The role of root suberin in protecting barley plants from
copper stress

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultit
der

Rheinischen Friedrich-Wilhelms-Universitit Bonn

vorgelegt von
Qihui Zhang
aus

Zhejiang, China

Bonn, 2025



Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultit der

Rheinischen Friedrich-Wilhelms-Universitdt Bonn

Gutachter/Betreuer: Prof. Dr. Lukas Schreiber

Gutachterin: PD Dr. Caroline Marcon

Tag der Promotion: 15.07.2025

Erscheinungsjahr: 2025



Abstract

Copper (Cu) contamination in agricultural soil significantly threatens crop growth,
yield, and overall agricultural productivity. Although barley (Hordeum vulgare L.)
exhibits a relatively high tolerance to metal stress, the mechanisms underlying its
tolerance to Cu stress, particularly the specific role of suberin, remain unclear.
Therefore, this study investigated the morphological, physiological, biochemical, and
transcriptomic responses of barley (cv. Scarlett) seedlings exposed to 50 uM and 100

uM Cu for six days.

The results of this study indicated that Cu exposure significantly inhibited barley
growth, with roots exhibiting greater sensitivity than shoots. Despite growth inhibition,
photosynthetic performance in leaves remained unaffected. Cu stress induced oxidative
stress, as evidenced by increased hydrogen peroxide (H20:) accumulation in roots,
superoxide radical (Oz+") level in leaves, and enhanced lipid peroxidation in both tissues,
reflected by increased malondialdehyde (MDA) content. In response, barley plants
accumulated proline in both roots and leaves, likely mitigating oxidative stress.
Histochemical staining and chemical quantification revealed enhanced suberin
deposition in roots under Cu stress, particularly through increased synthesis of aliphatic

suberin monomers.

Additionally, Cu stress disrupted nutrient homeostasis by affecting the uptake of
essential mineral nutrients. Histochemical analysis of Cu distribution in root cross-
sections and mineral nutrition analysis further indicated that suberin functioned as an
effective endodermis barrier, limiting the xylem loading of Cu ions. As a result, Cu
primarily accumulated in root apoplastic regions, reducing its translocation to shoots
and alleviating shoot toxicity. Transcriptomic analysis identified extensive
transcriptional reprogramming involving cell wall modifications, antioxidant defense,
detoxification processes, Cu transporters, and plant hormone signaling transduction

pathways in response to Cu stress. Furthermore, suberin-defective mutants (lacking



very long chain C22-C26 o-hydroxy acids) exhibited increased Cu sensitivity,
enhanced oxidative damage, and greater Cu translocation to shoots, underscoring the

importance of suberin monomer composition in root barrier function.

In summary, this study provides a comprehensive understanding of Cu-induced
phytotoxicity in barley and highlights suberin’s critical function as an endodermal
barrier limiting Cu uptake and translocation. The findings of this study provide novel
insights for genetic improvement strategies aimed at enhancing Cu tolerance in barley

and other crops and contribute to phytoremediation in Cu-contaminated soil.
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1. Introduction

Heavy metal contamination of agricultural soils caused by anthropogenic activities is a
major environmental problem worldwide (Timothy and Tagui Williams, 2019; Zhang
and Wang, 2020). Such contamination adversely impacts human and animal health,
agricultural productivity, and food quality (Rashid et al., 2023). Copper (Cu), while an
essential micronutrient for plant growth, represents one of the most prevalent heavy
metal pollutants in soil (Luo et al., 2024). Excess Cu exposure negatively affects plant
growth and development, subsequently reducing crop yields (Mir et al., 2021).
Consequently, mitigating Cu pollution remains an essential goal for sustainable
agriculture. Phytoremediation, the utilization of plants to absorb and immobilize heavy
metals from contaminated soils, has been recognized as an environmentally friendly
and cost-effective remediation strategy (Wan et al., 2016). Nevertheless, the
effectiveness of phytoremediation is highly dependent on the plant species' capacity for
specific heavy metal tolerance and accumulation (Memon and Schréder, 2009; Gupta
et al., 2013). Therefore, understanding the mechanisms of plant tolerance to specific
metals is important for developing plants suitable for the phytoremediation of
contaminated sites (Jabeen et al., 2009). Barley (Hordeum vulgare L.), ranking fourth
among cereal crops globally, is recognized as relatively tolerant to heavy metal stress
(Ebbs and Kochian, 1998; Mostofa et al., 2014). An important feature of plant tolerance
to environmental stress, including heavy metal stress, is the formation of an endodermal
suberin barrier in roots (Doblas et al., 2017; Peralta Ogorek et al., 2023). However, the
mechanisms underlying barley’s tolerance to Cu stress, particularly the specific role of
suberin deposition in Cu tolerance, still remain unclear. Given barley’s significant
potential for phytoremediation of heavy metal-contaminated soils (Ebbs and Kochian,
1998), elucidating the physiological and molecular responses to Cu stress and clarifying

the functional role of suberin deposition are essential. This knowledge would promote



varietal selection and genetic improvement aimed at enhancing Cu tolerance and

ultimately contribute valuable insights into effective phytoremediation strategies.
1.1 The function of copper in plants

Copper is an essential redox-active micronutrient that functions optimally within a
narrow concentration range to support fundamental physiological processes in plants
(Mir et al., 2021). As a transition metal existing predominantly as Cu?* (cupric) and Cu*
(cuprous) ions in planta (Jun et al., 2023), its redox cycling capacity enables
participation in critical biochemical pathways, including mitochondrial respiration,
photosynthetic electron transport, cell wall lignification, and oxidative stress responses
(Peers and Price, 2006; Thounaojam et al., 2012; Lacey and Binder, 2014; Ruiz et al.,
2021; Zhou et al., 2025). The catalytic versatility of Cu enables its ability to serve as a
cofactor in key enzymes, such as plastocyanin (a photosystem electron carrier), Cu/Zn
superoxide dismutase (a ROS scavenger), laccases (involved in lignin polymerization),
and cytochrome c oxidase (a component of the respiratory chain) (Hoegger et al., 2006;
Abdel-Ghany, 2009; Boden et al., 2021). Moreover, Cu also modulates phytohormone
signaling through its incorporation into ethylene receptors like CTR1 (constitutive
triple response 1), which governs ethylene perception and downstream responses (Light

etal., 2016).
1.2 Copper toxicity in plants

A Cu concentration of 5-30 mg/kg in plant tissues is generally optimal for normal
growth and development (Shabbir et al., 2020; Kumar et al., 2021). However, this range
may vary depending on plant species, varieties, and environmental factors. When
concentrations exceed this optimal range, Cu becomes toxic to most plants (Yruela,
2009). Increased Cu concentrations exert adverse effects on plant growth and
development, affecting plants at morphological, physiological, and molecular levels. In

addition to reducing plant productivity and crop yields, Cu toxicity may also pose risks



to human health by entering the food chain (Adrees et al., 2015). The following

summarizes the toxic effects of Cu in plants (Figure 1. 1).
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Figure 1. 1 Plant toxicity and resistance mechanisms under Cu stress. Modified from (Wang

et al., 2025).
1.2.1 Effect on plant growth and development

Growth inhibition is one of the most notable symptoms observed in plants under Cu
stress (Adrees et al., 2015; Mir et al., 2021). Cu tends to accumulate in roots, causing
toxicity that first affects root structure and function before impacting aboveground
physiological processes (Cambrollé et al., 2013). Cu toxicity induces structural changes,
including root shortening, thickening and darkening, reduced root hair growth, and
tearing of the root epidermis and cortex, ultimately inhibiting root growth and biomass
production (Kopittke et al., 2009; Madejon et al., 2009; Juang et al., 2012). Batool et
al. (2015) demonstrated that inhibited root growth under heavy metal stress is related
to reduced cell division and subsequent increases in root cell wall thickness. Several
studies have confirmed the inhibitory effects of excess Cu on root and shoot growth

across various plant species. For instance, in rice (Oryza sativa), Cu toxicity markedly



reduced plant biomass and grain yield when soil Cu concentrations exceeded 100 mg/kg,
with yield declines increasing as soil Cu concentration increased (Xu et al., 2006).
Similarly, hydroponic studies conducted on rice (Oryza sativa L.) exposed to Cu
concentrations of 0, 10, 50, and 100 uM for five days revealed a gradual decrease in
shoot and root growth, with root growth showing the greatest sensitivity to increasing
Cu levels and exposure durations (Thounaojam et al., 2012). Moreover, Htwe et al.
(2020) reported that Cu stress significantly reduced rice plant height and grain yield.
Kumar et al. (2008) further observed that maize seedlings treated with 100 uM Cu for
14 days exhibited significantly reduced fresh and dry weights of stems and roots,
accompanied by visible leaf chlorosis. Studies showed that excess Cu concentrations
inhibited root growth in both tomato (Solanum [lycopersicum L.) and cucumber
(Cucumis sativus L.), and cucumber roots were more sensitive to Cu toxicity than
tomato roots under the same treatment conditions (Iseri et al., 2011). Moreover, barley
(Hordeum vulgare L.) seedlings exposed to Cu concentrations increasing from 0.1 to 1
mg/L showed marked reductions in both root and shoot lengths, with roots
demonstrating greater susceptibility to Cu stress than shoots (Zaltauskait¢ and
Sliumpaité, 2013). These studies indicate that Cu toxicity significantly inhibits plant
growth, with the severity of effects dependent upon species, genotype, metal
concentration, and duration of exposure. Thus, detailed assessments of Cu toxicity
responses across diverse plant species and cultivars are essential for accurately

understanding plant-metal interactions.
1.2.2 Effect on photosynthetic performance

Cu, as a cofactor of plastocyanin, participates in the photosynthetic electron transport
process. It is also an activator of certain enzymes involved in chlorophyll biosynthesis
(Sun et al., 2022). While optimal Cu concentrations enhance photosynthetic processes,
excessive Cu can negatively impact photosynthesis by altering pigment composition,
damaging chloroplast ultrastructure, impairing thylakoid membrane integrity, reducing

net photosynthetic rates, decreasing RuBisCo enzyme efficiency, and inhibiting
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electron transfer in photosystem II (PSII) (Parveen et al., 2020; Mir et al., 2021). Studies
indicate that Cu toxicity inhibits photosynthesis primarily by disrupting chlorophyll
synthesis or causing its degradation (Li et al., 2019b). Sheng et al. (2024) reported that
excess Cu decreases chlorophyll content by replacing Mg?* ions with Cu?* ions within
chlorophyll molecules and inducing lipid peroxidation of chloroplast membranes.
Furthermore, Patsikka et al. (2002) suggested that Cu-induced iron deficiency reduces
leaf chlorophyll concentrations, resulting in increasing Cu toxicity to PSII. Several
studies reported the toxic effects of Cu on chlorophyll biosynthesis in various crop
species. For example, in wheat, 200 mg/kg Cu treatment significantly reduced
chlorophyll content after 14 days (Xu et al., 2017). Similarly, in lentil plants, high Cu
concentrations (3.0 mM) significantly reduced chloroplast pigments, including
chlorophyll a, chlorophyll b, and carotenoids (Hossain et al., 2020). Cu toxicity affects
chlorophyll content differently across plant species and even within the same species.
For instance, 100 pM Cu treatment reduced total chlorophyll content by 37.02% and
55.83% in maize varieties SC 122 and SC 10, respectively, compared with control
levels (Aly and Mohamed, 2012). While some studies have reported Cu’s inhibitory
effects on both photosystem I (PSI) and PSII (Mishra and Dubey, 2005), more studies
have shown that PSII is the most sensitive site to Cu toxicity (Yruela, 2009). In green
algae (Chlorella), Cu toxicity primarily inhibits photosynthesis by damaging PSII
(Chen et al., 2016). Similarly, in water hyacinth (Eichhornia crassipes), Cu treatment
reduced photosynthesis by decreasing chlorophyll content and damaging PSII functions
(Jin et al., 2021). Studies have also shown that excess Cu (75-150 puM) disrupts
thylakoid membrane composition, leading to reduced PSII activity and electron

transport (Xu et al., 2013).
1.2.3 Effect on oxidative stress

In plants, reactive oxygen species (ROS) such as hydrogen peroxide (H202), superoxide
anion (O2¢"), and hydroxyl radicals (*OH) are generated as byproducts of aerobic

metabolism (Pourrut et al., 2011). Among these ROS, hydroxyl radicals (*OH) are
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particularly reactive, causing immediate oxidative damage to essential biomolecules
such as lipids, proteins, and nucleic acids (Pai et al., 2018; Mgller et al., 2020; Arslan
et al., 2022). Cu is a redox-active metal that can catalyze ROS generation via Haber-
Weiss and Fenton reactions, thereby producing superoxide (Oz¢"), hydrogen peroxide
(H203), and hydroxyl radicals (*OH) (Florence, 1984; Pham et al., 2013). Thus, excess
Cu disturbs redox homeostasis by overwhelming the plant's antioxidant defense
systems, leading to increased ROS accumulation and subsequent oxidative damage (Lin
et al., 2023; Khorashad et al., 2024). Cu-induced ROS overproduction has been widely
documented in various plant species. For example, in barley (Hordeum vulgare L.),
hydrogen peroxide levels increased proportionally with rising Cu concentrations
(Tamas et al., 2017). Similarly, rice (Oryza sativa L.) exposed to 0-100 uM Cu for 5
days showed dose-dependent increases in H20. and malondialdehyde (MDA), a
biomarker of lipid peroxidation (Thounaojam et al., 2012). Furthermore, Medicago
sativa displayed contrasting responses: O:¢~ levels increased steadily with Cu
concentration, whereas *OH levels peaked at 50 uM Cu before declining at 100 uM,
possibly due to antioxidant induction (Wang et al., 2011). These findings indicate that
ROS generation under Cu stress is dependent on multiple factors, including plant

species, Cu concentration, and exposure duration.
1.2.4 Effect on nutrient uptake

Cu toxicity typically affects roots before shoots, with root damage being an early
symptom (Chen et al., 2022b). Excessive Cu ions in the soil significantly inhibit root
elongation, disrupt the integrity of the root epidermis, reduce root hair density, and
cause disordered root architecture (Madejon et al., 2009; Juang et al., 2012). These
morphological changes directly impair the root system's ability to absorb water and
essential nutrients, leading to a global imbalance in the plant’s nutrient homeostasis.
Further studies have shown that high concentrations of Cu can induce dysfunction in
transmembrane ion transport systems. Some studies reported that Cu ions competitively

inhibit the uptake of essential cations such as Fe*, Zn**, and Mn?* at absorption sites
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(Yruela, 2009). Some studies also reported that Cu-induced ROS production can
damage cell membrane integrity through lipid peroxidation, resulting in nutrient
leakage and loss of selective absorption capacity (Adrees et al., 2015). For example,
when Cu concentrations exceeding 20 mg/kg were applied to maize, the uptake of
phosphorus (P), zinc (Zn), and iron (Fe) decreased progressively with increasing Cu
concentrations (Azeez et al., 2015). In Inga subnuda, Cu concentrations above 0.16
mmol/L caused ultrastructural damage to root cells, including the cell membrane,
endodermis, mitochondria, and vacuoles, which in turn impaired the root system’s
ability to absorb and transport mineral nutrients (De Freitas et al., 2015). In rice, excess
Cu downregulated the expression of key nutrient transporters such as OsNPF6.5,
OsNPF2.2, and OsNPF2.4, resulting in decreased nitrate (NOs") uptake and
translocation, leading to reduced nitrate concentration and nitrate reductase (NR)
activity in shoots (Huo et al., 2020). These findings indicated that Cu toxicity affects
nutrient uptake by altering root morphology, competing with metal transporters,
downregulating the expression of genes involved in nutrient uptake, and disrupting

plasma membrane permeability (Roy et al., 2017; Mir et al., 2021).
1.3 Copper in soil

Studies have shown that Cu concentrations in natural soils range from 3 to 100 mg/kg,
with higher concentrations (>100 mg/kg) found in certain locations (Marschner, 1995;
Rehman et al., 2019). In agricultural soils, typical Cu levels suitable for plant growth
range from 5 to 30 mg/kg, depending on soil type. However, vineyard soils can have
Cu concentrations between 200 and 500 mg/kg due to the long-term use of copper-
based agrochemicals (Brun et al., 1998). While Cu levels above 30 mg/kg can induce
toxicity in plants, the amount depends on multiple factors, including plant species,
growth stage, cultivation practices, and environmental conditions (Lamichhane et al.,
2018). Particularly in acidic soils, Cu concentrations above 20 mg/kg may be toxic to

sensitive plants (Rehman et al., 2019). Furthermore, the World Health Organization



(WHO) has set permissible limits for Cu in soil and plants at 36 mg/kg and 10 mg/kg,

respectively (Alengebawy et al., 2021).

Although soil Cu concentrations vary, only about 20% of the Cu, primarily in the form
of hydroxides and carbonates, is bioavailable to plants. The remaining 80%, in forms
such as oxides and sulfides, is difficult for plants to utilize (Fernandez-Calvifio et al.,
2008; Mihaljevic et al., 2019). Therefore, assessing Cu toxicity in soils based solely on
total Cu content is insufficient. Instead, toxicity is primarily determined by the
bioavailable fraction, which is the plant-usable form of Cu (La Torre et al., 2018). The
bioavailability of Cu depends on various factors, including soil properties that influence
Cu mobility and its availability in the soil's solid/solution phase (Violante et al., 2010).
Key factors influencing Cu bioavailability include total Cu concentration, cation
exchange capacity (CEC), soil organic matter (SOM), and soil pH (Chaignon et al.,
2009). Among these factors, soil pH has the most significant impact on Cu mobility
and plant uptake. Cu availability to plants increases as pH decreases, and Cu?* activity
and soluble Cu concentrations decrease with rising pH (Tye et al., 2004; Morel et al.,
2014; Qu et al., 2018). In acidic Cu-contaminated soils, rhizosphere pH, influenced by
root and microbial activity, can play a larger role in Cu bioavailability than bulk soil

pH (Chaignon et al., 2009; Hinsinger et al., 2009; Bravin et al., 2012).

Cu concentrations in soils have risen dramatically due to human activities, particularly
industrial and agricultural practices, and Cu is now considered a significant soil
contaminant in many regions (Apori et al., 2018). The extensive use of copper-
containing fertilizers, fungicides, herbicides, and pesticides has contributed to Cu
accumulation in agricultural soils (Adrees et al., 2015; Brunetto et al., 2016; Rehman
et al., 2019). Several studies have reported increased Cu levels in soils under the long-
term cultivation of crops such as grapes, citrus, and other fruits (Brunetto et al., 2016;
Ballabio et al., 2018). Since Cu cannot be easily degraded biologically or chemically,
and only minimal amounts are removed through leaching, runoff, or plant uptake, it can

persist as a soil contaminant, causing bioaccumulation and toxicity. This long-term
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persistence poses risks to the environment, food security, and human health (Mackie et

al., 2012; Lamichhane et al., 2018).

1.4 Uptake and translocation mechanisms of copper in plants

The mechanisms of Cu uptake and transport in plant roots remain poorly understood,
particularly regarding long-distance transport and processes at the root level. However,
the identification of several different metal transporters has greatly expanded
knowledge of Cu uptake and transport mechanisms (Yruela, 2009; Shabbir et al., 2020;
Mir et al., 2021). Based on previous studies, the mechanisms of Cu uptake and transport
in plants have been described (Figure 1. 2) (Robbins et al., 2014; Printz et al., 2016;

Ishka et al., 2022).
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Figure 1. 2 Overview of Cu transport in plants based on studies in Arabidopsis thaliana and
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protein; YSL, yellow-stripe-like protein; PS, phytosiderophore; NA, nicotianamine; MT,
metallothionein; HMA, heavy metal ATPase; CCH/ATX-like, antioxidant protein-like Cu
chaperone; CSD, Cu/Zn superoxide dismutase; CCS, Cu chaperone for Cu/Zn superoxide
dismutase; COX, cytochrome ¢ oxidase; ER, endoplasmic reticulum; ETR, ethylene receptor.

Modified from (Ishka et al., 2022).
1.4.1 Copper uptake by root cells

Cu exists in soils mainly in two forms, Cu?>" and Cu*, with Cu** complexes being
dominant (Rehman et al., 2019). Notably, the bioavailability of Cu®" is extremely
limited in soils with high organic matter content (Sierra Aragéon et al., 2019). As a result,
it is hypothesized that grasses and non-grass plants may adopt two Cu uptake strategies:
the reduction-based strategy (Strategy I) and the chelation-based strategy (Strategy II),
similar to their iron uptake mechanisms (Figure 1. 2) (Kobayashi and Nishizawa, 2012).
Non-grass monocots and dicots utilize this reduction-based strategy (Strategy I), where
Cu?* is reduced to Cu® by membrane-bound ferric reductases of the ferric reductase
oxidase (FRO) family (Burkhead et al., 2009). Subsequently, the reduced Cu" is then
transported into root cells by specific Cu transporters. AtFRO4 and AtFROS5 have been
implicated in the reduction of Cu®" to Cu" (Bernal et al., 2012). However, no evidence
has been found for FRO-like genes reducing Cu?" in grasses, and oats, as a grass species,
show no preference for Cu" uptake (Ryan et al., 2013). Thus, grasses may instead use
a chelation-based strategy (Strategy II) to absorb Cu?*. This approach likely involves
the secretion of phytosiderophores (PS) or other chelators that solubilize Cu** in the
rhizosphere, facilitating root uptake (Ishka et al., 2022). It remains unclear whether
grasses rely on reduction, chelation, or both strategies to uptake Cu. Cu uptake in plants
is regulated by several Cu transporters, most notably the copper transporter (COPT)
protein family, which specifically transports Cu* (Sanz et al., 2019). Among these,
AtCOPTI and AtCOPT?2 are considered key transporters for root Cu uptake (Sancenon
et al., 2004; Penarrubia et al., 2010; Puig, 2014). In addition to the COPT family,

members of the Zrt-/Irt-like protein (ZIP) family, such as AtZIP2 and AtZIP4, are
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thought to mediate the uptake of Cu** into root cells (Wintz et al., 2003). Moreover,
yellow stripe-like (YSL) transporters, part of the oligopeptide transporter (OPT)
superfamily (Curie et al., 2001), are involved in transporting metal ions complexed with
PS or nicotianamine (NA) (Colangelo and Guerinot, 2006; Curie et al., 2009). Recent
research suggests that ZmYSLI can transport Cu®* in heterologous systems (Sheng et
al., 2021). This finding indicates that some Y SL transporters may also mediate Cu entry

into root cells.
1.4.2 Copper transport in cellular

The intracellular transport is mediated by Cu transporter families and Cu chaperones,
which are involved in maintaining Cu intracellular homeostasis. Cu transporter genes
include the COPT, ZIP, YSL, and HMA (heavy metal ATPase) family genes (Wang et
al., 2021). Cu chaperones fall into three main types: CCH/ATX-like (antioxidant
protein-like Cu chaperone), CCS (Cu chaperone for Cu/Zn SOD), and COX
(cytochrome c oxidase) (Markossian and Kurganov, 2003). Generally, once Cu ions
enter root cells, they bind to metallothioneins (MTs) or specific soluble Cu chaperones
in the cytoplasm and are transported to various organelles (e.g., vacuoles, chloroplasts,
mitochondria) to prevent cytoplasmic Cu overload (Figure 1. 2) (Migocka and Malas,
2018). For instance, Cu ions chelated by ATXI1 are transported by the vacuolar
membrane transporter protein HMAS to the vacuole for storage, thereby reducing Cu
toxicity (Andrés-Colés et al., 2006; Del Pozo et al., 2010). Similarly, HMAS and
COPTS are thought to control the movement of Cu ions into and out of the vacuole to
regulate Cu ion levels, thereby maintaining intracellular Cu homeostasis (Garcia-
Molina et al., 2011; Wang et al., 2024). Cu chaperone CCH, highly homologous to
ATXI1, binds Cu" and interacts directly with HMA7 (RAN1) to transport Cu to the
endoplasmic reticulum (ER), where it plays a crucial role in synthesizing the ethylene
receptor (ETR) (Hoppen et al., 2019). The mechanism of Cu transport into
mitochondria is less well understood. However, some studies have shown that COX17

likely mediates Cu transport to mitochondria, where it assists in the assembly of
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functional cytochrome ¢ oxidase complexes (Garcia et al., 2016). Cu transport to
chloroplasts is thought to be facilitated by the transporters AtHMAI, AtHMAG6, and
AtHMAS, which deliver Cu to chloroplasts for use as a cofactor in Cu/Zn SOD (Catty
et al.,, 2011; Blaby-Haas et al., 2014; Boutigny et al., 2014). Additionally, the Cu
chaperone CCS is believed to assist in delivering Cu to Cu/Zn SOD within chloroplasts

(Abdel-Ghany et al., 2005).
1.4.3 Long-distance transport of copper in plants

After being absorbed by the roots, Cu is transported to the aerial parts through the xylem
(Cao et al., 2020). Therefore, root-to-shoot Cu transport depends on xylem loading
(Printz et al., 2016). In roots, water and solutes move to the xylem through three primary
radial pathways: the apoplastic pathway—water and solutes move through cell walls
and intercellular spaces in the root cortex toward the pericycle; the symplastic
pathway—water and solutes move from one cell to another via plasmodesmata,
providing a cytoplasmic connection; and the transcellular pathway—water and solutes
move across cell membranes through diffusion gradients and transporter proteins
(Robbins et al., 2014; Kreszies et al., 2018). Therefore, similar to other solutes, Cu may
also be transported radially into the xylem via these three pathways in roots (Figure 1.
2). Although the Cu xylem loading mechanism has not yet been sufficiently
investigated, several Cu transporters and Cu chaperones have been reported to be
involved. For instance, OsATX]I transfers Cu” to OsHMAS5, which loads Cu’ into the
xylem, thereby transporting Cu from roots to shoots (Deng et al., 2013; Zhang et al.,
2018b). Similarly, the AtHMA5 mutant accumulates more Cu in roots, suggesting a role
in Cu xylem loading (Andrés-Colas et al., 2006). Additionally, OsHMA?9 is primarily
expressed in vascular tissues and is thought to promote Cu” entry into the xylem (Lee
et al., 2007). Although the exact mechanism of root-to-shoot Cu transport in plants
remains to be clarified, several Cu transporters and metal chelates, such as MT and NA,
are believed to be involved (Xu et al., 2024). Studies have shown that Cu®** can be

chelated by NA and transferred from the root to the shoots via At¥SL2, or Cu** can be
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reduced to Cu" via AtFRO4/5 and imported into shoot cells via AtCOPT6 (DiDonato et
al., 2004; Chen et al., 2022a). Whereas A¢YSL1/3 are likely involved in the transport of
Cu?*-MT complexes into shoot cells (Wintz et al., 2003; Chu et al., 2010; Printz et al.,
2016). In addition, the study found that OsYSLI6 in rice is not only involved in the
transport of iron from roots to aerial parts but is also responsible for transporting Cu?*-

NA complexes in nutritional organs to new tissues and seeds through the phloem

(Zhang et al., 2018a).
1.5 Copper resistance mechanism of plants

Over time, plants have evolved two primary resistance mechanisms to cope with Cu
ion toxicity (Figure 1. 1). The first is the avoidance mechanism, which aims to prevent
the accumulation of toxic Cu concentrations in sensitive plant parts or cells. Strategies
for this include reducing Cu absorption, sequestering Cu ions into vacuoles and cell
walls, and expelling excess Cu through efflux systems (Adrees et al., 2015). The second
is the tolerance mechanism, where plants mitigate Cu toxicity within the body by
utilizing chelation, antioxidant systems, and detoxification proteins to detoxify and

manage Cu ions (Wang et al., 2025).
1.5.1 Avoidance mechanism
1.5.1.1 Reduce copper uptake

The main mechanism for reducing the toxicity of excess Cu is to reduce or prevent
uptake from the soil (Mir et al., 2021). This mechanism is mainly achieved through the
regulation of Cu transporters, rhizosphere microbes, or root exudates. Cu transporters
and chaperones are essential for ensuring sufficient Cu is available for cellular functions
while also preventing toxic accumulation (Gaetke et al., 2014). For example, excessive
Cu levels down-regulated the expression of transporters AtCOPTI and AtCOPT?2
(Perea-Garcia et al., 2020). Similarly, ZIP transporter genes AtZIP2 and AtZIP4 are
downregulated in the presence of excess Cu (Milner et al., 2013). Except for the

downregulation of Cu transporter expression, certain rhizobacteria are also thought to
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be able to protect plants from the toxic effects of Cu by reducing Cu uptake (He et al.,
2010). Studies have shown that rhizobacterial Enterobacter sp. P36 was able to reduce
the Cu accumulation in plant parts, thereby alleviating Cu toxicity to the mung bean
plants (Sharaff et al., 2017). Additionally, root exudates were able to inhibit Cu uptake
by changing the bioavailability of Cu in the soil (Vives-Peris et al., 2020). Citrate
released by roots inhibits Cu absorption by forming extracellular complexes with Cu
ions (Adeleke et al., 2017). Similar observations have also been reported in various
plants under Cu stress, including the release of organic acids such as citrate and malate

outside the root surface (Osmolovskaya et al., 2018).
1.5.1.2 Chelation and sequestration into the vacuole and cell wall

Plants alleviate Cu toxicity by sequestering absorbed Cu into metabolically inactive
tissues or organelles, such as vacuoles and cell walls (Printz et al., 2016; Xu et al., 2024).
This sequestration is crucial for managing Cu toxicity. For instance, in cucumbers,
melatonin enhances the sequestration of Cu ions in vacuoles and cell walls to mitigate
Cu toxicity (Cao et al., 2019). Similarly, vacuole sequestration is thought to contribute
to soybean acclimation to excess Cu (Bernal et al., 2006). Furthermore, the plant cell
wall mitigates Cu toxicity by adsorbing and immobilizing Cu?** through carboxyl and
hydroxyl groups, forming a physicochemical barrier that restricts their entry into the
cytoplasm (Xu et al., 2024). Changes in cell wall composition are also involved in Cu
tolerance, as seen in wheat sprouts, where Cu stress induces the production of cell wall

proteins (Al-Hakimi and Hamada, 2011).
1.5.1.3 Cu efflux

Cu efflux may be one of the effective mechanisms to reduce intracellular Cu toxicity.
Studies on Cu-sensitive, moderately Cu-tolerant, and highly Cu-tolerant populations of
Silene vulgaris suggest that Cu efflux across the root plasma membrane mediated by
H-+/Cu** antiporters plays a role in the Cu tolerance mechanism of Silene vulgaris (Van

Hoof et al., 2001). Similarly, HMAS is a copper ATPase that is thought to play a role
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in Cu compartmentalization and detoxification in roots by transferring Cu from the

symplast to the apoplast (Andrés-Colas et al., 2006; Del Pozo et al., 2010).
1.5.2 Tolerance mechanism
1.5.2.1 Intracellular detoxification

Plants detoxify Cu by chelating Cu ions once they enter cells. Chelators help buffer
cytosolic metal concentrations and are central to Cu detoxification. In plants, metal
chelators include phytochelatins (PCs), MTs, organic acids, and amino acids
(Emamverdian et al., 2015). PCs are peptides synthesized from glutathione that can
chelate Cu ions to form non-toxic complexes (Sharma et al., 2016). Excess Cu induces
the synthesis of PCs, suggesting a role in detoxification (Navarrete et al., 2019).
However, in some species, excess Cu does not always induce PC synthesis (Roncarati
etal., 2015), indicating that PCs may not be the sole Cu detoxification mechanism. MTs
are cysteine-rich proteins that also play a role in detoxifying Cu due to their high
copper-binding capacity (Calvo et al., 2017). Excess Cu induces MT gene expression,
aiding plants in managing rapid changes in Cu levels (Duan et al., 2019; Navarrete et
al., 2019). However, this induction may be species-specific (Buapet et al., 2019). Other
Cu chelators, such as citrate, malate, proline, and histidine, are also synthesized in
response to high Cu levels (Sharma and Dietz, 2006; Dresler et al., 2014). Proline is
particularly important, as it chelates Cu and acts as a hydroxyl radical scavenger,
protecting plants from heavy metal damage (Anwar Hossain et al., 2014). Furthermore,
some studies indicated that heat shock proteins (HSPs) and heavy-metal-associated
isoprenylated plant proteins (HIPPs) that served as detoxification proteins also play an

important role in Cu tolerance (Cui et al., 2019; Khan et al., 2019).
1.5.2.2 Antioxidants

Plants respond to Cu-induced oxidative stress by activating both enzymatic and non-
enzymatic antioxidant systems (Khatun et al., 2008). Enzymatic defenses include

superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase
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(APX), and glutathione reductase (GR), while non-enzymatic defenses involve
substances like glutathione (GSH) and ascorbic acid (ASA) (Buapet et al., 2019). Under
Cu stress, antioxidant enzyme activity increases, helping to mitigate the damaging
effects of reactive oxygen species (ROS) (Gong et al., 2019). Numerous studies have
shown that high Cu concentrations stimulate the production of enzymes like SOD, POD,
CAT, APX, and GR, which scavenge ROS and prevent oxidative damage (Lai and Luo,
2019). GSH and ASA are critical non-enzymatic antioxidants that work through the
GSH-ASA cycle to neutralize ROS. Cu stress enhances GSH and ASA accumulation,
increasing plant tolerance to Cu toxicity (Mostofa et al., 2014). GSH is thought likely
to play a dual role in Cu tolerance, functioning both as an antioxidant and as a precursor

for phytochelatins, which chelate Cu ions (Shabbir et al., 2020).

1.6 Suberin, a multifunctional and plastic endodermis barrier

Plants have evolved specialized lipid- and phenolic-based barriers to protect against
diverse environmental stresses (Peralta Ogorek et al., 2023). Among these protective
structures, the apoplastic barrier in the root endodermis, composed primarily of
Casparian strips and suberin, plays an essential role in stress tolerance by regulating
water and solute transport (Shukla and Barberon, 2021). Suberin, along with lignin, has
been recognized mainly as an apoplastic barrier that restricts uncontrolled apoplastic
transport (Wang et al., 2019). However, recent advances using suberin-defective
mutants have revealed a more specific role. Specifically, suberin deposition in the
endodermis also acts as a bidirectional barrier in the transcellular pathway, selectively
controlling nutrient uptake into vascular tissues and preventing nutrient leakage from
the stele (Doblas et al., 2017). For example, in the Arabidopsis mutant cyp86al/horst,
reduced aliphatic suberin content weakens the apoplastic barrier, thereby increasing the
radial transport of water and sodium chloride (Ranathunge and Schreiber, 2011).
Conversely, increased suberin accumulation in the esb1 mutant leads to decreased shoot
uptake of essential minerals such as calcium (Ca), manganese (Mn), and zinc (Zn)

(Baxter et al., 2009). Other studies suggest suberin regulates calcium uptake and
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prevents potassium leakage from the vascular system (Moore et al., 2002; Persson et
al., 2016). Together, these findings highlight suberin as a multifunctional barrier
important for regulating water and solute transport by the apoplastic pathway and the

transcellular pathway.

During root development, suberin deposition follows a specific pattern with three
distinct root zones: a non-suberized zone (no suberin deposition), a patchy suberized
zone (some and random suberized endodermis cells), and a continuously suberized zone
(full suberized in all endodermal cells except passage cells) (Barberon, 2017). This
deposition pattern is thought to be regulated by developmental cues and environmental
stresses (Shukla et al., 2021). Studies show that various abiotic stresses, such as salt
stress and osmotic stress, can trigger suberization in the endodermis (Kreszies et al.,
2019; Griinhofer et al., 2022). Similarly, suberization in response to toxic environments
appears to be a common plant defense mechanism, suggesting that suberization helps
block the entry of harmful elements (Degenhardt, 2000; Vaculik et al., 2012).
Furthermore, this plasticity of endodermal suberin is thought also to be influenced by
nutrient stress. For example, excess boron induced suberization in soybean roots
(Ghanati et al., 2005). Similarly, early and enhanced suberization is induced by nitrogen
deficiency in barley roots (Melino et al., 2021). Additionally, calcium-related increases
in suberization were observed in Sedum alfredii roots (Liu et al., 2020). Collectively,
these studies demonstrate that suberin deposition exhibits considerable plasticity,
enabling plants to adapt to environmental stresses dynamically. Moreover, studies
suggest that this suberization plasticity is believed to be regulated by the hormones

abscisic acid (ABA) and ethylene (Barberon et al., 2016).
1.7 Suberin biosynthesis

Suberin is a complex polyester composed of aliphatic and aromatic compounds,
typically deposited as a thin layer on the inner surfaces of endodermal and exodermal

cell walls, acting as an apoplastic barrier (Ranathunge et al., 2011). Common aliphatic



components include primary alcohols, fatty acids, a-® dicarboxylic acids (diacids), and
o-hydroxy acids (0-OH acids), while ferulic acid, caffeic acid, and coumaric acid are
the major aromatic compounds (Franke et al., 2005). Although the full mechanism of
suberin synthesis remains unclear, the discovery of several genes involved in the
production of suberin components, such as primary alcohols, fatty acids, diacids, and
®-OH acids, through mutant studies has significantly expanded the understanding of

this process (Figure 1. 3) (Vishwanath et al., 2015; Nomberg et al., 2022).
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Figure 1. 3 Schematic representation of the biosynthetic pathway of suberin in plants.

Cited from (Vishwanath et al., 2015).

Suberin synthesis begins with the formation of C16:0-CoA, C18:0-CoA, and C18:1-
CoA in plastids, which are then transported to the endoplasmic reticulum by long-chain
acyl-CoA synthetase (LACS). These substrates are elongated to form very long-chain

fatty acyl-CoA by the fatty acid elongation (FAE) complex, composed of four enzymes



(Samuels et al., 2008). The rate-limiting enzyme in this complex, B-ketoacyl-CoA
synthase (encoded by KCS2 and KCS20), is responsible for synthesizing C22 and C24
fatty acids found in suberin monomers (Lee et al., 2009). Recent studies have also
identified KCS17 as an enzyme that catalyzes the elongation of C22-C24 very long
chain fatty acids (VLCFAs), required for seed coat suberin synthesis (Kim et al., 2024).
Primary alcohols, another key suberin component, are derived from fatty acids through
the activity of fatty acyl reductase (FAR) (Franke et al., 2005). Saturated primary fatty
alcohols with chain lengths of C18, C20, and C22 are common in suberin, comprising
about 6% of its aliphatic content (Schreiber et al., 2005). The w-hydroxy acids in
suberin are formed by the hydroxylation of terminal methyl groups of fatty acids,
catalyzed by cytochrome P450 monooxygenases from the CYP86 subfamily (Molina,
2010). Some o-hydroxy acids are further oxidized to a-® dicarboxylic acids by -
hydroxy fatty acid dehydrogenases. Specifically, CYP86A1 synthesizes C12-C18 -
hydroxy acids (Hofer et al., 2008), while CYP86B1 produces C22-C24 o-hydroxy acids
(Compagnon et al., 2009). Glycerol serves as the backbone for suberin polyesters.
GPATS, the first gene identified as essential for suberin synthesis, is thought to facilitate
the esterification of glycerol with w-hydroxy acyl-CoA and a-o dicarboxylic acids,
forming monoacyl glycerides (Li et al., 2007). The aromatic components of suberin,
mainly ferulic acid, caffeic acid, and coumaric acid, are derived from precursors in the
phenylpropanoid pathway. Arabidopsis ASFT/HHT catalyzes the transfer of feruloyl-
CoA to o-hydroxy fatty acids and fatty alcohols (Gou et al., 2009), while caffeoyl-CoA
acyltransferase (FACT) catalyzes the synthesis of alkyl hydroxycinnamate waxes
(Kosma et al., 2012). Suberin monomers are synthesized in the endoplasmic reticulum
and transported to the apoplast via vesicles mediated by the Golgi apparatus. Their
transport across the plasma membrane into the cell wall is facilitated by ATP-binding
cassette (ABC) transporters and possibly lipid transfer proteins (LTPs). In Arabidopsis,
ABCG2, ABCG6, and ABCG20 have been implicated in suberin metabolism in roots

and seed coats (Yadav et al., 2014). Additionally, AzLTPI4 and AtLTPG15 are believed



to be involved in suberin monomer transport (Deeken et al., 2016; Lee and Suh, 2018).
After transport to the apoplast, suberin monomers will be polymerized into polyesters
and deposited in the cell wall. GDSL-type esterase/lipase proteins (GELPs) are thought
to be involved in suberin polymerization in Arabidopsis roots (Shukla and Barberon,
2021). The expression of five genes, GELP22, GELP3S8, GELP49, GELP51, and
GELPY6, has been closely associated with endodermal suberization (Ursache et al.,

2021).
1.8 Objectives

Cu contamination, primarily resulting from anthropogenic activities, is a critical
environmental stress that adversely affects plant growth and development. Barley
(Hordeum vulgare L.), a globally important cereal crop, is recognized for its relative
tolerance to heavy metals, including Cu, Zn, and Cd. Suberin deposition in root
endodermis is considered an essential protective mechanism against environmental
stress. However, the mechanisms underlying barley’s tolerance to Cu stress,
particularly the specific role of suberin deposition, remain unclear. Therefore, this study
aims to investigate the mechanisms of Cu toxicity in barley, with a particular focus on
the impact of Cu stress on suberin biosynthesis and its role in mitigating Cu toxicity.
To achieve this, the morphological, physiological, biochemical, and molecular
responses of barley (cv. Scarlett) seedlings subjected to 50 uM and 100 pM Cu
treatments for six days were investigated. Moreover, to elucidate suberin’s protective
function under Cu stress, the Cu toxicity effect and suberin biosynthesis in wild-type
and suberin-defective mutant (cyp86b1-1 and cyp86b1-2) barley (cv. Golden Promise
Fast) seedlings under 50 uM Cu treatment for 6 days were also evaluated. The findings
of this study will contribute to a deeper understanding of the interplay between Cu stress
and suberin biosynthesis, providing insights into potential mechanisms of Cu tolerance

in barley.
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2. Materials and Methods

2.1 Plant material and treatments

Barley (Hordeum vulgare L.) seeds from the two cultivars, Scarlett and Golden Promise
Fast, were stratified at 4 °C for 2-3 days and then germinated on wet filter paper for 3
days in darkness. The 3-day-old seedlings were transferred to an aerated hydroponic
system containing half-strength Hoagland solution (Hoagland and Arnon, 1950) and
placed in a climate-controlled chamber under long-day conditions (16 h light/8 h dark)
with day/night temperatures of 23 °C/20 °C. After 3 days of hydroponic growth, the 6-
day-old seedlings were subjected to 6 days of stress treatment. At this stage, each barley
seedling had two leaves and five to six seminal roots. Six-day-old seedlings were
subjected to Cu stress by transferring them to Cu treatment solutions for 6 days. The
treatments included (i) control (no excess Cu), (ii) 50 uM Cu (CuSO4-5H-0), and (iii)
100 uM Cu (CuSOa4-5H-0). The pH of all solutions was adjusted to 5.8 using HCI to
prevent Cu precipitation (Figure 2. 1A). After 12 days of growth, seedlings were
harvested, and root and shoot lengths were recorded. "Shoot" refers to all aboveground
plant material, including leaves (Figure 2. 1B). Seminal roots were segmented into
three distinct zones based on suberin deposition, following the method described by
Kreszies et al. (2019) (Figure 2. 1C). The segmented roots were then used for
histochemical analysis, chemical analysis, and real-time quantitative PCR (RT-qPCR)

analysis.
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Figure 2. 1 Experimental overview of Cu stress. (A) Schematic diagram of growth conditions.
(B) Schematic diagram of barley grown in hydroponic pots. (C) Schematic diagram showing
the different root zones that were harvested. The seminal roots of barley grown in nutrient
solution at pH 5.8 were divided into three zones based on the development of suberin lamellae.

Modified from (Hongjun Meng, 2023).

2.2 Physiological parameters

After six days of Cu treatment, chlorophyll fluorescence parameters were measured in
fully expanded mature leaves from 9 plants per treatment using a Junior-PAM
modulation fluorometer (Walz® GmbH, Effeltrich, Germany). Dark-adapted leaves
were subjected to induction curves to obtain the following chlorophyll fluorescence
parameters: maximum quantum yield of PSII (Fv/Fm), effective photochemical
quantum yield of PSII (AF/Fm’), photochemical quenching coefficient (qP and qL),
and non-photochemical quenching coefficients (qQN and NPQ). After conducting the
induction curve, the light response curves were conducted to obtain the following
chlorophyll fluorescence parameters: the maximum electron transport rate (ETRmax),
indicative of overall photosynthetic capacity; the initial slope of the electron transport
rate curve (o ETR), indicative of photosynthetic light-use efficiency; and the saturating
irradiance level for electron transport (Ek), representing the plant’s ability to utilize

light energy.



2.3 Histochemical detection of O:¢  and H:0:in roots

In situ detection of H202 and O in barley leaves and roots was performed using 3,3'-
diaminobenzidine (DAB) and nitro blue tetrazolium chloride (NBT) staining, following
modified methods from Jambunathan (2010) and Kumar et al. (2014). For H-O:
detection, tissues were incubated in 1 mg/mL DAB solution (pH 3.8) for 5-6 hours until
brown precipitates formed. Chlorophyll was removed by repeated ethanol washes at
60°C until tissues became clear. Stained tissues were fixed in a 3:1:1 solution of ethanol,
lactic acid, and glycerol before imaging. For O:*~ detection, tissues were stained with
0.1% NBT for 15 minutes, and the reaction was terminated by immersion in 95%
ethanol. Chlorophyll removal followed the same ethanol-washing procedure. Leaf
staining images were captured using a CanoScan LiDE 400 scanner (Canon), while root
staining images were acquired with a Nikon DXM1200 digital camera using ACT-1
software. The average staining intensities in barley root tips and leaves were quantified

by Imagel/Fiji software.
2.4 Lipid peroxidation and proline determination

Lipid peroxidation levels were quantified as MDA content. MDA content was
determined by the thiobarbituric acid (TBA) method of Liu et al. (2022) with slight
modifications. Barley tissue samples (100 mg fresh weight) were homogenized and
extracted in 2 ml of 10% trichloroacetic acid (TCA) solution. After centrifugation at
4000 rpm for 10 min, equal volumes of supernatant and 0.6% TBA in 10% TCA
solution (freshly prepared) were added into a new tube. The mixture was incubated at
95°C for 30 min, followed by quick cooling on ice, and then centrifuged at 10,000xg
for 10 min. The absorbance under 450, 532, and 600 nm was measured. MDA
concentration was calculated using the following formula: MDA [nmol/g FW] =[6.45
x (D532 — D600) — 0.56 x D450] x V / FW, where Vt represents the volume of

extraction solution and FW represents the fresh weight of the sample.
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Proline was analyzed in the leaves and roots of the control and the Cu-treated seedlings
of the two barley cultivars following the modified method of Bates et al. (1973). Briefly,
barley tissue samples (100 mg fresh weight) were homogenized and extracted in 2 ml
of 3% sulphosalicylic acid. The extract was centrifuged at 12 000xg for 5 min (4 °C).
Then, 1 ml of the extract was mixed with 1 ml of glacial acetic acid and 1 ml of
ninhydrin reagent (1.25 g ninhydrin in 20 ml 6 M phosphoric acid and 30 ml glacial
acetic acid) and thoroughly mixed. After 1 h of incubation at 100 °C, the tubes were
cooled, and the proline-ninhydrin reaction product was extracted with 2 ml toluene. The
absorbance of chromatophore-containing toluene was measured at 520 nm. The proline
content was calculated by generating the standard curve. The concentration of proline

in the samples was expressed in units of pg/g fresh weight (FW).

2.5 Histochemical analysis of suberin lamellae

Histochemical analysis was conducted to detect suberin lamellae along the length of
barley roots. Harvested roots were fixed in fixation solution (3.7% formaldehyde in 1x
PBS solution) to preserve tissue integrity (Table 2. 1). Segments of seminal roots, 1 cm
long, were cut into 30 um thick cross-sections using a cryostat microtome (Microm HM
500 M, Microm International GmbH). Suberin lamellae were stained with 0.01% (w/v)
fluorol yellow 088 in ethanol for 1 hour (Brundrett et al., 1991). Cross-sections were
examined using epifluorescence microscopy (Zeiss AxioPlan, Carl Zeiss, Germany)
with an ultraviolet (UV) filter set. Images were captured with a Canon EOS 600D

camera at [SO 400 and 1/4 s exposure.
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Table 2. 1 Fixation solution (pH 7.4)

Compound Concentration
NaCl 137 mM
KCl1 2.7 mM
Na, HPO4 10 mM
KH,PO4 1.8 mM
Formaldehyde 3.7% (v/v)

2.6 Chemical analytics of suberin in roots

The chemical composition of suberin in barley seminal roots was quantified by relating
suberin amounts (ug) to endodermal surface area (cm?). Endodermal areas were
calculated using the formula A=2nrL (where r is the endodermis radius and L is the root
zone length), with the radius measured using ImageJ software. For each treatment, 10
segments per zone were pooled, and three biological replicates were analyzed. The root

samples were enzymatically digested and analyzed via gas chromatography.
2.6.1 Sample preparation and suberin extraction

Enzymatic digestion and solvent extraction were performed to obtain cell wall samples
for suberin analysis (Zeier and Schreiber, 1997). Roots were treated with an enzyme
solution at pH 3 containing 0.5% (w/v) cellulase and pectinase, along with 1 mM
sodium azide to inhibit microbial growth (Table 2. 2). This process occurred at room
temperature on a rotary shaker (100 rpm) for three weeks, with enzyme solution
replaced every 2-3 days. After enzyme digestion, the roots were washed with a borax
buffer (0.01 M sodium tetraborate, pH 9) for two days to remove phenolic compounds,

then treated with a chloroform/methanol mixture (1:1) for a week to extract soluble
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lipids, with solution changes every two or three days. The samples were dried on PTFE

and stored in a desiccator with silica gel for subsequent suberin analysis.

Table 2. 2 Enzyme solution

Compound Concentration
Citric acid 10 mM
Adjust pH to 3
Cellulase 0.5%, w/v
Pectinase 0.5%, w/v
Sodium azide 1 mM

2.6.2 Transesterification and derivatization

Dried root samples (up to 5 mg) were weighed using a precision balance (Sartorius,
Germany). For suberin analysis, the samples were subjected to transesterification in 4-
9 ml vials with 2 ml BF3/MeOH for 16 hours at 70 °C in a heating block. This process
released suberin monomers, including aromatic compounds and esterified long-chain
fatty acids such as w-hydroxy acids and o-o dicarboxylic acids, which are typical
components of suberin (Zeier and Schreiber, 1997). The reaction involves protonation
of esters followed by alcohol substitution. After transesterification, 10 pg of
dotriacontane (C32 alkane) was added as an internal standard and vortexed. The
reaction was terminated by slowly adding 2 ml of saturated NaHCOs/H-O solution to
avoid bubble formation. Monomers were extracted by adding 2 ml of chloroform three
times, and the lipophilic (chloroform) phase was collected in clean glass vials. The
extracts were concentrated under nitrogen at 60 °C to about 250 ul. To prepare the
samples for gas chromatography, the monomers were derivatized using N, O-
bis(trimethylsilyl)-trifluoroacetamide (BSTFA) to convert hydroxyl and carboxyl
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groups into trimethylsilyl derivatives. This derivatization, catalyzed by pyridine,
improves the thermal stability and volatility of the compounds for analysis. 20 pl of
pyridine and BSTFA were added to the vials, followed by incubation at 70 °C for 40

minutes.
2.6.3 Gas chromatography analysis (GC-MS/FID)

Quantitative analysis of suberin monomers was performed by injecting 1 ul of the
derivatized sample into a gas chromatograph equipped with a flame ionization detector
(GC-FID; GC 6890N with 7683 Series Injector, Agilent Technologies, USA). For
qualitative analysis, 1 pl of the sample was injected into a gas chromatograph coupled
with a mass spectrometer (GC-MS; GC 7890B with 5977A Mass Selective Detector,
Agilent Technologies, USA). GC-MS, utilizing a quadrupole mass analyzer, identified
suberin compounds based on their mass-to-charge ratio. For subsequent peak
identification, the same temperature profile was used for GC-FID and GC-MS (Table
2. 3). Peak identification was based on a reference database from Prof. Schreiber's lab
at the Institute of Cellular and Molecular Botany, University of Bonn, Germany. Data
analysis was further supported by Agilent software, including Mass Hunter and Classic

ChemStation.

Table 2. 3 Temperature profiles of GC-MS and GC-FID for the analysis of suberin

Final temperature (°C)  Temperature rise (°C/min)  Temperature hold (min)

50 2
150 10 1
310 3 20
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2.7 ICP element analysis

Plant samples (shoots and roots) from 12-day-old barley seedlings (control and Cu-
treated) were dried at 60 °C and homogenized to a fine powder. 100 mg of powdered
tissue was digested in Teflon tubes with 4 ml of concentrated HNOs and 2 ml of 30%
H:20: using a microwave digestion system (Ethos.lab, MLS GmbH) at 200 °C and 15
bar for 75 min. Digested samples were diluted to 25 ml with double-distilled H-O.
Elemental quantification was performed using inductively coupled plasma mass
spectrometry (ICP-MS, iCAP TQe, ThermoScientific) and inductively coupled plasma
optical emission spectroscopy (ICP-OES, iCAP Pro XP, ThermoScientific). Calibration
utilized a multielement standard solution (Bernd Kraft GmbH), with analytical
accuracy verified by including certified reference material in each digestion batch. Due
to sample amount constraints, only one biological replicate was analyzed for this

analysis.

2.8 RNA sequencing

To assess the gene expression patterns of barley under Cu stress, RNA-seq data were
obtained from the NCBI SRA database under BioProject PRINA382490 (Kintlova et
al., 2017). The gene expression matrix of whole barley roots exposed to 50 uM Cu
treatment for five days, including raw and averaged FPKM values, was downloaded

from the Barley Expression Database (BarleyExpDB: http://barleyexp.com/). Principal

component analysis (PCA) of the gene expression profiles was conducted using
SIMCA-P software (version 13.0, Umetrics, Umea, Sweden). The RNA-seq data were
processed and analyzed in R (v4.4.1) wusing Bioconductor packages

(http://www.bioconductor.org/). Differentially expressed genes (DEGs) were identified

across normalized datasets for biological replicates using linear modeling in the limma
package (Linear Models for Microarray Data) in R. Cu-treated samples were compared
with control samples, and pairwise t-tests were adjusted using the Benjamini-Hochberg

procedure to control the false discovery rate (FDR) (Benjamini and Hochberg, 1995).
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Genes were considered significantly differentially expressed if they met the following

criteria: [log2 fold change (FC)| > 1.5, p-value <0.05, and FDR < 0.1.

2.9 RNA isolation and RT-qPCR analysis

For RNA isolation, root samples were harvested from three root zones after six days of
treatment, as well as from whole roots at various time points (Oh, 12h, 24h, 48h, and
72h). Barley seminal roots under different treatments were cut using acetone-treated
blades and rinsed with diethylpyrocarbonate (DEPC)-treated water. Each zone was
collected into 2 ml RNase-free centrifuge tubes, quickly frozen in liquid nitrogen, and
stored at -80 °C until RNA extraction. The root samples were ground in liquid nitrogen
using a mortar and pestle. Total RNA was extracted using the Quick-RNA Miniprep
Kit (Zymo Research, USA) according to the manufacturer’s protocol. RNA quality was
assessed using a Nanodrop spectrophotometer (Thermo Fisher Scientific, USA) and
agarose gel electrophoresis. RNA samples were diluted to the same concentration
before cDNA synthesis. Reverse transcription to synthesize cDNA was performed
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA).
The PCR amplifications were performed in a final volume of 20 pl containing 4 pl of
5x EvaGreen-qPCR-Mix-II (Bio-Budget, Krefeld, Germany), 1 pl of primers, 1 pl of
DNA template and 14 pl of nuclease-free water using a QuantStudio™ 3 Real-Time
PCR (Thermo Fisher Scientific). The qPCR cycling protocol was as follows: pre-
denaturation at 95 °C for 15 minutes, 40 cycles of denaturation at 95 °C for 10 seconds,
annealing at 60 °C for 10 seconds, and extension at 72 °C for 10 seconds. To ensure
data reliability, three biological replicates (independent RNA samples from separate
plants) and three technical replicates (QPCR reactions for each sample) were performed.
Relative expression levels were normalized to zone A of the control group (set as 1),

2*AACt

and data were calculated using the method. Actin served as internal reference

genes. Primer sequences for RT-qPCR are provided in Table S1.
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2.10 Statistical analysis

Statistical analyses of chemical analytics and physiological experiments were
performed using SPSS Statistics 22.0 software (IBM China Company Ltd., Beijing,
China). The mean comparisons were made, and Fischer’s least significant difference
(LSD) was used to determine significant differences among groups at a 5% probability
level. Bar charts, box plots, and line charts were generated using GraphPad Prism

version 9.5.1 (GraphPad Software, San Diego, CA, USA).
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3. Results

3.1 Effect of copper stress on root and shoot morphology

To evaluate the effect of Cu stress on barley seedling development, the morphological
parameters of roots and shoots were examined in 12-day-old barley seedlings subjected
to 50 uM or 100 uM Cu treatments, alongside untreated controls (Figure 3. 1-Figure
3. 2). Under Cu stress conditions, the seminal root length of barley seedlings
significantly decreased. (Figure 3. 1A). Specifically, compared to the control (23.42 +
2.7 cm), the root lengths were markedly reduced to 12.95+ 1.8 cmand 11.97 £ 1.7 cm
under 50 uM and 100 uM Cu treatments, respectively. A similar trend was observed
for root dry weight, where the control group had an average dry weight of 12.36 + 2.7
mg, significantly decreasing to 9.14 = 1.5 mg and 8.39 + 1.6 mg at 50 uM and 100 uM

Cu, respectively (Figure 3. 1B).
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Figure 3. 1 Effect of Cu stress on root length (A) and dry weight (B) in 12-day-old barley
plants under control conditions or Cu stress conditions (50 uM or 100 uM Cu). Boxplots

represent the 10 to 90 percentiles, with the “+” indicating the mean. The whiskers extend to the
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outliers. Data are presented based on at least twenty biological replicates. Different letters

indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).

Similarly, Cu stress also negatively affected shoot development in barley seedlings
(Figure 3. 2). Compared with the control group (25.78 £+ 3.6 cm), shoot lengths were
significantly reduced to 18.94 £ 2.4 cm and 18.20 £+ 2.2 cm under 50 uM and 100 uM
Cu treatments, respectively (Figure 3. 2A). Shoot dry weight exhibited a similar
decreasing pattern, with the control showing 31.41 + 5.3 mg, whereas the 50 uM and
100 uM Cu treatments resulted in dry weights of 26.18 + 4.5 mg and 26.23 + 6.1 mg,
respectively (Figure 3. 2B). However, no significant difference in shoot dry weight was

observed between the two Cu treatments.
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Figure 3. 2 Effect of Cu stress on shoot length (A) and dry weight (B) in 12-d-old barley
plants under control conditions or Cu stress conditions (50 uM or 100 uM Cu). Boxplots
represent the 10 to 90 percentiles, with the “+” indicating the mean. The whiskers extend to the
outliers. Data are presented based on at least twenty biological replicates. Different letters

indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).
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Analysis of the variation in root and shoot parameters under Cu stress revealed
differential sensitivity between the two plant tissues. Relative to controls, seminal root
length reductions under 50 pM and 100 pM Cu treatments were 44.71% and 48.89%,
respectively, whereas shoot length reductions were 26.53% and 29.40%, respectively.
This difference demonstrates that root growth was more severely inhibited by Cu stress
compared to shoot growth. A similar pattern was observed for dry weight, with root dry
weight reductions of 26.05% and 32.12% at 50 uM and 100 pM Cu treatments,
respectively, compared to smaller shoot dry weight reductions of 16.65% and 16.49%.
These findings collectively indicate that barley roots are more sensitive than shoots to

Cu toxicity.
3.2 Effect of copper stress on leaf physiological parameters
3.2.1 Leaf pigment content

After six days of Cu exposure, the chlorophyll content, flavonoid index, and
anthocyanin index were measured in leaves (Figure 3. 3). No significant differences in
the levels of chlorophyll, flavonoids, and anthocyanins were observed under either 50

puM or 100 uM Cu treatments compared to the control.
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Figure 3. 3 Effect of Cu stress on leaf pigment. Chlorophyll content (A), flavonoid index (B),

and anthocyanin index (C) in leaves of barley under control conditions or Cu stress conditions
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(50 uM or 100 pM Cu). Data are presented as mean = SD of nine biological replicates. No

significant difference was detected.
3.2.2 Chlorophyll fluorescence parameters

To investigate the impact of Cu stress on barley leaves photosynthetic performance, the
basic parameters of Chlorophyll fluorescence in dark-adapted plants were analyzed to
assess the PSII photochemical activity (Figure 3. 4). Several fluorescence parameters
including the maximum quantum yield of PSII (Fv/Fm), the effective quantum yield of
PSII (AF/Fm’), the photochemical quenching coefficient (qP and qL), the non-
photochemical quenching coefficient (qQN and NPQ) were measured by the induction
curves. Although AF/Fm’, qP and qL decreased slightly under Cu stress, there were no
significant differences in all fluorescence parameters in this study. This result indicated
that the Cu treatments applied in this study did not significantly impair PSII activity in

barley leaves.
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Figure 3. 4 Effect of Cu stress on basic chlorophyll fluorescence parameters. Fv/Fm (A),
AF/Fm’ (B), gP (C), gN (D), qL (E), and NPQ (F) in barley leaves under control conditions or
Cu stress conditions (50 uM or 100 uM Cu). Data are presented as mean + SD of five biological

replicates. No significant difference was detected.

To further analyze photosynthetic responses, the maximum electron transport rate
(ETRmax), indicative of overall photosynthetic capacity, the initial slope of the electron
transport rate curve (o ETR), indicative of photosynthetic light-use efficiency, and the
saturating irradiance level for electron transport (Ek), representing the plant’s ability to
utilize light energy, were evaluated using rapid light response curves (Figure 3. 5).
Consistent with the results from the chlorophyll fluorescence induction curves, no
significant differences were observed for ETRmax, o ETR, and Ek between the Cu-

treated plants (50 uM and 100 uM Cu) and the control. This result indicated that the Cu
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treatments applied in this study did not adversely affect the photosynthetic performance

of barley leaves.
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Figure 3. 5 Effect of Cu stress on chlorophyll fluorescence light-response parameters.
Maximum electron transport rate (ETRmax) (A), initial slope of the electron transport rate
curve (0. ETR) (B), and saturating irradiance level for electron transport (Ek) (C) in barley
leaves under control conditions or Cu stress conditions (50 uM or 100 pM Cu). Data are

presented as mean + SD of five biological replicates. No significant difference was detected.

3.3 ROS distribution in apical roots and leaves of barley

To investigate the effect of Cu stress on ROS accumulation, the spatial distribution of
O+~ and H-20: in barley root tips and leaves was analyzed using NBT and DAB staining,
respectively (Figure 3. 6-Figure 3. 7). Under control conditions, Oz2¢~ was broadly
distributed throughout the whole root tip but mainly localized in the meristematic zone,
gradually decreasing toward the elongation zone (Figure 3. 6A). Cu stress significantly
reduced O+~ accumulation, with the 50 uM and 100 uM Cu treatments decreasing the
Oz content of root tips by 78.3% and 70.2%, respectively, compared to the control
(Figure 3. 6A-D). In contrast, H.O: was primarily localized to the meristematic in
control roots (Figure 3. 6E-G), but its levels significantly increased with Cu stress,

particularly within the elongation zone. Specifically, 50 uM and 100 pM Cu treatments
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increased root H.O: accumulation by approximately 1.6- and 1.7-fold, respectively,

compared to the control (Figure 3. 6H).
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Figure 3. 6 Effect of Cu stress on O+, and hydrogen peroxide H.O. accumulation in barley
root tips. Histochemical staining of O.¢~ (NBT stain, blue) (A-C) and H20: (DAB stain, brown)
(E-G) in barley root tips under control conditions or Cu stress conditions (50 pM or 100 uM
Cu). Quantification of NBT staining intensity (Oz*~ levels) in root tips (D). Quantification of
DAB staining intensity (H20: levels) in root tips (H). Different letters indicate significant

differences at p <0.05 (One-Way ANOVA, Fisher’s LSD). The scale bar represents 250 pm.

In leaves, Cu stress induced a marked accumulation of Oz¢~ in leaves, with 50 uM and
100 puM Cu treatments increasing Oz¢~ levels by 1.6- and 1.7-fold compared to the
control (Figure 3. 7A-D). However, no significant differences in H-O: content were

observed between Cu-treated and control leaves (Figure 3. 7E-H).
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Figure 3. 7 Effect of Cu stress on O+, and H20: accumulation in barley leaves. Histochemical
staining of O+~ (NBT stain, blue) (A-C) and H20: (DAB stain, brown) (E-G) in barley leaves
under control conditions or Cu stress conditions (50 pM or 100 uM Cu). Quantification of NBT
staining intensity (Oz* levels) in leaves (D). Quantification of DAB staining intensity (H202
levels) in leaves (H). Different letters indicate significant differences at p < 0.05 (One-Way

ANOVA, Fisher’s LSD). The scale bar represents 1cm.
3.4 Lipid peroxidation and proline content

MDA is a commonly used indicator of lipid peroxidation, particularly under stress
conditions. In this study, MDA levels were measured to evaluate lipid peroxidation and
assess the membrane damage caused by Cu stress. In barley roots, Cu stress
significantly increased MDA content (Figure 3. 8A). Compared to the control, MDA
levels increased by 54.90% and 51.01% following treatment with 50 uM Cu and 100
UM Cu, respectively. A similar trend was observed in the leaves, where MDA levels
rose significantly with increasing Cu concentrations (Figure 3. 8B). Specifically, MDA
content increased by 78.66% and 61.73% in response to 50 uM Cu and 100 uM Cu
treatments, respectively, compared to the control. However, no significant difference

was detected between the 50 uM and 100 uM Cu treatments in either roots or leaves.
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Figure 3. 8 MDA concentration in barley roots (A) and leaves (B) under control conditions or
Cu stress conditions (50 uM or 100 uM Cu). Data are presented as mean £ SD of three
biological replicates. Different letters indicate significant differences at p < 0.05 (One-Way

ANOVA, Fisher’s LSD).

Proline serves as a notable biomarker in plant responses to Cu stress (Chen et al., 2004).
To evaluate its role in barley under Cu stress, proline content in roots and shoots was
quantified using the ninhydrin method and expressed as pg/g fresh weight (FW)
(Figure 3. 9). In roots, Cu treatment induced a significant increase in root proline
content. Compared to the control, 50 uM and 100 uM Cu treatments increased proline
levels by 2.3-fold, with no significant difference between the two Cu treatments
(Figure 3. 9A). Similarly, leaves proline content remarkably increased under Cu stress.
Relative to the control, 50 uM Cu treatment increased proline by 1.4-fold, while 100

uM Cu treatment caused a more pronounced 3.9-fold increase (Figure 3. 9B).

39



150 - 250

504 b
50-

Conc. of Proline (1g/g FW)
S
o
]
—
Conc. of Proline (ung/g FW)
o
(=)
1

o
|

0_
< & & §~°\ &

00 @ o é @
O \“QQ o N \Q@?

Figure 3. 9 Concentration of proline in barley roots (A) and leaves (B) under control
conditions or Cu stress conditions (50 uM or 100 uM Cu). Data are presented as mean £+ SD of
three biological replicates. Different letters indicate significant differences at p < 0.05 (One-

Way ANOVA, Fisher’s LSD).

3.5 Effect of copper stress on barley endodermal suberization
3.5.1 Suberization of barley roots under different conditions

Histochemical detection of suberin lamellae was performed using fluorol yellow 088,
which stains suberin as bright yellow deposits in endodermal cells. In control barley
roots, suberin deposition was absent in the youngest root zone (Zone A: 0-25% of root
length), except for isolated cells exhibiting suberization at 25% root length. Zone B
(25-50%) showed patchy suberization, with only some of the cells exhibiting suberin
deposition. Whereas in Zone C (50-100%), corresponding to the mature region near the
root base, all endodermal cells displayed continuous suberin deposition (Figure 3. 10).
Under 50 uM and 100 uM Cu treatments, suberin deposition occurred earlier along the

root axis. Specifically, continuous suberization was observed as early as 12.5% of the
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root length, with patchy suberization evident between 0-12.5% of the root length
(Figure 3. 10-Figure 3. 11). These findings indicate that Cu stress accelerates suberin
barrier formation, which may serve as an adaptive response to restrict toxic Cu entry

into the root symplast.
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100

754

% of root length

25+

Control 50pm Cu 100pm Cu

Figure 3. 10 Fluorol yellow 088 staining and suberization of barley roots under different
conditions. Pictures were taken at 12.5% length of the roots grown under control conditions or
Cu stress conditions (50 uM or 100 uM Cu). The scale bar represents 100 pm. Suberin
deposition was quantified along the root axis using three different zones: non-suberized, patchy
suberization, and continuous suberization. Data are presented as percentages of root length.

Error bars represent SD. Different letters indicate significant differences (p< 0.05).

41



Control

Figure 3. 11 Development of suberin lamellae in the endodermis of barley seminal roots under
different conditions. Suberin lamellae in roots grown under control conditions or Cu stress
conditions (50 uM or 100 uM Cu) were stained with fluorol yellow 088. A bright yellow
fluorescence indicates the presence of suberin lamellae. Numbers represent the percentage of
distance from the root tip. Pictures at 12.5% of relative root length (A, F, K), at 25% of relative
root length (B, G, L), at 37.5% of relative root length (C, H, M), at 50% of relative root length

(D, I, N), and the end of the root (E, J, O) were shown. The scale bar represents 50 pm.
3.5.2 Chemical analysis of suberin in response to Cu stress

To complement the histochemical findings, suberin content in three different root zones
(A, B, and C) of barley seminal roots under control and Cu stress conditions was
quantified (Figure 3. 12-Figure 3. 14). Both aliphatic and aromatic suberin levels
increased significantly from Zone A (young region) to Zone C (mature region), aligning
with the spatial suberization patterns observed in the histochemical analysis (Figure 3.
12). In Zone A, total aliphatic suberin content in roots treated with 50 uM and 100 pM
Cureached 4.93 + 0.81 pg/cm? and 5.54 + 0.03 pg/cm?, respectively, representing 18.3-
and 20.5-fold increases relative to control roots. (Figure 3. 12A). In Zone B, these

treatments led to 5.6- and 6.3-fold increases compared to control levels (1.18 + 0.08
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pg/cm?). In Zone C, aliphatic suberin content reached 8.13 + 1.09 pg/cm? (50 uM Cu)
and 9.25 + 0.23 pg/cm? (100 pM Cu), corresponding to 1.4- and 1.6-fold increases over
control levels (5.80 £ 0.14 ug/cm?). While the 100 uM Cu treatment resulted in slightly
higher aliphatic suberin accumulation than 50 uM Cu across all zones, the differences
were not statistically significant. A similar pattern was observed for aromatic suberin
(Figure 3. 12B). In Zone A, 50 uM and 100 uM Cu treatments increased aromatic
suberin levels to 6.88 + 1.64 pg/cm? and 7.26 = 0.30 ug/cm?, corresponding to 7.6- and
8.1-fold increases relative to control levels. In Zone B, aromatic suberin increased by
4.5- and 5.0-fold under 50 pM and 100 uM Cu, respectively, compared to control levels
(1.12£0.13 pg/cm?). In Zone C, aromatic suberin content reached 16.42 + 2.96 pg/cm?
(50 uM Cu) and 16.53 + 1.51 pg/cm? (100 uM Cu), corresponding to 2.5- and 2.5-fold
increases over control roots (6.70 £ 0.47 pg/cm?). These results indicate that both
aliphatic and aromatic suberin biosynthesis in barley seminal roots are significantly

enhanced by Cu stress, with the most pronounced increases occurring in Zone A.
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Figure 3. 12 Chemical analysis of suberin content in barley roots under control conditions or
Cu stress conditions (50 uM or 100 uM Cu). Aliphatic suberin content (A) and aromatic suberin
content (B) in different root zones (Zone A, B, C). Data are presented as mean + SD of three
biological replicates. Different letters indicate significant differences at p < 0.05 (One-Way

ANOVA, Fisher’s LSD).

To further assess the impact of Cu stress on suberin biosynthesis, the composition of

aliphatic suberin substance classes in seminal roots of barley grown under control and
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Cu stress conditions was analyzed (Figure 3. 13). Suberin monomer composition was
consistent across conditions, comprising four major substance classes: primary alcohols
(alc), fatty acids (fa), a-® dicarboxylic acids (diacids), and o-hydroxy acids (o-OH
acids). The content of different classes of aliphatic suberin increased along the root
length and in response to Cu stress. Under 50 uM and 100 uM Cu treatments, fatty acids
and o-hydroxy acids exhibited significant accumulation across all root zones compared
to the control. In contrast, diacids increased only in Zone A and B, while primary
alcohols remained unchanged. Among all root zones, m-hydroxy acids exhibited the
most remarkable upregulation in Zone A under Cu stress, reaching 2.85 £ 0.65 pg/cm?
(50 uM Cu) and 3.39 + 0.05 pg/cm? (100 uM Cu), representing 47.5-fold and 56.5-fold
increases, respectively, relative to controls. Similarly, diacid levels increased to 1.02 +
0.65 pg/cm? (50 uM Cu) and 1.06 + 0.05 pg/cm? (100 uM Cu) in Zone A, corresponding
to 34-fold and 35.3-fold increases. These results suggest that Cu stress primarily
upregulates the biosynthesis of w-hydroxy acids and diacids, particularly in the root
apical zone (Zone A).
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Figure 3. 13 Amounts of substance classes of aliphatic suberin in barley seminal roots grown
under control conditions or Cu stress conditions (50 pM or 100 uM Cu). Data are presented as

mean + SD of three biological replicates. Different letters indicate significant differences at p
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<0.05 (One-Way ANOVA, Fisher’s LSD). Abbreviations: alc, primary alcohols; fa, fatty acids;

diacids, a-o dicarboxylic acids; ®-OH acids, o-hydroxy acids.

The chain length distribution of aliphatic suberin monomers in barley seminal roots
across the three zones (A, B, and C) was shown in Figure 3. 14. Under Cu stress, C18:1
diacids and C18:1 o-OH acids were the most abundant suberin components in all zones.
The majority of ®-OH acids and diacids (including C16 »-OH acids, C18:1 w-OH acids,
C22 »-OH acids, C24 »-OH acids, and C18:1 diacids) exhibited significant increases
under both 50 uM and 100 uM Cu treatments. Zone A displayed the most remarkable
upregulation of specific suberin monomers, with C18:1 ®-OH acids increasing by 30.6-
fold (50 uM Cu) and 31.8-fold (100 uM Cu), while C18:1 diacids increased by 29.4-
fold and 30.4-fold under the same treatments. These findings suggest that Cu stress
preferentially enhances the synthesis of w-hydroxy acids and a-® dicarboxylic acids,

particularly in Zone A.

45



A ZONE A

1.5-1 Wl Control
| 50|J|V| Cu a
< 100uM Cu a
£ H ] I ]
=)
=2
E
O 0.5-
£
<L
0.0-
C16 C18 C18 €20 C22 C24 C16 C181 C16 C181 C20 C22 C24 C26
B ZONE B
2.5
& 2.0 b8
£
L aa
g 1.5 I
'E a
= 1 0- bI b:E[l
[o] aa
£ I
< 0.5- ., 2t

C16 C18 C18 C20 C22 C24 C16 C18:1 C16 C18:1 C20 C22 C24 C26

C ZONE C
2.5
a

T 2.0- a 7
E T |
° b b
31.5—
kS
-
o)
£
<

c16 C18 C18 C20 €22 C24 C16 C18:1 C16 C18:1 C20 C22 C24 C26

Alc Fatty acids Diacids w-0OH acids

Figure 3. 14 Aliphatic suberin monomers in different zones of barley roots under control
conditions or Cu stress conditions (50 uM or 100 uM Cu). Data are presented as mean + SD of

three biological replicates. Different letters indicate significant differences at p < 0.05 (One-
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Way ANOVA, Fisher’s LSD). Abbreviations: alc, primary alcohols; fa, fatty acids; diacids, -

o dicarboxylic acids; ®-OH acids, ®-hydroxy acids.
3.6 Effect of copper stress on nutrient absorption

To assess the effect of Cu stress on nutrient absorption, the concentrations of essential
mineral elements in barley roots and shoots were quantified under both control and Cu
stress conditions. The results, presented in Table 3. 1, demonstrate that Cu treatment
induced tissue-specific and element-specific alterations in nutrient accumulation. It is
important to note that these results are based on a single biological replicate and require
further validation through repeated experiments. In roots, Cu treatments were
associated with reduced concentrations of most essential elements compared to the
control, K, Ca, Mg, Fe, Zn, and Mn decreased by 30.8%, 29.1%, 46.9%, 29.2%, 28.8%,
and 93.4%, respectively, under 50 pM Cu treatment, with further reductions of 39.8%,
38.2%, 56.3%, 44.3%, 10.8%, and 97.7% at 100 uM Cu treatment. Whereas Cu
accumulation exhibited a dose-dependent increase, reaching 4468 mg/kg (50 uM) and
6033 mg/kg (100 uM), representing 15.3- and 20.7-fold increases over the control (291
mg/kg). Moreover, Na concentration showed a non-linear response, increasing by 41.2%
at 50 uM Cu but declining to 20.6% above the control at 100 uM Cu. In shoots, Cu
accumulation also exhibited a dose-dependent increase, reaching 32 mg/kg at 50 uM
Cu and 43 mg/kg at 100 uM Cu, representing 1.5- and 2-fold increases compared to the
control (21 mg/kg). However, Cu translocation to shoots increased but remained highly
restricted. Compared to the control (7%), shoot Cu concentrations exhibited a lower
proportion under 50 pM or 100 pM Cu treatment, which both accounted for only 0.7%
of root Cu levels. K, Ca, Mg, Fe, Zn, and Mn displayed dose-dependent declines, with
Mn showing the most pronounced reduction (67.8% at 100 uM Cu). Furthermore, Na
accumulation increased consistently in shoots (76.9% and 64.7% higher than control at

50 uM and 100 uM Cu, respectively).
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Table 3. 1 Mineral element concentrations in barley roots and shoots under different

conditions (values expressed in mg/kg dry weight)

Tissue Treatment K Ca Na Mg B Cu Fe Zn Mn

Root Control ~ 81700 5500 2097 3200 8 291 3675 139 2413
Root  50uM Cu 56500 3900 2960 1700 6 4468 2603 99 159
Root  100uM Cu 49200 3400 2528 1400 5 6033 2046 124 56
Shoot  Control 80200 5100 566 2300 13 21 66 62 90
Shoot 50uM Cu 69400 4000 1001 2000 14 32 49 44 41

Shoot 100uM Cu 66200 3400 932 1800 13 43 48 42 29

3.7 Subcellular distribution of copper ions in roots

The subcellular distribution of Cu?*" in barley root tips was further examined to
understand how suberin affects Cu uptake and transport. The subcellular distribution of
Cu?* in root tip cross-sections (0-1 cm from the root tip) under different conditions for
6 days was visualized by Rhodamine B hydrazide (RBH), which indicated Cu*" with
pink fluorescence (Figure 3. 15). In control roots, Cu?" distribution was primarily in
the epidermis (ep) cell, followed by cortex (co) cells, with minimal distribution in the
endodermis (en) cells and vascular tissues cells (va) (Figure 3. 15A). Cu treatment
markedly enhanced the accumulation of Cu**, particularly in cortex and epidermis cell
walls (apoplasts) (Figure 3. 15B). While Cu?* distribution in the endodermis cell wall
(face to cortex side) increased under Cu stress, vascular tissues showed no significant
difference between treatments. These results suggest the endodermis suberin likely acts

as a barrier limiting Cu?* entry to vascular systems.
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Figure 3. 15 Subcellular Cu?* distribution in barley root tips under control conditions (A) or

50 uM Cu treatment (B). Cu?* distribution appears as pink fluorescence after Rhodamine B
hydrazide (RBH) staining of root cross-sections (sections taken 0-1 cm from the root tip). ep,

epidermis; co, cortex; en, endodermis; xy, Xylem; va, vascular tissues. Scale bar = 100 um.
3.8 Transcriptome analysis
3.8.1 Differentially regulated genes (DEGs) analysis

To investigate the molecular mechanisms underlying the barley response to Cu stress,
RNA sequencing (RNA-seq) datasets obtained from the publicly available

BarleyExpDB database (http://barleyexp.com/) were assessed. The RNA-seq data

corresponded to 7-day-old barley (cv. Morex) whole root samples which were grown
under control conditions or 50 uM Cu treatment for five days. Principal component
analysis (PCA) was conducted to assess the variance among RNA-seq samples in an
unsupervised manner (Figure 3. 16). The PCA score plot visualized the distribution of
samples along two principal components: principal component 1 (PC1), which
explained 55.3% of the total variance, and principal component 2 (PC2), which
explained 18.6% of the total variance. Collectively, these two components explained
the majority of transcriptional variation among samples. Despite slight dispersion in

one biological replicate from the control group, all replicates clustered tightly,
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demonstrating high reproducibility. In contrast, the Cu-treated (Cu) and control (CK)
groups were completely separated in the dimension of PCI1, indicating substantial
transcriptional differences between the two conditions. These results confirm that the

dataset is suitable for subsequent identification of differentially expressed genes

(DEGs).
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Figure 3. 16 PCA score plot of RNA-seq data in whole barley (cv. Morex) roots under control
conditions or 50 uM Cu treatment for five days. Red dots represent control samples, and blue

triangles represent 50 uM Cu-treated samples. Three biological replicates were used.

To further explore Cu-induced transcriptional changes, Limma, a widely utilized
statistical tool for RNA-seq differential expression analysis, was employed to compare
50 uM Cu-treated samples with controls. Given the limited sample size and the slight
variability observed in one control replicate in the PCA plot, lenient filtering criteria
were applied (P-value < 0.05, FDR < 10%, |[Log2FC| > 1.5). The results, visualized in a
volcano plot (Figure 3. 17), revealed a total of 2098 DEGs, of which 886 genes were
upregulated and 1212 genes were downregulated in response to Cu stress. These
differentially expressed genes represent key candidates for further functional analysis

to elucidate the molecular mechanisms of Cu toxicity and tolerance in barley.
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Figure 3. 17 Volcano map of differentially expressed genes (DEGs) in whole barley roots
under Cu treatment group relative to the control group. Red dots represent up-regulation genes,

blue dots represent down-regulation genes, and grey dots represent stable genes.
3.8.2 KEGG pathway analysis and Gene ontology (GO) enrichment analysis

To identify key metabolic pathways involved in barley’s response to Cu stress, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was
performed on the DEGs. A total of 123 metabolic pathways were annotated, with the
top 25 shown in a bubble plot (Figure 3. 18). Among these, the phenylpropanoid
biosynthesis pathway, which is closely linked to plant stress responses, was
significantly enriched. Given that lignin synthesis is a downstream branch of
phenylpropanoid metabolism, it is likely that this pathway is also regulated under Cu
stress. This finding suggests that lignin biosynthesis may play a crucial role in Cu
tolerance. Similarly, the plant hormone signal transduction pathway, which is involved
in both growth regulation and stress responses, was significantly enriched. This
indicates its potential role in barley’s adaptive response to Cu toxicity. Moreover,

consistent with histochemical and chemical analyses (Section 3.5), the cutin, suberin,
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and wax biosynthesis pathway was significantly enriched. This suggests that suberin

biosynthesis serves as a key protective mechanism in barley roots under Cu stress.
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Figure 3. 18 KEGG enrichment analysis of DEGs in whole barley roots under the Cu
treatment group relative to the control group. The bubble plot displays the top 25 pathways,

ranked by p-value.

To further investigate Cu-induced transcriptional responses, Gene Ontology (GO)
enrichment analysis was conducted, categorizing DEGs into three functional groups:
biological process (BP), molecular function (MF), and cellular component (CC). The
top 10 enriched GO terms (g-value < 0.05), ranked by gene ratio, are displayed in
Figure 3. 19. In the BP category, significant enrichment was observed in
phenylpropanoid metabolic and biosynthetic processes, lignin metabolic and
biosynthetic processes, and detoxification-related pathways, such as cellular oxidant
detoxification, detoxification, and response to toxic substances. This finding highlights
the importance of lignin biosynthesis and detoxification mechanisms under Cu stress.

The cell wall modification-related terms, including the plant-type cell wall, cell wall,
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and apoplast, were significantly enriched in the CC category, aligning with observed
suberin deposition in root endodermis (Section 3.5). In the MF category, the GO terms
peroxidase activity, oxidoreductase activity, and antioxidant activity were remarkably
enriched, indicating an enhanced antioxidant defense system against Cu-induced
oxidative stress. Furthermore, transmembrane transporter activity was enriched in the
MF category, indicating that Cu transport was regulated in response to Cu stress.
Collectively, the GO analysis highlighted that Cu tolerance in barley is primarily
mediated through cell wall modifications (lignin and suberin biosynthesis),

detoxification, antioxidant defense and Cu transport.
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Figure 3. 19 Gene ontology (GO) enrichment analysis of DEGs in whole barley roots under

the Cu treatment group relative to the control group. The Y-axis represents gene functions, and

the X-axis represents gene ratios. Each bar represents a different GO term, with the statistical

significance threshold set at g-value < 0.05. BP, biological process; CC, cellular component;

MF, molecular function.
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3.8.3 Expression profiles analysis

Based on the results of KEGG pathway analysis and GO enrichment analysis, a
complex regulatory network was identified in response to Cu stress, involving cell wall
modifications (lignin and suberin biosynthesis), detoxification, antioxidant defense, Cu
transport, and plant hormone signal transduction. To further explore key genes
associated with these biological processes, the expression profiles of DEGs were
analyzed (Figure 3. 20, Table S2). Gene expression levels were represented as log.
fold changes (log2FC) with a significance threshold of p-value < 0.05. After five days
of exposure to 50 uM Cu, transcriptomic analysis revealed Cu-induced alterations in
cell wall-associated gene expression. For instance, five cell wall-associated receptor
kinase genes (WAK, log.FC +1.6 to +2.0) and two pectin methylesterase genes
(PME41/4, 1og2FC +1.7/+2.2) were upregulated. Conversely, most lignin biosynthesis
genes (log.FC —5.5 to —1.5) and most suberin biosynthesis genes (e.g., CYP86A1,
log.FC —2.6; CYP86B1, log.FC —1.7) were downregulated. Interestingly, the
downregulation of CYP86A1 and CYP86BI in transcriptomic data contrasts with the
increase in suberin content observed in histochemical and chemical analyses after six
days of Cu treatment (Section 3.5). This discrepancy necessitates further validation of
suberin biosynthesis gene expression via RT-qPCR analysis (Section 3.8.4).
Transcriptomic data indicated that most genes encoding Cu-dependent enzymes,
including copper oxidase and plastocyanin, were significantly downregulated. Whereas
Cu transporter genes, including ZIP2 (log:FC —3.5), YSL4/6 (log.FC —2.1/-3.2), and
HMA?2 (log2FC —4.0), were significantly downregulated. Similarly, Cu transport-related
genes, including the Cu chaperone gene (47X1, log.FC —3.3) and three Cu chelate
genes (NAS1/2/3, logaFC —3.5 to —1.9), were significantly downregulated. However,
the cellular detoxification-related genes, including the type 2 metallothionein-like gene
(MT2, logoFC +3.1), fourteen heat shock protein genes (HSP, log:FC +1.5 to +3.2), and
seven heavy-metal-associated isoprenylated plant protein genes (HIPP, log.FC +1.7 to

+3.2), were significantly upregulated. Likewise, key antioxidant defense genes in
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barley roots were upregulated, including two Cu/Zn superoxide dismutase genes
(CSD1/2,10g-FC +0.6/+1.0), eleven glutathione S-transferase genes (GST, log.FC +1.7
to +4.4), and the catalase gene (CAT2, log-FC +3.1), suggesting an enhanced oxidative
stress response. Plant hormonal signaling pathways also exhibited significant
transcriptional changes under Cu stress. Most genes associated with growth and
cytokinin signaling pathways were downregulated, whereas genes involved in ABA
and ethylene signaling pathways, such as PP2C4 (log2FC +1.9), SnRK2 (log2FC +2.0),

and EIN3 (log2FC +2.0), were significantly upregulated.
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Figure 3. 20 Expression profiles of DEGs in whole barley roots under control conditions or

50 uM Cu treatment for five days. The expression profile of each gene (p < 0.05) is displayed
as log2FC. Note: PAE, pectin acetylesterase; PME, pectin methylesterase; GST, glutathione S-
transferase; APX, ascorbate peroxidase; CAT, catalase; Cu/Zn SOD, Cu/Zn superoxide
dismutase; POD, peroxidase; MT, metallothionein; NA, nicotianamine; HIPPs, heavy-metal-
associated isoprenylated plant proteins; HSPs, heat shock proteins; ZIP, Zrt-/Irt-like protein;

YSL, yellow stripe-like protein; HMA, heavy metal ATPase; ATX, antioxidant protein.
3.8.4 Expression pattern analysis of suberin genes and ABA genes

To clarify the discrepancy between transcriptomic data (which showed downregulation

of CYP86A1 and CYP86BI after five days of 50 uM Cu treatment) and histochemical
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and chemical analysis (which demonstrated increased suberin content after six days of
50 uM or 100 uM Cu treatment), the spatial expression patterns of these genes in
different root zones after six days of 50 uM or 100 uM Cu treatment were investigated
by RT-qPCR (Figure 3. 21). Under control conditions, CYP8641 and CYP86BI
exhibited an expression pattern correlated with root maturation, showing the highest
expression levels in Zone C (root base) and the lowest in Zone A (young root). However,
following 50 uM or 100 uM Cu treatments, the expression pattern was reversed, with
the highest gene expression levels detected in Zone A and the lowest in Zone C. Notably,
after six days of Cu treatment, CYP86A41 and CYP86B1 were strongly upregulated in
Zone A, while their expression levels were significantly downregulated in Zones B and
C. The zone-specific expression patterns of CYP8641 and CYP86B1 explain their
overall downregulation observed in transcriptomic data at five days, highlighting a

spatial change in suberin gene expression under Cu stress.
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Figure 3. 21 Spatial expression analysis of CYP86A1 (A) and CYP86B1 (B) in different barley
(cv. Scarlett) root zones under control conditions or Cu stress conditions (50 uM or 100 uM
Cu) for 6 days. Data are presented as mean + SD of three independent experiments. Different

letters indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).

To further investigate the temporal expression dynamics of CYP86A41 and CYP86B1,
RT-gPCR analysis was performed in whole barley (cv. Scarlett) roots exposed to 50
uM Cu for 0 h, 12 h, 24 h, 48 h, and 72 h (Figure 3. 22). Under Cu stress, both genes

exhibited a transient significant increase in expression, peaking at 24 h, followed by a
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decline at 48 h and 72 h. The expression levels of Cu treatment at 72 h returned to
control levels. These results suggest that CYP8641 and CYP86B1 were primarily

upregulated during the early stage (0-3 days) of Cu treatment.
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Figure 3. 22 Temporal expression analysis of CYP86A1 (A) and CYP86B1 (B) in whole barley
(cv. Scarlett) roots under control conditions or 50 uM Cu treatment for O h, 12 h, 24 h, 48 h,

and 72 h. Data are presented as mean + SD of three independent experiments.

Considering the role of ABA signaling in suberin biosynthesis and the significant
upregulation of ABA pathway genes in RNA-seq data after five days of Cu treatment,
the temporal expression patterns of ABA-related genes in whole barley (cv. Scarlett)
roots under Cu stress were further examined (Figure 3. 23). The expression of ABA
biosynthesis genes was significantly induced by Cu treatment, including nine-cis-
epoxycarotenoid dioxygenase (NCEDI, NCEDZ2) and abscisic aldehyde oxidase
(405B), which encodes the final enzyme in the ABA biosynthetic pathway.
Specifically, NCED2 and AO5B were upregulated at 12 h, 24 h, 48 h, and 72 h, while
NCEDI was only significantly upregulated at 24 h, 48 h, and 72 h. Similarly, genes
involved in ABA signaling, such as PYRI-like protein 4 (PYL4) and SNF'I-related
protein kinase 2 (SnRK2), showed a consistent upregulation after 12-72 h of Cu
exposure. In contrast, protein phosphatase type-2C (PP2C4), a negative regulator of
ABA signaling, was only upregulated at 24 h and 48 h. The S-glucosidase 8 (BGS) gene,

which encodes an enzyme responsible for ABA deconjugation, was also significantly
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upregulated. However, the expression of ABA degradation-related genes exhibited
differential responses. While ABA 8 -hydroxylases 1 (ABAS-OHI) was upregulated at
24 h but downregulated at other time points, ABA 8'-hydroxylases 2 (ABAS-OH2) did
not display a clear expression pattern. Overall, these results indicate that ABA signaling
genes were strongly upregulated during the early stages (0-3 days) of Cu exposure,
aligning with the expression pattern of suberin biosynthesis genes. This finding
suggests that ABA-mediated regulation may contribute to suberin biosynthesis in

response to Cu stress.

1 : H !
1 ABA biosynthesis -+~ Control —e= 50uM Cu 1
h '
\ HVNCED1 HVNCED2 HvAoSB 1
1
! 150 3000 4 1
' '
1
15 5 g :
Y8 100 #2000 8
18 4 !
1 % g. o 1
) @ 3 3 2 1
o @ o
[ 2 2 !
18 w0 £ 1000 H '
1 & & g ' '
1 -
1 [}
\ 0 A S — ?/.. 01— T T 1 1
1 Oh 6h  12h 24h 48h 72h oh 6h 12h 24h 48h T72h ]
| e e e e e e e e e e e o ———————— ———_—_—_—— — — — — — — e m—mmmmmm————————
el e e e e e e e e e e e e e e )
. 1
| ABA catabolism 1
1 1
| HVABABOH-1 HvABABOH-2 HvBGS 1
! 4 20 10 '
! 1
1
= c c 1
s S 15 s ¢ '
e ] s '
LE £ £ . .
1E 2 i 5 '
1 2 H 2 4 1
I B ] H '
o 5 5
[ & & 2 !
1 ]
1 1
1 0—— T T T T T T T T T T T T T T T T T 1
1 oh 6h 12h  24h 48h 72h ch &h 12h  24h  4Bh  72h Oh 6h 12h  24nh  4Bh  72h 1
| e e e e e e e e e = = =
P R R AT IRIRIRR AR AR TR AR RS
1 . .
; ABA signaling !
1
\ HvPYLS HVPP2C4 HvSnRK2 '
| 1
\ 5 15 20 :
1
1§ 4 § 5 s :
'y 2 1 2 '
V£ s - H '
: @ H F 1
1S 2 2 3 1
1 £ g s i '
T o> T 5
tE & & !
' ;
1
1 Q T T T T T T 0 T T T T T T 0 T T T T T T ]
b oh  6h 12h 24h 48h 72h oh 6h 12h 24h 48h T2h oh 6h 12h 24h d48h T2h 1
1

Figure 3. 23 Temporal expression analysis of ABA-related genes in whole barley (cv. Scarlett)
roots under control conditions or 50 pM Cu treatment for O h, 12 h, 24 h, 48 h, and 72 h. Data

are presented as mean + SD of three independent experiments.
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3.9 Effect of copper stress on suberin-defective mutant

Two loss-of-function mutants, cyp86b1-1 and cyp86b1-2, were employed in this study
in the background of barley (cv. Golden Promise Fast) (Meng et al., 2024). The
cyp86b1-1 allele contains a 170 bp deletion, whereas the cyp86b1-2 carries a 168 bp

inversion, both resulting in truncated CYP86B1 proteins (Figure 3. 24).
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cyp86b1-1 MGGAMDALISSGAHNATTAPFLGAGGLVASLLPOVATVEVLVAVFIFVAIHSLRORRSLGLPLWPVY
cypB6b1-2 MGGAMDALISSGAHNATTAPFLGAGGLVASLLPOVATVEVLVAVFIFVAIHSLRORRSLGLPLWPVY
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Figure 3. 24 Gene structure and protein sequence of CYP86B1 mutants. Cited from (Meng

et al., 2024).
3.9.1 Morphology parameters of suberin-defective mutant

To investigate the effect of Cu stress on growth, the morphology parameters were
examined in wild-type and suberin-defective mutants (cyp86bI1-1 and cyp86b1-2)
seedlings subjected to control conditions or 50 uM Cu treatment (Figure 3. 25-Figure
3. 26). Under control conditions, 12-day-old cyp86bI-1 and cyp86bI-2 mutants
displayed average root lengths of 18.15 = 3.3 cm and 18.00 + 3.1 cm, respectively,
which were slightly lower (no significant difference) than wild-type (19.76 = 3.2 cm)
(Figure 3. 25A). Their average root dry weights (9.18 = 1.4 mg and 8.90 + 1.2 mg) also
did not significantly differ from wild-type (10.20 = 1.7 mg) (Figure 3. 25B). Following
Cu treatment, root growth was significantly inhibited in both wild-type and mutants.
Root length was reduced to 15.31 £+ 1.9 cm (wild-type), 11.36 £ 2.6 cm (cyp86b1-1),

and 11.09 = 1.9 cm (cyp86b1-2). Dry weight declined to 8.33 + 1.7 mg (wild-type),
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6.79 £ 1.4 mg (cyp86b1-1), and 6.74 £ 1.7 mg (cyp86b1-2). Notably, the root length
and dry weight of cyp86b1-1 and cyp86b1-2 were significantly lower than the wild-
type under Cu stress, with no significant difference between the two mutants. This
finding suggests that Cu stress exhibits stronger root growth inhibition in suberin-

defective mutants than in wild-type.
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Figure 3. 25 Effect of Cu stress on root length (A) and dry weight (B) in wild-type and suberin-
defective mutant (cyp86b1-1 and cyp86b1-2) barley under control conditions or 50 pM Cu
treatment. Boxplots represent the 10 to 90 percentiles, with “+” indicating the mean. The
whiskers extend to outliers. Data are presented based on at least twenty biological replicates.

Different letters indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).

Shoot growth was similarly affected by Cu treatment (Figure 3. 26). Under control
conditions, the average shoot lengths of cyp86b1-1 and cyp86b1-2 mutants were 18.90
+ 1.7 cm and 18.89 £ 1.6 cm, respectively, comparable to wild-type (19.90 + 2.1 cm).
However, their shoot dry weights (23.20 £ 5.1 mg and 23.08 £ 2.6 mg) were
significantly lower than wild-type (27.24 £ 6.5 mg). Under Cu stress, shoot lengths
were significantly reduced to 17.10 £+ 2.5 cm (wild-type), 15.04 + 2.4 cm (cyp86b1-1),

and 14.52 £ 2.8 cm (cyp86b1-2), respectively. Correspondingly, shoot dry weight
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declined to 22.53 + 4.2 mg (wild-type), 18.66 + 2.7 mg (cyp86b1-1), and 17.35 + 4.4
mg (cyp86b1-2), respectively. Both mutant lines had significantly lower shoot lengths
and dry weights than wild-type under Cu stress, indicating that Cu stress has a more

pronounced inhibitory effect on shoot growth in suberin-defective mutants.
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Figure 3. 26 Effect of Cu stress on shoot length (A) and dry weight (B) in wild-type and
suberin-defective mutant (cyp86b1-1 and cyp86b1-2) barley under control conditions or 50 uM
Cu treatment. Boxplots represent the 10th to 90th percentiles, with “+” indicating the mean.
The whiskers extend to outliers. Data are presented based on at least twenty biological replicates.

Different letters indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).

Under Cu stress, all genotypes exhibited significant reductions in root and shoot growth
compared to the control. Root length decreased by 22.52% in wild-type, 37.41% in
cyp86b1-1, and 38.39% in cyp86b1-2, while shoot length was reduced by 14.07%,
20.42%, and 23.13%, respectively. Similarly, root dry weight declined by 18.33%
(wild-type), 26.03% (cyp86bi-1), and 24.27% (cyp86b1-2), while shoot dry weight
decreased by 17.29%, 19.57%, and 21.69%, respectively. These findings indicate that

Cu stress had a stronger inhibitory effect on root growth across all genotypes, with
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suberin-defective mutants (cyp86b1-1 and cyp86b1-2) displaying greater susceptibility

to Cu-induced growth inhibition than wild-type.
3.9.2 Physiological parameters of suberin-defective mutant
3.9.2.1 Leaf pigment content in suberin-defective mutants

To evaluate the impact of Cu stress on the photosynthetic physiology of barley leaves,
the chlorophyll content, flavonoid index, and anthocyanin index in both wild-type and
suberin-defective mutant (cyp86b1-1 and cyp86b1-2) leaves after six days of exposure
to 50 uM Cu were measured. The results showed that Cu treatment had no significant
effect on any of these physiological parameters in either the wild-type or the suberin-

defective mutants (Figure 3. 27).
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Figure 3. 27 Effect of Cu stress on leaf pigment. Chlorophyll content (A), flavonoid index
(B), and anthocyanin index (C) in wild-type and suberin-defective mutants (cyp86b1-1 and
cyp86b1-2) leaves under control conditions or 50 uM Cu treatment. Data are presented as mean

+ SD of three biological replicates. No significant differences were detected.
3.9.2.2 Chlorophyll fluorescence parameters in suberin-defective mutant

To further investigate the effect of Cu stress on photosynthetic performance, the basic
chlorophyll fluorescence parameters (Fv/Fm, AF/Fm’, qP, qL, gN and NPQ) in dark-
adapted wild-type and suberin-defective mutants (cyp86b1-1 and cyp86b1-2) leaves

were analyzed by the induction curves. The results indicated no significant differences
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between Cu-treated and control plants in any of these parameters for both the wild-type

and the suberin-defective mutants (Figure 3. 28).
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Figure 3. 28 Effect of Cu stress on basic chlorophyll fluorescence parameters. Fv/Fm (A),
AF/Fm’ (B), qP (C), gN (D), qL (E), and NPQ (F) in wild-type and suberin-defective mutants
(cyp86b1-1 and cyp86b1-2) leaves under control conditions or 50 uM Cu treatment. Data are

presented as mean + SD of three biological replicates. No significant differences were detected.

To further evaluate photosynthetic performance, the chlorophyll fluorescence light-
response parameters (ETRmax, o ETR, Ek) in wild-type and suberin-defective mutants
(cyp86b1-1 and cyp86b1-2) leaves were analyzed. Similar to the basic fluorescence
parameters, ETRmax, o ETR, and Ek showed no significant differences between Cu-
treated and control plants in both wild-type and suberin-defective mutants (Figure 3.

29).
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Figure 3. 29 Effect of Cu stress on chlorophyll fluorescence light-response parameters.
Maximum electron transport rate (ETRmax) (A), initial slope of the electron transport rate
curve (0. ETR) (B), and saturating irradiance level for electron transport (Ek) (C) in wild-type
and suberin-defective mutants (cyp86bi-1 and cyp86b1-2) leaves under control conditions or
50 uM Cu treatment. Data are presented as mean = SD of three biological replicates. No

significant differences were detected.
3.9.3 ROS distribution in apical roots and leaves of suberin-defective mutant

To evaluate the effects of Cu stress on ROS accumulation, the distribution of O2*~ and
H:0: in root tips and leaves of wild-type and suberin-defective mutants (cyp86b1-1 and
cyp86b1-2) was examined using NBT and DAB staining, respectively (Figure 3. 30-
Figure 3. 31). Under control conditions, Oz*~ levels in the root tips of cyp86b1-1 and
cyp86b1-2 mutants were significantly lower compared to the wild-type (Figure 3. 30).
After six days of exposure to 50 uM Cu, O+ levels decreased markedly in all genotypes
relative to their respective control levels. Notably, Cu treatment eliminated initial
genotype differences, as both wild-type and suberin-defective mutants exhibited
similarly reduced O:¢~ accumulation under Cu stress. In contrast, H-O. accumulation
showed no significant differences between wild-type and mutant plants under control
conditions. Under 50 uM Cu treatment, while H-O: levels significantly increased in the

root tips of all genotypes, the magnitude of this increase was comparable between wild-
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type and suberin-defective mutants. These findings indicate the roots of all genotypes

exhibit a similar response in ROS accumulation under Cu stress.
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Figure 3. 30 Effect of Cu stress on O:¢~ and H.0O: accumulation in barley root tips.
Histochemical staining of O2¢~ (NBT stain, blue) and H.02 (DAB stain, brown) in wild-type
and suberin-defective mutants (cyp86b1-1 and cyp86b1-2) barley root tips under control
conditions or 50 uM Cu treatment (A). Quantification of NBT staining intensity (Oz*" levels)

in root tips (B). Quantification of DAB staining intensity (H20: levels) in root tips (C). The

scale bar represents 250 pm.

Under control conditions, O2¢~ levels in the leaves of cyp86b1-1 and cyp86b1-2 mutants
were significantly lower than those in wild-type plants (Figure 3. 31). However, under
Cu treatment, Oz accumulation in cyp86bI-1 and cyp86bI-2 mutant leaves
significantly increased, reaching levels comparable to those of wild-type plants.
Interestingly, in wild-type leaves, Cu treatment did not significantly alter Oz+ levels,
suggesting a genotype-specific response in ROS accumulation under Cu stress.
Conversely, H.O: accumulation in leaves remained consistent across all genotypes,
with no significant differences observed between wild-type and suberin-defective

mutants under both control and Cu stress conditions.
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Figure 3. 31 Effect of Cu stress on Oz and H:0: accumulation in barley leaves.
Histochemical staining of O2¢~ (NBT stain, blue) and H.0O2 (DAB stain, brown) in wild-type
and suberin-defective mutants (cyp86b1-1 and cyp86bi-2) barley leaves under control
conditions or 50 uM Cu treatment (A). Quantification of NBT staining intensity (Oz*" levels)
in leaves (B). Quantification of DAB staining intensity (H20: levels) in leaves (C). The scale

bar represents lcm.
3.9.4 Lipid peroxidation and proline content a of suberin-defective mutant

To evaluate membrane damage under Cu stress, MDA content in wild-type and suberin-
defective mutants (cyp86b1-1 and cyp86b1-2) barley was analyzed as an indicator of
lipid peroxidation. In roots, MDA levels were comparable among wild-type and
suberin-defective mutants, with no significant difference observed both under control
conditions and 50 uM Cu treatment. However, upon Cu treatment, MDA levels in the
cyp86b1-1 and cyp86b1-2 mutants leaves increased significantly, becoming higher than

those in Cu-treated wild-type leaves which remained unchanged (Figure 3. 32).
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Figure 3. 32 MDA concentration in wild-type and suberin-defective mutants (cyp86b1-1 and
cyp86b1-2) barley roots (A) and leaves (B) under control conditions or 50 uM Cu treatment.
Data are presented as mean = SD of three biological replicates. Different letters indicate

significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).

The proline content, a key biomarker for Cu stress response, was measured in wild-type
and suberin-defective mutants (cyp86b1-1 and cyp86b1-2) barley. No significant
differences in proline content were detected between Cu-treated and control plants in

both wild-type and suberin-defective mutants (Figure 3. 33).

67



A B

T =mmm cyn86hT-7 mmmm  cypB86bH1-2 60

80
Z o0 z
o (=2}
) e
= =2
[+}] @
£ 40 <
[+] []
1 1
o o
N N
(=] o 20
g g
[=] 20 [=]
(& (8]
0 o]
Roots Leaves

Figure 3. 33 Proline concentration in wild-type and suberin-defective mutants (cyp86b1-1 and
cyp86b1-2) barley roots (A) and shoots (B) under control conditions or 50 uM Cu treatment.
Data are presented as mean = SD of three biological replicates. No significant differences were

detected.
3.9.5 Suberin lamellae in suberin-defective mutant roots

To examine the formation of suberin lamellae, histochemical analysis was conducted
on the endodermis of barley (cv. Golden Promise Fast) wild-type and suberin-defective
mutants (cyp86b1-1 and cyp86b1-2) under control conditions or 50 uM Cu treatment
(Figure 3. 34). Under control conditions, no suberin deposition was detected at 12.5%
relative root length in either wild-type or mutant lines. However, under 50 pM Cu stress,
earlier and more extensive suberin deposition was observed, leading to complete
suberization at 12.5% relative root length. This pattern of accelerated suberization in
response to Cu stress was consistent with observations in barley (cv. Scarlett),
suggesting a conserved Cu-induced suberin development response in barley.
Furthermore, no significant differences in suberin lamellae development were observed

between wild-type and suberin-defective mutants (cyp86b1-1 and cyp86b1-2) under
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either control conditions or 50 pM Cu treatment, indicating that the mutations did not

significantly alter suberin formation in response to Cu stress.

WT cyp86b1-1 cyp86b1-2

Figure 3. 34 Development of suberin lamellae in the endodermis of wild type and suberin-
defective mutants (cyp86b1-1 and cyp86b1-2) barley seminal roots. Suberin lamellae in 12.5%
relative length of roots grown under different conditions were stained with fluorol yellow 088.
The presence of suberin lamellae is indicated by a bright yellow fluorescence. Suberin lamellae
in 12-day-old wild-type (A), cyp86b1-1 (B) and cyp86b1-2 (C) roots under control conditions.
Suberin lamellae in 12-day-old wild-type (D), cyp86b1-1 (E) and cyp86b1-2 (F) roots under 50

uM Cu treatment. The scale bar represents 50 pum.
3.9.6 Chemical analysis of suberin in suberin-defective mutant roots

To further evaluate the impact of Cu stress on suberin biosynthesis, the aliphatic suberin
content in roots of wild-type and suberin-defective mutants (cyp86b1-1 and cyp86b1-
2) was quantified under control conditions and 50 pM Cu treatment (Figure 3. 35).

Under control conditions, no significant differences in total aliphatic suberin content
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were observed between wild-type and mutants in Zone A and B, whereas Zone C of
both mutants exhibited higher suberin content compared to wild-type. Under 50 uM Cu
treatment, total aliphatic suberin levels increased significantly in both wild-type and
mutants in all root zones. In Zone A, the aliphatic suberin content of wild-type,
cyp86b1-1, and cyp86b1-2 increased 9.1-fold, 12.5-fold, and 11.8-fold relative to
controls. In Zone B, the aliphatic suberin content of wild-type, cyp86b1-1, and
cyp86b1-2 increased 3.7-fold, 6.7-fold, and 9.7-fold relative to controls. In Zone C, the
aliphatic suberin content of wild-type, cyp86b1-1, and cyp86b1-2 increased 1.5-fold,
1.6-fold, and 1.6-fold compared to control. These results suggest that Cu stress
primarily enhances aliphatic suberin biosynthesis in Zone A, with suberin-defective
mutants accumulating significantly higher suberin levels than wild-type in all root

Zones.
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Figure 3. 35 Total amounts of aliphatic suberin in wild-type and suberin-defective mutants
(cyp86b1-1 and cyp86b1-2) barley roots under control conditions or 50 uM Cu treatment. Data
are presented as mean + SD of three biological replicates. Different letters indicate significant

differences at p <0.05 (One-Way ANOVA, Fisher’s LSD).

To further analyze suberin biosynthesis under Cu stress, the four major aliphatic suberin
substance classes (primary alcohols, fatty acids, a-m dicarboxylic acids, and o-hydroxy

acids) were quantified in wild-type and suberin-defective mutants (cyp86b1-1 and
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cyp86b1-2) roots under control and Cu treatment conditions (Figure 3. 36). Under
control conditions, no significant differences were observed between wild-type and
mutants, except for higher fatty acid and diacid levels in Zone C of mutants. However,
under Cu treatment, all four suberin substance classes increased significantly in both
wild-type and mutants across all root zones. In Zone A, cyp86bi1-1 and cyp86b1-2
exhibited the highest increase in a-o dicarboxylic acids and ®-hydroxy acids,
suggesting their primary role in suberin biosynthesis under Cu stress. Whereas
cyp86b1-1 and cyp86b1-2 displayed significantly greater increases in primary alcohols,
fatty acids, and diacids than wild-type, with Zone A showing the most pronounced
elevation in fatty acids (3.4-fold and 2.8-fold) and diacids (2.4-fold and 2.3-fold)
compared to wild-type. Similar trends were also observed in Zones B and C, with
cyp86b1-1 and cyp86b1-2 accumulating more primary alcohols, fatty acids, and diacids
than wild-type. Moreover, although ®-hydroxy acids also increased in the cyp86b1-1
and cyp86b1-2 compared to wild-type, they showed the smallest increase among the
four suberin components under Cu stress. These findings suggest that Cu stress
preferentially enhances the biosynthesis of w-hydroxy acids and diacids, particularly in
the root apical zone (Zone A), which aligns with previous findings in barley (cv.
Scarlett). Additionally, suberin-defective mutants displayed significantly higher
accumulation of primary alcohols, fatty acids, and diacids than wild-type, suggesting a
different regulation in suberin biosynthesis of suberin-defective mutants in response to

Cu stress.

71



A m— WT == cyp86h7-1 e cyp8EHT-2 B

ﬁg 0.8 Zone A : Zone B : Zone C 49 zonea ; Zone B ; Zone C 4
o &
= a
[= 3 £
2 0.6 L

o
0 3
_8 0.4 ;
o =]
o o
© ©
E 0.2 2z

©
£ w
=
o p.p-

Control Cu Control Cu Control Cu Control  Cu  Control Cu Control Cu

e
3] 44 Zone A : Zone B : Zone C &
) : - £
=2 L
w 3- a o
] =
3} 0
1] b 'g
L 2- a o
s 18 g
X aa. ] b
e 3
£ 1 < =
© b c d B
L 2
k-]
3 3
é Control Cu Control Cu Control Cu Control Cu Control Cu Control Cu

Figure 3. 36 Amounts of substance classes of aliphatic suberin in wild-type and suberin-
defective mutants (cyp86b1-1 and cyp86b1-2) barley roots under different conditions. Amounts
of primary alcohols (A), fatty acids (B), a-® dicarboxylic acids (C), and w-hydroxy acids (D)
in different zones of barley roots under control conditions or 50 uM Cu treatment. Data are
presented as mean + SD of three biological replicates. Different letters indicate significant

differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD).

The composition of individual aliphatic suberin monomers was analyzed in roots of 12-
day-old wild-type barley and suberin-defective mutants (cyp86b1-1 and cyp86b1-2)
under control conditions or 50 uM Cu treatment in three different root zones (Figure 3.
37-Figure 3. 39). In Zone A, mutants (cyp86b1-1 and cyp86b1-2) lacked detectable
levels of C22-C26 »-OH acids under both control and Cu stress conditions (Figure 3.
37). Under control conditions, most monomers showed no significant differences
among genotypes, except for significantly higher C18 primary alcohols (alc) and lower

C26 »-OH acids in mutants compared to wild-type. Upon exposure to Cu stress, nearly
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all detectable suberin monomers increased significantly in both wild-type and mutants,

except for C18 fatty acids, which did not differ significantly. C22-C26 »-OH acids

remained undetectable in mutants even under stress conditions. Notably, cyp86b1-1 and

cyp86b1-2 mutants exhibited significantly higher levels of most suberin monomers,

including C16 alc, C16 ©-OH acids, C18:1 w-OH acids, C18:1 diacids, and C18-C24

fatty acids, resulting in higher total aliphatic suberin content compared to wild-type

under Cu stress.
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Figure 3. 37 Amounts of monomers of aliphatic suberin in zone A of wild-type and suberin-

defective mutants (cyp86b1-1 and cyp86b1-2) barley roots under control conditions or 50 uM

Cu treatment. Data are presented as mean + SD of three biological replicates. Different letters
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indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD). Abbreviations:

alc, primary alcohols; diacids, a-o dicarboxylic acids; ®-OH acids, m-hydroxy acids.

In Zone B, under control conditions, most monomers also showed no significant
differences among genotypes, except cyp86bi-1 and cyp86b1-2 mutants showed
significantly lower levels of C18:1 diacids than wild-type (Figure 3. 38). While C22-
C26 »-OH acids were detectable only at low levels in wild-type and remained absent
in suberin-defective mutants. Under 50 uM Cu treatment, a general increase in most
detectable monomers was observed across all genotypes, consistent with the trends
noted in Zone A. Although wild-type exhibited an increase in C22-C26 ®-OH acids
under stress, these suberin monomers were still undetectable in cyp86bI-1 and
cyp86b1-2 mutants. Furthermore, the cyp86b1-1 and cyp86b1-2 mutants accumulated
significantly higher levels of C16 w-OH acids, C18:1 o-OH acids, C18:1 diacids, and
C18-C24 fatty acids compared to wild-type, leading to significantly greater total

aliphatic suberin content in cyp86b1-1 and cyp86b1-2 mutants under Cu stress.
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Figure 3. 38 Amounts of monomers of aliphatic suberin in zone B of wild-type and suberin-
defective mutants (cyp86b1-1 and cyp86b1-2) barley roots under control conditions or 50 uM
Cu treatment. Data are presented as mean = SD of three biological replicates. Different letters
indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD). Abbreviations:

alc, primary alcohols; diacids, a-m dicarboxylic acids; ©w-OH acids, m-hydroxy acids.

In Zone C, under control conditions, cyp86b1-1 and cyp86b1-2 mutants continued to
lack C22-C26 »-OH acids, which were present at higher levels in wild-type (Figure 3.
39). Conversely, cyp86b1-1 and cyp86b1-2 mutants accumulated significantly higher
levels of several other monomers, including C16 ©-OH acids, C18:1 ®»-OH acids, C18:1
diacids, and C18-C24 fatty acids, leading to increased total aliphatic suberin contents
compared to wild-type. Under 50 uM Cu treatment, similar to Zones A and B,

significant increases in suberin monomers were observed in all genotypes. Although
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wild-type showed upregulation of C22-C26 »-OH acids, these remained undetectable
in the ¢cyp86bI-1 and cyp86b1-2 mutants. Nevertheless, cyp86bi-1 and cyp86bi-2
mutants consistently accumulated significantly higher amounts of other suberin
monomers, including C16 ®-OH acids, C18:1 w-OH acids, C18:1 a-» diacids, and C18-

C24 fatty acids, relative to wild-type under Cu stress conditions.

Overall, cyp86b1-1 and cyp86b1-2 mutants were unable to synthesize C22-C26 o-OH
acids across all root zones under both control and Cu stress conditions. Despite this,
both cyp86b1-1 and cyp86b1-2 mutants exhibited greater accumulation of alternative
suberin monomers (C16 ®-OH acids, C18:1 ®-OH acids, C18:1 diacids, and C18-C24
fatty acids) compared to wild-type under Cu stress. These compensatory changes
resulted in increased total aliphatic suberin contents in cyp86bI-1 and cyp86b1-2

mutants.
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Figure 3. 39 Amounts of monomers of aliphatic suberin in zone C of wild-type and suberin-
defective mutants (cyp86b1-1 and cyp86b1-2) barley roots under control conditions or 50 uM
Cu treatment. Data are presented as mean = SD of three biological replicates. Different letters
indicate significant differences at p < 0.05 (One-Way ANOVA, Fisher’s LSD). Abbreviations:

alc, primary alcohols; diacids, a-m dicarboxylic acids; ©w-OH acids, o-hydroxy acids.
3.9.7 Subcellular distribution of copper ions in suberin-defective mutant roots

The subcellular distribution of Cu?*" in barley root tips was further examined to
understand how suberin deficiency affects Cu?" uptake and transport. The distribution
of Cu** in wild-type and suberin-defective mutants (cyp86b1-1 and cyp86b1-2) root tip
cross-sections (0-1 cm from the root tip) was visualized by RBH staining (Figure 3.

40). In wild-type root tips after 6 days of 50 pM Cu treatment, copper ions were mainly
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sequestered in the cell walls (apoplast) of the outer cell layers, especially epidermal and
cortex cells. Only a small amount of Cu?** entered into the inner of the stele (e.g., within
the pericycle and xylem vessels) in the wild type. In contrast, cyp86b1-1 and cyp86b1-
2 mutant root tips accumulated markedly less Cu?* in the apoplast of the epidermis and
cortex while showing a strongly increased accumulation of Cu?* in the xylem relative
to wild-type. These differences indicate that an intact suberin barrier in endodermal cell

walls likely restricts the entry of Cu?* into the xylem vessels.

Figure 3. 40 Subcellular distribution of Cu?" in root tips of wild-type (A), cyp86b1-1 (B), and
cyp86b1-2 (C) barley under 50 uM Cu treatment. Cu?* distribution appears as pink fluorescence
after Rhodamine B hydrazide (RBH) staining of root cross-sections (sections taken 0-1 cm from
the root tip). ep, epidermis; co, cortex; en, endodermis; xy, xylem; va, vascular tissues. Scale

bar = 100 pm.
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4. Discussion

4.1 Effect of copper stress on barley morphology

Previous numerous studies have reported that Cu toxicity induced growth inhibition in
many species (Zhang et al., 2018c; Reckova et al., 2019; Cao et al., 2023). Align with
these results, the results of this study indicated barley exhibited significant inhibition in
root growth (root length and root dry weight) and shoot growth (shoot length and shoot
dry weight) under 50 uM or 100 uM Cu treatment (Figure 3. 1-Figure 3. 2). These
findings are consistent with previous studies that have demonstrated Cu-induced
growth inhibition through the disruption of cell division and elongation (Madejon et al.,
2009; Lequeux et al., 2010). The results of this study indicated that roots were more
sensitive to Cu than shoots, with root length reductions (44.71-48.89%) exceeding
shoot reductions (26.53-29.40%) and root dry weight reductions (26.05-32.12%)
exceeding shoot dry weight reductions (16.49-16.65%) (Figure 3. 1-Figure 3. 2). This
differential sensitivity is likely due to Cu tends to accumulate in roots, causing toxicity
that first affects root structure and function before impacting aboveground

physiological processes (Cambroll¢ et al., 2013).
4.2 Physiological responses to copper stress in barley

Cu toxicity is well known to inhibit photosynthetic processes through chlorophyll
degradation and photosystem II (PSII) impairment across plant species (Patsikka et al.,
2002; Li et al., 2019a). In contrast, the results of this study indicated that there were no
significant changes in the level of leaf pigment including chlorophyll, flavonoid, and
anthocyanin of barley leaves under 50 uM or 100 uM Cu treatments for six days
(Figure 3. 3). Similarly, the results of this study showed there were no significant
changes in photochemical efficiency (Fv/Fm, AF/Fm', qP, qN, qL, NPQ) and electron
transport parameters (ETRmax, o ETR, Ek) of barley leaves under 50 uM or 100 uM
Cu treatments for six days (Figure 3. 4-Figure 3. 5). However, some studies have

shown that many species have less tolerance of short-term 50-100 pM Cu stress
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regarding photosynthetic performance (Shabbir et al., 2020). For instance, in some rice
or wheat cultivars, short-term 100 uM Cu treatment can trigger significant chlorophyll
loss (leaf chlorosis) and a marked decrease in PSII photochemical efficiency (Mostofa
etal.,2014; Lietal., 2023). The strong contrast between those outcomes and the present
results in barley suggested that as a relative metal-tolerant crop, barley can better
tolerate moderate concentrations of Cu treatment in the short term and maintain stable
photosynthetic performance. A similar good tolerance of barley photosynthetic
performance was also reported in barley under 28 mg/kg cadmium treatment (Vassilev
et al., 2004). Considering that barley maintained normal photosynthetic activity under
Cu stress, it is likely that the growth inhibition observed in Cu-treated barley may
primarily result from root-specific toxicity effects and impaired nutrient absorption

rather than direct leaf photosynthetic damage.

4.3 Excess copper induced oxidative stress

Copper is a redox-active metal that catalyzes reactive oxygen species (ROS) production
through Haber-Weiss and Fenton reactions, leading to oxidative stress and cellular
damage (Kanti Das et al., 2014). Excess Cu triggers ROS bursts, disrupting cellular
homeostasis and inhibiting plant growth (Adrees et al., 2015). The results of this study
demonstrated that Cu treatment significantly increased H20: levels in barley root tips
while decreasing O:*~ content in roots but increasing Oz~ accumulation in leaves
(Figure 3. 6-Figure 3. 7). ROS plays a dual role in root growth regulation, acting as
both signaling molecules and oxidative stress inducers (Tsukagoshi, 2016). A high
0O2¢/H:20: ratio in root tips promotes cell proliferation, while a low ratio promotes
differentiation, leading to meristem exhaustion and root growth inhibition (Eljebbawi
et al., 2021). The results of this study align with this model, Cu-induced H:0:
accumulation, coupled with reduced O~ levels, likely disrupted the root redox balance,
prematurely triggering differentiation and limiting elongation. Similar effects have
been reported in Arabidopsis, where excessive H>0O- suppresses meristematic activity,

leading to reduced root growth (Tsukagoshi et al., 2010). Thus, Cu-induced ROS
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imbalances in root tips appear to be a major driver of growth suppression in barley.
While Cu increased O:*~ content in leaves, the results of this study showed no
significant impairment of photosynthetic function. This suggests that barley's
antioxidant defense system effectively scavenges ROS to prevent photodamage. Excess
Cu disrupts electron transport in chloroplasts, leading to superoxide formation (Karimi
et al., 2012), but plants with strong antioxidant capacity can mitigate oxidative stress
(Farid et al., 2021). In barley, the stability of photosynthetic parameters under Cu stress
indicates efficient ROS detoxification, likely through superoxide dismutase and other
enzymatic mechanisms (Karimi et al., 2012). These findings highlight the differential
impact of Cu-induced ROS accumulation in roots and leaves. In roots, increased H20:
and a reduced O2¢/H20: ratio disrupt developmental signaling, inhibiting root growth.
In contrast, leaves tolerate ROS accumulation without photosynthetic impairment due

to efficient antioxidant defenses.

Excess Cu generates ROS, leading to oxidative stress and cellular damage (Wang et al.,
2022). One major consequence is the peroxidation of membrane lipids, which
compromises cell integrity. MDA, as a well-known end product of lipid peroxidation,
is widely used as a biomarker of ROS-induced oxidative stress (Shulaev and Oliver,
2006). Consistent with the increased production of ROS, the results of this study
indicated that Cu stress caused a significant increase in MDA content in barley roots
and leaves relative to controls (Figure 3. 8). This increase in MDA content indicated
enhanced lipid peroxidation and confirms that Cu-generated ROS caused membrane
damage in barley cells. To protect against ROS damage, plants have evolved various
mechanisms, including proline accumulation, which prevents membrane deformation
and scavenges hydroxyl radicals (Tripathi and Gaur, 2004; Tripathi et al., 2006). The
results of this study demonstrated that Cu stress induced a marked accumulation of
proline in barley roots and leaves (Figure 3. 9), suggesting that barley activates proline-
mediated defense against Cu toxicity. The increased proline likely helps maintain

membrane integrity and detoxify ROS under Cu stress (Mir et al., 2022). Similar
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findings have been reported in other species. For example, Cu-exposed chickpea plants
with higher proline levels showed lower MDA and improved Cu tolerance (Singh et al.,
2010). Moreover, exogenous proline application has been shown to alleviate Cu-
induced oxidative damage and growth inhibition in stressed plants, further
demonstrating proline’s protective role (Noreen et al., 2018). These findings support
that proline accumulation is an important adaptive response in barley, helping to
mitigate ROS-induced lipid peroxidation and thus reducing cellular damage under Cu

stress.

4.4 Suberin biosynthesis and its role under copper stress

Long-term evolution has enabled plants to adapt to environmental stress through plastic
endodermal suberin lamellae (Barberon et al., 2016; Doblas et al., 2017; Peralta Ogorek
et al., 2023). Histochemical staining results showed that the Cu-treated roots formed
suberin lamellae earlier and more intensely in the endodermis (Figure 3. 10-Figure 3.
11). This suggests that barley roots respond to excessive Cu by rapidly strengthening
their endodermis barrier. Similar phenomena have been reported in other species; for
example, radish roots exposed to toxic concentrations of Cu formed a large number of
suberin/lignin deposits near the root tip (Kovac et al., 2018). The fact that Cu stress
induces root suberization in this study highlights that this is a major adaptive response
to Cu stress. This finding is also consistent with the common strategy of plants to cope
with toxic environments, namely, toxic environment-induced suberization to prevent
the entry of toxic elements (Degenhardt, 2000; Vaculik et al., 2012; LiSka et al., 2016).
Based on these results, this study proposes a hypothesis that under Cu stress, suberin
acts as a protective barrier to restrict Cu uptake into the symplast, thereby enhancing

the sequestration of Cu in the root apoplast and reducing Cu translocation to shoots.

Since histochemical staining can only qualitatively describe the development of suberin
lamellae in response to Cu stress, chemical analysis (gas chromatography and mass

spectrometry) was used in this study to directly quantify the suberin content (Kreszies
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et al., 2019). The results of chemical analysis showed that barley aliphatic suberin
monomers were mainly composed of primary alcohols, fatty acids, a-o dicarboxylic
acids, and w-hydroxy acids (Figure 3. 13-Figure 3. 14). This result is consistent with
the composition of suberin monomers in barley reported in previous studies (Kreszies
etal., 2018). The further chemical analysis results indicated that the increase in aliphatic
suberin content under Cu stress may be due to the preferential upregulation of -
hydroxy acids and a-® dicarboxylic acids by Cu stress, especially in the root tip (zone
A; Figure 3. 12-Figure 3. 14). o-hydroxy acids and a-o dicarboxylic acids, as the main
components of the suberin polyester backbone, are crucial for the hydrophobicity of
suberin (Graga and Pereira, 2000; Graga, 2015). Therefore, the preferential
upregulation of these monomers also implies an enhanced barrier effect in response to
Cu stress, which is more hydrophobic and impermeable to Cu ions. The root apex is the
main site of Cu absorption and accumulation (Song et al., 2013). In the root apex, under
control conditions, since the Casparian strip and the suberin lamellae have not yet been
fully formed, Cu ions can be radially transported to the vascular tissue through the
apoplast pathway without restriction and then transported to the aerial part through the
xylem (Lu et al., 2017). Therefore, the specific accumulation of suberin in the root tips
induced by Cu stress in present results is consistent with the universal strategy of plants
to limit the entry of toxic substances (Degenhardt, 2000; Vaculik et al., 2012; LiSka et
al., 2016), and also strengthens the hypothesis proposed in this study that suberin acts
as a protective barrier to restrict Cu uptake into the symplast, thereby enhancing the

sequestration of Cu in the root apoplast and reducing Cu translocation to shoots.
4.5 Excess copper induced nutrient imbalance

A key defense strategy observed in hyperaccumulators is that plants utilize metal
sequestration in roots to minimize heavy metal toxicity in aerial tissues (Emamverdian
et al., 2015). In this study, Cu content in barley roots increased proportionally with
external Cu concentration. While shoot Cu levels increased under Cu stress, they

accounted for only 0.7% of root Cu concentration, which is even lower than the control
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(Table 3. 1). A similar result was also reported in mustard under Cu stress (Sharma et
al., 2019), suggesting that restricted Cu translocation is a common protective
mechanism in plants. Cell wall (apoplast) sequestration plays a crucial role in Cu
resistance (Kholodova et al., 2011). The results of Cu staining in root tip cross-sections
revealed that under control conditions, Cu was primarily localized in epidermal and
cortex cells, with minimal distribution in the endodermis and vascular tissues (Figure
3. 15). However, Cu treatment significantly increased Cu accumulation in the cell walls
(apoplasts) of epidermal and cortex cells. Notably, Cu also accumulated in the facing
cortex-side apoplast of the endoderm. In contrast, xylem tissues, which are responsible
for Cu translocation to shoots, did not exhibit a significant increase in Cu content. These
findings suggest that apoplastic sequestration in roots prevents excessive Cu entry into
the symplast, limiting xylem loading and shoot translocation. This supports the
hypothesis of this study that suberin functions as a key protective barrier restricting Cu
uptake into vascular tissues. Excess Cu also disrupts nutrient uptake, which contributes
substantially to the overall phytotoxic effects observed in plants (Lequeux et al., 2010;
Li et al., 2019b). In this study, Cu stress strongly reduced K, Ca, Mg, Fe, Zn, and Mn
concentrations in both roots and leaves. High Cu levels have been shown to interfere
with the absorption of these essential minerals, resulting in nutrient imbalances and
deficiencies in aboveground tissues (Zhao et al., 2012). The observed decline in nutrient
content aligns with previous reports demonstrating that excess Cu alters root
morphology and competes with other metal ions at root transport sites, thereby
impairing their uptake and homeostasis (Roy et al., 2017; Feil et al., 2020). Considering
that photosynthetic parameters remained stable under Cu stress conditions, it is likely
that the growth inhibition observed in barley was primarily due to root impairment and
subsequent limitations in nutrient acquisition (Bouazizi et al., 2010a; Zhao et al., 2012).
Notably, since only a single biological replicate sample was used for the elemental

analysis, this part of the discussion can only draw limited conclusions based on
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preliminary results. And suggest follow-up studies with multiple biological replicates

to validate the initial observations.

4.6 Transcriptomic responses of barley roots to copper stress

The results of transcriptomic analysis identified extensive transcriptional changes in
barley roots under Cu stress, including 886 upregulated and 1212 downregulated genes
(Figure 3. 17). These marked changes indicate a strong transcriptional response
consistent with previous studies reporting significant transcriptomic reprogramming in
plants exposed to heavy metal stress (Dubey et al., 2014; Wa Lwalaba et al., 2021).
Further functional analyses using KEGG pathway and GO enrichment revealed a
complex regulatory network involving cell wall modification (lignin and suberin
biosynthesis), detoxification mechanisms, antioxidant defenses, Cu transport, and
hormone signaling pathways (Figure 3. 18-Figure 3. 19). Similar transcriptional
patterns have also been observed in other species under heavy metal stress (Lin et al.,
2013; Luo et al., 2024), indicating conserved molecular mechanisms across plant
species for metal tolerance. Notably, transcriptome analysis identified a unique
enrichment of the suberin biosynthetic pathway, distinguishing the findings in this
study from previous studies and highlighting the key role of suberin in mediating Cu

tolerance in barley.

The results of transcriptomic data presented here further clarify the molecular response
pathways activated by Cu stress (Figure 3. 20, Table S2). Among these, cell wall
modification was particularly remarkable. The plant cell wall is recognized as a primary
defensive barrier, limiting metal entry into cellular compartments (Krzestowska, 2011).
The results of this study revealed that Cu stress significantly upregulated the expression
of WAK genes and PME genes. WAK regulates PME activity, modulating pectin methyl
esterification to enhance the cell wall’s capacity for metal sequestration (Xia et al.,
2018). This highlights the role of cell wall modification in Cu tolerance, reducing Cu

entry into the symplast.
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Despite observed increases in suberin content through histochemical and chemical
analyses, the results of transcriptomic data indicated downregulation of the key suberin
biosynthesis genes CYP86A41 and CYP86BI throughout the root after five days of
exposure to 50 uM Cu. The results of spatial and temporal expression analyses
explained this discrepancy by showing that CYP86A 1 and CYP86B1 expression initially
increased (0-3 days) throughout the root but was later downregulated in the complete
suberized root zone (Zone B and Zone C) after six days of exposure to 50 uM Cu,
except in the youngest root zone (Zone A, incompletely suberized root zone) (Figure
3. 21-Figure 3. 22). Suberin deposition has been reported to restrict metal entry, but
excessive accumulation can impair water and nutrient transport (Ranathunge et al.,
2011). Thus, initial induction of suberin synthesis in the incompletely suberized root
zone likely enhanced early-stage Cu tolerance, while subsequent gene downregulation
in the completely suberized root zone avoided excessive deposition to maintain root
functions. This spatiotemporal-specific regulation of suberin synthesis is also consistent
with a general strategy of plant growth-defense trade-offs (Karasov et al., 2017; He et

al., 2022).

Lignin biosynthesis also contributes to the strengthening of root cell walls, effectively
reducing Cu mobility and translocation (Bouazizi et al., 2010b; Tugbaeva et al., 2022).
Contrary to previous reports of lignin gene upregulation under metal stress (Ren et al.,
2022), the results of transcriptomic analysis revealed that lignin biosynthesis genes
were downregulated after five days of exposure to 50 pM Cu. Early lignin deposition
likely contributes to Cu sequestration, but prolonged synthesis may be downregulated
to prevent excessive rigidity and lignification, ensuring continued root growth (Nair
and Chung, 2014). This finding explained the discrepancy between this study and
previous studies and indicated that lignin biosynthesis likely exhibits a similar
spatiotemporal-specific regulation observed in suberin biosynthesis. However, this
hypothesis needs to be validated by further lignin staining analysis, chemical analysis

and gene expression analysis.
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Reducing Cu uptake and enhancing cellular detoxification represent two primary
strategies plants employ to mitigate Cu toxicity (Adrees et al., 2015). The results of
transcriptomic analysis revealed that Cu stress significantly downregulated the
expression of metal transporter genes (ZIP2, YSL4/6, HMA?2), the Cu chaperone gene
(ATX1), and the Cu chelator genes (NAS1/2/3), thereby limiting Cu absorption and
translocation. In contrast, genes associated with cellular detoxification mechanisms,
including MT2, HIPP genes, and HSP genes, were markedly upregulated. Their coded
proteins function by intracellularly sequestering excess Cu and enhancing antioxidant
activity, thereby minimizing oxidative damage and enhancing tolerance (Liu et al.,
2015; Cui et al., 2019; Xiong et al., 2023). These findings highlight a dual adaptive
strategy involving restricted Cu uptake and active cellular detoxification (Clemens,

2001; Kosakivska et al., 2021).

Excess Cu generates ROS, resulting in a strong antioxidant response (Mir et al., 2021).
The results of transcriptomic analysis revealed that Cu stress upregulated the expression
of antioxidant enzyme genes, including CSD1/2, GST genes, and CAT2, which help
scavenge ROS and mitigate oxidative stress (Cao et al., 2019; Tiwari et al., 2022). This
reinforced antioxidant defense system is crucial for Cu tolerance, alleviating cellular
damage caused by Cu-induced oxidative stress (Boojar and Goodarzi, 2007; Madejon

et al., 2009).

Multiple hormone signaling pathways are involved in plant responses to Cu stress
(Wang et al., 2024). The results of transcriptomic analysis indicated that Cu stress
downregulated the related genes in auxin and cytokinin signaling pathways, likely
suppressing root growth to conserve energy for stress adaptation. In contrast, genes
related to ABA and ethylene signaling pathways, including PP2C4, SnRK?2, and EIN3,
involved in regulating suberin biosynthesis, were significantly upregulated (Barberon
et al., 2016). RT-qPCR analysis further confirmed Cu-induced upregulation of ABA
pathway genes at early stages (0-3 days) (Figure 3. 23), supporting its role in early

suberin induction (Wei et al., 2020). Ethylene, known to antagonize suberin synthesis,
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may contribute to feedback inhibition, preventing excessive suberin accumulation
(Chen et al., 2025). This hormonal crosstalk optimizes growth-defense trade-offs,

balancing Cu tolerance with root development.

4.7 Effect of copper stress on suberin-defective mutant

Biochemical and molecular data in this study indicated that suberin plays a critical role
in Cu tolerance in barley, and the CYP86BI gene is involved in suberin biosynthesis
under Cu stress. To further investigate this, the effects of Cu stress on the morphology,
physiology, biochemistry, and suberin biosynthesis of the barley (cv. Golden Promise
Fast) wild-type and its suberin-defective mutants (cyp86b1-1 and cyp86b1-2) were
analyzed. The results of this study demonstrated that suberin-defective mutants
(cyp86b1-1 and cyp86b1-2) exhibited significantly stronger inhibition of root and shoot
growth under 50 uM Cu treatment compared to wild-type plants (Figure 3. 25-Figure
3. 26). These results indicated that suberin-defective mutants with impaired suberin
biosynthesis are more susceptible to Cu-induced toxicity, highlighting the protective
role of suberin as a barrier against heavy metal uptake. This conclusion aligns with
previous studies emphasizing the general importance of suberin in plant defense against

metal stress (Cheng et al., 2014; Cheng et al., 2015).

Interestingly, despite significant growth inhibition, the results of this study indicated
that leaf pigment composition and chlorophyll fluorescence parameters (including PSII
efficiency) were not significantly affected by Cu treatment in either wild-type or
suberin-defective mutants (Figure 3. 27-Figure 3. 29). This outcome aligns with earlier
observations in the barley (cv. Scarlett), confirming the tolerance of barley
photosynthetic apparatus under moderate metal toxicity (Vassilev et al., 2004). The
stable photosynthetic parameters suggest that growth inhibition in barley likely results
from root-specific damage or impaired water and nutrient transport rather than from

direct leaf photosynthetic impairment.
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Furthermore, different genotype-dependent oxidative stress responses under Cu
treatment were observed. Specifically, the results of this study indicated that Cu-
induced increases in leaf O:»~ and MDA levels only occurred in suberin-defective
mutants, whereas these parameters remained unchanged in wild-type plants (Figure 3.
31-Figure 3. 32). While this increased oxidative stress in suberin-defective mutants is
likely due to the absence of effective suberin barriers, resulting in increased Cu
accumulation in shoots. Notably, despite increased oxidative stress in leaves, the results
of this study indicated that root MDA content remained unaffected by Cu stress in all
genotypes. This discrepancy indicates that Cu-induced oxidative stress responses differ
in various plant tissues, likely due to differences in tissue-specific metal distribution
mechanisms or antioxidant responses. Moreover, contrary to the results of this study in
barley (cv. Scarlett) and some previous findings (Chen et al., 2001; Singh et al., 2010),
Cu stress did not induce significant changes in proline accumulation in either wild-type
or suberin-defective mutants barley (cv. Golden Promise Fast) leaves or roots under
experimental conditions in this study (Figure 3. 33). These results suggest that Cu-
induced proline responses in barley may be cultivar-specific or more relevant under

severe Cu stress conditions (Schat et al., 1997; Szafranska et al., 2011).

Histochemical analysis results demonstrated rapid and complete suberin deposition in
the root endodermis of all genotypes under Cu stress (Figure 3. 34). Despite the
mutations, cyp86bi-1 and cyp86bI-2 mutants exhibited similar suberin lamellae
formation patterns compared to wild-type, consistent with previous findings in
Arabidopsis that suberin deposition pattern was unaltered in suberin-defective mutants
(Calvo-Polanco et al., 2021). These findings suggest that while CYP86B1 mutation
alters suberin chemical composition, it does not alter the formation pattern of suberin

barriers in roots under Cu stress.

Chemical analysis results revealed marked increases in total aliphatic suberin content
of wild-type and suberin-defective mutants under Cu treatment across all root zones

(Figure 3. 35). Suberin-defective mutants showed notably greater accumulation of
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aliphatic suberin content compared to wild-type, particularly in zone A (the youngest
root zone). Detailed analysis of suberin compositions indicated a marked increase in a-
o dicarboxylic acids and ®-hydroxy acids in all genotypes under Cu treatment,
highlighting their primary role in Cu-induced suberin synthesis (Figure 3. 36) (Graga
and Pereira, 2000; Graga, 2015). However, suberin-defective mutants exhibited a
specific lack of C22-C26 very long chain (C > 20) w-hydroxy acids across all conditions
and zones (Figure 3. 37-Figure 3. 39). This is consistent with the function of the
CYP86B1 gene reported in Arabidopsis, which is responsible for the synthesis of very
long chain (C > 20) w-hydroxy acids (Compagnon et al., 2009). Interestingly, this
deficiency in suberin-defective mutants activated compensatory increases of other
suberin monomers, including w-hydroxy acids, fatty acids, and a-® dicarboxylic acids,
contributing to the higher aliphatic suberin content. This altered composition suggests
compensatory biosynthesis pathways are activated in the absence of functional
CYPS86B1 enzyme activity, consistent with previous findings in Arabidopsis
(Compagnon et al., 2009; Yadav et al., 2014). The increased suberin levels in cyp86b1
mutants may be a compensatory mechanism to maintain barrier integrity and function.
o-Hydroxy acids and o-o dicarboxylic acids, as the main components of aliphatic
suberin, are mainly synthesized by two genes, CYP86A1 and CYP86B1 (Franke et al.,
2005; Nomberg et al., 2022). Fatty acids are components of suberin and are used as
precursors for the synthesis of w-hydroxy acids and a-w dicarboxylic acids. The results
of this study showed that this metabolic compensation specifically increased the
production of C16 and C18:1 w-hydroxy acids and C18:1 diacids synthesized by
CYP86A1, as well as the content of fatty acids as precursors for suberin synthesis.
Therefore, this metabolic compensation seems to involve redirecting metabolic flux to
other suberin synthesis branches and upstream precursors. The study on CYP86B1
mutants in Arabidopsis has also observed similar metabolic compensation mediated by
metabolic flux redirection (Compagnon et al., 2009). Despite increased suberin

deposition, cyp86b1 mutants remained more sensitive to Cu stress. This indicates that
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Cu tolerance depends not only on suberin quantity but also critically on its chemical
composition. Studies in Arabidopsis demonstrate that suberin monomer composition is
essential for barrier integrity, with specific monomers contributing significantly to
suberin functionality and overall barrier properties (Ranathunge and Schreiber, 2011).
Specifically, very long chain w-hydroxy acids (C22-C26 ®-OH acids) likely enhance
hydrophobicity and impermeability of suberin polymers, critical features for restricting
metal uptake and transport within roots (Graga, 2015). This was further confirmed by
the study on CYP86BI mutants in Arabidopsis, which exhibited enhanced root
hydraulic conductivity (Calvo-Polanco et al., 2021). Thus, their absence in cyp86b1-1
and cyp86b1-2 mutants likely disrupts polymer integrity, resulting in increased
permeability to Cu ions. Cu ions staining results further demonstrated the functional
significance of suberin composition in limiting Cu translocation into inner root tissues
(Figure 3. 40). Under Cu stress, in wild-type plants, Cu was mainly restricted to
apoplastic regions of epidermal and cortex cells, whereas cyp86b1-1 and cyp86b1-2
mutants showed significantly enhanced Cu accumulation within xylem vessels. Such
increased Cu entry into vascular tissues in mutants indicates that compromised suberin
barriers allow increased Cu transport into the shoot, worsening toxicity effects and
explaining the observed heightened susceptibility in mutants. These results highlight
the important role of specific very long chain ®-hydroxy acids in suberin barrier

integrity and function.
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5. Conclusion

Cu contamination, primarily resulting from anthropogenic activities, is a critical
environmental stress that adversely affects plant growth and development. Suberin
deposition in root endodermal cells is considered an essential protective mechanism
against environmental stress. However, the specific role of suberin under Cu stress
remains unclear. This study aimed to clarify Cu-induced phytotoxicity and elucidate

the protective role of suberin biosynthesis in barley under Cu stress.

In this study, the morphological, physiological, biochemical, and molecular responses
of 12-day-old barley (cv. Scarlett) seedlings subjected to 50 uM or 100 uM Cu
treatments for six days were investigated. The results of this study demonstrated that
Cu stress significantly inhibited barley growth, with roots exhibiting greater sensitivity
compared to shoots. Despite evident growth inhibition, photosynthetic parameters,
including pigment composition and chlorophyll fluorescence parameters, remained
stable under Cu treatment. Cu stress triggered oxidative stress in barley, characterized
by H20: accumulation in roots, decreased O:*~ levels in roots, and increased Oz~
content in leaves. As a result, barley plants accumulated proline in both roots and leaves,
likely mitigating oxidative stress. The results of histochemical and chemical analyses
demonstrated that Cu stress accelerated suberin deposition in barley roots, especially
through increased synthesis of aliphatic suberin monomers (®-hydroxy acids and a-®
dicarboxylic acids), particularly at the root apex (Zone A, 0-25% root length).
Additionally, Cu stress affected the uptake of essential mineral nutrients, disrupting
nutrient homeostasis. Histochemical analysis of Cu distribution in root cross-sections
and mineral nutrition analysis indicated that suberin served as an effective endodermis
barrier, limiting the xylem loading of Cu ions. Consequently, Cu primarily accumulated
in root apoplastic regions, significantly reducing its translocation to shoots and

alleviating shoot toxicity. Transcriptomic analysis revealed a complex regulatory

92



network involving cell wall modifications (lignin and suberin biosynthesis),
detoxification pathways, antioxidant defense mechanisms, Cu transport regulation, and
hormone signaling pathways in response to Cu stress. Transcriptome analysis and RT-
gPCR analysis further revealed that Cu-induced spatiotemporal-specific regulation of
key suberin biosynthesis genes, CYP86A41 and CYP86B1, was up-regulated throughout
the roots during the early Cu exposure stage (0-3 days), possibly mediated by ABA
signaling. However, the expression of these genes decreased throughout the roots

during later stages (5-6 days), except in the youngest root zone (Zone A).

Moreover, the Cu stress effect on wild-type and suberin-defective mutant (cyp86b1-1
and cyp86b1-2) barley seedlings was investigated. Compared to wild-type plants,
suberin-defective mutants showed enhanced sensitivity to Cu stress, evidenced by
stronger growth inhibition and increased oxidative stress (significantly increased Oz~
and MDA content only in mutant leaves). Chemical analysis revealed that mutants
lacked very long chain (C22-C26, carbon chain length >20) o-hydroxy acids under all
experimental conditions and root zones. However, this deficiency triggered
compensatory increases in other suberin monomers, resulting in increased total
aliphatic suberin content under Cu stress. Furthermore, copper ion staining analysis
indicated an impaired barrier function in the mutants, with greater Cu accumulation in
xylem vessels. These findings highlight the important role of specific very long chain

o-hydroxy acids in suberin barrier integrity and function.

Overall, this study provides comprehensive insights into Cu-induced phytotoxicity and
highlights the important protective function of suberin as an endodermis barrier in
barley roots. The findings of this study provide new insights into varietal selection and
genetic improvement aimed at enhancing Cu tolerance and provide a useful genetic
resource for future studies in enhancing Cu tolerance and improving the

phytoremediation potential of barley and other crops in Cu-contaminated soil.
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7. Supplementary data

Table S1 Primer list

Primer name Sequence 5'-3'
CYP86BI clone-Forward ACGGCCATACGTTGCCATCA
CYP86BI1 clone-Reverse TCAGCTTTCTCCTGCAAAGTATCACT
Actin-Forward GGCACACTGGTGTCATGGT
Actin -Reverse GCGCCTCATCACCAACATA
CYP86A1-Forward AGCTTCAGCTGTTGTTACTGG
CYP86A1-Reverse TCCCTGGATGTTGCGTATGT
CYP86BI1-Forward TAGTGGTCTGATTCGCTGCC
CYP86B1-Reverse CTATCCCTCACCAGACCCGA
NCEDI1-Forward CCAGCACTAATCGATTCC
NCEDI-Reverse GAGAGTGGTGATGAGTAA
NCED2-Forward CATGGAAAGAGGAAGTTG
NCED2-Reverse GAAGCAAGTGTGAGCTAAC
Ao5Sb-Forward TTGGCGTTGTGATTGCTGAGAC
Ao5Sb-Reverse AAAACGGGGGAGGATGGAAGTA
ABAS8-OH1-Forward AGCACGGACCGTCAAAGTC
ABAB8-OH1-Reverse TGAGAATGCCTACGTAGTG
ABAS8-OH2-Forward GAGATGCTGGTGCTCATC
ABAB8-OH2-Reverse ACGTCGTCGCTCGATCCAAC
BG8-Forward CCCCGGCCAGGCGTATTCC
BGS8-Reverse TCCCAGGCTTATTCGTCATCCA
PYL4-Forward CCCCCTCCGGTCAACTCTCG
PYL4-Reverse CCACCACCACCACCACGGATTT
PP2C4-Forward TGGCCTCTGGGATGTATTGTCG
PP2C4-Reverse GAGCCGCTGGATCTGGGGAGTC
SnRK2-Forward GCTGCGTCCCTGCTTCGTA

SnRK2-Reverse CGCTTCGTGGCCTTATTGTTG
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Table S2 The gene information of key DEGs in response to copper stress (P-value < 0.05)

Gene ID Symbol Description Log:FC P-value
Cell wall modification

HORVU.MOREX.r2.1HG0000810 ~ WAK?2 Wall-associated receptor kinase -1.92  1.59E-05
HORVU.MOREX.r2.1HG0004550  WAK4 Wall-associated receptor kinase 1.55 2.16E-02
HORVU.MOREX.r2.3HG0186650  WAKI1 Wall-associated receptor kinase 1.77 6.98E-03
HORVU.MOREX.r2.3HG0182520  WAKS Wall-associated receptor kinase 2.01 1.73E-02
HORVU.MOREX.r2.5HG0420200 WAK3 Wall-associated receptor kinase 1.70  1.53E-03
HORVU.MOREX.r2.6HG0449500  WAKS Wall-associated receptor kinase 1.95 2.33E-02
HORVU.MOREX.r2.3HG0274770 PAE6 Pectin acetylesterase 6 -2.25 3.22E-03
HORVU.MOREX.r2.3HG0274790 PAES Pectin acetylesterase 5 -2.09 8.34E-03
HORVU.MOREX.r2.5HG0438710 PAE3 Pectin acetylesterase 3 -4.94 9.07E-08
HORVU.MOREX.r2.1HG0048290  PME41 Pectin methylesterase 41 1.70  3.42E-03
HORVU.MOREX.r2.2HG0082500 PME4 Pectin methylesterase 4 2.17  3.33E-04
HORVU.MOREX.r2.5HG0356750 PME3 Pectin methylesterase 3 -1.94 4.29E-04
HORVU.MOREX.r2.7HG0601520 PME1 Pectin methylesterase 1 -1.65 2.41E-03
HORVU.MOREX.r2.1HG0002940 OMT1 O-methyltransferase family -3.61 2.63E-04
HORVU.MOREX.r2.1HG0009370 OMT9 O-methyltransferase family -5.51 3.37E-06
HORVU.MOREX.r2.1HG0009380  COMT O-methyltransferase family -5.48 3.90E-06
HORVU.MOREX.r2.4HG0276750 OMT2 O-methyltransferase family 4.38 3.92E-06
HORVU.MOREX.r2.6HG0449080  IGMT4 O-methyltransferase family -4.94 4.47E-06
HORVU.MOREX.r2.7HG0547010 CCR2 Cinnamoyl-CoA reductase 1.51 1.71E-03
HORVU.MOREX.r2.7HG0621570  IGMT1 O-methyltransferase family -5.22  5.56E-06
HORVU.MOREX.r2.2HG0092440 PRX1 Class III peroxidases -2.34  3.40E-02
HORVU.MOREX.r2.2HG0092500 PRX2 Class III peroxidases -1.50 4.80E-02
HORVU.MOREX.r2.3HG0211680  PRX72 Class III peroxidases -2.93  4.05E-05
HORVU.MOREX.r2.3HG0211690 PRX2 Class III peroxidases -5.08 1.81E-05
HORVU.MOREX.r2.3HG0211730  PRX36 Class III peroxidases -3.46 7.14E-04
HORVU.MOREX.r2.3HG0211760 PRX9 Class III peroxidases -4.80 4.41E-05
HORVU.MOREX.r2.5HG0404500  PRX17 Class III peroxidases 1.56  6.70E-05
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HORVU.MOREX.r2.3HG0254020

HORVU.MOREX.r2.4HG0319180

HORVU.MOREX.r2.5HG0385060

HORVU.MOREX.r2.1HG0059450

HORVU.MOREX.r2.2HG0111770

HORVU.MOREX.r2.3HG0252380

HORVU.MOREX.r2.4HG0326360

HORVU.MOREX.r2.4HG0329430

HORVU.MOREX.r2.7HG0572230

HORVU.MOREX.r2.7HG0538720

HORVU.MOREX.r2.4HG0276830

HORVU.MOREX.r2.3HG0251350

HORVU.MOREX.r2.1HG0034810

HORVU.MOREX.r2.6HG0499350

HORVU.MOREX.r2.2HG0107490

HORVU.MOREX.r2.2HG0107530

HORVU.MOREX.r2.4HG0321420

HORVU.MOREX.r2.3HG0253120

Translocation

HORVU.MOREX.r2.2HG0088520

HORVU.MOREX.r2.2HG0165820

HORVU.MOREX.r2.1HG0057890

HORVU.MOREX.r2.2HG0158440

HORVU.MOREX.r2.3HG0273580

HORVU.MOREX.r2.7HG0603650

HORVU.MOREX.12.7HG0606170

Detoxification

HORVU.MOREX.r2.1HG0004210

HORVU.MOREX.12.4HG0348200

HORVU.MOREX.r2.6HG0523410

LACI2

LACS

LACI12

LAC4

LAC17

LAC2

KCS1

KCS6

FARI1

FAR4

FARS

CYP86A1

CYP86BI1

CYP86A4

HHT1

HHT2

ABCG2

ABCG20

YSL6

YSL4

ZIP5

ZIP3

ZIP2

HMA2

ATX1

MT2

NAS2

NAS3

Laccase multi-copper oxidoreductase
Laccase multi-copper oxidoreductase
Laccase multi-copper oxidoreductase
Laccase multi-copper oxidoreductase
Laccase multi-copper oxidoreductase
Laccase multi-copper oxidoreductase
3-ketoacyl-CoA synthase
3-ketoacyl-CoA synthase
Fatty acyl CoA reductase
Fatty acyl CoA reductase
Fatty acyl CoA reductase
Fatty acyl omega-hydroxylase
Fatty acyl omega-hydroxylase

Fatty acyl omega-hydroxylase

Hydroxycinnamoyl-CoA acyltransferase

Hydroxycinnamoyl-CoA acyltransferase

ABC transporter G family member

ABC transporter G family member

Yellow stripe-like protein
Yellow stripe-like protein
Zrt-/Irt-like protein
Zrt-/Irt-like protein
Zrt-/Irt-like protein
Heavy metal ATPase

Antioxidant protein

Type 2 metallothionein-like
Nicotianamine synthase

Nicotianamine synthase

-2.89

-2.95

-1.79

-4.42

-2.60

-2.90

-2.47

-3.69

2.12

-5.12

-3.68

-2.60

-1.66

-1.84

-2.39

-2.22

-2.64

-2.85

-3.23

-2.09

1.70

2.55

-3.46

-2.32

-3.26

3.67

-3.45

-3.28

8.98E-04

2.46E-04

1.68E-03

7.68E-07

1.01E-07

2.93E-04

4.71E-03

6.52E-04

1.11E-06

1.98E-04

6.54E-04

1.16E-03

7.41E-03

2.60E-03

1.28E-03

2.74E-03

2.94E-04

1.36E-03

1.42E-02

3.93E-02

2.57E-03

2.37E-04

3.31E-04

9.96E-04

1.15E-03

1.58E-03

3.30E-02

1.03E-02
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HORVU.MOREX.r2.4HG0345860

HORVU.MOREX.r2.2HG0175140

HORVU.MOREX.r2.3HG0187690

HORVU.MOREX.r2.3HG0197320

HORVU.MOREX.r2.3HG0197340

HORVU.MOREX.r2.3HG0197310

HORVU.MOREX.r2.3HG0197330

HORVU.MOREX.r2.3HG0197300

HORVU.MOREX.r2.4HG0277610

HORVU.MOREX.r2.4HG0334030

HORVU.MOREX.r2.4HG0334490

HORVU.MOREX.r2.5HG0397460

HORVU.MOREX.r2.6HG0515330

HORVU.MOREX.r2.7HG0551540

HORVU.MOREX.r2.7HG0551550

HORVU.MOREX.r2.7HG0551580

HORVU.MOREX.r2.7HG0555460

HORVU.MOREX.r2.2HG0084300

HORVU.MOREX.r2.6HG0451590

HORVU.MOREX.r2.3HG0252650

HORVU.MOREX.r2.4HG0329540

HORVU.MOREX.r2.2HG0101570

HORVU.MOREX.r2.2HG0134510

HORVU.MOREX.r2.2HG0135330

HORVU.MOREX.r2.2HG0163600

HORVU.MOREX.12.2HG0167790

HORVU.MOREX.12.2HG0173360

HORVU.MOREX.r2.2HG0173500

HORVU.MOREX.12.2HG0173510

HORVU.MOREX.r2.3HG0209410

NAS1

HSP20-1

HSP20-2

HSP20-3

HSP20-4

HSP20-5

HSP20-6

HSP20-7

HSP20-8

HSP20-9

HSP20-10

HSP20-11

HSP20-12

HSP20-13

HSP20-14

HSP20-15

HSP20-16

HSP60-1

HSP60-2

HSP70-1

HSP70-2

HIPP23

HIPP43

HIPP39

HIPP4

HIPP2

HIPP44

HIPP45

HIPP46

HIPP47

Nicotianamine synthase

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 20 family

Heat shock protein 60 family

Heat shock protein 60 family

Heat shock protein 70 family

Heat shock protein 70 family
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant proteinn
Heavy-metal-associated isoprenylated plant protein

Heavy-metal-associated isoprenylated plant protein

-1.85

-2.09

-4.25

2.68

2.99

2.43

3.04

1.80

-1.56

-1.61

243

-1.51

2.03

2.12

1.50

1.61

2.41

-1.69

3.21

1.84

1.65

3.18

-1.77

2.85

1.74

-2.57

2.89

-2.83

1.91

1.85

3.72E-02

3.33E-05

2.49E-03

9.80E-03

3.82E-03

3.29E-04

1.14E-03

1.40E-03

3.68E-02

4.91E-02

1.64E-03

1.66E-04

7.94E-03

3.46E-02

1.51E-02

1.70E-02

4.38E-02

3.19E-02

7.47E-05

3.85E-04

1.43E-03

2.70E-03

1.89E-03

2.46E-02

1.64E-03

6.60E-03

2.09E-04

1.85E-03

5.25E-04

2.37E-05
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HORVU.MOREX.r2.3HG0221330
HORVU.MOREX.r2.4HG0338470
HORVU.MOREX.r2.6HG0453610
HORVU.MOREX.r2.7HG0620520
Copper protein
HORVU.MOREX.r2.1HG0038390
HORVU.MOREX.r2.7HG0594750
HORVU.MOREX.r2.2HG0113990
HORVU.MOREX.r2.2HG0129660
HORVU.MOREX.r2.3HG0241980
HORVU.MOREX.r2.2HG0153720
HORVU.MOREX.r2.5HG0404380
HORVU.MOREX.r2.6HG0469140
HORVU.MOREX.r2.6HG0497420
HORVU.MOREX.r2.5HG0444530
HORVU.MOREX.r2.6HG0507710
HORVU.MOREX.r2.3HG0244850
HORVU.MOREX.r2.4HG0280990
HORVU.MOREX.r2.6HG0506410
HORVU.MOREX.r2.4HG0347290
HORVU.MOREX.r2.3HG0245030
HORVU.MOREX.r2.5HG0425180
HORVU.MOREX.r2.7HG0551420
Antioxidant
HORVU.MOREX.r2.2HG0094720
HORVU.MOREX.r2.4HG0329510
HORVU.MOREX.r2.1HG0054390
HORVU.MOREX.r2.1HG0054400
HORVU.MOREX.r2.1HG0054410

HORVU.MOREX.r2.1HG0054420

HIPP20

HIPP33

HIPP27

HIPP35

SKS2

MCO2

UCC1-1

uccC2-1

ENODL19

UCC3-1

ucC2-2

ENODL18

UCC3-2

ARPNI1

ARPN2

UcCcC1-2

ARPN3

ENODLI1

ENODLS

ENODL9

ENODL20

ucCcCl1-3

CSD1

CSD2

PODI1

POD2

POD3

POD4

Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein
Heavy-metal-associated isoprenylated plant protein

Heavy-metal-associated isoprenylated plant protein

Multicopper oxidase
Multicopper oxidase
Uclacyanin-like protein
Uclacyanin-like protein
Early nodulin-like protein
Uclacyanin-like protein
Uclacyanin-like protein
Early nodulin-like protein
Uclacyanin-like protein
Plantacyanin-like protein
Plantacyanin-like protein
Uclacyanin-like protein
Plantacyanin-like protein
Early nodulin-like protein
Early nodulin-like protein
Early nodulin-like protein
Early nodulin-like protein

Uclacyanin-like protein

Cu/Zn superoxide dismutase
Cu/Zn superoxide dismutase
Peroxidase superfamily protein
Peroxidase superfamily protein
Peroxidase superfamily protein

Peroxidase superfamily protein

-1.94

-2.86

3.07

-3.26

-2.57

-1.62

-6.24

-3.62

2.11

-2.65

-1.97

-3.26

-2.65

1.54

-3.98

1.79

-1.75

-2.09

-1.67

-1.69

-1.91

0.56

0.98

-6.29

-5.73

-5.50

-5.71

2.43E-03

3.11E-04

4.93E-03

8.36E-04

5.04E-03

2.54E-04

7.71E-08

3.26E-04

2.44E-04

5.76E-04

2.39E-02

2.77E-04

1.95E-04

1.08E-03

1.53E-03

1.13E-03

1.25E-03

2.47E-02

3.98E-04

3.54E-02

4.77E-03

5.24E-04

3.59E-03

1.39E-04

1.51E-07

3.71E-07

8.44E-07

5.07E-07
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HORVU.MOREX.r2.1HG0054440
HORVU.MOREX.r2.2HG0159520
HORVU.MOREX.r2.5HG0425690
HORVU.MOREX.r2.7HG0584900
HORVU.MOREX.r2.7HG0604280
HORVU.MOREX.r2.6HG0453490
HORVU.MOREX.r2.2HG0085360
HORVU.MOREX.r2.6HG0525590
HORVU.MOREX.r2.1HG0040650
HORVU.MOREX.r2.1HG0040550
HORVU.MOREX.r2.3HG0183910
HORVU.MOREX.r2.2HG0178450
HORVU.MOREX.r2.2HG0155370
HORVU.MOREX.r2.2HG0178460
HORVU.MOREX.r2.3HG0233440
HORVU.MOREX.r2.2HG0178440
HORVU.MOREX.r2.7HG0529160
HORVU.MOREX.r2.3HG0266820
HORVU.MOREX.r2.7HG0529420
HORVU.MOREX.r2.4HG0321340
HORVU.MOREX.r2.5HG0411910
HORVU.MOREX.r2.7HG0612050
Plant hormone signal transduction
HORVU.MOREX.r2.1HG0060180
HORVU.MOREX.r2.4HG0291400
HORVU.MOREX.r2.5HG0360080
HORVU.MOREX.r2.5HG0422820
HORVU.MOREX.r2.5HG0423400
HORVU.MOREX.r2.1HG0072210

HORVU.MOREX.r2.3HG0244730

PODS

POD6

POD7

PODS

POD9

CAT2

APX3

APX1

GSTU16

GSTU18

GSTU15

GSTU20

GSTF3

GSTUI19

GSTU24

GSTU25

GSTUS

GSTU7

GSTU1

GSTL2

GSTZ1

GSTU11

AUX1

LAX2

IAA3

IAA16

1AA14

ARF4

GH3.1

Peroxidase superfamily protein
Peroxidase superfamily protein
Peroxidase superfamily protein
Peroxidase superfamily protein
Peroxidase superfamily protein
Catalase2
Ascorbate peroxidase 3
Ascorbate peroxidase 1
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase
Glutathione S-transferase

Glutathione S-transferase

Auxin influx transporter
LAX family of auxin influx carriers
Aux/IAA protein family
Aux/IAA protein family
Aux/IAA protein family
ARF family of transcription factors

IAA-amido synthases

-6.07

-3.32

-3.37

2.28

-2.92

3.13

-1.53

-1.64

-2.02

-2.05

1.67

3.46

4.40

3.28

1.85

3.47

2.85

1.77

1.83

2.14

1.68

-2.59

1.72

-2.09

-1.51

-1.90

-2.29

1.76

-1.68

3.51E-08

6.70E-05

1.79E-05

5.53E-04

2.96E-04

1.69E-03

1.70E-03

4.93E-03

1.77E-03

3.18E-03

3.39E-02

1.21E-05

3.20E-04

7.05E-04

2.43E-04

5.24E-04

3.23E-04

1.86E-03

1.98E-03

8.02E-04

1.52E-03

3.54E-04

9.14E-03

5.89E-04

6.61E-04

8.04E-04

1.50E-05

9.96E-04

2.05E-03
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HORVU.MOREX.r2.3HG0242100

HORVU.MOREX.r2.1HG0054200

HORVU.MOREX.r2.5HG0409880

HORVU.MOREX.r2.5HG0409900

HORVU.MOREX.r2.5HG0409910

HORVU.MOREX.r2.6HG0463870

HORVU.MOREX.r2.6HG0463880

HORVU.MOREX.r2.6HG0513430

HORVU.MOREX.r2.2HG0079860

HORVU.MOREX.r2.2HG0172680

HORVU.MOREX.r2.4HG0297660

HORVU.MOREX.r2.7HG0613500

HORVU.MOREX.r2.7HG0605640

HORVU.MOREX.r2.2HG0140600

HORVU.MOREX.r2.2HG0175470

HORVU.MOREX.r2.6HG0526160

HORVU.MOREX.r2.3HG0268300

HORVU.MOREX.r2.5HG0381410

HORVU.MOREX.r2.5HG0397180

HORVU.MOREX.r2.7HG0604580

HORVU.MOREX.r2.7HG0604570

HORVU.MOREX.r2.5HG0387330

HORVU.MOREX.r2.2HG0080130

HORVU.MOREX.r2.1HG0055970

HORVU.MOREX.r2.5HG0406840

HORVU.MOREX.12.5HG0392230

HORVU.MOREX.12.5HG0431600

HORVU.MOREX.r2.5HG0392250

HORVU.MOREX.12.7HG0540560

HORVU.MOREX.r2.7HG0549070

GH3.2

GH3 4

SAUR6

SAUR9

SAURI12

SAURI19

SAUR32

SAURS50

YUCCA9

YUCCA3

PIN1

PIN2

ILL6

ARR3

ARR6

ARRS

ARR4

ARR9

CYP735A1

XET22

XET6

CYCD3

BR60X

TGA2

TGA10

PRB1-2

PRBI1-3

PR1a

PR1

PRIc

[IAA-amido synthases
IAA-amido synthases
Auxin-regulated protein
Auxin-regulated protein
Auxin-regulated protein
Auxin-regulated protein
Auxin-regulated protein
Auxin-regulated protein
Flavin monooxygenase
Flavin monooxygenase
Auxin efflux carrier

Auxin efflux carrier

IAA amino acid conjugate hydrolase

Arabidopsis response regulator
Arabidopsis response regulator
Arabidopsis response regulator
Arabidopsis response regulator
Arabidopsis response regulator
Cytokinin hydroxylases
Xyloglucosyl transferase
Xyloglucosyl transferase
Cyclin D-type protein
Brassinosteroid-6-oxidase
TGACG binding proteins
TGACG binding proteins
Pathogenesis-Related Protein
Pathogenesis-Related Protein
Pathogenesis-Related Protein
Pathogenesis-Related Protein

Pathogenesis-Related Protein

1.52

2.01

1.70

2.04

-2.02

-2.63

1.76

-1.83

-2.66

1.69

-2.35

1.58

-2.36

-3.10

-1.98

-2.06

-1.50

-2.53

-1.88

2.68

1.80

1.56

1.56

-1.77

4.68

3.76

3.90

-5.20

3.07

2.05E-02

1.19E-04

2.15E-02

9.69E-03

2.21E-02

3.06E-04

1.44E-03

2.37E-04

6.90E-03

4.48E-03

1.27E-03

2.77E-03

2.37E-03

4.27E-04

7.03E-05

8.24E-06

9.63E-04

1.01E-02

7.86E-04

1.41E-04

2.19E-04

6.39E-04

7.14E-03

7.04E-04

3.75E-04

4.03E-04

3.32E-03

4.58E-04

1.23E-05

1.92E-03
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HORVU.MOREX.r2.7HG0549080

HORVU.MOREX.r2.2HG0167340

HORVU.MOREX.r2.2HG0079050

HORVU.MOREX.r2.3HG0255020

PR1b

SnRK?2

PP2C4

EIN3

Phosphatase 2C family protein

Pathogenesis-Related Protein

SNF1-related protein kinases

Ethylene-insensitive3 protein

3.16

1.99

1.86

2.25

6.72E-04

2.49E-03

1.85E-02

1.96E-04
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