TagBFP did not result in root growth arrest both in afg5-1 and wild
type after 6 days of estradiol induction. Scale bars are 1 cm.

(1) Quantification of the root cap length of two independent overexpression lines of each
XVE-ANA046-GFP and XVE-NLS-GFP shown in (G). At least 5 roots of each line were
quantified. Results are means + SD. Each line of XVE-ANACO046-GFP is significantly
different from line of XVE-NLS-GFP, both in wild type and afg5-1 mutant, but there is no
difference between wild type and afg5-1. (ttest; ** P < 0.01, **** P < 0.0001).

(J) As indicated by RT-gPCR analysis, a 24 h induction by estradiol caused strong
expression of SMB in two independent lines of XVE-TagBFP in wild type and afg5-1
mutant, XVE-NLS-TagBFP in wild type and afg5-1 as control. Results are means £ SD. N =
3 biological replicates. (t test; ** P < 0.01, *** P < 0.001).

(K) CLSM of root tips from 5 DAG seedlings of pH3.3/HTR5::XVE-NLS-TagBFP and
pH3.3/HTR5::XVE-SMB-TagBFP in wild type and afg5-1 mutant at different time points
after estradiol induction, stained with the Pl (magenta). 16 h after estradiol induction,
ectopic cell death is detected and indicated by white arrows. PCD of root cap cells is
indicated by white asterisks. 40 h after estradiol induction abundant cell death occurred
above the root meristem. 60 h after estradiol induction the whole root tip is dead and stained
with PI. The signal of TagBFP is shown in green. Scale bars are 50 pm.

See also Figure S3.
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Figure 4. Autophagy controls cell death in a root-cap autonomous fashion
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(A) CLSM (z-stack projection) of root tips from 14 DAG seedlings of pPSMB::NLS-GFP in
wild type, in atg2-2, and four different lines of pSMB::Cas9-GFP;ATG2, pulse labeled with

Pl (magenta). Scale bars are 50 pm.

(B) Quantification of Pl-stained nuclei of seedlings shown in (A). Results are means * SD.
N = 7-16 roots. Each mutant is significantly different from the wild type, as indicated by
different letters (one-way ANOVA, Dunnett’s multiple comparison test, P < 0.05).
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(C) CLSM (z-stack projection) of root tips from 14 DAG seedlings of pSMB::NLS-GFP in
wild type, in atg5-1, and four different lines of pSMB::Cas9-GFP;ATG5, pulse labeled with
Pl (magenta). Scale bars are 50 pm.

(D) Quantification of Pl-stained nuclei of seedlings shown in (C). Results are means * SD.
N = 7-8 roots. Each mutant is significantly different from the wild type, as indicated by
different letters (one-way ANOVA, Dunnett’s multiple comparison test, P < 0.05).

(E) CLSM (z-stack) of root tips from 5 DAG seedlings of wild type, atg5-1 and three
different root-cap specific complementation lines (pSMB::GFP-ATGDb) in afg5-1 mutant,
pulse labeled with FDA and PI. Scale bars are 50 pm.

(F) Cell number quantification of the outmost root cap layer shown in (E) on longitudinal
sections. Results are means + SD. N = 5-12 roots. Wild type and complementation lines are
significantly different from the mutant, as indicated by different letters (one-way ANOVA,
Dunnett’s multiple comparison test, P < 0.0001).

(G) CLSM (z-stack projection) of root tips from 14 DAG seedlings of wild type, in afg5-1,
and three different root-cap specific complementation lines (0SMB::GFP-ATG5) in atg5-1
mutant, pulse labeled with Pl (magenta). Scale bars are 50 pm.

(H) Quantification of Pl-stained nuclei of seedlings shown in (G). Results are means + SD.
N = 5-9 roots. Wild type and complementation lines are significantly different from the
mutant, as indicated by different letters (one-way ANOVA, Dunnett’s multiple comparison
test, P < 0.0001).

See also Figure S4.
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