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Zinc (Zn) is an essential micronutrient for several physiological and 

biochemical processes. Changes in soil Zn levels can negatively affect 

plant physiology. Although the mechanism of Zn nutrition has been studied 

extensively in crops and model plants, there has been little research on 

steppe plants, particularly live in alkaline soils of arid and semiarid regions. 

Ceratoides arborescens is used in arid and semiarid regions as forage and 

ecological restoration germplasm, which is studied can enrich the mechanism 

of Zn nutrition. The plants were exposed to three different Zn treatments, 

Zn-deficient (-Zn 0 mM L−1), Zn-normal (Control, 0.015 mM L−1), and Zn- 

excess (+Zn, 0.15 mM L−1), for 3 weeks. Individual biomass, ion concentrations, 

photosynthetic system, and antioxidant characteristics were measured. High 

Zn supply significantly decreased plant biomass and induced chlorosis and 

growth defects and increased Zn concentration but decreased Fe and Ca 

concentrations, unlike in controls (p < 0.05). High Zn supply also reduced plant 

chlorophyll content, which consequently decreased the photosynthesis rate. 

Increased concentrations of malondialdehyde and soluble sugar and activities 

of peroxidase and superoxide dismutase could resist the high-level Zn stress. 

In contrast, low Zn supply did not affect plant growth performance. We also 

identified a novel protein through RNA transcriptome analysis, named CaMTP, 

that complemented the sensitivity of a yeast mutant to excessive Zn, which 

was found to be  localized to the endoplasmic reticulum through transient 

gene expression in Nicotiana benthamiana. The gene  CaMTP identified to 

be highly sensitive to Zn stress is a potential candidate for overcoming mineral 

stress in dicot crop plants.
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Introduction

Zn, the second most abundant transition metal in living 
organisms, is vital to crop nutrition as it is required in various 
enzymatic reactions, metabolic processes, and oxidation reduction 
reactions (Broadley et al., 2007; Al Jabri et al., 2022). Zn is one of 
the most limited micronutrients in soils and plants (Amini et al., 
2022). With high pH or alkaline stress, many arid and semiarid 
lands are Zn deficient (McFarland et  al., 1990; Scharwies and 
Dinneny, 2019). Zn deficiency could lead to a lack of cellular 
integrity, dwarf stems, light chlorosis, and decreases in chlorophyll 
synthesis (Khatun et al., 2018; Kabir et al., 2021). The deficiency 
of Zn also causes the accumulation of excessive reactive oxygen 
species (ROS) that may be due to the lower concentration of the 
Cu-Zn-SOD enzyme (Marreiro et al., 2017). Another effect of Zn 
deficiency is reduced plant pigments and interference with the 
process of photosynthesis, thereby inhibiting plant growth (Sidhu 
et al., 2020).

Anthropogenic activities, including mining, smelting, and 
fertilizing with sewage sludge, are associated with Zn buildup in 
soils and water, resulting in Zn pollution (Broadley et al., 2007; 
Sinclair and Krämer, 2012). High Zn levels may also induce 
toxicity affecting most vital processes in plants (Marichali et al., 
2016). Common symptoms of Zn toxicity include growth 
inhibition, repression of root elongation owing to the inhibition 
of cell proliferation, alteration in water and nutrient uptake, loss 
of membrane integrity, disruption of redox homeostasis, reduction 
of chlorophyll content and subsequent photosynthesis, generation 
of ROS, and the manifestation of oxidative stress (Balafrej et al., 
2020). The induction of the antioxidant system has been described 
as a putative strategy against trace metal toxicity; accumulating 
evidence indicates that the activities of catalase (CAT), superoxide 
dismutase (SOD), guaiacol peroxidase (GPX), and ascorbate 
peroxidase (APX) are increased in Zn-exposed plants (Rout and 
Das, 2003; Ahmad et al., 2022).

Plants have established a tightly controlled system to balance 
the uptake, utilization, and storage of Zn ions (Yin et al., 2022). 
One mechanism involves the production of root exudates to 
tolerate deficiency or excess (Santi and Schmidt, 2009; Tsednee 
et al., 2014). Furthermore, enzymes with antioxidant properties 
play key roles in controlling radicals (superoxide radical, hydrogen 
radical, and hydroxyl radical) and peroxides at the cellular level 
and protecting plants from abiotic stresses (Rout and Das, 2003; 
Kumar Tewari et al., 2008; Kabir et al., 2021). At the molecular 
level, Zn homeostasis in plants is tightly regulated by Zn sensors 
and metal chelators involved in Zn acquisition and sequestration 
(Yin et al., 2022). Zn cannot diffuse across cell membranes; hence 
specific Zn transporters are required to transport Zn into the 
cytoplasm (Kaur and Garg, 2021). Some plant membrane 
transporter families, such as ZRT/IRT-like proteins (ZIP) family, 
P-type ATPase family, natural resistance-associated macrophage 
protein (NRAMP) family, and cation diffusion facilitator (CDF) 
family, have been shown to participate in the Zn2+ uptake, 
transport, and maintaining homeostasis (Krämer et al., 2007). 

CDF, also referred to as metal tolerance/transport protein (MTP) 
in plants, is involved in metal transport out of the cytoplasm and 
is induced by excess Zn (Ricachenevsky et al., 2013). MTP3 is 
located on the tonoplast (Zhao et al., 2018) and complements the 
yeast mutant zrc1cot1, which is sensitive to excess Zn levels (Lu 
et al., 2009), while MTP2 is located on the endoplasmic reticulum 
(ER) membrane (Sinclair et al., 2018), and MTP5 and MTP12 are 
located at Golgi in Arabidopsis thaliana and cucumber (Migocka 
et al., 2018).

The magnitude of Zn tolerance in plants depends on different 
plant species (Mateos-Naranjo et al., 2014), and the physiological 
range between deficiency and toxicity of Zn is narrow (Glińska 
et al., 2016). Many species grew in acidic soils since they are rich 
in metals (Meyer et al., 2016). A study with the establishment of 
salt-tolerant plants on soils contaminated with soluble salts by 
petroleum exploration activities in arid and semiarid areas showed 
that the survival rates of Ceratoides lunata and Kochia prostrata 
were 61 and 40%, respectively, but Atripkx nummukzria suffered 
100% mortality (McFarland et al., 1990). This fact indicates that 
Ceratoides sp. can tolerate salt, but little is known regarding its 
response to Zn deficiency and toxicity. Ceratoides arborescens, a 
forage endemic to China, was selected in this study because it 
accumulates mineral elements in adequate capacities, produces 
copious amounts of high-quality biomass, and is widely used in 
arid and semiarid regions of China as an excellent forage and 
ecological restoration grass (Liu and Yi, 2004).

To date, data on the uptake or accumulation of nutrient 
elements and metabolic profiling of Zn stress in C. arborescens 
remain limited. Therefore, this study investigated the effects of Zn 
treatment on C. arborescens by analyzing plant growth, contents 
of ions and chlorophylls, antioxidant activities, and the 
photosynthetic system within a controlled hydroponic culture and 
identified the transcripts encoding proteins involved in Zn 
transport through yeast complementation. Our study is essential 
for bioaugmentation in arid and semiarid regions of dicot crop 
plants and elucidates the physiological and molecular mechanisms 
underlying the differential responses to various Zn supply levels 
in C. arborescens.

Materials and methods

Plant materials and cultivation technique

In October 2020, diaspores of C. arborescens were collected 
from the desert steppe of Siziwang Banner, Inner Mongolia, China 
(E 112.113942°, N 41.996905°). Dry seeds were stored at 4°C 
before being used in the germination experiment.

Seeds were sterilized with 75% ethyl alcohol for 3 min, 
followed by double Milli-Q water before being transferred to the 
germination tray in a growth chamber with a 12/12 h light/dark 
light period and 100–120 μmol m−2 S−1 light intensity. Sprouted 
three-day homogeneous plantlets were transferred to a hydroponic 
solution of pH 5.7 and cultured for 2 weeks.
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The composition of the hydroponic solution (μM L−1) was as 
follows: KNO3 (5,000 μM L−1), CaCl2 (1,000 μM L−1), H3PO4 
(1,000 μM L−1), MgSO4.7H2O (1,000 μM L−1), KI (2.5 μM L−1), 
H3BO3 (50 μM L−1), Fe-EDTA (50 μM L−1), MnSO4·H2O (50 μM L−1), 
ZnSO4·7H2O (15 μM L−1), Na2MoO4.2H2O (0.52 μM L−1), 
CoCl2·6H2O (0.053 μM L−1), and CuSO4·5H2O (0.05 μM L−1). Then, 
the seedlings were transferred to the following treatment solutions 
(pH 5.7) and cultured for 3 weeks: Zn- excess (+Zn), ZnSO4·7H2O 
(150 μM L−1); Zn-normal (control), ZnSO4·7H2O (15 μM L−1); and 
Zn-deficient (-Zn), ZnSO4·7H2O (0 μM L−1) (Wang et al., 2017).

Metal contents analysis

Tissues from the root, stem, and leaf were harvested and dried 
at 105°C in an oven for 3 days, and then the Zn, Fe, and Ca levels 
were measured. The dried tissues were weighed and ground to a 
powder, which was later extracted with 5% HNO3 for 3 days. The 
extracts were centrifuged at 12,000 × g for 30 min, and the 
supernatants obtained were then filtered through a 0.45 μm 
membrane. The levels of Zn, Fe, and Ca were quantified using an 
Inductive Coupled Plasma Emission Spectrometer (ICP-OES_
PQ9000; Analytikjena, German).

Chlorophyll contents and photosynthesis 
activity parameters analysis

Plant samples, weighing 0.2 g, were grounded with liquid 
nitrogen and then extracted with 10 ml of 96% ethanol for 24 h in 
darkness; all these steps were carried out at 4°C. The extract was 
centrifuged at 10000 × g for 10 min, the absorbance of the 
supernatant was measured at 649 and 665 nm, and chlorophyll 
concentrations were calculated (van Dijk and Roelofs, 1988). The 
photosynthetic activity parameters, such as the quantum yield of 
photosystem I [Y(I)], the quantum yield of photosystem II [Y(II)], 
and the non-photochemical quenching (NPQ) levels were measured 
(photosynthesis measurement system GFS-3000; WALZ, German).

Antioxidant enzyme activities and lipid 
peroxidation analysis

Approximately 0.5 g of fresh root tissues were grounded using 
liquid nitrogen, followed by homogenization in 1.5 ml of an 
extraction buffer consisting of 0.05 M pre-cooled phosphate buffer 
(pH 7.8). The extract was centrifuged at 10,000 × g for 20 min at 
4°C, and the supernatant was collected and stored at −20°C. SOD 
activity was determined spectrophotometrically at a wavelength 
of 560 nm based on the inhibition of nitroblue tetrazolium (NBT) 
photochemical reduction (Giannopolitis and Ries, 1977). 
Peroxidase (POD) activity was assessed by determining guaiacol 
oxidation by H2O2 at a wavelength of 470 nm (Giannopolitis and 
Ries, 1977).

Approximately 0.5 g of fresh roots or shoots were homogenized 
with 5 ml of 5% (v/v) trichloroacetic acid (TCA) and then 
centrifuged at 10,000 × g for 10 min. MDA concentrations were 
determined by using the following formula (Hodges et al., 1999):

 
MDA mol g FW OD OD ODm( ) = ´ -( ) - ´6 45 0 56532 600 450. .

Approximately 0.5 g of fresh root tissues were grounded in 
quartz sand and distilled water, followed by homogenization in 
10 ml of distilled water and then heated at 80°C for 30 min. The 
homogenate was filtered, the filtrate volume was made up to 
100 ml, and the soluble sugar (SS) levels were measured using 
resorcinol colorimetry (Williams and Martin, 1967).

Gene expression and bioinformatics 
analysis

Roots of C. arborescens grown in Zn-excess conditions and 
control hydroponic solutions were collected and subjected to RNA 
extraction using the RNAiso for Polysaccharide-Rich Plant Tissue 
kit (Takara, China). Transcriptome analysis was conducted by 
Beijing Capital Bio Corporation according to the standard 
procedure of the Illumina HiSeq  2,500 sequencing platform. 
Transcripts encoding putative Zn2+ transporting proteins were 
identified by searching the transcript annotation tables for the 
keywords Zinc, Zn2+, Zinc transporting, Zn2+ transporting, ZIP, 
and CDF. CaMTP homolog was searched using its amino acid 
sequence at NCBI Protein Blast.1 The protein structure was 
predicated based on its amino acid sequence.2

Subcellular localization of CaMTP

CaMTP was inserted into the vector pUC57 between the NotI 
restriction enzyme site on one side and the NotI and KpnI 
restriction enzyme sites on the other side of the vector. The full-
length coding sequence of CaMTP without the stop codon was 
amplified from pUC57 using PrimeStar HS DNA Polymerase 
(Takara) and the primers “CaMTP-pENTR 3C-F” and “CaMTP-
pENTR 3C-R” (Table 1) containing BamHI and NotI restriction 
enzyme sites, respectively. The PCR product was ligated into the 
pEASY-Blunt Simple Cloning Vector (TransGen, Beijing, China) 
and confirmed via sequencing. The CaMTP coding sequence was 
ligated between the BamHI and NotI sites of pENTR 3C (Thermo 
Fisher, United States). Subsequently, the CaMTP coding sequence 
without the stop codon was ligated downstream of the 35S 
promoter and upstream of the GFP coding sequence in plant 
binary expression vector pGWB605 (Nakagawa et al., 2007) using 

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi (Accessed July 28, 2022).

2 http://www.ebi.ac.uk/interpro/ (Accessed July 28, 2022).
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Gateway LR Clonase (Thermo Fisher). The pGWB605 vector 
harboring 35S::CaMTP-GFP fragment was introduced into 
Agrobacterium strain GV3101.

Agrobacterium cells containing pGWB605-35S::CaMTP-GFP 
or individual subcellular marker vectors were co-infiltrated into 
the lower epidermis of tobacco (N benthamiana) leaves. Confocal 
microscopy (LSM 710; Zeiss, China) or super-resolution confocal 
microscopy was used to examine GFP and m-Cherry fluorescence 
(LSM 880; Zeiss, China).

Yeast strains and vector manipulation

The yeast strains utilized in this study were (1) Zn2+ uptake 
deficient mutant zrt1/zrt2 (ZHY3; MAT; ade6; can1; his3; leu2; trp1; 
ura3; zrt1::LEU2; zrt2::HIS3) and (2) Zn2+ accumulation defective 
and high [Zn2+] sensitive mutant zrc1/cot1 (BY4741) (Lin et al., 2008).

The yeast expression vector, pFL61 (Minet et al., 1992), was 
used to transform the zrt1/zrt2Δyeast mutants, with AtZIP7 
serving as a positive control (Milner et al., 2013). CaMTP from 
pUC57 was digested using NotI. The digested product was 
subsequently ligated into the NotI site of pFL61, downstream of 
the phosphoglycerate kinase (PGK) promoter. The pFL61 vector 
harboring the insert in the correct orientation was identified via 
dual digestion of the plasmid with NotI and EcoRI.

The yeast expression vector pYUL2 was used to transform 
Δzrc1/cot1, in which Medicago truncatula MTP3 (MtMTP3) 
served as a positive control. The CaMTP coding sequence was 
ligated between the BamHI and HindIII sites downstream of the 
alcohol dehydrogenase1 (ADH1) promoter in pYUL2 following 
amplification with the primers “CaMTP-pYUL2-F” and 
“CaMTP-pYUL2-R” (Table 1).

Yeast transformation and phenotypic 
analysis

Following the Yeastmaker Yeast Transformation System’s 
instructions, competent yeast cells were prepared and transformed 
(Takara). Following the directions on the Yeast Plasmid Extraction 
kit, plasmids were extracted and purified from the yeast cells 
(Solarbio, China). By screening the minimal synthetically defined 

(SD) base medium with -Ura DO Supplement (SD/-Ura; Takara) 
and PCR-based verification of the predicted inserts, yeast cells 
carrying the appropriate plasmid were identified.

Similar-sized yeast colonies were selected from the SD/-Ura 
selective medium and grown in 5 ml 1× Yeast Extract Peptone 
Dextrose medium (YPD) for 12–14 h at 250 rpm at 30°C. YPD 
contains 1% yeast extract, 2% peptone, and 2% dextrose. The 
pellets were twice rinsed with sterile water after the cultures were 
centrifuged at 700 g for 5 min. An OD600 of 1 was achieved by 
dissolving the yeast pellets in sterilized water and adjusting the 
volume. To create solutions with an OD600 of 0.1, 0.01, 0.001, 
and 0.0001, the cultures were diluted. A volume of 10 μl of these 
solutions were spotted onto solid full-nutrient medium or 
medium used to test Zn2+ and Fe2+-dependent growth phenotypes.

The positive and negative controls employed for the Zn2+ uptake-
defective yeast mutant zrt1zrt2 were pFL61-AtZIP7 and pFL61 
empty vector, respectively. The YPD medium is referred to as a full-
nutrient medium. The YPD medium was added with 50 M ZnCl2 
and 1 mM EDTA to investigate the Zn2+-deficient growth phenotype 
zrt1zrt2 (pH 6.5). The positive and control samples were pYUL2-
MtMTP3 and the empty vector pYUL2, respectively, for assessing 
the growth phenotype of the Zn2+-storage-defective and excess Zn2+-
sensitive yeast mutant zrc1cot1. The Zn2+-excess growth media was 
the YPD medium supplemented with 7 mM ZnSO4.

Statistical analysis

One-way ANOVA and Tukey’s HSD test was used to 
examine the effects of the Zn treatments on plant dry weight, 
metal ion concentration, photosynthetic pigment levels, 
photosynthesis rate, and activity of antioxidant enzymes. 
Treatment effects were considered to be statistically significant 
at p < 0.05. Statistical analyses were performed in R version 
3.6.1 (R Core Team, 2018).

Results

Effects of Zn treatments on plant growth

At the end of the experiment, we  found that Zn-excess 
inhibited the growth of C. arborescens, displaying retarded 
lateral root growth and leaf chlorosis (Figure 1A). Excessive Zn 
significantly decreased the root and leaf dry weight by 79.8 and 
67.9% compared to the control, respectively (Figure  1B). 
However, Zn-deficient treatment did not affect the organic dry 
weight of C. arborescens (Figure 1B).

Effects of Zn treatments on metal ion 
concentration

Zn-excess treatment significantly decreased Ca and Fe levels 
but increased Zn levels in the roots and shoots (Table  2). 

TABLE 1 Sequence of primers used to insert CaMTP into the pENTR 
3C and pYUL2 vectors.

Primer name Primer sequences (5′-3′)

CaMTP-pENTR 3C-F CGCG GATC CATG TTT ACA GCC 

CGA CAT GAT CCC ACA C

CaMTP-pENTR 3C-R TT GC GGCC GCGGAGC CCA ACG 

TCC AAC GAC AGA CAT

CaMTP-pYUL2-F CGCG GATC CATG TTT ACA GCC 

CGA CAT GAT CCC ACA C

CaMTP-pYUL2-R CCCA AGCT TTTA AGC CCA ACG 

TCC AAC GAC AGA CAT
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Compared to the control, the concentration of  
Zn increased by 4.6 times for roots, 15 times for stems, and 18 
times for leaves under Zn-excess. Meanwhile, the concentration 
of Fe in the roots, stems, and leaves decreased by 74.5, 26.6, and 
62.5%, respectively, and the concentration of Ca in the roots, 
stems, and leaves decreased by 39.6, 25.1, and 41.2%, respectively, 
under Zn-excess conditions. However, Zn-deficient treatment 
does not affect the concentration of Zn in plants. The 
concentration of Fe in stems increased by 1.14 times, while the 
concentration of Ca in leaves decreased by 41.4%.

Effects of Zn treatments on chlorophyll 
contents and photosynthesis activity 
parameters

Treatment with high levels of Zn significantly influenced 
the chlorophyll contents and photosynthesis activity 
parameters. On average, Zn-excess treatment decreased the 
levels of chlorophyll (Figure 2A), Y(I) (Figure 2B), and Y(II) 
(Figure  2C) of C. arborescens by 30.6, 26.2, and 23.8%, 
respectively. Zn-excess treatment increased the NPQ level  
by 1.6 times (Figure 2D). However, Zn-deficient treatment did 
not affect the levels of chlorophyll, Y(I), Y(II), or NPQ of 
C. arborescens (Figure 2).

Assessment of lipid peroxidation and the 
activity of antioxidant enzymes

Under excess levels of Zn, the concentrations of (A) MDA and 
(B) SS and the activities of (C) SOD and (D) POD in the roots of 
C. arborescens increased significantly. Compared to control, MDA 
concentration, SS concentration, SOD activity, and POD activity 
in the roots subjected to Zn-excess conditions were increased by 
44.3, 50.7, 9.4, and 27.1%, respectively. However, Zn deficiency did 
not affect the activities of POD and SOD or the concentrations of 
MDA and SS (Figure 3).

A

B

FIGURE 1

(A) Root, stem, and (B) leaf dry weight of Ceratoides arborescens subjected to Zn-deficient (0 mM L−1), control (0.015 mM L−1), and Zn-excess 
(0.15 mM L−1) conditions. Different lowercase letters indicate significant differences among treatments (p < 0.05).

TABLE 2 Zn, Fe, and Ca concentration in the root, stem, and leaf of 
Ceratoides arborescens subjected to Zn-deficient (0 mM L−1), control 
(0.015 mM L−1), and Zn-excess (0.15 mM L−1) treatments.

Treatment −Zn Control +Zn

Zn 

concentration 

(μg mg−1)

Root 0.276 ± 0.038b 0.406 ± 0.118b 2.272 ± 0.074a

Stem 0.092 ± 0.011b 0.075 ± 0.007b 1.227 ± 0.002a

Leaf 0.083 ± 0.004b 0.066 ± 0.010b 1.259 ± 0.10a

Fe 

concentration 

(μg mg−1)

Root 5.084 ± 0.387a 4.543 ± 0.607a 1.158 ± 0.267b

Stem 0.105 ± 0.017a 0.049 ± 0.002b 0.036 ± 0.007b

Leaf 0.065 ± 0.004a 0.064 ± 0.001a 0.024 ± 0.001b

Ca 

concentration 

(μg mg−1)

Root 6.104 ± 0.237a 6.796 ± 0.470a 4.104 ± 0.102b

Stem 11.062 ± 0.660ab 11.888 ± 0.614a 8.903 ± 0.451b

Leaf 9.477 ± 1.232b 16.176 ± 0.152a 9.508 ± 0.705b

Different lowercase letters indicate significant differences among treatments (p < 0.05).
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A B

C D

FIGURE 2

(A) The chlorophyll, (B) Y(I), (C) Y(II), and (D) NPQ levels of C. Arborescens under Zn-deficient (0 mM L−1), control (0.015 mM L−1), and Zn-excess 
(0.15 mM L−1) conditions. Different lowercase letters indicate significant differences among treatments (p < 0.05).

A B

C D

FIGURE 3

The concentrations of (A) MDA and (B) SS and activities of (C) SOD and (D) POD of C. arborescens subjected to Zn-deficient (0 mM L−1), control 
(0.015 mM L−1), and Zn-excess (0.15 mM L−1) conditions. Different lowercase letters indicate significant differences among treatments (p < 0.05).
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Identification of a Ceratoides 
arborescens-specific Zn transport 
protein-encoding transcript

We analyzed the root transcriptome of C. arborescens, and 
discovered 39 distinct start codon-containing transcripts  
that may encode Zn-regulated transport proteins 
(Supplementary Table S1). We selected the full-length transcript 
DN154722 by assessing its sequence integrity and encoding 
protein structure prediction. We referred to it as CaMTP, while 
in Gene Ontology, it is referred to as “zinc II ion transport” 
(Figure 4A). With 80% residue identity and coverage, proteins 
from various species are regarded as homologs (Yu et al., 2004). 
Considering this, we  could not identify any homolog of  
CaMTP in the NCBI protein database, where “Organism 
Optional” was Dicotyledoneae; instead, five proteins from five 
different plant species were identified with approximately 86% 
query coverage and 37% identity with that of CaMTP. Three of 
the five proteins had similar structures to that of CaMTP 
(Figure 4B).

CaMTP localizes in the ER

To determine the subcellular localization of C. arborescens 
proteins in tobacco plant cells, we used the constructs expressing 
CaMTP-GFP fusion proteins. As shown in Figure  5, the 
CaMTP-GFP fusion protein showed strong co-localization with 
the ER marker ER-mCherry under a confocal laser scanning 
microscope, indicating that CaMTP is located in the ER.

CaMTP complements a Zn2+ 
sequestration-deficient yeast mutant

Although AtZIP7 was utilized as a positive control, it did 
compliment the Zn2+-dependent growth of the yeast mutant 
zrt1zrt2, and neither did CaMTP (Figure 6A). In the yeast mutant 
zrc1cot1, which is susceptible to high Zn2+ levels, we transiently 
expressed CaMTP. Similar to the positive control, MtMTP3, 
CaMTP expression halted the mutant’s development when Zn2+ 
levels were excessive (Figure 6B).

Discussion

Zn is a mineral involved in several physiological and 
biochemical processes, and its deficiency or excess interferes with 
the optimal growth of plants (Tiong et al., 2015; Bhantana et al., 
2021; Shinozaki and Yoshimoto, 2021; Al Jabri et al., 2022). In our 
study, high Zn supply has negative effects on the plant, as 
demonstrated by the decline in the dry weight of leaves and roots 
as well as leaf chlorosis and abnormally brown roots. These results 
are consistent with previous findings. For example, growth was 
restricted when Moso bamboo was treated with elevated levels of 
Zn due to the changes in the root structure (Liu et  al., 2014). 
Growth inhibition and chlorosis in tomato leaves were observed 
when exposed to excess Zn (Cherif et al., 2010). Compared with 
these results, Juncus acutus could survive and displayed no toxicity 
symptoms when subjected to Zn at concentrations as high as 
100 mM L−1, a concentration considerably greater than those 
applied in our experiments (Mateos-Naranjo et al., 2014). This 

A

B

FIGURE 4

(A) Protein sequence of CaMTP. (B) Phylogenetic and structure comparison of CaMTP with other similar plant protein sequences. Different protein 
structure components are illustrated with different colors as indicated.
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discrepancy in Zn tolerance was associated with the capacity to 
accumulate Zn in roots (at concentrations up to 2,500 mg kg−1) and 
largely avoiding its transport to tillers. Although the Zn 
concentration of C. arborescens increased 18 times in the leaves and 
15 times in the stems, while only 4.6 times in the roots, but the 
concentration of zinc in roots is nearly twice that of aboveground 
parts. Furthermore, the root was the most responsive to Zn in 
terms of dry weight reduction (79.8%), when compared to that of 
the leaf (67.9%) and stem (15.6%). Roots are seriously affected by 

heavy metals may be  due to that Zn exposure could induce 
significant modifications in root architecture either by decreasing 
root-specific superficial area (Balafrej et al., 2020) or lignification 
of plant root tips (Glińska et  al., 2016), thereby lowering the 
capacity of water and nutrient absorption, impacting plant growth 
and thus the plant dry weight negatively (Scheid et al., 2017).

We also found that excessive Zn inhibited photosynthesis by 
reducing Y(I) (Photosystem I; PSI) and Y(II) (Photosystem II; 
PSII) since Zn toxicity negatively impacts plant photosynthesis 

FIGURE 5

CaMTP-GFP and the ER marker ER-mCherry were transiently expressed in tobacco epidermal tissue and observed using conventional confocal 
microscopy.

A

B

FIGURE 6

Complementation of yeast Zn2+ transport mutants with CaMTP. (A) The yeast cultures were spotted in full-nutrient YPD medium or Zn2+-deficient 
medium with EDTA. (B) The yeast cultures were spotted in full-nutrient YPD medium or Zn2+ excess medium with 7 mM ZnSO4.
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and thus decreases plant biomass (Sagardoy et al., 2010; Kaur and 
Garg, 2021). Similar results were reported in the Datura species 
grown at higher Zn concentrations (Vaillant et al., 2005). PSII 
efficiency declined with the increase in Zn concentration (Dhir 
et  al., 2011). Under metal stress, an imbalance between light 
absorption and light energy usage results in a surplus of light 
energy, causing an increase in NPQ and a decrease in the PSII 
efficiency (Sárvári, 2005). The negative impact of high Zn 
concentration on the integrity of the plasma membrane and 
photosynthetic electron transport impeded photosynthesis and 
reduced membrane permeability (Vijayarengan and Mahalakshmi, 
2013). Furthermore, chlorophyll is important for plant 
photosynthesis (Croft et al., 2017). The reduction of chlorophyll 
content possibly declined the number of PSI units along with 
activity (Kudoh and Sonoike, 2002). Zn interferes with chlorophyll 
biosynthesis either by substituting for the Fe/Mg ions and 
inhibiting key biosynthetic enzymes, mainly δ-aminolevulinic 
acid dehydratase and protochlorophyllide reductase, or through 
the oxidative damage of chloroplasts (Marichali et  al., 2016). 
Excess Zn reduced chlorophyll concentration and caused leaf 
chlorosis in our study, which was in line with the findings based 
on the mustard plant (Cherif et al., 2010; Khan and Khan, 2014). 
Thus, the reduction in chlorophyll concentration in leaves could 
be linked to a decrease in Fe content (Hu et al., 2017). However, 
the chlorophyll synthesis in tobacco leaves was not significantly 
inhibited under Zn stress, as the expression of other important 
proteins did not significantly change (Zhang et al., 2020).

Moreover, one of the consequences of heavy metals exposure 
in plants is lower absorption of other mineral elements(Kabata-
Pendias, 2000; Kaur and Garg, 2021; Zaheer et al., 2022). In this 
respect, our assessment of mineral nutrients showed that high Zn 
caused a nutritional imbalance in C. arborescens plants, and Ca 
and Fe concentrations in roots and leaves were lower than those 
in the control plants. This fact indicates that high Zn supply 
impacts the transport of other elements and the uptake of 
C. arborescens, because the transporter of divalent metal cations, 
such as Zn Fe Mn, generally exhibits broad substrate specificity 
(Vigani et al., 2018; Kabir et al., 2021). Previous studies have also 
suggested that Zn transport proteins can transport Fe or Cu ions 
(Sinclair and Krämer, 2012; Sinclair et al., 2018). The interactions 
between Zn-Ca and Zn-Fe have also been previously described 
(Kabata-Pendias, 2000). The reduction of Ca concentration might 
be involved in the regulation of carbohydrate metabolism under 
Zn stress (Zhang et al., 2017). The reduction of Fe concentration 
might be attributed to competing sites being the direct cause of 
enthalpy among metal ions (Li et al., 2020).

Metal toxicity exacerbates ROS production, which damages 
lipids, proteins, and nucleic acids and disrupts metabolism (Miller 
et  al., 2008; Zaheer et  al., 2020b). However, plants evolved 
sophisticated antioxidant defense mechanisms to counteract and 
undo the harm caused by ROS, including activities of various 
antioxidant enzymes such as SOD and POD (Rout and Das, 2003; 
Kumar Tewari et al., 2008; Javed et al., 2020). In this study, higher 
SOD and POD activities were observed in the seedlings of 
C. arborescens under excess Zn. Our findings are concordant with 

the results of Spinacia oleracea, Handroanthus impetiginosus and 
Tabebuia roseoalba (Gai et  al., 2017; Zaheer et  al., 2020a). 
Excessive Zn levels can promote MDA production in plants based 
on enhanced lipid peroxidation via excessive generation of free 
radicals (Cherif et  al., 2010). Our results revealed that MDA 
concentrations in shoots under Zn-excess conditions were 44.3% 
higher compared to the control, a distinction from the results of 
the mulberry plant under Zn-deficient conditions where the 
increase observed in Zn-excess plants was not significant (Kumar 
Tewari et al., 2008). Additionally, to regulate their response to 
heavy metal stress, plants could increase the synthesis and storage 
of osmolytes like soluble proteins, soluble carbohydrates, and free 
proline (Sharma and Dietz, 2006). Herein, we discovered that 
roots’ SS levels were significantly elevated in response to Zn stress, 
suggesting a defense mechanism against Zn toxicity. SS functions 
as signal molecules in sugar sensing and signaling systems in 
addition to their regular osmoprotective roles of stabilizing cell 
membranes and preserving turgor (Wu et al., 2011).

Zn deficiency causes leaf bronzing, growth stunting, delayed 
maturity, and plant yield loss (Broadley et al., 2007). Conversely, 
Zn deficiency did not affect the growth of C. arborescens. These 
results were corroborated by the plant biomass amount and the 
unchanged concentration of chlorophyll under Zn deficiency. In 
Zea mays L. cv. PAC (Zn tolerant line), Zn deficiency did not 
significantly affect shoot height or weight, indicating that PAC can 
resist Zn deficiency, which was corroborated by the reduction of 
Zn concentration in both root and shoot in DAC (Zn sensitive 
line), but the concentration in PAC was maintained under Zn 
deficiency (Khatun et al., 2018). The decrease in root and shoot 
Zn concentration in Ratan (Kabir et al., 2021) suggests that Zn 
homeostasis cannot be maintained under Zn deficiency by these 
genotypes. In this study, we also found that the Zn concentration 
in both shoots and roots did not change. In contrast, Zn deficiency 
decreased the contents of Ca in leaves. A previous study also 
indicated that autophagy resupplies can alleviate the Zn deficiency 
state and promote optimal growth when environmental Zn is 
unavailable (Shinozaki and Yoshimoto, 2021). Furthermore, SOD 
and POD are involved in plant stress tolerance (Kumar Tewari 
et al., 2008). Herein, we found that the activities of POD and SOD 
did not change under Zn deficiency, suggesting that C. arborescens 
was not stressed under Zn deficiency. In contrast, increased 
activities of SOD and POD have been reported in response to Zn 
deficiency in tomatoes (Kabir et al., 2021), while decreased SOD 
activities were recorded in Coffea arabica (dos Santos et al., 2019). 
This also reflects that different species respond differently to Zn 
deficiency. We reasoned that the high Zn content in the seeds 
(Supplementary Table S2) could compensate for seedling growth 
in C. arborescens; hence it grows well in Zn deficiency.

Identifying novel proteins to increase crop stress tolerance in 
wild plants, particularly those acclimated to severe settings, is 
promising (Yang et  al., 2018). The rapid advancement of high-
throughput sequencing technologies (Bräutigam and Gowik, 2010) 
and the identification of yeast mutants (Zhao and Eide, 1996; Lin 
et al., 2008) have tremendously aided in the discovery of new genes 
and proteins. Our study reports the discovery of a novel protein in 

https://doi.org/10.3389/fpls.2022.976311
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2022.976311

Frontiers in Plant Science 10 frontiersin.org

C. arborescens, which showed strong tolerance against Zn stresses. 
Transcript profiling and comparison of deduced protein sequences 
identified a transmembrane transcript, CaMTP, whose significant 
homolog was not found in other plants. Contrary to the findings for 
all previously described members of the ZIP family, CaMTP has no 
passive transport activity for Zn2+ (Milner et al., 2013). We transiently 
expressed CaMTP in yeast mutant zrc1cot1Δ, which is sensitive to 
excess Zn2+ (Lin et al., 2008). The expression of CaMTP rescued the 
growth of the mutant under high Zn2+ conditions, just like the 
positive control, MtMTP3 (Zhao et  al., 2018). Members of this 
protein family typically transport metal out of the cytosol (Krämer 
et al., 2007; Zhao et al., 2018). We observed that CaMTP is located 
in the ER, similar to MTP2, which may mediate the uptake of 
cytoplasmic Zn2+ into ER (Sinclair et al., 2018). The Arabidopsis 
CDF family proteins Metal Tolerance Protein 12 (AtMTP12) and 5 
(AtMTP5) are co-located on the Golgi membrane, and interact with 
each other (Fujiwara et al., 2015). The cucumber protein CsMTP5 is 
also located on the Golgi apparatus (Migocka et al., 2018). This fact 
indicates that CaMTP has characteristics of the CDF family Zn 
transporter, while the transport function of other metals is not clear.

In conclusion, our study examined the tolerance of Zn and 
identified a specific Zn transport protein-encoding transcript in 
C. arborescens. The results showed that excess Zn drastically decreased 
the biomass and induced chlorosis and growth defects in plants. Excess 
Zn increased the concentration of Zn but decreased that of Fe and Ca 
in the roots and shoots, along with the content of C. arborescens, 
thereby decreasing photosynthesis activity. The increased MDA and 
SS levels and POD and SOD activities may be part of a mechanism to 
resist high-level Zn stress. However, the shortage of Zn supply did not 
affect the growth of C. arborescens, suggesting that this forage could 
be established in the Zn-deficient area. Further, we identified a novel 
endoplasmic-localized protein named CaMTP, which complemented 
the increased sensitivity of a yeast mutant to excessive Zn. The 
Zn-deficiency tolerance mechanisms in plants are not fully known, to 
further understand Zn homeostasis in plants, the mechanisms related 
to Zn deficiency in C. arborescens should be investigated. Moreover, to 
further research CaMTP, the genetic transformation system of 
C. arborescens should be built.

Data availability statement

The data presented in the study are deposited in the NCBI 
GenBank (https://www.ncbi.nlm.nih.gov/). The associated BioProject, 
Bio-Sample and SRA numbers were PRJNA870161, SAMN30353563- 
SAMN30353571, and SRR21095981-SRR21095989 respectively.

Author contributions

FM designed the study. XL conducted the experiments, 
analyzed the data, and wrote the manuscript. LZ guided the 
experiment. HR and XW revised the manuscript. All authors 
contributed to the article and approved the submitted version.

Funding

This research was supported by international cooperation 
between China and the European Union Center 
(2017YFE0111000).

Acknowledgments

We would like to thank Zhi Qi for providing  
the experimental site and equipment, Wanjie Chen for statistical 
advice, and Editage (www.editage.com) for English language editing.

Conflict of interest

LZ is employed by M-Grass Ecology and Environment 
(Group) Co., Ltd. 

The remaining authors declare that the research was conducted 
in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found 
online at: https://www.frontiersin.org/articles/10.3389/fpls. 
2022.976311/full#supplementary-material

References
Ahmad, S., Mfarrej, M. F. B., El-Esawi, M. A., Waseem, M., Alatawi, A., 

Nafees, M., et al. (2022). Chromium-resistant Staphylococcus aureus alleviates 
chromium toxicity by developing synergistic relationships with zinc oxide 
nanoparticles in wheat. Ecotoxicol. Environ. Saf. 230:113142. doi: 10.1016/j.
ecoenv.2021.113142

Al Jabri, H., Saleem, M. H., Rizwan, M., Hussain, I., Usman, K., and Alsafran, M. 
(2022). Zinc oxide nanoparticles and their biosynthesis: overview. Life 12, 594. doi: 
10.3390/life12040594

Amini, S., Arsova, B., and Hanikenne, M. (2022). The molecular basis of zinc 
homeostasis in cereals. Plant Cell Environ. 45, 1339–1361. doi: 10.1111/pce.14257

Balafrej, H., Bogusz, D., Triqui, Z.-E. A., Guedira, A., Bendaou, N., Smouni, A., 
et al. (2020). Zinc hyperaccumulation in plants: a review. Plan. Theory 9, 562. doi: 
10.3390/plants9050562

Bhantana, P., Rana, M. S., Sun, X., Moussa, M. G., Saleem, M. H., Syaifudin, M., 
et al. (2021). Arbuscular mycorrhizal fungi and its major role in plant growth, zinc 

https://doi.org/10.3389/fpls.2022.976311
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
www.editage.com
https://www.frontiersin.org/articles/10.3389/fpls.2022.976311/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.976311/full#supplementary-material
https://doi.org/10.1016/j.ecoenv.2021.113142
https://doi.org/10.1016/j.ecoenv.2021.113142
https://doi.org/10.3390/life12040594
https://doi.org/10.1111/pce.14257
https://doi.org/10.3390/plants9050562


Li et al. 10.3389/fpls.2022.976311

Frontiers in Plant Science 11 frontiersin.org

nutrition, phosphorous regulation and phytoremediation. Symbiosis 84, 19–37. doi: 
10.1007/s13199-021-00756-6

Bräutigam, A., and Gowik, U. (2010). What can next generation sequencing do 
for you? Next generation sequencing as a valuable tool in plant research. Plant Biol. 
12, 831–841. doi: 10.1111/j.1438-8677.2010.00373.x

Broadley, M. R., White, P. J., Hammond, J. P., Zelko, I., and Lux, A. (2007). Zinc 
in plants. New Phytol. 173, 677–702. doi: 10.1111/j.1469-8137.2007.01996.x

Cherif, J., Derbel, N., and Nakkach, M., Bergmann, H. von, Jemal, F., and 
Lakhdar, Z. B. (2010). Analysis of in  vivo chlorophyll fluorescence spectra to 
monitor physiological state of tomato plants growing under zinc stress. J. Photochem. 
Photobiol. B 101, 332–339. doi: 10.1016/j.jphotobiol.2010.08.005

Croft, H., Chen, J. M., Luo, X., Bartlett, P., Chen, B., and Staebler, R. M. (2017). 
Leaf chlorophyll content as a proxy for leaf photosynthetic capacity. Global Change 
Biol. 23, 3513–3524. doi: 10.1111/gcb.13599

Dhir, B., Sharmila, P., Pardha Saradhi, P., Sharma, S., Kumar, R., and Mehta, D. 
(2011). Heavy metal induced physiological alterations in Salvinia natans. Ecotoxicol. 
Environ. Saf. 74, 1678–1684. doi: 10.1016/j.ecoenv.2011.05.009

dos Santos, J. O., Andrade, C. A., Dázio de Souza, K. R., Santos, M. d. O., 
Brandão, I. R., Alves, J. D., et al. (2019). Impact of zinc stress on biochemical and 
biophysical parameters in Coffea arabica seedlings. J. Crop. Sci. Biotechnol. 22, 
253–264. doi: 10.1007/s12892-019-0097-0

Fujiwara, T., Kawachi, M., Sato, Y., Mori, H., Kutsuna, N., Hasezawa, S., et al. 
(2015). A high molecular mass zinc transporter MTP  12 forms a functional 
heteromeric complex with MTP 5 in the Golgi in Arabidopsis thaliana. FEBS J. 282, 
1965–1979. doi: 10.1111/febs.13252

Gai, A. P. C., dos Santos, D. S., and Vieira, E. A. (2017). Effects of zinc excess on 
antioxidant metabolism, mineral content and initial growth of Handroanthus 
impetiginosus (Mart. ex DC.) Mattos and Tabebuia roseoalba (Ridl.) Sandwith. 
Environ. Exp. Bot. 144, 88–99. doi: 10.1016/j.envexpbot.2017.09.006

Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutases: I. Occurrence 
in higher plants. Plant Physiol. 59, 309–314. doi: 10.1104/pp.59.2.309

Glińska, S., Gapińska, M., Michlewska, S., Skiba, E., and Kubicki, J. (2016). 
Analysis of Triticum aestivum seedling response to the excess of zinc. Protoplasma 
253, 367–377. doi: 10.1007/s00709-015-0816-3

Hodges, D. M., DeLong, J. M., Forney, C. F., and Prange, R. K. (1999). Improving 
the thiobarbituric acid- reactive-substances assay for estimating lipid peroxidation 
in plant tissues containing anthocyanin and other interfering compounds. Planta 
207, 604–611. doi: 10.1007/s004250050524

Hu, X. Y., Page, M. T., Sumida, A., Tanaka, A., Terry, M. J., and Tanaka, R. (2017). 
The iron–sulfur cluster biosynthesis protein SUFB is required for chlorophyll 
synthesis, but not phytochrome signaling. Plant J. 89, 1184–1194. doi: 10.1111/
tpj.13455

Javed, M. T., Saleem, M. H., Aslam, S., Rehman, M., Iqbal, N., Begum, R., et al. 
(2020). Elucidating silicon-mediated distinct morpho-physio-biochemical attributes 
and organic acid exudation patterns of cadmium stressed Ajwain (Trachyspermum 
ammi L.). Plant Physiol. Biochem. 157, 23–37. doi: 10.1016/j.plaphy.2020.10.010

Kabata-Pendias, A. (2000). Trace Elements in Soils and Plants. Boca Raton, FL: 
CRC Press, doi: 10.1201/9781420039900

Kabir, A. H., Akther, M. S., Skalicky, M., Das, U., Gohari, G., Brestic, M., et al. 
(2021). Downregulation of Zn-transporters along with Fe and redox imbalance 
causes growth and photosynthetic disturbance in Zn-deficient tomato. Sci. Rep. 11, 
6040–6012. doi: 10.1038/s41598-021-85649-w

Kaur, H., and Garg, N. (2021). Zinc toxicity in plants: a review. Planta 253, 129. 
doi: 10.1007/s00425-021-03642-z

Khan, M. I. R., and Khan, N. A. (2014). Ethylene reverses photosynthetic 
inhibition by nickel and zinc in mustard through changes in PS II activity, 
photosynthetic nitrogen use efficiency, and antioxidant metabolism. Protoplasma 
251, 1007–1019. doi: 10.1007/s00709-014-0610-7

Khatun, M. A., Hossain, M. M., Bari, M. A., Abdullahil, K. M., Parvez, M. S., 
Alam, M. F., et al. (2018). Zinc deficiency tolerance in maize is associated with the 
up-regulation of Zn transporter genes and antioxidant activities. Plant Biol. 20, 
765–770. doi: 10.1111/plb.12837

Krämer, U., Talke, I. N., and Hanikenne, M. (2007). Transition metal transport. 
FEBS Lett. 581, 2263–2272. doi: 10.1016/j.febslet.2007.04.010

Kudoh, H., and Sonoike, K. (2002). Irreversible damage to photosystem I by 
chilling in the light: cause of the degradation of chlorophyll after returning to 
normal growth temperature. Planta 215, 541–548. doi: 10.1007/s00425-002-0790-9

Kumar Tewari, R., Kumar, P., and Nand Sharma, P. (2008). Morphology and 
physiology of zinc-stressed mulberry plants. J. Plant Nutr. Soil Sci. 171, 286–294. 
doi: 10.1002/jpln.200700222

Li, G., Li, C., Rengel, Z., Liu, H., and Zhao, P. (2020). Title: excess Zn-induced 
changes in physiological parameters and expression levels of TaZips in two wheat 
genotypes. Environ. Exp. Bot. 177:104133. doi: 10.1016/j.envexpbot.2020.104133

Lin, H. L., Kumánovics, A., Nelson, J. M., Warner, D. E., Ward, D. M., and 
Kaplan, J. (2008). A single amino acid change in the yeast vacuolar metal 
transporters ZRC1 and COT1 alters their substrate specificity. J. Biol. Chem. 283, 
33865–33873. doi: 10.1074/jbc.M804377200

Liu, D., Chen, J., Mahmood, Q., Li, S., Wu, J., Ye, Z., et al. (2014). Effect of Zn 
toxicity on root morphology, ultrastructure, and the ability to accumulate Zn in 
Moso bamboo (Phyllostachys pubescens). Environ. Sci. Pollut. Res. 21, 13615–13624. 
doi: 10.1007/s11356-014-3271-3

Liu, H. Y., and Yi, J. (2004). The evaluation on different types Ceratoides 
Arborescens in reproductive characteristics and productive properties of seed. Seed 
23, 3–6.

Lu, M., Chai, J., and Fu, D. (2009). Structural basis for autoregulation of the zinc 
transporter YiiP. Nat. Struct. Mol. Biol. 16, 1063–1067. doi: 10.1038/nsmb.1662

Marichali, A., Dallali, S., Ouerghemmi, S., Sebei, H., Casabianca, H., and Hosni, K. 
(2016). Responses of Nigella sativa L. to zinc excess: focus on germination, growth, 
yield and yield components, lipid and terpene metabolism, and total phenolics and 
antioxidant activities. J. Agric. Food Chem. 64, 1664–1675. doi: 10.1021/acs.
jafc.6b00274

Marreiro, D., Cruz, K., Morais, J., Beserra, J., Severo, J., and de Oliveira, A. (2017). 
Zinc and oxidative stress: current mechanisms. Antioxidants 6, 24. doi: 10.3390/
antiox6020024

Mateos-Naranjo, E., Castellanos, E. M., and Perez-Martin, A. (2014). Zinc 
tolerance and accumulation in the halophytic species Juncus acutus. Environ. Exp. 
Bot. 100, 114–121. doi: 10.1016/j.envexpbot.2013.12.023

McFarland, M. L., Ueckert, D. N., Hartmann, S., and Hons, F. M. (1990). 
Transplanting shrubs for revegetation of salt-affected soils. Landsc. Urban Plan. 19, 
377–381. doi: 10.1016/0169-2046(90)90043-2

Meyer, S. T., Castro, S. R., Fernandes, M. M., Soares, A. C., de Souza Freitas, G. A., 
and Ribeiro, E. (2016). Heavy-metal-contaminated industrial soil: uptake assessment 
in native plant species from Brazilian Cerrado. Int. J. Phytoremediation 18, 832–838. 
doi: 10.1080/15226514.2016.1146224

Migocka, M., Małas, K., Maciaszczyk-Dziubinska, E., Posyniak, E., Migdal, I., and 
Szczech, P. (2018). Cucumber Golgi protein CsMTP5 forms a Zn-transporting 
heterodimer with high molecular mass protein CsMTP12. Plant Sci. 277, 196–206. 
doi: 10.1016/j.plantsci.2018.09.011

Miller, G., Shulaev, V., and Mittler, R. (2008). Reactive oxygen signaling and 
abiotic stress. Physiol. Plant. 133, 481–489. doi: 10.1111/j.1399-3054. 
2008.01090.x

Milner, M. J., Seamon, J., Craft, E., and Kochian, L. V. (2013). Transport properties 
of members of the ZIP family in plants and their role in Zn and Mn homeostasis. J. 
Exp. Bot. 64, 369–381. doi: 10.1093/jxb/ers315

Minet, M., Dufour, M.-E., and Lacroute, F. (1992). Complementation of 
Saccharomyces cerevisiae auxotrophic mutants by Arabidopsis thaliana cDNAs. 
Plant J. 2, 417–422.

Nakagawa, T., Kurose, T., Hino, T., Tanaka, K., Kawamukai, M., Niwa, Y., et al. 
(2007). Development of series of gateway binary vectors, pGWBs, for realizing 
efficient construction of fusion genes for plant transformation. J. Biosci. Bioeng. 104, 
34–41. doi: 10.1263/jbb.104.34

R Core Team.  (2018). R: A language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing.

Ricachenevsky, F. K., Menguer, P. K., Sperotto, R. A., Williams, L. E., and Fett,  
J. P. (2013). Roles of plant metal tolerance proteins (MTP) in metal storage  
and potential use in biofortification strategies. Front. Plant Sci. 4:1144. doi: 10.3389/
fpls.2013.00144

Rout, G. R., and Das, P. (2003). Effect of metal toxicity on plant growth and 
metabolism: I. Zinc Agron. 23, 3–11. doi: 10.1051/agro:2002073

Sagardoy, R., Vázquez, S., Florez-Sarasa, I. D., Albacete, A., Ribas-Carbó, M., 
Flexas, J., et al. (2010). Stomatal and mesophyll conductances to CO2 are the main 
limitations to photosynthesis in sugar beet (Beta vulgaris) plants grown with excess 
zinc. New Phytol. 187, 145–158. doi: 10.1111/j.1469-8137.2010.03241.x

Santi, S., and Schmidt, W. (2009). Dissecting iron deficiency-induced  
proton extrusion in Arabidopsis roots. New Phytol. 183, 1072–1084. doi: 
10.1111/j.1469-8137.2009.02908.x

Sárvári, É. (2005). Effects of heavy metals on chlorophyll-protein complexes in 
higher plants: causes and consequences. Handb. Photosynth. 1262, 865–888. doi: 
10.1201/9781420027877.ch45

Scharwies, J. D., and Dinneny, J. R. (2019). Water transport, perception, and 
response in plants. J. Plant Res. 132, 311–324. doi: 10.1007/s10265-019- 
01089-8

Scheid, D. L., Marco, R. D., Grolli, A. L., Silva, R. F. d., Da Ros, C. O., and 
Andreazza, R. (2017). Growth, tolerance and zinc accumulation in Senna multijuga 
and Erythrina crista-galli seedlings. Rev. Bras. Eng. Agríc. E Ambient. 21, 465–470. 
doi: 10.1590/1807-1929/agriambi.v21n7p465-470

https://doi.org/10.3389/fpls.2022.976311
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1007/s13199-021-00756-6
https://doi.org/10.1111/j.1438-8677.2010.00373.x
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1016/j.jphotobiol.2010.08.005
https://doi.org/10.1111/gcb.13599
https://doi.org/10.1016/j.ecoenv.2011.05.009
https://doi.org/10.1007/s12892-019-0097-0
https://doi.org/10.1111/febs.13252
https://doi.org/10.1016/j.envexpbot.2017.09.006
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1007/s00709-015-0816-3
https://doi.org/10.1007/s004250050524
https://doi.org/10.1111/tpj.13455
https://doi.org/10.1111/tpj.13455
https://doi.org/10.1016/j.plaphy.2020.10.010
https://doi.org/10.1201/9781420039900
https://doi.org/10.1038/s41598-021-85649-w
https://doi.org/10.1007/s00425-021-03642-z
https://doi.org/10.1007/s00709-014-0610-7
https://doi.org/10.1111/plb.12837
https://doi.org/10.1016/j.febslet.2007.04.010
https://doi.org/10.1007/s00425-002-0790-9
https://doi.org/10.1002/jpln.200700222
https://doi.org/10.1016/j.envexpbot.2020.104133
https://doi.org/10.1074/jbc.M804377200
https://doi.org/10.1007/s11356-014-3271-3
https://doi.org/10.1038/nsmb.1662
https://doi.org/10.1021/acs.jafc.6b00274
https://doi.org/10.1021/acs.jafc.6b00274
https://doi.org/10.3390/antiox6020024
https://doi.org/10.3390/antiox6020024
https://doi.org/10.1016/j.envexpbot.2013.12.023
https://doi.org/10.1016/0169-2046(90)90043-2
https://doi.org/10.1080/15226514.2016.1146224
https://doi.org/10.1016/j.plantsci.2018.09.011
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1111/j.1399-3054.2008.01090.x
https://doi.org/10.1093/jxb/ers315
https://doi.org/10.1263/jbb.104.34
https://doi.org/10.3389/fpls.2013.00144
https://doi.org/10.3389/fpls.2013.00144
https://doi.org/10.1051/agro:2002073
https://doi.org/10.1111/j.1469-8137.2010.03241.x
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1201/9781420027877.ch45
https://doi.org/10.1007/s10265-019-01089-8
https://doi.org/10.1007/s10265-019-01089-8
https://doi.org/10.1590/1807-1929/agriambi.v21n7p465-470


Li et al. 10.3389/fpls.2022.976311

Frontiers in Plant Science 12 frontiersin.org

Sharma, S. S., and Dietz, K.-J. (2006). The significance of amino acids and amino 
acid-derived molecules in plant responses and adaptation to heavy metal stress. J. 
Exp. Bot. 57, 711–726.

Shinozaki, D., and Yoshimoto, K. (2021). Autophagy balances the zinc–iron 
seesaw caused by Zn-stress. Trends Plant Sci. 26, 882–884. doi: 10.1016/j.
tplants.2021.06.014

Sidhu, G. P. S., Bali, A. S., Singh, H. P., Batish, D. R., and Kohli, R. K. (2020). Insights 
into the tolerance and phytoremediation potential of Coronopus didymus L. (Sm) grown 
under zinc stress. Chemosphere 244:125350. doi: 10.1016/j.chemosphere.2019.125350

Sinclair, S. A., and Krämer, U. (2012). The zinc homeostasis network of land 
plants. Biochim. Biophys. Acta BBA Mol. Cell Res. 1823, 1553–1567. doi: 10.1016/j.
bbamcr.2012.05.016

Sinclair, S. A., Senger, T., Talke, I. N., Cobbett, C. S., Haydon, M. J., and Krämer, U. 
(2018). Systemic upregulation of MTP2-and HMA2-mediated Zn partitioning to 
the shoot supplements local Zn deficiency responses. Plant Cell 30, 2463–2479. doi: 
10.1105/tpc.18.00207

Tiong, J., McDonald, G., Genc, Y., Shirley, N., Langridge, P., and Huang, C. Y. 
(2015). Increased expression of six ZIP family genes by zinc (Zn) deficiency is 
associated with enhanced uptake and root-to-shoot translocation of Zn in barley 
(Hordeum vulgare). New Phytol. 207, 1097–1109. doi: 10.1111/nph.13413

Tsednee, M., Yang, S.-C., Lee, D.-C., and Yeh, K.-C. (2014). Root-secreted 
nicotianamine from Arabidopsis halleri facilitates zinc hypertolerance by regulating 
zinc bioavailability. Plant Physiol. 166, 839–852. doi: 10.1104/pp.114.241224

Vaillant, N., Monnet, F., Hitmi, A., Sallanon, H., and Coudret, A. (2005). 
Comparative study of responses in four Datura species to a zinc stress. Chemosphere 
59, 1005–1013. doi: 10.1016/j.chemosphere.2004.11.030

van Dijk, H. F., and Roelofs, J. G. (1988). Effects of excessive ammonium 
deposition on the nutritional status and condition of pine needles. Physiol. Plant. 
73, 494–501. doi: 10.1111/j.1399-3054.1988.tb05431.x

Vigani, G., Bohic, S., Faoro, F., Vekemans, B., Vincze, L., and Terzano, R. (2018). 
Cellular fractionation and nanoscopic X-ray fluorescence imaging analyses reveal 
changes of zinc distribution in leaf cells of Iron-deficient plants. Front. Plant Sci. 
9:1112. doi: 10.3389/fpls.2018.01112

Vijayarengan, P., and Mahalakshmi, G. (2013). Zinc toxicity in tomato plants. 
World Appl. Sci. J. 24, 649–653.

Wang, Y., Kang, Y., Ma, C., Miao, R., Wu, C., Long, Y., et al. (2017). CNGC2 is a 
Ca2+ influx channel that prevents accumulation of apoplastic Ca2+ in the leaf. Plant 
Physiol. 173, 1342–1354. doi: 10.1104/pp.16.01222

Williams, M. W., and Martin, G. C. (1967). Quantitative gas chromatography of 
sugars and related polyhydroxy compounds in horticultural crops. HortScience 2, 
68–69.

Wu, X. X., Zhu, W. M., Zhang, H., Ding, H. D., and Zhang, H. J. (2011). Exogenous 
nitric oxide protects against salt-induced oxidative stress in the leaves from two 
genotypes of tomato (Lycopersicom esculentum Mill.). Acta Physiol. Plant. 33, 
1199–1209. doi: 10.1007/s11738-010-0648-x

Yang, J., Wu, C. L., Yu, Y. H., Mao, H. P., Bao, Y. Y., Kang, Y., et al. (2018). A 
mongolian pine specific endoplasmic reticulum localized CALMODULIN-LIKE 
calcium binding protein enhances arabidopsis growth. J. Plant Physiol. 226, 1–11. 
doi: 10.1016/j.jplph.2018.04.006

Yin, S., Duan, M., Fang, B., Zhao, G., Leng, X., and Zhang, T. (2022).  
Zinc homeostasis and regulation: zinc transmembrane transport  
through transporters. Crit. Rev. Food Sci. Nutr. 1–11. doi: 10.1080/10408 
398.2022.2048292

Yu, H. Y., Luscombe, N. M., Lu, H. X., Zhu, X. W., Xia, Y., Han, J.-D. J., et al. 
(2004). Annotation transfer between genomes: protein–protein interologs and 
protein–DNA regulogs. Genome Res. 14, 1107–1118. doi: 10.1101/gr.1774904

Zaheer, I. E., Ali, S., Saleem, M. H., Ali, M., Riaz, M., Javed, S., et al. (2020a). 
Interactive role of zinc and iron lysine on Spinacia oleracea L. growth, photosynthesis 
and antioxidant capacity irrigated with tannery wastewater. Physiol. Mol. Biol. Plants 
26, 2435–2452. doi: 10.1007/s12298-020-00912-0

Zaheer, I. E., Ali, S., Saleem, M. H., Arslan Ashraf, M., Ali, Q., Abbas, Z., et al. 
(2020b). Zinc-lysine supplementation mitigates oxidative stress in rapeseed 
(Brassica napus L.) by preventing phytotoxicity of chromium, when irrigated with 
tannery wastewater. Plan. Theory 9:1145. doi: 10.3390/plants9091145

Zaheer, I. E., Ali, S., Saleem, M. H., Yousaf, H. S., Malik, A., Abbas, Z., et al. (2022). 
Combined application of zinc and iron-lysine and its effects on morpho-
physiological traits, antioxidant capacity and chromium uptake in rapeseed (Brassica 
napus L.). PLoS One 17:e0262140. doi: 10.1371/journal.pone.0262140

Zhang, H. H., Xu, Z. S., Guo, K. W., Huo, Y. Z., He, G. Q., Sun, H., et al. 
(2020). Toxic effects of heavy metal cd and Zn on chlorophyll, carotenoid 
metabolism and photosynthetic function in tobacco leaves revealed by 
physiological and proteomics analysis. Ecotoxicol. Environ. Saf. 202:110856. 
doi: 10.1016/j.ecoenv.2020.110856

Zhang, Y., Wang, Y., Ding, Z., Wang, H., Song, L., Jia, S., et al. (2017). Zinc stress 
affects ionome and metabolome in tea plants. Plant Physiol. Biochem. 111, 318–328. 
doi: 10.1016/j.plaphy.2016.12.014

Zhao, H., and Eide, D. (1996). The ZRT2 gene encodes the low affinity zinc 
transporter in Saccharomyces cerevisiae. J. Biol. Chem. 271, 23203–23210. doi: 
10.1074/jbc.271.38.23203

Zhao, S. B., Li, Y. G., Zhao, B., and Lin, H. (2018). Identification and expression 
analyses of Mt MTP3, a zinc transporter of CDF family in Mdicago truncatula. J. 
Huazhong Agric. Univ. 37, 52–60. doi: 10.13300/j.cnki.hnlkxb.2018.03.008

https://doi.org/10.3389/fpls.2022.976311
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1016/j.tplants.2021.06.014
https://doi.org/10.1016/j.tplants.2021.06.014
https://doi.org/10.1016/j.chemosphere.2019.125350
https://doi.org/10.1016/j.bbamcr.2012.05.016
https://doi.org/10.1016/j.bbamcr.2012.05.016
https://doi.org/10.1105/tpc.18.00207
https://doi.org/10.1111/nph.13413
https://doi.org/10.1104/pp.114.241224
https://doi.org/10.1016/j.chemosphere.2004.11.030
https://doi.org/10.1111/j.1399-3054.1988.tb05431.x
https://doi.org/10.3389/fpls.2018.01112
https://doi.org/10.1104/pp.16.01222
https://doi.org/10.1007/s11738-010-0648-x
https://doi.org/10.1016/j.jplph.2018.04.006
https://doi.org/10.1080/10408398.2022.2048292
https://doi.org/10.1080/10408398.2022.2048292
https://doi.org/10.1101/gr.1774904
https://doi.org/10.1007/s12298-020-00912-0
https://doi.org/10.3390/plants9091145
https://doi.org/10.1371/journal.pone.0262140
https://doi.org/10.1016/j.ecoenv.2020.110856
https://doi.org/10.1016/j.plaphy.2016.12.014
https://doi.org/10.1074/jbc.271.38.23203
https://doi.org/10.13300/j.cnki.hnlkxb.2018.03.008

	Zinc toxicity response in Ceratoides arborescens and identification of CaMTP , a novel zinc transporter
	Introduction
	Materials and methods
	Plant materials and cultivation technique
	Metal contents analysis
	Chlorophyll contents and photosynthesis activity parameters analysis
	Antioxidant enzyme activities and lipid peroxidation analysis
	Gene expression and bioinformatics analysis
	Subcellular localization of CaMTP 
	Yeast strains and vector manipulation
	Yeast transformation and phenotypic analysis
	Statistical analysis

	Results
	Effects of Zn treatments on plant growth
	Effects of Zn treatments on metal ion concentration
	Effects of Zn treatments on chlorophyll contents and photosynthesis activity parameters
	Assessment of lipid peroxidation and the activity of antioxidant enzymes
	Identification of a Ceratoides arborescens -specific Zn transport protein-encoding transcript
	 CaMTP localizes in the ER
	 CaMTP complements a Zn 2+ sequestration-deficient yeast mutant

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material

	 References

