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Abstract: Hydroponic Hordeum brevisubulatum (wild barley) was used as material in the greenhouse
to study the effects of endophyte infection on plant growth, Cd absorption and transport, subcellular
distribution, and Cd chemical forms under CdCl2 stress. Endophytic fungi respond positively to
chlorophyll content and photosynthetic efficiency under Cd stress. The order of Cd absorption
in different parts of the plant was: roots > stems > leaves. Endophyte infection increased the
plant’s absorption and transport of Cd while causing a significant difference in the stem, which
was associated with the distribution density of endophyte hyphae. The proportion of organelle Cd
in endophyte-infected wild barley was significantly higher, which facilitated more Cd transport to
aboveground. Cd stress showed a slight effect on the chemical forms of Cd in leaves. The proportion
of phosphate, oxalate, and residual Cd increased in the stem. Cd existed in the form of inorganic salt,
organic acid, pectin, and protein in roots. Endophyte infection reduced the Cd content of the more
toxic chemical forms to protect the normal progress of plant physiological functions. Therefore, the
isolation of cell walls and vacuoles is a key mechanism for plant Cd tolerance and detoxification. As
endophyte infections have more ability to absorb Cd in plants, H. brevisubulatum–Epichloë bromicola
symbionts can improve heavy metal contaminated soil and water.

Keywords: wild barley; grass-endophyte fungi symbiosis; heavy metal; Cd distribution; subcellular
distribution; chemical forms analysis

1. Introduction

In recent years, due to the continuous increase of agricultural and industrial activities,
a large number of heavy metals have been released into the atmosphere, water, and soil [1].
Cd is a toxic heavy metal and has become one of the four metals of global concern regarding
the ecological environment and human health [2]. Cd is a non-essential nutrient element
in plant growth and development, but it is easily absorbed by plants and produces toxic
effects [3], such as reducing various photosynthetic parameters, inhibiting root growth,
reducing dry and fresh weight, and decreasing genomic template stability [4,5]. Meanwhile,
Cd may also affect humans through the food chain. Therefore, the remediation of heavy
metal contaminated soil is key to sustainable agricultural development. There are various
ways to implement remediation, such as chemical remediation technology, physicochem-
ical remediation technology, and phytoremediation technology. However, the first two
approaches are constrained by high costs, large-scale difficulties, and secondary pollution
risks, and phytoremediation technology has the advantages of economy, efficiency, and
environmental protection [6].

Symplastic and apoplastic refer to the ways for plant roots to absorb Cd, which
are distributed aboveground through various transport pathways [7]. Simultaneously,
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plants initiate a series of strategies to tolerate Cd stress. Plants improve the toxicity and
migration of Cd by regulating the chemical form of Cd [8]. The cell wall is the first structure
that prevents heavy metals from entering the cell and its adsorption and chelation of
heavy metals is a tolerance strategy to reduce heavy metal damage [9,10]. Cell walls are
mainly composed of pectin, cellulose, hemicellulose, lignin, protein, and some functional
groups. These functional groups form a large number of heavy metal binding sites and
adsorb Cd on the cell wall, to hinder its transmembrane transport and reduce the damage
caused by heavy metals to plants [8,11]. In addition, heavy metal stress can significantly
increase the endocytic internalization of pectin, to promote the deposition and sequestration
of Cd in the cell wall [12]. However, the metal ion binding sites on the cell wall are
limited. When the tolerance limit is exceeded, the Ca2+, Fe2+, and Zn2+ transporters
are used by Cd2+ to enter the cell, which is the molecular basis for plant cells to absorb
Cd2+ [13,14]. The soluble fraction includes cytoplasm and cellsap. Vacuoles account for
90% of cell volume. After heavy metals enter the cell, heavy metal complexes containing
sulfide can be formed in vacuoles to reduce toxicity. Therefore, vacuoles represent the
second barrier for plant cells to resist heavy metals [14]. In addition, studies have shown
that exogenous glutamate betaine, glutathione, secondary metals (Cu, Zn, Ca), EDTA, or
elevated CO2 levels can effectively alleviate Cd-induced growth inhibition [15–19]. The
use of endosymbiotic microbes to alleviate the damage caused by Cd is also an effective
method. The inoculation of endophytic bacteria, such as SaMR12, IU01, and IU02, can
produce phytohormone, phosphate solubilization, or regulate the glutathione-ascorbic acid
cycle to stimulate an antioxidant response which helps in the improvement of plant growth
and Cd resistance [20,21].

According to the principle of “one fungus, one name”, the asexual (anamorphic) taxa
and the sexual (teleomorphic) taxa are collectively referred to as Epichloë [22]. Endophytic
fungi colonize the intercellular space, and hyphae are distributed in all above-ground parts
of the plant [23]. Endophytic fungi spread vertically, from seed to offspring through the
mother plant, and horizontally, which can colonize the plant above ground asymptomat-
ically. Of course, vertical transmission is the main mode of endophytic fungal transmis-
sion [24,25]. Epichloë endophytes often form symbionts with cool-season grasses (subfamily
Poöideae) [26]. The grasses do not show any symptoms [24,27] but are endowed with a
variety of resistance by Epichloë endophytes, including pathogens, insects, waterlogging,
drought, cold, salt, and heavy metals, etc. [28,29], which are the advantages of Epichloë
endophytes that produce alkaloids or secondary metabolites to the host [30]. The remedi-
ation effect of plants on heavy metal contaminated soil or water mainly depends on the
absorption and accumulation of heavy metals by plants. The number of tillers and biomass
of meadow fescue (Festuca pratensis) and tall fescue (Festuca arundinacea) infected by Epichloë
endophytes (E+) can significantly increase under Cd stress (p < 0.05) in comparison with
endophyte-free (E−. The accumulation of Cd increases in roots and buds, which improves
the transport of cadmium from roots to stems, and shows a higher ability to remove Cd
from soil and aqueous solutions [31,32]. Endophyte infection is considered beneficial for the
growth and anti-oxidant mechanism of the host exposed to high concentrations of CdCl2.
The germination rate, germination index, plant height, root length, biomass, and tiller
number of endophyte-infected drunken horse grass (Achnatherum inebrians) (100, 200 µM)
and Elymus dahuricus (100, 200, 300 µM) significantly increase under high concentrations
of Cd stress. In addition, the antioxidant enzyme activity (AEA), proline content, mal-
ondialdehyde (MDA) content, H2O2 concentration, and chlorophyll level also increase
significantly (p < 0.05) [33,34]. Meanwhile, Epichloë endophytes also enhanced the zinc
tolerance of perennial ryegrass (Lolium perenne) and aluminum tolerance of fescues (Festuca
spp.) [35,36]. Therefore, grass and Epichloë endophyte symbionts have great potential for
the remediation of heavy metal contaminated soil and water.

Wild barley (Hordeum brevisublatum) is a universal high-quality forage that is widely
distributed in the lightly salinized meadows of northern China. It is well known for its
high resistance to abiotic stress, including drought, salt, and alkali tolerance [37]. Previous
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studies have demonstrated that the characteristics and functions of Epichloë endophytes in
wild barley make Hordeum brevisubulatum–Epichloë bromicola symbionts more competitive,
and the salt tolerance is the most prominent [38–40], which indicates that the H. brevisubula-
tum–E. bromicola symbionts demonstrate a certain absorption of metal (Na). Therefore, as
an ecological grass, the wild barley endophyte symbionts play a vital role in improving
the environment and repairing contaminated soil. However, the adsorption capacity of
H. brevisubulatum–E. bromicola symbionts to heavy metals needs to be further explored.

In the current study, a hydroponic growth system was adopted to reduce the interac-
tion between soil substrate and Cd and to better observe the morphological characteristics
of plants after absorbing Cd. The main objective was to explore whether Epichloë endophyte
infection affects the growth and development of host H. brevisubulatum treated with various
concentrations of CdCl2 and to clarify the distribution of Cd in the host. Thus, the possible
mechanism of endophytic fungi affecting the distribution of host Cd was explained, which
laid a foundation for wild barley endophyte symbionts as a remediation plant to improve
the soil polluted by heavy metals.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The seeds of H. brevisubulatum were harvested in Linze County, Gansu Province, China.
The sequences were submitted in Genbank with accession numbers KU365146-148 (tefA)
and KU365152-154 (actG). A phylogenetic tree reference was adopted from the work of
Chen [41]. The seed samples were stored at 4 ◦C in a seed bank to maintain the endophyte
viability. In the greenhouse, both E+ or E− seeds were respectively sown in two-hole
trays containing sterilized vermiculite and watered as needed. The seeds were cultured
for 2 weeks after germination, and the seedlings with similar growth vigor were rinsed
and transplanted into opaque hydroponics pots for water culture. Each hydroponic pot
contained 5 holes with a capacity of 3 L and an aerating pump inside. Wild barley seedlings
were grown under greenhouse conditions with the same volume of half-strength Hoagland
nutrient solution. To keep the balance of ion nutrition, the nutrient solution was renewed
every 7 d. After 4 weeks, there were 3 groups of E+ and E− hydroponic pots, respectively,
for a total of six groups, each in quadruplication. There were two plastic pots in a repeat
and 58 pots in total. CdCl2 was gradually applied in half Hoagland’s nutrient solution, and
the concentration gradients were set as 0, 50, 100 µM. The treatment solution was changed
at every 3 d to maintain the precise Cd concentrations in the solution.

After 6 weeks of exposure to CdCl2 stress, the plant roots were soaked in 20 mM
ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) for 15 min to remove ions from
the root surface and then repeatedly washed with distilled water for 3 times. The roots,
stems, and leaves of the plant were harvested separately.

2.2. Experimental Design
2.2.1. Plants Growth and Photosynthetic Parameters

Plant photosynthetic indexes were measured before harvesting using a GFS-3000
(Walz, Bayern, Germany) portable photosynthesis-fluorescence measurement system. The
SPAD-502 Plus (Konica Minolta, Tokyo, Japan) chlorophyll meter was used to determine
the chlorophyll content of plants. At the same time, the plant height, root length, and tiller
number were measured and the fresh weight of roots, stems, and leaves was recorded.
All tissues were dried to a constant weight at 65 ◦C and used for the determination of Cd
content after grinding into powder.

2.2.2. Cd Distribution in Different Parts

Chen’s [42] method was slightly modified to determine Cd concentrations in plants.
Briefly, a 0.5 g plant sample was weighed and added into a 100 mL digestion tube. A 10 mL
digestion agent (nitric acid: concentrated sulfuric acid: perchloric acid = 8:1:1, V:V:V) was
added to the solution and placed on the graphite digestion instrument for digestion at
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370 ◦C. After complete digestion and cooling, the tube wall was repeatedly washed and the
volume adjusted in a 50 mL volumetric flask. The flame atomic absorption spectrometer
(Thermo, Waltham, MA, USA) was used to determine the Cd content in the solution.

2.2.3. Subcellular Distribution of Cd in H. brevisubulatum

The subcellular extraction and separation in plant tissues were carried out by Weigle
and Jager’s differential centrifugation method [43]. Briefly, plant tissues (0.25 g) were
homogenized by adding 15 mL of pre-cooling extraction buffer (50 mM Tris-HCl buffer
solution (pH = 7.5), 250 mM sucrose, 1 mM Dithioerythritol). The homogenate was cen-
trifuged at 3000 rpm for 15 min, and the precipitation was cell wall component (FI). Then,
the supernatant was centrifuged for half an hour (at 15,000 rpm). The precipitates were
referred to as the organelle component (FII) and the resulting supernatant was the soluble
fraction (including high molecular and macromolecular organic substances and inorganic
ions in cytoplasm and vacuole, FIII). All steps were performed at 4 ◦C. The FI, FII, and FIII
components were oven-dried at 60 ◦C to determine the Cd content.

2.2.4. Chemical Forms Extraction

Wu’s method was adopted to determine the chemical forms of Cd in different parts
of E+ and E− plants [44]. The experimental procedures were carried out in sequence
according to the specified solution:

• 80% ethanol, extracting inorganic Cd, giving priority to nitrate/nitrite, chloride, and
aminophenol cadmium, i.e., 80% ethanol extraction state (FEthanol).

• Deionized water, extracting water-soluble Cd, Cd-organic acid complexes, and Cd(H2PO4)2,
i.e., deionized water extraction state (FH2O).

• 1 M NaCl, extracting pectates and protein-integrated Cd, i.e., 1 M NaCl extraction
state (FNaCl).

• 2% acetic acid, extracting undissolved cadmium phosphate, including CdHPO4,
Cd3(PO4)2, and other Cd-phosphate complexes, i.e., 2% HAc extraction state (FHAc).

• 0.6 M HCl, extracting cadmium oxalate, i.e., 0.6 M HCl extraction state (FHCl)
• The remainder is the residual state (FR).

The fresh plant tissue was ground in the extract to obtain a homogenate, shaken well at
25 ◦C for 24 h, and the supernatant was carefully collected. The extractant was added again,
shaken for two hours, and the supernatant collected. This process was repeated twice,
and the collected supernatants were mixed. The residue was added to the next extractant
and the fore-mentioned steps were repeated. Subsequently, the chemical reagents were
extracted step by step, dried at 70 ◦C, and digested according to Section 2.2.2.

2.3. Statistical Analyses

SPSS statistical software (Ver. 19.0, SPSS, Inc., Chicago, IL, USA) was used for the
analysis of variance (ANOVA) and Duncan’s multi range test. Two-way analysis of variance
was applied to determine the effects of Epichloë endophyte (E) and Cd stress (S) on plant
growth and development, photosynthesis, Cd distribution in different parts of plants,
subcellular distribution, and Cd chemical forms. Statistical significance was defined at the
95% confidence level. All measurements were shown as mean ± standard errors.

3. Results
3.1. Plants Growth and Photosynthetic Parameters

Plant growth and photosynthesis were inhibited under Cd treatment. Compared with
the control, Cd stress significantly (p < 0.05) reduced the plant height, root length, dry
weight, and fresh weight, tiller number (Table 1, Figures 1 and 2A–E).
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Table 1. Two-way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on plant height, root
length, tiller numbers, Chlorophyll content, dry weight, fresh weight, of Hordeum brevisublatum.

Variable df Plant
Height

Root
Length

Tiller
Numbers

Chlorophyll
Content

Dry
Weight

Fresh
Weight

E 1 24.383 *** 0.078 ns 5.699 * 9.304 ** 0.036 ns 0.109 ns

S 2 162.748
*** 9.444 *** 37.291 *** 190.589 *** 19.152 *** 48.189 ***

E × S 2 6.350 ** 0.726 ns 0.398 ns 1.188 ns 0.045 ns 0.125 ns

The numeric data in the Table is F-value; *, **, *** and ns represent significant at p ≤ 5%, 1%, 0.1% levels and not
significant, respectively.
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Figure 1. Hordeum brevisublatum after 6 weeks of CdCl2 stress at different concentrations. E+:
endophyte-infected and E−: endophyte-free.

The number of tillers in E− plants was lower than E−, but there was no significant (
mboxemphp > 0.05) difference between them (Figure 2E). The plant height of E− plants
was significantly (p < 0.05) higher than E+ under control condition (Figure 2A), but the
presence of endophytic fungi had no significant (p > 0.05) effect on plant growth under other
CdCl2 concentration gradients (Figure 2A–E). The content of chlorophyll was significantly
(p < 0.05) reduced with increased CdCl2 stress, and no significant (p > 0.05) difference was
observed between E+ and E− under the treatment of 0 and 50 µM CdCl2 concentrations.
The chlorophyll content of E+ plants under 100 µM CdCl2 stress was significantly (p < 0.05)
higher than E− plants at the same concentration (Table 1, Figure 2F).

CdCl2 stress significantly (p < 0.05) reduced the transpiration rate (E), stomatal conduc-
tance (Gs), and net photosynthetic rate (Pn) of the plants and increased the concentration
of intercellular CO2 (Ci) (Table 2, Figure 3). Among the three indicators of E, Gs, and Pn,
E+ plants were significantly (p < 0.05) higher than E− (Figure 3A–C), whereas for the Ci,
E+ plants were significantly (p < 0.05) lower than E−, and no significant (p > 0.05) differ-
ence was observed between them with the aggravation of stress (Figure 3D). In two-way
ANOVA, the interaction of endophytic fungi and Cd stress had significant effects on the
plant height and net photosynthetic rate of wild barley (p < 0.05), but had no significant
effects on other growth and photosynthetic indexes (Table 2).
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Figure 2. Growth parameters of Hordeum brevisublatum under different concentrations of CdCl2
stress. (A) Plant height, (B) Root length, (C) Dry weight, (D) Fresh weight, (E) Tillers numbers, and
(F) Chlorophyll content. E+: endophyte-infected and E−: endophyte-free. The values presented are
mean ± standard error (SE). Lowercase letters (a–d) on top of bars indicate significant differences
(p < 0.05) of E+ and E− plants under the different concentrations of CdCl2 stress.

Table 2. Two-way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on photosynthetic
parameters of Hordeum brevisublatum.

Variable df Transpiration
Rate

Stomatal
Conductance

Net Photosy-
nthetic Rate

Intercellular CO2
Concentration

E 1 23.429 *** 34.459 *** 36.075 *** 5.391 *
S 2 11.651 *** 14.272 *** 24.628 *** 5.284 ***

E × S 2 2.957 ns 2.440 ns 7.350 *** 1.205 ns

The numeric data in the Table is F-value; *, *** and ns represent significant at p ≤ 5%, 1%, 0.1% levels and not
significant, respectively.

3.2. Cd Distribution in Different H. brevisublatum Parts

The distribution of Cd in the plant and the transport between “roots-stems” and
“stems-leaves” were affected by CdCl2 treatment (Figure 4, Tables 3 and 4). Regardless
of the treatment, the overall situation of Cd distribution in the plant was as follows:
roots > stems > leaves, and exhibited significant (p < 0.05) differences (Figure 4, Table 3).
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Figure 3. Photosynthetic parameters of Hordeum brevisublatum under different concentrations of CdCl2
stress. (A) Transpiration rate, (B) Stomatal conductance, (C) Net photosynthetic rate, and (D) Concentra-
tion of CO2 intercellular. E+: endophyte-infected and E−: endophyte-free. The values presented are
mean ± standard error (SE). Lowercase letters (a–d) on top of the bars indicate significant differences
(p < 0.05) of E+ and E− plants under the different concentrations of CdCl2 stress.

J. Fungi 2022, 8, x FOR PEER REVIEW 8 of 18 
 

 

Table 4. Two‐way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on Cd concentra‐

tions in different parts (leaf, stem, root) and the whole, Root to stem transport index (TIroots‐stems) and 

Stem to leaves transport index (TIstems‐leaves) of Hordeum brevisublatum. 

Variable  df  Total  Leaf  Stem    Root    TIroots-stems  TIstems-leaves 

E 1 0.70 ns 6.92 * 8.41 ** 0.08 ns 2.70 ns 0.52 ns 

S 2 118.73 *** 30.12 *** 155.73 *** 80.63 *** 16.57 *** 8.44 *** 

E×S 2 0.17 ns 0.48 ns 0.81 ns 0.14 ns 0.13 ns 0.04 ns 

The numeric data in the Table is F‐value; *, **, *** and ns represent significant at p ≤ 5%, 1%, 0.1% 

levels and not significant, respectively. 

 

Figure 4. Cd distribution in different parts of Hordeum brevisublatum under different CdCl2 con‐

centration stress. Lowercase letters (a–i) in the middle of bars indicate significant differences (p < 

0.05) of E+ and E− plants under the different concentrations of CdCl2 stress. 

The Cd concentration in leaves, stems, roots, and the whole plants increased signif‐

icantly (p < 0.05) with the increase of CdCl2 concentration, while the transport index 

(TIroots‐stems, TIstems‐leaves) was to the contrary. However, the above indicators all showed that 

E+ plants were higher than E−, but only with significant (p < 0.05) differences in the Cd 

concentration of stems (Table 3). In the control, more than 60% of the Cd was distributed 

in the roots, which was more prominent after treatment with CdCl2, reaching about 80%, 

significantly higher than the control (p < 0.05), and E+ was lower than E− but the differ‐

ence was not significant (p > 0.05). The results for stems and leaves were to the contrary, 

as the increase in the CdCl2 concentration resulted in a significant (p < 0.05) decrease in 

the distribution proportion of Cd compared with the control. Moreover, E+ plants were 

higher than E−, but did not show significant (p > 0.05) differences (Figure 4). In two‐way 

ANOVA, the interaction of endophytic fungi and Cd stress had no significant (p > 0.05) 

effects on Cd concentration in different parts of plants and transport index (TIroots‐stems, 

TIstems‐leaves) (Table 4). 

3.3. Cd Subcellular Distributions and Proportions in H. brevisubulatum 

The subcellular distribution of Cd concentration in the roots, stems, and leaves was 

different because of the different Cd treatments. In leaves, 40% or so of the Cd fraction in 

the cellular distribution was the soluble fraction, about 30% was the organelle fraction, 

and approximately 20% was the cell wall fraction (Figure 5). CdCl2 stress did not signifi‐

cantly (p > 0.05) affect the distribution proportion of Cd in the cell wall fraction and sol‐

uble fraction (Figure 5). However, the distribution proportion of Cd in the organelle 

fraction was significantly (p < 0.05) lower in E+ plants compared with the control under 

Figure 4. Cd distribution in different parts of Hordeum brevisublatum under different CdCl2 concentra-
tion stress. Lowercase letters (a–i) in the middle of bars indicate significant differences (p < 0.05) of E+
and E− plants under the different concentrations of CdCl2 stress.

Table 3. Cd concentrations in different parts (leaf, stem, root) and the whole of E+ and E− Wild
Barley under stress with different CdCl2 concentrations, and the transport index from root to stem
(TIroots-stems) and from stem to leaf (TIstems-leaves).

CdCl2
Stress/µM Endophyte Total/(mg/kg) Leaf/(mg/kg) Stem/(mg/kg) Root/(mg/kg) TIroots-stems/% TIstems-leaves/%

0 E+ 142.94 ± 18.86 c 19.48 ± 3.73 c 30.35 ± 3.68 e 93.11 ± 13.75 c 33.79 ± 3.85 a 63.25 ± 8.14 a
E− 109.98 ± 5.26 c 11.99 ± 0.32 c 20.67 ± 2.14 e 77.32 ± 7.03 c 28.09 ± 5.18 ab 60.35 ± 8.02 a

50 E+ 1029.12 ± 24.02 b 63.63 ± 5.68 ab 126.86 ± 9.35 c 838.63 ± 19.39 b 15.08 ± 0.8 6c 52.13 ± 9.00 ab
E− 906.81 ± 76.55 b 43.62 ± 4.14 b 95.01 ± 3.79 d 768.19 ± 70.67 b 12.55 ± 0.66 c 46.85 ± 3.93 ab

100 E+ 1520.43 ± 169.76 a 81.96 ± 15.44 a 230.71 ± 17.29 a 1207.76 ± 178.40 a 20.39 ± 3.47 bc 35.32 ± 5.33 b
E− 1490.85 ± 114.89 a 61.87 ± 5.04 ab 196.44 ± 16.25 b 1232.55 ± 107.78 a 16.20 ± 1.52 c 32.50 ± 4.66 b

Lowercase letters indicate significant (p < 0.05) differences between different CdCl2 concentrations for the
same index.
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Table 4. Two-way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on Cd concentrations
in different parts (leaf, stem, root) and the whole, Root to stem transport index (TIroots-stems) and Stem
to leaves transport index (TIstems-leaves) of Hordeum brevisublatum.

Variable df Total Leaf Stem Root TIroots-stems TIstems-leaves

E 1 0.70 ns 6.92 * 8.41 ** 0.08 ns 2.70 ns 0.52 ns

S 2 118.73 *** 30.12 *** 155.73 *** 80.63 *** 16.57 *** 8.44 ***
E × S 2 0.17 ns 0.48 ns 0.81 ns 0.14 ns 0.13 ns 0.04 ns

The numeric data in the Table is F-value; *, **, *** and ns represent significant at p ≤ 5%, 1%, 0.1% levels and not
significant, respectively.

The Cd concentration in leaves, stems, roots, and the whole plants increased significantly
(p < 0.05) with the increase of CdCl2 concentration, while the transport index (TIroots-stems,
TIstems-leaves) was to the contrary. However, the above indicators all showed that E+ plants
were higher than E−, but only with significant (p < 0.05) differences in the Cd concentration
of stems (Table 3). In the control, more than 60% of the Cd was distributed in the roots, which
was more prominent after treatment with CdCl2, reaching about 80%, significantly higher
than the control (p < 0.05), and E+ was lower than E− but the difference was not significant
(p > 0.05). The results for stems and leaves were to the contrary, as the increase in the CdCl2
concentration resulted in a significant (p < 0.05) decrease in the distribution proportion of
Cd compared with the control. Moreover, E+ plants were higher than E−, but did not show
significant (p > 0.05) differences (Figure 4). In two-way ANOVA, the interaction of endophytic
fungi and Cd stress had no significant (p > 0.05) effects on Cd concentration in different parts
of plants and transport index (TIroots-stems, TIstems-leaves) (Table 4).

3.3. Cd Subcellular Distributions and Proportions in H. brevisubulatum

The subcellular distribution of Cd concentration in the roots, stems, and leaves was
different because of the different Cd treatments. In leaves, 40% or so of the Cd fraction in
the cellular distribution was the soluble fraction, about 30% was the organelle fraction, and
approximately 20% was the cell wall fraction (Figure 5). CdCl2 stress did not significantly
(p > 0.05) affect the distribution proportion of Cd in the cell wall fraction and soluble
fraction (Figure 5). However, the distribution proportion of Cd in the organelle fraction
was significantly (p < 0.05) lower in E+ plants compared with the control under Cd stress,
while E− plants had no significant (p > 0.05) difference (Figure 5). Under the condition
of 100 µM CdCl2, the distribution proportion of Cd in organelle components in E+ plants
was significantly (p < 0.05) lower than that in E− (Figure 5). CdCl2 treatment significantly
(p < 0.05) increased the Cd concentration in the cell wall and soluble fraction, but had no
significant (p > 0.05) effect on the organelle fraction (Figure 6A, Table 5). Endophyte had no
significant (p > 0.05) effect on the subcellular distribution of Cd in leaves (Figure 6A).

Table 5. Two-way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on subcellular
distribution of Cd in leaves, stems, and roots of Hordeum brevisublatum.

Variable df Leaf Stem Root

E 1 0.14 ns 3.17 ns 0.47 *
S 2 3.99 * 0.19 ns 9.19 ***

E × S 2 0.08 ns 0.05 ns 0.33 ns

The numeric data in the Table is F-value; *, *** and ns represent significant at p ≤ 5%, 0.1% levels and not
significant, respectively.



J. Fungi 2022, 8, 366 9 of 17

J. Fungi 2022, 8, x FOR PEER REVIEW 9 of 18 
 

 

Cd stress, while E− plants had no significant (p > 0.05) difference (Figure 5). Under the 

condition of 100 μM CdCl2, the distribution proportion of Cd in organelle components in 

E+ plants was significantly (p < 0.05) lower than that in E− (Figure 5). CdCl2 treatment 

significantly (p < 0.05) increased the Cd concentration in the cell wall and soluble fraction, 

but had no significant (p > 0.05) effect on the organelle fraction (Figure 6A, Table 5). En‐

dophyte had no significant (p > 0.05) effect on the subcellular distribution of Cd in leaves 

(Figure 6A). 

Table 5. Two‐way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on subcellular dis‐

tribution of Cd in leaves, stems, and roots of Hordeum brevisublatum. 

Variable  df  Leaf  Stem  Root 

E 1 0.14 ns 3.17 ns 0.47 * 

S 2 3.99 * 0.19 ns 9.19 *** 

E×S 2 0.08 ns 0.05 ns 0.33 ns 

The numeric data in the Table is F‐value; *, *** and ns represent significant at p ≤ 5%, 0.1% levels 

and not significant, respectively. 

 

Figure 5. Subcellular proportions of Cd in the leaves, roots, and stems of Hordeum brevisublatum.FI: 

cell wall component, FⅡ: organelle fraction, and FⅢ: soluble fraction. Lowercase letters (a–i) in the 

middle of bars indicate significant differences (p < 0.05) of E+ and E− plants in different cell com‐

ponents under the different concentrations of CdCl2 stress. 

Figure 5. Subcellular proportions of Cd in the leaves, roots, and stems of Hordeum brevisublatum.
FI: cell wall component, FII: organelle fraction, and FIII: soluble fraction. Lowercase letters (a–i) in
the middle of bars indicate significant differences (p < 0.05) of E+ and E− plants in different cell
components under the different concentrations of CdCl2 stress.

J. Fungi 2022, 8, x FOR PEER REVIEW 10 of 18 
 

 

 

Figure 6. Subcellular distribution of Cd in leaves, stems, and roots of Hordeum brevisublatum. (A) 

Leaf, (B) Stem, and (C) Root. FI: cell wall component, FⅡ: organelle fraction, FⅢ: soluble fraction, 

E+: endophyte‐infected, and E−: endophyte‐free. The values presented are mean ± standard error 

(SE). Lowercase letters (a–h) on top of the bars indicate significant differences (p < 0.05) of E+ and 

E− plants under the different concentrations of CdCl2 stress. 

The subcellular distribution proportion of Cd in plant stems was similar to that in 

leaves, and no significant (p > 0.05) effect of CdCl2 stress was detected on the distribution 

proportion (Figure 5). The distribution of Cd in cell walls, organelles, and soluble frac‐

tions was relatively uniform, each accounting for about 30% (Figure 5). The concentration 

of subcellular components in stems was less affected by Cd stress. In the organelle frac‐

tion, the Cd concentration of E− plants under the 50 μM CdCl2 condition was signifi‐

cantly (p < 0.05) lower than that of the control, and that of E+ plants under the 100 μM 

CdCl2 condition was significantly (p < 0.05) higher than that of the control (Figure 6B). In 

the soluble fraction, compared with the control under the condition of 100 μM CdCl2, the 

Cd concentration was significantly (p < 0.05) increased (Figure 6B). The overall perfor‐

mance of E− was higher than E+, and there were statistically significant (p < 0.05) differ‐

ences in the 100 μM CdCl2 cell wall fraction, 0 μM CdCl2 organelle fraction, and 50 μM 

CdCl2 soluble fraction (Figure 6B). However, the interaction between endophyte and 

CdCl2 stress was not significantly different (p > 0.05) in two‐way ANOVA (Table 5). 

The subcellular distribution of Cd in roots was significantly affected by Cd stress 

(Figures 5 and 6C, Table 5). The subcellular distribution of Cd under control conditions 

was similar to that in leaves. With increasing CdCl2 stress, the proportion of Cd distribu‐

tion in the soluble fraction increased (from 40 to 70%) significantly (p < 0.05) and E+ plants 

were lower than E−, showing a significant (p < 0.05) difference at 50 μM CdCl2. However, 

the organelle fraction was significantly (p < 0.05) decreased (from 30% to 10%) and E+ 

plants were significantly (p < 0.05) higher than E− (Figure 5). The Cd concentration in the 

cell wall fractions of E− plants under 100 μM CdCl2 treatment was significantly (p < 0.05) 

increased (Figure 6C). The increase of CdCl2 concentration did not significantly (p > 0.05) 

affect the concentration of Cd in organelle fraction, but significantly (p < 0.05) increased 

the concentration of Cd in the soluble fraction (Figure 6C). The Cd concentration of the 

soluble fraction of E− plants was significantly (p < 0.05) lower than that in E+ plants under 

0 μM CdCl2 conditions, but it increased significantly (p < 0.05) as Cd stress worsened in 

E− plants and was significantly higher than that of E+ plants (Figure 6C). 

In two‐way ANOVA, the interaction of Epichloë endophyte and Cd stress had no 

significant (p > 0.05) effects on the subcellular distribution of wild barley roots, stems, and 

leaves (Table 5). 

Figure 6. Subcellular distribution of Cd in leaves, stems, and roots of Hordeum brevisublatum. (A) Leaf,
(B) Stem, and (C) Root. FI: cell wall component, FII: organelle fraction, FIII: soluble fraction, E+:
endophyte-infected, and E−: endophyte-free. The values presented are mean ± standard error (SE).
Lowercase letters (a–h) on top of the bars indicate significant differences (p < 0.05) of E+ and E−
plants under the different concentrations of CdCl2 stress.

The subcellular distribution proportion of Cd in plant stems was similar to that in
leaves, and no significant (p > 0.05) effect of CdCl2 stress was detected on the distribution
proportion (Figure 5). The distribution of Cd in cell walls, organelles, and soluble fractions
was relatively uniform, each accounting for about 30% (Figure 5). The concentration of
subcellular components in stems was less affected by Cd stress. In the organelle fraction,
the Cd concentration of E− plants under the 50 µM CdCl2 condition was significantly
(p < 0.05) lower than that of the control, and that of E+ plants under the 100 µM CdCl2
condition was significantly (p < 0.05) higher than that of the control (Figure 6B). In the
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soluble fraction, compared with the control under the condition of 100 µM CdCl2, the Cd
concentration was significantly (p < 0.05) increased (Figure 6B). The overall performance of
E− was higher than E+, and there were statistically significant (p < 0.05) differences in the
100 µM CdCl2 cell wall fraction, 0 µM CdCl2 organelle fraction, and 50 µM CdCl2 soluble
fraction (Figure 6B). However, the interaction between endophyte and CdCl2 stress was
not significantly different (p > 0.05) in two-way ANOVA (Table 5).

The subcellular distribution of Cd in roots was significantly affected by Cd stress
(Figures 5 and 6C, Table 5). The subcellular distribution of Cd under control conditions was
similar to that in leaves. With increasing CdCl2 stress, the proportion of Cd distribution in
the soluble fraction increased (from 40 to 70%) significantly (p < 0.05) and E+ plants were
lower than E−, showing a significant (p < 0.05) difference at 50 µM CdCl2. However, the
organelle fraction was significantly (p < 0.05) decreased (from 30% to 10%) and E+ plants
were significantly (p < 0.05) higher than E− (Figure 5). The Cd concentration in the cell
wall fractions of E− plants under 100 µM CdCl2 treatment was significantly (p < 0.05)
increased (Figure 6C). The increase of CdCl2 concentration did not significantly (p > 0.05)
affect the concentration of Cd in organelle fraction, but significantly (p < 0.05) increased
the concentration of Cd in the soluble fraction (Figure 6C). The Cd concentration of the
soluble fraction of E− plants was significantly (p < 0.05) lower than that in E+ plants under
0 µM CdCl2 conditions, but it increased significantly (p < 0.05) as Cd stress worsened in
E− plants and was significantly higher than that of E+ plants (Figure 6C).

In two-way ANOVA, the interaction of Epichloë endophyte and Cd stress had no
significant (p > 0.05) effects on the subcellular distribution of wild barley roots, stems, and
leaves (Table 5).

3.4. Cd Chemical Forms and Proportions in H. brevisubulatum

In general, FEthanol and FH2O forms of Cd were dominant in leaves and roots of
H. brevisubulatum, and all forms were evenly distributed in the stems (Figure 7). The
response of roots to Cd stress and endophytic fungi was the largest (Figure 7, Table 6).
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Figure 7. Distribution proportion of different chemical forms of Cd in the leaves, roots, and stems
of Hordeum brevisublatum. FEthanol: 80% ethanol extraction state; FH2O: deionized water extraction
state, FNaCl: 1M NaCl extraction state, FHAc: 2% HAc extraction state, FHCl: 0.6 M HCl extraction
state and FR: residual state. Lowercase letters (a–h) in the middle of bars indicate significant differ-
ences (p < 0.05) of E+ and E− plants in different chemical forms under the different concentrations
of CdCl2 stress.
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Table 6. Concentrations of chemical forms of Cd in leaves, stems and roots of H. brevisubulatum.

Chemical Forms CdCl2 Stress/µM Endophyte Leaf /(mg/kg) Stem /(mg/kg) Root /(mg/kg)

FEthanol

0
E+ 23.60 ± 0.37 c 7.79 ± 0.95 ab 10.70 ± 0.59 i
E− 25.28 ± 0.33 bc 4.36 ± 0.29 mno 9.65 ± 0.56 i

50
E+ 27.69 ± 1.11 a 4.10 ± 0.34 no 30.55 ± 8.53 fg
E− 26.82 ± 0.36 ab 4.69 ± 0.08 klmno 34.88 ± 0.44 fg

100
E+ 26.08 ± 0.97 ab 6.50 ± 0.47 cdefg 99.17 ± 3.79 c
E− 26.04 ± 0.43 ab 6.45 ± 0.52 cdefg 54.09 ± 7.08 de

FH2O

0
E+ 24.93 ± 0.21 bc 3.97 ± 0.22 o 11.92 ± 0.57 i
E− 25.14 ± 0.41 bc 5.00 ± 0.16 ijklmno 7.00 ± 1.02 i

50
E+ 26.27 ± 0.50 ab 4.41 ± 0.20 lmno 62.19 ± 9.84 d
E− 25.54 ± 0.27 b 5.24 ± 0.28 hijklmn 114.28 ± 10.60 b

100
E+ 25.83 ± 0.18 ab 4.79 ± 0.26 jklmno 117.91 ± 4.49 b
E− 25.50 ± 0.15 b 5.43 ± 0.23 ghijklm 200.32 ± 19.72 a

FNaCl

0
E+ 1.28 ± 0.15 ghi 5.03 ± 0.16 ijklmno 10.05 ± 0.71 i
E− 2.54 ± 1.89 efghi 5.74 ± 0.44 fghijk 4.07 ± 0.24 i

50
E+ 4.54 ± 0.86 d 6.75 ± 0.89 bcdef 44.93 ± 2.62 ef
E− 3.60 ± 0.53 de 8.16 ± 0.49 a 34.49 ± 5.42 fg

100
E+ 2.88 ± 0.55 defg 5.63 ± 0.21 fghijk 61.76 ± 9.21 d
E− 3.50 ± 0.20 def 7.21 ± 0.38 abc 115.38 ± 5.65 b

FHAc

0
E+ 2.60 ± 1.64 efghi 5.40 ± 0.26 ghijklm 6.19 ± 1.08 i
E− 0.81 ± 0.20 hi 5.86 ± 0.27 efghijk 5.11 ± 0.22 i

50
E+ 1.42 ± 0.68 ghi 5.68 ± 0.29 fghijk 14.71 ± 1.53 hi
E− 2.01 ± 0.37 efghi 5.97 ± 0.10 defghij 10.78 ± 2.45 i

100
E+ 0.75 ± 0.38 i 5.50 ± 0.36 ghijklm 27.8 ± 4.32 gh
E− 2.24 ± 0.43 efghi 5.56 ± 0.10 fghijkl 32.82 ± 6.21 fg

FHCl

0
E+ 1.16 ± 0.12 ghi 5.65 ± 0.17 fghijk 4.71 ± 0.05 i
E− 1.13 ± 0.35 ghi 6.00 ± 0.29 defghi 5.75 ± 0.16 i

50
E+ 0.97 ± 0.21 ghi 5.98 ± 0.19 defghij 4.97 ± 0.24 i
E− 1.56 ± 0.26 fghi 6.94 ± 0.33 bcde 6.03 ± 0.27 i

100
E+ 1.43 ± 0.37 ghi 6.28 ± 0.09 cdefgh 5.51 ± 0.48 i
E− 2.12 ± 0.11 efghi 6.24 ± 0.17 cdefgh 8.49±0.79 i

FR

0
E+ 1.72 ± 0.21 efghi 7.09 ± 0.22 abcd 6.30 ± 0.22 i
E− 2.83 ± 0.15 defgh 6.45 ± 0.23 cdefg 6.73 ± 0.42 i

50
E+ 2.31 ± 0.22 efghi 6.33 ± 0.30 cdefgh 6.11 ± 0.14 i
E− 2.16 ± 0.18 efghi 6.55 ± 0.23 cdefg 6.04 ± 0.09 i

100
E+ 2.01 ± 0.22 efghi 6.24 ± 0.09 cdefgh 6.97 ± 0.19 i
E− 2.67 ± 0.20 defghi 7.08 ± 0.36 abcd 6.98 ± 0.17 i

FEthanol: 80% ethanol extraction state; FH2O: deionized water extraction state; FNaCl: 1M NaCl extraction state;
FHAc: 2% HAc extraction state; FHCl: 0.6 M HCl extraction state; FR: residual state; Lowercase letters indicate
significance (p < 0.05) differences between different CdCl2 concentrations for the same index.

In the leaves, approximately 85% of Cd forms were FEthanol and FH2O. The proportion
of different chemical forms of Cd did not change significantly (p > 0.05) with increasing
CdCl2 concentration (Figure 7, Table 7). However, the Cd concentration of FEthanol (CdCl2
at 50 and 100 µM) and FNaCl (CdCl2 at 50 µM) forms increased significantly (p < 0.05) in E+
plants (Table 6). Endophyte had no significant (p > 0.05) effect on the concentration and
percentage of different chemical forms of Cd in leaves (Tables 6 and 7).

In the stems, the concentration and distribution proportion of different chemical forms
of plants under CdCl2 stress are different under certain conditions (Figure 7, Table 6). FNaCl
(from 5.0% to 18.1%), FHAC (from 2.7% to 15.5%), FHCl (from 2.3% to 17.5%), and FR (from 3.8%
to 18.8%) forms of Cd were significantly (p < 0.05) higher than in leaves and roots (Figure 7).
Meanwhile, FEthanol and FH2O decreased more significantly (p < 0.05) than in leaves and roots,
from 43.4% to 15.9% and from 42.8% to 13.6%, respectively (Figure 7). The proportion of FHCl
forms Cd under 100 µM CdCl2 stress showed that E+ was significantly (p < 0.05) higher than
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E− (Figure 7). The concentration of FNaCl forms Cd increased with the aggravation of stress,
and E+ plants were significantly (p < 0.05) lower than E− plants (Table 6).

Table 7. Two-way ANOVA for the effects of endophyte (E) and CdCl2 stress(S) on chemical forms of
Cd in leaves, stems and roots of Hordeum brevisublatum.

Variable df Leaf Stem Root

E 1 0.014 ns 2.934 ns 1.206 ns

S 2 0.093 ns 1.368 ns 22.532 ***
E × S 2 0.016 ns 2.451 ns 0.650 ns

The numeric data in the Table is F-value; *** and ns represent significant at p ≤ 0.1% levels and not significant,
respectively.

In the roots, under the control condition, the distribution of Cd in each chemical
form is similar to that in the stems, and the distribution proportion is relatively uniform
(Figure 7). The proportion of FEthanol, FH2O, and FNaCl forms of Cd increased from about
60% to more than 80% with increasing CdCl2 concentration. After CdCl2 treatment, the
proportion of FHAC, FHCl, and FR forms Cd decreased significantly (p < 0.05) compared
with the control (Figure 7). Under the control condition, the proportion of FH2O and FNaCl
forms of Cd in E+ plants was significantly higher than that in E− (p < 0.05), while the
proportion of FHCl and FR forms of Cd was significantly lower than that in E− (p < 0.05).
Under the 50 µM CdCl2 condition, the proportion of FNaCl and FHAC forms of Cd in E+
plants was significantly (p < 0.05) higher than that in E−, and the proportion of FH2O form
of Cd was significantly (p < 0.05) lower than that in E− (Figure 7). Under the 100 µM CdCl2
condition, the proportion of FEthanol form of Cd in E+ plants was significantly (p < 0.05)
higher than that in E−, and the proportion of FH2O and FNaCl forms of Cd was significantly
(p < 0.05) lower than that in E− (Figure 7). In terms of the concentration of different
forms of Cd, CdCl2 stress had no significant (p > 0.05) effect on the FHCl and FR forms of
Cd concentration, and there was no significant (p > 0.05) difference between E+ and E−
(Table 6). FEthanol and FNaCl forms of Cd concentrations at high concentration (CdCl2 at
100 µM) showed a significant (p < 0.05) difference between E+ and E− (Table 6). With the
increase of CdCl2 stress, E+ plants were significantly (p < 0.05) lower than E− in the FH2O
form of Cd concentration. The FHAc form of Cd concentration was significantly (p < 0.05)
higher than the control under 100 µM CdCl2 stress, and there was no significant (p > 0.05)
difference between E+ and E− (Table 6).

4. Discussion

Previous studies have shown that heavy metal stress can significantly inhibit plant
growth while E+ plants are significantly better than E− [34–36]. However, in our study,
there was no significant difference between E+ and E− plants (Figure 2), probably due to
the difference of plant physiological state, different endophytic fungal strains, the influence
of external environmental conditions, or the advantages of endophytic fungi to plants being
offset by Cd stress. The mechanism behind these findings needs further exploration.

Cd has a negative impact on plant chlorophyll content. Leaf chlorosis is a common
poisoning symptom when plants are exposed to heavy metals [45]. An excess amount of
Cd hinders the synthesis of chlorophyll by destroying the biosynthetic mechanism and
key enzymes of chlorophyll [46]. In the current study, endophyte-infected wild barley
significantly improved chlorophyll content at high concentrations of Cd (Figure 2F), showed
better chlorophyll functions, and significantly reduced Cd stress. These results were in
accordance with the work of Zhang et al. [33] and Zamani et al. [47]. As chlorophyll is the
base of plant photosynthesis, any reduction in chlorophyll would significantly affect the
photosynthesis of plants. In fact, E+ plants were found to have a higher net photosynthetic
rate, transpiration rate, and stomatal conductance (Figure 3), which was consistent with
the results of Renet et al. [32].
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Endophytes improve the ability of plants to absorb heavy metals from soil and aqueous
solution and could make plants accumulate more Cd [31,48]. In our study, the test plants
were exposed to Cd solution with increased concentration, resulting in a significant increase
in plant parts and total Cd content (Table 3). The Cd content of the E+ plant in the stem was
significantly higher than that of the E−, whereas the other parts showed a similar trend but
the difference was not significant (Table 3). This might be due to the non-uniform density
of endophytic fungal hyphae in the vegetative organs of the plant. The order from high to
low absorption was recorded as: stem internode > leaf sheath > leaf, while no hyphae were
found in the root [49,50]. Hence, the occurrence of this phenomenon might be related to
the distribution characteristics of endophytic fungal hyphae.

The existence of endophytes showed no significant effect on the transport index under
the same treatment, which was consistent with the results of Soleimani et al. (2010) [31],
and TIstems-leaves were twice as large as TIroots-stems (Table 3). The assumption that the
“stem-leaf” transport of Cd promoted by the mycelium distribution in stems would be
dense has yet to be confirmed.

The transport of Cd to the shoots was driven by transpiration [51], and the transpira-
tion rate and transport coefficient were affected by CdCl2 stress, and both showed that E+
was higher than E− (Figure 3, Table 3). Hence, E+ plants accumulated more Cd compared to
E−, which is consistent with the other results of this experiment. In addition, phytochelatin
syntheses (PCs) are considered to be the detoxification mechanism of intracellular heavy
metals, maintaining the long-distance transport of Cd in plants [52]. The transportation
of Cd in plants affects the distribution proportion of different parts. The current study
showed that the distribution proportion of Cd in roots was the highest, followed by stems,
and lowest in leaves (Figure 4). This is because roots are in direct contact with heavy metals,
which are then transported to stems and leaves through various ways, resulting in this
decreasing relationship. Of course, the accumulation of heavy metals in roots is consid-
ered as a strategy for plants to tolerate heavy metals, which is conducive to the normal
physiological and biochemical processes of aboveground plants, such as photosynthesis,
respiration, water metabolism, and cell division [53,54]. The proportion of Cd in the roots
of E+ plants is less than E− and more than E− in the stems and leaves (Figure 4), indicating
that endophytic fungi promote the transportation of Cd to the aboveground parts of plants,
so as to reduce the content of heavy metals in aqueous solution and achieve the effect of
removing Cd ions.

The roots were in direct contact with CdCl2 solution, and thus most seriously affected.
The proportion of subcellular distribution in roots was significantly different with the
change of CdCl2 concentration, but there was no significant difference in stems and leaves
(Figure 5). Cell wall fraction and soluble fraction are the main sites for storing Cd. The
isolation of cell walls and the compartmentalization of vacuoles are of great significance for
plants to resist metal stress [7,9]. The results of this study were consistent with Xin et al. [55]
and Zhou et al. [56]. The soluble fraction of the root accounted for 40.47~70.33%, the
organelle fraction was 10.43~29.08%, and the cell wall fraction accounted for 19.24~30.45%
(Figure 5). As the Cd accumulated in the cell wall reached the threshold under Cd stress, the
excess Cd was concentrated in the soluble fraction to reduce the damage of the organelles
to ensure normal work. However, Wang et al. [8] showed that the accumulation of Cd in
the cell wall of Bechmeria nivea. was the highest, followed by the soluble and organelles
fraction. He et al. [57] found that Cd accounted for the largest proportion in the cell wall
in the subcellular distribution of Ricinus communis. Although there are few differences
between the reported and the current results, it is certain that whether Cd is concentrated
in the cell wall fraction or soluble fraction, its purpose is to protect organelles, thereby
protecting the entire plant.

Endophytes showed a significant effect on the distribution proportion of Cd in root
organelles. With the increase of CdCl2 concentration, E+ plants were significantly higher
than E− (Figure 5). Therefore, the root cells of E+ plants showed less obstruction to Cd2+
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transport to aboveground parts, resulting in the high Cd content in different parts of E+
plants, which is consistent with the results of Cd content in different parts of plants.

The migration ability, toxicity, and biological function of Cd depend on its chemical form
in the plants, and there are differences among different chemical forms. Water soluble Cd in
the form of inorganic salt (extracted by 80% ethanol) and organic acid (extracted by d-H2O)
have strong migration ability and the greatest toxicity to plants, followed by pectinate and Cd
bound to protein or adsorbed (extracted by 1 M NaCl), while oxalate bound Cd (extracted
by 0.6 M HCl) and residual Cd are the least harmful to plants [8,44,58]. The distribution
proportion of chemical forms of different Cd in different organs are different. In this study,
FEthanol and FH2O Cd were dominant in leaves, but CdCl2 stress had no significant effect on
them. The distribution proportion of Cd in FHAc, FHCl, and FR with low toxicity in stems was
significantly higher than that in leaves and roots, and the damage was less, which might be
one of the mechanisms of stem resistance against heavy metal stress. The FEthanol, FH2O, and
FNaCl forms were used to adapt to adverse conditions (Figure 7).

Previous studies have shown that Cd stress can increase Cd in pectin and protein
binding forms in stems and leaves, while water-soluble inorganic salts and organic acid
Cd are mainly in roots [59,60]. The results of our study were also similar, probably due
to the plants’ physiological and biochemical reactions or environmental pollution (soil,
solution, external interference, etc.). This approach shows that the isolation of cell wall
and vacuole in the CdCl2 environment represents the key mechanism for the tolerance
and detoxification of wild barley [8,61,62]. The presence of endophytes under Cd stress
reduces the proportion of water-soluble Cd in roots (Figure 7), thus reducing plant damage,
leading to the accumulation of heavy metals in the roots, stems, and leaves of E+ plants
being higher (Table 6), which is consistent with the above research results.

5. Conclusions

Plant growth and photosynthesis were inhibited under CdCl2 stress. Endophytes
increased the chlorophyll content and photosynthetic efficiency of plants and improved the
ability of plants to accumulate more Cd in roots, stems, and leaves, indicating that H. brevi-
subulatum–Epichloë bromicola symbionts had a strong ability to remove Cd from an aqueous
solution. The order of root Cd content in subcellular fractions was: soluble fraction > cell
wall fraction > organelle fraction. The isolation of cell wall and vacuole represents a double
barrier to protect plant cells. The higher organelle fraction in the roots of E+ plants makes
it transport more Cd to the aboveground part, which is of great significance to improve the
remediation of heavy metal polluted soil and polluted water. Inorganic salt and organic
acid forms accumulated Cd in the leaves and inorganic salt, organic acid, pectin, and
protein forms accumulated Cd in roots, while the proportion of phosphate, oxalate, and
residual Cd in stems increased to reduce plant damage. The endophytes protect themselves
by reducing Cd, which is more toxic to plants.

Author Contributions: Methodology, investigation, visualization, data curation and writing—original
draft, Y.Z.; writing—review and editing, conceptualization, and software, Z.C.; resources, writing—
review & editing, K.M. and X.W.; project administration and funding acquisition, C.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Basic Research Program of China, grant number
2014CB138702; The Natural Science Foundation of China, grant number 31971756; Program for
Changjiang Scholars and Innovative Research Team in University, grant number IRT17R50; Funda-
mental Research Funds for the Central Universities, grant number LZUJBKY-2020-kb10; And 111
Project, grant number B12002.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



J. Fungi 2022, 8, 366 15 of 17

Acknowledgments: We would like to thank Caixia Wu and Ni Lu for their guidance and help on
the use of the flame atomic spectrophotometer, Thank Taixiang Chen for his guidance during the
experiment, Ruochen Zhang for his guidance in hydroponic technology, and Wenpeng Hou, Tian
Wang and Fangli Wei for their help in the determination of Cd.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, S.L.; Xu, X.R.; Sun, Y.X.; Liu, J.L.; Li, H.B. Heavy Metal Pollution in Coastal Areas of South China: A Review. Mar. Pollut.

Bull. 2013, 76, 7–15. [CrossRef] [PubMed]
2. Di Toppi, L.S.; Gabbrielli, R. Response to Cadmium in Higher Plants. Environ. Exp. Bot. 1999, 41, 105–130. [CrossRef]
3. Gallego, S.M.; Pena, L.B.; Barcia, R.A.; Azpilicueta, C.E.; Lannone, M.F.; Rosales, E.P.; Zawoznik, M.S.; Groppa, M.D.; Benavides,

M.P. Unravelling Cadmium Toxicity and Tolerance in Plants: Insight into Regulatory Mechanisms. Environ. Exp. Bot. 2012, 83,
33–46. [CrossRef]

4. Zhang, F.Q.; Zhang, H.X.; Shen, Z.G. Reactive Oxygen Production and Genome DNA Polymorphism Change in Root Tip Tissues
of Two Leguminous Species with Different Tolerance Under Cd Stress. Shengtaixue Zazhi 2012, 31, 2330–2336.

5. Malkowski, E.; Sitko, K.; Szopinski, M.; Gieron, Z.; Pogrzeba, M.; Kalaji, H.M.; Zieleznik-Rusinowska, P. Hormesis in Plants: The
Role of Oxidative Stress, Auxins and Photosynthesis in Corn Treated with Cd or Pb. Int. J. Mol. Sci. 2020, 21, 2099. [CrossRef]

6. Rebello, S.; Sivaprasad, M.S.; Anoopkumar, A.N.; Jayakrishnan, L.; Aneesh, E.M.; Narisetty, V.; Sindhu, R.; Binod, P.; Pugazhendhi,
A.; Pandey, A. Cleaner Technologies to Combat Heavy Metal Toxicity. J. Environ. Manag. 2021, 296, 113231. [CrossRef]

7. Luo, J.S.; Zhang, Z.H. Mechanisms of Cadmium Phytoremediation and Detoxification in Plants. Crop J. 2021, 9, 521–529. [CrossRef]
8. Wang, X.; Liu, Y.G.; Zeng, G.M.; Chai, L.Y.; Song, X.C.; Min, Z.Y.; Xiao, X. Subcellular Distribution and Chemical Forms of

Cadmium in Bechmeria Nivea (L.) Gaud. Environ. Exp. Bot. 2008, 62, 389–395. [CrossRef]
9. Parrotta, L.; Guerriero, G.; Sergeant, K.; Cai, G.; Hausman, J. Target or Barrier? The Cell Wall of Early- and Later-Diverging Plants

Vs Cadmium Toxicity: Differences in the Response Mechanisms. Front. Plant Sci. 2015, 6, 133. [CrossRef]
10. Douchiche, O.; Soret-Morvan, O.; Chaibi, W.; Morvan, C.; Paynel, F. Characteristics of Cadmium Tolerance in ‘Hermes’ Flax

Seedlings: Contribution of Cell Walls. Chemosphere 2010, 81, 1430–1436. [CrossRef]
11. Küpper, H.; Lombi, E.; Zhao, F.J.; McGrath, S.P. Cellular Compartmentation of Cadmium and Zinc in Relation to Other Elements

in the Hyperaccumulator Arabidopsis Halleri. Planta 2000, 212, 75–84. [CrossRef] [PubMed]
12. Krzeslowska, M. The Cell Wall in Plant Cell Response to Trace Metals: Polysaccharide Remodeling and its Role in Defense

Strategy. Acta Physiol. Plant. 2011, 33, 35–51. [CrossRef]
13. Barbeoch, L.P.; Leonhardt, N.; Vavasseur, A.; Forestier, C. Heavy Metal Toxicity: Cadmium Permeates through Calcium Channels

and Disturbs the Plant Water Status. Plant J. 2002, 32, 539–548. [CrossRef]
14. Clemens, S. Toxic Metal Accumulation, Responses to Exposure and Mechanisms of Tolerance in Plants. Biochimie 2006, 88,

1707–1719. [CrossRef] [PubMed]
15. Shi, Y.; Liu, Y.Q.; Li, H.Y.; Pei, H.P.; Xu, Y.; Ju, X.H. Phytochelatins Formation Kinetics and Cd-induced Growth Inhibition in

Lolium Perenne L. at Elevated CO2 Level Under Cd Stress. Environ. Sci. Pollut. Res. 2021, 28, 35751–35763. [CrossRef] [PubMed]
16. Chen, Q.; Lu, X.Y.; Guo, X.R.; Pan, Y.J.; Yu, B.F.; Tang, Z.H.; Guo, Q.X. Differential Responses to Cd Stress Induced by Exogenous

Application of Cu, Zn or Ca in the Medicinal Plant Catharanthus Roseus. Ecotoxicol. Environ. Saf. 2018, 157, 266–275. [CrossRef]
[PubMed]

17. Lou, Y.H.; Yang, Y.; Hu, L.X.; Liu, H.M.; Xu, Q.G. Exogenous Glycinebetaine Alleviates the Detrimental Effect of Cd Stress on
Perennial Ryegrass. Ecotoxicology 2015, 24, 1330–1340. [CrossRef]

18. Wang, F.; Chen, F.; Cai, Y.; Zhang, G.P.; Wu, F.B. Modulation of Exogenous Glutathione in Ultrastructure and Photosynthetic
Performance Against Cd Stress in the Two Barley Genotypes Differing in Cd Tolerance. Biol. Trace Element Res. 2011, 144,
1275–1288. [CrossRef]

19. Wojcik, M.; Tukendorf, A. The Effect of EDTA On Maize Seedlings Response to Cd-induced Stress. Z. Naturforschung C-A J. Biosci.
1999, 54, 754–758. [CrossRef]

20. Wang, Q.; Ge, C.F.; Xu, S.A.; Wu, Y.J.; Sahito, Z.A.; Ma, L.Y.; Pan, F.S.; Zhou, Q.Y.; Huang, L.K.; Feng, Y.; et al. The Endophytic Bac-
terium Sphingomonas SaMR12 Alleviates Cd Stress in Oilseed Rape through Regulation of the GSH-AsA Cycle and Antioxidative
Enzymes. BMC Plant Biol. 2020, 20, 63. [CrossRef]

21. Ullah, I.; Al-Johny, B.O.; AL-Ghamdi, K.M.S.; Al-Zahrani, H.A.A.; Anwar, Y.; Firoz, A.; AL-Kenani, N.; Almatry, M.A.A.
Endophytic Bacteria Isolated from Solanum Nigrum L. Alleviate Cadmium (Cd) Stress Response by their Antioxidant Potentials,
Including SOD Synthesis by sodA Gene. Ecotoxicol. Environ. Saf. 2019, 174, 197–207. [CrossRef] [PubMed]

22. Leuchtmann, A.; Bacon, C.W.; Schardl, C.L.; White, J.F.; Tadych, M. Nomenclatural Realignment of Neotyphodium Species with
Genus Epichloë. Mycol. 2014, 106, 202–215. [CrossRef] [PubMed]

23. Scott, B. Epichloë Endophytes: Fungal Symbionts of Grasses. Curr. Opin. Microbiol. 2001, 4, 393–398. [CrossRef]
24. Saikkonen, K.; Faeth, S.; Helander, M.; Sullivan, T.J. Fungal Endophytes: A Continuum of Interactions with Host Plants. Annu.

Rev. Ecol. Syst. 2002, 319–343. [CrossRef]

http://doi.org/10.1016/j.marpolbul.2013.08.025
http://www.ncbi.nlm.nih.gov/pubmed/24084375
http://doi.org/10.1016/S0098-8472(98)00058-6
http://doi.org/10.1016/j.envexpbot.2012.04.006
http://doi.org/10.3390/ijms21062099
http://doi.org/10.1016/j.jenvman.2021.113231
http://doi.org/10.1016/j.cj.2021.02.001
http://doi.org/10.1016/j.envexpbot.2007.10.014
http://doi.org/10.3389/fpls.2015.00133
http://doi.org/10.1016/j.chemosphere.2010.09.011
http://doi.org/10.1007/s004250000366
http://www.ncbi.nlm.nih.gov/pubmed/11219586
http://doi.org/10.1007/s11738-010-0581-z
http://doi.org/10.1046/j.1365-313X.2002.01442.x
http://doi.org/10.1016/j.biochi.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16914250
http://doi.org/10.1007/s11356-021-12883-0
http://www.ncbi.nlm.nih.gov/pubmed/33675496
http://doi.org/10.1016/j.ecoenv.2018.03.055
http://www.ncbi.nlm.nih.gov/pubmed/29626640
http://doi.org/10.1007/s10646-015-1508-7
http://doi.org/10.1007/s12011-011-9121-y
http://doi.org/10.1515/znc-1999-9-1022
http://doi.org/10.1186/s12870-020-2273-1
http://doi.org/10.1016/j.ecoenv.2019.02.074
http://www.ncbi.nlm.nih.gov/pubmed/30826546
http://doi.org/10.3852/13-251
http://www.ncbi.nlm.nih.gov/pubmed/24459125
http://doi.org/10.1016/S1369-5274(00)00224-1
http://doi.org/10.1146/annurev.ecolsys.29.1.319


J. Fungi 2022, 8, 366 16 of 17

25. Tadych, M.; Ambrose, K.V.; Bergen, M.S.; Belanger, F.C.; White, J.F., Jr. Taxonomic Placement of Epichloë Poae Sp. Nov. And
Horizontal Dissemination to Seedlings Via Conidia. Fungal Divers. 2012, 54, 117–131. [CrossRef]

26. Florea, S.; Schardl, C.L.; Hollin, W. Detection and Isolation of Epichloë Species, Fungal Endophytes of Grasses. Curr. Protoc.
Microbiol. 2015, 38, 11A–19A. [CrossRef]

27. Clay, K. Fungal Endophytes of Grasses: A Defensive Mutualism between Plants and Fungi. Ecology 1988, 69, 10–16. [CrossRef]
28. Wang, J.F.; Hou, W.P.; Christensen, M.J.; Li, X.Z.; Xia, C.; Li, C.J.; Nan, Z.B. Role of Epichloë Endophytes in Improving Host Grass

Resistance Ability and Soil Properties. J. Agric. Food Chem. 2020, 68, 6944–6955. [CrossRef]
29. Xia, C.; Li, N.N.; Zhang, Y.W.; Li, C.J.; Zhang, X.X.; Nan, Z.B. Role of Epichloë Endophytes in Defense Responses of Cool-Season

Grasses to Pathogens: A Review. Plant Dis. 2018, 102, 2061–2073. [CrossRef]
30. Tanaka, A.; Takemoto, D.; Chujo, T.; Scott, B. Fungal Endophytes of Grasses. Curr. Opin. Plant Biol. 2012, 15, 462–468. [CrossRef]
31. Soleimani, M.; Hajabbasi, M.A.; Afyuni, M.; Mirlohi, A.; Borggaard, O.K.; Holm, P.E. Effect of Endophytic Fungi on Cadmium

Tolerance and Bioaccumulation by Festuca Arundinacea and Festuca Pratensis. Int. J. Phytoremediation 2010, 12, 535–549. [CrossRef]
[PubMed]

32. Ren, A.Z.; Li, C.; Gao, Y.B. Endophytic Fungus Improves Growth and Metal Uptake of Lolium Arundinaceum Darbyshire Ex.
Schreb. Int. J. Phytoremediation 2011, 13, 233–243. [CrossRef] [PubMed]

33. Zhang, X.X.; Li, C.J.; Nan, Z.B. Effects of Cadmium Stress on Growth and Anti-Oxidative Systems in Achnatherum Inebrians
Symbiotic with Neotyphodium Gansuense. J. Hazard. Mater. 2010, 175, 703–709. [CrossRef] [PubMed]

34. Zhang, X.X.; Li, C.J.; Nan, Z.B. Effects of Cadmium Stress on Seed Germination and Seedling Growth of Elymus Dahuricus Infected
with the Neotyphodium Endophyte. Sci. China Life Sci. 2012, 55, 793–799. [CrossRef] [PubMed]

35. Monnet, F.; Vaillant, N.; Hitmi, A.; Coudret, A.; Sallanon, H. Endophytic Neotyphodium Lolii Induced Tolerance to Zn Stress in
Lolium Perenne. Physiol. Plant. 2001, 113, 557–563. [CrossRef]

36. Zaurov, D.E.; Bonos, S.; Murphy, J.A.; Richardson, M.; Belanger, F.C. Endophyte Infection Can Contribute to Aluminum Tolerance
in Fine Fescues. Crop Sci. 2001, 41, 1981–1984. [CrossRef]

37. Wang, C.M.; Xia, Z.R.; Wu, G.Q.; Yuan, H.J.; Wang, X.R.; Li, J.H.; Tian, F.P.; Zhang, Q.; Zhu, X.Q.; He, J.J.; et al. The Coordinated
Regulation of Na+ and K+ in Hordeum Brevisubulatum Responding to Time of Salt Stress. Plant Sci. 2016, 252, 358–366. [CrossRef]

38. Chen, T.X.; Johnson, R.; Chen, S.H.; Lv, H.; Zhou, J.L.; Li, C.J. Infection by the Fungal Endophyte Epichloë Bromicola Enhances the
Tolerance of Wild Barley (Hordeum Brevisubulatum) to Salt and Alkali Stresses. Plant Soil 2018, 428, 353–370. [CrossRef]

39. Song, M.L.; Li, X.Z.; Saikkonen, K.; Li, C.J.; Nan, Z.B. An Asexual Epichloë Endophyte Enhances Waterlogging Tolerance of
Hordeum Brevisubulatum. Fungal Ecol. 2015, 13, 44–52. [CrossRef]

40. Clement, S.L.; Elberson, L.R.; Bosque-Perez, N.A.; Schotzko, D.J. Detrimental and Neutral Effects of Wild Barley—Neotyphodium
Fungal Endophyte Associations on Insect Survival. Entomol. Exp. Appl. 2005, 114, 119–125. [CrossRef]

41. Chen, T.X.; Simpson, W.R.; Song, Q.Y.; Chen, S.H.; Li, C.J.; Ahmad, R.Z. Identification of Epichloë Endophytes Associated with
Wild Barley (Hordeum Brevisubulatum) and Characterisation of their Alkaloid Biosynthesis. N. Z. J. Agric. Res. 2019, 62, 131–149.
[CrossRef]

42. Chen, Z.J.; Jin, Y.Y.; Yao, X.; Chen, T.X.; Wei, X.K.; Li, C.J.; White, J.F.; Nan, Z.B. Fungal Endophyte Improves Survival of Lolium perenne
in Low Fertility Soils by Increasing Root Growth, Metabolic Activity and Absorption of Nutrients. Plant Soil 2020, 452, 185–206.
[CrossRef]

43. Weigel, H.J.; Jager, H.J. Subcellular-Distribution and Chemical Form of Cadmium in Bean-Plants. Plant Physiol. 1980, 65, 480–482.
[CrossRef] [PubMed]

44. Wu, F.B.; Dong, J.; Qian, Q.Q.; Zhang, G.P. Subcellular Distribution and Chemical Form of Cd and Cd-Zn Interaction in Different
Barley Genotypes. Chemosphere 2005, 60, 1437–1446. [CrossRef]

45. Gill, S.S.; Khan, N.A.; Nazar, R.; Anjum, N.A. Photosynthetic Traits and Activities of Antioxidant Enzymes in Blackgram (Vigna
Mungo L. Hepper) Under Cadmium Stress. Am. J. Plant Physiol. 2008, 3, 25–32.

46. Afzal, S.; Begum, N.; Zhao, H.; Fang, Z.; Lou, L. Influence of Endophytic Root Bacteria on the Growth, Cadmium Tolerance and
Uptake of Switchgrass (Panicum Virgatum L.). J. Appl. Microbiol. 2017, 123, 498–510. [CrossRef]

47. Zamani, N.; Sabzalian, M.R.; Khoshgoftarmanesh, A.; Afyuni, M. Neotyphodium Endophyte Changes Phytoextraction of Zinc in
Festuca Arundinacea and Lolium Perenne. Int. J. Phytoremediation 2015, 17, 456–463. [CrossRef]

48. Ren, A.; Gao, Y.; Zhang, L.; Xie, F. Effects of Cadmium on Growth Parameters of Endophyte-Infected Endophyte-Free Ryegrass.
J. Plant Nutr. Soil Sci. 2006, 169, 857–860. [CrossRef]

49. Nan, Z.B.; Li, C.J. Roles of the grass-Neotyphodium Association in Pastoral Agriculture Systems. Acta Ecol. Sin. 2004, 24, 605–616.
50. Zhao, X.J.; Wang, P.; Li, X.Z.; Gu, L.J.; LI, C.J. Distribution Characteristics of Epichloë Endophyte in Gramineous Grasses.

Pratacultural Sci. 2015, 32, 1206–1215.
51. Salt, D.E.; Prince, R.C.; Raskin, P.I. Mechanisms of Cadmium Mobility and Accumulation in Indian Mustard. Plant Physiol. 1995,

109, 1427–1433. [CrossRef] [PubMed]
52. Gong, J.M.; Lee, D.A.; Schroeder, J.I. Long-Distance Root-To-Shoot Transport of Phytochelatins and Cadmium in Arabidopsis. Proc.

Nat. Acad. Sci. USA 2003, 100, 10118. [CrossRef] [PubMed]
53. Seregin, I.V.; Ivanov, V.B. Physiological Aspects of Cadmium and Lead Toxic Effects on Higher Plants. Russ. J. Plant Physiol. 2001,

48, 523–544. [CrossRef]

http://doi.org/10.1007/s13225-012-0170-0
http://doi.org/10.1002/9780471729259.mc19a01s38
http://doi.org/10.2307/1943155
http://doi.org/10.1021/acs.jafc.0c01396
http://doi.org/10.1094/PDIS-05-18-0762-FE
http://doi.org/10.1016/j.pbi.2012.03.007
http://doi.org/10.1080/15226510903353187
http://www.ncbi.nlm.nih.gov/pubmed/21166279
http://doi.org/10.1080/15226511003671387
http://www.ncbi.nlm.nih.gov/pubmed/21598789
http://doi.org/10.1016/j.jhazmat.2009.10.066
http://www.ncbi.nlm.nih.gov/pubmed/19939560
http://doi.org/10.1007/s11427-012-4359-y
http://www.ncbi.nlm.nih.gov/pubmed/23015128
http://doi.org/10.1034/j.1399-3054.2001.1130415.x
http://doi.org/10.2135/cropsci2001.1981
http://doi.org/10.1016/j.plantsci.2016.08.009
http://doi.org/10.1007/s11104-018-3643-4
http://doi.org/10.1016/j.funeco.2014.07.004
http://doi.org/10.1111/j.1570-7458.2005.00236.x
http://doi.org/10.1080/00288233.2018.1461658
http://doi.org/10.1007/s11104-020-04556-7
http://doi.org/10.1104/pp.65.3.480
http://www.ncbi.nlm.nih.gov/pubmed/16661218
http://doi.org/10.1016/j.chemosphere.2005.01.071
http://doi.org/10.1111/jam.13505
http://doi.org/10.1080/15226514.2014.922919
http://doi.org/10.1002/jpln.200520543
http://doi.org/10.1104/pp.109.4.1427
http://www.ncbi.nlm.nih.gov/pubmed/12228679
http://doi.org/10.1073/pnas.1734072100
http://www.ncbi.nlm.nih.gov/pubmed/12909714
http://doi.org/10.1023/A:1016719901147


J. Fungi 2022, 8, 366 17 of 17

54. Becerril, J.M.; Munoz-Rueda, A.; Aparicio-Tejo, P.; Gonzales-Murua, C. The Effects of Cadmium and Lead on Photosynthetic
Electron Transport in Clover and Lucerne. Plant Physiol. Biochem. 1988, 26, 357–363.

55. Xin, J.L.; Huang, B.F.; Dai, H.W.; Liu, A.J.; Zhou, W.J.; Liao, K.B. Characterization of Cadmium Uptake, Translocation, and
Distribution in Young Seedlings of Two Hot Pepper Cultivars that Differ in Fruit Cadmium Concentration. Environ. Sci. Pollut.
Res. 2014, 21, 7449–7456. [CrossRef]

56. Zhou, C.F.; Huang, M.Y.; Li, Y.; Luo, J.W.; Cai, L.P. Changes in Subcellular Distribution and Antioxidant Compounds Involved in
Pb Accumulation and Detoxification in Neyraudia Reynaudiana. Environ. Sci. Pollut. Res. 2016, 23, 21794–21804. [CrossRef]

57. He, C.Q.; Zhao, Y.P.; Wang, F.F.; Oh, K.; Zhao, Z.Z.; Wu, C.L.; Zhang, X.Y.; Chen, X.P.; Liu, X.Y. Phytoremediation of Soil Heavy
Metals (Cd and Zn) by Castor Seedlings: Tolerance, Accumulation and Subcellular Distribution. Chemosphere 2020, 252, 1–10.
[CrossRef]

58. Wang, J.B.; Su, L.Y.; Yang, J.Z.; Yuan, J.G.; Yin, A.G.; Qiu, Q.; Zhang, K.; Yang, Z.Y. Comparisons of Cadmium Subcellular
Distribution and Chemical Forms Between Low-Cd and high-Cd Accumulation Genotypes of Watercress (Nasturtium Officinale L.
R. Br.). Plant Soil 2015, 396, 325–337. [CrossRef]

59. Fu, X.P.; Dou, C.M.; Chen, Y.X.; Chen, X.C.; Shi, J.Y.; Yu, M.G.; Xu, J. Subcellular Distribution and Chemical Forms of Cadmium in
Phytolacca Americana L. J. Hazard. Mater. 2011, 186, 103–107. [CrossRef]

60. Uddin, M.M.; Chen, Z.F.; Huang, L.F. Cadmium Accumulation, Subcellular Distribution and Chemical Fractionation in Hydro-
ponically Grown Sesuvium Portulacastrum [Aizoaceae]. PLoS ONE 2020, 15, e0244085. [CrossRef]

61. Wali, M.; Gunse, B.; Llugany, M.; Corrales, I.; Abdelly, C.; Poschenrieder, C.; Ghnaya, T. High Salinity Helps the Halophyte
Sesuvium Portulacastrum in Defense Against Cd Toxicity by Maintaining Redox Balance and Photosynthesis. Planta 2016, 244, 333–346.
[CrossRef] [PubMed]

62. Wali, M.; Ben Rjab, K.; Gunse, B.; Lakdhar, A.; Lutts, S.; Poschenrieder, C.; Abdelly, C.; Ghnaya, T. How Does NaCl Improve
Tolerance to Cadmium in the Halophyte Sesuvium Portulacastrum? Chemosphere 2014, 117, 243–250.

http://doi.org/10.1007/s11356-014-2691-4
http://doi.org/10.1007/s11356-016-7362-1
http://doi.org/10.1016/j.chemosphere.2020.126471
http://doi.org/10.1007/s11104-015-2580-8
http://doi.org/10.1016/j.jhazmat.2010.10.122
http://doi.org/10.1371/journal.pone.0244085
http://doi.org/10.1007/s00425-016-2515-5
http://www.ncbi.nlm.nih.gov/pubmed/27061088

	Introduction 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Experimental Design 
	Plants Growth and Photosynthetic Parameters 
	Cd Distribution in Different Parts 
	Subcellular Distribution of Cd in H. brevisubulatum 
	Chemical Forms Extraction 

	Statistical Analyses 

	Results 
	Plants Growth and Photosynthetic Parameters 
	Cd Distribution in Different H. brevisublatum Parts 
	Cd Subcellular Distributions and Proportions in H. brevisubulatum 
	Cd Chemical Forms and Proportions in H. brevisubulatum 

	Discussion 
	Conclusions 
	References

