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Significance Statement
This study provides new insights into the regulatory networks governing root responses
to Cd, highlighting HY5 as a central player in Cd tolerance mechanisms. These findings

enhance our understanding of HY5's role in metal homeostasis and stress adaptation in plants

Summary

Cadmium (Cd) is a major environmental pollutant with high toxicity. While Cd exposure
reduces root growth, its specific impact on the root meristem and differentiating parts remains
poorly understood. This study investigates the spatial and temporal responses of Arabidopsis
thaliana roots to Cd stress by dividing roots into root tips (RT) and remaining roots (RR) and
employing transcriptomic, ionomic, and metabolomic analyses.

Cd exposure altered mineral profiles, with RT accumulating less Cd but showing distinct
changes in other elements compared to RR. Metabolomic analysis revealed root part-specific
changes in phytochelatins, flavonoids, and glucosinolates. Transcriptomic data highlighted
constitutive differences between RT and RR, reflecting functional specialization; alongside Cd-
induced root part-specific and time-dependent transcriptional responses, including modulation
of Fe-related genes. Phenotypic validation identified ELONGATED HYPOCOTYL 5 (HY5) as
a key regulator limiting Cd accumulation and promoting tolerance, as hy5 mutants exhibited
increased Cd sensitivity and accumulation. Additionally, mutants of genes regulated by HY5
like xyloglucan endotransglucosylase/hydrolase genes (XTH) and MYB12 also showed altered
root growth under Cd stress, implicating cell wall remodeling and flavonoid biosynthesis in Cd
responses.

This study provides a comprehensive understanding of Cd’s impact on root
growth, revealing spatial and temporal mechanisms and highlighting HY5’s role in Cd

tolerance, thereby advancing our knowledge of plant responses to trace metal excess.

Keywords

Metal homeostasis, Cadmium, RNA sequencing, Flavonoids, ICP, ELONGATED
HYPOCOTYL 5 (HY5), Arabidopsis thaliana, Root tip.
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Introduction

In natural environments, plant roots encounter diverse edaphic conditions and are
confronted with variations in soil texture, water saturation, pH levels, salinity or nutrient
availability. A variety of metal ions are required as macro- (Ca, K, Mg) or micronutrients (Fe,
Cu, Co, Mn, Mo, Ni, Zn) and their availabilities in habitats nearly always deviate from optimal
conditions (Lin & Aarts, 2012; Kumar et al., 2021). Therefore, plants need a tightly regulated
metal homeostasis network in order to handle either deficiencies or excess of metals, with the
latter potentially causing toxicity. In addition to essential nutrients, metals such as cadmium
(Cd) are present in soil as environmental contaminants, as they are not essential for plant
growth and can be highly toxic (Lin & Aarts, 2012; Haider et al., 2021). As a metal with known
carcinogenic potential, the presence of Cd in agricultural soils and subsequent uptake by crops
additionally represents a substantial threat to human health and motivates studies on its

interaction with plants (Clemens et al., 2013; Rahim et al., 2022).

Plant root responses to maintain elemental homeostasis in challenging soil conditions
can be broadly categorized into two general types. On the one hand, acclimatization to such
environmental conditions can occur through developmental plasticity. For instance,
Arabidopsis thaliana seedlings exhibit notable morphological alterations when grown under
varying phosphate (P;) availability. These involve changes in root system architecture such as
the inhibition of primary root growth and enhanced elongation of the lateral roots and root hairs
(Ren et al., 2023). On the other hand, plants acclimatize to soil environments by modulating
molecular networks that regulate uptake, transport, and storage of metals and other nutrients.
For instance, in response to iron (Fe) deficiency, the transcriptional upregulation of central Fe
uptake genes such as IRT1 and FROZ relies on the formation of heterodimeric complexes
between FIT and the group Ib basic helix-loop-helix (bHLH) transcription factors bHLH38 and
bHLH39 (Riaz & Guerinot, 2021).

Similarly, exposure to Cd triggers a complex response in plants. The most prominent
developmental consequence of Cd exposure is a reduction of growth in both above- and below-
ground organs. This is the result of diverse toxicity mechanisms including the inhibition of
enzymes, lipid peroxidation, overproduction of reactive oxygen species (ROS), induction of
DNA damage and reduction of photosynthetic activity (Lin & Aarts, 2012; Haider et al., 2021).
To mitigate toxic effects upon Cd entry into the plant, the presence of efficient detoxification
mechanisms is crucial. This is exemplified by the extreme Cd hypersensitivity of the cad1-3
mutant, which lacks a functional Phytochelatin Synthase 1 (AtPCS1). The mutation strongly
impairs its ability to synthesize metal-chelating phytochelatins (PCs), which, together with
vacuolar sequestration of PC-Cd complexes, is a key mechanism to cope with metals such as
Cd (Howden et al., 1995; Lin & Aarts, 2012).
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Besides these toxicity mechanisms, Cd is known to interfere with the homeostasis of
essential elements, as illustrated by its intricate relationship with Fe acquisition (Wu et al.,
2012; Zhai et al., 2014; Hanikenne et al., 2021; Zhou et al., 2021; Wang et al., 2023). Indeed,
Cd exposure was shown to result in a reduction of root Fe content and the activation of Fe-
deficiency responses (LeSkova et al., 2017). At least in part, the connection between Cd and
Fe homeostasis may be attributable to the shared uptake pathways of the two metals. For
instance, multiple studies suggest that, in A. thaliana, IRT1, a member of the ZIP (ZRT- and
IRT-like proteins) family, plays a significant role in Cd uptake (Connolly et al., 2002; Vert et al.,
2002; Fan et al.,, 2014; Ismael et al., 2019). Additionally, in the hypertolerant species
Arabidopsis halleri, the Zn transporter ZIP6 was shown to be a Cd uptake transporter
(Spielmann et al., 2020). Besides ZIP family proteins, a significant contribution to Cd uptake
under low nitrate conditions was demonstrated for the nitrate transporter NRT2.1 (Guan et al.,
2021). Furthermore, there is evidence for a major role of the manganese (Mn) and Fe
transporter NRAMPS5 in Cd uptake in rice (Ishimaru et al., 2012; Clemens et al., 2013).

Due to the abovementioned toxicity mechanisms, elevated Cd concentrations in the
rhizosphere affect many aspects of root anatomy such as lateral root emergence (Wang et al.,
2021), root thickness (Lux et al., 2011), root hair density (Bahmani et al., 2022) and primary
root growth. The latter depends on the tissues in the root apex: the root apical meristem (RAM),
where cells undergo mitotic divisions, and the elongation/differentiation zone, where they
expand to their final size and differentiate to achieve tissue-specific characteristics. Optimal
root growth depends on meristem maintenance, which represents a tight balance between

division and elongation/differentiation rates (Perilli et al., 2012).

This balance is regulated, among others, by the two phytohormones auxin and
cytokinin and the cellular response to their distribution in the root plays a critical role for the
developmental characteristics in the different zones of the root apex (Dello loio et al., 2007;
Rizi¢ka et al., 2009; Perilli et al., 2010; Jia et al., 2023; Tao et al., 2024). Independently of
auxin and cytokinin hormonal signaling, the developmental processes in the root tip are
controlled by the distribution of reactive oxygen species (ROS). Proliferation and differentiation
rates depend on a gradient between superoxide ions (O2") and hydrogen peroxide (H20-)
(Tsukagoshi et al., 2010; Wells et al., 2010; Mase & Tsukagoshi, 2021).

Several studies have addressed the impact of Cd on the root apex of A. thaliana,
examining disruptions in the auxin/cytokinin hormonal balance (Yuan & Huang, 2016; Bruno
et al., 2017; Leonardo et al., 2021) or the effects on the cell cycle (Cui et al., 2017). However,

the effects of metal stress on the molecular networks regulating root growth and nutrient

homeostasis have not been comprehensively examined.
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In this study we showed that Cd accumulation was lower in the root tip (RT) than in the
remaining root (RR), accompanied by distinct transcriptomic and metabolomic responses
between the two root parts. Notably, our analyses highlighted a specific involvement of the
transcription factor ELONGATED HYPOCOTYL 5 (HY5) in multiple aspects of the RT
response to Cd, as reflected in both the transcriptomic and the metabolomic analyses. Indeed,
several observations support the diverse roles of HY5 in limiting Cd accumulation and
promoting Cd tolerance: (i) the Cd hypersensitivity of hy5 mutants; (ii) the root growth reduction
under Cd treatment of myb12, xth26 and hrg2 mutants, corresponding to genes known to be
regulated by HY5 and involved in flavonoid biosynthesis, cell wall structure and ROS
homeostasis, respectively; (iii) the elevated cellular Cd levels in hy5; and (iv) the increased

GSH and PC levels in hy5 under Cd exposure.

Materials & Methods

Plant material & growth conditions

A. thaliana (Col-0) seeds were surface sterilized by rinsing 3 min with 70% ethanol and
2 min with 2% bleach. Upon 3 washing steps with sterile H>O, the seeds were suspended in
0.1% (w/v) sterile agar. All seeds were sown on nylon meshes and stratified (4°C, 2 days).

Plants were grown vertically on agar plates with Hoagland medium (1.5 mM Ca(NOs3).,
0. 28 mM KH2PO4, 0.75 mM MgSO4, 1.25 mM KNO3, 0.5 uM CuSOQOs4, 1 uM ZnSOy4, 5 M
MnSOs4, 25 yM H3BO3, 0.1 uM Na:MoOs, 50 uM KCI, 10 yM Fe-HBED, 3 mMMMES, 1% (w/v)
sucrose, 0.8% (w/v) agar (M-type, Sigma), pH 5.7) in a CLF Plant Climatics GroBank under
long day light conditions (16 h light, 21°C, 100 PAR/8 h dark, 18°C). Fe-deficiency assays were
conducted by adding 75 uM FerroZine. The mutant lines used were SALK_066689C (xth20),
SALK_042683C (xth26), SALK_001585 (cyp82c4), GK_578C04 (hrg1), GK_772A03 (hrg2),
GABI DUPLO 1202/1a1.16.1 (elip1-elip2, NASC ID N2103098), myb12-1-f (Mehrtens et al.,
2005), SALK_0966551C (herein called hy5 1) and hy5 215 (Oyama et al., 1997).
ICP-MS

A preliminary experiment was conducted to determine the Cd concentration inhibiting
root growth by 50% after one week of treatment. Based on these results, a concentration of 25
MM CdCl, was selected for further experiments. Seven-day-old seedlings were transferred to
the Cd-contaminated medium, and samples were collected at 24 h and 48 h post-transfer.
Plants were desorbed prior to ICP analysis, washed twice in a desorption solution [(5 mM
CaClz, 1 mM MES, pH 5.7), 10 min, 4°C] and twice in distilled water (5 min, 4°C). RT samples
were collected by separating ~2 mm RT from the RR as in Thiébaut et al., (2024). Dry root
material was weighed into polytetrafluoroethylene (PTFE) digestion tubes and concentrated

nitric acid (0.5 mL, 67-69%) was added to each tube. After 4 h incubation, samples were
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digested under pressure using a high-performance microwave reactor (Ultraclave 4, MLS).
Digested samples were transferred to Greiner centrifuge tubes and diluted with deionized
water. Elemental analysis was performed using inductively coupled plasma - mass
spectrometry (Sector Field High Resolution (HR)-ICP-MS, ELEMENT 2, Thermo Fisher
Scientific), coupled with a a SC-2 DX Autosampler (ESI, Elemental Scientific). A 6-point
external calibration curve was set from a certified multiple standards solution (Bernd Kraft).
The elements rhodium (Rh) and germanium (Ge) were infused online and used as internal

standards.

Metabolomic analysis

For untargeted metabolomic analysis, plants were grown as described above. 48 h
after transferring seedlings, RT and RR samples were taken by cutting and collecting similar
sized pieces (~2 mm) of RT and RR (at ~mid-length of the primary root) as inThiébaut et al.
2024). Extraction and LC-MS/MS analysis of polar/semipolar primary and specialized
metabolites from root material was done as described in Boutet et al.,, (2022). Relative
metabolite quantifications were normalized to the total metabolite count of each sample.
Statistical analysis was done by fitting a linear model to log. transformed metabolite data with
limma and applying empirical Bayes moderation of the linear model fit. Features were
considered as significant DAFs (differentially abundant features) when |log; fold change| > 1
and padgj £ 0.05. For better comparison of metabolites between RR and RT, metabolite

concentrations were normalized to the total metabolite count in each sample.

RNA isolation, cDNA synthesis & RNA-Sequencing

Seedlings were grown for 7 d on control medium before being transferred to Cd
contaminated medium (25 uM). 24 h and 48 h after transferring seedlings, samples were
collected by cutting RT (~2 mm from the apex), as in (Thiébaut et al. 2024). From each plate,
the RR after cutting were also collected. RNA isolation was done with a Maxwell 16 device
(Promega) using the Maxwell RSC Plant RNA Kit. This method isolates total RNA using
cellulose-based paramagnetic particles and includes a DNAse |-treatment.

RNA quality and concentration were measured with an Agilent 2100 Bioanalyzer Expert
using the Agilent Nano 6000 Kit. Library preparation was done with the TruSeq Stranded
mRNA Sample Preparation Kit, using 1 pg of RNA as starting material. Library quality was
assessed with a QlAxcel screening kit. Quantification, dilution and pooling of the libraries was
done using the KAPA SYBR® FAST Universal gPCR Kit and an Applied Biosystems 7900HT
Real-Time PCR system. Sequencing (100 bp single-end reads) was done on a NovaSeq6000

with standard workflow.
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RNA-Seq data processing

Data quality assessment & trimming was done with FastQC & Trimmomatic (Bolger et
al., 2014). HISAT2 was used for mapping (TAIR10 genome assembly and the Araport11
annotation were used (Cheng et al.,, 2017)). Read counting was done with htseg-count.
Differential expression analysis was performed with DESeq2 (Love et al., 2014). Differentially
Expressed Genes (DEGs) were extracted with |log. fold change| > 1 and paqj < 0.05. Gene
Ontology (GO) enrichment analysis and Gene Set Enrichment Analysis (GSEA) were
performed using ClusterProfiler v4.12.6 (Wu et al., 2021). TDT Hub (Transcription Factor-
Binding Site Discovery Tool Hub; http://acrab.cnb.csic.es/TDTHub/) was used to predict
transcription factor binding site (TFBS) enrichment in promoters of DEGs (Grau et Franco-
Zorrilla, 2022). The promoter region, defined as the 3 kb sequence upstream of the translation
initiation codon, was analyzed to identify TFBS using the general-purpose tool FIMO (Find

Individual Motif occurrences), with a minimum s-score threshold set at 1%.

ICP-OES

Roots and shoots of seedlings were rinsed with Milli-Q water (10 min, 4°C), desorbed
by washing twice with 20 mM CaCl; (10 min, 4°C), once with 10 mM
ethylenediaminetetraacetic (EDTA) (10 min, 4°C, pH 5.7) and rinsed one more time with
Millipore water (10 min, 4°C). Samples were dried, weighed into PTFE reaction tubes and
digested in a microwave oven (START 1500, MLS, Leutkirchen) using a 2:1 mixture of HNO3
(65%, v/v) and H202 (30%, v/v). Element concentrations were measured with an iCAP 6500
Series ICP-OES (Thermo-Fisher Scientific).

Thiol profiling with HPLC
For HPLC analysis of thiols, seedlings were grown for 9 d on control plates, transferred
to control/Cd plates and harvested after 3 d. Measurements of phytochelatins with HPLC and

glutathione were done as described in Pischke et al., (2022).

Results
Cadmium inhibits primary root growth and reduces root apical meristem size

To assess the effect of Cd on primary root growth, A. thaliana seedlings were grown
for 7 d on control medium and then transferred to either Cd-containing medium or control
medium. Primary root elongation was significantly reduced after 24 h and 48 h upon 25 yM Cd
exposure, corresponding to a concentration inducing a 50% root growth inhibition after one
week (Figure 1A). Cadmium exposure also affected the RAM size. A reduction in RAM size
was observed after 48 h of Cd treatment, whereas a decrease in the elongation zone (EZ) was
evident as early as 24 h of treatment (Figure 1B-C). This reduction in RAM size was primarily
attributed to a decrease in the number of cortex cells rather than a reduction in cortex cell

length, as cell length remained unaffected after 48 h of Cd exposure (Figure 1D-E).
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Cadmium alters mineral profiles in root parts

As Cd exposure is known to interfere with plant nutrient homeostasis (Haider et al.,
2021, Hanikenne et al., 2021), we analyzed Cd accumulation and its impact on mineral profiles
of the root tip (RT, ~2 mm from the apex) and the remaining root (RR) at 24 h and 48 h post-
Cd exposure. We first assessed differences in the mineral concentrations between the RT and
the RRin control conditions. Cu and P concentrations were significantly higher in RT compared

to RR. In contrast, Mn and Zn concentrations were lower in RT compared to RR (Figure 2A).

After exposure, Cd accumulation increased over time in both RR and RT. However, Cd
concentrations in RT consistently remained lower than in RR, with RT accumulating only 45-
47% of the Cd levels found in RR both at 24 h and 48 h (Figure 2B). Cadmium treatment
influenced mineral partitions between RT and RR. For instance, concentrations of Cu and P
decreased at 24 h in RT but were not affected at 48 h (Figure 2C). Mn concentrations were
reduced after 48 h of Cd treatment in RR. Zn concentrations decreased in all Cd-treated
samples compared to controls, except in RT at 48 h (Figure 2C). In contrast, minerals with no
specific partitioning between RT and RR, like Ni, Mg, and B, were not significantly affected by
Cd treatment (Figure 2C).

ICP-MS measurements revealed no significant differences in Fe concentrations
between Cd-treated and control samples (Figure 2C). However, due to Cd's known
interference with Fe homeostasis (LeSkova et al., 2017) and the presence of outliers in the Fe
data, we conducted additional measurements on whole roots using ICP-OES, which revealed

a reduction in Fe concentrations upon Cd exposure in Col-0 (Figure S1).

Cadmium induces changes in phytochelatins, flavonoids, and glucosinolates content
across root parts

To investigate metabolic changes upon Cd exposure in the two root parts, untargeted
metabolomic analysis with LC-MS was conducted, detecting a total of 2961 features. Principal
Component Analysis (PCA) revealed that the difference between RR and RT overshadowed
the variance in metabolic profiles elicited by the treatment with Cd (Figure 3A). Importantly,
this global trend remained consistent regardless of the normalization method applied, whether
based on the number of collected root pieces or the total sum of detected metabolites in each

sample(Figures 3A and S2A).

The statistical analysis for Differentially Abundant Features (DAFs) revealed 362
features that were less abundant and 369 features that were more abundant after Cd treatment
in RR. In RT, 177 DAFs with lower abundance and 372 DAFs with higher abundance due to
Cd exposure were identified (Table S1).
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Among the DAFs, three families were particularly interesting due to their connection
with metallic stress response. Indeed, phytochelatin (23 features), flavonoid (49 features), and
glucosinolate (23 features) have well-established roles in metal detoxification, stress
responses, and antioxidant activity (Lin & Aarts, 2012; Corso et al., 2018; Mitreiter &
Gigolashvili, 2020; Shen et al, 2022).

Consistent with their well-known function in metal chelation, phytochelatins increased
in both root parts (except one feature in RT), supporting their role in Cd sequestration (Figures
3B and S2B, Table S1). Flavonoid accumulation exhibited a root-part-specific pattern, with
tricetin, isorhamnetin, and quercetin decreasing in RR, while quercetin and kaempferol
increased in RT. Given the antioxidant and metal-binding properties of flavonoids, these
differential responses may reflect distinct protective strategies between root compartments
(Figure 3B, Table S1). Similarly, glucosinolates showed complex and root-part-specific shifts,
with differential accumulation of indolic and aliphatic subclasses in RR and RT, potentially
influencing redox homeostasis and Cd detoxification mechanisms (Figure 3B, Table S1).
Additionally, sideretin, the only annotated coumarin, decreased in RR, while no significant

change was detected in RT (Figure S2C).

Root part is the primary driver of gene expression variance

To assess the effects of Cd on the RR and RT transcriptomes, we performed a
transcriptomic analysis after 24 h and 48 h of Cd treatment. Using PCA to evaluate the
influence of growth conditions, harvesting time points, and sampled root parts on global gene
expression profiles, we identified the root part as the primary factor contributing to
transcriptional variance. RT and RR samples were separated along principal component 1
(PC1), which accounted for 95.3% of the observed variance (Figure 4A). To understand the
biological processes represented by the principal components, we calculated the loading
values of each transcript for both components, and identified GO terms enriched among the
top and bottom 5% of transcripts with the highest loading values (Figure S3). Here, loadings
represent the contribution of each transcript to a principal component, with their sign (positive

or negative) indicating the direction of the relationship.

GO enrichment analysis of these transcripts for PC1 revealed that this component
primarily reflects processes related to specialized metabolite biosynthesis, carbohydrate
metabolism, and salt stress responses (Figures 4A and S3A). Specifically, transcripts with
negative PC1 loadings (indicating higher expression in RR samples) were enriched in
specialized metabolite biosynthesis and suberin biosynthetic processes. In contrast,
transcripts with positive loadings (indicating higher expression in RT samples) were enriched

in carbohydrate metabolism and response to salt stress (Figure S3A).
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On the other hand, the treatment condition (Cd vs. control) separated samples along
principal component 2 (PC2), explaining 2.3% of the variance (Figure 4A). GO enrichment
analysis of the transcripts contributing most to PC2 showed that positive PC2 loadings (from
transcripts more active in Cd-treated samples) were associated with responses to nutrient
levels, specialized metabolites, and transition metal ion transport (Figure S3B). Conversely,
transcripts with negative PC2 loadings (from transcripts more active in control samples) were
linked to cellular responses to hypoxia, iron ion regulation, and nutrient-level responses
(Figure S3B).

Constitutive differences in gene expression between root tips and remaining roots
reveal specific functional specialization

Since the root parts accounted for the majority of the observed transcriptional variance,
we further explored the constitutive variation in gene expression between RR and RT in control
conditions. A total of 4534 genes showed higher expression in RR (up in RR), while 1513
genes exhibited greater expression expressed in RT (up in RT) (Table S2). To better
understand the constitutive differences between root parts, we performed a GO enrichment
analysis. The top GO terms for differentially expressed genes (DEGs) up in RR represented a
wide array of processes. Notable terms included those associated with environmental
responses (e.g., responses to acid chemicals, water, oxidative stress, and hypoxia) and
specialized metabolism (e.g., phenylpropanoid, S-glycoside, and glucosinolate metabolism)
(Figure 4B, Table S3). In RT, GO terms related to cell wall organization and gravitropism were
enriched among the upregulated DEGs, together with a large group of translation-related terms
(Figure 4C, Table S3).

Given the differences in mineral concentrations between the RT and the RR, together
with the enrichment of terms related to nutrition in RR, we examined the relative expression of
metal and nutrient transporter genes between root parts. Many were less expressed in RT,
including the Fe uptake transporter IRT1 and the nitrate transporter NRT2.1. Conversely, the
copper transporter COPT1 was found to be more expressed in RT compared to RR (Figure
4D, Table S2).

Cadmium triggers root part-specific and time-dependent transcriptional responses

We next evaluated the DEGs in response to Cd exposure in contrast to control
conditions, in RR and RT, together with the temporal dynamics of this response. In RR, 12
DEGs were unique to 24 h, 51 to 48 h, and 70 were common to both time points. Similarly, in
RT, five DEGs were unique to 24 h, 112 to 48 h, and 62 were common to both time points
(Figures 5 and S4, Table S4). Further, GO enrichment analysis revealed several shared and

tissue-specific biological processes affected by Cd exposure.
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Shared responses in RR and RT

Both root regions exhibited enrichment in oxidative stress response, response to
hypoxia and oxygen levels, and transition metal transport (including iron transport) (Figure 5A-
B, Table S5). Beyond apparently shared processes, the specific DEGs contributing to the
enrichment were not necessarily the same between root parts. For example, FERRITIN 1 and
4 were downregulated in both RT and RR, contributing to the enrichment of oxidative stress
response and metal transport (Figure S4, Tables S4 and S5). In contrast, hydrogen peroxide-
responsive genes HRG1 and HRG2 were upregulated exclusively in RT (Figures S4 and S5,
Table S4). Additionally, although not identified in the GO enrichment analysis, ELIP1 and
ELIP2, which encode early light-induced proteins (ELIPs) belonging to the multigenic family of
pigment-binding light-harvesting complexes with known roles in abiotic stress, were
significantly upregulated in both RR and RT, with stronger induction observed in RT under Cd
exposure (Figures S4 and S5, Table S4).

RR-specific responses

In RR, the top GO terms with the lowest adjusted p-values were enriched at both time
points, and were primarily related to stress responses. In addition to the common terms shared
with RT, these included responses to nutrient levels (including starvation), extracellular
stimulus, ion homeostasis (including manganese (Mn)), and phenylpropanoid metabolism
(Figure 5A, Table S5).

Transcriptomic changes related to Fe homeostasis in RR were particularly notable, including
the specific upregulation of BASIC HELIX-LOOP-HELIX 38, 39 and 100; IRONMAN 1, 3, 4, 5
and 7; FERRIC REDUCTION OXIDASE 3 and 5 (which also contributed to the enrichment of
terms such as response to nutrient levels, extracellular stimulus, and starvation). The
downregulation of VACUOLAR IRON TRANSPORTER-LIKE 1, 2 and 5 also stood out, this
latter contributing to the enrichment of the Mn ion homeostasis term (Tables S4 and S5,
Figure S4).

Interestingly, the phenylpropanoid metabolism genes, S8H and CYP82C4, which are involved
in the coumarin biosynthetic pathway and Fe acquisition (Robe et al., 2021a), were
downregulated in RR after 48 h of Cd exposure (Table S4, Figure S4). This downregulation
aligns with the decrease in sideretin, which was observed in RR upon Cd treatment (Figure
S2C).

Although sulfur metabolism GO terms were not enriched in Cd-treated RR samples, several
DEGs involved in sulfur homeostasis were identified in RR but not in RT, including RESPONSE
TO LOW SULFUR 1, 2 and 3. Interestingly, SULPHATE TRANSPORTER 1 was upregulated
also in RT at 48 h (Table S4, Figure S4).

11
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RT-specific responses

In RT, a dual response was evident, with some terms enriched at both time points
(early response, e.g. oxidative stress, metal ion response) and others enriched only at 48 h
(late response, e.g. hypoxia, Fe transport). Cd and Zn-related terms, as well as sulfur

compound and glutathione metabolisms, were RT-specific (Figure 5B, Table S5).

Transcriptomic changes related to sulfur and glutathione metabolism included the upregulation
of glutathione transferase genes GSTU4, GSTU9, GSTU12 and GSTF7, as well as MYB51
and /IGMT2, which can be linked to altered glucosinolate in RT upon Cd exposure (Figures
3B, 5B and S4, Table S4). MYB12, coding a TF involved in flavonoid biosynthesis (Mehrtens
et al., 2005) was specifically upregulated in RT (Table S4, Figures S4 and S5). Moreover, RT
exhibited a unique transcriptional response linked to cell wall organization and biogenesis, a
top upregulated GO category in RT already under control conditions (Figure 4C). Genes in
this category included XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH)
family genes such as XTH12, XTH13 and XTH20 (Figures S4 and S5, Table S4).

Finally, Cd treatment reduced root growth and the size of the RAM (Figure 1A-B).
However, cell division was not identified as a significantly enriched GO term in RT, and none
of 61 cell cycle-related genes (Vandepoele et al., 2002) were differentially expressed under
Cd stress (Figure S6). The developmental impact of Cd excess was however reflected in the
transcriptomic profiling of RT. Cross-referencing DEGs in RT and RR with cell type-specific
expression data (Shahan et al., 2022) revealed increased differentiation of several cell layers
in RT under Cd stress. Specifically, 20 genes associated with differentiating cells were
upregulated (Figure S7A, blue; Table S6), including six genes linked to trichoblast elongation
and differentiation. Genes related to trichoblast differentiation and xylem pole pericycle
differentiation were the most affected, as evidenced by the enrichment profiles of these gene

sets in Cd-treated vs control samples (Figure S7B).

Many Cd-regulated genes are bZIP transcription factor targets
To explore the regulatory mechanisms underlying the transcriptional response to Cd
stress, we analysed the enrichment of transcription factor binding sites (TFBS) in the promoters
of DEGs identified in RR and RT at 24 h and 48 h using the TFBS Discovery Tool Hub (Grau
& Franco-Zorrilla, 2022). In addition to many MYB-binding motifs, this analysis revealed a
significant enrichment of bZIP transcription factor-binding motifs across all comparisons, with
the exception of RT at 48 h (Table S7). Among bZIP transcription factors, two were
differentially expressed after Cd treatment: bZIP63, which was downregulated in RT at both
time points, and bZIP1, which was downregulated in RR at 24 h. However, their binding sites
were not detected in the TFBS analysis. Another bZIP transcription factor identified by the
promoter analysis of DEGs is ELONGATED HYPOCOTYL 5 (HY5), which is involved in light
12
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signaling, stress responses and nutrient homeostasis (Gangappa & Botto, 2016; Mankotia et
al., 2024). Recent studies have furthermore highlighted HY5’s role in ROS homeostasis within
the root meristem (Gong et al., 2021; Li et al., 2024). Although HY5 did not meet the threshold
for differential expression in our RNA-Seq dataset, its expression pattern suggested induction
after Cd treatment (Figure S8). Supporting a role of HY5 in the Cd response, Gene Set
Enrichment Analysis demonstrated that a list of 297 high-confidence HY5 target genes (Burko
et al., 2020) was consistently enriched in all comparisons of Cd-treated vs control samples
(Figure S9).

Overall, the consistent presence of bZIP motifs in DEG promoters suggests a potential
role for bZIP transcription factors, and more specifically HY5, in regulating the transcriptional

response to Cd stress.

HY5 is a key actor in limiting Cd accumulation and promoting tolerance

To functionally validate these findings, we assessed the Cd sensitivity of A. thaliana
knock-out mutants for xth26, elip1, elip2, and myb12, whose corresponding genes are directly
or indirectly regulated by HY5 (Stracke et al., 2010; Hayami et al., 2015; Burko et al., 2020;
Bursch et al., 2020). Given HY5's role in ROS homeostasis, akin to HRG1 and HRG2 (Gong
et al., 2021; Li et al., 2024), the phenotypes of hrg1 and hrg2 mutants were assessed. The
xth20, myb12, and hrg2 mutants exhibited a slightly but significantly increased sensitivity to
Cd, suggesting their roles in Cd tolerance (Figure 6A). Similarly, the xth26 mutant, though not
specifically induced by Cd in RT, showed increased Cd susceptibility compared to Col-0,
indicating a potential contribution to Cd tolerance. In contrast, elip7-elip2 and hrg1 mutants
displayed wild type-like growth under Cd treatment (Figure S$10). While xth12 and xth13
mutants could not be analyzed due to unavailable homozygous lines, these genes remain

promising candidates for future studies.

We next directly assessed the Cd sensitivity of two hy5 knock-out mutants, named
hy5 1 and hy5 215 (Oyama et al., 1997), in transfer experiments and showed an enhanced
sensitivity to Cd compared to the WT (Figures 6A and S11). When directly sown on control
and Cd plates and grown for 9 d, we observed very little difference in primary root length
between Col-0 and hy5 215 under control conditions (Figure 6B). However, the increased Cd
sensitivity of the mutant was confirmed. Because the abundance of the HYS protein is highly
dependent on illumination (Zhang et al., 2019), we assessed the Cd phenotype of hy5 mutants
when roots were not lit. We found that both in a root-covered system (RCS) and in complete
darkness, hy5 mutants displayed stronger root growth reduction by Cd than Col-0 (Figure
S11).

Metal concentrations in roots and shoots of the hy5 mutants after Cd exposure were
analyzed with ICP-OES. Both hy5 215 and hy5 1 mutants had higher Cd concentrations in
13
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the roots and shoots compared to Col-0 with hy5 1 also exhibiting increased Fe content in the
roots compared to Col-0 (Figures 6C and S1). Consistent with the increased Cd accumulation,
both hy5 mutants had increased PC contents (PC2, 3, 4) in the roots, more so than in the

shoots, compared to wild type seedlings after Cd exposure (Figures 6D and S12).

Discussion

This study analyses the differential responses of A. thaliana root tips (RT) and
remaining roots (RR) to Cd exposure. The phenotypic impact of Cd on the root apical meristem
(RAM) and elongation zone (EZ) have previously been addressed (Yuan & Huang, 2016) and
we confirmed a reduction in size of both root regions upon 48 h of Cd stress (Figure 1). The
spatial separation of RT and RR enabled a specific analysis of the impact of metallic stress on

the actively growing tissues in the RT. Additionally, our experimental setting also allowed us

to compare the two root regions in control conditions, in particular their metal homeostasis.

Reduced root growth is not accompanied by differential expression of cell cycle

regulatory genes

One goal of this study was to analyze the specific impact of Cd on cell cycle activity in
the RAM. Even though a reduction of primary root growth by Cd was observed after 24 and 48
h (Figure 1A), the transcriptomic data demonstrated that this was not accompanied by the
differential expression of such genes (Figure S6). Interestingly, a similar observation was
made in RT of plants exposed to Zn excess (Thiébaut et al., 2024). This suggests that the
mechanisms underlying Cd-induced root growth inhibition might not directly involve
transcriptional alterations of cell cycle genes. Indeed, many actors of the cell cycle regulatory
machinery, such as cyclin-dependent kinases (CDKSs) or cyclins, are known to be regulated at
the post-translational level by mechanisms like phosphorylation and proteolysis (Inzé &
Veylder, 2006). However, previous research on the cell cycle under Cd stress in RT described
effects such as a reduction of the mitotic index (the ratio of cells in mitosis and the total cell
number) or an altered expression of cell cycle-related genes (reviewed in Huybrechts et al.,
2019). Noteworthy, the latter was reported exclusively in the context of prolonged exposure
durations (i.e. > 5 d). Thus, the transcriptional regulation of the cell cycle may occur only upon

persistent Cd stress.

Elemental concentrations in the two root parts are mirrored by transporter gene

expression

Another known effect of Cd stress is ionome alteration. Hence, differences in the
ionomic profiles between RR and RT were analyzed together with the expression of transporter

genes.
14
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Under control conditions, the concentrations of Cu, Zn, and P differed significantly
between RR and RT (Figure 2). Consistent with the higher Cu concentration in RT, COPT1, a
gene involved in copper acquisition (He et al., 2023), showed higher expression in RT
compared to RR (Figure 2A). The lower Zn concentration in RT aligns with the lower
expression of several ZIP genes (Figure S$4). However, P was an exception, as its
concentration was higher in RT (Figure 2A, in accordance with Kanno et al., 2016) despite the
lack of correlation with transporter gene expression (Table $2). This accumulation likely
reflects its essential role in nucleic acids, ATP, and phospholipid composition, as well as its
involvement in cell cycle regulation through phosphorylation (Sanchez-Calderon et al., 2005;
Ward et al., 2008;Marrocco et al 2010; Veneklaas et al., 2012; Genschik et al 2014; Mller et
al., 2015; Abel, 2017; Li et al., 2017). Additionally, P deficiency severely disrupts RAM function,
causing shrinkage and cell cycle arrest (Sanchez-Calderon et al., 2005; Rai, 2014). Consistent
with the importance of Pi concentrations in the RAM, the complete root system contributes to
the translocation of Pi to this zone, as shown by the rapid translocation of 3*P from the root
system to the RAM (Kanno et al., 2016). Moreover, the RT plays a key role in Pi uptake and
sensing, with high expression of PHT1;1 and PHT1;4 in the root cap (Kanno et al., 2016).
However, our analysis did not detect this higher transcriptional activity, possibly due to limited
root cap contribution in our samples or the absence of Pi starvation conditions. Nevertheless,
these findings highlight the contribution of the entire root system to Pi uptake and accumulation
in the RAM under control conditions, without contradicting the importance of the RT in Pi

homeostasis.

Following Cd treatment, RT accumulated approximately half the Cd levels of RR
(Figure 2B). This suggests a delayed impact on gene expression in RT compared to RR as
indicated by the differential response at 24 and 48 h (Figure 5). IRT1, the primary Fe(ll) uptake
transporter known for its role in Cd uptake in A. thaliana roots, was found to exhibit large
differences in expression between the two root parts (Figures 4D and S4, Table S2), which is
in agreement with previous reports on the expression of /RT1 in different root sections (Vert et
al., 2002). Similar to IRT1, NRT2.1, encoding a nitrate transporter which also contributes to Cd
uptake (Guan et al., 2021), was less expressed in RT compared to RR. These differences in
expression may at least partially account for the reduced Cd concentrations observed in RT
compared to RR. Notably, a similar pattern was observed for Zn, under Zn excess conditions,
where RT exhibited lower Zn concentrations along with reduced expression of genes encoding
Zn uptake transporters (Thiébaut et al., 2024). These parallel findings suggest the presence
of protective mechanisms limiting the entry of potentially toxic metals into the root apex or
reducing their uptake into this zone. To mitigate toxic effects, metals within the cytosol are
managed through chelation (e.g. by PCs, see below), exported to the apoplast, or

compartmentalized within suitable cellular locations such as the vacuole (Lin & Aarts, 2012).
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However, in the RAM, vacuoles are very small, with their size increasing as cells transition into
the EZ (Cui et al.,, 2019; Kaiser & Scheuring, 2020), this may contribute to the observed

differences in metal accumulation between RT and RR.

Cadmium triggers many established Fe deficiency responses but suppresses others

At the transcriptomic level, one prominent consequence of Cd exposure was the
activation of transcriptomic changes similar to those observed under Fe deficiency (Figure 4B,
C). Specifically, the repression of FERRITIN (Buckhout et al., 2009; Hantzis et al., 2018; von
der Mark et al., 2020) and VTL (Gollhofer et al., 2014; Tabata et al., 2022) genes, as well as
the induction of bHLH38/39 (Leskova et al. 2017; Kim et al.,, 2019; Chen et al., 2021),
IRONMAN (Girillet et al., 2018) and FRO (Riaz & Guerinot, 2021) genes have been previously
linked to low Fe availability and were also observed under Cd exposure in this study (Table
S$4, Figure S4). Similar to our ICP-OES data (Figure S1), Fe concentrations were previously
found to be decreased in A. thaliana roots upon Cd exposure, possibly due to a competition
for the shared uptake of the two metals by the low specificity of the Fe transporter IRT1 (Vert
et al., 2002; LeSkova et al., 2017).

The activation of an Fe deficiency response under Cd is expected to counteract the
systemic Fe deprivation caused by Cd competition. However, Cd exposure resulted in the
downregulation of the S8H and CYP82C4 genes, which are involved in the synthesis of
catechol-type coumarins, along with a confirmed reduction of the coumarin sideretin content
(Figure S2C). Coumarins, Fe-mobilizing metabolites derived from the phenylpropanoid
pathway, are typically induced under Fe deficiency. In particular, sideretin strongly
accumulates under low Fe and especially at acidic pH conditions, as used in this study (Rajniak
et al., 2018; Robe et al., 2021a; Vélez-Bermudez & Schmidt, 2023). Furthermore, an IRT1-
independent pathway for Fe uptake via catechol-type coumarin such as fraxetin, complexed
with Fe3*, was proposed (Robe et al., 2021b; Vélez-Bermidez & Schmidt, 2022).
Paradoxically, inducing this Fe deficiency response under Cd exposure to enhance Fe
mobilization, could unintentionally promote Cd accumulation, as coumarin derivatives can
contribute to metal mobilization and uptake complicating further the known interplay between
Cd and Fe homeostasis. The observed decrease in sideretin content could therefore reflect an
adaptive response to Cd-induced Fe deficiency or a mechanism limiting Cd solubilization in
the root environment. Supporting this idea, the cyp82c4 KO mutant (Rajniak et al., 2018),
defective in sideretin synthesis, displayed wild type-like growth under Cd-exposure (Figure
S$2D). While this phytosiderophore-like mechanism challenges the perception that IRT1
exclusively controls Fe entry into root cells, our data strengthen the speculation on a potential

role of coumarins in Cd uptake. Notably, the observed increase in both sideretin concentration
16
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and CYP82C4 expression in RR upon Zn excess (Thiébaut et al., 2024) further supports the
consideration that coumarin-mediated uptake may help in the differentiation between essential

and non-essential elements.
HY5 affects Cd tolerance and accumulation

HY5, a transcription factor (TF) belonging to the basic leucine zipper (bZIP) family, is
well-known for its role in promoting photomorphogenesis. However it also regulates various
processes including circadian rhythm, ROS homeostasis, hormone signaling, and nutrient
uptake (Gangappa & Botto, 2016; Mankotia et al., 2024). Although HY5 was historically
associated with light-regulated development, recent research has uncovered its role in root-
specific processes, mediated by its translocation from shoots to roots and its autonomous
expression in roots (Chen et al., 2016). Despite these advances, little is known about the
specific partners interacting with HY5 in roots and its target genes. Notably, HY5 has been
linked to both transcriptional repression and induction of specific genes (Mankotia et al. 2023;

Mankotia et al., 2024), suggesting a complex regulatory function.

Our results broaden the functional scope of HY5 by revealing a role in Cd tolerance
and accumulation. Two independent lines lacking functional HY5 exhibited greater root growth
inhibition by Cd than wild type plants (Figures 6A and S10B), accompanied by elevated Cd
accumulation in roots (Figure 6C). This greater Cd accumulation was further associated with
increased phytochelatins (PCs) formation (Figure 6D), indicative of higher cytosolic Cd levels,
as PC synthases are activated in response to elevated Cd concentrations (Blum et al., 2010).
The hyb5 mutants also exhibited higher GSH levels, which are precursors of PCs and main
cellular antioxidant. Although HY5 positively regulates sulfur assimilation by activating APR1
and APR2, encoding key enzymes in this pathway, sulfate assimilation and flux through GSH

synthesis were not affected in hy5 mutants (Lee et al., 2011; Mankotia et al., 2024).

Consistently with a role of HY5 in Cd tolerance, transcriptomic analysis revealed multiple HY5
target genes among DEGs in RT under Cd stress, which are associated with cell wall
remodeling and redox/ROS homeostasis (Harari-Steinberg et al., 2001; Stracke et al., 2010;
Bursch et al., 2020; Gong et al., 2021)(Figures 6A and S5). Among those, the repression of
XTH12, 13, and 26 in the absence of functional HY5 (Bursch et al., 2020) suggests a role for

HY5 in modulating cell wall remodeling under stress.

Moreover, several observations suggest that HYS contributes to maintaining meristem integrity
and supporting root growth under Cd stress. This includes the RT-specific upregulation of
HRG1 and 2, which are crucial for removing H20. from the RAM (Gong et al., 2021) and the
significant increase of several flavonoid features in the RT upon Cd exposure (Figure 3A).

Flavonoid accumulation has been implicated in Cd detoxification (Corso et al., 2018), as A.
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thaliana flavonoid biosynthesis and transport knockout mutants exhibited higher Cd sensitivity.
Flavonoids can scavenge ROS, quenching H2O, and oxygen free radicals (Agati et al., 2025),
thereby mitigating metal-induced oxidative stress. Additionally, their ability to bind metals
directly may further contribute to reducing oxidative damage. Given that MYB12 is a known
regulator of flavonoid biosynthesis and is directly regulated by HY5 (Stracke et al., 2010), the
increased Cd sensitivity of both myb12 and hy5 mutants (Figure 6A) suggests that HY5 and
MYB12 work together to promote the synthesis of specialized metabolites, such as flavonoids,

during Cd stress.

In addition to its role in Cd detoxification, HY5 has an important developmental role,
including root morphology (Oyama et al., 1997). Such an impact on root morphology could
contribute to modulate Cd uptake. Indeed, changes in root architecture, such as increased root
hair length and lateral root density in hy5 mutants, may also enhance Cd absorption. However,
the increased sensitivity to Cd across various light conditions remains stable (Figure S11)
suggesting that while morphological changes might play a role, altered uptake mechanisms
are likely the primary driver of increased Cd accumulation. The involvement of HY5 in Fe
homeostasis further connects its regulatory functions to Cd responses and Cd accumulation.
Under Cd exposure, Fe concentrations decreased in Col-0 roots but remained stable in hy5
mutants (Figure S1), indicating HY5 is critical for regulating Fe uptake under stress. HY5
promotes Fe acquisition by directly activating /IRT7 and FROZ2 while repressing BTS and PYE
(Mankotia et al., 2023). Paradoxically, HY5 also collaborates with PYE to fine-tune
downstream genes like YSL2, YSL3, and FRD3, which mediate Fe distribution and chelation
(Mankotia et al., 2024). This dual regulation suggests HY5 balances PYE activity under Cd
stress, sufficiently low to maintain Fe uptake (via IRT1/FROZ2) but restrained to avoid excessive
Cd influx through shared transporters. Such complex regulation was already highlighted by
LeSkova et al. (2017). In hy5 mutants, the absence of HY5-mediated repression may
destabilize this equilibrium. However, Fe levels remain stable (potentially due to compensatory

PYE self-repression) while IRT1/FROZ2 activity persists, enabling Cd entry.

This study uncovers a novel role for HY5 in limiting Cd accumulation and promoting
tolerance, emphasizing HY5 as a central regulator in plant responses to environmental stress,
beyond its documented functions in nutrient signaling and uptake (Mankotia et al., 2024).
Together with the differential responses of the root tip and the remaining root system to Cd
exposure, these findings emphasize the need to further investigate the interplay between
nutrient homeostasis, stress signaling, and root-specific HY5 activity to better understand plant

resilience mechanisms.
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Figure legends

Figure 1. Impact of 25 uM Cd on root growth in A. thaliana. A. Primary root growth inhibition by Cd.

Seven-day-old seedlings were transferred to control or to 25 yM Cd plates. The progression of growth
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was monitored after 24 h, 48 h and one week. Letters indicate statistical significance (ANOVA with
Tukey test, p < 0.05, n=46-76, data from three independent biological replicates, values are mean +/-
SD). B. RAM size. RAM size was defined as the distance from the quiescent center to the first elongated
cortex cell. C. EZ size. EZ size was determined by measuring the distance from the first elongated cortex
cell to the first root hair. D. Number of cortex cells in the RAM. Measurements originate from 10 seedlings
per condition and time point (n=10) and one replication. Letters indicate statistically different groups
(ANOVA with Tukey test, p < 0.05). E. Cortex cell length. Cortex cell length was determined by dividing

the length of RAM by the number of cortex cells in each meristem.

Figure 2. Impact of 25 pyM Cd on elemental concentrations in A. thaliana. A. Comparison of
elemental concentrations in root tips (RT) versus remaining roots (RR) in control conditions. Asterisks
indicate statistical significance (Mann-Whitney U-test, p < 0.05, data from control 24 h and control 48 h
were pooled and averaged, n=6). B. Cadmium concentrations in RT and RR after exposure. C.
Elemental concentrations in RT and RR after Cd exposure. Letters indicate statistical significance

(ANOVA with Tukey test, p < 0.05, n=3, data from three independent biological replicates).

Figure 3. Metabolomic analysis of A. thaliana root tips (RT) and remaining roots (RR) 48 h after
exposure to 25 yM Cd. A. Principal component analysis showing the distribution of samples according
to PC1 and PC2. The percentage of variance explained by each PC is indicated. Metabolite data were
normalized to the total metabolite count in each sample. B. Volcano plots showing the metabolic
changes in RR and RT after Cd exposure. Significant (pag < 0.05 and [logz fold change| > 1) differentially
abundant features (DAFs) are indicated with sky blue, non-significant DAFs are labeled in grey. Features

annotated as phytochelatins, flavonoids and glucosinolates are indicated in red.

Figure 4. Differential Expression Analysis between A. thaliana root tips (RT) and remaining roots
(RR). A. Principal component analysis showing the distribution of samples according to PC1 and PC2.
The percentage of variance explained by each PC and enriched GO terms with the highest load in each
dimension are indicated in the corresponding axis. B, C. GO enrichment analysis for genes with higher
expression in RR compared to RT (B) and in RT compared to RR (C) in control conditions. The plots
show the top GO terms with the lowest adjusted p-values (FDR), ordered by Gene Ratio (ratio of input
genes that are annotated in a term). Circle size corresponds to fold enrichment. D. Expression of a
selection of genes acting in nutrient uptake in RT vs. RR. Displayed are mean values of logz transformed

fold changes + standard deviation.

Figure 5. Differential Expression Analysis in A. thaliana root tips (RT) and remaining roots (RR)
after exposure to 25 yM Cd for 24 h or 48 h. GO Enrichment of DEGs in RR (A) and RT (B) at 24 h
and 48 h: Shared and Time-Point-Specific Terms. GO enrichment plot showing the top terms with lowest
p-adjusted values (FDR) and order by Gene Ratio (ratio of input genes that are annotated in a term).
Circles size varies according to the Fold Enrichment. Terms enriched at both time points are presented
in color (pink and light blue) and terms present at only one time point are presented in grey. Venn
diagrams depict the number of DEGs after 24 h of treatment (light grey), after 48 h of treatment (dark

grey), as well as the overlap between the two conditions (pink and light blue).
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Figure 6: Phenotypic analysis of cadmium responsive root tip genes in A. thaliana. A. Primary
root growth of mutants corresponding to candidate genes in the Cd response. Seedlings were grown for
7 days on control plates and then transferred to control/Cd plates for 7 days. Asterisks indicate statistical
significance (p < 0.05, Mann-Whitney U-test, data from three independent replicates, n=15-30). B.
Representative pictures of Col-0 and hy5 215 seedlings grown for 9 days directly on either control or
Cd plates. C. Cd accumulation in Col-0 and hy5 215 after 3 days of treatment. Displayed are mean
values +/- standard deviation of Cd contents as ug per gram dry weight (DW). Letters indicate statistical
significance (ANOVA with Tukey test, p < 0.05, data from three independent replicates) D. Phytochelatin
(PC) and glutathione (GSH) contents in Col-0 and hy5_215. Seedlings were grown for 9 days on control
plates and then exposed to Cd or control conditions for 3 days. Displayed are mean values +/- standard
deviations of contents in pg per gram fresh weight (FW). Letters indicate statistical significance (ANOVA

with Tukey test, p < 0.05, data from three independent replicates).
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Supporting Information

Supplementary Figure S1. ICP-OES measurement of Cd (left) and Fe (right) in Col-0 and
hy5 1 seedlings upon exposure to 25 yM Cd.

Supplementary Figure S$2. Regulation of specialized metabolism in response to 25 yM Cd.

Supplementary Figure S3. GO enrichment analysis on the 5% top and bottom loading values
for PC1 and PC2.

Supplementary Figure S4. Expression of metal-related genes after 24 h and 48 h of Cd
treatment in A. thaliana roots.
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Supplementary Figure S5. Gene Expression and phenotypic analysis of root tip responsive
genes in A. thaliana.

Supplementary Figure S6. Effect of 25 uM Cd on expression of cell cycle-related genes from
Vandepoele et al., (2002) in root tips (RT) after 24 h and 48 h

Supplementary Figure S7. Impact of Cd excess on differentiation in A. thaliana roots.
Supplementary Figure S8: Expression pattern of HY5.
Supplementary Figure S9: Gene Set Enrichment Analysis of HY5 targets genes.

Supplementary Figure S10: Phenotypic analysis of root tip-responsive gene mutants under
Cd stress.

Supplementary Figure S11: Primary root growth of hy5 1 and hy5 215 under exposure to
25 uM Cd in a root covered system and in darkness.

Supplementary Figure S12: Phytochelatin (PC) and glutathione contents in Col-0 and hy5 1
upon exposure to 25 uM Cd.

Supplementary Table S1: DAFs in RR and RT after 48 h of Cd exposure.
Supplementary Table S2: DEGs in RR vs RT under control conditions.
Supplementary Table S3: Complete list of GO enriched terms in DEGs in RR vs RT.
Supplementary Table S4: DEGs in RR and RT after 24 h or 48 h of Cd exposure.

Supplementary Table S5: GO enrichment analysis of DEGs at 24 h and 48 h, Cadmium vs
Control. Shared and time-point specific terms.

Supplementary Table S6: Impact of Cd excess on differentiation in Arabidopsis roots.

Supplementary Table S7: TFBS enrichment in promoters of DEGs.
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Arabidopsis thaliana root responses to Cd exposure: insights into root tip-
specific changes and the role of HY5 in limiting Cd accumulation and
promoting tolerance

Ludwig Richtmann, Santiago Prochetto, Noémie Thiébaut, Manon Sarthou, Stéphanie Boutet, Marc
Hanikenne, Stephan Clemens and Nathalie Verbruggen.
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Supplementary Figure S1. ICP-OES measurement of Cd (left) and Fe (right) in Col-0 and hy5_1 seedlings
upon exposure to 25 uM Cd. Seedlings were grown for 7 d on control medium and then transferred to control
or Cd medium and exposed for 72 h. Displayed mean values +/- standard deviation of Cd contents as pg per
gram dry weight (DW). Letters indicate statistical significance (ANOVA with Tukey test, p<0.05, data from at least
three independent replicates).
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Supplementary Figure S2. Regulation of specialized metabolism in response to 25 pM Cd. A. Principal
component analysis of the metabolomic data. Metabolite concentrations were normalized to the amount of
collected root pieces per sample. B-C. Quantification of sideretin and phytochelatin in control and Cd in root tips
(RT) and remaining roots (RR). Seedlings were grown for 7 d on control medium and then exposed to 25 uM Cd
for 48 h. D. Primary root growth of Col-0 and the cyp82c4 mutant under control and Cd conditions. Statistical
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significance was tested with Mann Whitney U-Test (n=24-37, 3 independent replicates, p<0.05)
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Supplementary Figure S3. GO enrichment analysis on the 5% top and bottom loading values for PC1 (A)
and PC2 (B). The analysis was conducted using the ClusterProfiler package in R, which identifies
overrepresented GO terms associated with the input gene sets. Enriched GO terms (Biological Process) were
selected based on a false discovery rate (FDR) < 0.01. Dot Size represents the number of genes associated with
each GO term; dot color, the adjusted p-value (FDR); and GeneRatio the proportion of genes in the input set

associated with the GO term.
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Supplementary Figure S4. Differentially expressed markers between RT and RR. Bulk RNA-Seq data from
root tip (RT) and remaining root (RR) samples upon growth in control conditions were cross-referenced with the
cell-type specific description of gene expression in roots provided by Shahan et al., (2022). Number of genes
differentially expressed (]logz fold change| > 1 and pagj < 0.05) between RT and RR samples that are among the
50 genes that are specific markers for each cell line and development stage. Positive and negative values in the

Y-axis represent the number of DEGs that are more expressed in RT or RR, respectively.
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Supplementary Figure S5. Expression of metal-related genes after 24 h and 48 h of Cd treatment in A.
thaliana roots. Using a manually curated list of metal related genes, the heatmap shows the log2(fold change)
of gene expression between conditions. In the DEGcuwcti columns, positive values indicate upregulation of genes
after Cd treatment, while negative values indicate downregulation, in both the remaining root (RR) and root tip
(RT) after 24 h or 48 h of treatment. In the DEGrmrr columns, positive values indicate higher expression in RT
compared to RR, while negative values indicate higher expression in RR compared to RT.
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Supplementary Figure S6. Gene expression and phenotypic analysis of root tip responsive genes in A.
thaliana. A. Expression of genes that display a specific or more pronounced response to Cd in RT compared to
RR. Displayed are mean values + standard deviation. Asterisks indicate statistical significance of DEG (DESeqg2,
|log= fold change| > 1 and padg < 0.05, data from three independent replicates).
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Supplementary Figure S7. Effect of 25 uM Cd on expression of cell cycle-related genes from Vandepoele
et al., (2002) in root tips (RT) after 24 h and 48 h. Values were obtained by dividing the DESeg2 normalized
counts for each gene in the Cd-exposed sample by the mean of the respective control sample. Values are
depicted as log2-fold changes.
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Supplementary Figure S8. Impact of Cd excess on differentiation in A. thaliana roots. Progression of the
differentiation in the root tips upon Cd excess at 48 h. Bulk RNA-Seq data from root tip (RT) and remaining root
(RR) samples upon growth in control or Cd treatments conditions were cross-referenced with the cell-type specific
description of gene expression in roots provided by Shahan et al., (2022). (A) Number of genes differentially
expressed (]logz fold change| > 1 and pag < 0.05) between Cd-treated and control samples that are among the
50 genes that are specific markers for each cell line and development stage. Positive and negative values in the
Y-axis represent the number of DEGs that are upregulated or downregulated after Cd treatment, respectively.
(B) Gene Set Enrichment Analysis of Developmental Markers. The plot shows the enrichment profiles of gene
sets derived from Shahan et al., (2022) between Cd-treated and control samples that were statistically significant
(adjusted p-value < 0.05, Bonferroni correction).
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Supplementary Figure S9. Expression pattern of HY5. Normalized counts (DESeq2-processed) of HY5 transcripts
in root tips (RT) and root rest (RR) under control conditions and after 24 h and 48 h Cd treatment. Individual data
points represent biological replicates (n = 3).



RR 24 h RT 24 h

e e

g 0.6 pvalue p.adjust g s pvalue p.adjust
I HY5 targets 1e-10 = 3e-10 € ets 1e-10 3e-10
g os -

E = 0.4

2 ]

5 o2 &,

2 g

[~ c

€ 00 S 00

4 4

A

JOLUE 00 1AL

2 2

= = 6

° [}

s 50 s,

B 25 B

~ |

5 00 5 °

L5 2

[ c

& &

5000 10000 15000 20000 5000 10000 15000 20000
Rank in Ordered Dataset Rank in Ordered Dataset

2 e

g 04 pvalue p-adjust 087 06 pvalue p-adjust
Eos HY5 targets 9.542e—06 2.863e-05 = Ci‘~ 4.325e-10 1.298e-09
2 2os

502 s

& o1 o2

2 2

00 €

5 S oo

4 74

10 A T O, W“WMWMWLU (AT RN

Ranked List Metric
|
o
Ranked List Metric
o

5000 10000 15000 20000 5000 10000 15000 20000
Rank in Ordered Dataset Rank in Ordered Dataset

Supplementary Figure S10. Gene Set Enrichment Analysis of HY5 targets genes. The plot shows the
enrichment profiles of HY5 target genes from Burko et al., (2020) between control and Cd-treated samples
(Adjusted p-value < 0.05, Bonferroni correction).
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Supplementary Figure S11. Phenotypic analysis of root tip-responsive gene mutants under Cd stress.
Primary root growth of A. thaliana mutants for candidate genes involved in the Cd response. Seedlings were
grown for 7 days on control plates and then transferred to either control or Cd-containing plates for an additional
7 days. Asterisks denote statistically significant differences (p < 0.05, Mann-Whitney U-test; data from three
independent biological replicates, n = 15-30 seedlings per replicate).
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Supplementary Figure S12. Primary root growth of hy5 1 and hy5_215 under exposure to 25 uM Cd in a
root covered system (A-D) and in darkness (E-F). Seedlings were grown on control medium for 7 d and then
transferred to control or Cd medium and grown for additional 7 d. Values are depicted as absolute growth (A-B)
and growth relative to the respective control (C-D). Asterisks indicate statistical significance (Mann Whitney U-
Test, n=40-50, 3 independent replications, p<0.05). (E-F) Primary root growth of hy5_ 1 under exposure to 25 pM
Cd in darkness. Seedlings were grown on control medium for 7 d and then transferred to control or Cd medium
and grown for additional 7 d. Values are depicted as absolute growth (left) and growth relative to the respective
control (right). Asterisks indicate statistical significance (Mann Whitney U-Test, n=37-43, 3 independent
replicates, p<0.05).
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Supplementary Figure S13. Phytochelatin (PC) and glutathione contents in Col-0 and hy5_171 upon
exposure to 25 uM Cd. Seedlings were grown for 9 d on control medium and then transferred to control or Cd
medium and exposed for 72 h. Displayed are mean values +/- standard deviations of contents in pg per gram
fresh weight (FW). Letters indicate statistical significance (ANOVA with Tukey HSD, p < 0.05, data from three
independent replications).
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Supplementary Figure S14. A RAM size in Col-0 and hy5 mutant lines. RAM size was defined as the distance
from the quiescent center to the first elongated cortex cell. B. Number of cortex cells in the RAM. C. Cortex cell
length. Cortex cell length was determined by dividing the length of RAM by the number of cortex cells in each
meristem.Measurements originate from 9-11 seedlings per condition and time point (n=9-11) and one replication.
Letters indicate statistically different groups (ANOVA with Tukey test, p < 0.05).
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Supplementary Figure S15.Differential Expression Analysis in Col-0 and the hy5 215 mutant using whole roots.
A. Principal component analysis showing the distribution of samples according to PC1 and PC2. The percentage
of variance explained by each PC is indicated in the corresponding axis. B. Venn diagram showing the number
of DEG between Cd-treated samples and control. C. GO enrichment analysis for genes in B. The plots show the
top GO terms with the lowest adjusted p-values (FDR), ordered by Gene Ratio (ratio of input genes that are

annotated in a term). Circle size corresponds to fold enrichment.
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Supplementary Figure S16. Differentially expressed markers between Cd treated and control samples in
the roots of A. thaliana Col-0 (A) and hy5 215 (B) mutant. Bulk RNA-Seq data from whole roots samples
upon growth in control and Cd conditions were cross-referenced with the cell-type specific description of gene
expression in roots provided by Shahan et al., (2022). Number of genes differentially expressed (|logz fold
0.05) that are among the 50 genes that are specific markers for each cell line and
development stage. Positive and negative values in the Y-axis represent the number of DEGs that are

change| > 1 and pad

<

upregulated or downregulated in Cd treated samples, respectively.
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Supplementary Figure S17. Clustering and expression patterns of 1377 genes under Cd exposure in
Arabidopsis thaliana Col-0 and hy5 215 mutant roots. Self-Organizing Map analysis identified nine distinct gene
expression clusters across four experimental conditions: (1) Col-0 control, (2) Col-0 Cd-treated, (3) hy5 control,
and (4) hy5 Cd-treated samples, with three biological replicates per condition. Normalized expression data were
obtained using DESeqg2's variance stabilization transformation (VST), followed by Z-score normalization for each
gene to minimize the influence of absolute expression levels on clustering. Line plots display individual gene
expression patterns (black lines) and the median profile of each cluster (red line).
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Supplementary Figure S18. Expression of transporter genes under Cd exposure in Arabidopsis thaliana
Col-0 and hy5_215 mutant roots. Using a list of predicted transporter genes from TransportDB, the heatmap
shows the log2(fold change) of gene expression between conditions. In the DEGcactn columns, positive values
indicate upregulation of genes after Cd treatment, while negative values indicate downregulation, in both Col-0
and hy5_215 mutant roots after 48 h of treatment. In the DEGinys_215/col-0 cOlumns, positive values indicate higher
expression in hy5 215 compared to Col-0, while negative values indicate higher expression in Col-0 compared
to hy5 215.



