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Abstract
Background and Aims: Zinc (Zn) is an essential micronutrient for plant growth, and excessive Zn in the
soil can inhibit normal plant growth, adversely affecting plant health. Sedum alfredii Hance, a native
Zn/Cd hyperaccumulator plant species in China, has strong tolerance and ability to accumulate heavy
metals. Previous studies have reported that Zn may have a positive effect on S. alfredii growth, rather
than causing toxicity. Thus, exploring the growth-promoting mechanisms of high Zn concentrations on S.
alfredii may provide a theoretical reference for phytoremediation technologies. 

Methods: In this study, the hyperaccumulating ecotype (HE) and non-hyperaccumulating ecotype (NHE)
of S. alfredii as research subjects, we used metabolomics, metabolomics, and transcriptomics techniques
to explore. 

Results: At 250 μM Zn, HE root biomass and Zn concentration in roots increased, while being reduced in
NHE. Nano-XRF analysis showed that Zn was located in the cortical intercellular space in HE roots,
whereas Zn was scattered in the root cells in NHE. The content of auxin in HE roots was increased by
1.26 times and the auxin oxidase activity decreased by 2.94 times after exposure to 100 μM Zn for 12 h,
while NHE exhibited the opposite trend. Transcriptomic results showed that HE up-regulated genes were
related to carbohydrate metabolism, nitrogen metabolism, carbon fixation, and tryptophan biosynthesis;
down-regulated genes were related to lipid metabolism and linoleic acid metabolism.

Conclusion: We further screened key gene resources, laying a foundation for the molecular mechanism
underlying the positive effect of high Zn concentration on HE growth.

Introduction
Zinc (Zn) is an essential micronutrient for plants and is closely related to plant growth and development
(Broadley et al. 2007). Zinc affects plant growth by altering root dry weight, shoot biomass, and leaf area
(Azhar et al. 2020). It participates in plant photosynthesis by influencing net photosynthesis, stomatal
conductance, photosystem efficiency, and chloroplast integrity (Pavia et al. 2019). Moreover, Zn
influences the activities of a variety of enzymes and plays an important role in hydrolysis, redox, and
protein synthesis processes (Noreen et al. 2021). It also changes plant cell structure by affecting cell
elongation, stomatal density, and plasma membrane integrity (Tavallali 2017). Plant roots play a pivotal
role in the uptake of Zn from the soil. Lateral roots rely on expanding the root-soil contact area to increase
nutrient uptake for plant growth. Studies have shown that the apparent contribution of lateral roots to Zn
uptake was 49.7–57.4% in hydroponic experiments (Liu et al. 2013). Therefore, it is crucial to explore the
mechanisms by which Zn affects the growth of lateral roots to further understand the growth-promoting
effects of Zn on plants. Recent studies have shown that Zn affects plant root growth through its effects
on auxin biosynthesis, transportation, and metabolism (Wang et al. 2021). The auxin (indole acetic acid,
IAA) biosynthetic pathway mostly relies on tryptophan, which is generally considered the precursor of IAA
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biosynthesis (Wang et al. 2012). As Zn is an essential component of tryptophan synthase, it is an
indispensable element for auxin biosynthesis in plants.

Excessive Zn in the soil can inhibit normal plant growth (Edelstein & Ben-Hur 2018). On the one hand, Zn
toxicity inhibits the growth of plant roots, which first manifests as a harmful root tip, leading to inhibition
of the growth of the entire root system. This toxicity can cause oxidative stress in the root system, destroy
the biofilm system of plant cells, and affect the normal physiological functions of cells (dos Santos et al.
2020). Zinc toxicity also causes vacuolization of plant root meristem cells, granular deposition in
vacuoles, cell wall thickening, mitochondrial matrix concentration, cytoplasmic thinning, and
endoplasmic reticulum enlargement (Glinska et al. 2016). On the other hand, excessive Zn can also
inhibit photosynthesis in plants, which is manifested as weakened photosynthesis, reduced transpiration,
and leaf chlorosis (Anjum et al. 2015). For Zn detoxification, plants fix metal ions via chelation (Gong &
Shen 2010). Cardaminopsis halleri can transfer Zn to vacuoles and achieve detoxification by
compartmentalization (Neumann & zur Nieden 2001). Zinc stress can affect the activity of plant
antioxidant enzymes (APX, SOD, POD, and CAT) and the content of antioxidants (AsA and GSH),
scavenging oxygen free radicals to protect cells from damage (Ding et al. 2005; Sun et al. 2008; Wang et
al. 2009). Plants secrete soluble sugars, soluble proteins, proline, and other osmotic adjustment
substances to maintain the water balance of cells and tissues, stabilize the structure of biological
macromolecules, and maintain normal cell metabolism (Guo et al. 2009; Mehta & Gaur 1999; Xu et al.
2006). However, hyperaccumulators, special plant species that differ from others, can grow normally
under high Zn conditions. For instance, Noccaea caerulescens can accumulate 21,000 mg/kg of Zn under
natural conditions (Baker, et al., 1994), and Zn mainly accumulates in the leaves of N. caerulescens under
hydroponic conditions. Its transport coefficient is 2–4.1 under 200–500 µM Zn treatment conditions
(Dinh, et al., 2015). Clearly, the effects of high Zn on hyperaccumulators and non-hyperaccumulators are
different, and the mechanism of hyperaccumulation requires further study.

Sedum alfredii Hance is a native Zn/cadmium (Cd) hyperaccumulator plant species in China. It has a
strong tolerance and ability to accumulate heavy metals such as Zn and Cd (Yang et al. 2004). In nutrient
solution, the highest Zn concentrations in the leaves and stems of the hyperaccumulating ecotype (HE) of
S. alfredii were 17,300 and 21,945 mg/kg, respectively, which were 16 and 18 times greater than those of
the non-hyperaccumulating ecotype (NHE). The hyperaccumulation of Zn in plants changes their root
structure to promote the formation of side roots (Balafrej et al., 2020). It has been observed in previous
studies that Zn may increase the biomass, root length, surface area, and volume of S. alfredii under Cd
stress (Ye et al. 2003). However, preliminary studies on S. alfredii have focused on Zn accumulation,
absorption, and transport characteristics (Li et al. 2009; Li et al. 2005), and few studies have focused on
the phenomenon that appropriate concentrations of Zn may promote the growth of hyperaccumulator
plants. Therefore, the specific effect of high concentrations of Zn on the growth of S. alfredii and its
mechanism of action remain unclear.

Our study used two ecotypes of S. alfredii as research objects and applied metallomics technologies to
study the growth-promoting effect of high Zn concentrations on S. alfredii and transcriptomics
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technologies to discover the functional genes that may play key roles. This study provides a theoretical
reference for the optimization of phytoremediation technology for heavy metal-contaminated soil, and
can also provide a new perspective for interpreting the theory of plant Zn nutrition.

Materials and Methods

Plant materials and pre-cultivation
The hyperaccumulating ecotype (HE) of Sedum alfredii Hance was obtained from an old Pb/Zn mined
area in Quzhou, Zhejiang Province, China, and the non-hyperaccumulating ecotype (NHE) of S. alfredii
was obtained from a tea plantation in Hangzhou, Zhejiang Province, China. Plants were cultivated in non-
contaminated soil for several generations to minimize the internal metal content. After germination,
healthy and equal-sized seedlings were selected and transferred to pure water for 1 week, then subjected
to ¼ and ½ strength nutrient solution for 4 days successively, and then pre-cultured in full-strength
nutrient solution. The nutrient solution was prepared as described previously (Tian et al. 2011). The pH of
the nutrient solution was adjusted to 5.8 daily using 0.1 M HCl or 0.1 M NaOH, and the nutrient solution
was renewed every 3 days. Plants were cultivated in an artificial climate room with natural light for 16 h
per day, day/night temperature of 25/23°C and humidity of 55–65% (Lu et al. 2008).

Plant growth and biomass
One-week-old seedlings of the two S. alfredii ecotypes were treated with different Zn concentrations (0.5,
5, 100, or 250 µM) for 7 days. Zn2+ was added as ZnSO4. Each treatment was replicated six times, with
seven individual plants per pot. Plant roots were photographed using a root scanner (Epson Perfection
V850 Pro, Japan). Lateral roots were photographed using a camera (Andor NEO-5.5-CL3, EU) connected
to an optical stereoscopic microscope (Nikon ECLIPSE Ni-E, Japan). The plants were immersed in 20 mM
Na2-EDTA for 15 min and rinsed three times with deionized water. The plants were separated into roots,
stems, and leaves, or roots and shoots, and the fresh weight (biomass) of each sample was recorded.

Element analysis
Four-week-old seedlings of the two S. alfredii ecotypes were treated with different Zn levels (0.5, 5, 100, or
250 µM) for 7 days. Three plants from each culture vessel were treated as one replicate and each
treatment had five replicates. The harvested plants were oven dried at 65°C for 72 h to a constant weight,
and dry weight was recorded. Dry plant samples from each treatment were digested at 180°C with 5 mL
HNO3 (1.0 M) and 1 mL H2O2 (1.0 M) until the solution was clear and transparent. The cooled digestion
solution was diluted to an appropriate volume using ultrapure water, and filtered through a 0.22-µm-pore
filter membrane. Zn and Cd contents were determined using an atomic absorption spectrophotometer
(SP-3530AA, Shanghai Spectrum, Shanghai, China).

Root length and number of lateral roots
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Lateral roots of seedlings of two S. alfredii ecotypes pre-cultured for 7 days were quantified using a
microscope and photographed using a root scanner. The root systems were observed using a WinRHIZO
2017 Pro to measure various indices. ImageJ was used to evaluate and analyze the lengths of the lateral
roots, mature lateral root zone, new lateral root zone, lateral root primordium zone, no lateral root zone,
new germination lateral root zone, lateral root apex, and adventitious root apex.

The boundaries of each division in the root were as follows: from the tip of the root apex to the first
mature root hair (no change in length) measured as the root apex length; to the first lateral root
primordium measured as the lateral root primordium area and the non-lateral root area; when the first
lateral root appeared was the boundary between the new lateral root zone and the lateral root primordium
zone; and the first mature lateral root (lateral root with mature root hairs) measured as the boundary
between the mature lateral root zone and the new lateral root zone.

Determination of auxin and cytokinin content
Four-week-old seedlings of the two S. alfredii ecotypes were treated with 5 µM ZnSO4 (control) or 100 µM
ZnSO4 for 0 h, 1 h, 3 h, 6 h, 12 h, 24 h, 3 d and 7 d, respectively. Three plants in each culture vessel were
treated as one replicate, and each treatment and time point had three replicates. The fresh root samples
were washed and ground in liquid nitrogen. The powder was extracted in 1 mL of pre-cooled (-20°C)
extractant (methanol:water:formic acid = 15:4:1, v:v, containing 10 mg/L BHT, w/v), and stored at -20°C
overnight. The extract was centrifuged at 4°C at 15,000 g for 30 min, the supernatant was reserved, the
residue was extracted and centrifuged again, and the supernatants from two centrifugations were mixed
and blown dry. Phytohormones were dissolved in 300 µL of 1 M methanol. Auxin and cytokinin contents
were determined using a Plant Auxin ELISA and Plant Cytokinin ELISA test kit (Shenzhen Zike
Biotechnology Co., Ltd.), respectively, according to the manufacturer's instructions. Absorbance was
measured using a microplate reader.

Determination of auxin oxidase activity
Auxin oxidase activity was determined using an indole acetate oxidase activity determination kit
(Sinobestbio) according to the manufacturer's instructions. Fresh root samples were washed and ground
in liquid nitrogen, and the extract was added. The extract was centrifuged at 4°C at 8000 g for 10 min.
Then the supernatant was mixed with reagents and incubated at 30°C. The absorbance (OD) was
measured at 530 nm using a microplate reader.

Element distribution characteristics analysis
Four-week-old seedlings of the two S. alfredii ecotypes were treated with 5 (control) or 250 µM ZnSO4 for
7 days. High-pressure freezing (HPF) followed by freeze substitution (FS) was used to maintain the
ultrastructure of the root tip and lateral root samples. The nano-XRF samples were cut to a length of 2
mm and placed in a high-pressure freezer (HPM-100; EM ICE, Leica, Germany) for freezing and fixing. The
fixed samples were kept in 1% osmium acid-acetone solution at -90°C, -60°C, and − 30°C for 8 hours to
fully fix the components. Then the samples were reserved at 0°C for 1 h and washed with pure acetone
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twice for 15 min each time. Resin was used to infiltrate, embed, and polymerize the samples to obtain
embedding blocks. The embedding block was ultra-thin sectioned on a microtome (EM UC7, Leica,
Germany) at a thickness of 3 µm. Nano-XRF was performed in a helium atmosphere on an Advanced
Photon Source (APS) 2-ID-E hard X-ray microprobe beamline at the Argonne National Laboratory in the
United States (Xie et al. 2020). The resulting element maps were visualized and analyzed using MAPS
software.

Transcriptome analysis
RNA extraction, library establishment, and Illumina sequencing

After 4 weeks of pre-culturing, HE S. alfredii were treated with 5 (control) or 100 µM ZnSO4 for 24 h, and
each treatment had three replicates. Total RNA was extracted from HE roots using TRIzol reagent
(Invitrogen, CA, USA), and RNA integrity was assessed using a Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). A sequencing library was generated using the NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® (NEB, USA). After cluster generation, the library preparations were sequenced on the
Illumina Hiseq™ platform and 150 bp paired-end reads were generated.

Data assembly and annotation

Raw data were first processed using in-house Perl scripts, including the removal of reads containing
adapters, reads containing poly-N, and low-quality reads. All the downstream analyses were based on
high-quality clean data. Transcriptome assembly was accomplished based on paired-end reads using
Trinity software, with min_kmer_cov set to 2 by default, and all other parameters set to default. Corset
software was used to perform hierarchical clustering. The longest cluster sequence was used for
subsequent analyses. Gene function was annotated based on the Nr (NCBI non-redundant protein
sequences), Nt (NCBI non-redundant nucleotide sequences), Pfam (protein family), KOG (eukaryotic
Ortholog Groups), Swiss-Prot (a manually annotated and reviewed protein sequence database), KEGG
(Kyoto Encyclopedia of Genes and Genomes), and GO (Gene Ontology) databases. The read counts were
transferred to FPKM at the gene expression level. Differential expression analysis was performed using
the DESeq R package (version 1.10.1). Individual genes were considered differentially expressed genes
(DEGs) when P < 0.05. KOBAS software was used to test the statistical enrichment of DEGs in the KEGG
pathways.

Statistical analysis
All statistical analyses were conducted using SPSS v22.0 software. The mean and standard deviation of
each group of data were calculated and analyzed using one-way analysis of variance (ANOVA).
Significant differences were indicated by Fisher’s least significant difference (LSD) test and Duncan’s
multiple range test at the P < 0.05 level. Drawing was performed using Origin 8.0 software.

Results
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Effects of Zn on plant growth and biomass
After one week of treatment at different Zn levels, the biomass of HE roots increased by 80.2% (100 µM
Zn) and 152.7% (250 µM Zn) compared to the control (5 µM Zn). High-Zn (250 µM Zn) treatment also
markedly increased the biomass of HE stems by 23.3%, implying that increasing the Zn concentration
significantly promoted the growth of HE. However, no significant effects in the biomass of HE roots,
stems, and leaves were observed under low-Zn (0.5 µM Zn) treatment (Fig. 1c). In contrast, excess Zn
significantly inhibited NHE plant growth, with 250 µM Zn exposure decreasing root biomass by 44.7%
compared to the control values. There was no significant effect on the biomass of NHE stems and leaves
(Fig. 1d).

Effects of Zn on roots and lateral roots
At the 100 and 250 µM Zn levels, increases were observed in the total HE root length of 54.2% and
103.6%, root surface area of 51.2% and 129.7%, and root volume of 108% and 207%, respectively. The
low-Zn treatment had no significant effect on HE roots compared with the control (Fig. 2c–e). However,
250 µM Zn treatment significantly reduced the total NHE root length, surface area, and volume of roots by
69.6%, 70.3%, and 40.1%, respectively. No significant differences in average root diameter were observed
between HE and NHE at any Zn level (Fig. 2f). In general, external Zn application promotes HE root growth
by increasing the total length, surface area, and volume of the root system. In contrast, Zn deficiency and
excess inhibited the growth of NHE roots.

Both ecotypes responded differently to Zn exposure in terms of lateral root development (Fig. 3a–b). At
250 µM Zn treatment, the total number of HE lateral roots significantly increased by 1.49 times, while
those of NHE were significantly reduced by 40.1% compared with the control. The average HE lateral root
length increased by 58.5% (100 µM Zn) and 178.6% (250 µM Zn) compared with that of the control
(Fig. 3c–d). However, low-Zn treatment had no significant effect on the length of HE lateral roots. The
lateral root length of NHE showed no obvious response to Zn exposure. In addition, during one-week
treatments with different Zn levels, the germination rate of HE lateral roots showed an increasing trend,
whereas a decreasing trend was observed in NHE lateral roots (Fig. 3e–f).

To further investigate the effect of Zn on lateral root development, lateral roots were zoned according to
germination status (Fig. 4a). In general, high-Zn treatment significantly increased the length of the lateral
root maturation zone, new lateral root zone, lateral root tip, and adventitious root tip in HE, whereas they
significantly decreased in NHE. Zn treatment had no effect on the length of the HE lateral root zone,
whereas that of the NHE decreased (Fig. 4f–k). The length of the root tip depends on the lengths of the
elongation and maturation zones. High-Zn treatment increased the length of the HE lateral root tip, but
inhibited NHE adventitious root tip elongation by affecting the elongation and maturation zones (Fig. 4d–
e).
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In general, Zn promoted the growth of the whole HE root system by increasing the number and length of
lateral roots, which was further attributed to the rapid elongation of the root tip; however, no lateral root-
promoting effects were observed in NHE under Zn treatment.

Zn concentration and accumulation
Both ecotypes showed significant differences in Zn concentrations and accumulation among the
different Zn levels. At an external Zn supply of 100 or 250 µM, the Zn concentration in HE increased by
72.6% or 104.0% in roots, 7.0% or 29.4% in stems, and 48.4% or 59.2% in leaves, respectively, compared
with the control (Fig. 1e–f). In contrast, low-Zn treatment decreased the Zn concentration in HE roots,
stems, and leaves by 67.0%, 19.7%, and 37.8%, respectively. The variation trend of Zn accumulation was
consistent with that of the Zn concentration. However, low-Zn treatment reduced the accumulation of Zn
in HE roots, stems, and leaves by 69.1%, 37.7%, and 46.1%, respectively (Fig. 1g–h).

The spatial distribution of different elements was analyzed using nano-XRF in the lateral root and root
tips of HE plants after different Zn exposures. The pixel brightness represents the elemental fluorescence
intensity. As shown in Fig. 5, Zn (red) was scattered throughout the roots, Fe (green) accumulated in the
epidermis, and K (blue) was mainly distributed in the cell wall. In HE roots at 250 µM Zn level, high
fluorescence intensities of Zn were observed in the cortical intercellular space compared with the control
(Fig. 5a–c). In NHE, higher Zn levels only increased the Zn signal intensity scattered in the root cells
(Fig. 5b–d). In HE, the macroelements K, P, and S were mainly distributed in the root tip and base of the
new lateral roots, and the trace element Fe was located in the epidermis of the primary root (Fig. 6b). In
addition to the central pillar of the primary root, Zn accumulated in the elongation zone and in some
“special parts” of the base of the lateral roots. To further explore the cell structure of these “special parts,”
we selected elements with widely different distributions of Fe and K to co-localize with Zn in the lateral
roots (Fig. 6). Based on the nano-XRF imaging and photomicrographs, Zn may specifically accumulate in
the pericycle and extracellular regions of damaged primary roots.

Effects of Zn on root hormones
At the 100 µM Zn level, the content of auxin in HE roots was increased by 59.1%, 89.6%, 105.8%, and
125.5% at 1, 3, 6, and 12 h, respectively, compared with the control. After 24 h of exposure, the IAA content
in HE roots reached a maximum of 66.5 ng/g (fresh weight), which was increased by 1.34 times
compared to the control. After 3–7 days of treatment, it remained stable after a slight decrease (Fig. 7a).
However, the IAA content in the NHE roots first increased and then decreased during the 7-day Zn
treatment (Fig. 7b).

Auxin oxidase (indole acetic acid oxidase) is a type of enzyme that induces auxin degradation. The
activity of IAA oxidase in HE roots was reduced by 17.4–54.2% under Zn exposure and reached a
minimum 1.17 µmol/h/g after 7 days (Fig. 7c). However, IAA oxidase activity in NHE roots first increased
and then decreased after Zn exposure. Compared with the control, IAA oxidase activity increased by
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12.8% and 70.7% under 1 h and 7 d of Zn exposure, respectively. IAA oxidase activity increased by 2.94
times and reached a maximum 2.11 µmol/h/g under Zn exposure for 12 h.

Cytokinin content in the two ecotypes differed under Zn exposure. The cytokinin content in HE roots
increased, whereas that in NHE roots decreased. After 6 h of Zn treatment, both ecotypes reached their
maximum or minimum and then changed slightly (Fig. 7e,f).

Transcriptome analysis of roots
We used high-throughput sequencing technology to compare and analyze the changes and differences in
the transcriptomes of HE roots under different Zn treatments. Among the 874 genes regulated by high Zn
levels, 309 were upregulated and 565 were downregulated. To further study the specific metabolic
pathways in HE under Zn stress, we carried out KEGG biological pathway analysis on the DEGs. The
upregulated DEGs in roots were mainly involved in the processes of C5-branched dibasic acid and
propionic acid metabolism in carbohydrate metabolism; nitrogen metabolism and carbon fixation in
energy metabolism; and tryptophan biosynthesis, tyrosine biosynthesis, and metabolism in amino acid
metabolism (Fig. 8). In contrast, the largest number of downregulated DEGs were mainly enriched in the
ribosome (Fig. 9). The largest enrichment process was for the photosynthesis antenna protein, which was
mainly involved in the processes of oxidative phosphorylation in energy metabolism, steroid and fatty
acid biosynthesis, and linoleic acid metabolism in lipid metabolism.

Based on the transcriptome analysis, we further screened key gene resources (Fig. 10). The upregulated
DEGs were associated with germin-like protein, auxin response factor, sugar transport protein, tryptophan
metabolism, aminotransferase-related family protein, ammonium transporter, and urea active transporter.
Downregulated DEGs were associated with wall-associated receptor kinase, serine/threonine protein
kinase, polyamine oxidase, mitogen-activated protein kinase kinase, and serine/arginine-rich protein.

Discussion
High Zn enhanced plant growth and root development of S. alfredii

High concentrations of Zn can be harmful to plants. Zn toxicity inhibits root growth and affects nutrient
absorption in plants (dos Santos et al. 2020). Our results showed that NHE were dwarfed with short roots
under high Zn stress (Fig. 1a–b), which was consistent with the phenotype of plants after Zn poisoning.
However, in HE roots under high-Zn treatment for 7 d, the total biomass, total root length, surface area,
volume, number of lateral roots, and length of lateral roots increased. Our results indicated that high-Zn
treatment promoted the growth of HE of S. alfredii roots and shoots.

Previous studies have also reported that high Zn levels can increase the biomass of HE shoots, especially
by promoting the rapid growth of new shoots (Long et al. 2006). Li et al. reported that high Zn
concentrations were beneficial for HE growth, and 500 µM Zn induced a significant increase in root
biomass (Li et al. 2008). This is a very interesting phenomenon, indicating that HE not only has a high
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tolerance to Zn but may also have high demands for Zn. It has been suggested that S. alfredii has
evolved root foraging mechanisms associated with greater Zn requirements (Liu et al. 2010).

High Zn promotes HE growth through transport,
compartmentalization, and regulation of auxin anabolism
Nano-XRF analysis showed that Zn was located in the cortical intercellular space of HE root cells to avoid
excess Zn toxicity, whereas in NHE, Zn was scattered in the root cells (Fig. 5). The data indicate that more
Zn was retained in NHE root cells, whereas HE transported Zn to the shoots. Previous studies have shown
that HE root cells induce cell wall methylation and hemicellulose modification under Zn stress (Guo et al.
2020; Guo et al. 2020), which promotes root cell wall analysis and xylem transport of Zn to the shoots
quickly and then participates in phloem remobilization transport (Lu et al. 2013). Previously, it has been
observed that the epidermal layers serve as important storage sites for the accumulation of Zn in the HE
of S. alfredii (Tian et al. 2009). These results are consistent with those of Dinh et al. who reported the Zn
hyperaccumulator Noccaea caerulescens (Dinh et al. 2015). However, in NHE, a large amount of Zn is
adsorbed on the cell wall or stored in vacuoles (Yang et al. 2006) and is not transported to the shoots.
Plants can weaken the toxicity of heavy metals by accumulating heavy metals in their cell walls (Wang &
Liu 2013).

Zn is an essential substance in the tryptophan-dependent auxin biosynthesis pathway (Wang et al. 2012),
and auxin plays an important role in the development of lateral roots, affecting various stages of lateral
root development (Motte et al. 2019). Our data showed that the auxin content of HE roots increased and
the auxin oxidase activity decreased rapidly reducing the degradation of auxin under high-Zn treatment,
while NHE roots exhibited the opposite effects. The effect of high Zn concentrations on cytokinin in HE
and NHE roots was consistent with that of auxin (Fig. 7). Thus, the high Zn content in HE can effectively
promote plant growth and root development by regulating the anabolism of auxin and cytokinin. A recent
study found that excess Zn increases the expression of auxin biosynthesis-related genes and results in
auxin accumulation in the root tips (Zhang et al. 2018). Studies have found that auxin may also affect
the process of Zn absorption by plants. Zn deficiency can increase the expression of the Zn transport-
related genes OsIRT1, OsZIP4, and OsZIP1 in rice roots; however, these genes were significantly
downregulated after blocking the auxin signal, indicating that auxin is involved in the absorption and
transport of Zn in rice when Zn is deficient (Begum et al. 2016).

In summary as to how Zn promotes the growth of HE plants, HE reduces the inhibitory effect of excessive
Zn accumulation on root cells through efficient transport to the shoots and root cell apoplast
compartments. In contrast, Zn accumulation in HE roots regulates the anabolism of growth hormones
and effectively promotes lateral root germination and root growth.

HE of S. alfredii suffers adversity under low Zn conditions while it prospers under high Zn conditions
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KEGG analysis of HE root cells revealed that the upregulated DEGs were mainly enriched in the regulation
of carbohydrate metabolism, nitrogen metabolism and carbon fixation, and tryptophan biosynthesis. The
predicted functions of the upregulated DEGs were related to germin-like proteins (GLPs), auxin response
factor (ARF), tryptophan (Trp) metabolism, sugar transport proteins, ammonium (AMT) and urea
transporters (UAT) (Fig. 10). Various germin-like proteins are known to be involved in the growth and
development of root tissues (Dunwell et al. 2008). Overexpression of Arabidopsis Plasmodesmata
germin-like proteins reduces primary root growth but enhances lateral root growth by regulating the
phloem-mediated allocation of resources between the primary and lateral root meristems (Ham et al.
2012). Auxin biosynthesis via the tryptophan aminotransferase of arabidopsis (TAA)/YUCCA (YUC) route
involving tryptophan aminotransferases and YUC flavin-dependent monooxygenases that produce the
auxin indole-3-acetic acid (IAA) from tryptophan is currently the most researched auxin biosynthetic
pathway (Poulet & Kriechbaumer 2017). Tryptophan aminotransferases (TAA1/TARs) catalyze the first
step in the conversion of L-tryptophan to indole-3-pyruvic acid (Kakei et al. 2017). The auxin response
factor (ARF) family functions by binding to auxin response elements (AuxREs) on the promoters of auxin
response genes, activating or repressing them, leading to plant growth (Guilfoyle & Hagen 2007). Sugars
are essential carbohydrates generated by photosynthesis in source leaves and are then transferred
through the phloem to sink organs such as seeds, fruits, stems, tubers, and swollen taproots (Wen et al.
2022). Sugar-transport proteins play a crucial role in the cell-to-cell and long-distance distribution of
sugars in plants (Williams et al. 2000). Ammonium transporters can transport ammonium from the roots
to the shoots to mediate the acquisition of ammonium nitrogen from the soil, which is essential to meet
the nitrogen demand of plants (Hao et al. 2020).

The downregulated DEGs were mainly involved in the regulation of oxidative phosphorylation in energy
metabolism, steroid and fatty acid biosynthesis in lipid metabolism, and linoleic acid metabolism. These
metabolic processes are associated with plant stress responses. Under Zn-deficient conditions, resistant
plants can reduce this damage via lipid remodeling (Ruelland et al. 2015). Fatty acids play an important
role in plant plasma membrane stability, stress resistance, tissue senescence (Rontani et al. 2005), and
seed development (Smith et al. 2003). The predicted functions of the downregulated DEGs were also
related to plant stress responses. The wall-associated kinase (WAK) gene family, a receptor-like kinase
gene family in plants, plays important roles in cell expansion, pathogen resistance, and heavy-metal
stress tolerance in Arabidopsis thaliana (Zhang et al. 2005). Polyamines not only play roles in plant
growth and development but also in adaptation to environmental stresses. Previous studies have shown
that maize polyamine oxidase (PAO) plays a role in cell wall maturation and root differentiation by
producing H2O2 (Cona et al. 2005; Rea et al. 2004). Gomez-Jimenez et al. reported that PAO and DAO
have significant functions in olive fruit abscission zone (AZ) development by providing apoplastic H2O2

for cell wall strengthening and lignosuberization events, and that a peroxidase substrate is provided in
these cells throughout AZ development (Gomez-Jimenez et al. 2010). Plant MAPK cascades regulate
numerous processes, including various environmental stress responses, hormones, cell division, and
developmental processes. Jasmonic acid (JA) and its methyl ester (MeJA) are plant signaling
compounds involved in regulating stress responses and development. Several studies have revealed that
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some MAPK cascades are involved in the wound/JA signaling pathway (Kumar et al. 2013).
Serine/arginine-rich (SR) proteins are conserved RNA-binding proteins that play a major role in RNA
metabolism. Stress signals control both the phosphorylation status and subcellular localization of plant
SR proteins, indicating potential mechanistic links between abiotic stress and the regulation of alternative
splicing (Duque 2011).

This indicates that there are two reasons for the growth-promoting effects of high Zn levels on HE.
Upregulated key genes, such as auxin synthesis, carbohydrate synthesis and metabolism, and amino acid
metabolism, provide an energy basis for the growth and development of roots. In contrast, the
downregulated genes were related to Zn deficiency stress, implying that high Zn levels alleviated this
stress in HE roots. This indicates that HE suffers adversity under low-Zn conditions and exhibits a stress
response, whereas high Zn provides conditions for HE to prosper (Fig. 11).

In conclusion, this study highlights the positive effect of high Zn concentrations on the growth of the
Zn/Cd hyperaccumulator Sedum alfredii Hance. At a 250 µM Zn level, HE root biomass and Zn
concentration in roots increased while those in NHE were reduced. Nano-XRF analysis showed that Zn
was located in the cortical intercellular space in HE roots, whereas Zn was scattered in the root cells of
NHE. The auxin content in HE roots was increased and the auxin oxidase activity decreased after
exposure to 100 µM Zn, while NHE exhibited the opposite effects. To adapt to high Zn conditions, HE cells
upregulated genes related to carbohydrate metabolism, nitrogen metabolism, carbon fixation, and
tryptophan biosynthesis, and downregulated genes related to lipid metabolism and linoleic acid
metabolism. We further screened key gene resources, laying a foundation for the molecular mechanism
underlying the positive effect of high Zn conditions on HE growth. This study provides a theoretical
reference for the optimization of phytoremediation technologies for heavy metal-contaminated soil.
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Figure 1

Hyperaccumulating ecotype (HE) and non-hyperaccumulating ecotype (NHE) of Sedum alfredii Hance
treated with 0.5, 5, 100, or 250 μM Zn for 7 days. (a) Side view of HE. Scale bar: 10 cm (b) Side view of
NHE. Scale bar: 10 cm (c) Biomass of HE (d) Biomass of NHE (e) Concentration of Zn in HE (f)
Concentration of Zn in NHE (g) Accumulation of Zn in HE (h) Accumulation of Zn in NHE. Bars represent
means ± SD (n=5), and different letters denote significant (P<0.05) differences within treatments.



Page 19/28

Figure 2

Roots of (a) hyperaccumulating ecotype (HE) and (b) non-hyperaccumulating ecotype (NHE) of Sedum
alfredii Hance treated with 0.5, 5, 100, or 250 μM Zn for 7 days. Scale bar: 2 cm. (c) Root length, (d) root
surface area, (e) root volume, and (f) average diameter of HE and NHE Sedum alfredii Hance treated with
0.5, 5, 100, or 250 μM Zn for 7 days. Bars represent means ± SD (n=7), and different letters denote
significant (P<0.05) differences within treatments.
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Figure 3

Differences in lateral roots of hyperaccumulating ecotype (HE) and non-hyperaccumulating ecotype
(NHE) of Sedum alfredii Hance treated with 0.5, 5, 100, or 250 μM Zn for 7 days. Lateral roots of (a) HE
and (b) NHE. Scale bar: 1 cm. (c) Lateral root numbers of each plant. (d) Average lateral root length.
Average lateral root numbers of each adventitious root of (e) HE and (f) NHE. Bars represent means ± SD
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(n=7), and different letters denote significant (P<0.05) differences within treatments. LR, lateral root; AR,
adventitious root.

Figure 4

Differences in root zone of hyperaccumulating ecotype (HE) and non-hyperaccumulating ecotype (NHE)
of Sedum alfredii Hance treated with 0.5, 5, 100, or 250 μM Zn for 7 days. (a) Different root zones. (b) Z2,
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Z3, and Z4 of HE. Scale bar: 2 mm. (c) Z2, Z3, and Z4 of NHE. Scale bar: 4 mm. (d) Z5, Z6, and Z7 of HE.
Scale bar: 1 mm. (e) Z5, Z6, and Z7 of NHE. Scale bar: 1 mm. Length of (f) Z1, (g) Z2, (h) Z3, (i) Z4, (j) Z6,
and (k) Z7 of HE and NHE. Bars represent means ± SD (n=5), and different letters denote significant
(P<0.05) differences within treatments. Z1, Mature lateral root zone; Z2, New lateral root zone; Z3, Lateral
root primordium zone; Z4, No lateral root zone; Z5, New germination lateral root zone; Z6, Lateral root
apex; Z7, Adventitious root apex. Brown line, Adventitious root; Yellow line, Lateral root; Black dot, Lateral
root primordium; White dotted line, Boundary between Z1 and Z2; Red arrow, Boundary between Z2 and
Z3; Blue arrow, Boundary between Z3 and Z4; Red dotted line, Mature zone of root apex; Red line,
Elongation zone of root apex.

Figure 5

In vivo imaging of Zn, Fe, and K by micro X-ray in different root tips collected from plants of the
hyperaccumulating ecotype (HE) of Sedum alfrediiHance treated with (a) 5 or (b) 250 μM Zn for 7 days
and non-hyperaccumulating ecotype (NHE) treated with (c) 5 or (d) 250 μM Zn for 7 days. The red, green,
and blue colors respectively depict the elemental concentration of Zn, Fe, and K in the map, scaled to the
maximum value for each map. Scale bar: 100 μm. Ep, Epidermis; Co, Cortex; Cp, Center pillar.
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Figure 6

In vivo imaging using (a) microscope and (b) merged (c) Zn, (d) Fe, and (e) K by micro X-ray in different
lateral roots collected from plants of the hyperaccumulating ecotype of Sedum alfredii Hance treated with
250 μM Zn for 7 days. The red, green, and blue colors respectively depict the elemental concentration of
Zn, Fe, and K in the map scaled to the maximum value for each map. Scale bar: 100 µm. Ep, Epidermis;
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Co, Cortex; Cp, Center pillar; Cs, Central sheath; Ez, Elongation zone; DPR, Damaged primary root; LR,
Lateral root.

Figure 7

Differences in the auxin (IAA) concentration, IAA oxidase activity, and cytokinin (CTK) concentration in
roots of hyperaccumulating ecotype (HE) and non-hyperaccumulating ecotype (NHE) of Sedum alfredii
Hance treated with 5 or 100 μM Zn for 0, 1, 3, 6, 12, or 24 hours or 3 or 7 days. (a) Concentration of IAA in
HE roots. (b) Concentration of IAA in NHE roots. (c) IAA oxidase activity in HE roots. (d) IAA oxidase
activity in NHE roots. (e) Concentration of CTK in HE roots. (f) Concentration of CTK in NHE roots. Bars
represent means ± SD (n=3). IAA, Indole acetic acid.
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Figure 8

KEGG analysis of differentially expressed upregulated genes in root cells of hyperaccumulating ecotype
of S. alfredii treated with 5 or 100 μM Zn for 24 h. The abscissa indicates the enrichment factor; the size
indicates the number of genes; the color indicates the significance, the redder the color indicates the more
significant the degree of enrichment; the ordinate indicates the metabolic pathway with the higher degree
of enrichment; and the annotation color is classified according to the pathway.
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Figure 9

KEGG analysis of differentially expressed downregulated genes in root cells of hyperaccumulating
ecotype of S. alfredii treated with 5 or 100 μM Zn for 24 h. The abscissa indicates the enrichment factor;
the size indicates the number of genes; the color indicates the significance, the redder the color indicates
the more significant the degree of enrichment; the ordinate indicates the metabolic pathway with the
higher degree of enrichment; and the annotation color is classified according to the pathway.
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Based on the transcriptome analysis, we further screened key gene resources (Fig. 10). The upregulated
DEGs were associated with germin-like protein, auxin response factor, sugar transport protein, tryptophan
metabolism, aminotransferase-related family protein, ammonium transporter, and urea active transporter.
Downregulated DEGs were associated with wall-associated receptor kinase, serine/threonine protein
kinase, polyamine oxidase, mitogen-activated protein kinase kinase, and serine/arginine-rich protein.

Figure 10

Expression profiles of the differentially expressed genes predicted to encode proteins which may be
related to the growth of root cells of hyperaccumulating ecotype of S. alfredii treated with 5 or 100 μM Zn
for 24 h. Relative expression was calculated using the log(FPKM) ratio.
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Figure 11

The mechanism involved in the positive effects of high zinc (Zn) on the growth of hyperaccumulating
ecotype of S. alfredii. ARF, Auxin response factor; Trp, Tryptophan metabolism; AMT, Ammonium
transporter; UAT, Urea active transporter; N, Nitrogen; GLPs, Germin-like protein subfamily; JA, Lateral root;
MAPKK, Mitogen-activated protein kinase kinase; PAO, Polyamine oxidase; WAK, Wall-associated receptor
kinase.


