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Abstract

Lead (Pb) is a heavy metal with high toxicity to plants. Root is the major organ to respond to Pb stress. However, little is known

about how plant roots perceive Pb stress signaling. Here, we describe the transcriptome of Arabidopsis root tips under Pb stress

using the RNA-seq assay. A total of 703 differentially expressed genes (DEGs) were identified and expressed at every time

points. Some early-responsive DEGs (1 h) were predicted to be negatively involved in cell elongation and cell expansion, while

some late-responsive DEGs (24 h) positively participated in defense of oxidative stress. Hydrogen peroxide (H2O2) and super-

oxide (O2
−) were increased significantly in root tips under Pb stress. Cell wall extension related gene XYLOGLUCAN

ENDOTRANSGLUCOSYLASE/HYDROLASE 18 (XTH18) was induced in root tips, and xth18 showed reduced root growth

inhibition by Pb stress. Our results revealed the potential mechanism of root growth inhibition by Pb stress and shed light for the

further study.
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Introduction

Lead (Pb), a heavy metal with high toxicity to plants, is

regarded as the first one smelted by humans (Kalisińska

2019). In daily life, Pb is everywhere because of its corrosion

resistance and plasticity, such as fertilizers, pesticides, and pig-

ments (Hadi andAziz 2015). The contamination of soil by Pb is

mainly caused by mining, chimneys of factories using Pb, the

storage battery, and smelting. In accordance with ATSDR

(Agency for Toxic Substances and Disease Registry) Priority

Substance List published in 2019, Pb was labeled as the second

most dangerous environment poison due to its toxicity (https://

www.atsdr.cdc.gov/SPL/index.html#2019spl). In terms of

plants, Pb is not essential for plants’ growth and development,

but Pb toxicity sharply occurs even in very low concentration.

Pb toxicity brings morpho-physiological and biochemical

changes and disturbs normal functioning of the plants from cell

to organ level (Ashraf and Tang 2017).

Roots, the first line of defense against Pb stress, secrete

exudates into the rhizosphere to chelate Pb and prevent their

uptake into root cells. In addition, roots also uptake large

amounts of Pb through the NRAMP (natural resistance-

associated macrophage protein), ZIP (Zrt/IRT-like protein),

and cation transporters, and immensely restrict its transloca-

tion to aerial parts. Simultaneously, Pb particles can be fixed

on cell wall by extracellular carbohydrates such as callose and

mucilage. It is found that callose synthesis could be induced

by Pb stress, which formed an efficient barrier for Pb penetra-

tion (Samardakiewicz et al. 2012). In cytoplasm, the
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compartmentalization and chelation of Pb proceeds with a

faster kinetics to preclude their participation in toxic reactions.

Nevertheless, the burst of reactive oxygen species (ROS) at-

tributed to Pb toxicity results in cell damage and reduced root

length. To confront oxidative stress, antioxidant system was

activated, including non-protein thiols (cysteine and glutathi-

one), ascorbic acid, proline, as well as antioxidant enzymes,

such as superoxide dismutase (SOD), guaiacol peroxidase

(GPX), ascorbate peroxidase (APX), glutathione reductase

(GR), and catalase (CAT).

In this study, root tips of Arabidopsis treated without and

with Pb stress for different time points were used for RNA-seq

assays. Root growth under Pb stress was apparently reduced,

and reactive oxygen species (ROS) was significantly in-

creased by Pb stress in root tips. RNA-seq data showed that

a total of 703 differentially expressed genes (DEGs) were

expressed at all the time points and mainly implicated in trans-

porter activity, ion binding, catalytic activity, plant growth and

development, cell wall modification, and abiotic stimulus.

Further results demonstrated that the cell wall extension relat-

ed gene XTH18 was up-regulated by Pb and xth18 showed

reduced sensitivity to Pb stress. These results will enrich our

understanding of how plant roots perceive Pb stress signaling

and provide a solid foundation for breeding of Pb-tolerant

crop varieties.

Materials and Methods

Plant Material and Root Imaging

The Arabidopsis wild genotype (Columbia ecotype, Col-0)

was served as experimental materials in the current study.

Seeds were surface-sterilized in 10% bleach for 10 min and

washed 6 times with double-distilled water to remove residual

bleach. The pre-treated seeds were plated on half-strength

Murashige and Skoog (MS) medium. Plants were stratified

at 4 °C for 2 days in darkness and then transferred to a

phytotrone set at 22 °Cwith a 16-h-light/8-h-dark photoperiod

(light intensity 100 μmol m−2 s−1), which were vertically

placed in a plant incubator (22 °C, day/night). The ImageJ

was applied to measure root length of 6-day-old seedlings

from images captured with a Canon EOS 760D camera. The

assay had three biological replicates with ten seedlings per

replicate.

Meristem Size Measurements and GUS Staining

The length of root meristem was measured on a ZEISS Axio

Imager Z2 microscope using six-day-old seedlings treated

with or without 1 mM Pb. Histochemical GUS staining was

performed as described previously (Zhang et al. 2018). These

experiments were replicated three times for each of ten

seedlings.

RNA-Seq Assay

Five-day-old wild-type Seedlings cultured on 1/2MSmedium

were transferred to medium supplemented with l mM

Pb(NO3)2 for 1 h, 6 h, 12 h, and 24 h. Root tips (0.5 cm) were

collected and quickly frozen with liquid nitrogen, and seed-

lings on 1/2 MS medium were used as control. Total RNA

was isolated using TRIzol reagent (Invitrogen, 15596026).

Sequencing libraries were constructed with a total of 3 μg

RNA and implemented on Illumina HiSeq 2500 platform

(Berry Genomics). All samples were run in three biological

replicates. The Kallisto (v 0.44.0) was applied to quantify the

transcripts expression levels for each read. The HISAT2 (v

2.0.5) was used to map reads to the Arabidopsis genome.

DEGs were analyzed with the DESeq2 package, and genes

(Padj < 0.01 and |Log2FoldChange| > 0.1) of which were

regarded as the significant DEGs and picked for gene ontolo-

gy (GO) enrichment analysis.

Reverse Transcription Quantitative PCR

Reverse transcription quantitative PCR (RT-qPCR) assays

were performed to validate the dependability of RNA-seq.

All RT-qPCR analyses were conducted with three biological

replicates and 3 technical replicates within each biological

replicate on a Bio-RADCFX96™ optics module. The relative

expression level was computed by the method of comparative

△Ct, and Actin7 (At5g09810) was picked to normalize all

results. Specific primers are listed in Supplementary Table 1.

Histochemical Detection of O2
− and H2O2 in Root

The 4-day-old seedlings were transferred to the medium with

or without 1 mM Pb(NO3)2 for 24 h. The seedlings were

immersed in 3,3′-diaminobenzidine (DAB) or nitroblue

tetraxolium (NBT) staining solution for detection of H2O2 or

O2
−in light of the methods described in the former study,

respectively (Dunand et al. 2007). Three biological replicates

with ten seedlings per replicate.

Results

Root Growth Inhibition by Pb Stress

In this study, seedlings of Col-0 were constantly fostered with

or without 1 mM Pb(NO3)2 for 6 days. The results showed

that root elongation was apparently inhibited, and root length

was decreased by 64.37% under Pb stress compared with that

of mock treatment (1/2 MS), while shoot growth was
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relatively less affected (Fig. 1 a and b). Postembryonic root

growth of higher plants is maintained by the root meristem.

The reduction of root meristem size by Pb could result from its

negative effect on cell division (Fig. 1c). The CYCB1;1 en-

codes a cyclin-dependent protein kinase and plays an impor-

tant role in the G2/M phase of the cell cycle. Therefore, the

expression ofCYCB1;1pro: GUS in roots can be used to mark

mitotic activity in meristems (Colon-Carmona et al. 1999).

The CYCB1;1pro:GUSwas expressed in the actively dividing

cells of the root meristem, and the activity was markedly

reduced by Pb stress (Fig. 1d), suggesting that Pb stress re-

presses the cell division activity of the transit amplifying cells

in the root meristem.

RNA Sequencing and Identification of DEGs Under Pb
Stress

To further explore the underlying mechanism of root growth

inhibition in response to Pb stress, RNA-seq assays were car-

ried out with Pb treatments for different time points (0 h/1 h/

Fig. 1 Lead (Pb) inhibits root growth. a Root length was greatly reduced

by Pb stress. Seedlings were grown with or without 1 mM Pb for 6 days.

Bar = 0.25 cm. b Comparison of root length under the Mock (left) and Pb

stress (right) condition. Data are shown as the average (± SD) (n = 10). c

The root meristem size decreased sharply under Pb stress. Bar = 50 μm. d

Six-day-old transgenic Arabidopsis seedl ings expressing

proCYCB1;1:GUS were germinated on Murashige and Skoog (MS) me-

dium and transferred to medium without Pb (MS, Mock) or medium

containing 1 mM Pb for 24 h, and proCYCB1;1:GUS expression was

monitored by histochemical GUS staining. Bar = 50 μm
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6 h/12 h/24 h). To test the repeatability and reliability of the

sequencing data, the principal component analysis (PCA) was

implemented and the results demonstrated that all samples

could be divided into five groups (Supplementary Fig. 1),

representing that the datasets were available for further anal-

ysis. Statistically, a total of 443,708,633 raw reads were ob-

tained from RNA sequencing. The amount of clean reads

ranged from 22,626,671 to 33,541,052 among 15 root sam-

ples, of which between 78.93% and 94.569% mapped to the

Arabidopsis genome (Supplemental Table 2). The reads

uniquely mapped to the genome varies between 61.37 and

85.09%. In addition, the minimum Q20 and Q30 of those

clean reads were 99.86% and 82.77%, respectively.

The dataset has been uploaded to NCBI database (https://

dataview.ncbi.nlm.nih.gov/object/PRJNA593333?reviewer=

422k02ihk6skl0tphuhj2oml2r).

Identification and quantification of genes (especially

DEGs) expressed under the specific conditions are two

vital characters of transcriptome sequencing analysis. In

this study, DEGs in response to Pb stress were screened

with the threshold of adjusted P value < 0.01. A total of

4284 DEGs were identified at 1 h after Pb stress. With Pb

treatments from 0 to 24 h, the number of DEGs reached a

peak at 6 h. The up- and down-regulated DGEs reached

2358 and 2739, respectively. However, the amount of

DEGs sharply dropped to the minimum value at 12 h.

With Pb treatment for 24 h, the amount of up-regulated

DEGs was slightly more than that of down-regulated

DEGs, and the total number of DEGs was 3498 (Fig. 2a

and Supplementary Table 3). Subsequently, a total of 703

expressed DEGs were identified at all the time intervals

(Fig. 2b). Hierarchical clustering analysis of 703 DEGs

indicated that they could be divided into five groups,

and the expression pattern of which was largely different.

The result of cluster analyses among four groups with Pb

treatments showed that the expression pattern of DEGs at

12 h was similar with that of 24 h, and the difference of

which between Pb-1 h and other groups was quite distinct

(Fig. 2c). In addition, individual comparisons with a loop

design at temporal scale were performed. A total of 3448,

1127, 996, and 3893 DEGs were identified at 1–6 h, 6–

12 h, 12–24 h, and 1–24 h, respectively (Supplementary

Table 6). For validation of RNA-seq data, a total of 14

DEGs were picked for RT-qPCR assay, and the results of

correlation analysis referred that correlation coefficient

between RNA-seq and RT-qPCR is 0.751, indicating that

the expression trend is consistent (Supplementary Fig. 2).

GO Enrichment Analysis of Commonly Expressed
DEGs

RNA-seq provides a quick and feasible method for gene func-

tion study. Furthermore, the functional relevance of candidate

genes could be analyzed with GO tools to separate gene prod-

ucts into three categories, including molecular function (MF),

biological process (BP), and cellular component (CC). Here,

the commonly expressed DEGs were also divided into three

groups (Supplementary Table 4). In terms of molecular func-

tion, the processes represented by the GO terms “oxidoreduc-

tase activity”, “transmembrane transporter activity,” “metal ion

binding,” and “lipid binding” were significantly enriched

(Supplementary Fig. 3), indicating that a variety of detoxifica-

tionmetabolisms were activated after Pb stress for few hours. In

the biological process ontology (Supplementary Fig. 4), the

major terms were “developmental growth involved in morpho-

genesis,” “root hair cell development,” “cell wall organization

or biogenesis,” and “response to abiotic stimulus,” suggesting

that plant growth (especially root development) was affected by

Pb stress and genes related to abiotic stimulus were activated.

Regarding cellular component (Supplementary Fig. 5), the ma-

jor terms were “plasma membrane,” “vacuolar membrane,”

“cell wall,” and “endomembrane system,” demonstrating that

cell membrane system performed vital roles in Pb transport,

chelation, and sequestration. Although many GO terms related

to Pb stress were enriched, it still needs more information to

clarify their relationship in further study.

Identification of Early- and Late-Responsive Genes
Under Pb Stress

To investigate the early- and late-responsive genes related to

Pb defense, GO enrichment analysis of DEGs at 1 h and 24 h

was performed, and the top 20 GO items (biological process)

are shown in Supplementary Figs. 6 and 7, respectively.

Interestingly, the terms named “regulation of cell size” and

“cell growth” were specifically enriched at 1 h. This result

suggests that the DEGs at the early stage (1 h) of Pb stress

were negatively involved in cell elongation/expansion and

root growth, which demonstrated that cell elongation inhibi-

tion in root is a fast response to Pb stress. Furthermore, “root

development,” “ion transport,” and “response to abiotic

stress” related genes were significantly enriched at 1–6 h

(Supplemental Fig. 8). Genes (Expansin, etc.) related to cell

elongation were also isolated as DEGs and involved in root

development, indicating that cell elongation consistently par-

ticipated in defense responses of Pb stress at the early stage. At

6–12 h, “cell cycle,” “cell division,” and “response to metal

ion” related genes were enriched, suggesting that Pb stress still

affected cell division (Supplemental Fig. 9). Moreover, “oxi-

dation-reduction process,” “response to oxidative stress,” and

“response to metal ion” related genes were enriched at 12–

24 h (Supplemental Fig. 10), demonstrating that oxidation-

reduction process was progressively activated by Pb stress.

“Response to oxidative stress” and “plant-type cell wall orga-

nization” related genes were uniquely enriched at 24 h (Fig.

3a). Similarly, “oxidation-reduction process” and “response to
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oxidative stress” related genes were also enriched at 1–24 h

(Supplemental Fig. 11), implying that late-responsive DEGs

were positively participated in defense against oxidative

stress. Furthermore, heavy metal stress could result in the

overproduction of ROS inside plant cells (Fahr et al. 2013).

Accordingly, 4-day-old seedlings were used to estimate the

content of hydrogen peroxide (H2O2) and superoxide (O2
−).

As shown in Fig. 3 b and c, the staining was significantly

strengthened after Pb treatment for 24 h, indicating that Pb

indeed greatly promotes ROS production in root tips.

XTH18 Plays an Important Role in Pb-Induced Root
Growth Inhibition

Xyloglucan endotransglucosylase/hydrolases (XTHs), one

kind of cell wall-modifying enzymes, are correlates with

hemicellulose modification and influences cellular expansion

and cell wall loosening. In general, there are 33 members of

the XTH gene family in Arabidopsis, and 10 of them exhibited

root-specific expression (XTH-5, XTH-12, XTH-13, XTH-14,

XTH-17, XTH-18, XTH-19, XTH-20, XTH-26, and XTH-31).

Our RNA-seq data showed that the expression of XTH5,

XTH18, XTH20, and XTH31 was quickly and consistently

induced by Pb stress (Fig. 4a). According to previous study,

XTH18 is also considered as one of major contributors to root

growth and for normal root development (Vissenberg et al.

2005). Subsequently, we examined the effect of Pb on

XTH18 expression by expressing theGUS reporter gene under

the control of the XTH18 promoter (proXTH18::GUS) in 6-

day-old Col-0 seedlings. The proXTH18::GUS/GFP was

mainly expressed in root meristem and differentiation zone,

and its expression was significantly enhanced by Pb treat-

ments for 6 h, 12 h, and 24 h, compared with the mock (0 h)

treatment (Fig. 4 b and c). We also compared Pb-induced root

growth inhibition between Col-0 (wild-type) and xth18 mu-

tant. Root growth of xth18 showed reduced sensitivity to Pb

stress compared with that of Col-0 (Fig. 4 d and e). These

results indicated XTH18-mediated cell wall modification

was involved in inhibition of root growth under Pb stress.

A Putative Working Model of Pb Stress

To better understand the molecular mechanism of plant de-

fense against Pb stress, a supposed model was constructed

based on our RNA-seq data (Fig. 5). Perceiving Pb stress

signal was the first principle step for plants subjected to Pb

stress. In this study, many signaling molecules were identified

(Supplementary Table 5). Two calmodulin genes (At2g41110

and At3g56800) were identified and up-regulated after Pb

stress for 1 h, while they were constantly down-regulated at

Fig. 2 Identification of DEGs and expression pattern analysis. a The number of up- and down-regulated DEGs at each time points. b Venn diagrams of

DEGs at the indicated time points. c Hierarchical clustering heatmap of 703 commonly expressed DEGs
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6, 12, and 24 h, indicating that they could be rapidly induced

for responding to Pb stress and probably function as the sensor

of Pb stress. In addition, three mitogen-activated protein ki-

nase kinase kinase (MPKKK, At2g30040, At2g32510, and

At4g36950) were commonly up-regulated by Pb stress at all

time intervals and proved to be involve in stress-activated

protein kinase signaling cascade in Arabidopsis. Thereafter,

Pb was transported from rhizosphere to root and shoot through

transporters. Nramp3 (At2g23150), one of the metal trans-

porters, was induced by Pb stress at all time points, and ex-

pression of which reached a peak at 6 h. We also identified

three ABC transporters (At2g39350, At3g47780, and

At4g01830), and two genes of which were continuously in-

duced by Pb. Simultaneously, Pb particles could be absorbed

by cell wall. In the cytoplasm, the majority of Pb ion, with or

without chelation by phytochelatins, were finally

compartmented in vacuole. One cation/H+ antiporter

(At5g41610) was isolated and upregulated at all time points

except stress for 12 h. Meanwhile, the increased Pb in the cell

was responsible for generation of ROS (Ashraf et al. 2017).

Under Pb stress condition, a large deal of ROS was generated

in chloroplast by photosynthetic system andmitochondrion by

respiratory electron transport chain (RETC). Three DEGs

encoding NADPH related reductase (At1g10310 ,

At2g17420, and At4g30210) were isolated, while expressed

pattern of which was different under Pb stress. Two nitrate

reductase (NADH, At1g37130 and At1g77760) were consis-

tently induced by Pb stress, and their expression level reached

peaks at 1 h. Furthermore, ROS were also generated through

respiratory burst oxidase homolog (RBOH) located on cell

Fig. 3 Expression patterns of early- and late-responsive DEGs and phys-

iological changes of Arabidopsis roots in response to lead (Pb) stress. a

Hierarchical clustering heatmap of partial DEGs at 1 h and 24 h. b

Detection of hydrogen peroxide in roots stained with DAB. Bar =

50μm. cDetection of superoxide in roots stained with NBT. Bar = 50μm
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membrane. To balance the cell metabolism, the activity of

oxidoreductases was enhanced to scavenge ROS. Two genes

encoding SOD (At2g28190 and At5g23310) were rapidly up-

regulated at 1 h and their expression level reach peak after Pb

stress for 12 h. A protective enzyme POD (At4g08770) was

also induced by Pb stress at all time points. Genes encoding

CAT (At4g35090) and peroxidase (At2g48150) were upregu-

lated under Pb stress to transform hydrogen peroxide to water.

As shown in Supplemental Figs. 12 and 13, genes involved in

Pb stress were differentially expressed and their correlation

coefficient between RNA-seq and RT-qPCR is 0.805.

Meanwhile, the ROS signaling pathway was activated to stim-

ulate the defense responses.

Discussion

Over the years, heavy metal contaminants attributed to anthro-

pogenic activities are becoming more and more severe. As a

nonessential element for plant growth and development, the

release of Pb into environment results in declined crop yield

and threatens human health. Accordingly, it is urgent to un-

derstand the underlying molecular mechanism of Pb tolerance

Fig. 4 Phenotype of the xth18 mutant and the expression pattern of

XTH18 under mock and Pb stress. a Heatmap of ten root-specific

expressed XTHs at four time points. b, c Six-day-old transgenic

proXTH18::GUS/GFP seedlings were exposed to 0 (Mock) and 1 mM

Pb for 6 h, 12 h, and 24 h. Bar = 100 μm. d, e Root growth of wild-type

and xth18 plants after 6-day exposure to 0 (Mock) and 1 mMPb. Data are

shown as the average (± SD) (n = 10). Bar = 0.5 cm
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for breeding new varieties. In this study, genes and metabo-

lism pathways related to Pb tolerance were identified via

RNA-seq, which lay a soil foundation for further study on

Pb stress.

In terms of plant morphology under Pb stress, previous

studies found that an inhibitory effect of root growth and shoot

growth was pronounced, and the extent of which was en-

hanced with the increasing concentration of Pb (Seneviratne

et al. 2016). In the present study, root length significantly

declined under Pb treatment compared with the control, which

is consistent with the former studies. However, the shoot

growth of Col-0 was not much influenced at the same level

of Pb stress, which might be due to the duration and concen-

tration of Pb treatment. Another possible reason is that root is

more sensitive than other organs in response to abiotic stress-

es. Cell division activity and root meristem size were greatly

reduced by Pb stress, which implies inhibition of root growth

by Pb stress is a complex process.

RNA-seq has been widely applied to identify the DEGs

among different conditions in Arabidopsis (Loraine et al.

Fig. 5 Models of molecular mechanism against Pb stress in Arabidopsis

root. Under Pb stress, the root growth was drastically inhibited.

Subsequently, Pb particles were transported from rhizosphere into root,

and lots of which were absorbed on cell wall or transferred into cell

through membrane transporters (such as ABC transporters, ZIP

transporters, and Ca2+ channels). While some of them were still stuck

in the intercellular space. In the cytoplasm, Pb ion can be chelated by

phytochelatins to synthesis Pb-chelates, which reacted with ATP to

release the energy for normal life activities under the certain conditions

and finally stored in the vacuole. Simultaneously, the majority of

unchelated Pb ion was pumped inside the vacuole though the

membrane proton pump. In addition, Pb ion also could be transported

from root to shoot. With the accumulation of Pb in plant, a large deal of

reactive oxygen species (ROS) was produced and regarded as the mes-

senger against Pb stress. In terms of the chloroplast in the shoot, oxygen

could be transformed to superoxide ion based on the photosynthetic sys-

tem. Meanwhile, sugar-P was synthesized with the reaction of PGA and

NADPH and transported to root. Under the catalytic action of sugar-P and

NADPH, the majority of ROS was generated in intercellular space

throughRBOH andmitochondrion by respiratory electron transport chain

(RECT), respectively. The ROS was transferred as the messenger to stim-

ulate the defense responses against Pb stress. Subsequently, superoxide

ion was transformed to hydrogen peroxide with the reaction of SOD,

which was resolved into water and oxygen by antioxidant enzymes

CAT and GPX. The black spots represent Pb ion. The bold curved lines

with marine blue represent cell wall. The thin curved lines with marine

blue represent cell membrane. The pansy oval represents ABC trans-

porters. The pansy oval represents ABC transporters. The oval with dark

khaki represents ZIP transporters. The oval with cardinal red represents

Ca2+ channels. The tangerine oval represents RBOH. The bigger oval

with cornflower blue represents vacuole. The circle with crimson repre-

sents antiporter. The pink rectangle represents mitochondrion. The oval

with deep sky blue represents RECT. The dotted square with green rep-

resents chloroplast in shoot. The blue rectangles represent photosynthetic

system. The irregular shape with yellow and red words represents ROS

signaling. The red words represent their coding genes were u-pregulated

under Pb stress. The green words represent the coding genes were down-

regulated under Pb stress. Pb lead, ZIP Zrt/IRT-like protein, RBOH re-

spiratory burst oxidase homolog, ATP adenosine triphosphate, ADP

adenosine diphosphate, NADPH nicotinamide adenine dinucleotide

phosphate, RECT respiratory electron transport chain, Sugar-P sugar

phosphate, PSI/II photosystem I/II, PGA 3-phosphoglycerate, RUBP

ribulose 1,5-bisphosphate, SOD superoxide dismutase, CAT catalase,

GPX guaiacol peroxidase, GSH glutathione, reduced, GSSG glutathione,

oxidized, ROS reactive oxygen species
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2013). Nevertheless, there is little study on investigation of Pb

stress by transcriptome profiling. In this study, a total of 15

samples were collected for RNA-seq analysis. According to

Supplementary Table 2, the raw reads and total mapped rates

of Col-Pb-0 h-3 were 22,880,621 and 78.93%, respectively,

which were also lower than that of two others in the same

group, speculating that these different results could be attrib-

uted to substrate depletion during sequencing processes.

Regarding DEGs number, the number of down-regulated

genes were much more than that of up-regulated genes at

1 h, 6 h, and 12 h, while the contrary situation occurred at

24 h (Fig. 2a). The results of previous study found that the

number of up-regulated DEGs at 12 h was less than that at

24 h under Pb stress in maize root, and the number of down-

regulated DEGs at 12 h was more than that at 24 h, consistent

with the results in our study. These results indicated that the

onset of response to Pb stress is early and the metabolism

gradually reached a steady state in vivo. Additionally, a total

of 703 commonly expressed DEGs were identified at all the

time intervals (Fig. 2c). GO annotation analysis is regarded as

a valid way for comprehensive investigation of gene function.

In the previous study, genes involved in metal ion binding

(GO: 0046872) were regarded to bind the harmful metal ions

for chelate synthesis (Ortiz et al. 2019). In terms of GO anal-

ysis of DEGs under Pb stress, a lot of GO terms (transporter

activity, catalytic activity, developmental growth, response to

abiotic stimulus, cell wall, etc.) were enriched, and most of

which were also identified in the current study, demonstrating

that the strategies for confronting Pb stress were similar

among different species (Tian et al. 2015). As shown in Fig.

3a, the expression level of partial DEGs at 1 h and 24 h was

displayed and the changes were significant, which could be

regarded as the marker genes at early and late stages of Pb

stress. The accumulation of ROS resulted from heavy metal

stress has been reported in previous study (Ashraf et al. 2017).

As shown in Fig. 1 c and d, the color of root was markedly

deepened after Pb stress, suggesting that large amounts of

ROS were produced, which could be an important indicator

of Pb stress.

When plants are exposed to environmental stress condi-

tions, cell wall functions as a barrier against stress factors

including metals. Under Pb stress, Pb particles can be fixed

on cell wall, which affects the cell wall loosening. XTHs cor-

relate with hemicellulose modification and influence cellular

expansion and cell wall loosening. In addition, XTH18 is con-

sidered as one of major contributors to root growth and for

normal root development (Vissenberg et al. 2005). In this

study, the expression of XTH18 was induced and the xth18

mutant shows reduced sensitivity under Pb stress; these results

indicated that cell wall modification is involved in lead stress

response.

Signal transduction is a key step for plant defense system.

During this process, a great quantity of signaling molecules

and stress-related proteins were synthesized to activate specif-

ic genes for dealing with the stimulus. Calmodulin and

mitogen-activated protein kinase kinase kinase (MAPKKK)

have been recognized as essential signal molecules in re-

sponse to stresses (Loraine et al. 2013). In our study, three

MAPKKK genes were always up-regulated after Pb treatment

at four time points, while two calmodulin genes were only up-

regulated at 1 h and down-regulated at 6 h, 12 h, and 24 h,

indicating that signal transduction of stress was coordinated.

According to previous study, Pb is likely transported by non-

specific transporters (Loraine et al. 2013). Therefore, Pb was

absorbed into root and finally transported into vacuoles via

membrane transporters, such as genes of ABC, ZIP,

NRAMP, zinc transporter families, and antiporters. As shown

in Supplementary Table 5, a total of 20 significant DEGs

related to Pb transport, chelation, and sequestration were iso-

lated for Pb metabolism. Pectin is considered as one of the Pb-

chelating agents, and the expression level of its lyase

decreased sharply at four time points, suggesting that

synthesis of pectin was activated under Pb stress. Krämer

et al. (2007) reported that the NRAMP transporters existed

in root and shoot, and played an essential role in transport of

metal ions through the plasma membrane and the tonoplast

(Krämer et al. 2007), which was up-regulated at four time

points after Pb treatment. In addition, the content of ROS

increased markedly when exposed to abiotic stress (Huang

et al. 2019). In this study, two photosystem elements were

up-regulated to form much ROS with the extension of the

stress time. Two genes encoding respiratory burst oxidase

homolog (RBOH) protein were isolated and also up-

regulated at 6 h, 12 h, and 24 h. To improve the adverse

circumstance attributed to ROS, a large amount of antioxidant

enzymes was compounded to release of ROS, such as SOD,

CAT, and APX. Furthermore, the ROS signaling was simul-

taneously motivated for further response to Pb stress.

Conclusion

In summary, our study is mainly focused on the root growth

inhibition of model plant Arabidopsis in response to Pb stress

at morphological, physiological, and molecular levels and

found that the early-responsive genes and the late-responsive

genes, and the content of hydrogen peroxide (H2O2) and su-

peroxide (O2
−) increased significantly under Pb stress. In ad-

d i t i o n , XTH18 , wh i c h e n c od e s a xy l o g l u c a n

endotransglucosylase, was induced by Pb and xth18 mutant

seedling showed increased resistance to Pb stress, which indi-

cated that cell wall modification was involved in of root

growth inhibition under Pb stress. Additionally, a putative

model was constructed for better understanding the defense

mechanism in response to Pb toxicity.
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