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SUMMARY

Etiolated growth in darkness or the irreversible
transition to photomorphogenesis in the light
engages alternative developmental programs op-
erating across all organs of a plant seedling. Dark-
grown Arabidopsis de-etiolated by zinc (dez)
mutants exhibit morphological, cellular, metabolic,
and transcriptional characteristics of light-grown
seedlings. We identify the causal mutation in
TRICHOME BIREFRINGENCE encoding a putative
acyl transferase. Pectin acetylation is decreased in
dez, as previously found in the reduced wall acetyla-
tion2-3 mutant, shown here to phenocopy dez. More-
over, pectin of dez is excessively methylesterified.
The addition of very short fragments of homogalac-
turonan, tri-galacturonate, and tetra-galacturonate,
restores skotomorphogenesis in dark-grown dez
and similar mutants, suggesting that the mutants
are unable to generate these de-methylesterified
pectin fragments. In combination with genetic data,
we propose a model of spatiotemporally separated
photoreceptive and signal-responsive cell types,
which contain overlapping subsets of the regulatory
network of light-dependent seedling development
and communicate via a pectin-derived dark signal.

INTRODUCTION

The irreversible transition from skotomorphogenic development
in darkness to photomorphogenesis triggered by light is one of
the most critical phases in the life cycle of a plant. Skotomorpho-
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genesis in dark-grown (“etiolated”) seedlings is characterized by
an elongated hypocotyl and the maintenance of an apical hook
that protects unopened cotyledons shielding the shoot apical
meristem, while pro-plastid differentiation and root elongation
are attenuated [1, 2]. This allows a newly germinated seedling to
push through the soil, depending entirely on energy reserves
stored in the seed. When the seedling perceives light, forexample,
in close proximity to the soil surface, photomorphogenic develop-
ment ensues to realize a plant’s inherent potential for photoauto-
trophic growth. This entails the arrest of hypocotyl elongation, the
opening and growth of petioles and cotyledons, the differentiation
of pro-plastids into chloroplasts, and root elongation.

Genes affecting light-dependent development were among
the earliest identified in the model plant Arabidopsis thaliana
[2]. Consequently, the associated cellular regulatory networks
are mostly well understood [3]. In the dark, photomorphogenesis
is suppressed through transcriptional repressors and multi-pro-
tein complexes mediating the proteolysis of transcriptional
activators of light responses. Light-mediated activation of phyto-
chrome red-light (PHY) and cryptochrome blue-light (CRY)
photoreceptor proteins relieves the suppression of photomor-
phogenesis through initially parallel, but subsequently interact-
ing, regulatory pathways.

Proteins required for the suppression of photomorphogenesis
in the dark include CONSTITUTIVELY PHOTOMORPHOGENIC1
(COP1) and four partly redundant SUPPRESSOR OF PHYA (SPA)
proteins interacting in ubiquitin E3 ligase complexes. COP10 and
DE-ETIOLATED1 (DET1) actin a second multi-protein complex to
activate ubiquitin-conjugating enzymes. Suppression of photo-
morphogenesis in the dark requires components of the COP9
signalosome, a multi-protein complex that interacts with both
of these multi-protein complexes. Thus, the basic leucine zipper
(bZIP) transcription factor ELONGATED HYPOCOTYL5 (HY5) is
targeted for protein degradation among several additional photo-
morphogenesis-promoting transcriptional activators, whereas a
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group of basic-helix-loop-helix (bHLH) transcription factors
named PHYTOCHROME INTERACTING FACTORS (PIFs) are
stabilized in the dark to repress photomorphogenesis [4].
Furthermore, PIFs integrate responses to phytochrome activa-
tion with phytohormone signaling, for example, via gibberellins
and brassinosteroids [5].

Localized illumination of seedlings, excision of seedling
organs and cell-type-specific expression of transgenes in wild-
type and mutant backgrounds provided complementary lines
of evidence for non-cell-autonomous responses to light during
photomorphogenesis [1, 6, 7]. The molecular basis of the implied
cell-cell communication, however, has not been identified. Tran-
script profiling revealed that photomorphogenesis is set apart
from skotomorphogenic development through major cell-wall re-
modeling, among other processes [8]. For cells to expand during
localized growth of either hypocotyls or cotyledons, cell walls
must be loosened and new material deposited at an appropriate
pace in order to exploit turgor pressure for directed expansion
without allowing cells to burst [9]. Primary walls of Arabidopsis
hypocotyl cells are composed of three major types of polysac-
charides—cellulose, hemicellulose, and up to 35% pectin [10].
Of these, homogalacturonan constitutes the predominant pro-
portion of about 65% of cell-wall pectin. Homogalacturonan
consists of an unbranched chain of a-1,4-linked D-galacturonic
acid (GalA) subunits that can carry chemical modifications of
O-acetyl ester groups on C, and C3 atoms (pectin acetylation)
and methyl carboxyester groups on Cg atoms of GalA subunits
(pectin methylesterification). During the elongation of dark-
grown hypocotyls, loosening is triggered in elongating cells by
selective pectin de-methylesterification of longitudinal cell walls
[11, 12]. Growth-associated cell-wall loosening involves a num-
ber of enzymatically mediated hydrolytic processes, which
have the potential to release soluble oligosaccharide fragments
from cell-wall polymers. Linear short oligogalacturonides (OGs)
of 10-15 GalA subunits are cell-wall-integrity signals known
also as elicitors of plant defenses against biotic stress [13, 14].

Here, we report photomorphogenesis in the dark that is
enhanced under elevated zinc supply in the de-etiolated by Zn
(dez) mutant. We identify the causal mutation at the TRICHOME
BI-REFRINGENCE (TBR; At5g06700) locus [15], which encodes
a member of the TBR-like (TBL) protein family implicated in
O-acetylation of cell-wall macromolecules [16]. In darkness, tbr
is epistatic or additive to most known mutants in the network con-
trolling photomorphogenesis. Alterations in the transcriptome of
dez are predominantly shared by characterized photomorpho-
genic mutants and are enriched in oxylipin/jasmonate signaling
and photosynthesis transcripts. A GFP fusion of the TBR protein
localizes to tri-cellular junctions of longitudinal cell walls. Cell-wall
composition and cation binding of dez, combined with a similar
photomorphogenic phenotype in a reduced wall acetylation2
(rwa2) mutant, suggest that a primary reduction in pectin acetyla-
tion leads to increased pectin methylesterification and its sensiti-
zation to external Zn supply. Supplementation with very short OG
fragments (vsOGs) restores skotomorphogenic development in
dez, as well as in rwa2 and two additional dez-phenocopying
mutants, the cell-wall mutant murus? (mur1), and hormone
biosynthesis mutant jasmonate-resistant1 (jar1). This suggests
that these mutants share with dez the lack of a cell-wall signal
suppressing photomorphogenesis in the dark. We propose
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a model encompassing light-receptive cells spatiotemporally
separated from photomorphogenesis-executing cells that
respond to the elimination of a vsOG dark signal.

RESULTS

The dez Mutant Shows Photomorphogenesis in the Dark
and Is Allelic to tbr-1

In a genetic screen for Zn-hypersensitive mutants, we identified
an EMS mutant that showed characteristics of photomorpho-
genic development in the dark, including shortened hypocotyls,
opened and enlarged cotyledons, and longer roots compared to
the wild-type (Figure 1). We named this mutant de-etiolated by
zinc (dez), because photomorphogenesis was enhanced on
media supplemented with excess zinc (Zn), different from the
previously described constitutive photomorphogenesis (cop) or
de-etiolated (det) mutants [2]. Hypocotyls of dez seedlings culti-
vated on high-Zn media for 7 days in the dark were shortened,
similar to those of the previously described cop7-4 mutant [17]
and slightly longer than hypocotyls of det3 [18] (Figures 1A and
1B). Cotyledons of dez were opened less than those of cop7-4
but far more widely than in det3. Similarly, roots of dark-grown
dez were shorter than those of cop7-4 but longer than roots of
det3. Dark-grown dez seedlings contained higher amounts of
chlorophyll than wild-type or cop7-4 seedlings grown on the
same high-Zn medium (Figure 1C; see STAR Methods). As
another marker metabolite of light-triggered chloroplast differen-
tiation [19], carotene contents of dez, but not of cop7-4, were
higher than those of the wild-type. Plastids of dark-grown seed-
lings were larger in dez mutants and lacked the pro-lamellar
body, a structure of paracrystalline tubule assemblies character-
istic of etioplasts found in dark-grown wild-type seedlings (Fig-
ure 1D). This result is similar to previously reported observations
in cop1 and det1 mutants, whereas plastid ultrastructure of dark-
grown cop2, cop3, cop4, det2, and det3 mutants resembled the
wild-type [17, 18, 20-23].

Genetic mapping of dez, combined with the sequencing of
candidate genes, identified a mutation in the TBR gene (see
STAR Methods) [15, 24]. The dez mutant carries an intronic
splice donor site G— A mutation that leads to the retention of
the fourth intron in the mRNA (Figures S1A and S1B), thus result-
ing in an S— R amino acid exchange at position 491 of TBR, fol-
lowed by several aberrant amino acids and a translational stop
codon after position 496.

An allelic tbr-1 mutant was previously reported to have altered
cell-wall properties [15, 24]. A G— A mutation results ina G—E
exchange at position 427 out of a total of 608 amino acids of the
TBR protein of tbr-1, whereas the complete loss of TBR function
was inferred to be lethal [24] (see Figure S1A). Both the dez and
the tbr-1 mutations are located within a conserved PC-esterase
domain (PF13839 and IPR026057) that shares most, but not all,
conserved residues with the GDSL/SGNH esterase protein su-
perfamily [25]. When germinated under our growth conditions
in the dark, tbr-1 exhibited Zn-enhanced photomorphogenesis
indistinguishable from that of dez (Figure S1C). A homozygous
transgene encompassing the genomic region of the wild-type
TBR gene translationally fused to GFP was able to phenotypi-
cally complement the dez mutant in both light and dark con-
ditions (Figure S1D). Taken together, this demonstrates that
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Figure 1. The dez Mutant Exhibits Zn-Enhanced Photomorphogenesis in the Dark

(A-C) Photographs (A) and quantification of morphological (B) and metabolic (C) markers of wild-type (WT) and mutant seedlings cultivated on control (5 uM Zn)
and high-Zn (100 pM Zn) media in continuous darkness for 7 days. Arrows indicate root-hypocotyl junctions. Scale bars, 10 mm.

(D) Representative electron micrographs of a plastid in the cotyledon of high-Zn-grown WT (left) and dez (right) seedlings as shown in (A). Scale bars, 0.5 um.
Bar graphs in (B) and (C) indicate arithmetic means + SD (n = 8 replicate seedlings); different letters denote statistically significant differences (Student’s t test with

Bonferroni corrections; p < 0.05).
See also Figure S1 and Tables S1 and S2.

Zn-enhanced photomorphogenesis is caused by genetic lesions
in the TBR gene.

Hypocotyl length of dark-grown dez seedlings decreased
gradually with increasing Zn?* concentrations in the medium,
suggesting a quantitative physiological effect of Zn (Figure S1E).
The dez mutant was hypersensitive to Zn in the light, with clear
inhibition of root elongation, but not of hypocotyl elongation,
when compared to the wild-type (Figures S1D and S1F). Supple-
mentation of the medium with a moderately toxic concentration
of Ni?* also enhanced photomorphogenesis of dark-grown dez
seedlings, but this was not found with the other tested metals,
Ag*, Cd?*, Pb%*, Co?*, La®*, Cu?*, Fe'""HBED, Mg?*, Mn?*, and
MoO,2~, or the chelators EGTA, CDTA, ferrozine, and EDTA
(Figures S1G-S1J; Tables S1 and S2). However, photomorpho-
genesis was unique to dez among Zn-hypersensitive mutants
(Figures S1K-S1N), namely, the overly Zn-sensitive mutants
ozs1 and ozs2, which are defective in the vacuolar membrane
Zn?*/H* antiporter METAL TRANSPORT PROTEIN 1 (MTP1)
and cell-wall-modifying PECTIN METHYLESTERASE 3 (PMES),
respectively, and the zinc-induced facilitator1 (zif1) mutant
defective in the transport of the metal chelator molecule nicotian-
amine from the cytoplasm into the vacuole [26, 27].

Genetic Interactions with Known Loci Acting in
Photomorphogenesis

By comparison to single cop7-4 and det1 mutants, dez cop1-4
and dez det1 double mutants were morphologically identical to

cop1-4 and det1 in control conditions but showed additive phe-
notypes with respect to hypocotyl length under high-Zn condi-
tions (Figures 2A, 2B, S2A, and S2B; for additional genotypes,
see Table S3). In addition, we observed an increased production
of anthocyanin in dark-grown dez cop7-4 in high Zn (Figure S2A,
bottom panel), reminiscent of the severe, seedling-lethal cop7-5
mutant allele [28]. Several bHLH family PIF transcription factors
act in the dark to repress photomorphogenesis [4]. As previously
established, a dark-grown pif1 pif3 pif4 pif5 (pifq) quadruple
mutant exhibited a shortened hypocotyl and opened cotyledons
under our growth conditions. Dark-grown quintuple dez pifq mu-
tants were morphologically similar to pifg in control conditions
but exhibited additive photomorphogenic phenotypes in high-Zn
conditions (Figures 2C and S2C). The HY5 bZIP transcription
factor protein acts directly to effect photomorphogenesis in the
light, and it is subject to negative regulation through COP1 in
the dark [29, 30]. In contrast to hy5-215, the hypocotyl length
and petiole angle of the dark-grown dez hy5-215 double mutant
resembled those of the dez single mutant in both control and
high-Zn media (Figures 2D and S2D). In the light, the dez
hy5-215 double-mutant hypocotyls were short under high-Zn
conditions and elongated under standard growth conditions
(Figures 2F and S2F). We concluded that the genetic interactions
of dez with cop1-4, det1, pifq, and hy5 are complex and Zn
dependent. Under high-Zn conditions in darkness, DEZ either
acts in parallel with, or is epistatic to, these regulators of photo-
morphogenic development.

Current Biology 27, 3403-3418, November 20, 2017 3405

CellPress




CellP’ress

A Control

High Zn H

%% % ‘%%%

R

(o Control

>
o o
o R
High Zn | Ctrl Ctrl Ctrl|+2Zn] Ctrl|+Zn
HYs W ’
Actin — — S G
J Ctrl}+Zn Ctrl[+Znjilll Ctrl|+Zn
PIF3

ACtin — —

Figure 2. Conditional Epistasis of dez to Most Mutants Defective in Light-Responsive Development

(A-H) Photographs of wild-type (WT), dez, various mutants, and the respective dez double mutants cultivated on control (5 uM Zn) and high-Zn (100 uM Zn) media
in (A-H) continuous darkness, and additionally in (D-F) light, for 7 days. Mutants and dez double mutants are: (A) cop7-4 and dez cop1-4; (B) det1 and dez det1;
(C) pifq and dez pifq; (D) hy5 and dez hy5; (E) hy2 and dez hy2; (F) cry1 cry2 and dez cry1 cry2; (G) bri-5 and dez bri-5; and (H) bzr1-1D and dez bzr1-1D. Inset in
(A) shows dez and dez cop1-4 seedlings at higher magnification. Scale bars, 10 mm.

(I and J) Immunoblot detection of HY5 (I) and PIF3 (J) in total protein from 7-day-old seedlings cultivated on control and high-Zn media in continuous darkness

(black background, white fonts), or in continuous light (black fonts).
See also Figure S2 and Tables S2 and S3.

Light activation of photoreceptors of red or blue light triggers
photomorphogenic development. The function of all five phy-
tochrome red-light photoreceptors of Arabidopsis depends
on the covalently bound light-sensitive chromophore cofactor
phytochromobilin. Consequently, elongated hypocotyl 2 (hy2)
mutants defective in phytochromobilin synthase display an
elongated hypocotyl in white light and are skotomorphogenic
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in the dark [31, 32]. Dark-grown dez hy2 seedlings were photo-
morphogenic as dez in both control and high Zn (Figures 2E
and S2E). When germinated in the light, the hy2 single mutant
displayed an elongated hypocotyl in both high-Zn and control
conditions. Hypocotyl length of light-grown dez hy2 seedlings
was dez-like in high Zn but hy2-like in standard growth medium.
Similar observations were made for cry1 cry2 defective in the



blue light photoreceptors acting in photomorphogenesis (Fig-
ures 2F and S2F). Our results suggested that DEZ is epistatic
to the phytochrome and cryptochrome photoreceptors under
control and high-Zn conditions (see Table S3 for additional light
conditions).

Several phytohormones have been implicated in the transition
from skotomorphogenesis to photomorphogenesis [5]. Growth
on media supplemented with various hormone agonists and
antagonists did not reveal any noteworthy hormonal effects on
the dez phenotype (Table S2). The brassinosteroid signaling
pathway is of particular interest in this context, because it was
implicated in both cell-wall signaling [33] and photomorphogen-
esis. Therefore, dez bri1-5 and dez bzr1-1D mutants were gener-
ated to inactivate and constitutively activate brassinosteroid
signaling, respectively, in the dez background. Both double
mutants phenotypically resembled dez in high Zn in the dark,
suggesting independence of the effects of dez mutation from
brassinosteroid signaling (Figures 2G, 2H, and S2G-S2J; see
also Table S3). Roles for sucrose were discussed in root elonga-
tion during photomorphogenesis [34] and in the suppression of
phyA-mediated responses to far-red light [35]. Zn-enhanced
photomorphogenesis of dez seedlings remained on media
lacking sucrose (Table S2). HY5 protein was undetectable and
PIF3 protein was detectable in both dez and wild-type seedlings
grown in the dark in control and high-Zn media (Figures 2I
and 2J).

Altered Abundance of Cell-Wall-, Light-Signaling- and
Wounding-Related Transcripts in dez
To gain information on the molecular alterations contributing to
the dez phenotype, we conducted transcriptome profiling of
7-day-old wild-type and dez seedlings cultivated in the dark
on control and high-Zn media. The majority of transcripts de-
regulated in dez and previously reported as light regulated
showed congruent alterations in both the det? and pifq photo-
morphogenic mutants (Figures 3A and 3B) [8, 36], for example
PMEpcrD (At2g43050) encoding a pectin methylesterase (PME)
with a PME inhibitor domain, INDOLE-3-ACETIC ACID6 (IAA6)/
SHORT HYPOCOTYL1 (SHY1), and ARABINOGALACTAN
PROTEIN4 (AGP4, JAGGER), or in only one of these mutants,
for example PHYTOCHROME RAPIDLY REGULATED1 (PART)
and DARK-INDUCIBLE10 (DIN10) (see Data S1 for more infor-
mation). Transcript levels of these genes were generally lower
in dez than in the wild-type, and this was more pronounced
under high-Zn conditions, as confirmed by gRT-PCR (Figures
S3A-S3E).

Parametric analysis of gene set enrichment (PAGE) suggested
a prominent de-regulation of cell-wall biosynthesis, modification,
and signaling, as well as of jasmonate (JA)/oxylipin biosynthesis
and responses, in dez seedlings (Figures 3C and 3D). The corre-
sponding genes included, for example, PMEpcrD, AGP4, the
xyloglucan endotransglucosylase/hydrolase-encoding TOUCH4
(TCH4), BETA-XYLOSIDASE1 (BXL1), WALL-ASSOCIATED
KINASE1 (WAKT), related to the cell wall; and RESPIRATORY
BURST OXIDASE HOMOLOG D (RBOHD), LIPOXYGENASE2
(LOX2) and OXOPHYTODIENOATE-REDUCTASE3 (OPR3),
related to JA signaling and biosynthesis (Figures S3A, S3C,
and S3F-S3K; Data S1). In addition, plastid stroma-related
functions were over-represented among differentially abundant

transcripts in the dez mutant by comparison to the wild-type un-
der high-Zn conditions. Among these genes were GLUTAMYL-
TRNA REDUCTASE (HEMAT1), PHOTOSYSTEM | LIGHT
HARVESTING COMPLEX GENE1 (LHCA1), CARBONIC
ANHYDRASET (CAT), or the proposed target of positive regula-
tion by HY5, CHLOROPHYLL A/B BINDING PROTEINT (CABT)
(Figures S3L-S30; Data S1). Transcript levels of most of these
genes were de-regulated in the dez mutant either fully
(HEMAT) or partially (LHCA1, CAB1) and congruent with both
light-dependent regulation and alterations in hy5, pifq, and
det1 [8, 22]. In summary, gene expression in the dez mutant is
consistent with morphological data (see Figure 1), and it impli-
cates cell-wall remodeling, JA/oxylipin signaling, and alterations
in plastid processes in the dez phenotype.

Decreased O-Acetylation and Increased Zn-Sensitized
Methylesterification of Pectins in dez

TBR was hypothesized to act in the chemical modification of
cell-wall pectin by O-acetylation of the hydroxyl groups of C,
and C3 of galacturonic acid subunits [16, 24, 25]. The O-acety-
lation of cell-wall macromolecules occurs in the lumen of the
Golgi [25]. Indeed, a large-scale proteomic study identified
TBR among Golgi luminal proteins at low abundance in two
out of four independent experiments [37], whereas another
similar study did not identify TBR among many other Golgi-
localized cell-wall-modifying proteins [38]. In dez transgenic
lines homozygous for a complementing translational GFP
fusion construct of TBR under the control of its own promoter
(see Figure S1D), we detected GFP fluorescence exclusively
in the apoplast of both roots of light-grown and hypocotyls of
dark-grown seedlings (Figures 4A, 4B, and S4A). There was
no apparent Zn-dependent (data not shown) or light-dependent
change in localization or intensity of GFP fluorescence. GFP
fluorescence was restricted to longitudinal cell walls at tri-
cellular junctions and small regions of peripheral cell walls
of the hypocotyl epidermis. Despite this result, we cannot
exclude the localization of a minor fraction of TBR-GFP fusion
protein to the Golgi.

Micro-Fourier-transformed infra-red (uFTIR) spectra of trans-
verse sections of dark-grown freeze-dried hypocotyls suggested
pronounced overall differences between dez grown in high-Zn
medium and all other samples (Figure 4C). Spectra were most
consistent with predominant alterations in pectin (peaks 1 to 6)
and pectin modifications, namely, pectin methylesterification
(peaks 8, 10, and 12) and pectin acetylation (peaks 3 and 4),
among possible changes in various other cell-wall components,
given the complexity of the samples and obtained spectra
(Figure 4D; Table S4).

The biochemical analysis of pectin modification in dark-grown
seedlings confirmed reduced levels of pectin acetylation in dez
to between 51% and 69% of the wild-type (Figure 4E). This is
consistent with a role for TBR in either the catalytic transfer of
acetyl groups onto pectin in the lumen of the Golgi or the protec-
tion of O-acetylated pectin from de-acetylation by pectin acetyl
esterases in the cell wall [25, 39], the latter concurring with the
extracellular localization of the TBR-GFP protein (see Figures
4A and 4B). Plant pectins are synthesized in methylesterified
form in the Golgi lumen and secreted into the apoplast, where
PMEs can release methanol to generate free Cg carboxyl groups
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Figure 3. Transcriptome Changes in dez Are Consistent with Photomorphogenesis

(A and B) Venn diagrams visualizing the overlap between transcripts de-regulated in dez compared to the wild-type (WT) under high-Zn conditions (A), or between
transcripts exhibiting a Zn-dependent change in abundance in dez (B), and transcripts published as de-regulated in det? and pifq mutants [8], among light-
regulated transcripts. Only genes showing a congruent directional change in transcript levels were scored as overlapping.

(C and D) The top six over-represented GO Annotations for Cellular Component (C) and for Biological Process (D) according to parametric analysis of gene set
enrichment (PAGE). Positive/negative Z scores show significant over/under-representation (Hochberg multiple testing adjustments in PAGE; p < 0.05). Fold
changes of all entities were determined in 7-day-old dez versus wild-type seedlings at 100 uM Zn and in dez seedlings at 100 uM versus 1 uM Zn.

See also Figure S3 and Data S1.

on the galacturonic acid residues of pectin macromolecules.
Overall, cell walls of dark-grown dez seedlings exhibited a
1.75-fold increase in pectin methylesterification compared to
the wild-type, and this was enhanced by an additional 20% in
seedlings grown under high-Zn conditions (Figure 4F; compare
with Figure S4B). Enhanced pectin methylesterification in high-
Zn-grown dez was accompanied by increased—rather than
decreased —net endogenous PME activity (Figure 4G), suggest-
ing a spatial separation between PME activity and its substrates.

While the imaging of O-acetylated pectins is not possible, spe-
cific antibodies are available for assessing the degree of methyl-
esterification of homogalacturonan, the predominant form of
pectin in Arabidopsis hypocotyls [40]. In agreement with our
biochemical data, immunogold staining of sections through the
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midpoint of the hypocotyl of dark- and high-Zn-grown seedlings
indicated an increased relative abundance of methylesterified
pectin at tri-cellular junctions and surrounding epidermal cells
of dez in comparison to the wild-type (Figures 4H-4J). Thus,
we propose that these cell-wall domains, which corresponded
to the sites of TBR-GFP protein localization in the wild-type,
were less accessible to endogenous PMEs in the dez mutant
than in the wild-type in both control and high-Zn media (Figures
S4C and S4D). For example, an about 5-fold increase in cell-wall
thickness may have overcompensated the increase in PME
activity through a dilution-like effect, to result in a more strongly
enhanced degree of pectin methylesterification in high-Zn-
grown dez seedlings, compared to the wild-type (Figures 4G-
4K, S4C, and S4D).
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A predicted consequence of altered pectin modification of
dez is a change in cell-wall cation-binding properties, because
de-methylesterification of homogalacturonan forms free
carboxyl groups, which can act as high-affinity binding sites
of divalent cations, particularly Ca®* [41]. Indeed, comparative
element analysis of untreated and desorbed seedlings, in which
easily accessible cell-wall cations had been removed in a solu-
tion containing metal chelator, indicated that dez seedlings
grown in high Zn have a lower capacity to retain divalent
Zn?* cations in the cell wall than the wild-type (Figure S4E).
Moreover, high-Zn-grown dez seedlings accumulated less Ca
in both the total fraction and the extracellular fraction that
was removed by desorbing. Micro-X-ray fluorescence spec-
troscopy (uXRF) of transverse hypocotyl cryo-sections sug-
gested a similar spatial distribution of Zn?* and Ca®" in both
wild-type and dez seedlings (Figures S4F and S4G). According
to micro-X-ray absorbance near-edge spectroscopy (WXANES)
analysis, the predominant proportion of Zn?>* was bound to
pectin in the wild-type. In contrast, Zn binding was less uniform
in dez, with best fits for bulk cell-wall material rather than a
purified pectin fraction, in combination with thiol binding and
sometimes other model compounds (Figures S4H and S4l).
Taken together, our results suggest that the ease of diss-
ociation of cell-wall-bound Zn?* in dez can be explained by
substantially reduced amounts of carboxylate groups of de-
methylesterified pectin in the cell wall.

Phenotypic Rescue of Photomorphogenesis in Dark-
Grown dez and Other Mutants by the Addition of Very
Short Oligogalacturonides

To gain additional insights into how photomorphogenic develop-
ment arises in dez, we examined other mutants in cell wall and JA
biosynthesis, based on the transcriptome of the dez mutant (see
also Table S3). The prc1-1 mutant, a loss-of-function allele of the
gene encoding cellulose synthase isoform CESAB, developed a
shortened hypocotyl, as reported earlier [42], but cotyledons did
not open (Figure 5A, upper panel). This suggested that prc1-1 is
merely defective in cell elongation in the dark and not constitu-
tively photomorphogenic. By contrast, the cell-wall mutants
rwa2-3 and mur1-2 were phenotypically more dez-like. RWA2

contributes to the transport of acetyl-coenzyme A (CoA) into
the Golgi where cell-wall polysaccharides are O-acetylated,
and the degree of O-acetylation of both pectins and xyloglucans
is reduced by 20% in the rwa2-3 mutant [25, 43, 44]. The O-acet-
ylation step itself is thought to be carried out by RWA proteins
themselves or by a TBL family protein. The rwa2-3 mutant
exhibited photomorphogenesis in the dark when cultivated on
high-Zn media, yet less severely than dez (Figure 5A, upper
panel). MUR1 encodes a GDP-D-mannose-4,6-dehydratase
that is required for the first step of fucose biosynthesis. In the
cell wall of mur1-2 mutants, both hemicellulose and pectin frac-
tions are deficient in fucose, resulting in less than 2% of the wild-
type fucose content [45]. In contrast to the other mutants,
mur1-2 showed characteristics of photomorphogenesis in the
dark equally under control and high-Zn conditions (Figure 5A,
upper panel). In support of a causal role of pectin alterations in
photomorphogenic development, the mur2 mutant defective in
a xyloglucan fucosyltransferase [46] exhibited skotomorphogen-
esis in the dark indistinguishable from that of the wild-type
(Table S3). Finally, out of a number of JA biosynthetic and
signaling mutants examined (see Figure 3), only jar1 mutants
defective in the final JA-isoleucine conjugation step that forms
the signaling-active form of JA phenocopied dez (Figure 5A;
Table S3; see also Figure S6).

We hypothesized that the photomorphogenic phenotype of
dez results from the disruption of an extra-cellular suppressive
signal, which acts in wild-type seedlings to maintain skotomor-
phogenesis in the dark. Based on the cell-wall modifications
observed in dez, such a signal could be a wall-derived OG signal.
To test this, we asked whether supplementation of growth media
with a crude enzymatic digest of polygalacturonic acid (PGA)
restored skotomorphogenesis in the dark in dez and other mu-
tants. Indeed, this was observed for dez, rwa2-3, jar1-1, and
mur1-2, as quantified by both hypocotyl length and petiole angle
(Figures S5A and S5B). Importantly, the Zn hypersensitivity of
light-grown dez seedlings persisted in the presence of the PGA
digest, indicating that the digest did not act by merely reducing
the bioavailability of Zn in the growth medium (Figures S5C and
S5D), despite the ability of both PGA and OG (degree of polymer-
ization [DP] > 10) to bind Zn [47]. Supplementation with the PGA

Figure 4. Extracellularly Localized TBR/DEZ Protein Is Required for Pectin Modification and Cell-Wall Architecture

(A) Confocal laser scanning microscopic images of roots of 7-day-old light-grown dez transformant seedlings homozygous for a genomic TBR fragment (1,615 bp
upstream and coding region) translationally fused to GFP. Images of GFP (green) and propidium iodide (red) in the longitudinal (left) and transverse (right) planes.
Scale bars, 50 um.

(B) Same as in (A) for hypocotyls of dark-grown seedlings.

(C) Principal-component linear discriminant analysis (PCLDA) of uFTIR spectra. Each data point represents a transverse hypocotyl section of one 7-day-old dark-
grown seedling (triangles indicate dez; circles indicate WT; red symbols indicate 100 uM Zn; and black symbols indicate 1 uM Zn). Ovals delineate 95% con-
fidence intervals using PC1 to PC5.

(D) uFTIR spectra of dez mutant and wild-type hypocotyls. Shown are means (n ~6); see (C). Numbered peaks contribute to PC2, the predominant component of
PCLDAT1 and, thus, of the differences between dez at high Zn and all other treatments and genotypes (see Table S4 for peak assignment).

(E and F) Degree of pectin acetylation (E) and methylesterification (F) in 7-day-old dark-grown wild-type and dez seedlings cultivated in control (5 uM Zn) and
high-Zn (100 uM Zn) media.

(G) Pectin methylesterase (PME) activity quantified in vitro using total protein extracts from seedlings; see (E).

(H and I) Electron micrographs of tri-cellular junctions in transverse sections of the hypocotyls of 7-day-old dark-grown wild-type (H) and dez mutant (l) seedlings
cultivated in high-Zn media. Black dots correspond to immuno-gold labels obtained with LM19 (top) and LM20 (bottom) antibodies. Scale bars, 0.2 pm in (H)
and 1 pmin (I).

(J and K) Quantification of immunogold labels (J) and cell-wall thickness (K) observed (see H, |, and Figures S4C and S4D).

Bar graphs indicate arithmetic means + SD (n = 4 subsamples from a pool of 140 to 160 seedlings in E-G, n = 8images in J, and n = 18 images in K); different letters
denote statistically significant differences (Student’s t test with Bonferroni corrections; p < 0.05).

See also Figure S4 and Tables S2, S3, and S4.
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Figure 5. Photomorphogenesis in Darkness

Control

+ (GalA)s

in dez, rwa2, mur1, and jar1 and Mutants
and Its Rescue by Tri-galacturonate

(A and B) Photographs (A) and quantification of
morphological markers (B) of 7-day-old dark-grown
wild-type (WT) and mutant seedlings cultivated on
control (5 uM Zn) and high-Zn (100 pM Zn) media
without and with 500 pM tri-galacturonic acid
((GalA)3). Scale bar, 10 mm.

Bar graphs indicate arithmetic means + SD (n = 8
replicate seedlings); different letters denote statis-
tically significant differences (Student’s t test with
Bonferroni corrections; p < 0.05).

See also Figure S5 and Tables S2 and S3.

also did not rescue Zn hypersensitivity
of light-grown dez seedlings (Figures
S5E-S5G). This is consistent with a lack
in dez, rwa2-3, mur1-2, and jar1-1 of a
very short OG (vsOG) dark signal that is
necessary and sufficient to maintain skoto-
morphogenesis in darkness.

B Positioning of dez and dez-Like
— 27 Mutants in the Regulatory Network
E O Control B Highzn O + (GalA)s B High Zn + (GalA)s Governing Light-Dependent
E’ be Development
5 18 be c ¢ Photomorphogenesis in jar7-1 and the
S 7 i c allelic jar1-11 mutant (see Table S3), as
; d d cd well as the dez transcriptome, implicated
g 9 . e o [18 JA/oxylipin signaling (see Figure 3). Indeed,
8_ fg ff ﬂ the addition of methyl JA to our medialed to
:E' D ._I:L. asmall e?dent of photomorphogenic devel-
0 opment in dark-grown wild-type and dez
seedlings (Table S2). A dez jar1-1 double
> 90 mutant established that both mutations
o were not additive, with dark grown dez
@ 60 jar1-1 seedlings resembling dez in high Zn
g (Figures 6A and 6B), consistent with JAR1
o 30 r acting upstream of dez. To test whether
E) dddd dd dddd d d the ef.fect of/'arl1 arose thrgugh the'accu-
0 mulation of a biosynthetic intermediate of
rwa2-3 pre1-1 murt-2 Jjar1-1 the JA pathway upstream of JAR1 [49],

digest did not have a significant effect on the photomorphogenic
mutants cop7-4 and pifq, but it decreased the extent of coty-
ledon opening in det1 (Figures S5A and S5B). OGs were reported
to inhibit growth [13, 48], and this was also observed in both
light- and dark-grown seedlings through an inhibition of root
growth (Figures S5A-S5D). Given that skotomorphogenesis
was restored in dez by a digest of PGA, which constitutes the
simple, chemically unmodified backbone of homogalacturonan,
we next tested the galacturonic monomer and oligomers of
increasing lengths (Table S2). Indeed, tri- and tetra-galacturonic
acid ((GalA); and (GalA),4) were able to rescue the photomorpho-
genic phenotypes of dark-grown dez as well as rwa2-3, muri1-2,
and jar1-1 (Figures 5A, lower panel, and 5B; Table S2). (GalA);
did not rescue cop1, pifg, or det1 mutants in the dark, and it

we tested jar7-1 aos [50] and jar1-1 opr3

double mutants. AOS and OPRS3 catalyze
early steps in the biosynthetic pathway of JA, namely, the synthe-
sis and processing, respectively, of the precursor molecule
12-oxo-phytodienoic acid (OPDA), for which independent
signaling roles have been proposed [51, 52]. In confirmation of
our hypothesis, dark-grown jar1-1 aos seedlings were skotomor-
phogenic in the dark just like the wild-type in both control and
high-Zn conditions (Figures 6A and 6B). By contrast, the per-
sistence of photomorphogenic development in jar1-1 opr3
suggested that allene oxide, one of its spontaneous hydrolysis
products, or an OPDA isomer is required for triggering photomor-
phogenesis in dark-grown jar7-1. Interestingly, however, both
dez aos and dez opr3 double mutants, as well as the dez
coi1-16 double mutant impaired in the perception of JA-lle, all
resembled dez in high Zn in the dark (Figures S6A and S6B).
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Figure 7. Integrated Model of the Control of Photomorphogenesis
Our data suggest that light perception is spatiotemporally separated from at
least part of the photomorphogenic responses, different from previous models
encompassing all of these events in a single cell. In continuous darkness, light-
receptive cells generate a cell-wall-derived dark signal that acts on signal-
responsive cells to repress photomorphogenesis. Disruption of specific pectin
modifications in dez (tbr), rwa2-3, mur1-2, and jar1 mutants interferes with the
generation of the dark signal, resulting in constitutive photomorphogenesis.
This phenotype can be rescued by addition of the vsOG tri- and tetra-gal-
acturonate ((GalA); and (GalA)s), fragments of the pectin macromolecule
homogalacturonan. Major players, COP1 and PIFs, appear to act in both light-
receptive and signal-responsive cells. DET1, HY5, and oxylipin signaling are
important predominantly or only in light-receptive cells. A known retrograde
signal acts in signal-responsive cells.

Taken together, our data indicate that TBR acts downstream of
JAR1 in maintaining skotomorphogenesis.

Recent work has implicated a retrograde signal from plastids,
which negatively interacts with PIFs, in the transcriptional control
of PIF target genes. This was supported by the loss of cotyledon

opening in the pifg mutant in the presence of lincomycin in the
dark [53]. We confirmed the effect of lincomycin on pifg, and
we additionally observed moderate partial effects on cop7-4
and det1 (Figures 6C and 6D). Similar to pifg, lincomycin sup-
pressed cotyledon opening in dez, rwa2-3, muri1-2, and jar1-1
in the dark. We detected only minor or no effects of lincomycin
on hypocotyl length in rwa2-3, jar1-1, pifq, dez, and muri-2,
in agreement with published data on pifqg [53].

DISCUSSION

An Extracellular Cell-Wall-Derived vsOG Dark Signal
Controls Light-Dependent Development

Here, we show that mutants defective in the TBR/DEZ gene
exhibit photomorphogenesis in the dark (Figures 1, 3, S1,
and S3). Our data suggest an extracellular localization of
the TBR/DEZ protein at tri-cellular junctions (Figures 4, 7, and
S4), different from known regulators of light-dependent
development [1]. TBR/DEZ expression is not light dependent
at the transcript or protein level (http://bar.utoronto.ca/
efp_arabidopsis/cgi-bin/efpWeb.cgi; Figure 4). We hypothesize
that in wild-type Arabidopsis seedlings grown in darkness,
photomorphogenic development is suppressed by an extracel-
lularly generated dark signal, which is lacking in dez as a result
of complex cell-wall defects (Figure 7). Accordingly, we were
able to restore skotomorphogenic development in dark-grown
dez seedlings through the supply of exogenous vsOG, very
short, chemically unmodified fragments of the cell-wall pectin
homogalacturonan, suggesting that (GalA); and (GalA);, can
act as a dark signal (Figures 5 and S5). When generated during
cell-wall loosening in the process of hypocotyl elongation in the
dark, for example, by endo-polygalacturonases or pectate
lyases [13], vsOG could act in a feed-forward regulatory loop
that suppresses photomorphogenesis. An extracellular dark
signal provides a conceptual framework for the known irrevers-
ibility of photomorphogenesis, for example, through the
controlled elimination of the vsOG signal upon the perception
of light (e.g., similar to jar7-1 and jar7-11, in which we propose
the vsOG signal to be aberrantly eliminated in the dark; Figures
5 and 6; Table S3).

Known cell-wall-associated and cell-wall-derived signals
depend predominantly on the status of pectin, one of three major
types of cell-wall structural macromolecules [10, 14]. Among
these signals, there is some evidence for roles of pectin
fragments in cell-cell signaling. OGs (DP 10-15) are known
to act as elicitors of defense responses against pathogen in-
fection and in cell-wall integrity signaling during plant growth
[13, 14]. Fewer studies reported effects of short OGs (DP 2-6),
for example, in suppressing pathogen defense responses in
wheat [54].

Figure 6. JA Biosynthesis Genes, TBR, and Retrograde Signaling in the Control of Photomorphogenesis
(A and B) Photographs (A) and quantification of morphological markers (B) of 7-day-old dark-grown wild-type (WT) and mutant seedlings cultivated on control

(5 uM Zn) or high-Zn (100 uM Zn) media.

(C and D) Photographs (C) and quantification of morphological markers (D) of 7-day-old dark-grown wild-type and mutant seedlings cultivated on control or high-
Zn media in the absence or presence of 0.5 mM lincomycin (Linc) to suppress plastid-derived retrograde signals.
Bar graphs indicate arithmetic means + SD (n = 8 replicate seedlings); different letters denote statistically significant differences (Student’s t test with Bonferroni

corrections; p < 0.05). Scale bars, 10 mm.
See also Figure S6 and Table S2.

Current Biology 27, 3403-3418, November 20, 2017 3413

CellPress



http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi

Cell’ress

Localized light reception, followed by inter-organ and inter-
cellular signaling, was invoked in the light-dependent control of
seedling development based on a variety of previous experi-
mental approaches, yet the molecular basis has remained un-
identified [7, 34, 55, 56]. Thus, working models of the regulatory
network controlling the switch from skotomorphogenic to photo-
morphogenic development have so far usually been depicted in
a single cell. The results presented in this article strongly support
the hypothesis that the cells receptive of the light stimulus are
spatially or temporally (“spatiotemporally”’) separated from cells
executing the repression or de-repression of photomorphogen-
esis (Figure 7).

Delineating a Pathway for Non-Cell-Autonomous
Regulation of Light-Dependent Development

The cellulose synthase isoform PRC1 is required for enhanced
hypocotyl elongation in the dark, but not for hypocotyl elonga-
tion in the light [42]. The prc1-1 mutant was not photomorpho-
genic and not phenotypically rescued by exogenously applied
vsOG (Figure 5). In addition, a prc7-1 dez double mutant was
phenotypically dez-like, i.e., photomorphogenic (Table S3).
Together, these observations are consistent with PRCT
functioning in the growth process of hypocotyl elongation in
the dark, with no signaling role. By contrast, dez exhibited
multiple characteristics of photomorphogenic development
(see Figure 1), including shortened hypocotyls and cotyledon
opening in the dark, both of which were rescued by addition
of vsOG. This indicates that vsOGs act to repress photomor-
phogenic development and are not merely rescuing a growth
defect of dez. Other mutants identified here to exhibit dez-like
phenotypes were also phenotypically complemented by the
addition of vsOG. We envisage RWA2 and MURT1 functions
to be necessary for the generation or the mobility of the
extracellular vsOG signal, similar to DEZ. Differently, epistasis
analysis suggested that, in dark-grown jar7 mutants,
both photomorphogenesis and its rescue by an additional
mutation in the AOS gene occur upstream of DEZ, given
that a dez aos double mutant was phenotypically dez-like (Fig-
ures 6 and S6).

Epistasis analysis, HY5 and PIF3 protein levels in dark-grown
dez, and the responses of mutants to vsOG are consistent with
roles of PIF and COP1 genes in target cells responding to the
extracellular dark signal, whereby only the function of DET1
appears to predominate in light-receptive cells (Figures 2, 5,
7, and S5). Similar to the pifqg mutant, the phenotypes of the
dez, rwa2, mur1, and jar1 mutants can be suppressed by linco-
mycin (Figure 6), which inhibits plastid translation and was pro-
posed to eliminate a positive retrograde signal required for
cotyledon opening [53]. This suggests that this retrograde
signal acts in target cells responsive to the vsOG signal down-
stream of TBR/DEZ (Figure 7).

Interactions with the JA Pathway

We observed shortened hypocotyls and opened cotyledons in
darkness in high-Zn-grown jar1 mutants (Figure 5; Table S3).
Somewhat contrastingly, jar1 mutants were known for exces-
sively elongated hypocotyls under low-intensity continuous
far-red light, and JAR1 was reported to interact with the COP1
protein [57, 58]. In agreement with both observations, the rice
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hebiba mutant displays morphological characteristics of photo-
morphogenesis in the dark, as well as decreased responsive-
ness to far-red light. The hebiba mutant is defective in allene
oxide cyclase, which acts in the plastid subsequent to AOS to
catalyze the final step in the synthesis of the intermediates cis-
and dn-OPDA in the JA biosynthesis pathway. Allene oxide, or
one of its known degradation products, is a candidate molecule
for triggering photomorphogenesis in dark-grown hebiba and
jar1 mutants. This molecule, however, is unlikely to act as the
retrograde signal in target cells responsive to the vsOG signal,
given that the addition of vsOG rescued the jar? mutant (see
Figures 5 and 6).

Causality of Mutant Phenotypes

To ensure controlled and balanced supply of metal micronu-
trients, our laboratory uses media composed differently from
those widespread in the plant community [26]. Thus, we
observed photomorphogenesis in dark-grown mur1 and dez
mutants. Photomorphogenesis was enhanced under elevated
Zn supply in the dez mutant and evident in in rwa2-3 and jar1
mutants in high-Zn conditions only (Figure 5; Table S3). The
dose-dependent quantitative effect of Zn (Figure S1) was
accompanied by marked increases in cell-wall thickness and in
the degree of pectin methylesterification (Figures 4 and S4), sug-
gesting that the dez mutation sensitized cell walls to Zn. The
enhancement of photomorphogenesis in dez was metal specific
to only Zn?** and Ni** among a range of chemically similar diva-
lent metal cations, reversed by an excess of chelator, and asso-
ciated with Zn hypersensitivity in the light (Figures 1 and S1;
Tables S1 and S2). The addition of vsOG separated the two phe-
notypes of dez, rescuing photomorphogenesis in the dark, but
not Zn hypersensitivity in the light (Figures 5 and S5). We
conclude that Zn hypersensitivity in the light is a second unre-
lated phenotype of the dez mutant, supported also by its
absence in rwa2-3 and in jar1-1 mutants and by dark develop-
ment of other Zn-hypersensitive mutants (Figures S1 and S5).
We conclude that Zn is likely to act indirectly in enhancing photo-
morphogenesis in dez, rwa2, and jar1 mutants, but we cannot
fully exclude an alternative, more direct role of Zn?* cations in
photomorphogenesis that will require dedicated attention in
the future. The proteins directly mediating the generation and
perception of the cell wall signal remain to be identified, and
we expect genetic redundancy or severe defects in loss-of-func-
tion mutants.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

LM19 Plant Probes Cat#LM19
LM20 Plant Probes Cat#LM20
Goat Anti-Rat IgG H&L (10 nm Gold) PLANO GmbH Cat#EM.GAT10
Anti-HY5 Agrisera Cat#AS12 1867
Anti-PIF3 Agrisera Cat#AS16 3954
Anti-Actin Agrisera Cat#AS13 2640
Goat Anti-Rabbit I9G, HRP conjugate Agrisera Cat#AS09 602
Rabbit Anti-Goat IgG, HRP conjugate Agrisera Cat#AS09 605
Bacterial and Virus Strains

E. coli DH5a. N/A N/A

A. tumefaciens GV3031 N/A N/A
Chemicals, Peptides, and Recombinant Proteins

Protease Cocktail inhibitor abmGood Cat#G135
Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA) Sigma Cat#E3889

> 97%

1,2-Diaminocyclohexanetetraacetic acid monohydrate (CDTA) > 98.5% Sigma Cat#D1383
Ethylenediaminetetraacetic acid (EDTA) > 99% Sigma Cat#EDS
1-Naphthaleneacetic acid (NAA) > 95% Sigma Cat#N0640
N-(1-Naphthyl)phthalamidic acid (NPA) > 95% Sigma Cat#33371
1-Naphthoxyacetic acid (NOA) > 98% Sigma Cat#255416
Gibberellic Acid (GA3) 90-100% Sigma Cat#36575
a-tert-Butyl-B-(4-chlorobenzyl)-1H-1,2,4-triazole-1-ethanol (Paclobutrazol) Sigma Cat#46046

> 98%

Epibrassinolide (EBL) > 85% Sigma Cat#E1641
Brassinazole (BRZ) > 98% Sigma Cat#SML1406
1-aminocyclopropane-1-carboxylic acid (ACC) > 98% Sigma Cat#736260
Aminoethoxyvinyl glycine hydrochloride (AVG) > 98% Sigma Cat#32999
Methyl Jasmonate (MeJA) > 95% Sigma Cat#392707
Cyclopropanecarboxylic acid (Coronatine) > 95% Sigma Cat#C8115
(+)-Abscisic acid (ABA) > 98.5% Sigma Cat#A1049
Thidiazuron > 98% Sigma Cat#45686
4-Chloro-5-(methylamino)-2-(a, ., a-trifluoro-m-tolyl)-3(2H)-pyridazinone Sigma Cat#34364
(Norflurazon) > 98%

Lincomycin > 95% Sigma Cat#62143
Diphenyleneiodonium chloride (DPI) > 98% Sigma Cat#D2926
Isoxaben > 98% Santa Cruz Biotechnology Cat#sc-235431
a-Cyclopropyl-a-(4-methoxyphenyl)-5-pyrimidinemethanol (Ancymidol) Sigma Cat#A9431

> 98%

(—)-Epigallocatechin gallate (EGCG) > 97% Sigma Cat#50299
Methyl viologen dichloride hydrate (Paraquat) > 98% Sigma Cat#856177
Di-galacturonic acid (2-GalA) > 85% Sigma Cat#D4288
Tri-galacturonic acid (3-GalA) > 95% Sigma Cat#T7407

Tetra-galacturonic acid (4-GalA) > 95%

Santa Cruz Biotechnology

Cat#tsc-474867
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Polygalacturonic acid (PGA) > 95% Sigma Cat#81325

TRIS > 95% Sigma Cat#1503

NaCl Sigma Cat#S7653
Glycerol Sigma Cat#G5516
DL-1,4-Dithiothreitol (DTT) Boehringer Cat#AC327190500
B-Mercaptoethanol Roth Cat#4227.1
Phenylmethylsulfonyl fluoride (PMSF) Sigma Cat#78830
N-ethylmaleimide Sigma Cat#E3876
MG-115 Sigma Cat#SCP0005
MG-132 Sigma Cat#474787
cOmplete EDTA-free Protease Inhibitor Cocktail Sigma Cat#COEDTAF-RO
Phosphatase Inhibitor Cocktail 3 Sigma Cat#P0044
Polyvinyl polypyrrolidone Sigma Cat#77627
Polyvinylpyrrolidone (PVP-40) Sigma Cat#PVP40
Sodium Dodecyl Sulfate (SDS) AppliChem Cat#A2263
Critical Commercial Assays

Acetic Acid Assay Megazyme, Bray Cat#K-ACET
TRIzol Reagent Thermofisher Scientific Cat#15596026

LR Clonase Il Plus Thermofisher Scientific Cat#12538200
Pectin Methylesterase Assay [66] N/A

Pectin Methylesterase from orange peel Sigma Cat#P5400
Alcohol oxidase Sigma Cat#A2404
Formaldehyde dehydrogenase Sigma Cat#F1879
Formaldehyde dehydrogenase Sigma Cat#F1879
Endopolygalacturonase Megazyme Cat#EC3.2.1.15
Genome ATH1 Array Affymetrix Cat#900385

RNA Plant Mini-Kit QIAGEN Cat#74903
SuperScript Il Invitrogen Cat#18080093
SYBR Green PCR Master Mix Applied Biosystems Cat#4309155
Phusion High Fidelity DNA Polymerase Thermofisher Scientific Cat#F530S
DNA-free DNA removal Kit Ambion Cat#AM1906
Pectolyase Y-23 Duchefa Cat#P8004
LightCycler 480 High Resolution Melting Master Roche Life Sciences Cat#04909631001
ECL Select GE Healthcare Cat#RPN2235
LightCycler 480 High Resolution Melting Master Roche Life Sciences Cat#04909631001

Deposited Data

Microarray data This paper GEO: GSE96589
Experimental Models: Organisms/Strains

Landsberg erecta NASC NASC ID: NW20
Col-0 NASC NASC ID: 70000
ZIF1prom::GUS [79] N/A

tbr-1 [15] N/A

det3 [18] N/A

cop1-4 [17] N/A

ozs1 [27] N/A

0zs2 [27] N/A

zif1 [79] N/A

det1 [21] N/A
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pifq [4] N/A

hy5-215 [30] N/A

hy2 (WiscDsLoxHs147_05H) NASC NASC ID: N914056
bri1-5 [80] N/A

bzr1-1D [81] N/A

rwa2-3 [43] N/A

prci-1 [82] N/A

mur1-2 [83] N/A

jar1-1 [84] N/A

jar1-11 [84] N/A

coi1-16 [85] N/A

aos [86] N/A

jar1-1 aos [50] N/A

opr3 [87] N/A

axr1-3 [88] N/A

ein3 [89] N/A

esk1-2 (SALK_078275C) NASC NASC ID: N2107292
axy4-2 (SALK_120594C) NASC NASC ID: N663833
cryl 2 [90] N/A

phya-t (SALK_014575) [91] N/A

guni (SALK_096816C) NASC NASC ID: N676301
rwal (SAIL_205_FQ9) NASC NASC ID: N872102
rwa3 (SAIL_776_A08) NASC NASC ID: N834704
rwa4 (SALK_142291C) NASC NASC ID: N677199
cin4-1 [92] N/A

det1-1 [21] N/A

hxk1-1 (gin2-1) [93] N/A

grt1 (SAIL_140_C11) NASC NASC ID: N873242
det2-1 [20] N/A

ixr1-2 [94] N/A

abi5-1 [95] N/A

abi3-1 [96] N/A

fer-4 (GK_106_A06) NASC NASC ID: N69044
the1-1 [82] N/A

qual (SALK_004353C) NASC NASC ID: N660685
eto1-1 [97] N/A

csul (SALK_060493C) NASC NASC ID: N686069
xxt1 xxt2 (SAIL_785_E02, SALK_101308) NASC NASC ID: N16349
tbl1-3 (SALK_135222C) NASC NASC ID: N680315
mur2-1 [98] N/A

prci-1 [42] N/A

rswi-1 [99] N/A

rsw2-1 [99] N/A

ixr2-1 [100] N/A

wak1 (SALK_107175) NASC NASC ID: N607175
spal 23 [56] N/A
Oligonucleotides

See Table S5 N/A N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

PENTR D-TOPO Thermofisher Scientific Cat#K240020
pMDC107 [60] N/A
pMDC107; genomic TBR This paper N/A
Software and Algorithms

Parametric Analysis of Gene Set Enrichment (PAGE) [70] N/A
GeneSpring GX 7 Agilent N/A
OMNIC Thermofisher Scientific N/A

R statistical software [73] N/A

R statistical software - caret package [74] N/A

R statistical software - signal package [75] N/A

Excel Microsoft N/A
Access Microsoft N/A

Athena [77] N/A

Light Cycler Software

Roche Life Sciences

RRID: SCR_012155

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfiled by the Lead Contact,
Ute Kramer (ute.kraemer@ruhr-uni-bochum.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Arabidopsis thaliana (L.) accession Columbia (Col-0) and Landsberg erecta (Ler), as well as mutants were obtained from the
Nottingham Arabidopsis Stock Centre (NASC; Key Resources Table). For more information see http://www.arabidopsis.org/
portals/education/aboutarabidopsis.jsp.

METHOD DETAILS

Plant Material and Growth Conditions

Arabidopsis thaliana Col-0 wild-type or mutant seeds were surface sterilized using chlorine gas for 3 to 4 hr and sown on modified
Hoagland’s medium [59] containing 1% (w/v) sucrose and solidified with 0.8% (w/v) Agar Type M (Sigma, Steinheim, Germany) in
ambient daylight, followed by stratification in the dark at 4°C for 2 d. Seedlings were cultivated on vertically-orientated square
(120 mm x 120 mm) polypropylene petri dishes in a 16 hr day (120 pmol m2 s™, 22°C), 8 hr night (18°C) cycle in a growth chamber
(Percival CU-41L4, CLF Climatics, Emersacker, Germany) for 7 d. For cultivation in darkness, seedlings were left in ambient daylight
for 2 to 3 hr after sowing, then wrapped in 2 layers of aluminum foil and placed next to light-grown seedlings. Control media contained
1 or 5 uM Zn as indicated, and high-Zn media contained 100 uM Zn. Hypocotyl length, petiole angle and root length were quantified
using ImagedJ software (http://imagej.nih.gov/ij/), after scanning on a flatbed scanner. All supplements, including additional metals,
chelators, hormones, hormone inhibitors or other chemicals, were added after sterile filtration (syringe and single-use filter
MILLEX-GV 0.22 um, Millipore, Bedford, MA, USA) in the concentrations indicated to autoclaved control media, generating an addi-
tional control containing the same volume of solvent if applicable. To generate double mutants, crosses were performed, and double
mutants selected on the basis of phenotype, with the exception of thb/71-3, cry1, cry2 and wak1 that were genotyped by PCR or
sequencing. For harvesting dark-grown seedlings, the double aluminum foil cover was removed from plates in dim green light
and seedlings were flash frozen and homogenized with a mortar and pestle in liquid nitrogen.

The mutant lines used in this study are listed in the Key Resources Table. To generate the TBR genomic construct
(TBRgenomic::GFP) for complementation of the dez mutant, a DNA fragment of 4,083 bp in size (beginning 1,615 bp upstream of
the translational start codon and ending one codon before the translational stop codon) was obtained by PCR using wild-type
genomic DNA as a template, cloned into the Gateway pENTR vector (Invitrogen, Carlsbad, USA), and subsequently transferred
into pMDC107 [60] containing a 3' cDNA encoding EFGP using LR Clonase Il (Invitrogen, Carlsbad, USA). This was transformed
into the Agrobacterium tumefaciens strain GV3031, and A. thaliana (dez) were transformed using the floral dip method [61].
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Biochemical Measurements

Anthocyanin contents of seedlings were determined according to a published protocol [62]. Homogenized tissue was incubated in
methanol at room temperature (RT) for 5 min, centrifuged at 14,000 rpm at RT for 5 min, and the absorbance of the supernatant
determined at 530 and 657 nm to correct for chlorophyll (Total anthocyanin [g7" FW] = Aszo - (0.25 X Ags7)). Photosynthetic
pigment contents were determined upon extracting pigments from homogenized tissue in methanol at room temperature
(chlorophyll [ug mL'1] =22.5 - Agso + 4.0 - Ages; carotene [ug mL'1] =(1,000 - As70 - 2.860 - (15.65 - Ageg - 7.340 - Agss) - 129.2 -
((27.05 - Ags3 - 11.21 - Aggp) / 245)) [63, 64].

To quantify pectin modifications, Alcohol Insoluble Residue (AIR) was prepared from seedlings snap-frozen in 2-mL polypropylene
tubes in liquid N», freeze-dried, and homogenized in a mortar using a pestle [65]. One mL of 70% (v/v) ethanol was added to each
sample, vortexed and centrifuged at 20,000xg for 20 min. The supernatant was discarded, and the procedure repeated with 1 mL
of a 1:1 mixture of methanol and chloroform. After discarding the supernatant, the AIR pellet was air-dried. To isolate pectin from
AIR for measuring methylesterification, AIR was incubated at 95°C for 15 min in an extraction buffer containing 50 mM 1,2-Diamino-
cyclohexanetetraacetic acid (CDTA) and 50 mM TRIS (pH 7.2). Samples were then centrifuged at 10,000xg for 10 min, and the
supernatant contained the pectin. To determine methylesterification of the extracted pectin, an enzymatic assay was performed
as described [66]. Pectin methylesterase activity was determined using the same assay, using 20 ng total protein extracted from
seedlings and 100 pg of pectin (apple pectin; Sigma, Steinheim, Germany), at pH 7.5. Use of CDTA interferes with the measurement
of pectin acetylation. Thus pectin acetylation was quantified after digesting AIR with 2 mU mL™" endo-polygalacturonases
(EC3.2.1.15; Megazyme, Wicklow, Ireland) and 0.04 mU mL™ pectin methylesterase (PME; Sigma, Steinheim, Germany) in 50 mM
ammonium formate containing 2 pg mL™" sodium azide, pH 4.5, at 37°C for 17 hr. This reaction was inactivated by incubating at
80°C for 20 min, then centrifuged at 3,220 x g for 15 min. The supernatant was freeze-dried, then 150 uL of 1 M NaOH was added
to each tube. Tubes were incubated at room temperature for 90 min with shaking at 600 rpm, then neutralized with 150 puL of 1 M HCI.
Acetic acid was quantified in this solution using the Megazyme kit and protocol (K-ACET, Megazyme, Wicklow, Ireland).

In each pectin extract or digest, uronic acid was quantified using known concentrations of galacturonic acid as a standard [67].
Briefly, 50 uL of pectin solution was incubated with 200 puL 25 mM sodium tetraborate in 10 M H,SO, for 10 min at 100°C, allowed
to cool, then 50 pL 0.125% (w/v) carbazole in 100% (v/v) ethanol added to each reaction and again incubated for 10 min at 100°C.
After cooling, absorbances were read at 550 nm.

Immunoblots

Seven-d-old seedlings were harvested from agar-solidified control and high-Zn media in dim green light for dark-grown and in
ambient light for light-grown seedlings. For PIF3 detection [68], 80 seedlings were harvested directly into 500 pL extraction buffer
(100 mM TRIS-HCI pH 7.5, 100 mM NaCl, 5% (w/v) SDS, 5 mM EDTA, 20% (v/v) glycerol, 20 mM DTT, 40 mM B-mercaptoethanol,
2 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM N-ethylmaleimide, 80 uM MG132, 80 uM MG115, 1 x EDTA-free protease
inhibitor cocktail, 1 x phosphatase inhibitor cocktail 3) and ground using a micro-pestle. For HY5 detection [69], seedlings were
harvested and ground to powder in liquid nitrogen and 50 mM TRIS-HCI (pH 6.8), 50 mM DTT, 4% (w/v) SDS, 10% (v/v) glycerol,
1% (w/v) polyvinylpolypyrrolidone (PVPP), 5 mM PMSF. After vortexing and centrifugation at 14,000 rpm for 15 min, protein concen-
tration was determined in the supernatant using the Pierce BCA Protein Assay Kit (ThermoScientific, Rockford, USA). For HY5
immunoblots, 45 ng protein was loaded onto an 8% (w/v) SDS-PAGE gel, and for PIF3, 20 uL of fresh protein extract were loaded
onto a 15% (w/v) SDS-PAGE gel. Gels were run at 200 V at RT for 1.5 hr, followed by wet/tank transfer to PYDF membranes (4°C, 30V,
overnight). After blocking with 5% (w/v) milk powder and 1% (w/v) polyvinylpyrrolidone (PVP-40) in TRIS-buffered saline containing
0.1% (v/v) Tween-20 (TBST) for 1 hr, membranes were incubated with the primary antibody (anti-HY5, anti-PIF3 or anti-Actin; Agri-
sera, Vannas, Sweden) diluted 1:500 (1:5,000 for anti-Actin) in TBST containing 1% (w/v) milk powder at 4°C overnight (TBSTM).
Membranes were washed in TBSTM for 1 hr, then incubated with an HRP-conjugated secondary antibody (Agrisera, Vannas,
Sweden) diluted 1:10,000 in TBSTM. After a brief wash in TBSTM, detection was carried out with ECL Select HRP substrate
(GE Healthcare, Little Chalfont, England) using a Fusion Fx7 GelDoc (Vilber Lourmat, Eberhardzell, Germany).

Genetic Mapping

After backcrossing, homozygous F3 plants with the dez phenotype were crossed to Ler-0 to generate F2 mapping populations with
the dez phenotype segregating 3:1 (181 wild-type: 65 dez, X2 = 0.27, p = 0.6). Seven pools of five dez seedlings each were used in
Bulk Segregant Analysis mapping using 25 Cleaved Amplified Polymorphic Sites (CAPS) and Single Sequence Length Polymorphism
(SSLP) markers distributed across the genome isolate the dez mutation to an area close to CIW17 and ASA1 on chromosome 5. Fine
scale mapping, using a combination of CAPS, SSLP and SNP genotyping using High Resolution Melt (HRM) analysis of 550 F2 in-
dividuals located the genetic lesion responsible for the dez phenotype between PERL0870687 and SNP13752, a region containing 21
genes. After extracting genomic DNA from dez plants genes in this region were PCR amplified and sequenced, and the polymorphism
responsible for dez identified in the TBR gene.

Transcriptomics

Total RNA was extracted from ~45 7-day-old dark-grown seedlings using an RNeasy Plant RNA Kit (QIAGEN, Hilden, Germany).
Labeling and hybridization to ATH1 microarray chips (Affymetrix, High Wycombe, UK) was performed by the EMBL Genomics
Core Facility (Heidelberg, Germany). Data analysis was performed using Genespring (Agilent Technologies). Data was normalized
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using RMA summarization without baseline transformation (normalized signal intensity, Sl, given in Data S1B, C). Significantly
different expression was determined by unpaired Mann-Whitney test with Benjamini-Hochberg correction (p < 0.15), and filtered
for transcripts > 2 fold different in all replicates. De-regulated transcripts were compared to those published as light-regulated
and de-regulated in the det1 and pifqg mutants [8] using Access and Excel (Windows 10, Microsoft, Redmont, WA). A Parametric Anal-
ysis of Gene Set Enrichment (PAGE) analysis, which took into account both the number of entities and their respective expression
patterns, was performed to determine GO terms enriched in the de-regulated genes using a Hochberg (FDR) multi-test adjustment
and a significance of p < 0.05 [70].

Selected transcripts were validated in an independent experiment using gRT-PCR. For each genotype and condition, 120 to 150
seedlings were pooled per plate separately for each of three replicate petri plates and frozen directly in liquid nitrogen. RNA was
extracted using TRIzol Reagent (Thermofisher Scientific, Schwerte, Germany), pooled in equal quantities from the replicates, and
800 ng RNA used in first strand cDNA synthesis using the SuperScript Ill kit and Oligo dT primer (Thermofisher Scientific, Schwerte,
Germany). Four pL of a 1/30 dilution of the cDNA was used as template for gqPCRs which were performed using a LightCycler 480
Real-Time PCR System (Roche Diagnostics, Mannheim, Germany) in 384-well plates. SYBR Green PCR Mastermix (Applied
Biosystems Waltham, MA) was used to monitor amplification of cDNA using an annealing temperature of 60°C. Reactions with primer
amplification efficiencies below 1.8 were discarded, and mean primer amplification efficiency (PE) for each primer pair calculated
from all reactions. These were used with the individual Threshold Cycles (C7) to calculate individual expression values (Ev) for
each reaction Ev = PE °". The mean Ev (mEv) for the housekeeper gene UBQ10 (At4g05320) was used to calculate Relative Transcript
Levels (RTLs) for each individual gene tested RTL (%, UBQ10) = 1,000 - Ev / mEv(UBQ10), and the arithmetic mean and standard
deviation of these RTLs was calculated from technical replicates. See Table S5 for primer sequences.

Confocal Microscopy

Dark- and light-grown dez seedlings homozygous for the TBRgenomic::GFP construct were incubated in 1 mM propidium iodide for
20to 30's, and imaged on a Leica SP5 confocal laser scanning microscope using a 40x PLAN APO water immersion lens, with exci-
tation through the 488 nm laser and detection using eGFP and propidium iodide settings (Leica, Wetzlar, Germany).

pFTIR

Hypocotyls were embedded in OCT resin, followed by flash freezing in liquid-N,-chilled isopentane. Transverse 20-um sections were
prepared using a cryo-microtome (Leica CM3050S, Wetzlar, Germany), freeze-dried and mounted on BaF, windows. Micro Fourier
transformed Infra-Red (uFTIR) measurements were conducted at the European Synchrotron Radiation Facility (beamline ID21, ESRF,
Grenoble, France). An IR microscope (Continuum, Thermo Nicolet, Madison, WI, USA) coupled to a FTIR spectrometer (Nexus,
Thermo Nicolet) were used to collect spectra in reflection mode between 4,000 and 800 cm™ with a 9 um x 9 um aperture. The IR
microscope was equipped with a 32x objective, a motorized sample stage, and a liquid nitrogen-cooled 50 pm mercury cadmium
telluride detector. Spectra were collected at a resolution of 6 cm™ across entire sections, with 100 scans per pixel. Background
spectra were collected every 30 min and used for automatic normalization. Data were extracted using OMNIC software (Thermo
Fisher Scientific, Waltham, MA), baseline-corrected and the area corresponding to the epidermis was excluded from further analysis
in order to avoid any signal arising from the non-penetrating resin used for embedding. The second derivative was taken of all spectra
using the Savitzky-Golay algorithm and a 21-point window size [71], followed by scaling to 1. Scaled spectra were used for a principal
component analysis (PCA), and the first five principal components (accounting for 82% of the total variation) were used as variables in
a linear discriminant analysis (LDA) [72]. Statistical analysis were performed using the R statistical software [73], with the packages
caret [74] and signal [75].

pXRF and nXANES

For the imaging of elemental distribution and Zn speciation in transverse sections of hypocotyls, cryo-microtome sections (thickness
35 um) were deposited between two Ultralene foils before analysis on the microXAS beamline at the Swiss Light Source (SLS, Villigen,
Switzerland). Elemental distribution was mapped by micro X-ray fluorescence (WXRF) in cryo-conditions (liquid nitrogen cryojet) using
a9.7 keV beam focused to 2 um x 2 pm and a dwell time of 0.2 s. Micro X-ray absorption near edge structure (WXANES) spectra were
recorded by scanning the Zn-absorption edge from 9500 to 9820 eV. A set of reference compound spectra was kindly provided by
Dr. Géraldine Sarret: Zn2+aq (1 M Zn(NOs), solution), Zn(ll)-citrate (10 mM Zn(NOs),, 100 mM citrate, pH 4.5), Zn(ll)-oxalate (33 mM
Zn(NO3),, 130 mM oxalate, pH 5.0), Zn(ll)-organic acids (10 mM Zn(NQOs3),, 33 mM malate, 33 mM citrate, 33 mM succinate,
pH 5.5), Zn(ll)-cell wall (1.4 pmol Zn g™ DW bound to cell wall isolated from Nicotiana tabacum roots), Zn(ll)-pectin (pectin containing
7.6 umol Zn g”' DW) [76]. In addition, the following reference spectra were recorded in this study: Zn(ll)-histidine (10 mM ZnCl,,
100 mM L-histidine, Sigma Chem., pH 6.0), Zn(ll) cysteine in solution (Sigma-Aldrich Chemie), ZnS (solid salt, Sigma-Aldrich Chemie)
and metallic Zn foil. Experimental uXANES spectra were first normalized, then modeled by Linear Combination Fitting (LCF) using the
set of reference spectra listed above with Athena software [77]. A correction slope was allowed to compensate for small differences in
data normalization, and no energy shift was allowed.

Electron Microscopy
Seven-day-old dark-grown wild-type and dez seedlings were cut at the midpoint of the hypocotyl and the middle of the cotyledon,
then fixed in 0.1 M sodium cacodylate buffer (Plano, Wetzlar, Germany) at pH 6.9, containing 2.5% (w/v) glutaraldehyde (Plano,
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Wetzlar, Germany), 2% (v/v) paraformaldehyde (EMS-CHEMIE, Gross-Umstadt, Germany) and 0.025% (w/v) CaCl, (Sigma,
Steinheim, Germany) for 3 hr at RT, then overnight at 4°C. Samples were then rinsed 3 times in 0.1 M sodium cacodylate buffer,
pH 6.9, at RT for 10 min, then incubated for 1 hr on ice in 0.1 M cacodylate buffer with 0.5% (w/v) OsO,4 (Plano, Wetzlar, Germany)
and 0.15% (w/v) ferricyanide (Sigma, Steinheim, Germany). Samples were then rinsed 3 times in 0.1 M cacodylate buffer and 3 times
in ultrapure water (Milli-Q, Merck, Darmstadt, Germany), 10 min per rinse. Samples were sequentially dehydrated in 25%, 50%, 75%
and twice in 100% (v/v) ethanol at RT for 1 hr. Infiltration was performed at RT in 25% (v/v) LR White (EMS-CHEMIE, Gross-Umstadt,
Germany) resin in ethanol overnight, all day in 50% (v/v) LR White in ethanol, overnight in 75% (v/v) LR White in ethanol, all day in
100% LR White. After another 48 hr in 100% LR White at 4°C, we embedded in 100% LR White at 100°C for 1.5 hr. After blocks
had polymerized and cooled, they were trimmed with a Leica EM TRIM2 (Leica Histology and Microscopy, Wetzlar, Germany),
and 90 nm sections were cut using a Leica EM UC7 Ultramicrotome and a Diatome Ultra diamond blade (Leica Histology and Micro-
scopy, Wetzlar, Germany). Sections were placed on PLANO nickel grids (G2980N, EMS-CHEMIE, Gross-Umstadt, Germany) with a
2 mm x 1 mm slot per grid and a handle.

For immunolabeling [78], sections on grids were incubated with 60 uL goat serum buffer (a 1:20 dilution of goat serum in TRIS-buff-
ered Saline (TBS) containing 1% (w/v) BSA) for 30 min at RT. This was followed by 3 incubations at RT for 10 min each with 50 pL
blocking buffer (1x TBS with 1% (w/v) BSA). Each section was incubated at 4°C overnight in 14 puL of a 1:10 dilution of primary
antibody (LM19 or LM20; Plant Probes, Leeds, UK) in blocking buffer, with shaking at 200 rpm and a lid cover to prevent evaporation.
After 4 washes with 50 pL blocking buffer for 10 min each at RT, sections were shaken in 24 ul of a 1:20 dilution of secondary antibody
(Anti-Rat IgG on 10-nm gold particles; PLANO, Wetzlar, Germany) in blocking buffer at 200 rpm at RT for 1 hr, followed by four 10 min
washes in 50 pL blocking buffer, a rinse with MilliQ water and blotting dry. After an incubation in 2% (w/v) uranyl acetate for 6 min,
followed by incubation with Reynolds lead citrate (Reynolds, 1963) for 6 min at RT, images were captured using a Zeiss Sigma VP with
STEM detector at 20 kV with 30 um aperture (Carl Zeiss AG, Jena, Germany).

Metal Analysis

Metal quantification was performed on 7-day-old dark-grown wild-type and dez seedlings cultivated on control and high-Zn media.
Seedlings were either undesorbed (washed 3 times 10 min with ultrapure water) or desorbed (washed alternately for 10 min with
ultrapure water, 10 mM EDTA pH 5.7, ultrapure water, 10 mM EDTA pH 5.7 and ultrapure water) on ice. Plant tissues were dried
in an oven at 60°C for 3 d, allowed to equilibrate at room temperature for a further day. Plant tissues were weighed into acid-washed
Duran glass tubes and mineralized upon addition of 2 mL 65% (w/w) HNOj3 at RT overnight and in a heating block at 80°C for 1 hr and
at 120°C for 1.5 hr. Tubes were left to cool to below 50°C, and cleared by addition of 1 mL 30% (v/v) H>O,, kept at RT for 0.5 hr, 60°C
for 0.5 hr, 100°C for 0.5 hr, left to cool to RT and subsequently filled up to a final volume of 10 mL with ultrapure water. Multi-element
analysis of digests was conducted using Inductively-Coupled Plasma Optical Emission Spectrometry (ICP-OES) of these acid
digests using an iCAPDuo 6500 instrument (Thermo Fisher Scientific, Dreieich, Germany), calibrated with a blank and a series
of 5 multi-element standards manually pipetted from single-element standard solutions for 17 elements commonly detected in
A. thaliana (AAS Standards, Bernd Kraft, Duisburg, Germany). Precision of measurements was validated by measurements of a sam-
ple blank and an intermediate calibration standard solution as well as a digest of a certified reference material (Virginia tobacco
leaves, INCT-PVTL 6; Institute of Nuclear Chemistry and Technology, Warsaw, Poland) before and after each set of ca. 50 samples.
Recoveries were (mean normalized to certified concentration + relative standard deviation) 96% + 5% for Ca and 92% + 10% for Zn.

Preparation of Polygalacturonic Acid Digest

A solution of 10 mg mL™" polygalacturonic acid (PGA; Sigma, Steinheim, Germany) was prepared in 50 mM sodium acetate (pH 5.5),
50 ng mL™" Pectolyase Y-23 (Kyowa, Osaka, Japan) was added, and digestion was conducted at 30°C for 60 min. The reaction was
stopped by incubation at 100°C for 5 min. Digests were spun down at 20,000xg for 10 min, and the supernatant collected and used to
supplement plant growth media.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was repeated two to five times independently, using 12 seeds per genotype and treatment. Poorly germinated
seedlings or obvious phenotypic outliers were excluded from harvest and measurements. Data are shown for one representative
of all experimental repeats, with n corresponding to the number of replicate seedlings used for the calculation of means + SD.
Statistical significance of differences between arithmetic means, unless stated otherwise, was assessed by Bonferroni-corrected
Student’s t tests (p < 0.05). Statistical analysis were performed using Excel (Microsoft). Data analysis for uFTIR, uXRF and uXANES
were performed as described above.

DATA AND SOFTWARE AVAILABILITY

Microarray data are available under accession number GEO: GSE96589.
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