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A B S T R A C T

Chromium phytotoxicity results in relevant alterations to plant physiology, gene expression, and genomic DNA
methylation at a transgenerational level. Herein, transcriptional responses of durum wheat (Triticum turgidum L.)
to chronic chromium exposure were explored in roots and leaves by RNA-seq approach. Plants grown all the time
in a hydroponic system supplemented with 2.5 and 10 µM hexavalent chromium were compared to unstressful
control plants, assessing biomass and seed yield analyses after senescence. Then, transcriptomic analysis was
performed with these plants kept under 10 µM chromium 50 days after the onset of exposure. The chromium
concentrations used were considered the lowest dose sufficient to alter gene expression without impeding plant
development, while the sampling time reflected the effects in the pre-harvest phase and long-lasting defense
mechanisms. Root and leaf samples from plants kept under 10 µM chromium stress and from unstressful control
plants were analyzed, generating 12 RNA-seq libraries. In total, 965 and 810 transcripts were found to be
differentially expressed, respectively, in roots and leaves in response to 10 µM chromium stress. In roots, tran-
scriptional changes were noted in the primary and secondary metabolism, redox homeostasis, protein modifi-
cation, solute transport, nutrient uptake, and external stimuli responses. Meanwhile, the transcriptional changes
in leaves were primarily found in the secondary metabolism, hormone-related pathways, chromatin modifica-
tions, cell division, protein modification and homeostasis, solute transport, and nutrient uptake. In particular, the
metal uptake and translocation pathways were studied with greater emphasis to identify key proteins involved in
chromium transport and compartmentalization. Furthermore, several genes involved in the biosynthesis of
malate-derived organic acids, trace metal transport/detoxification/chelation, and vacuolar compartmentaliza-
tion were linked to primary defense responses, and some of them were also associated with two putative gene
clusters. Therefore, these genes and gene clusters are suggested as valuable biotechnological targets for future
proof-of-concept studies aimed at genetic engineering of durum wheat to improve plant tolerance to chromium
exposure.

1. Introduction

Environmental pollution with materials containing trace metals is an
eminent dangerous risk for all living organisms, from plants to humans
worldwide (Bertucci et al., 2018; Han et al., 2023). Among trace metals
present in contaminated soils, chromium is one of the most abundant

elements, since it is used in very diverse industrial activities such as
leather tanning, dyeing processes, metallurgical materials, chemicals,
pigments, printing, and others (Lunk, 2015). The disposal and decom-
position of these chrome-containing materials in the environment leads
to the gradual accumulation of chromium in the soil and water.
Consequently, the uptake and compartmentalization of chromium in
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contaminated plant organelles, as well as in agricultural products and
plant-derived foods, exposes people to several health risks (Zayed and
Terry, 2003; Xu et al., 2022a; Ali et al., 2023; Soni et al., 2023). In green
plants, hexavalent chromium [Cr(VI)] is actively uptake by unspecific
carriers of other essential ions such as sulfate or iron, whereas trivalent
chromium [Cr(III)] is taken up passively by cation exchange (Shanker
et al., 2005; Sharma et al., 2020). In general, crops tolerate low levels of
chromium contamination probably due to their effective compartmen-
talization, through chelating mechanisms, and by removal of reactive
oxygen species (ROS) accumulating during chromium-induced stress
(Viehweger, 2014; Abdullah et al., 2024). However, concentrations
above the minimum toxicity threshold cause severe damage to plants
(Kundu et al., 2018; Yu et al., 2023). In particular, chromium phyto-
toxicity disrupts normal cellular activity and inhibits seed germination,
root and seedling growth, plant development, reproduction, and seed
yield (Panda and Choudhury, 2005; Shanker et al., 2005; Medda and
Mondal, 2017; Saud et al., 2022; Colzi et al., 2023).

Previous studies have shown that exposure to chronic or acute
chromium phytotoxicity impairs photosynthesis, induces oxidative
stress, and alters nutrient and water uptake (Kumar et al., 2019; Patra
et al., 2019; Christou et al., 2020; Colzi et al., 2023). Simultaneously,
Arabidopsis thaliana exposed to 200 μM chromium stress presented the
downregulation of several genes associated with redox potential, sec-
ondary metabolism, and energy metabolism, while several genes asso-
ciated with response defense, photosynthesis, sulfur metabolism,
indole-3-acetic acid, and carotenoids were up-regulated (Liu et al.,
2020). Epigenetic changes associated with a transgenerational priming
effect were also demonstrated in A. thaliana when submitted to 2.5 and
5 μM chromium stress (Colzi et al., 2023). In Miscanthus sinensis under
chromium exposure, a total of 83,645 differentially expressed genes
were identified and shown as mainly involved in trace metal transport,
metal ion chelation, and photosynthesis, reinforcing that glutathione
metabolism and ABC transporters pathways play an important role in
plant tolerance to chromium stress (Nie et al., 2021b). However, the
understanding of the molecular mechanism involved in the defense
response and compartmentalization of chromium in durum wheat re-
mains not completely understood.

Durumwheat (Triticum turgidumDesf. var. durum) is an allotetraploid
(AABB genome) cereal with a genome of about 10.45 Gb organized in 14
chromosomes (2 n = 4x = 28) containing 63,993 coding genes (Morris
and Sears, 1967; Blake et al., 1999; Zhang et al., 2018). It originated
from hybridization between Triticum urartu (2 n = 2x = 14, AA genome)
and Aegilops speltoides (2 n = 2x = 14, BB-related genome) (Zohary and
Feldman, 1962). The durum wheat is a crop adapted to high tempera-
tures and semiarid climates, widely cultivated throughout Europe (e.g.,
Italy and France), North America, North Africa, and Asia, and tradi-
tionally used to produce pasta (mainly in Europe and America), bulgur
(Asia), couscous (Africa), and some bread (South Italy) (Beres et al.,
2020; Xynias et al., 2020). In particular, the main regions with the
highest durum wheat cultivation have soil with variable types and levels
of trace metals (Paunov et al., 2018; Aprile et al., 2019). In recent years,
many studies have reported information about the implications of trace
metals in durum wheat, revealing that durum wheat exposed to chro-
mium toxicity showed a high metal accumulation in roots, while a small
part was translocated to shoots (Rascio et al., 2023). However, very little
is known about the molecular responses of these plants to chromium
exposure (Aprile et al., 2018, 2019; Sabella et al., 2022). This knowledge
could contribute to improving the understanding of plant defense
mechanisms and would provide new biotechnological tools for genetic
engineering or durum wheat breeding to improve plant resilience (Basso
et al., 2019, 2020; Colzi et al., 2023).

In this study, genome-wide transcriptional changes induced by
chronic chromium exposure in roots and leaves of durum wheat were
analyzed using an RNA-seq approach. The transcriptional profile of the
wheat cultivar widely grown in Europe was obtained 50 days after the
start of chromium treatment to identify long-lasting defense

mechanisms. At the same time, biomass and seed yield were determined
in the senescence phase. Several genes associated with the broad plant
defense response toward chromium stress were identified as differen-
tially modulated. In particular, the putative primary molecular mecha-
nism involved in chromium transport, detoxification/chelation, and
vacuolar compartmentalization were emphasized and discussed.

2. Materials and methods

2.1. Plant material

For this study, durum wheat cv. Creso (pedigree: Cpb144 × [(Yt54-
N10-B)Cp2–63] Tc2) was chosen since it is a variety widely grown in
Italy (Vergine et al., 2017), its cultivation is at risk of exposure to
chromium (Tóth et al., 2016; Ertani et al., 2017), and previous data
report its response to cadmium (Aprile et al., 2018) and lead (Aprile
et al., 2019), while data related to chromium toxicity is non-existent.
Seeds were surface sterilized with a 1.2 % NaClO solution for 20 mi-
nutes, then thoroughly washed and immersed in a 1 mM CaCl2 solution
that had been aerated for a full day. Following this, the seeds began the
germination process on plastic Petri dishes with vermiculite, maintained
in complete darkness at a 10◦C temperature (Fig. 1A). After a period
spanning 3–4 days, three of these germinated seeds were transferred to
plastic containers measuring 10 cm (diameter) x 60 cm (height), filled
with perlite. They were moistened using deionized water and then in-
tegrated into a hydroponic setup as described by Sabella et al. (2021). In
every pot, three young plants were placed, and three separate tubes were
set up for each specific treatment, acting as three distinct biological
replicates. Regular hydration was maintained for the plants using a
hydroponic mixture at fixed timeframes (every 4 hours) lasting 5 mi-
nutes, ensuring the perlite remained damp while preventing water-
logging. Plants were grown under 40–60 % relative humidity, 8–22◦C
temperature day/night of seedling growth to flowering, and photope-
riod day/night ranging from 10/14 (seedling growth) to 16/8 (flower-
ing) hours in a Fitotron® growth chamber (Weiss Technik, UK), as
detailed by Vergine et al. (2017). The durum wheat plants were ar-
ranged following a randomized block design. Each block consisted of an
equal number of plants, systematically allocated to different treatment
groups to ensure uniformity across varying environmental conditions
within the growth chamber. This arrangement was aimed at minimizing
the potential confounding effects of spatial variability on the experi-
mental outcomes. The nutrient solution was prepared using reverse
osmosis water (<30 μS/cm− 1) and contained 1.1 mM KNO3, 3 mM [Ca
(NO3)2 2 H2O], 0.2 mM NH4NO3, 1.2 mM K2HPO4, 0.04 g/L FeEDDHA,
2 mM MgSO4, 70 μM H3BO3, 1.2 μM Na2MoO4, 1 μM ZnSO4, 1 μM
CuSO4, and 10 μM MnSO4, while pH was maintained between 5.5 and
6.0 adjusting it every two days with a portable pH meter and 10 %
sulfuric acid solution. The hydroponic solution was continuously
aerated, the hoagland solution was changed every five days, and the
treated plant set was cultivated by adding 2.5 and 10 μM chromium
(potassium dichromate, K2Cr2O7, chromium(VI)). Cr(VI) was preferred
because it is a stable and most toxic form of chromium (Becquer et al.,
2003; Shanker et al., 2005). These two concentrations were selected to
study the responses to chromium exposure at a non-symptomatic level at
the macroscopic level of plant growth to identify genes and molecular
mechanisms modulated at limited concentrations, similar to the previ-
ous studies carried out in A. thaliana (Colzi et al., 2023; Guarino et al.,
2024) and environmental concentrations (Ertani et al., 2017).

2.2. Plant biomass, seed yield, and chromium accumulation

The same plants kept under continuous 2.5 and 10 μM chronic
chromium stress and unstressful control conditions were evaluated for
root, panicle, and vegetative biomass and seed yield after the senescence
phase. Roots, panicles, and shoots were dried at 60◦C to a constant
weight. Then, the dry weight per plant, number of panicles per plant,
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and seed weight per plant were determined. For chromium concentra-
tion, 100 mg dried root and leaf material from 10 μM chromium treated
and control samples were digested using 10 mL of 69 % HNO3 in a mi-
crowave digestion system (Mars 6, CEM), as described by Bettarini et al.
(2019). In digest reactions, concentrations of total chromium were
determined by flame atomic absorption spectroscopy using a PinAAcle
500 spectrometer (Perkin Elmer, Waltham, MA, USA).

2.3. RNA isolation and sequencing

Root and leaf tissues were harvested from 10 μM chromium stressed
and unstressful control plants 50 days after sprouting, frozen in liquid
nitrogen, and then stored at − 80◦C. Three biological replicates were
used for each of the three conditions for both tissues. For leaf analysis,
each biological replicate was composed of a pool of 3–5 fully expanded
and green leaves per plant (1 biological replicate = 1 plant). For root
analysis, each biological replicate was composed of a pool of 0.5 g of
roots for each plant (1 biological replicate = 1 plant). RNA extraction

Fig. 1. Plant biomass under chromium (Cr) stress, design experimental, and correlation analysis among different samples based on transcript expression values and
the number of differentially expressed transcripts (DETs) in each pairwise comparison for both leaf and root tissues. (A) Experimental design for RNA-seq analysis
from plants kept for 50 days under 10 µM chromium (Cr) stress and unstressful control plants. (B) Biomass and seed yield after senescence of durum wheat plants kept
under 2.5 and 10 µM chromium (Cr) stress compared to unstressful control plants. Seed yield is represented as fresh weight. Different letters on the bars indicate
significant statistical differences according to Tukey’s test at a 95 % significance level. Error bars represent the standard deviation of three biological replicates. (C)
Chromium accumulation in roots and leaves of durum wheat plants kept under 10 µM chromium stress compared to unstressful control plants. Different letters on the
bars indicate significant statistical differences according to Tukey’s test at a 95 % significance level. Error bars represent the standard deviation of three biological
replicates. (D) Multi-dimensional scaling analysis (MDS) analysis of the normalized read counts of the 12 RNA-seq libraries generated from durum wheat leaf and root
samples under chromium stress and unstressful control conditions. Percentages represent variance captured by each principal component 1 and 2 in each analysis. (E)
Venn diagrams of the overlapped DETs by comparing the contrast between different pairwise comparisons. The number and percentage of commonly and uniquely
DETs were indicated. (F) Comparison between of number of DETs for each pairwise comparison. Only transcripts with log(fold change) lower than − 1 or greater than
+1, p-value <0.05, and FDR <0.05 were considered as DETs.
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was performed from 50 to 100 mg of leaves or roots ground with a pestle
and mortar in liquid nitrogen using the RNeasy Plant Mini kit (Qiagen,
Hilden, Germany). RNA quality was determined using the RNA 6000
nano kit on the Agilent 2100 Bioanalyzer System (Bio-Rad, Hercules,
California, USA). Then, nine sequencing libraries were obtained
following the procedure of TruSeq Stranded mRNA Library Prep (Illu-
mina, San Diego, California, USA) using TruSeq RNA Single Indexes
(three libraries for each of the experimental conditions or tissues, a total
of 12 libraries). The RNA concentration of each library was determined
using the dsDNA High Sensitivity Kit on Qubit™ 4 Fluorometer (Invi-
trogen, Waltham, Massachusetts, USA). Library sequencing was per-
formed using the NovaSeq 6000 S1 Reagent Kit (100 cycles, 2
×100+10+10 bp parameters) on the Illumina NovaSeq 6000
sequencing platform. All the libraries were run in a single flow cell
following Illumina’s standard procedure in XP mode.

2.4. RNA-Seq data elaboration and differential expression analysis

The RNA-seq raw read data in .fastq format were obtained from BCL
files using the bcl2fastq2 v2.20 tool (Illumina). After assessing the
quality of sequenced libraries with FastQC v0.11.9 (Andrews, 2010),
adaptor sequences and low-quality bases were removed using Trimmo-
matic v0.39 (Bolger et al., 2014) with the following parameters: ILLU-
MINACLIP:adapters.fa:2:30:10 HEADCROP:1 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:18 MINLEN:40. The filtered RNA reads were
aligned to the Triticum aestivum cv. Svevo genome assembly (Maccaferri
et al., 2019) using HiSat2 v2.2.1 (Kim et al., 2019) with default pa-
rameters. Reads counts were generated from alignment files using fea-
tureCounts v1.6.0 (Liao et al., 2013) with default parameters, according
to the ‘exon’ feature and ‘transcript_id’ meta-feature of Triticum_turgidum
Svevo v1.56 annotation file retrieved from Ensembl Plants website
(https://plants.ensembl.org/Triticum_turgidum). Differential expres-
sion analyses were carried out using Bioconductor EdgeR v3.28.1
(Robinson et al., 2009). The EdgeR package was used to filter out the
not-expressed or poorly expressed transcripts (a transcript was consid-
ered ‘active’ if reads per million mapping to that gene was >1 in at least
two libraries), to normalize the RNA libraries, and to differential
expression analyses with Likelihood-Ratio Test (LTR). Transcripts with a
log2(fold change) lower than − 1 or higher than +1, p-value <0.05, and
false discovery rate (FDR) <0.05 were considered differentially
expressed.

2.5. Functional data mining and enrichment analyses

According to the differential expression analysis results, transcripts
with the same type of expression trend (up- or down-regulation) for the
two pairwise comparisons (10 μM chromium stress versus unstressful
control) were determined for both root and leaf tissues. The gene set
enrichment analysis was performed with the same list of differentially
expressed transcripts (DETs) using PageMan software (Usadel et al.,
2006). The PageMan analysis was performed using the Wilcoxon test
without correction and with a cutoff value = 1 (Wilcoxon, 1945). The
DAVID database v.6.8 (Dennis et al., 2003) was used to get the gene
ontology (GO) information related to the biological processes in the two
pairwise comparisons. In addition, ShinyGO 0.80 software using the
Benjamini-Hochberg method and with an FDR threshold of 0.05 was
also used to carry out the GO enrichment analyses (Ge et al., 2020).
MapMan 3.6.0RC1 software was used with the available A. thaliana
mapping file (http://mapman.gabipd.org/;) to identify and visualize
genes in functional overviews of cell pathways and gene categories
(Thimm et al., 2004; Usadel et al., 2005). KEGG pathway enrichment
analyses were carried out on DET sets to identify relevant pathways
enriched for each pairwise comparison. As Triticum durum is not
included in the list of KOBAS annotated species so, the Triticum turgidum
Svevo proteome was annotated with eggNOG mapper v2.1.8
(Cantalapiedra et al., 2021) on the Galaxy platform using Poaceae

taxonomic scope. Then, the annotated proteome was used as the back-
ground for the KEGG enrichment analyses, carried out using the clus-
terProfiler v4.4.4 R package (Yu et al., 2012). Significantly enriched
KEGG categories (adjusted p-value <0.05) for both root and leaf DETs
were generated. The bubble diagrams were plotted with ggplot2
v3.4.3 R visualization package (Wickham, 2016). Protein-protein
interaction and gene co-expression networks among up- or
down-regulated transcripts (log2(fold change) <-1 and >+1, p-value
<0.05, and FDR <0.05; File S1) with partner proteins were predicted by
the STRING database using the A. thaliana dataset as a reference, and
those with >0.700 interaction scores and 1 % FDR stringency were
selected for further examination (Szklarczyk et al., 2021). The location
of the main DETs involved primary defense response toward chromium
(Table 1) along the chromosomes of Triticum aestivum cv. Svevo genome
assembly (Maccaferri et al., 2019) was performed using MapGene2-
Chrom v2 (Jiangtao et al., 2015).

3. Results

3.1. Plant biomass, seed yield, and chromium accumulation

Plants kept under continuous 2.5 and 10 μM chronic chromium
exposure showed similar root, panicle, and vegetative biomass yield,
number of panicles, and seed yield per plant after the senescence phase
compared to unstressful control plants (Fig. 1B). Meanwhile, chromium
concentration was below the detection limit in control samples, whereas
plants grown in the presence of 10 μM chromium showed metal accu-
mulation levels of 896 ± 79 and 15 ± 1 μg g− 1 dry weight, in roots and
leaves, respectively (Fig. 1C). Therefore, the level of chromium exposure
used was low enough to activate plant defense responses without
resulting in a yield penalty such as plant growth.

3.2. RNA sequencing and transcriptomic data analysis

In total, 12 libraries were constructed and sequenced, six libraries for
root samples and six for leaf samples (chromium stress condition x
unstressful control condition x three biological replicates). The raw se-
quences of the RNA libraries were deposited on the EMBL-EBI
ArrayExpress database (https://www.ebi.ac.uk/biostudies/arrayexpr
ess) under the accession number E-MTAB-13952. Overall, taking
together the RNA-seq raw reads generated from the 12 libraries,
91.03–92.95 % of these paired reads passed quality control and filtering
steps. In total, 8027,312 to 13,927,649 filtered reads were obtained, of
which 90.90–96.83 % were mapped to the transcript dataset of the
reference genome (Table S1). The number of reads per librarymapped to
the durum wheat reference transcripts was estimated and only 34,528
resulted as active transcripts and were used for further bioinformatic
analyses. The 12 RNA libraries were normalized according to the
amounts of filtered reads. Then, filtered and normalized counts were
plotted in a multidimensional scaling (MDS) graph. The graph showed
sample groups partially separated by type of plant tissue and treatment
condition, confirming the high reproducibility among biological repli-
cates (Fig. 1D). A total of 964 and 809 DETs were identified for root
(Root chromium stress versus Root unstressful control condition) and
leaf (Leaf chromium stress versus Leaf unstressful control condition),
respectively (File S1). Among DETs, a total of 543 were down-regulated
and 421 were up-regulated (Fig. 1E and F). In contrast, in leaf DETs, a
total of 464 were down-regulated and 345 were up-regulated (Fig. 1E
and F).

3.3. PageMan, GO, and KEGG pathway enrichment analyses

PageMan enrichment analysis showed that different pathways were
impacted by DETs of roots and leaves in response to chromium exposure.
In root datasets, photosynthesis chain respiration NADH
dehydrogenase-like (NDH) subcomplex B component, RNA biosynthesis
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Table 1
The main differentially expressed transcripts involved primary defense response toward chromium (Cr), such as in malate-derived organic acid biosynthesis, trace
metal transport/detoxification/chelating, and vacuolar compartmentalization. Some of these main genes are suggested as powerful biotechnological assets to the
genetic engineering of durum wheat to improve plant tolerance toward chromium stress.

Mechanism Transcript ID Root Cr vs
Root
control

Leaf Cr vs
Leaf
control

TAIR Functional description Genetic
bioengineering
suggested

logFC logFC

Metal detoxification TRITD7Av1G185570.2 ns 1.04 At1g06330 Heavy metal transport/detoxification
superfamily protein (PF00403, PTHR22814,
HMA domain)

Leaf-directed
overexpression

TRITD0Uv1G058320.1 ns 2.71 At2g36950 Heavy metal transport/detoxification or Heavy
metal-associated proteins (HMA domain,
PF00403, PTHR22814)

Leaf-directed
overexpression

TRITD0Uv1G136080.1 3.20 ns At4g05030 Heavy metal transport/detoxification
superfamily protein, putative G (PTHR22814,
copper transport protein ATOX1)

Root-directed
overexpression

TRITD1Bv1G020100.1 1.26 ns At4g05030 Heavy metal transport/detoxification
superfamily protein, putative G (PTHR22814,
copper transport protein ATOX1)

Root-directed
overexpression

TRITD2Av1G201840.1 ns 1.11 At4g05030 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Leaf-directed
overexpression

TRITD2Av1G201950.1 ns 3.07 At4g05030 Heavy metal transport/detoxification
superfamily protein (PTHR22814, copper
transport protein ATOX1-related)

Leaf-directed
overexpression

TRITD2Av1G201970.1 − 2.72 1.03 At5g48290 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Leaf-directed
overexpression

TRITD2Av1G201990.1 1.26 ns At5g48290 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Root-directed
overexpression

TRITD2Av1G202010.1 1.49 ns At4g05030 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Root-directed
overexpression

TRITD2Av1G202010.8 1.70 ns At3g20180 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Root-directed
overexpression

TRITD2Bv1G164870.1 − 2.80 1.18 At3g20180 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Leaf-directed
overexpression

TRITD2Bv1G165040.1 1.60 ns At4g05030 Heavy metal transport/detoxification protein G
(PTHR22814, copper transport protein ATOX1-
related)

Root-directed
overexpression

TRITD3Bv1G278120.1 ns 1.23 At2g37390 Heavy metal transport/detoxification
superfamily protein (HMA domain, PF00403)

Leaf-directed
overexpression

TRITD1Av1G017040.1 1.93 ns At4g05030 Heavy metal transport/detoxification protein
(PTHR22814, copper transport protein ATOX1-
related)

Root-directed
overexpression

TRITD1Av1G123180.1 2.68 ns At4g29140 MATE-like detoxification protein (PF01554,
PTHR11206)

Root-directed
overexpression

Metal transport TRITD3Bv1G278650.1 1.24 ns At5g59520 Zinc transporter, putative ZIP2 (PF02535,
PTHR11040, Zinc/iron permease)

Root-directed
overexpression

TRITD1Bv1G168120.1 ns 2.87 At1g05300 Zinc transporter ZIP5 (PF02535, PTHR11040,
Zinc/iron permease)

Leaf-directed
overexpression

TRITD7Bv1G184110.1 1.07 ns At4g37270 Metal-transporting ATPase (PR00119, PF00122,
P-type ATPase, PTHR24093)

Root-directed
overexpression

TRITD3Bv1G229690.1 1.24 ns At4g21250 Sulfite exporter TauE/SafE family protein,
putative (PF01925, PTHR14255,
transmembrane protein TauE-like)

Root-directed
overexpression

TRITD4Bv1G190110.1 3.50 ns At1g67940 Phosphate import transmembrane ATP-binding
protein PstB (PF00005, ABC transporter-like,
PTHR24220, SM00382, AAA+ ATPase domain)

Root-directed
overexpression

Vacuolar endosome -
chromium
compartmentalization?

TRITD3Av1G256800.1 ns 1.08 No hits Vps51/Vps67 family (components of vacuole
vesicular transport) protein G (PTHR48245,
family unnamed)

Constitutive
overexpression

TRITD3Bv1G255460.1 ns 1.01 No hits Vps51/Vps67 family (components of vacuole
vesicular transport) protein G (PTHR48245,
family unnamed)

Constitutive
overexpression

TRITD2Av1G268510.1 − 5.10 ns No hits Heme transporter hrg1-A G for metal recycling in
microphage (PTHR34483, family unnamed)

Metal binding TRITD3Bv1G173850.1 1.63 ns At5g63140 Inactive purple acid phosphatase-like protein G
(PF00149, calcineurin-like phosphoesterase
domain, SSF56300, metallo-dependent
phosphatase-like)

Root-directed
overexpression

(continued on next page)
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transcriptional regulation mediated by C2H2 and HSF transcription
factors, nutrient uptake and homeostasis (nitrogen, sulfur, and sulfate),
and enzyme glycosyl-transferase (EC_2.4) were up-regulated, while that
phytohormone action (gibberellin), RNA biosynthesis transcriptional
regulation mediated by R2R3-MYB and bHLH transcription factors,
protein modification (glycosylation, phosphorylation, and protease),
solute transporter andmetal chelation, nutrient uptake and homeostasis,
and enzymes associated with oxidative stress defense and methylation
(EC_1.14, EC_2, EC_2.5, and EC_2.7) were down-regulated in response to
chromium stress (Fig. 2; File S2). In addition, a gene
(TRITD7Bv1g193150.1) involved in auxin transport was up-regulated,
some genes involved in brassinosteroid conjugation and degradation
were up-regulated while other genes involved in signaling were down-
regulated, several genes involved in cytokinin and ethylene biosyn-
thesis, degradation, and signaling were up- or down-regulated, genes
involved in gibberellin and jasmonic acid biosynthesis, degradation,
signaling, and transport were down-regulated, and several genes
encoding cysteine-rich- and non-cysteine-rich-peptides involved in
signaling were also differentially modulated by the chromium stress in
roots (File S2). Likewise, in leaf datasets, phytohormone action (abscisic
acid and gibberellin), RNA biosynthesis transcriptional regulation
mediated by AP2-ERF transcription factors, protein modification medi-
ated by G-lectin protein kinases, and transferase enzyme (EC_2.7,
transferring phosphorus-containing group) were up-regulated, while
that lipid metabolism (fatty acid), cell division (cytokinesis and endo-
plasmic reticulum reorganization), protein modification (glycosylation),
cell wall organization and degradation (hemicellulose and xylan),
nutrient uptake and metal chelation, multi-process regulation of
unfolded protein response and IRE1-bZIP60 signaling pathway, and
acyltransferase enzyme (EC_2.3) were down-regulated (Fig. 2; File S2).
In addition, two genes (TRITD1Bv1g168260.1 and
TRITD7Bv1g164340.4) involved in abscisic acid (ABA) signaling and
degradation were up-regulated, two genes (TRITD5Bv1g195070.1 and
TRITD2Bv1g073930.1) involved in auxin signaling and degradation
were respectively down- and up-regulated, two genes
(TRITD2Bv1g225900.1 and TRITD3Bv1g059760.1) involved in cyto-
kinin degradation were up-regulated, a gene (TRITD4Bv1g010840.1)

involved in ethylene signaling was down-regulated, several genes
involved in gibberellin degradation were differentially modulated, and
several genes encoding cysteine-rich- and non-cysteine-rich-peptides
involved in signaling were also differentially modulated by the chro-
mium stress in leaves (File S2).

The GO enrichment analysis of DETs from root datasets showed that
among the most important enriched GO-terms, we found terms related
to nicotianamine metabolism (GO:0030417, GO0030418 and
GO:0030410), tricarboxylic metabolism (GO:0072351 and
GO:0072350), fatty acid (GO:0005504), amine biosynthesis
(GO:0042401, GO:0009309, GO:0006576, and GO:0009308), carbox-
ylic acid binding and metabolism (GO:0033293, GO:0031046, and
GO:0046394), systemic acquired resistance (GO:0009627), trans-
membrane transporter (GO:0035673, GO:1904680, and GO:0022857),
transferase (GO:0016765), and organic acid (GO:0016053) (Fig. 3A).
These GO-terms from up-regulated genes are involved in the cell wall,
response to oxidative stress, nutrient transport, metal transport and
chelation, transcriptional regulation, and defense response, while GO-
terms from down-regulated genes were related to the plasma mem-
brane, protein phosphorylation, defense response, metal binding, tran-
scriptional regulation, and vesicular transport (File S3).

Likewise, GO enrichment analysis of DETs from leaf datasets showed
that the most important enriched GO-terms were related to the cell wall
(GO:0045492, GO:0044038, GO:0070592, GO:0010410, GO:0010383,
GO:0044036, GO:0042546, and GO:0071554), cellular component
(GO:0070589), peptidase inhibitor (GO:0004867, GO:0004866,
GO:0030414, GO:0061135, and GO:0061134), lipid transport
(GO:00068698 and GO:0010876), extracellular region (GO:0005576),
and transferase (GO:0016747, GO:0016746, and GO:0008194)
(Fig. 3B). These GO-terms from up-regulated genes are involved in heme
and metal binding, oxidoreductase activity, response to oxidative stress,
protein phosphorylation, plasma membrane, and carbohydrate-binding,
while the ones from down-regulated genes were related to transferase
activity, plasma membrane, cell wall, defense response, carbohydrate,
protein modification, response to oxidative stress, chloroplast, and heme
binding were down-regulated (File S3).

The KEGG enrichment analysis of DETs from root datasets showed

Table 1 (continued )

Mechanism Transcript ID Root Cr vs
Root
control

Leaf Cr vs
Leaf
control

TAIR Functional description Genetic
bioengineering
suggested

logFC logFC

TRITD0Uv1G129700.1 ns 2.01 At5g39110 RmlC-like cupins superfamily protein
manganese ion binding (PR00325, Germin,
PF07883, Cupin 1, SSF51182)

TRITD0Uv1G134940.1 ns 2.07 At5g39150 RmlC-like cupins superfamily protein
manganese ion binding (PR00325, Germin,
PF07883, Cupin 1, SSF51182)

TRITD5Bv1G094790.1 1.30 ns At2g40300 Ferritin (PF00210, Ferritin/DPS protein domain,
PTHR11431)

Constitutive
overexpression

Organic acids - malate
accumulation, chromium
chelating?

TRITD2Av1G086060.1 2.05 ns At3g21720 Isocitrate lyase (PF00463, SSF51621, pyruvate/
phosphoenolpyruvate kinase-like domain)

Constitutive
overexpression

TRITD3Bv1G026020.1 3.46 ns At2g44350 Citrate synthase (PR00143, TIGR01793) Constitutive
overexpression

TRITD5Av1G255900.1 − 3.83 − 2.24 At5g58330 Malate dehydrogenase (PF00056, TIGR01757,
PF02866, PTHR23382)

Resilience toward stress TRITD1Bv1G186850.1 1.14 1.20 At2g16060 Non-symbiotic hemoglobin (PF00042, PR00188,
SSF46458, globin)

Constitutive
overexpression

TRITD1Av1G178640.1 ns − 4.87 At1g47710 Serpin family protein involved in the regulation
of PCD induction (PF00079, PTHR11461)

Knockdown or
knockout

TRITD4Av1G056120.1 ns 3.34 At5g05350 Zinc transporter and plant cadmium resistance
protein (PF04749, PLAC8 motif-containing
protein, PF11204)

Constitutive
overexpression

TRITD5Av1G178430.1 3.32 2.34 At4g25480 CRT-binding factor CBF3/DREB1A (SSF54171,
DNA-binding domain, PF00847, AP2/ERF
domain)

Stress-induced
overexpression

TRITD2Av1G218770.1 2.72 2.91 At4g02550 Myb/SANT-like DNA-binding domain protein
(PF12776, PTHR31704)

Stress-induced
overexpression

ns: not significantly modulated.
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that the main enriched KEGG categories were related to plant hormone
signal transduction, cysteine and methionine metabolism, α-Linolenic
acid metabolism, phenylpropanoid biosynthesis, ferroptosis, mineral
absorption, MAPK signaling pathway, and zeatin biosynthesis (Fig. 3C;
File S4). Likewise, the enriched KEGG categories in the leaf were related
to flavonoid biosynthesis, plant hormone signal transduction, plant-
pathogen interaction, phenylpropanoid biosynthesis, MAPK signaling
pathway, antigen processing and presentation, and stilbenoid, diary-
lheptanoid and gingerol biosynthesis (Fig. 3D; File S4).

3.4. Protein-protein interactions and co-expression network

The protein-protein interactions and co-expression network analysis
revealed that, from the root DETs dataset (root under chromium stresses
versus unstressful control conditions), the network constructed with up-
regulated transcripts resulted in four main clusters encompassing the
following biological functions, such as group I: metal transport, trans-
membrane, defense response to metal, metal storage, plant defense to
oxidative stress, and oxidoreductase; group II: plant defense to oxidative
stress and transmembrane transport; group III: resistance toward abiotic
stress, ABC transporter, and plant defense toward metal stress; group IV:
signal transduction, transmembrane, and metal homeostasis (Fig. S1).

Likewise, the network constructed with down-regulated transcripts
resulted in four main clusters, such as group I: Metal transport, metal
homeostasis, plant defense toward metal stress, membrane transport,
metal storage, vacuolar transport, and metal starvation; group II:
oxidoreductase, methyltransferase, secondary metabolism, and plant
defense to oxidative stress; group III: pathogenesis-related, biotic disease
resistance, LRR receptor, and signal transduction; group IV: signal
transduction, biotic disease resistance, and TIR-NBS-LRR (Fig. S1).

Similarly, from the leaf DETs (root under chromium stresses versus
unstressful control conditions), the network constructed with up-
regulated transcripts resulted in four main clusters encompassing the
following biological functions, such as group I: lignin metabolism; group
II: metal transport, trace metal binding, and lipid metabolism; group III:
RNA processing; group IV: protein ubiquitin, glycoprotein, and defense
response to pathogens (Fig. S2). Likewise, the network constructed with
down-regulated transcripts resulted in three main clusters, such as group
I: secondary metabolism and lignin metabolism; group II: secondary
metabolism and glycosyltransferase; group III: heat-shock protein
(Fig. S2). Therefore, these protein-protein interactions and gene co-
expression network data suggested that the greatest changes at the
molecular level associated with plant defense toward chromium stress
occur in the roots, while the impact at the molecular level is

Fig. 2. PageMan pathway enrichment analysis from differentially expressed transcript (DET) sets in pairwise comparisons. The green (down-regulated) and red (up-
regulated) extremes represent the metabolic pathways differentially modulated between each pairwise comparison for both root and leaf datasets from durum wheat
plants under chromium (Cr) stress and unstressful control conditions. Only DETs with log(fold change) lower than − 1 or greater than +1, p-value <0.05, and FDR
<0.05 were considered in the PageMan analysis. The color intensity is correlated with the statistical significance based on the Wilcoxon test default implemented in
the PageMan software.
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comparatively smaller in leaves.

3.5. Modulation of biological pathways in roots and leaves

3.5.1. Primary and secondary metabolism
The implications caused by DETs on the primary and secondary

metabolism pathways were shown (Fig. 4). Focusing on these metabolic
pathways supported by transcript expression (up-regulated or down-
regulated), it was observed in roots that cell wall, lipids, carbohy-
drates, flavonoids, phenylpropanoids and phenolics, some amino acids
(e.g., Ser, Gly, Cys, and His), C-1 metabolism, fermentation, sucrose,
ascorbate and glutathione, tetrapyrrole, NO3, and SO4, pathways were
released in most categories, while that waxes, S-misc, TCA, starch, some
amino acids (e.g., Phe, Tyr, and Trp), nucleotides, and light reaction
pathways were repressed in most categories (Fig. 4). Likewise, in the
leaves was observed that carbohydrates, phenylpropanoids and pheno-
lics, some amino acids (e.g., Val, Leu, and Ile), and nucleotides pathways
were released in most categories, while cell wall, lipids, S-misc, ter-
penes, flavonoids, some amino acids (e.g., Asn, Thr, Met, and Lys), TCA,
OPP, starch, ascorbate and glutathione, tetrapyrrole, and photorespi-
ration were repressed in most categories (Fig. 4). Therefore, these data
suggest that primary and secondary metabolism is differentially affected
in both roots and leaves in response to chromium exposure.

3.5.2. Abiotic stress response and redox reactions
The implications caused by DETs on the biological pathways

involved in plant defense against abiotic stress and redox reactions were
shown (Fig. 5A). In roots, the pathways involved in response to heat
stress were released, while pathways related to miscellaneous processes

were repressed. In addition, pathways related to redox reactions such as
ascorbate/glutathione were released, while heme was repressed
(Fig. 5A). Likewise, in leaves, the pathways involved in response to
touch/wounding stress were released, while pathways related to heat,
drought/salt, and miscellaneous processes were repressed. In addition,
pathways related to redox reactions such as heme and dismutase/cata-
lase were released, while the ascorbate/glutathione pathway was
repressed (Fig. 5A). These results suggest that pathways related to
abiotic stress and redox reactions are differentially affected in roots and
leaves in response to chromium exposure.

3.5.3. Protein modification and degradation, signaling, and hormones
The implications caused by DETs on the biological pathways

involved in protein modification and degradation, signaling, and hor-
mones were shown (Fig. 5B). In roots, several transcripts involved in
protein modification and degradation were differentially modulated in a
similar proportion of up- or down-regulated transcripts, while receptor
kinases-mediated signaling pathways were repressed. In addition,
pathways related to indole-3-acetic acid (IAA), benzyl adenine (BA), and
salicylic acid (SA) hormones were released, while jasmonate and gib-
berellic acid (GA) hormones were repressed (Fig. 5B). Likewise, in
leaves, numerous transcripts involved in protein modification pathways
were mostly up-regulated, while several transcripts involved in path-
ways of protein degradation and receptor kinases-mediated signaling
were differentially modulated in a similar proportion of up- or down-
regulated transcripts. In addition, pathways related to ABA and BA
hormones were released, while ethylene hormone was repressed
(Fig. 5B). Therefore, these data suggest that pathways related to protein
modification and degradation, receptor kinases-mediated signaling, and

Fig. 3. GO and KEGG pathway enrichment analysis of differentially expressed transcript (DET) sets in pairwise comparisons. Top GO terms over-represented in (A)
root chromium stress versus root unstressful control conditions. Top GO terms over-represented in (B) leaf chromium stress versus leaf unstressful control conditions.
Plots of the most significant pathways were generated using ShinyGO 0.80 software with a 0.05 FDR threshold. KEGG category over-represented in (C) root
chromium stress versus root unstressful control conditions. KEGG category over-represented in (D) leaf chromium stress versus leaf unstressful control conditions.
KEGG enrichment bubble diagrams display the top 10 enriched KEGG categories. The X-axis represents the enrichment ratio based on the number of DETs belonging
to the KEGG category/number of DETs belonging to the same KEGG category in the background genome. The Y-axis represents the enriched KEGG categories ordered
by the number of detected DETs. The size of the dots represents the number of DETs included in each KEGG category. The dots color represents the adjusted p-values
for each KEGG category enrichment.
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hormones are differentially affected in roots and leaves in response to
chromium exposure.

3.6. Main DETs involved in chromium stress response

A set of top 31 DETs modulated in response to chromium exposure
was particularly highlighted in the durum wheat RNA-seq datasets, such
as being involved in metal detoxification, metal transport, vacuolar
endosome for metal compartmentalization, metal binding, malate-
derived organic acid biosynthesis, and related to the plant resilience
toward trace metal stress (Table 1). Some of these selected genes had
their expression up-regulated in the roots of plants kept under chromium
stress while others were up-regulated specifically in leaves, indicating
genes with tissue-specific activity triggered by chromium exposure.
Based on the annotated biochemical function of the protein encoded by
these transcripts, they are suggested as putative targets for further
studies of specific functional validation associated with plant defense
response toward chromium stress. Likewise, they are also suggested as
powerful biotechnological assets to the genetic engineering of durum
wheat to improve plant tolerance toward chromium stress. Conse-
quently, it is suggested that their biotechnological use can be applied
through their transgenic overexpression triggered by constitutive,
tissue-specific, or abiotic stress-induced promoters. Furthermore, some
DETs have the potential to be genetically modulated for their down-
regulation through in planta RNA interference or plant genome edit-
ing. Analysis of the chromosomal location of these main genes suggested
the presence of two gene clusters associated with plant defense against
chromium stress (cluster #1: six genes closely grouped on chromosome
2 A; and cluster #2: three genes closely grouped on chromosome UN)
(Fig. S3).

4. Discussion

The importance of agriculture in food production and ecosystem
sustainability is highlighted worldwide (Basso et al., 2024c). The
contamination of agricultural soils with high levels of chromium is a
global reality and has raised concerns for human health and the
ecosystem in general (Bertucci et al., 2018; Han et al., 2023). The
mechanized industrialization growth and the disposal of contaminated
waste material in the environment have contributed to the increase in
chromium levels in the soil and effluents (Lunk, 2015; Prasad et al.,
2021). Scientific studies reveal that the phytotoxic effect of chromium
on different plant species disrupts several biological processes and
negatively impacts their productivity and yield (Medda and Mondal,
2017; Kundu et al., 2018; Saud et al., 2022; Xu et al., 2022a; Ali et al.,
2023; Colzi et al., 2023; Soni et al., 2023; Yu et al., 2023). Sharma et al.
(1995) showed that Cr(VI) induced interveinal chlorosis in young wheat
leaves which turned into necrosis at later growth stages, affected chlo-
rophyll and Hill activity, protein nitrogen concentration was decreased,
catalase activity in young leaves was impaired, and grain yield was
severely affected and even no seed formation. The search for measures to
mitigate these problems has been intensified in recent years, which are
based on physical remediation, chemical reduction, bioreduction, mi-
crobial reduction, phytoremediation, and plant-based microbial fuel
cells (Kumar, 2021; Albqmi et al., 2023; Fu et al., 2023; Yan et al., 2023).
In particular, understanding how plants molecularly respond when
exposed to chromium makes it possible to obtain insights and biotech-
nological assets to engineer biological mechanisms so that economically
important crops can withstand this stress with minimal impact on their
performance and yield (Colzi et al., 2023; Guarino et al., 2024).
Therefore, through conventional plant breeding and genetic engineering

Fig. 4. MapMan pathway distribution based on differentially expressed transcripts (DETs) for the pairwise comparisons “Root under chromium stress versus Root
under unstressful control conditions” [= Root vs Ctrl] and “Leaf under chromium stress versus Leaf under unstressful control conditions” [= Leaf vs Ctrl]. DETs
involved in primary and secondary metabolism in response to chromium stress in leaves and root tissues. The log(fold change) of each DET (square) is expressed in a
colorimetric scale (from red box = up-regulated to green box = down-regulated).
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(such as genome editing, transgenesis, and RNA interference) it is
possible to obtain conventional or transgenic traits associated with plant
tolerance or reduced susceptibility to chromium exposure (Basso et al.,
2019, 2020; Elango et al., 2022). This study aimed to provide insights
into the molecular mechanisms of wheat plants kept under chromium
exposure throughout their vegetative and productive cycle. Therefore, it
sought to identify using RNA-seq biological processes, metabolic path-
ways, protein-protein interaction and gene co-expression networks, and
major genes modulated by chromium presence involved in the signal
perception and transduction, DNA transcription, protein translation,
metal binding, transport, detoxifying and compartmentalization. To

simulate an environment close to reality (Ertani et al., 2017), a chronic
concentration of chromium was administered through an hydroponic
system in hoagland solution for 50 days. At the phenotypic level, wheat
plants did not show evident symptoms caused by chromium treatment
and a significant reduction in biomass and seed yield, despite the
chromium accumulation at levels considered toxic for plant shoots
(5–30 µg g− 1 according to Kabata-Pendias and Pendias, 2001). At the
transcriptional level, stressed durum wheat plants showed a significant
modulation in biological processes such as chlorophyll, photosynthesis,
carbohydrate and amino acid metabolism, lipid metabolism, nicotian-
amine metabolism, phytohormone, chromatin organization,

Fig. 5. MapMan pathway distribution based on differentially expressed transcripts (DETs) for the pairwise comparisons “Root under chromium stress versus Root
under unstressful control conditions” [= Root vs Ctrl] and “Leaf under chromium stress versus Leaf under unstressful control conditions” [= Leaf vs Ctrl]. (A) DETs
involved in plant defense pathways to abiotic stress and redox reactions. (B) DETs involved in protein modification and degradation, signaling, and hormone-related
pathways. The log(fold change) of each DET (square) is expressed in a colorimetric scale (from red box = up-regulated to green box = down-regulated). IAA: indole-
3-acetic acid; ABA: abscisic acid; BA: benzyl adenine; SA: salicylic acid; GA: gibberellic acid.
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transcriptional regulation, protein biosynthesis, protein modification,
cell division, cell wall organization, nutrient uptake, oxidative stress,
secondary metabolism, external stimuli response, and multi-process
regulation. In addition, significant changes in important mechanisms
such as metal binding, transport and detoxification, organic acid
biosynthesis, and defense response and resilience to abiotic stress were
observed. These defense responses may be the reason for the absence of
symptoms in the presence of relevant chromium concentrations in wheat
plants. As expected, roots and leaves of wheat plants kept under pro-
longed chromium exposure showed significant differences in these
molecular responses, mainly by differential expression of genes associ-
ated with malate biosynthesis, nutrient uptake, and metal transport. It
has been suggested that the toxicity of trace metals hampers normal
plant physiological processes through ROS production, inhibiting
respiration and photosynthesis, changing ion homeostasis, causing
metabolic imbalance, compromising the antioxidant defense system,
disrupting membrane integrity, and enhancing lipid peroxidation
(Emamverdian et al., 2015; Jalmi et al., 2018; Colzi et al., 2023; Guarino
et al., 2024). Somewhat similar results were observed from microarray
assay with roots of rice exposed to short- and long-term Cr(VI) stress,
with 1181 genes modulated in plants exposed for a shorter period
(1–3 hours) enriched mainly for kinases while 2097 genes were modu-
lated for a more extended period (24 hours) enriched mainly for cyto-
kinin signaling, the ubiquitin-proteasome system pathway, DNA repair,
and copper transportation (Huang et al., 2014).

4.1. Nutrient uptake and oxidative stress

The nutrient uptake may have been severely altered in the roots of
wheat plants kept under chromium exposure based on the down-
regulation of 81 genes linked to metal chelation, reduction, assimila-
tion, transport and homeostasis, and solute transport, and up-regulation
of 25 genes linked to metal chelation, assimilation and transport, and
solute transport. Likewise, nutrient uptake was also significantly altered
in leaves based on the down-regulation of 24 genes linked to metal
chelation and transport, solute transport, and metal homeostasis, and
up-regulation of 16 genes linked to metal homeostasis and transport,
and solute transporter. In turn, the redox homeostasis was also altered in
roots by the down-regulation of six genes linked to glutathione S-
transferases (GST)-based oxidative stress defense, ascorbate meta-
bolism, tocopherol biosynthesis, and oxypilin carbonyl degradation, and
up-regulation of seven genes linked to GST-based redox regulation and
ascorbate metabolism. Likewise, the redox homeostasis was also altered
in leaves by the down-regulation of three genes linked to thioredoxin,
ascorbate, and lipid homeostasis, and up-regulation of four genes linked
to ROS scavenging, GST-based redox regulation, and thioredoxin.
Therefore, these collective data suggested that nutrient uptake and de-
fense response to oxidative stress are severely modulated in both roots
and leaves of wheat plants as a consequence of chronic chromium stress
to maintain cellular homeostasis. In this sense, trace metals affect
nutrient uptake primarily by interacting with other essential minerals by
forming insoluble compounds, interfering with the metal transport and
storage mechanism, and causing nutrient imbalance in roots (Dube
et al., 2003; Sharma et al., 2020). Secondly, this chromium-induced
disturbance in nutrient uptake results in plants with delayed growth
and development and yield penalties (Passardi et al., 2004; Wakeel
et al., 2018). Therefore, plants with high nutrient use efficiency and
robust trace metal compartmentalization mechanisms are necessary to
complete their reproductive cycle under abiotic stress (Liang et al.,
2023). The cellular internalization of chromium ions results in ROS
accumulation, lipid peroxidation, failure in the functioning of organ-
elles, and imminent oxidative stress in the cytoplasm (Van de Mortel
et al., 2008). Subsequently, to minimize the severe damage to plant cells,
plant defense responses are triggered by the gene expression and accu-
mulation of enzymatic and non-enzymatic antioxidant compounds, such
as tocopherol, β-carotene, glutathione, ascorbate, GST, glutathione

reductase (GR), ascorbate peroxidase (APX), superoxide dismutase
(SOD), and catalase (CAT) (Geng et al., 2004; Mitsuhashi et al., 2005;
Anjum et al., 2008; Hossain et al., 2010, 2015; Mishra et al., 2023).
Previous studies showed that stress caused by different trace metals
changed the amount and activity of APX, CAT, GST, SOD, and GR en-
zymes in different plant species (Halušková et al., 2009; Lyubenova
et al., 2009; Anjum et al., 2012; Yilmaz et al., 2017; Acila et al., 2024).
On another hand, phytochelatins are produced from glutathione, which
binds with trace metals, and this complex is transferred into the vacuole
by ABC transport proteins (Song et al., 2014; Komal et al., 2015).
Considering the up-regulation of GST genes in response to chromium,
was hypothesized that phytochelatins should be produced by durum
wheat roots to sequester chromium in vacuoles (Roy et al., 2023). In
addition, the up-regulation of genes involved in sulfur assimilation in
wheat roots kept under chromium exposure may also result in increased
production of metallothioneins, which are low molecular cysteine-rich
proteins that interact with trace metals via their thiol groups, seques-
tering and improvingmetal homeostasis (Ernst et al., 2008; Sekhar et al.,
2011).

4.2. External stimuli response and multi-process regulation

The external stimuli responses were changed in the roots of wheat
plants kept under chromium exposure based on the down-regulation of
10 genes linked to metal detoxification, systemic acquired resistance,
and defense response to abiotic and biotic stresses, and the up-regulation
of seven genes linked to photoperception, metal detoxification, path-
ogen enzyme inhibitor, and symbiotic signaling pathway. Likewise, the
external stimuli responses were also altered in leaves based on the down-
regulation of two genes linked to pathogen enzyme inhibitors, and the
up-regulation of eight genes linked to transmembrane oxygen sensor,
multi-stress and symbiotic signaling pathways, and effector-triggered
immunity. Plants are sensitive to diverse external or environmental
stimuli such as optimal conditions, threats, and stressful conditions that
modulate plant growth and development, signaling and activation of
responses for adaptation to adverse conditions, and plant defense in any
stress conditions, respectively (Tafforeau et al., 2006; Lamers et al.,
2020). The quick perception of external stimuli and effective signaling
allows the plant to adapt and defend itself from adverse conditions to
minimize the damage and penalties caused to it (Sharma et al., 2022;
Nawaz et al., 2023). In particular, trace metals-induced stress conditions
are sensed primarily by transmembrane ion channels and cell surface
receptors, which translate the environmental signal into a cellular
response that culminates in the transcriptional modulation of defense
genes (Singh et al., 2015). This cascade of gene expression modulation
and signals leads to the modulation or reprogramming of
multi-biological processes linked to detoxification, defense response,
immunity, and plant growth (Movahedi et al., 2022). In this sense, the
multi-process regulation was changed in the roots of wheat plants kept
under chromium exposure based on the down-regulation of seven genes
linked to vacuole-mediated cell death (MCP1-related proteins), circa-
dian rhythms, and MAP3K-MEK/RAF signaling pathways, and
up-regulation of eight genes linked to SnRK1, phosphoinositide,
calcium-dependent and MAP3K-MEK signaling pathways, and
vacuole-mediated cell death (MCP2-related protein). Likewise, the
external stimuli response was also changed in leaves based on the
down-regulation of six genes linked to programmed cell death, SnRK1,
ROP-GTPase regulatory system, and IRE1-bZIP60 UPR pathway, and
up-regulation of six genes linked to SnRK1, ROP-GTPase regulatory
system, calcium-dependent signaling, Regulation of Ace2 and Morpho-
genesis (RAM/MOR) signaling, and MAPK cascade signaling. The
perception of trace metals by transmembrane receptors and the distur-
bances caused by them in ion transport channels lead to triggering the
first layer of defense signaling to immediately modulate multi-processes.
The signaling pathways orchestrated by ROP-GTPases, MAPK and
SnRK1 kinases, and Ca2+ ion lead to the effective activation of defense
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responses and broad adaptation of the plant to these adverse conditions
(Feiguelman et al., 2018; Atif et al., 2019; Xu et al., 2022b). In turn, the
RAM/MOR and phosphoinositides signaling pathways modulate cell
differentiation, plant growth, fine-tuning stem cell maintenance, organ
polarity, and pollen tube formation (Zermiani et al., 2015; Heilmann,
2016; Bizotto et al., 2018). Meanwhile, the IRE1-bZIP60 signaling
pathway acts as a transmembrane stress sensor that catalyzes the
splicing and active form of the bZIP60 transcription factor (Deng et al.,
2011; Nagashima et al., 2011). Finally, the modulation of
vacuole-mediated cell death aims to protect the plant from cytotoxic
effects caused by trace metals (Gill and Tuteja, 2011; Huang et al.,
2021). The maintenance of the cell’s life and viable vacuole allows the
transport and sequestration of the metal, while cellular death allows its
elimination at the cellular level (Sharma et al., 2016). Therefore, these
collective data suggested that the stimuli perception and signaling
pathways were modulated in both roots and leaves of wheat plants to
promote more effective recognition, signaling, adaptation, and defense
against chronic chromium stress, as well as enhancing broad basal
defense.

4.3. Phytohormones

The phytohormone profile was significantly changed in roots of
plants kept under chromium exposure based on the down-regulation of
19 genes linked to brassinosteroid signaling, cytokinin biosynthesis and
degradation, ethylene biosynthesis, gibberellin biosynthesis, jasmonic
acid signaling, and non-cysteine-rich-peptide (NCRP) signaling pep-
tides, while up-regulation of 10 genes linked to auxin transport, bras-
sinosteroid and cytokinin degradation, ethylene biosynthesis, and NCRP
signaling peptides. In contrast, a smaller number of these genes were
differentially expressed in leaves, with five down-regulated genes linked
to auxin and ethylene signaling, gibberellin biosynthesis, and NCRP
signaling peptides, while 12 up-regulated genes linked to ABA signaling,
auxin and cytokinin degradation, gibberellin biosynthesis, and NCRP
signaling peptides. Therefore, these collective data suggested that wheat
plants exhibit significant hormonal changes in response to chronic
chromium stress to defend themselves, be resilient, and successfully
promote their development and reproduction even under adverse con-
ditions. It is well known that the exposure of plants to abiotic stress
results in the modulation of multiple processes ranging from transcrip-
tional to hormonal reprogramming, mainly hormones involved in de-
fense, adaptation, development, senescence, and reproduction
(Bücker-Neto et al., 2017; Yadav et al., 2022). Plant hormones are small
chemical messengers that modulate phenological, physio-biochemical,
and developmental aspects in plants (Waadt et al., 2022). Auxins and
cytokinins are the major hormones involved in plant growth, develop-
ment, and branching (Ongaro and Leyser, 2007; Ferguson and Bever-
idge, 2009; Müller and Leyser, 2011; Basso et al., 2024a). In contrast,
ABA, jasmonic acid, and brassinosteroids act mainly in the modulation
of defense responses to abiotic and biotic stresses, and indirectly on the
modulation of plant development and growth (Wasternack, 2015; Yao
and Finlayson, 2015; Deng et al., 2022). ABA is the major hormone
involved in plant signaling to defense responses against abiotic stress
(Rai et al., 2024). While ABA represses plant development under stress
conditions (Teng et al., 2023), brassinosteroids modulate the uptake and
accumulation of ions and trace metals, induce antioxidant and phy-
tochelatin biosynthesis, and modulate plant growth under stress con-
ditions (Bajguz, 2002; Sharma and Bhardwaj, 2007; Choudhary et al.,
2010). In addition, brassinosteroids act by promoting an increase in cell
volume in the meristem and control multiple processes related to bud
outgrowth, branching, and apical dominance under unstressful condi-
tions (Chen et al., 2020; Wei and Li, 2020; Xia et al., 2021). Jasmonic
acid limits the accumulation and enhances the plant tolerance to trace
metals by modulating ion transport, antioxidant enzymes, and chelating
capacity (Wang et al., 2020; Chen et al., 2021). In turn, ethylene acts
mainly in the formation of axillary roots, inhibiting leaf and shoot

growth, and regulating plant senescence and cell wall, while gibberellin
acts in seed germination, root and shoot elongation, flowering, fruit
patterning, and positively or negatively regulating the axillary bud
development (Bicalho et al., 2015; Dubois et al., 2018; Katyayini et al.,
2020). On the other hand, NCRP peptides act in signaling pathways
controlling vegetative development and interactions with the environ-
ment in response to abiotic and biotic stress (Bircheneder and Dressel-
haus, 2016; Kim et al., 2021). Overall, all these plant hormones and
signaling peptides work in a complex signaling network depending on
the environmental context, plant species, stage, and tissue (Müller and
Leyser, 2011; Corbineau et al., 2014; Kebrom, 2017).

4.4. Secondary metabolism

The secondary metabolism was changed in the roots of wheat plants
kept under chromium exposure based on the down-regulation of five
genes linked to terpenoid and p-coumaroyl-CoA biosynthesis, and the
up-regulation of three genes linked to carotenoid and flavonoid
biosynthesis. Likewise, the secondary metabolism was also altered in
leaves based on the down-regulation of nine genes and up-regulation of
four genes both linked to terpenoid, p-coumaroyl-CoA, and flavonoid
biosynthesis. Therefore, these collective data suggested that the sec-
ondary metabolism is modulated in both roots and leaves of wheat
plants to promote protective functions in response to chronic chromium
stress. Secondary metabolites are multifunctional compounds that act as
regulators, signals, or hormones of plant growth and development, as
well as biomolecules that defend and adapt plants against abiotic and
biotic stresses (Erb and Kliebenstein, 2020; Zandalinas et al., 2022). For
example, glucosinolates, terpenoids, flavonoids, carotenoids, phenolic
acids, and alkaloids are involved in protective, chelating, and antioxi-
dant functions in plant defense response to abiotic and biotic stresses
(Ramakrishna and Ravishankar, 2011; Anjitha et al., 2021;
Nicolas-Espinosa et al., 2023). In turn, another example is that carot-
enoids are secondary metabolites derived from the isoprenoid pathway
that gives rise to ABA and strigolactones hormones (Basso et al., 2023,
2024b). Likewise, the stress-induced accumulation of secondary me-
tabolites such as flavonoids, terpenoids, and carotenoids enhances plant
antioxidant efficiencies by mitigating oxidative stress (Al-Sammarraie
et al., 2020; Boncan et al., 2020; Shomali et al., 2022; Muthusamy and
Lee, 2024). In turn, trace metals-induced phytotoxicity can also result in
penalties in the biosynthesis and accumulation of these secondary me-
tabolites, negatively impacting plant development and defense
(Ramakrishna and Ravishankar, 2011).

4.5. Chlorophyll, photosynthesis, carbohydrate and amino acid
metabolism

Chlorophyll-related metabolism was little altered in roots. In
contrast, the chlorophyll-related metabolism in leaves was most
affected, with eight down-regulated genes linked to chlorophyll
biosynthesis and catabolism, while three up-regulated genes linked to
chlorophyll catabolism and iron-sulfur assembly machinery. In agree-
ment with these data, the photosynthesis machinery was also little
affected in durum wheat roots. However, in leaves was observed a most
significant impact in photosynthesis, with four up-regulated genes
linked to photophosphorylation and photosystem II, while 12 down-
regulated genes linked to photophosphorylation, RuBisCo, and NADP-
dependent malate dehydrogenase. These data suggested an impact on
chlorophyll pigments and photosynthesis efficiency in wheat leaves as a
consequence of chronic chromium exposure. However, it was not re-
flected in the wheat biomass, panicles, and seed yield, possibly due to
the chromium concentration and exposure level used in this study being
chronic rather than acute. The trace metal toxicity in the chlorophyll,
photosynthetic apparatus, and photosynthesis is well-known, which
compromises the photochemical efficiency, and carbohydrate and
amino acid metabolism (Chandra and Kang, 2016; Giannakoula et al.,
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2021; Singh et al., 2022). In addition to disturbance in nutrient uptake,
chromium exposure induces oxidative stress that results in degradation
of photosynthetic pigments and disruption of chloroplast ultrastructure
(Panda and Choudhury, 2005; Sharma et al., 2020). This abiotic stress
negatively impacts these parameters, bringing considerable penalties to
plants, meanwhile, plants seek to reorganize their physiological activ-
ities in the face of this stress to withstand, improve, complete their life
cycle, and reproduce (Figlioli et al., 2019; Yang et al., 2020). Based on
differential expression results, the carbohydrate metabolism was not
severely affected in roots of plants kept under chromium exposure.
However, significant changes were observed in leaves, with five
up-regulated genes linked to sucrose degradation and starch,
UDP-D-xylose, and trehalose biosynthesis, while four down-regulated
genes were linked to sucrose biosynthesis and starch degradation.
These data suggested a higher starch, UDP-D-xylose, and trehalose
accumulation in leaves as a consequence of chronic chromium stress.
trace metals strongly impact plant metabolic processes and carbohy-
drate metabolism, such as soluble sugars, starch, the ratio among them,
and the accumulation of structural and non-structural carbohydrates
(Yang et al., 2024). Consequently, the carbon partitioning is also altered
impacting plant growth and development (Prado et al., 2010; Rosa et al.,
2017). Overall, trace metal phytotoxicity results in growth inhibition
and increased carbohydrate accumulation, enhancing plant tolerance
(Wang et al., 2021b). Also, the amino acid metabolism in roots of plants
under chromium exposure was severely affected, with 12
down-regulated genes linked to amino acid biosynthesis and degrada-
tion, and one up-regulated gene linked to serine hydroxymethyl-
transferase. Likewise, the amino acid metabolism in leaves was less
affected compared to roots, with two up-regulated genes linked to serine
biosynthesis and GABA degradation, and one down-regulated gene
linked to amino acid racemization. These data suggested a considerable
reduction of amino acid biosynthesis in roots while minor changes were
observed in leaves after chronic chromium stress. Indeed, the amino acid
metabolism is altered in plants by trace metal phytotoxicity, which can
act together with organic acids in metal binding, transport and chela-
tion, as well as enhance adaptation and tolerance and improve plant
development (Rai, 2002; Sharma and Dietz, 2006; Rath et al., 2019; Ali
et al., 2023; Kocaman, 2023). For example, proline and cysteine accu-
mulation is induced by abiotic stresses and has a positive correlation
with plant tolerance through osmotic adjustment and protein synthesis
(Sharma et al., 2020; Terzi and Yıldız, 2021).

4.6. Cell wall organization

The cell wall organization was significantly altered in roots of wheat
plants kept under chromium exposure based on the down-regulation of
five genes linked to xyloglucan and pectin modification, monolignol,
and cuticular lipid formation (cutin and suberin), and up-regulation of
nine genes linked to xyloglucan and homogalacturonan modification,
cell wall proteins/enzymes, and cuticular lipid formation. Likewise, the
cell wall organization was comparatively more altered in the leaves
based on the down-regulation of 23 genes linked to cellulose biosyn-
thesis, xyloglucan, xylan, homogalacturonan, cell wall proteins/en-
zymes, and cuticular lipid formation, while up-regulation of seven genes
linked to cell wall proteins/enzymes, callose biosynthesis, and cuticular
lipid formation. Collectively, these data suggested that wheat plants
have their cell wall damaged in consequence or reorganized to support
the chronic chromium stress. It is known that oxidative stress caused by
trace metals alters the structure, composition, esterification, recalci-
trance, and rigidity of the primary and secondary cell walls (Berni et al.,
2019; Zhang et al., 2020). The cell wall modifications triggered by ROS
results in lignification and pectin remodeling by increasing low
methyl-esterified pectins that sequester trace metals (Van de Mortel
et al., 2008; Moura et al., 2010; Le Gall et al., 2015; Parrotta et al.,
2015). The main storage sites of chromium are in vacuoles after com-
plexing with metallothioneins and phytochelatins to prevent its short-

and long-distance translocation, but they also can be transported back
out of the cell via H+ ATPase influx transport and bind with the cell wall
to prevent its retention in the cytoplasm and reduce ROS production and
oxidative stress (Wakeel et al., 2020; Saud et al., 2022; Abdullah et al.,
2024). Although chromium causes negative effects on the cell wall or-
ganization, these cell wall modifications also contribute to increasing
plant tolerance to abiotic stresses but interfere with plant growth and
development (Passardi et al., 2004).

4.7. Cell division

The cell division was little affected in the roots of plants kept under
chromium exposure based on up-regulation of one gene linked to sister
chromatid separation, while the most significant changes were observed
in leaves by the down-regulation of four genes linked to cyclin regula-
tory proteins and cytokinesis, and up-regulation of two genes linked to
DNA replication fork maintenance complex and asymmetric cell divi-
sion. These collective data suggested that wheat plants need to reorga-
nize their cell cycle in response to chronic chromium stress to
successfully promote their growth, development, and reproduction at an
appropriate time even under this adverse condition. In addition, changes
caused by trace metals damage from genome stability to cell cycle
progression and dynamic, negatively impacting cell division and pro-
liferation (Schuppler et al., 1998; Jiang et al., 2000; Dutta et al., 2018).
Therefore, these cell cycle changes caused by chromium exposure may
result in a reduction in plant development and yield (Wakeel et al.,
2019). In accordance, Gashi et al. (2024) showed that nickel, chromium,
and lead caused cell cycle arrest in maize exposed to treated soil. Sri-
vastava and Jain (2011) showed that chromium cytotoxicity caused
aberrant mitotic phases in sugarcane root meristems. Similarly, Zou
et al. (2006) and Wakeel et al. (2018) showed that chromium inhibits
primary root elongation by regulating cell cycle-related genes in
A. thaliana and Amaranthus viridis. Overall, hormonal, transcriptional,
translational, and proteolytic modulation observed in durum wheat
under chromium stress conditions supports the changes in cell division.

4.8. Chromatin organization, transcriptional regulation, protein
biosynthesis, and post-translational modification

The chromatin organization was slightly altered in roots of plants
kept under chromium exposure based on the down-regulation of one
gene linked to histone post-translational modification and the up-
regulation of one gene linked to H2A histones. However, more signifi-
cant changes were observed in leaves with the down-regulation of eight
genes linked to histones, chromatin remodeling, and DNA methylation
regulation, while up-regulation of two genes linked to histone modifi-
cation. These data align with what is expected from hormonal changes
under stress conditions, where the plant seeks to modulate or reprogram
the tissue-specific gene expression and its biological activities to adapt
to these conditions (Probst and Mittelsten Scheid, 2015; Bäurle and
Trindade, 2020; Bhadouriya et al., 2020; Halder et al., 2022). This way,
chromatin is converted from a transcriptionally inactive state to an
active state or vice versa (Bhadouriya et al., 2020). In this regard, the
DNA transcriptional regulation and RNA biosynthesis were also highly
altered in roots of plants kept under chromium stress based on the
down-regulation of 32 genes and the up-regulation of 34 genes both
linked to C2C2, MYB, GARP, HD-ZIP I/II, AP2/ERF, C2H2, EIL, HSF,
MDAS, NAC, SBP, TCP, WRKY, AS2/LOB, CAMTA, bHLH, TIFY, and
mTERF transcription factors and RNA polymerase II-dependent tran-
scription. Likewise, the DNA transcriptional regulation and RNA
biosynthesis were highly altered in leaves based on the down-regulation
of 18 genes and up-regulation of 26 genes both linked to C2C2, MYB,
GARP, bZIP, B3, AP2/ERF, C2H2, GRAS, NAC, TCP, WRKY, AS2/LOB,
bHLH, DPB3, and mTERF transcription factors and RNA polymerase
II-dependent transcription. These collective data suggested that tran-
scriptional regulation was modulated in both roots and leaves of wheat
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plants in response to chronic chromium stress to successfully promote
their defense, resilience, development, and reproduction even under this
adverse condition. The expression data of transcription factor-related
genes obtained in durum wheat are also in agreement with what was
observed with the modulation of genes involved in phytohormones.
Transcription factors play pivotal roles by transcriptionally suppressing
or activating genes in a tissue-specific manner in plants under different
stress and cross-stress conditions (Joshi et al., 2016; Javed et al., 2020).
Hormonal signaling is started from the transmembrane receptors and
transmitted by phosphorylation to the transcription factors in the nu-
cleus, mitochondria, and chloroplast, which trigger the transcription of
numerous genes involved in multiple processes (McSteen and Zhao,
2008; Wang et al., 2021a; Xin et al., 2021). Several transcription factor
families are directly linked to the activation of defense responses to
certain abiotic or abiotic stresses, while other families are inter-
connected or are influenced by this first group and modulate other
mechanisms such as plant growth and development in the face of
adverse conditions (Jiang et al., 2017; Meraj et al., 2020; Ma et al.,
2024). Therefore, the transcription factor families identified as differ-
entially modulated in durum wheat are involved in multiple processes,
from defense, adaptation, and resilience, to the modulation of plant
growth and development.

In turn, the protein biosynthesis was enhanced in roots of plants kept
under chromium exposure based on the up-regulation of three genes
linked to ribosomal RNA maturation, elongation factor, and peptide
deformylation. Likewise, the protein biosynthesis was also altered in
leaves based on the down-regulation of five genes linked to tRNA ligase
and plastidial ribosome biogenesis, and the up-regulation of two genes
linked to mitochondrial ribosome biogenesis. It is well documented that
plants under abiotic stress show significant changes from the alternative
splicing, microRNA, and ribosome biogenesis to protein abundance,
cellular localization, post-transcriptional and post-translational modifi-
cations, protein-protein interactions, and protein biological functions
(Kosová et al., 2018; Nie et al., 2021a; Dias-Fields and Adamala, 2022;
Hu et al., 2022; Son and Park, 2023). In addition, plant ribosomes
remodel the protein translation process to reduce energy consumption
and adapt to stresses (Fakih et al., 2023). On the other hand, the abiotic
stresses negatively impact the efficiency of protein biosynthesis ma-
chinery (Darriere et al., 2022).

In the same way, the protein post-translational modifications were
also altered in roots of plants kept under chromium exposure based on
the down-regulation of 15 genes linked to phosphorylation and S-glu-
tathionylation, and the up-regulation of 10 genes linked to glycosylation
and phosphorylation. Likewise, the ubiquitination and proteolysis were
also altered in roots based on the down-regulation of 11 genes and the
up-regulation of 13 genes. Similarly, it was observed in leaves the down-
regulation of 13 genes linked to glycosylation, S-acylation, and phos-
phorylation, while up-regulation of 18 genes linked to phosphorylation
and protein folding. In addition, the ubiquitination and proteolysis were
also altered in leaves based on the down-regulation of 19 genes linked to
protein quality control, protein folding, and protease inhibitor, and the
up-regulation of 14 genes linked to protein folding and protease inhib-
itor. Therefore, these collective data suggested that protein biosynthesis
and post-translational modifications were strongly modulated in both
roots and leaves of wheat plants in response to chronic chromium
exposure. In accordance, the protein post-translational modifications
are mandatory for regulating the protein function, subcellular localiza-
tion, activity, and stability in plants under unstressful conditions, but
also essential for the adjustment of biological processes and defense
mechanisms when under stresses (Zhao et al., 2011; Wu et al., 2016,
2023; Singh et al., 2023). Likewise, protein ubiquitination and prote-
olysis are also essential for the adjustment of multiple processes, elim-
ination of abnormal proteins, adaptation and defense response to abiotic
stress conditions (Lyzenga and Stone, 2012; Hasan et al., 2017; Yu et al.,
2020; Mo et al., 2021).

4.9. Lipid metabolism

The lipid metabolism was significantly altered in roots of plants kept
under chromium exposure, with six down-regulated genes linked to fatty
acid, glycerolipid, and phytosterol metabolism, most of them being
related to desaturation and degradation, while nine up-regulated genes
also linked to fatty acid, glycerolipid, and phytosterol metabolism.
Likewise, the lipid metabolismwasmost severely affected in leaves, with
13 down- and eight up-regulated genes both linked to fatty acid, glyc-
erolipid, and phytosterol metabolism, but most of the down-regulated
genes were related to fatty acid metabolism while most of the up-
regulated was related to phytosterol metabolism. These data suggested
an alteration in lipid biosynthesis and degradation in roots and more
severely in leaves as a consequence of chronic chromium stress. The
trace metals cause lipid peroxidation as a consequence of oxidative
stress, resulting in alterations of the membrane structure, function,
permeability, and fluidity (Elloumi et al., 2014; Chaffai and Cherif,
2020; Wakeel et al., 2020). Changes in lipid metabolism may also be
associated with the maintenance of membrane homeostasis (Wu et al.,
2021, 2022). For example, sterols are positively correlated with plant
tolerance, and their diversity and conjugated forms allow plants to adapt
to environmental stresses (Rogowska and Szakiel, 2020; Du et al., 2022).
Likewise, some lipids such as phosphatidic acid, oxylipins, phosphoi-
nositides, lysophospholipids, sphingolipids, and N-acylethanolamines
act as signaling molecules for the defense response toward stresses (Hou
et al., 2016; Sharma et al., 2023).

4.10. Nicotianamine metabolism

The nicotianamine metabolismwas severely altered in roots of plants
kept under chromium exposure based on the down-regulation of 11
genes linked to its biosynthesis and one down-regulated gene linked to
metal transport complexed with nicotianamine. No significant changes
were observed in leaves. In particular, nicotianamine is a metal chelator
and phytosiderophore found in all plant organs that acts in the long-
distance transport, homeostasis, hyperaccumulation in storage sites,
and remobilization of metals, including chelation of some trace metals
(Douchkov et al., 2005; Deinlein et al., 2012; Aung et al., 2019; Seregin
and Kozhevnikova, 2023). Based on the up-regulation of nicotianamine
synthase genes, nicotianamine was associated with the improved toler-
ance of durum wheat plants against cadmium (Aprile et al., 2018).
Similarly, the transgenic overexpression of these genes increased nic-
otianamine biosynthesis and enhanced plant tolerance to high levels of
nickel and iron (Kim et al., 2005; Pianelli et al., 2005; Yang et al., 2015).
Based on our data, nicotianamine does not seem to have a direct
involvement in the detoxification or chelation of hexavalent chromium
in durum wheat. Nevertheless, the down-regulation of these genes
suggested that the plant can prevent the long-distance or root-to-leaf
transport of possible traces of reduced chromium (such as trivalent
chromium).

4.11. Main genes suggested as involved in this primary defense response
and resilience

Among the main DETs modulated by chromium exposure, 14 genes
coding trace metal transport/detoxification superfamily proteins and
one gene (TRITD1Av1G123180) coding a MATE-like detoxification
protein were identified with greater prominence. The first transcript
subset encodes metalloproteins or metallochaperone-like proteins con-
taining a typical trace metal-associated (HMA, PF00403) domain (Li
et al., 2020; Yang et al., 2022). The HMA is a highly conserved domain,
comprises ~30 amino acid residues, and is found in a number of trace
metal transport or detoxification proteins, which contain two conserved
cysteines (CxxC core motif) that are involved in metal binding (He et al.,
2020; Li et al., 2020; Barr et al., 2023). The HMA-containing proteins are
organized into four groups: trace metal-associated plant proteins
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(HPPs), trace metal-associated isoprenylated plant proteins (HIPPs),
ATOX1/ATX1-like proteins, and P1B-ATPase proteins (Abreu-Neto
et al., 2013; Li et al., 2020). In particular, the ATOX1/ATX1-related
proteins (PTHR22814) play key roles in trace metal transport and
detoxification, which are associated with metal homeostasis and
detoxification from the cytoplasm, preventing the metal ion from
binding to more essential proteins or organelles (Himelblau et al., 1998;
Robinson and Winge, 2010; Abreu-Neto et al., 2013). For example,
atox1/atx1 mutant plants are sensitive to copper deficiency while
ATOX1/ATX1 overexpression enhanced copper tolerance and improved
the tolerance to copper deficiency, improving copper homeostasis (Shin
et al., 2012). Other members of this HMA-related gene family are
responsive to trace metal stress, as well as other types of abiotic and
biotic stresses, and their transgenic expression in susceptible-mutant
yeasts and A. thaliana plants restore or improve tolerance to trace
metals (Tehseen et al., 2010; Imran et al., 2016; Tan et al., 2017; Wei
et al., 2023; Zhou et al., 2023). Importantly, some of these genes act
specifically for a certain trace metal, conferring tolerance, while others
are associated with plant susceptibility to a specific toxic metal (Suzuki
et al., 2002; Tehseen et al., 2010; Abreu-Neto et al., 2013).

In contrast, MATE-like detoxification protein (At4g29140, ortholog
of TRITD1Av1G123180) was previously identified as ADS1 (activated
disease susceptibility 1) (Sun et al., 2011), ADP1 (altered development
program 1) (Li et al., 2014), and ABS3 (Arabidopsis abnormal shoot 3)
(Wang et al., 2015). It was designed as a putative MATE efflux protein
with drug transmembrane transporter activity that negatively regulates
plant resistance to biotic stress and controls hypocotyl cell elongation
and shoot apical meristem development (Sun et al., 2011; Li et al., 2014;
Wang et al., 2015). In general, MATE-related proteins act in plant
tolerance toward aluminum phytotoxicity, mediating organic acid efflux
from the root exudates for metal chelating (Ribeiro et al., 2017). In
particular, A. thaliana ads1/adp1/abs3 mutant plants displayed pleio-
tropic phenotypes, while gain-of-function mutants by transgenic over-
expression of this gene driven by 4x enhanced CaMV 35S promoter
showed from reestablishing the normal phenotype to accelerated growth
rate and bushy phenotypes (Sun et al., 2011; Li et al., 2014). Likewise, its
overexpression driven by the CaMV 35S promoter in wild-type back-
ground A. thaliana also resulted in strong bushy phenotypes (Wang et al.,
2015). Our RNA-seq data revealed that this gene was up-regulated only
in roots, thus, it is suggested that its transgenic overexpression triggered
by root-specific promoter may confer improved tolerance to chromium
stress. Therefore, as this gene has canonical expression in different tis-
sues and is involved also in plant development, its constitutive or
non-root-specific overexpression can result in a pleiotropic phenotype.

Another two DETs (TRITD3Bv1G278650 and TRITD1Bv1G168120)
encode zinc transporter (putative ZIP2 and ZIP5) proteins, which
contain a zinc/iron permease domain (PF02535, PTHR11040) and
belong to the ZIP/ZRT/IRTmultigenic family (Lin et al., 2009; Tan et al.,
2019). This protein group mediates zinc uptake from the rhizosphere
across the plasma membrane, but may also transport copper and cad-
mium ions, metal cations, as well as other trace metals outside the cell,
within an intracellular compartment, or its loading through the xylem
(Li et al., 2013; An et al., 2021; Yang et al., 2022; Ahmad et al., 2023). In
addition, some ZIP proteins were suggested as trace metal transporters
and associated with cellular homeostasis and plant tolerance to this
stress (Angulo-Bejarano et al., 2021; Ullah et al., 2023). The transgenic
overexpression or mutant plants of ZIP/ZRT/IRT genes showed
improved or deficient metal uptake or influx transport (Lin et al., 2009;
Lee et al., 2010; Tan et al., 2019). Likewise, a trace metal transporter
(TRITD7Bv1G184110) of the P-type ATPase family (PR00119, PF00122,
and PTHR24093) was identified as up-regulated in response to chro-
mium and associated as an essential protein for metal homeostasis (Eren
and Argüello, 2004; Hussain et al., 2004). In addition, a sulfite exporter
TauE/SafE family transmembrane protein (TRITD3Bv1G229690) was
also identified as up-regulated by chromium exposure and associated
with the transport of sulfur and anions across the cytoplasmic

membrane, which are commonly modulated by stress caused by metal
phytotoxicity (Yokosho et al., 2014; Guo et al., 2017; Xu et al., 2017).
Similarly, a phosphate import transmembrane ATP-binding protein
(TRITD4Bv1G190110) containing ABC transporter-like and AAA+
ATPase domains (PF00005, PTHR24220, and SM00382) was also
highlighted. It is suggested as involved in the transmembrane transport,
which can also be associated with plant defense response toward
metal-induced stress (Hwang et al., 2016; Tan et al., 2017;
Angulo-Bejarano et al., 2021; Yang et al., 2022).

In the same sense, two genes encoding the Vps51/Vps67-like protein
(TRITD3Av1G256800 and TRITD3Bv1G255460) were identified as up-
regulated in leaves, and are functionally annotated as components of
vacuole vesicular transport. They are suggested to participate in endo- or
lysosomal vesicular transport to the vacuolar compartmentalization or
sequestration triggered by cytoplasmatic accumulation of chromium
(Pahari et al., 2014). In addition, another gene (TRITD2Av1G268510)
encoding a heme transporter hrg1-A-G-like protein was down-regulated
in roots, which is putatively associated with the metal recycling com-
partmentalized into plant cells, and its down-regulation can prevent
metal decompartmentalization (White et al., 2013). The modulation of
the expression of these genes as a result of chromium exposure suggests
that they may be involved in the compartmentalization or vacuolari-
zation process of this trace metal in durum wheat.

Another four genes encoding metal-binding proteins were up-
regulated in root or leaf (TRITD3Bv1G173850, TRITD0Uv1G129700,
TRITD0Uv1G134940, and TRITD5Bv1G094790). These include proteins
such as inactive purple acid phosphatase-like protein (PF00149), RmlC-
like cupins superfamily protein (PR00325 and PF07883), and ferritin
(PF00210). These proteins are associated with the nutrient deprivation
response, modulated by oxidative stress to improve plant resilience,
important for metal homeostasis, and oxidoreduction (Li et al., 2002;
Liao et al., 2003; Dunwell et al., 2004; Bournier et al., 2013; Vergata
et al., 2023; Zhang et al., 2023). Possibly, the modulation of these genes
is in response to the deficiency and disturbance of essential metals
induced by chromium (Lešková et al., 2017). Meanwhile, the chelating
activity of these proteins directly on the chromium ion has not been
reported.

In this same sense, the positive regulation of isocitrate lyase (TRIT-
D2Av1G086060) and citrate synthase (TRITD3Bv1G026020) genes and
the negative regulation of malate dehydrogenase (TRITD5Av1G255900)
gene were observed. This glyoxalate pathway modulation leads to
increased malate accumulation, a precursor of malate-derived organic
acids, such as malic acid and maleic acid, involved in the trace metals
chelating (Angulo-Bejarano et al., 2021; Kocaman, 2023). Root exuda-
tion of these organic acids has been associated with increased plant
tolerance to trace metals, including chromium (Chen et al., 2015;
Angulo-Bejarano et al., 2021; Zulkernain et al., 2023), as well as exog-
enous application (Hawrylak-Nowak et al., 2015; Mahmud et al., 2017;
Mahey et al., 2019). Therefore, genetic engineering of durum wheat
using transgenesis or genome editing approaches can be suggested to
increase the accumulation of malate-derived organic acids and improve
plant tolerance to chromium exposure.

Finally, another five genes were highlighted as differentially
expressed and associated with improved plant resilience toward chro-
mium exposure. These genes encode for a non-symbiotic hemoglobin
protein (TRITD1Bv1G186850), cell death-related protein (TRIT-
D1Av1G178640), plant cadmium resistance protein (TRIT-
D4Av1G056120), CBF3/DREB1A transcription factor
(TRITD5Av1G178430), and Myb/SANT-related transcription factor
(TRITD2Av1G218770). The non-symbiotic globin proteins of class #1
(Glb1) are commonly induced by hypoxia or anoxia and have a high
affinity to oxygen and nitric oxide (Igamberdiev and Hill, 2004; Per-
azzolli et al., 2004; Garrocho-Villegas et al., 2007). Some Glb1 genes
have been proven as induced by abiotic and biotic stresses and were
associated with improved plant tolerance to abiotic stress and reduced
susceptibility to biotic stress (Nakayama et al., 2017; Basso et al., 2022;
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Koltun et al., 2022). Meanwhile, another gene encoding a serpin family
protein (TRITD1Av1G178640) was identified as down-regulated in
leaves, which is annotated as an inhibitor of pro-apoptotic proteases and
involved in the regulation of programmed cell death (PF00079 and
PTHR11461) (Vercammen et al., 2006). Therefore, the down-regulation
or even knockout of this gene is suggested to carry out a
proof-of-concept in durum wheat aiming to improve plant tolerance to
chromium stress. Another three genes (TRITD4Av1G056120, TRIT-
D5Av1G178430, and TRITD2Av1G218770) were also identified as
up-regulated in roots and leaves, which encodes a cadmium resistance
protein, CBF3/DREB1A transcription factor, and Myb/SANT-like tran-
scription factor, respectively. Based on functional analysis of orthologs,
these three proteins are suggested to have a positive correlation between
protein accumulation and improved plant tolerance to abiotic stresses
(Sakuma et al., 2006; Roy, 2016; Wang et al., 2019; Kidokoro et al.,
2020). Therefore, it is suggested that these five genes are associated with
the plant defense against chromium stress, and the use of genetic engi-
neering aimed at their transcriptional modulation based on over-
expression or down-regulation can lead to improved resilience of durum
wheat. Furthermore, the exploration of two putative gene clusters
associated with plant resistance to chromium stress in durum wheat

breeding is also suggested.

5. Conclusions

Herein, we hypothesize that chromium is sensed in the roots by
membrane receptors whose nature is still unknown (Fig. 6) despite
several gene candidates have been selected by studying chromium stress
in A. thaliana (Colzi et al., 2023). The adsorption of chromium should
activate a protein phosphorylation cascade where calcium-calmodulin
plays a key role. This should activate the biosynthesis and response of
key hormones such as brassinosteroids as shown by the upregulation of
several brassinosteroid-associated genes in the roots. That is expected to
be linked to the induction of C2H2 and HSF transcription factors which
also were higher in abundance in roots. These small regulating mole-
cules would trigger the upregulation of transcription factors which are
known to induce two types of beneficial responses against trace metal
stress: (i) the enhancement of antioxidant responses through GSTs, GSH,
SOD, and other ROS detoxifying enzymes, (ii) the induction of chelators
formed from sulfur as predicted by the induction of several genes
involved in sulfur assimilation. A negative effect played by chromium
presence seems to be the reduction of expression of genes involved in

Fig. 6. A hypothetical model of transcriptional regulation of defense response to chromium stress in durum wheat plants. Main transcriptional changes (transcripts,
transcript categories, and pathways) were shown. Green arrows and squares mean repression while red ones mean general induction.
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nutrient uptake (micro- and macro-elements). Indeed, ABA-related
genes were induced probably activating physiological responses
against chromium uptake such as reduction of transpiration and closure
of stomata. Leaves are less expanded as shown by the repression of genes
involved in cell division and lipid biosynthesis and metabolism. Further
research is needed to validate these shown findings identifying key
players involved in chromium molecular response. In addition, it would
be certainly important to understand possible transgenerational effects
due to chromium presence due to epigenomic changes which should
modulate the transcription of key genes in the signal transduction and
defense response to this toxic trace metal. In particular, focusing on the
primary defense response based on chromium import, detoxification,
and compartmentalization, among the DETs was selected a gene/protein
set involved in (i) metal detoxification, (ii) metal transport, (iii) vacuolar
endosome for metal compartmentalization, (iv) metal binding, (v)
malate-derived organic acid biosynthesis, and (vi) plant resilience to
chromium exposure. At least 31 genes involved in this primary defense
response are suggested as powerful biotechnological assets for future
proof-of-concept studies aimed at the genetic engineering of durum
wheat to improve plant tolerance toward chromium exposure.
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Katyayini, N.U., Rinne, P.L.H., Tarkowská, D., Strnad, M., van der Schoot, C., 2020. Dual
role of gibberellin in perennial shoot branching: inhibition and activation. Front.
Plant Sci. 11, 736. https://doi.org/10.3389/fpls.2020.00736.

Kebrom, T.H., 2017. A growing stem inhibits bud outgrowth - The overlooked theory of
apical dominance. Front. Plant Sci. 8, 1874. https://doi.org/10.3389/
fpls.2017.01874.

Kidokoro, S., Kim, J.S., Ishikawa, T., Suzuki, T., Shinozaki, K., Yamaguchi-Shinozaki, K.,
2020. DREB1A/CBF3 is repressed by transgene-induced DNA methylation in the
Arabidopsis ice1-1 mutant. Plant Cell 32 (4), 1035–1048. https://doi.org/10.1105/
tpc.19.00532.

Kim, J.S., Jeon, B.W., Kim, J., 2021. Signaling peptides regulating abiotic stress
responses in plants. Front. Plant Sci. 12, 704490 https://doi.org/10.3389/
fpls.2021.704490.

Kim, D., Paggi, J.M., Park, C., Bennett, C., Salzberg, S.L., 2019. Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37
(8), 907–915. https://doi.org/10.1038/s41587-019-0201-4.

M.F. Basso et al. Environmental and Experimental Botany 228 (2024) 105953 

19 

https://doi.org/10.1080/15592324.2018.1460048
https://doi.org/10.1080/15592324.2018.1460048
https://doi.org/10.1016/j.jafr.2022.100374
https://doi.org/10.1186/s40529-014-0061-7
https://doi.org/10.1155/2015/756120
https://doi.org/10.1104/pp.20.00433
https://doi.org/10.1104/pp.104.046292
https://doi.org/10.1111/j.1365-3040.2007.01746.x
https://doi.org/10.1111/j.1365-3040.2007.01746.x
https://doi.org/10.1007/s11270-017-3356-y
https://doi.org/10.1007/s11270-017-3356-y
https://doi.org/10.3390/biom13071160
https://doi.org/10.1104/pp.17.01415
https://doi.org/10.1104/pp.109.135475
https://doi.org/10.1104/pp.109.135475
https://doi.org/10.1007/s11356-018-3743-y
https://doi.org/10.3390/su15065361
https://doi.org/10.1016/j.gene.2007.01.035
https://doi.org/10.1016/j.stress.2024.100379
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1016/j.bbrc.2004.04.094
https://doi.org/10.1016/j.bbrc.2004.04.094
https://doi.org/10.3390/plants10010155
https://doi.org/10.4161/psb.6.2.14880
https://doi.org/10.1016/j.chemosphere.2024.142642
https://doi.org/10.1016/j.chemosphere.2024.142642
https://doi.org/10.3389/fpls.2017.00330
https://doi.org/10.3389/fpls.2017.00330
https://doi.org/10.3390/plants11111449
https://doi.org/10.1016/j.plaphy.2009.08.003
https://doi.org/10.1016/j.plaphy.2009.08.003
https://doi.org/10.1016/j.chemosphere.2023.140307
https://doi.org/10.3389/fpls.2017.01492
https://doi.org/10.1016/j.plaphy.2015.06.012
https://doi.org/10.1016/j.plaphy.2015.06.012
https://doi.org/10.3390/genes11111269
https://doi.org/10.3390/genes11111269
https://doi.org/10.1242/dev.136432
https://doi.org/10.1104/pp.117.4.1227
https://doi.org/10.1104/pp.117.4.1227
https://doi.org/10.3389/fpls.2015.00420
https://doi.org/10.1007/s12298-010-0028-4
https://doi.org/10.1007/s12298-010-0028-4
https://doi.org/10.1111/pce.12666
https://doi.org/10.1111/pbi.13913
https://doi.org/10.1016/j.ecoenv.2020.111616
https://doi.org/10.1016/j.ecoenv.2020.111616
https://doi.org/10.1007/s11103-014-0219-4
https://doi.org/10.1105/tpc.020487
https://doi.org/10.1105/tpc.020487
https://doi.org/10.1016/j.molp.2016.02.003
https://doi.org/10.1093/jxb/erh272
https://doi.org/10.3389/fpls.2016.01712
https://doi.org/10.3389/fpls.2018.00012
https://doi.org/10.3390/plants9040491
https://doi.org/10.1016/s0048-9697(00)00470-8
https://doi.org/10.1016/s0048-9697(00)00470-8
https://doi.org/10.1111/jipb.12513
https://doi.org/10.1111/jipb.12513
https://doi.org/10.16288/j.yczz.2015.01.013
https://doi.org/10.16288/j.yczz.2015.01.013
https://doi.org/10.3389/fpls.2016.01029
https://doi.org/10.3389/fpls.2016.01029
http://refhub.elsevier.com/S0098-8472(24)00311-3/sbref107
http://refhub.elsevier.com/S0098-8472(24)00311-3/sbref107
https://doi.org/10.3389/fpls.2020.00736
https://doi.org/10.3389/fpls.2017.01874
https://doi.org/10.3389/fpls.2017.01874
https://doi.org/10.1105/tpc.19.00532
https://doi.org/10.1105/tpc.19.00532
https://doi.org/10.3389/fpls.2021.704490
https://doi.org/10.3389/fpls.2021.704490
https://doi.org/10.1038/s41587-019-0201-4


Kim, S., Takahashi, M., Higuchi, K., Tsunoda, K., Nakanishi, H., Yoshimura, E., Mori, S.,
Nishizawa, N.K., 2005. Increased nicotianamine biosynthesis confers enhanced
tolerance of high levels of metals, in particular nickel, to plants. Plant Cell Physiol.
46 (11), 1809–1818. https://doi.org/10.1093/pcp/pci196.

Kocaman, A., 2023. Combined interactions of amino acids and organic acids in trace
metal binding in plants. Plant Signal. Behav. 18 (1), 2064072 https://doi.org/
10.1080/15592324.2022.2064072.

Koltun, A., Bianca Fuhrmann-Aoyagi, M., Alexandra Cardoso Moraes, L., Lima
Nepomuceno, A., Simões Azeredo Gonçalves, L., Marcia Mertz-Henning, L., 2022.
Uncovering the roles of hemoglobins in soybean facing water stress. Gene 810,
146055. https://doi.org/10.1016/j.gene.2021.146055.

Komal, T., Mustafa, M., Ali, Z., Kazi, A.G., 2015. Trace metal uptake and transport in
plants. In: Sherameti, I., Varma, A. (Eds.), Trace metal contamination of soils:
Monitoring and remediation. Springer International Publishing, Cham, pp. 181–194.
https://doi.org/10.1007/978-3-319-14526-6_10.

Kosová, K., Vítámvás, P., Urban, M.O., Prášil, I.T., Renaut, J., 2018. Plant abiotic stress
proteomics: the major factors determining alterations in cellular proteome. Front.
Plant Sci. 9, 122. https://doi.org/10.3389/fpls.2018.00122.

Kumar, P., 2021. Soil applied glycine betaine with Arbuscular mycorrhizal fungi reduces
chromium uptake and ameliorates chromium toxicity by suppressing the oxidative
stress in three genetically different sorghum (Sorghum bicolor L.) cultivars. BMC Plant
Biol. 21 (1), 336. https://doi.org/10.1186/s12870-021-03113-3.

Kumar, P., Tokas, J., Singal, H.R., 2019. Amelioration of chromium VI toxicity in
sorghum (Sorghum bicolor L.) using glycine betaine. Sci. Rep. 9 (1), 16020 https://
doi.org/10.1038/s41598-019-52479-w.

Kundu, D., Dey, S., Raychaudhuri, S.S., 2018. Chromium (VI) - induced stress response in
the plant Plantago ovata Forsk in vitro. Genes Environ. 40, 21. https://doi.org/
10.1186/s41021-018-0109-0.

Lamers, J., van der Meer, T., Testerink, C., 2020. How plants sense and respond to
stressful environments. Plant Physiol. 182 (4), 1624–1635. https://doi.org/10.1104/
pp.19.01464.

Le Gall, H., Philippe, F., Domon, J.-M., Gillet, F., Pelloux, J., Rayon, C., 2015. Cell wall
metabolism in response to abiotic stress. Plants 4 (1), 112–166. https://doi.org/
10.3390/plants4010112.

Lee, S., Kim, S.A., Lee, J., Guerinot, M.L., An, G., 2010. Zinc deficiency-inducible OsZIP8
encodes a plasma membrane-localized zinc transporter in rice. Mol. Cells 29 (6),
551–558. https://doi.org/10.1007/s10059-010-0069-0.
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Martínez-Melgarejo, P.A., Rai, P.K., Pérez-Alfocea, F., 2024. Unlocking nature’s
stress buster: Abscisic acid’s crucial role in defending plants against abiotic stress.
Plant Stress 11, 100359. https://doi.org/10.1016/j.stress.2024.100359.

Ramakrishna, A., Ravishankar, G.A., 2011. Influence of abiotic stress signals on
secondary metabolites in plants. Plant Signal. Behav. 6 (11), 1720–1731. https://doi.
org/10.4161/psb.6.11.17613.

Rascio, I., Gattullo, C.E., Porfido, C., Allegretta, I., Spagnuolo, M., Tiziani, R., Celletti, S.,
Cesco, S., Mimmo, T., Terzano, R., 2023. Fire-induced effects on the bioavailability
of potentially toxic elements in a polluted agricultural soil: implications for
chromium uptake by durum wheat plants. Environ. Sci. Pollut. Res. 30 (3),
6358–6372. https://doi.org/10.1007/s11356-022-22471-5.

Rath, B.P., Hota, S., Subhadarshini, S., Dash, D., Das, P.K., 2019. Consequence of
chromium-tainted soil on physical and biochemical responses of Vigna radiata L.
J. Appl. Biol. Biotechnol. 7 (1), 35–41. https://doi.org/10.7324/JABB.2019.70107.

Ribeiro, A.P., de Souza, W.R., Martins, P.K., Vinecky, F., Duarte, K.E., Basso, M.F., da
Cunha, B.A.D.B., Campanha, R.B., de Oliveira, P.A., Centeno, D.C., Cançado, G.M.A.,
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Thimm, O., Bläsing, O., Gibon, Y., Nagel, A., Meyer, S., Krüger, P., Selbig, J., Müller, L.A.,
Rhee, S.Y., Stitt, M., 2004. MAPMAN: a user-driven tool to display genomics data
sets onto diagrams of metabolic pathways and other biological processes. Plant J. 37
(6), 914–939. https://doi.org/10.1111/j.1365-313x.2004.02016.x.
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