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Abstract

Fungi have been a source of great concern because they are perfect candidates
for heavy metal bioremediation. The fungus with tolerance to the heavy metal
was screened from the mining soil samples. The fungus was characterized as
Aspergillus sp. Y9 based on the morphological and ITS sequencing analysis. Y9
exhibited high levels of resistance to cadmium and lead. Y9 was investigated
for its miro-morphology and application in heavy removal with different con-
centration Cd(II) (0, 50,100 and 200 mg/L), and with different concentration
Pb(II) (0, 200, 500 and 1000 mg/L), respectively. Micro-morphological studies
showed the reproduction of the fungus was affected under the higher concen-
trations of cadmium and lead, but the survival strategies of Y9 were different
with cadmium and lead. Under higher concentrations of cadmium, the myce-
lium of Y9 became shorter, and the top of the hyphae swelled to prevent devel-
opment. However, under higher concentration lead stress, the morphological
changes of mycelium are not obvious, but the number of fruiting bodies de-
creases. The removal potential of Y9 was quantified by atomic absorption spec-
trometry. The highest Cd(II) biosorption capacity was 1.91 + 0.02 mg/g in 200
mg/L initial concentration Cd(II), while that of Pb(II) was 5.87 + 1.02 mg/g in
500 mg/L initial concentration Pb(II). The highest Cd(II) sorption removed
53.71% + 0.31% in 50 mg/L initial concentration Cd(II), while that of Pb(II) is
66.91% * 1.88% in 100 mg/L initial concentration Pb(II). Y9 showed the great
potential as bioremediators for highly heavy metal-contaminated environ-
ments. Our present results provide a better understanding of the heavy metal
resistance of Aspergillus.
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1. Introduction

Contamination of the natural ecosystem by heavy metals severely impacts the health
and survival of all life forms because of their toxicity and persistence in the environ-
ment [1]-[3]. It is estimated that globally, there are >5 million sites covering 20 mil-
lion ha of land, and the soils are contaminated by different heavy metals (1). The
heavy metal ions present in the soil environment are rapidly absorbed into the food
chain through the plant system [4]. It has been reported that popular agricultural
products such as grains, vegetables, fruits and seafood may contain HM [5]. HMs
enter the human body can lead to kidney dysfunction, carcinogenic effects, immune
system imbalance, and in some cases even risk of death to human health [5] [6]. The
Agency for Toxic Substances and Disease Registry (ATSDR) states that the four HMs,
Hg, Pb, Cd, and As, they are extremely harmful to plants and humans [7]. In view of
this, contamination assessment and remediation methods for contaminated soils
have received considerable attention both locally and internationally.

The methods for remediation of heavy metal contaminated soil include physical
remediation, chemical remediation, and bioremediation [8] [9]. Due to rapid mul-
tiplication and growth rates, microorganism having metal resistance are advo-
cated for metal removal applications [10]-[13]. Most studies reported that the mi-
croorganisms including bacteria, actinomycetes, fungi and algae were used for
restoration of heavy metal contaminated soil [14]-[16].

Fungal cells have high surface area with excellent HM-binding properties due
to negative charges of functional groups present in cell wall components [17]. Ad-
ditionally, fungi possess multiple antioxidant systems, metal transporters, metal-
buffering molecules, metal-transformation enzymes, and secrete metal-precipitat-
ing compounds [18]. Filamentous fungi exhibited essential characteristics that
recommend them as effective HM bioremediation agents [19]. Dell’Anno et al.
reported the fungi could be more effective than acidophilic autotrophic and het-
erotrophic bacteria in HM bioleaching of marine sediments [20]. Fungal restora-
tion had received increasing attention from researchers.

This study aims to 1) To isolate and screen target isolates with high resistance
from heavily heavy metal-contaminated soils 2) To explore the growth and repro-
duction of fungi under heavy metals stress. 3) To determine the adsorption capa-

bility of fungi on heavy metal ions.

2. Materials and Methods
2.1. Sampling Sites

The soil samples were taken from 0 - 20 cm soil layer of farmland or forest land
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within 1 km of the mine area of Qianwan Coal Mine (111.06°E, 36.09°N) in
Xiangning Country, Shanxi Province. The soil samples were brought back to the

laboratory in polyethylene plastic bags and be stored in a refrigerator at 4°C.

2.2. Screening and Isolation of Heavy Metal-Resistant Fungi

The heavy metal compound was dissolved in distilled water to obtain the 10 g/L
of ion concentration, and filtered through 0.22 um filter, and then stored up for 1
week at 4°C. 10 g of soil samples was dissolved in 90 mL of sterile water and incu-
bated in a constant temperature shaker at 28°C, 150 r/min for 24 h. The soil sus-
pension was serially diluted and spread on sterile potato dextrose agar (PDA) me-
dium (potato extract 200 g-L™', dextrose 20 g-L™, and agar 15 g-L™") with the Cd(II)
concentration of 200 mg/L, Pb(II) concentration of 1000 mg/L. Then placed in a
biochemical incubator at 28°C for 14 days, separated and purified twice. The iso-
lated mold colonies were re-purified, and were stored at —80°C for further use
(17).

2.3. Minimum Inhibitory Concentrations of Isolate

The metal tolerance of the fungal isolate was evaluated against different concen-
trations of heavy metals following the standard protocol [21]. Heavy metals salts
were used: Pb (NOs), for Pb, CdCl, for Cd, HgCl, for Hg and K,Cr,O5 for Cr. PDA
medium with different type of heavy metals and with different concentrations of
metal salts were used to assess the resistance. The lowest concentration of each
metal that inhibited noticeable growth of the fungal species was reported as the

minimum inhibitory concentration (MIC).

2.4. Tolerance Index

The isolates with high resistance were inoculated in PDA medium containing
Cd(II) at concentrations of 50 mg/L, 100 mg/L, 150 mg/L and 200 mg/L, and
Pb(II) at concentrations of 200 mg/L, 400 mg/L, 800 mg/L and 1000 mg/L. and
the relevant control groups (without heavy metal ions) were set. Measurements of
the colony diameters were performed every day in 1 week at 28°C. The values were
used to calculate the tolerance index (TT) values [22] [23]

, Radial growth (cm) of fungus in medium with Pb** or Cd**
Tolerance index =

Radial growth (cm) of fungus in medium without Pb* or Cd**

2.5. Micro-Morphological Observations under Cd(II) and Pb(II)
Stress

The isolate was inoculated on solid PDA and yeast extract peptone glucose (YPD)
liquid medium (2% Trypton and 2% glucose) at 28°C for 8 days. All of the culture
medium were added with Cd(II) concentrations of 0 mg/L, 50 mg/L, 100 mg/L,
200 mg/L, or Pb) concentrations of 0 mg/L, 200 mg/L, 500 mg/L, 1000 mg/L, re-
spectively. At the same time, the colonies were inoculated in small pieces of solid

PDA medium in the control treatment and test treatments. After cultivation at
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28°C for 4 days, the micro-structure of the fungal was observed under a light mi-
croscope (Olympus, MoticNet, Japan). The experiment was repeated three times.
The five parallel samples were made at each heavy metal concentration in each

experiment for observation.

2.6. Physiological and Biochemical Characterization of Isolate

The physiological and biochemical identification of the isolate was carried out in-
cluding the ester hydrolysis, cellulose decomposition, starch hydrolysis, HsS, me-
thyl red, and gelatin hydrolysis, as a further taxonomic identification of the isolate
[24].

2.7.1dentification of Heavy Metal-Resistant Fungus

The total genomic DNAs of the fungus isolates were isolated and purified using
the method described by Al-Samarrai and Schmid [25]. To identify the species,
the fresh solid PDA plates with fungus was cultured at 28°C for 2 days. Afterwards,
the cultures were sent to the Beijing Tsingke Biotechnology Identification Service
(Beijing Tsingke Biotechnology Co., Ltd., P. R. China https://tsingke.com.cn) for
species identification. For the Internal Transcribed Spacer (ITS), the fragments
from the isolate was amplified using ITS1: 5-TCCGTAGGTGAACCTGCGG-3'
and ITS4: 5-TCCTCCGCTTATTGATATGC-3' primers [26]. The amplification
programs were used with the following parameters: 2 min at 98°C, 38 cycles (10
sec 98°C, 10 sec 53°C, 2 min 72°C), 5 min at 72°C. The sequences obtained was
aligned using BLAST analysis network service of the National Center for Biotech-
nology Information (NCBI) for comparison with currently available sequences.
The higher homology sequences were used for constructing the phylogenetic trees
using Clustal X 1.83 and MEGA 5.0 [27]. A distance matrix method (with distance
options set according to the Kimura two-parameter model), including clustering

by neighbour-joining [28], was used for phylogenetic analysis.

2.8. Heavy Metal Sorption by Isolates

The Inoculation rate is 15% (V/V) and the volume of reaction is 100 mL. The final
concentration of heavy metal ions in the reaction solution reached 50 - 200 mg/L
for Cd(II) or 200 - 1000 mg/L for Pb(II). After the cultivation for 48 h with 150
r/min at 28°C, the supernatant was centrifuged for 10 min at 10,000 r/min, 4°C.
Three groups were set up in parallel, and a control group was set up. The concen-
tration of Cd(II) and Pb(II) in the supernatant was determined using the atomic
absorption spectrophotometer (AAS), The harvested fungal biomass was rinsed 3
- 4 times with double-distilled water, and dried in a hot air oven (70°C for 10 h)
to weigh. The uptake of heavy metal for the isolate was calculated using the fol-
lowing equation. The removal rate 77 (%) and adsorption amount g. (mg/g) of
Cd(II) and Pb(II) by the fungus was calculated by the Equations (1) and (2).

C,-C
7= 4 100% (1)

0
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C -C))*V
qe:%' (2)

In above equation, 77 (%) was the removal rate; (; (mg/L) was the initial metal
concentration; C, (mg/L) was the final metal concentration; g. (mg/g) was the ad-
sorption capacity of fungi for heavy metal; m (g) was the amount of dry biomass;

and V(L) was the volume of the medium.

2.9. Determination of pH under Heavy Metal Stress

The isolate was cultured in YPD medium with different heavy metal ions with 150
r/min at 28°C. At a specific time, samples were centrifuged. The pH from the su-
pernatant was measured with a precision pH meter, and repeated three times for

each group of samples.

2.10. Statistical Analysis

All experiments were carried out by triplicate samples. Values reported in this
paper was the Means = SD. The significant difference in TI, the uptake capacity
and pH were studied by one-way ANOVA followed by Tukey’s test (P < 0.05)
using SPSS 22.

3. Results
3.1. Screening and Isolation of Heavy Metal-Resistant Fungus

The isolation obtained from the soils was named Y9. The heavy metal-resistance
of fungus Y9 is much higher than the threshold value and the international stand-
ardized risk control values in different environment reported (Table 1).

Table 1. Determination of minimum inhibitory concentration for Y9.

Substance Cd(II) Pb(Il) Hg(I) Cr(VI) References
MIC for Y9 (mg/L) 200 1000 40 10 In the study
Threshold value in agricultural
) 60 0.5 100 [29]
soils (mg/kg)
Standard limit in water (mg/L) 0.003 0.01 0.006 0.05 [30]
Threshold value in residential land
400 8 250 [31]

(mg/kg)

Note: A risk control value basically connoted that contaminant levels in soil and water ex-
ceeding the limit value under a particular land and water use pattern generally present an
unacceptable risk to human health and require remediation or risk control actions. MIC
screening was performed in PDA medium. All the results showed that Y9 had higher re-
sistance for both Cd(II) and Pb(II) stress.

Tests for resistance to heavy metals showed that Y9 tolerated heavy metals well
above the heavy metal threshold range. Except for Cr(VI), the tolerance ranges for
other heavy metals had exceeded the international standardized risk control val-

ues. Pb and Cd are identified as priority control pollutants (29 - 31). Therefore,
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we focused on the research for the heavy metal Cd(II) resistant and Pb(II) resistant

of the isolate.

3.2. The Heavy Metal Tolerance Index of Fungus

Fungus express tolerance to heavy metals through different growth at heavy metal
concentrations, which can be quantified by the TI. The TI value is higher, the
heavy metal-resistant is greater. The higher TI value indicated that the strain had

good metal tolerance.

3.2.1. Cd(II) Tolerance Index of Fungus

In Figure 1(a), the TI of Y9 decreased with the initial concentration rising. The
TI < 1 indicated that the growth of Y9 under heavy metal stress was inhibited
relative to the control. Statistical analysis was conducted on the TI value on the
7th day. The results showed that the TI value significantly decreased with the ini-

tial cadmium concentration increasing (Figure 1(a)).

@ | o somgL A 150meL ®) 1 o 20 mgl  —A— 800mglL

0.6f

-5~ 100mgL  —¥— 200 mgL 12b 0 400mgL  —¥— 1000 mgL

5 5 ¢
=] =] a
= =t o)
= 04} — n
3 g 0.8
= =
5 5
2 02 & 04t

0.0 0.0

Time (d) Time (d)

Figure 1. Tolerance index of Y9 under Cd** (a), and Pb?* (b) stress measured data every 24 h. The same letters or part of the same
meant that the difference was not significant, otherwise significant (P < 0.05) among the colony diameter by ANOVA followed by

Tukey’s test.

3.2.2. Pb(II) Tolerance Index of Fungus

In the Figure 1(b), with the increase of concentration of Pb(II), the TI value de-
creased. TT of Y9 showed high tolerance (0.79 - 0.95) with the initial concentration
200 mg/L and 400 mg/L of Pb(II). Statistical analysis was conducted on the TI
value on the 7th day. The results showed that the TI value significantly decreased

with the initial lead concentration increasing (Figure 1(b)).

3.3. Morphological Observations under Cd(II) and Pb(II) Stress
3.3.1. Morphological Observations under Cd(II) Stress

When Y9 was inoculated on solid PDA with 50-200 mg/L Cd(II), the colony di-
ameter decreased with the increasing of Cd(II) concentration. The fluffy morphol-
ogy of the colony could not be observed and the color of colony showed greyish

white from original green with 100 - 200 mg/L Cd(II) concentration (Figures
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2(C)-(D)). The hyphae of the fungus became shorter and the top of the hyphae
swelled with the increase of initial cadmium concentration (Figures 2(A’)-(D’)).
With the increase of cadmium concentration, the diameter of fungal hyphae pellet
decreased and biomass significantly declined in the liquid medium. When the in-
itial concentration reached to 200 mg/L, the mycelial pellet couldn’t be observed
(Figures 2(a)-(d)). The results indicated that the high concentrations of cadmium

inhibited growth and destroyed normal reproductive modes.

Solid stress state

Micro-morphology |/

Liquid stress state

0 mg/L 50 mg/L 100 mg/L 200 mg/L

Figure 2. The morphology and growth of Y9 on solid PDA and in liquid YPD with Cd(II).
Colony morphology of Y9 on solid PDA with different Cd(II) concentrations at 28°C for 8
days (A)-(D); The micro-morphology observations of Y9 in the presence of different con-
centration Cd(II) for 4 days at 28°C using Light microscopy (40x) (A’)-(D’); The growth
of Y9 in liquid medium with YPD at 28°C for 8 days (a)-(d).

3.3.2. Morphological Observations under Pb(II) Stress
It was observed that the growth inhibition of Y9 was very obvious under Pb(II)
stress in the different media (Figure 3). Compared to the control test, the differ-
ence in morphology and diameter of fungal colonies was not significant with
Pb(II) concentration of 200 mg/L. However, the colony diameter decreased and
the difference between the central and peripheral hyphae is not significant with
Pb(II) concentration of 500 mg/L, which is typical for fungus colony morphology
(Figures 3(A)-(D)). When the Pb(II) concentration was 1000 mg/L, the surface
of the colony was dry and greyish white. From the micro-morphological images,
with the increasing of the Pb(II) concentration, the number of conidia decreased.
However, the changes of mycelium were not significant (Figures 3(A’)-(D’)).

With the increase of Pb(II) concentration, the diameter of fungal hyphae pellets
decreased and biomass significantly declined in the liquid medium, indicating that
the growth of Y9 was inhibited under 200 - 1000 mg/L concentration. When the
Pb(II) concentration reached to 1000 mg/L, the culture medium became turbid,
and no mycelial pellet was observed (Figures 3(a)-(d)).

All the results demonstrated that the higher concentrations of Cd(II) inhibited
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Solid stress state

Micro-morphology

Liquid stress state

0 mg/L 200 mg/L 500 mg/L 1000 mg/L

Figure 3. The morphology and growth of Y9 on solid PDA and in liquid YPD with Pb(II).
Colony morphology of Y9 on solid PDA with different Pb(II) concentrations at 28°C for 8
days (A)-(D); The micro-morphology observations of Y9 in the presence of different Pb(II)
concentration for 4 days at 28°C using light microscopy (40x) (A’)-(D’); The growth of Y9
in liquid medium with YPD at 28°C for 8 days (a)-(d).

the formation of fruiting bodies by destroying the normal growth of hyphae. How-
ever, the higher concentrations of Pb(II) had little effect on hyphal growth, but
directly reduced the number of fruiting bodies. Some literatures indicate that mi-
crobial resistance to heavy metals can be categorized into two types: intracellular
adsorption and extracellular adsorption. However, distinct microbial species ex-
hibit divergent physiological mechanisms for heavy metal resistance. In extracel-
lular adsorption, the functional groups involved in binding about Pb(II) and
Cd(II) and the resulting precipitates differ significantly. Furthermore, some stud-
ies have reported that cadmium (Cd) may alter microbial reproductive strategies
for some fungi, or (and) effected the nitrogen metabolism [32]. Nevertheless, few
studies have systematically investigated the physiological basis of a single micro-

bial strain’s resistance to both heavy metals.

3.4. Physiological and Biochemical Characterization of Isolate

As for the physiological and biochemical identification results, it could be judged
that Y9 had the ability to decompose esters, the ability to decompose starch. How-
ever, the Y9 does not have the ability to decompose cellulose. Y9 colonies were
fluffy or flocculent, dark green in color, and their microscopic form had globular

ascospores (Table 2).

3.5.ITS Sequencing and Phylogenetic Analysis

The sequence of Y9 was uploaded to NCBI (GenBank accession number
PQ725423), and the homology was compared against known gene sequences
present in GenBank, and the phylogenetic tree was constructed shown in Figure

4. The result showed that Y9 had a high homology with Aspergillus fumigatus
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Table 2. Biochemical characteristics of Y9.

Characteristic Isolate Y9
Ester hydrolysis +

Cellulose decomposition -

starch hydrolysis +
Gelatin hydrolysis +
Mycelial morphology phragmatic, multicellular
Fruiting body character Spherical, ellipsoidal
microbial colony color Dark green
microbial colony character Flufty or flocculent
Note: “+” means positive; “-” means negative.
100 Y9
i’j‘AapergiHﬂs fumigatus ATCC 10227 (NR_121481.1)
81 Aspergillus udagawae CBM FA-0702T (NR 137442.1)
78 ' Aspergillus cejpii CBS 157.66T (NR_159605.1)
Aspergillus aculeatinus CBS 1210607 (NR_135417.1)
59 Aspergillus alboviridis FMR 151757 (NR 184353.1)

Aspergillus domesticus CCF 5464T (NR 154728.1)
Aspergillus endophyticus CBS 141766" (LT670941.1)

0.01

Figure 4. Phylogenetic tree constructed after multiple alignments using the ITS sequences
available from the GenBank/EMBL/DDB]J database. The scale bar indicated the 0.01 evolu-
tionary distance unit.

ATCC10227 (100%).
In summary, combined with the morphological characteristics, physiological
and biochemical identification of the isolate, and based on the results of ITS gene

sequence analysis, the isolation was identified as Aspergillus sp. Y9.

3.6. Removal Capacity of Cd(II) and Pb(II) by Fungus
3.6.1. Removal Capacity of Cd(II) by Y9

When the initial concentration ranged from 20 mg/L to 50 mg/L, the removal rate
increased. However, when the initial concentration ranged from 50 mg/L to 200
mg/L, the removal rate gradually decreased. When the concentration of Cd(II)
was 50 mg/L, the highest removal rate of the Y9 was 53.71% + 0.31%. As for the
adsorption capacity, the adsorption capacity increased significantly with the in-
crease of Cd(II) concentration. When Cd(II) concentration was 200 mg/L, the

highest adsorption capacity reached to 1.91 + 0.02 mg/g (Figure 5(a)).

3.6.2. Removal Capacity of Pb(II) by Y9
With the initial Pb(II) concentration rising, the removal rate decreased. The
highest removal rate of Y9 was 66.91 + 1.88%. As for the adsorption capacity,

when the initial concentration ranged from 100 mg/L to 500 mg/L, the adsorption
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Figure 5. Effect of different initial concentrations of Cd(II) (a) and Pb(II) (b) on the adsorption capacity of Y9.
(n = three experiments per condition. Data are mean + SD. 77 (%) was removal rate and the g. (mg/g) was adsorp-

tion amount of heavy metal ions. (The same letters or part of the same meant that the difference was not signifi-
cant, otherwise significant by ANOVA followed by Tukey’s test).

capacity increased significantly. However, when the initial concentration ranged
from 500 mg/L to 1000 mg/L, the adsorption capacity gradually decreased. The
maximum amount was 5.87 * 1.02 mg/g (Figure 5(b)).

Under relatively confined liquid culture conditions, microbial growth phases
undergo rapid sequential transitions within a short timeframe: lag phase, expo-
nential phase, stationary phase, and decline phase. Thus, experimental constraints

continuous monitoring of Y9 strain performance over extended periods.

3.7. pH Test after Culture at Various Heavy Metal Concentrations

As an indirect indicator, pH helped us understand the overall metabolic changes
for fungi under different heavy metal stress. The pH levels on the 6" and 10" day
of cultivation were used to detect changes.

In the control group (without Cd(II)), Y9 showed a significant increase in pH
on the tenth day compared to the sixth day. When the initial Cd(II) concentration
in the environment was 50 mg/L, the changes at the two time points were similar
to those in the control group. When the initial Cd(II) concentration reached to
100 - 200 mg/L, the values at the two time points were close and there was no
significant difference (Figure 6(a)).

In the control group (without Pb(II)), Y9 showed a significant increase in pH on
tenth day compared to sixth day. When the initial Pb(II) concentration was between
200 - 1000 mg/L, the changes pattern at the two time points were similar to the con-
trol group. However, the pH level decreased with increasing of initial Pb(II) con-
centration (Figure 6(b)). All results indicated that higher concentrations of Cd(II)
and (or) Pb(II) had a greater impact on the metabolism substance of Y9.

The result was consistent with the research findings by Feng et al [33]. Lower
concentrations of heavy metals could increase pH, while higher concentrations of
heavy metals could decrease pH.
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Figure 6. Changes of pH under Cd(II) (a) and Pb(II) of Y9 (b) at the 6™ day and 10" day. (A paired t test was applied to test for
differences between every pair (P < 0.05). *** P < 0.001; **** P < 0.0001; ns meant not significant n=three experiments per condition.

Data were mean + SD).

4. Discussion

Although lots of reports on cadmium and Pb(II) resistance from different fungi
genera, few reports on the growth response of fungi under heavy metals [34] [35].
As we all known, there is different response for different Cd-resistant and Pb-
resistant fungi under heavy metal stress. Generally, fungal remediation agents ex-
hibit specificity towards heavy metal contaminants, and show effective remedia-
tion for particular types of pollutants. The target strain Y9 in the study demon-
strates favorable adsorption capacities for both Pb and Cd. In some research, the
heavy metal resistance was reported by the radial growth rates of fungi or deter-
mined by measuring of the minimum inhibitory concentration (MIC) under
heavy metal stress [36]-[38]. At present, the morphological changes of heavy
metal tolerant fungi were focused on the surface changes of mycelium from scan-
ning electron microscopy under heavy metal stress. Tian et al reported that the
surface of the Aspergillus fumigatus hyphae became rough with particulate sub-
stances, and a concave shape after Cd treatment [39]. Talukdar et al pointed the
mycelium of Aspergillus fumigatus FS2 was completely disrupted and disintegra-
tion in the presence of 100 mg/L of Cd(II) after incubation of 120 h [40]. Feng et
al reported that the Verticillium insectorum J3 hyphae warped and aggregated at
higher Pb(II) concentrations [33]. However, they didn’t refer to the impact of
fruiting body and (or) the hyphae growth under heavy metal stress.

Light microscopy is a basic imaging technique that is useful for providing the
visual identification. The morphological variant was the inherent adaptive im-
munity based strategies for metal toxicity induced environmental implications of
challenge, and it was one of the mechanistic actions in combating heavy metals
[10] [41] [42]. In a previous report from our lab, cadmium can induce the change
of reproduction mode of the Sarocladium, from conidia to arthrospores, which
made the colony morphological modifications, from the fungi colony morphology

to the bacteria colony morphology [32]. In terms of experimental design, we
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focused on the effects of heavy metals on the growth and reproduction of fungus.
Our research results concluded that Cd disrupted the mycelium tip growth and
made it swell, which inhibited the hyphae development with Cd concentration
increasing, and the number of fruiting body significantly decreased with the Pb
for Y9. The microscopic morphology was consistent with the colony morphology
on solid and in liquid plates for Y9. All of the results demonstrated that the toxicity
of Pb(II) is lower than that of cadmium for the isolate. The study focused on la-
boratory conditions, where both the cultivation and adsorption processes were
conducted under artificially controlled environmental parameters, to obtain opti-
mal remediation data and establish the best adsorption model for the strain. In
subsequent experiments, the strain was introduced into soil environments to fur-
ther refine the research.

Our present results may provide a better understanding of the heavy metal re-
sistance of Aspergillus under Cd and Pb stress. However, the specific mechanism
of how regulates the resistance of Y9 against Cd and Pb stress is not fully under-

stood and thus awaits further elucidation in the future.
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