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Comparative transcriptome
analysis reveals cadmium
tolerance mechanisms in
two Amaranthus varieties
Taotao Wang†, Fuqiang Zhu†, Ying Liu†, Ningning Xing
and Yuan Chen*

State Key Laboratory of Wheat Improvement, Peking University Institute of Advanced Agricultural
Sciences, Shandong Laboratory of Advanced Agricultural Sciences in Weifang, Weifang,
Shandong, China
Cadmium (Cd) pollution poses a signi� cant threat to agricultural safety and
ecological health. Understanding plant tolerance mechanisms is crucial for
developing solutions. In this study, we investigated the physiological and
molecular mechanisms underlying Cd tolerance in two Amaranthus varieties,
CZ074 (tolerant) and CZ081 (sensitive). Physiological analysis revealed CZ074
exhibited less severe growth inhibition under Cd stress. Notably, CZ074 exhibited
a lower Cd transport coef� cient from roots to shoots, which contributes to
protecting its aboveground tissues from toxicity. Comparative transcriptome
analysis of roots, stems, and leaves identi� ed a signi� cantly larger number of
differentially expressed genes (DEGs) in CZ074, suggesting an “active investment”
strategy involving comprehensive transcriptional reprogramming. In CZ074 roots,
DEGs were markedly enriched in pathways related to phenylpropanoid
biosynthesis, cell wall formation (cutin, suberine, and wax), ribosome
biogenesis, and plant hormone signal transduction. Key transcription factors
(bZIP, NAC, WRKY) and transporter genes (HMA3, NRAMPs, CAXs) were more
strongly up-regulated in CZ074 roots, indicating enhanced defense,
sequestration, and transport capabilities. In shoots, CZ081 showed more
dysregulated gene expression, interpreted as a symptom of severe stress
damage rather than an effective defense. We propose that CZ074’s tolerance
stems from a coordinated network involving robust root defenses, ef� cient Cd
translocation in stems, all supported by extensive and precise transcriptional
regulation. These � ndings provide valuable candidate genes and insights for
phytoremediation and breeding Cd-tolerant crops.
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Introduction

With the rapid development of industry and agriculture, soil heavy metal pollution has
become a global environmental issue (Yang et al., 2018). Cadmium (Cd), due to its high
toxicity, strong mobility, and propensity to accumulate in the food chain, poses a serious
threat to agricultural product safety and human health (Rani et al., 2014; Genchi et al.,
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2020). Under Cd stress, plants suffer from a series of physiological
damages, including oxidative damage, nutritional imbalance,
inhibition of photosynthesis, and impaired growth and
development (Aslam et al., 2023; Mushtaq et al., 2025).
Therefore, elucidating the mechanisms of Cd tolerance in
plants is of signi�cant theoretical and practical importance for
cultivating low-Cd-accumulating crops or using plants for the
phytoremediation of Cd-contaminated soils.

Over the course of long-term evolution, plants have developed a
complex set of mechanisms to cope with Cd stress, including root
cell wall binding, vacuolar sequestration, chelation, and antioxidant
defense, involving numerous regulatory factors such as zinc/iron-
regulated transporter proteins (ZIP), natural resistance-associated
macrophage proteins (Nramp) transporters, and heavy metal
ATPase (HMA) transporters (Vitelli et al., 2024; Zhang et al.,
2024b; Hu et al., 2025). Underlying these physiological processes
is a precise transcriptional regulatory network. In recent years,
transcriptomic technologies (e.g., RNA-seq) have become powerful
tools for genome-wide revelation of plant responses to abiotic
stresses, enabling the systematic identi�cation of key differentially
expressed genes and regulatory pathways (Wang et al., 2024).
However, Cd tolerance strategies vary signi�cantly among
different plant species and even genotypes, and this genetic
diversity is key to mining excellent tolerance gene resources (He
et al., 2015; Yang et al., 2025).

Amaranthus, a multi-purpose plant with value for food, feed,
and ornamental uses, exhibits strong environmental adaptability
and a certain potential for heavy metal tolerance (Hunkova� et al.,
2024; Mukuwapasi et al., 2024). Preliminary studies have
found signi�cant differences in Cd stress tolerance among
different amaranth varieties, including A hybridus, A. cruentus,
A. mangostanus, A. tricolor, A. retro� exus, A. spinosus, A. dubius,
and A. panuiculatus, making them ideal materials for comparative
study of Cd tolerance mechanisms at the molecular level (Lancõ�kova�
et al., 2020; Hunkova� et al., 2024). However, research on Cd
tolerance in amaranth, particularly systematic comparisons of
regulatory mechanisms between varieties with different tolerance
levels at the whole transcriptome level, is still lacking.

In this study, we selected two Amaranthus varieties with
contrasting Cd tolerance: tolerant CZ074 (A. cruentus) and
sensitive CZ081 (A. hybridus), to investigate their phenotypic
changes and Cd accumulation characteristics CdCl2 treatment.
Using RNA-seq, we further compared their transcriptional
responses in root, stem, and leaves (Supplementary Figure 1). The
speci�c objectives were to: (1) clarify the physiological and Cd
accumulation differences between the two varieties; (2) reveal their
global gene expression pro�le changes under Cd stress; (3) identify
key genes, biological pathways, and transcriptional regulatory
networks associated with Cd tolerance. This study aims to This
study aims to elucidate the transcriptional mechanisms underlying
Cd tolerance in amaranth, thereby offering both theoretical insights
and gene resources for improving crop Cd resistance and for
selecting plant materials suitable for phytoremediation.
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Materials and methods

Plant material growth and treatment
conditions

Seeds of amaranth (varieties CZ074 and CZ081 were obtained
from the Chinese Academy of Agricultural Sciences (from Guangxi
and Guizhou provinces, respectively). The seeds were germinated in a
vermiculite substrate for 7 days and then transferred to a hydroponic
system containing half-strength Hoagland nutrient solution. They were
cultivated until the 4th-5th true leaf stage before initiating Cd treatment
(Haider et al., 2021). For the treatment, CdCl2 was added to the half-
strength Hoagland solution at four concentration gradients: 0 mg/L
(control), 1 mg/L, 2 mg/L, and 3 mg/L. The nutrient solution was
replaced every 5 days to maintain a stable growth environment. After
10 days of treatment, plant height, SPAD, aboveground and root fresh
weight were measured and analyzed using the two-way ANOVA
(Tukey’s post hoc test). The Cd transport coef�cient of Cd was
calculated as the ratio of the Cd concentration in the aboveground
tissues to that in the roots (Liu et al., 2013).

Detection of Cd content in plant tissues

Root, stem, and leaf tissue samples from CZ074 and CZ081
plants treated with 1 mg/L Cd were collected separately. After
rinsing with deionized water, the samples were dried in an oven at
80 °C until a constant weight was achieved. The dried tissues were
ground and sieved. The samples were then subjected to a pre-
treatment digestion process using concentrated nitric acid (HNO3).
The Cd concentration in the digestate was determined using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to
analyze the Cd accumulation capacity in different tissues.

Cd dynamic translocation analysis was conducted: (1) root,
stem, and leaf samples of CZ074 and CZ081 were collected at 0, 12,
24, and 72 h after 1 mg/L Cd treatment (three biological replicates
per time point) and assayed according to the aforementioned
protocol; (2) After 72 h treatment, xylem sap was collected from
stems via vacuum extraction (0.05–0.08 MPa for 30 min), �ltered
through a 0.22 mm nylon �lter, and directly analyzed by ICP-MS to
quantify Cd long-distance transport ef�ciency. Blank controls were
included, and ICP-MS was calibrated with 0.01–100 mg/L Cd
standard solutions for accuracy.

Isolation of total RNA, cDNA library
construction, and illumina sequencing

Root, stem, and leaf tissues from CZ074 and CZ081 plants
treated with 0 and 1 mg/L Cd were collected separately. Three
biological replicates were taken for each treatment and immediately
�ash-frozen in liquid nitrogen. Total RNA was extracted from the
different amaranth samples using the Trizol method. The integrity
and quantity of the RNA were accurately assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, CA, USA). RNA samples
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meeting the quality requirements were sent for sequencing
(Novogene Bioinformatics Technology Co., Ltd., Tianjin, China).
Subsequently, cDNA libraries were constructed using the NEB
standard or strand-speci�c methods. The constructed libraries
were quanti�ed using Qubit and quality-checked using a
Bioanalyzer. Sequencing was performed on the Illumina NovaSeq
6000 platform using the PE150 (Paired-End 150 bp) strategy and
Sequencing by Synthesis (SBS) technology, generating at least 6 Gb
of clean data per sample. The original data can be downloaded from
NCBI (PRJNA1345021).

Transcriptome assembly and gene
annotation

The raw sequencing data were processed using CASAVA for
base calling and �ltered to obtain clean reads. De novo
transcriptome assembly was performed using Trinity (version
v2.5.1) software, speci�cally designed for transcriptome assembly.
The assembly process involved: the Inchworm module assembling
contigs from clean reads; the Chrysalis module constructing de
Bruijn graphs from the contigs; and the Butter�y module resolving
alternative splicing and outputting full-length transcripts.
Redundant transcripts were clustered into “Genes” using Corset
(https://code.google.com/p/corset-project/). The assembly quality
of the resulting clusters and unigenes was evaluated using
BUSCO (Benchmarking Universal Single-Copy Orthologs; http://
busco.ezlab.org/), assessing the percentage and completeness of
matched universal single-copy orthologs to evaluate the accuracy
and completeness of the assembly. All assembled amaranth genes
were functionally annotated against databases including GO (Gene
Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes),
Nr (NCBI non-redundant protein sequences), Nt (NCBI nucleotide
sequences), Pfam (Protein family), KOG/COG (Clusters of
Orthologous Groups), and Swiss-Prot (a manually annotated and
reviewed protein sequence database).

Transcriptome data analysis

Raw reads were processed to remove adapters, poly-N
sequences, and low-quality reads. Quality metrics, including Q20,
Q30, and GC content, were calculated for the clean data. All
subsequent analyses were performed using this high-quality
processed dataset. The transcriptome assembled by Trinity was
used as the reference sequence. Clean reads from each sample were
mapped to this reference transcriptome using HISAT2 (v2.0.5). The
read count for each gene was then obtained using RSEM software
based on the alignment results. Differential expression analysis
between comparison groups was performed using the DESeq2
software (version 1.20.0). Genes with an absolute value of log2

fold change greater than or equal to 1 and an adjusted p-value
(padj) < 0.05 were identi�ed as differentially expressed.

Enrichment analysis of differentially
expressed genes

Functional enrichment analysis of the differentially expressed
gene (DEG) sets, including GO term enrichment and KEGG
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pathway enrichment, was performed using the clusterPro�ler
software. This analysis is based on the hypergeometric
distribution principle. The “test gene set” consisted of the
signi�cantly differentially expressed genes that were successfully
annotated in the GO or KEGG databases. The “background gene
set” consisted of all genes included in the differential expression
analysis that were annotated in the respective GO or KEGG
databases. Enrichment analysis was conducted for all DEG sets,
up-regulated DEG sets, and down-regulated DEG sets from each
differential comparison combination.

Data statistics and analysis

If not otherwise speci�ed, statistical differences were calculated
using Student’s t-test (unpaired, two-tailed) in SPSS software.
Signi�cance levels were de�ned as *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001. Bar charts were generated using
GraphPad Prism 8. Heatmaps were generated, and sequence
alignments were performed using TBtools (https://github.com/CJ-
Chen/TBtools-II). All �gures were assembled and �nalized using
Adobe Illustrator CS6.
Results

CZ074 exhibited stronger Cd stress
tolerance than CZ081

To evaluate the Cd stress tolerance of the two amaranth
varieties (CZ074 and CZ081), they were treated with
different concentrations (0, 1, 2, 3 mg/L) of CdCl2. The
treatment results showed that with increasing CdCl2

concentration, both varieties exhibited typical Cd stress
symptoms (Supplementary Table 1). Compared to the
control group (0 mg/L), the treated plants showed signi�cant
growth inhibition, speci�cally manifested as leaf chlorosis,
reduced biomass, and plant dwar�ng (Figure 1A).

We quanti�ed the decline rates of aboveground fresh weight,
root fresh weight, chlorophyll content, and plant height in response
to Cd treatment. Cd stress signi�cantly inhibited the growth of both
cultivars in a dose-dependent manner (Figure 1B). Compared with
the control (0 mg/L), root fresh weight decreased by 33.3% in
CZ074 and 41.8% in CZ081, while aboveground fresh weight
declined by 50.3% in CZ074 and 59.2% in CZ081 at 3 mg/L Cd.
In addition, plant height was reduced by 12.7% in CZ074, but by
40.9% in CZ081 under the same treatment.

Although CZ081 exhibited relatively better chlorophyll
retention and slight advantages in aboveground and root growth
under low Cd conditions, biomass-related parameters are generally
considered more robust indicators of Cd stress sensitivity, as
reported previously (Guo et al., 2019; Garcõ�a De La Torre et al.,
2021; Yildirim et al., 2023). Based on this core biomass assessment,
CZ074 displayed greater growth stability under intensi�ed Cd
stress. Notably, signi�cant varietal differences were already
evident at 1 mg/L Cd, and this concentration was therefore
selected for subsequent experiments.
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Amaranth transcriptome sequencing,
assembly, and functional annotation

Due to the lack of a high-quality reference genome for
amaranth, we performed RNA-seq analysis on the roots, stems,
and leaves of the two varieties (CZ074 and CZ081) under treatment
with 1 mg/L CdCl2, and constructed the transcriptome using a de
novo assembly strategy in this study.

Through Illumina high-throughput sequencing and assembly,
we obtained high-quality transcripts and corresponding unigenes
for amaranth (Supplementary Table 2). The transcript length
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distribution showed that most transcripts were concentrated in
the longer length intervals, indicating good assembly completeness
(Figure 2A). The unigene length distribution showed a similar trend
(Figure 2B), further demonstrating the high quality of this
transcriptome assembly, capable of covering the complete coding
regions of most genes.

To clarify the function of the assembled genes, we compared the
unigene sequences of amaranth with seven public databases
(Supplementary Figure 2A), providing a solid foundation for
subsequent differential expression analysis. Speci�cally, “41.59%”,
“44.71%”, and “41.59%” of unigenes were successfully annotated to
FIGURE 1

Effects of cadmium chloride treatment on phenotype and growth of amaranth. (A) Phenotype of two amaranth varieties (CZ074 and CZ081) under
different concentrations of CdCl2 treatment (0, 1, 2, 3 mg/L). Bar = 5 cm; (B) Line chart of plant height, fresh weight, and chlorophyll content of the
two varieties under different CdCl2 concentrations. Data are presented as mean ± SD (n � 15).
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