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application improves cadmium
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upward transport in broccoli
(Brassica oleracea var. italica)
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2College of Life Sciences, Northeast Agricultural University, Harbin, China, *College of Horticulture,
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Cadmium (Cd) pollution not only reduces crop yields, but also threatens
human health and food safety. It is of great significance for agricultural
production to improve plant Cd resistance and reduce Cd accumulation. In
Arabidopsis, tryptophan (Trp) has been found to play a role in Cd resistance.
However, studies on the role of exogenous Trp on Cd tolerance in crops
are limited. Here, we report that exogenous Trp application can effectively
alleviate biomass decline induced by Cd stress and inhibit Cd transport from
roots to shoots in Brassica oleracea var. italica (broccoli). Compared to Cd
stress alone, the fresh weight of shoots and roots of B. oleracea seedlings
treated with Cd and Trp increased by 25 and 120%, respectively, and the Cd
content in shoots decreased by 51.6%. In combination with physiological
indices and transcriptome analysis, we preliminarily explored the mechanism
of Trp alleviating Cd stress and affecting Cd transport. Trp inhibited Cd-induced
indole-3-acetic acid (IAA) conjugation, thereby providing enough free IAA to
sustain growth under Cd stress; Trp inhibited the indolic glucosinolate (IGS)
biosynthesis induced by Cd. Considering that the synthesis of IGS consumes
glutathione (GSH) as a sulfur donor, the inhibition of Trp in IGS synthesis may
be conducive to maintaining a high GSH content to be against Cd stress.
Consistent with this, we found that GSH content under Cd stress with Trp
application was higher than that of Cd alone. In addition to alleviating the
damage caused by Cd, Trp can also inhibit the upward transport of Cd from
roots to shoots, possibly by repressing the expression of HMA4, which
encodes a transporter responsible for the xylem loading and Cd upward
transport.
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Introduction

Cadmium (Cd) is one of the most toxic and widespread heavy
metal pollutants, affecting soil mainly through releases from
agrochemicals, sewage sludge, and industrial wastes. Cd toxicity
can cause various morphological, physiological, and biochemical
changes in plants. Excess Cd significantly inhibits seed
germination, diminishes root and shoot growth (Huybrechts and
Cuypers, 2019), decreases chlorophyll contents, and disturbs
photosynthetic machinery (Paunov et al, 2018). Cd stress
promotes excessive production of reactive oxygen species (ROS),
including superoxide radicals (O,~), hydrogen peroxide (H,O,),
and hydroxyl radicals (OH") (Sandalio et al., 2001), which lead to
cell damage due to lipid peroxidation. In response to this oxidative
stress, plants may enhance the activity of some antioxidant
enzymes (Ekmekci et al.,, 2008) such as catalase (CAT), superoxide
dismutase (SOD) and peroxidase (POD), and some non-enzymatic
enzymes produce antioxidants such as ascorbate (AsA) and
glutathione (GSH; Saud et al.,, 2014, 2016; Fahad et al., 2016;
Amanullah et al., 2017). GSH was considered a key player in
defense against metal-induced oxidative stress (Jozefczak et al.,
2012). Under Cd stress, the reduced form of GSH is converted to
the oxidized form of GSSG, which activates the AsA-GSH cycle,
scavenges ROS, and maintains intracellular homeostasis. GSH/
GSSG serves a key indicator of the redox environment and is
involved in the Cd-stress-induced defense pathway (Romero-
Puertas et al., 2007).

In addition to enhancing the antioxidant system, plants have
evolved protective mechanisms of exclusion to alleviate Cd
toxicity, including chelation, subcellular compartmentalization in
vacuoles, transportation to tolerant organs or tissues, or efflux
from the plant body. Therefore, the transporters involved in Cd
absorption and transportation are important for Cd defense.
Although Cd is not an essential element, it can be absorbed and
transported by the low-affinity divalent cation transporters,
including the Ca*, Fe*, Zn?*, Mn?*, and Cu’* transporters
(Clemens, 2006). Many types of transporters that regulate Cd
uptake and transport have been reported, such as NRAMP family
(Takahashi et al., 2011), P-type ATPase (Morel et al., 2009), ABC
transporter (Gaillard et al., 2008), CAX family (Hirschi et al,
2000), ZIP family (Lasat et al., 2000), and LCT transporters
(Antosiewicz and Hennig, 2004). In Arabidopsis, the ZIP
transporter IRT1 and the NRAMP transporter NRAMP2 are
considered to be the main entry for Cd to enter plants (Fan et al.,
2014; Ismael et al., 2019). The xyloglucan endotransglucosylase/
hydrolases (XTH) is involved in Cd transportation through cell
wall (Ismael et al., 2019). In cells, Cd can be transported into the
vacuoles by cation exchanger CAX2, CAX4, HMA3, and MRP3
(Korenkov et al., 2007). The plasma membrane heavy metal
ATPase (HMA) transporters HMA4 and HMA2 contribute to Cd
xylem loading and translocating from root to shoot (Verret et al,,
2004; Wong and Cobbett, 2009). The responses of these
transporters to Cd stress determine the absorption and
translocation of this toxic ion.
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Tryptophan (Trp) is an essential amino acid necessary for
protein synthesis. In both animals and plants, Trp is a precursor
of melatonin (N-acetyl-5-methoxytryptamine). Melatonin, a well-
known multifunctional molecule in animals, has recently been
found to be ubiquitously present in plants and play versatile
physiological roles in plant growth, development, and protection
against biotic and abiotic stresses, including Cd stress (Arnao and
Hernandez-Ruiz, 2019). Melatonin has been proved to protect
plants from Cd toxicity by enhancing ROS scavenging and
manipulating the absorption and accumulation of Cd (Gu et al.,
2021). In plants, Trp is a precursor of indole-3-acetic acid (IAA),
an important phytohormone. In cruciferous plants, it can also
be metabolized into secondary metabolites, indolic glucosinolates
(IGS), which are defense compounds against biotic stress (Halkier
and Gershenzon, 2006; Ahuja et al., 2012).

Many studies have shown that Trp can promote plants’ growth
and development and improve tolerance to various environmental
stresses such as drought and salinity (Zemanova et al., 2014;
Farooq et al., 2015). Hsiao et al. reported that the Trp synthase
gene TSBI1 was induced by Cd stress and overexpression of
AtTSBI resulted in increased Trp and improved Cd tolerance in
Arabidopsis, suggesting that Trp plays a role in Cd resistance
(Hsiao et al., 2007). However, studies on the role of exogenous Trp
on Cd tolerance in crops are limited.

Cadmium exposure of the general population is mainly due
to the intake of cereals, vegetables, and other plant-derived food
(Clemens and Ma, 2016). Cruciferae plants including B. oleracea
normally have strong ability to take up and accumulate heavy
metals (Rizwan et al., 2018). The application of non-treated drain
water contaminated with Cd containing industrial wastewater for
irrigation of vegetable crops has enhanced Cd pollution in
agricultural lands (Ahmad et al., 2021; Sardar et al., 2022). Due to
the increasing Cd content in farmland soil, these vegetables face
the risk of Cd pollution. Therefore, it is of great concern to reduce
Cd accumulation in crops. In this study, we reported that
exogenous Trp application improved Cd tolerance and inhibited
Cd transport from roots to shoots in B. oleracea. We further
performed a transcriptome analysis and revealed the possible
mechanism of the beneficial effect of Trp. Our study provides a
reference for better utilization of Trp to promote crop yield and
resist Cd stress.

Materials and methods

Plant materials, Cd treatment, and Trp
application

Seeds of B. oleracea cultivar “Youxiu” were germinated in pots
containing 200 mg commercial soil Pindstrup Substrate. Pindstrup
substrate containing 30% Forest Gold substrate and 70% peat was
obtained from Pindstrup Horticulture Co., Ltd. China. Five seeds
were sown in each pot and grown in a growth chamber under
controlled conditions (25°C, relative humidity of 60-70% and 16 h
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photoperiod/day at an intensity of 150 pmol photons m™s™") for
7 days. The plants were watered every 3 days. Since commercial
soil Pindstrup Substrate is rich in nutrients, no fertilizer
was applied.

Brassica oleracea is cultivated in many areas of China, and the
soil pollution of Cd in these areas varies. In non-polluted or
slightly polluted farmlands, the content of Cd in soil ranges from
0.03 to 4.7 mg/kg (Guo et al,, 2021). In some polluted farmlands,
Cd content reaches 22.1 mg/kg (Zhan et al., 2019). In this study,
the commercial soil Pindstrup Substrate is used. The density of
Pindstrup Substrate is 0.25kg/1, which is about 1/6 of that of the
field soil. Concentrations of 0, 10, 20, and 30 mg/kg Cd were used
in this study (approximately equivalent to 0, 1, 3, and 5mg/kg Cd
in field soil). The concentration of Trp application is 15 mg/kg.
Pre-experiments showed that 15mg/kg was the minimum
concentration that can promote plant growth, indicating that this
concentration of Trp has an effective impact on plants.

Our experimental setup consisted of eight treatments.
Seedlings were exposed to soils containing 0, 10, 20, and 30 mg/kg
Cd with or without 15mg/kg Trp application. The pots not
supplemented with Cd and Trp were regarded as control.
Tryptophan and cadmium chloride were prepared into water
solutions and applied from bottom of the pots, allowing plants to
absorb solution upward (Wang et al., 2019). After 7days of
treatment, the shoots (aboveground parts) and roots were
harvested, respectively, for the determination of fresh weight and
Cd ion content. The shoots of seedlings were used for the
determination of other physiological indicators.

Determination of chlorophyll content

Chlorophyll content in shoots was examined, as previously
described by Arnon (1949).

Determination of ROS and lipid
peroxidation

Hydrogen peroxide (H,0,) and superoxide radical (O,"~) were
localized histochemically by staining leaves with 3-diaminobenzidine
(DAB) (to detection of H,0,) and nitroblue-tetrazolium (NBT) (to
detection of O,"), respectively, as previously described (Kumar et al.,
2014). The determination of MDA was performed using the
thiobarbituric acid (TBA) method, as previously described (Zhang
and Huang, 2013).

Enzyme extraction and assays

Shoots of seedlings were harvested to perform enzyme
extraction and assays. The enzyme activity of SOD, POD, CAT,
and APX was determined, as previously described (Mao
etal, 2019).
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Determination of GSH and GSSG
contents

Determination of GSH and GSSG was performed, as
previously described by Ellman (1959).

RNA extraction and transcriptome
sequencing

The shoots of seedlings exposed to 0 mg/kg and 30 mg/kg Cd
with or without 15mg/kg Trp application were harvested,
respectively, for RNA-seq. RNA was extracted with TRIzol
reagent. The cDNA was sequenced according to the Illumina
NovaSeq platform (Berry Genomics Co., Ltd., China). Brassica
oleracea var. italic is a variety of Brassica oleracea. The genome of
Brassica oleracea var. oleracea, another variety of Brassica oleracea
served as a reference for transcriptome analysis, due to the lack of
a reference genome of Brassica oleracea var. italic. Differently
expressed genes (DEGs) were defined as those with p value <0.05
and fold change > 2. The online Kyoto Encyclopedia of Genes and
Genomes (KEGG') website was used for the analysis of the
enriched pathways of DEGs. The ID numbers of the key genes in
IAA and IGS pathways are listed in Supplementary Table 1.

IAA and IGS extraction and detection

The content of total IAA and free IAA was detected by Nanjing
Webiolotech Biotechnology Co., Ltd. IGS was extracted by
methanol and the content was determined by HPLC mass
spectrometry, as previously described (Pang et al., 2009).

Quantitative real-time PCR (qPCR)
analysis

Total RNA isolated for RNA sequencing was used for gPCR
analysis, as previously described (Li et al., 2019). The ACTIN2 in
B. oleracea was used as a reference gene. All primers used are listed

in Supplementary Table 2.

Determination of Cd ion content

An inductively coupled plasma-optical emission spectrometer
(7800, Agilent, Japan) was used to determine the Cd ion content
in shoots and roots. The samples were digested with an acid
mixture (HNO;:HCIO, =10:1v/v) for 8h and 10h, respectively, on
a 150°C hot plate. Absorbance of the filtered solution was detected
by using spectrometer, and the content of Cd was calculated
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according to the standard curve of the corresponding ions (Zhao
etal, 2018).

Statistical analysis

Analysis of variance (ANOVA) was performed with SPSS
v10.0 software (SPSS, Inc., Chicago, IL, United States). Mean
values were compared with the least significant difference (LSD)
between different treatments (p <0.05). Data were averaged from
three independent biological replicateststandard deviation (SD).
Figures were plotted with Origin 2022.

Results

Trp application alleviated Cd’s repression
on growth

Under normal growth condition (0mg/kg Cd), Trp
significantly promoted the growth of B. oleracea seedlings
(Figures 1 A-C). The fresh weight of shoots and roots increased by
49 and 55.4%, respectively (Figures 1B,C). Under 10 mg/kg Cd
stress, no significant fresh weight changes were observed in both
shoots and roots, indicating that B. oleracea has strong Cd
tolerance like other Cruciferae plants. Under higher Cd stress
(20 mg/kg and 30 mg/kg), the growth of seedlings was significantly
inhibited (Figures 1A-C), both shoot weight and root weight were
reduced, and the leaves turned scorched yellow. Under 30 mg/kg
Cd stress, compared to Cd stress alone, the fresh weight of shoots
and roots of seedlings treated with Cd and Trp increased by 25
and 120%, respectively (Figures 1A-C). Except 10 mg/kg, 20 mg/
kg, and 30 mg/kg Cd, stress significantly decreased chlorophyll
content (Figure 1D). With Trp application, the chlorophyll content
was higher than the unapplied controls, indicating that Trp
alleviated the Cd stress-induced decrease in chlorophyll.

Trp inhibited ROS production induced by
Cd stress

As an indicator of oxidative stress, the production of H,0, and
O, in B. oleracea seedling leaves was detected by histochemical
staining. Under Cd stress, blue and brown patches representing
0,
concentration increased, the patch area expanded, and the color

anions and H,O, appeared on the leaves. As the Cd

deepened. However, Trp application decreased those patches
caused by H,0, and O, noticeably (Figure 2A).

Consistent with the increased oxidative stress, MDA, the
product of membrane lipid peroxidation, increased under Cd
stress (Figure 2B). While Trp applied seedlings showed
significantly lower MDA content compared to Cd alone
(Figure 2B). These data indicated that Trp could effectively
alleviate ROS-induced oxidative damage.
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Effects of Trp on antioxidant system
under Cd stress

As shown in Figure 3A, Cd stress increased the activity of
SOD, POD, and CAT. However, application of Trp did not appear
to affect the response of these antioxidant enzymes to excess Cd
as the seedlings applied with Trp showed no altered enzyme
activity compared to those treated with Cd alone. In contrast, the
response of APX to Cd stress was significantly affected by Trp. The
activity of APX was enhanced by Cd stress, and the increase in
APX activity was greater in Trp-treated seedlings. GSH was
considered a key player against metal-induced oxidative stress.
Thus, GSH, GSSG, and GSH/GSSG were detected under Cd stress
with or without Trp application. As shown in Figure 3B, both GSH
and GSSG content increased under Cd stress. While in the
presence of Trp, GSH increased more, and GSSG increased less
than that of Cd alone. As a result, GSH/GSSG was significantly
higher in Trp applied seedlings. These results indicated that the
Trp application promoted Cd-induced GSH production and thus
alleviated oxidative stress.

Effect of Trp on transcriptome under Cd
stress

To further elucidate the mechanism of Trp in alleviating Cd
stress, we performed transcriptome sequencing analysis on
B. oleracea seedlings exposed to 0 mg/kg and 30 mg/kg Cd with or
without Trp application. Eight genes were selected for qRT-PCR
detection to confirm the reliability of transcriptome sequencing.
As shown in Figure 4, the expression profiles of these genes were
largely consistent with those derived from sequencing, indicating
that our analysis based on transcriptome data was reliable.

As shown in Figure 5A, the number of DEGs detected in
seedlings treated with Cd alone was 2,158, while the number in
the seedlings treated with Cd and Trp was 1,257. This result
indicated that the responses of B. oleracea seedlings triggered by
Cd with Trp application were less intense than Cd alone.
Application of Trp, alleviated to some extent the stimulation of
Cd. KEGG analysis showed that under Cd treatment, for both
upregulated and downregulated DEGs, the most enriched
pathway was “secondary metabolites biosynthesis” (Figure 5B). It
is noteworthy that “glucosinolate biosynthesis” was presented in
both the upper and lower DEGs, which indicated that the
secondary metabolite glucosinolate is closely related to Cd
defense. Interestingly, the “glucosinolate biosynthesis” pathway
was not enriched under Cd treatment with Trp application. These
results suggested that glucosinolate metabolism was critical for
defense against Cd stress, and was strongly affected by exogenous
Trp. As shown in Figure 5B, “plant hormone signal transduction”
was another largely enriched pathway under Cd stress. However,
with the application of Trp, the downregulated DEGs in this
pathway were not enriched and the number of upregulated DEGs
enriched in this pathway was smaller than that under Cd
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treatment alone. This indicated that hormone signal transduction
was largely affected by Trp under Cd stress.

Effects of Trp on its downstream
metabolic network under Cd stress

In plants, Trp is a precursor of hormone IAA, antistress
compound melatonin, and secondary metabolites IGS (Figure 6A).
To explore the effect of Trp on its downstream metabolic network,
the gene expression in melatonin, IAA, and IGS metabolic
pathways was analyzed based on transcriptome data.

In plants, melatonin is synthesized from Trp via tryptamine,
serotonin, and N-acetylserotonin by four enzymes TDC1, T5H,
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SNAT1, and ASMT1. As shown in Figure 6A, in this pathway, the
expression of TDCI and SNAT1 was significantly inhibited by Cd,
while the expression of the two genes hardly changed when Trp
was applied with Cd. This indicated that the biosynthesis of
melatonin and the protective effect mediated by melatonin was
restrained under Cd stress, while Trp application can alleviate
this restriction.

Trp can be metabolized to IAA via the indole-3-pyruvate
(IPA) pathway and the indole-3-acetaldehyde oxime (IAOx)
pathway. The key enzymes in IPA pathway are YUCCAs, and in
the JAOx pathway are NITs (Figure 6A). Based on transcriptome
data, we analyzed the expression profiles of key enzyme genes
involved in IAA biosynthesis, catabolism, and signal transduction.
As shown in Figure 6A, the expression level of three YUCCA
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genes and one NIT gene was not altered or slightly decreased
under Cd stress, and showed no significant difference under Cd
treatment with Trp application compared with Cd alone.
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In addition to biosynthesis, JAA homeostasis can also
be regulated by amino acid conjugation catalyzed by amino
synthetase, GH3. Unlike free IAA, the conjugated IAA is unable
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to activate JTAA signaling and may be further degraded. As
shown in Figure 6A, the expression of three GH3 genes was
significantly increased under Cd stress, while Trp application
significantly alleviated this increase. This indicated that Trp
application did not significantly affect IAA biosynthesis, but
inhibited the conjugation of IAA induced by Cd stress and thus
ensured adequate free IAA to activate IAA signaling.
Consistently, the expression profile of the genes in IAA signaling
pathway indicated that IAA signaling was significantly inhibited
under Cd stress, while remained unaltered or only slightly
inhibited under Cd stress with Trp application (Figure 6B).

In addition to serve as a precursor of IAA, Trp can also
be catalyzed to the secondary metabolite IGS. First, Trp is
converted to IJAOx by CYP79B2 and CYP79B3, IAOx is then
catalyzed to IGS or modified IGS by a series of oxidase, lyase, and
transferase including CYP83B1, GSTF9, SURI, UGT74B1, SOT16,
SOT17, ST5A, CYP81F2, IGMT3, and IGMT5. The biosynthesis
of IGS is mainly activated by three transcription factors MYB51,
MYB34, and MYB122. As shown in Figure 6C, under Cd stress, the
expression level of MYB51, MYB34, and MYBI122 increased, while
under Cd stress with Trp application, the expression of the three
MYB genes decreased. Consistent with this, the expression level of
most biosynthetic enzyme genes was increased under Cd stress,
while remained almost unchanged or slightly increased with Trp
application. This indicated that Trp application inhibited Cd stress-
induced IGS biosynthesis. It was noteworthy that GSH, the key
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chelator and antioxidant against Cd stress, participates in IGS
biosynthesis as a sulfur donor (Figure 6C). Thus, inhibition of Trp
on IGS synthesis may help maintain high GSH content to be against
Cd stress. In consistent with this hypothesis, the GSH content
under Cd stress with Trp application was higher than that of Cd
alone, as shown in Figure 3B.

To verify whether gene expression can represent the metabolism
of IAA and IGS based on transcriptome analysis, the contents of [AA
and IGS were detected. As shown in Figures 6D,E, the total IAA
content remained unchanged under Cd stress with or without Trp
application. While as the free IAA content under Cd stress with Trp
application was significantly higher than that of Cd alone. The IGS
content increased significantly under Cd stress (Figures 6F). However,
with Trp application, the IGS content was lower than that of Cd alone.
This suggested that gene expression based on transcriptome analysis
well reflected the changes in the IAA and IGS pathways.

Effect of Trp on the transport and
accumulation of Cd

According to transcriptome analysis, expression levels of most
genes involved in Cd transport (Figure 7A) increased under Cd
stress with or without Trp application. Compared to Cd alone, the
expression level of most of these genes was lower under Cd with
Trp application, indicating that the translocation of Cd was
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influenced by Trp. To verify this hypothesis, the Cd content in
shoots and roots was measured. As shown in Figure 7B, Cd
content was lower in shoots and higher in roots in the seedlings
treated with Cd and Trp than those treated with Cd alone,
suggesting that Trp inhibited the transport of Cd from roots to
shoots. Since the transcriptome data were obtained from the
shoots of the seedlings (Figure 7C) and cannot reflect the gene
expression profile in root, we further detected the expression of
the transporter genes in root by qRT-PCR (Figure 7D). For the
proteins responsible for transporting Cd into cells (ZIP1, IRT1,
NRAMP?2, and XTH3), and the cation exchangers transporting Cd
into vacuoles (HMA3, CAX2, CAX4, and MRP3), the expression
levels of these genes showed no or little difference between Cd
stress with Trp application and Cd stress alone (Figure 7D).

HMA?2 and HMAA4 are transporters for xylem loading and
upward transport of Cd. As shown in Figure 7D, HMA4 expression
increased significantly under Cd stress with or without Trp;
however, the expression level under Cd stress with Trp application
was significantly lower than that of Cd alone. This suggested that
Trp might inhibit the loading of Cd into the xylem and upward
transport of Cd to shoots.

Discussion

Cd is a recognized heavy metal whose accumulation in crops
and possible entrance into consumer’ diets may raise serious
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public health concerns. Various methods such as biochar,
compost, manures, and silicon have been used to reduce Cd
uptake and toxicity in crops (Rizwan et al., 2012; Ali et al., 2013;
Rehman et al., 2015; Baldantoni et al., 2016; Sun et al., 2016). As
a precursor of phytohormone TAA, Trp is often used to improve
crops’ yield and fitness. It also has been observed to have an effect
on Cd toxicity (Hsiao et al., 2007; El-Sayed et al., 2018, 2019;
El-Shanhorey and Ahmed, 2021). However, the role of Trp in the
regulation of Cd stress at the molecular level is not clearly
understood. In this study, we found that exogenous Trp
application can effectively alleviate the damage caused by Cd
stress and inhibit the transport of Cd from roots to shoots in
B. oleracea. Through transcriptome analysis, we preliminarily
explored the mechanism by which Trp alleviates Cd toxicity and
affects Cd transport.

Cd stress induces excessive accumulation of ROS and causes
oxidative damage. Our study showed that Trp application
effectively inhibited the accumulation of H,O, and O, and thus
alleviated oxidative damage induced by Cd. Under Cd stress, the
activity of APX was induced, and Trp enhanced this induction.
APX is considered to be a critical peroxidase for scavenging H,O,
in plants, and plays an important role in response to multiple
environmental stresses (Nounjan et al, 2012). Therefore,
Trp-mediated H,O, scavenging under Cd stress may be dependent
on APX. Interestingly, Trp promoted APX activity under Cd
stress, but did not affect APX activity without Cd stress. The
possible explanation is that APX activity is induced by H,O,
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(Volkov et al., 2006; Yao et al., 2021), and in the absence of Cd,
whether Trp is applied or not, the amount of H,0, will not
increase (Figure 2).

Transcriptome analysis of B. oleracea seedlings exposed to
Cd with or without Trp indicated that secondary metabolites
(particularly glucosinolates) and plant hormone signal
transduction were strongly responsive to Cd and were
significantly affected by Trp (Figure 5). Since Trp is the
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precursor of plant hormone IAA and the precursor of
secondary metabolite indolic glucosinolates (IGS), the
metabolism pathway of IAA and IGS was selected for
further analysis.

The dynamic balance of phytohormone IAA metabolism
plays an important role in regulating plant growth and
development (Ludwig-Miiller et al., 2021). As a precursor of
IAA, exogenous Trp normally increases the IAA level and
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promotes plant growth and development (Dahab and El-Aziz,
2006). Therefore, Trp is often used as a substitute for IAA to
improve crop yield and promotes tolerance to various
environmental stresses (Zemanova et al., 2014; Farooq et al,,
2015). In this study, Trp effectively alleviated the biomass
reduction of B. oleracea seedlings exposed to Cd. However, gene
expression analysis showed that under Cd stress, exogenous Trp
did not flow more to IAA biosynthesis pathway, but inhibited
IAA conjugation to maintain the amount of free IAA and keep
plant growth.

Most detoxification processes of plants are related to the
synthesis of sulfur-containing compounds, such as GSH and
phytochelatin, thus increasing the plants’ requirement for
sulfur (Ernst et al., 2010). IGS is a sulfur-containing secondary
metabolite, whose biosynthesis requires GSH as a sulfur
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donor. It has been frequently reported that the biosynthesis of
2013;
Durenne et al., 2017), although the physiological significance

IGS was responsive to Cd stress (Jakovljevi¢ et al.,

of this response is not clear. Our study found that Trp inhibited
Cd-induced IGS biosynthesis. We speculate that Trp-mediated
inhibition of IGS synthesis under Cd stress can reduce
consumption of GSH, a key regulator against Cd stress. This
may be the important mechanism by which Trp alleviates
Cd toxicity.

In plants, Trp is not only the precursor of IAA and IGS, but
also can be metabolized into melatonin. Melatonin, a molecule
used to be considered to play important functions in animals, has
recently been shown pleiotropic physiological roles in plants. It is
considered to be a new plant hormone because of the recent
identification of the plant melatonin receptor (Arnao and
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A hypothetical model for Trp application affecting toxicity and transport of Cd.

Hernandez-Ruiz, 2019). A large number of studies have proved
that melatonin functions as a protective agent against multiple
stress conditions. Melatonin can protect plants from Cd toxicity
by enhancing ROS scavenging and manipulating the absorption
and accumulation of Cd (Hasan et al., 2019; Gu et al., 2021). In
this study, Trp alleviated the inhibition of melatonin biosynthesis
caused by Cd. Considering the mechanism by which melatonin
protects plants against Cd toxicity, the effect of Trp on alleviating
Cd-induced oxidative stress and inhibiting Cd accumulation is
likely to be depend on melatonin.

The accumulation and distribution of Cd is related to
transporters belonging to various families such as ZIP, ABC,
NRAMP, and P-type ATPase (Lasat et al., 2000; Gaillard et al,,
2008; Morel et al., 2009; Takahashi et al., 2011). Among these
transporter genes, expression of HMA4 in root was induced by
Cd stress and Trp significantly inhibits this induction. HMA4
(Heavy Metal ATPase4) is a member of the P-type ATPases
family, which are transporters that utilize the energy liberated
from the exergonic ATP hydrolysis reaction in order to
translocate positively charged substrates across membranes
(Axelsen and Palmgren, 2001). HMA4 encodes a Zn/Cd pump
that mediates metal translocation from root to shoot (Mills et al.,
2005). HMA4 overexpression increases shoot Cd levels, while
HMA4 knock-out, in contrast, decreases shoot Cd levels (Verret
et al.,, 2004; Liedschulte et al., 2017). HMA4 is considered as the
key enzyme for root-to-shoot Cd translocation and a major
2004;
Liedschulte et al., 2017). Based on the above analysis, Trp may

genetic determinant for Cd tolerance (Verret et al,

inhibit Cd up-transport by repressing the expression of HAM4.
This study proved that Trp application can effectively
alleviate the loss of biomass of B. oleracea and inhibit the
upward transport of Cd to the shoot. Tryptophan is an
essential amino acid for protein synthesis in plants, animals,
and microorganisms. The application of Trp in soil can not
only promote the growth of plants, but also be beneficial to
rhizosphere microorganisms (Lebrazi et al., 2020) and safe to
animals. In addition, Trp can be produced at low cost by
microbial fermentation. Thus, it is economical and safe to use
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Trp to alleviate Cd toxicity and prevent Cd accumulation
in crops.

Conclusion

Trp is the precursor of the phytohormone IAA and some
antistress molecules (melatonin and glucosinolates) and
therefore is often used to improve crops’ yield and fitness. In
this study, we found that exogenous Trp application can
effectively alleviate the reduction of biomass caused by Cd stress
and inhibit the transport of Cd from roots to shoots in
B. oleracea. In Figure 8, a hypothesis of Trp affecting the toxicity
and transport of Cd is proposed. (1) Trp inhibits Cd-induced
chlorophyll degradation and auxin signaling blockage, thus
alleviating growth inhibition and biomass loss. (2) Trp prevents
the excessive accumulation of ROS triggered by Cd, protecting
the plasma membrane from damage. (3) Under Cd stress, Trp
promotes the production of GSH, which is a potent antioxidant,
heavy metal chelator, and signal molecule. (4) Cd represses the
biosynthesis of melatonin, a multifunctional antistress
molecule, while Trp alleviates the repression. (5) Trp prevents
the transport of Cd from roots to shoots by inhibiting the
expression of transporter gene HAM4.
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