
 

Journal of Medical Genetics and Clinical Biology 
Homepage : https://journal.antispublisher.id/index.php/JMGCB 
Email : admin@antispublisher.com  

e-ISSN : 3032-1085 
JMGCB, Vol. 2, No. 10, October 2025 

Page 469-474 
© 2025 JMGCB :  

Journal of Medical Genetics and Clinical Biology 

 

 

 

Journal of Medical Genetics and Clinical Biology  469 

 Genes Responsible for Heavy Metal Bioaccumulation in Fungi 

Aspergillus  
 

Sanaa Qasem Badr1  
1University of Basrah, Iraq 

 

   

 

DOI : https://doi.org/10.61796/jmgcb.v2i10.1417  

Sections Info  ABSTRACT  

Article history: 
Submitted: June 30, 2025 
Final Revised: July 11, 2025 
Accepted: July 31, 2025 
Published: August 30, 2025 

Objective: Heavy metal contamination, particularly with cadmium (Cd²⁺), lead (Pb²⁺), 
and arsenic (As³⁺/As⁵⁺), represents a critical environmental and health concern due to 
their toxicity and persistence. Microorganisms such as Aspergillus species have 
demonstrated significant potential for bioremediation, primarily through complex 
genetic and biochemical mechanisms. This study synthesizes existing literature to 
examine the molecular basis of heavy metal tolerance and bioaccumulation in 
Aspergillus. Method: This study synthesizes existing literature to examine the 
molecular basis of heavy metal tolerance and bioaccumulation in Aspergillus. Results: 
The findings highlight multiple defense strategies, including cadmium detoxification 
via glutathione biosynthesis genes (GSH1, GSH2), phytochelatin synthase (PCS), and 
vacuolar sequestration mediated by CDF transporters (CrpA, ZRC1, COT1). Lead 
bioaccumulation involves structural binding to cell wall polymers such as chitin, 
glucans, and melanin, complemented by transporter genes (CrpA, YCF1, ABC 
transporters) and intracellular chelation through glutathione and metallothioneins. 
Arsenic tolerance relies on aquaglyceroporin channels (Fps1), efflux transporters 
(Acr3), and arsenate reductase (ArsC), which enable reduction and detoxification, 
alongside phytochelatin-mediated sequestration. Across all metals, oxidative stress is 
mitigated by antioxidant defense genes, including SOD, CAT, and TRX, while Yap1-
like transcription factors coordinate regulatory responses. Novelty: The integration of 
adsorption, chelation, transport, and oxidative stress defense establishes Aspergillus as 
a versatile and resilient organism capable of surviving in heavy metal-polluted 
environments. These findings underscore the potential application of Aspergillus in 
bioremediation strategies targeting multi-metal contamination. 
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INTRODUCTION  

Heavy metal contamination, including cadmium (Cd), lead (Pb²⁺), and arsenic 

(As³⁺/As⁵⁺), poses significant environmental and health challenges due to their toxicity 

and persistence in ecosystems. Microorganisms, particularly fungi of the genus 

Aspergillus, have shown remarkable capabilities in tolerating and bioaccumulating these 

metals. This ability is largely attributed to their specialized cellular structures, enzymatic 

systems, and the expression of specific genes that regulate metal uptake, detoxification, 

sequestration, and oxidative stress responses [1]. 

Cadmium detoxification in Aspergillus involves a complex network of genes, 

including glutathione and sulfhydryl-complexing genes such as GSH1, GSH2, and 

phytochelatin synthase (PCS), which chelate cadmium into non-toxic complexes [2], [3]. 

Cadmium transporter genes, such as CrpA, ZRC1, and COT1, facilitate the sequestration 

of cadmium into vacuoles, while oxidative stress response genes like SOD, CAT, and TRX 

protect the cells from cadmium-induced reactive oxygen species [4]–[6], [9], [10]. 

Furthermore, regulatory transcription factors such as Yap1-like proteins coordinate the 
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expression of these detoxification genes, enabling Aspergillus to mount a robust defense 

against cadmium stress [8].  

Lead bioaccumulation involves additional mechanisms, primarily mediated by cell 

wall components, including chitin, glucans, and melanin, which provide binding sites for 

Pb²⁺ ions. Genes responsible for these structures (ChsA, ChsB, Fks1, Abr1, Abr2) along 

with heavy metal transporter genes (CrpA, YCF1, ABC transporters) and intracellular 

chelators such as glutathione (GSH1, GSH2) and metallothionein-like proteins enable 

safe sequestration of lead [4], [7], [11]–[13], [14]. Similar to cadmium, lead exposure 

triggers oxidative stress, activating antioxidant defense systems that involve SOD, CAT, 

and TRX genes [9], [10].  

Arsenic detoxification in Aspergillus also relies on a coordinated genetic response. 

Transporter genes such as Acr3 and aquaglyceroporin-like channels (Fps1) mediate 

arsenic uptake and efflux, while arsenate reductase (ArsC) reduces arsenate to arsenite 

for further detoxification [14], [15]. Chelation by glutathione and phytochelatins, along 

with sequestration into vacuoles via ABC and MFS transporters, ensures intracellular 

metal homeostasis [3]–[5], [14], [15]. The activation of oxidative stress response genes 

completes the protective mechanism, demonstrating that Aspergillus species employ a 

multi-tiered genetic strategy to survive and thrive in heavy metal-contaminated 

environments [6], [8]–[10], [14], [15]. 

 

RESEARCH METHOD 

The methodology of this study focuses on identifying and analyzing genes in 

Aspergillus involved in the bioaccumulation of heavy metals such as cadmium (Cd), lead 

(Pb²⁺), and arsenic (As³⁺/As⁵⁺). The analysis includes genes responsible for glutathione 

biosynthesis (GSH1, GSH2), phytochelatin synthesis (PCS), metal transport via CDF and 

ABC transporters (e.g., CrpA, YCF1, ZRC1), and oxidative stress response (SOD, CAT, 

TRX) [2]–[6], [9], [10]. Specific genes for particular metals were also examined, such as 

Acr3 and ArsC for arsenic and cell wall-related genes (ChsA, Fks1, Abr1, Abr2) for lead 

[11]–[15]. This approach synthesizes data from existing literature to map molecular 

mechanisms encompassing metal binding to the cell wall, intracellular transport and 

sequestration, thiol-based chelation, and oxidative stress defense, providing a 

comprehensive overview of Aspergillus adaptation to heavy metal toxicity. 

 

RESULTS AND DISCUSSION 

1. Cadmium (Cd²⁺) Tolerance and Bioaccumulation Mechanisms in Aspergillus 

The response of Aspergillus species to cadmium involves a complex interplay of 

genes responsible for detoxification, transport, and oxidative stress management. 

Cadmium exposure triggers multiple defense mechanisms at the cellular and molecular 

levels, ensuring survival under toxic metal stress. 

1.1 Glutathione and Sulfhydryl-Complexing Genes 

Glutathione (GSH) plays a pivotal role in neutralizing cadmium toxicity by forming 

stable complexes with cadmium ions through thiol (-SH) groups. Genes such as GSH1 
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and GSH2 encode enzymes crucial for glutathione biosynthesis. Furthermore, 

Phytochelatin Synthase (PCS) converts glutathione into phytochelatins, which chelate 

cadmium into non-toxic complexes that can be sequestered into vacuoles. This 

mechanism effectively reduces free cadmium concentration in the cytoplasm and 

prevents cellular damage [2], [3]. The activation of this pathway demonstrates 

Aspergillus’ intrinsic capacity to modulate intracellular cadmium levels through 

molecular chelation. 

1.2 Cadmium Transporter Genes (CDF Family) 

Cadmium is actively transported into vacuoles or expelled from the cytoplasm to 

minimize toxicity. CrpA, a cadmium resistance protein, functions as a transporter that 

moves cadmium into vacuoles. Similarly, ZRC1 and COT1 facilitate vacuolar 

sequestration, thereby isolating cadmium from sensitive cellular machinery. This 

compartmentalization strategy provides an additional layer of protection, 

complementing chelation processes [5]–[7].  

1.3 Oxidative Stress Response Genes 

Cadmium exposure generates reactive oxygen species (ROS), causing oxidative 

damage to biomolecules. Aspergillus counters this stress via antioxidant systems 

encoded by SOD (Superoxide Dismutase), CAT (Catalase), and the TRX (Thioredoxin 

system) genes. These genes neutralize ROS, restore redox balance, and maintain cellular 

homeostasis under cadmium-induced stress [9], [10]. 

1.4 Metal Stress Regulatory Genes 

Transcription factors similar to Yap1 coordinate the expression of multiple heavy 

metal-responsive genes, including those involved in cadmium detoxification and 

oxidative stress defense. This regulatory network ensures timely activation of protective 

mechanisms upon metal exposure [8]. 

Summary of Cadmium Detoxification Mechanism: Upon cadmium exposure, 

Aspergillus facilitates metal uptake via ZIP-type transporters, chelation via glutathione 

and phytochelatins, vacuolar sequestration through CDF transporters, and ROS 

detoxification by antioxidant enzymes [2]–[7], [9], [10]. 

2. Lead (Pb²⁺) Bioaccumulation in Aspergillus 

Lead bioaccumulation in Aspergillus is mediated by both structural and genetic 

factors that enable efficient metal binding, transport, and detoxification. 

2.1 Cell Wall-Associated Genes 

The fungal cell wall acts as the first barrier for lead sequestration, composed of 

chitin, glucans, and melanin. Genes such as ChsA and ChsB regulate chitin biosynthesis, 

while Fks1 encodes β-1,3-glucan synthase. Melanin synthesis genes (Abr1, Abr2) increase 

negatively charged groups on the cell wall, enhancing lead adsorption. Functional groups 

such as carboxyl, amino, and hydroxyl moieties bind Pb²⁺ ions, reducing their 

cytoplasmic availability (Gadd, 1993) [1], [11]–[14]. 

2.2 Heavy Metal Transporter Genes 

Transport and sequestration of lead involve CrpA, YCF1, and ABC transporters. 

CrpA mediates metal efflux and vacuolar storage, while YCF1 actively transports lead-
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glutathione conjugates into vacuoles. ABC transporters further assist in 

compartmentalization and metal efflux, maintaining cellular metal homeostasis [4], [5], 

[7]. 

2.3 Metal-Binding and Chelation Genes 

Intracellular detoxification of lead relies on thiol-rich molecules. GSH1 and GSH2 

facilitate glutathione biosynthesis, whereas metallothionein-like genes bind lead ions 

through cysteine residues, forming stable complexes that prevent metal-induced damage 

[2], [3]. 

2.4 Oxidative Stress Response Genes 

Lead exposure induces ROS production, prompting the activation of SOD, CAT, 

and TRX systems to neutralize oxidative stress, thereby preserving cellular integrity and 

function [9], [10]. 

Summary of Lead Bioaccumulation Mechanism: Lead is first adsorbed onto the 

cell wall, followed by active transport into vacuoles via CrpA, YCF1, and ABC 

transporters, chelation through glutathione and metallothioneins, and antioxidant 

defense via SOD, CAT, and TRX [1]–[5], [7], [9]–[14]. 

3. Arsenic (As³⁺/As⁵⁺) Tolerance and Bioaccumulation in Aspergillus 

Aspergillus species demonstrate the ability to tolerate and detoxify arsenic through 

coordinated uptake, transformation, chelation, and oxidative stress defense. 

3.1 Arsenic Transporter Genes 

Arsenite (As³⁺) uptake is facilitated by aquaglyceroporin-like channels such as Fps1, 

whereas efflux is mediated by Acr3, reducing intracellular arsenic levels [14], [15]. These 

transporters regulate arsenic flux between cytoplasm and vacuoles, minimizing toxicity.  

3.2 Arsenate Reductase Genes 

ArsC reduces arsenate (As⁵⁺) to arsenite (As³⁺), which can then be expelled or 

sequestered. This enzymatic reduction is a key detoxification step conserved across fungi, 

ensuring efficient arsenic transformation [14]. 

3.3 Detoxification and Chelation Genes 

Glutathione biosynthesis genes (GSH1, GSH2) and Phytochelatin Synthase (PCS) 

contribute to arsenic chelation. Phytochelatins form stable complexes with arsenic, which 

are then sequestered into vacuoles for detoxification [2], [3], [5], [14]. 

3.4 ABC and MFS Transporters 

ABC transporters (e.g., YCF1-like) and related transport systems transport arsenic–

glutathione conjugates into vacuoles, enhancing metal sequestration and tolerance [4], 

[5], [14]. 

3.5 Oxidative Stress Response Genes 

Arsenic exposure elevates ROS levels, activating antioxidant systems (SOD, CAT, 

TRX) to mitigate oxidative damage and maintain cellular homeostasis [8]–[10], [14]. 

Summary of Arsenic Detoxification Mechanism: Arsenic is transported via Fps1-

like channels, reduced to arsenite by ArsC, effluxed or sequestered by Acr3 and ABC 

transporters, chelated by glutathione and phytochelatins, and detoxified by antioxidant 

enzymes [2]–[5], [8]–[10], [14], [15]. 
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Overall Discussion 

The collective findings indicate that Aspergillus species employ a multi-layered 

defense strategy against heavy metals, including cadmium, lead, and arsenic. Key 

mechanisms involve: 

1. Cell wall adsorption – via chitin, glucans, and melanin functional groups [1], [11]–

[14]; 

2. Intracellular transport and sequestration – mediated by CDF, ABC, and YCF1 

transporters [4]–[7]; 

3. Chelation – through glutathione, phytochelatins, and metallothioneins [2], [3]; 

4. Oxidative stress defense – employing SOD, CAT, and TRX systems [8]–[10]; 

5. Regulatory networks – Yap1-like transcription factors coordinate gene expression 

under metal stress [8]. This integrated response enables Aspergillus to survive, 

accumulate, and detoxify multiple toxic metals, making it a promising candidate for 

bioremediation applications. Comparative analysis suggests that while Cd²⁺, Pb²⁺, 

and As³⁺ share detoxification pathways, specific transporters and chelation 

mechanisms exhibit metal-specificity, reflecting the adaptive versatility of 

Aspergillus in heavy metal-contaminated. 

 

 CONCLUSION 

Fundamental Finding : This study demonstrates that Aspergillus species employ a 

multi-layered genetic and biochemical strategy to tolerate and bioaccumulate heavy 

metals such as cadmium, lead, and arsenic. The detoxification process integrates several 

mechanisms, including cell wall adsorption through chitin, glucans, and melanin; 

intracellular sequestration mediated by CDF, ABC, and YCF1 transporters; chelation via 

glutathione, phytochelatins, and metallothioneins; and oxidative stress mitigation 

through the activation of SOD, CAT, and TRX antioxidant systems. Regulatory 

transcription factors, particularly Yap1-like proteins, further coordinate the expression of 

stress-responsive genes, enabling an adaptive and robust response to toxic metal 

exposure. While shared pathways exist across different metals, such as glutathione-based 

chelation and oxidative stress defense, each metal also triggers specific transporters and 

detoxification enzymes, reflecting the versatility and resilience of Aspergillus. 

Implication : These findings highlight the potential application of Aspergillus in 

bioremediation strategies targeting multi-metal contamination, offering a sustainable 

and biologically driven approach to environmental remediation. Limitation : Although 

the study emphasizes the genetic and biochemical mechanisms that enable Aspergillus 

to tolerate heavy metals, it remains limited in addressing the scalability and consistency 

of these mechanisms in real-world ecosystems. The complexity of environmental 

conditions, including mixed contaminants, variable pH, and competition with other 

microorganisms, may influence the effectiveness of Aspergillus-based bioremediation. 

Future Research : Future studies should focus on genetic engineering and bioprocess 

optimization to enhance the efficiency of metal uptake and detoxification, thereby 

maximizing the practical use of Aspergillus in polluted ecosystems. 



Genes Responsible for Heavy Metal Bioaccumulation in Fungi Aspergillus 

 

 

Journal of Medical Genetics and Clinical Biology 474 

REFERENCES  

[1] G. M. Gadd, “Interactions of fungi with toxic metals,” New Phytologist, vol. 124, no. 1, pp. 

25–60, 1993. 

[2] I. Sato, M. Shimizu, T. Hoshino, and N. Takaya, “The Glutathione System of Aspergillus 

nidulans Involves a Fungus-specific Glutathione S-Transferase,” J. Biol. Chem., vol. 284, no. 

12, pp. 8042–8053, 2009. 

[3]  S. Clemens, M. G. Kim, D. Neumann, and J. I. Schroeder, “Tolerance to toxic metals by a 

gene family of phytochelatin synthases from plants and yeast,” EMBO J., vol. 18, no. 12, pp. 

3325–3333, 1999. 

[4] Z.-S. Li, M. Szczypka, Y.-P. Lu, D. J. Thiele, and P. A. Rea, “The Yeast Cadmium Factor 

Protein (YCF1) Is a Vacuolar Glutathione S-Conjugate Pump,” J. Biol. Chem., vol. 271, no. 

11, pp. 6509–6517, 1996. 

[5] Z.-S. Li, H. P. Rea, et al., “YCF1-catalyzed transport of bis(glutathionato)cadmium into 

yeast vacuoles,” Proc. Natl. Acad. Sci. USA, vol. 94, no. 1, pp. 42–47, 1997. 

[6] C. W. MacDiarmid, L. A. Gaither, and D. Eide, “Zinc transporters that regulate vacuolar 

zinc storage in Saccharomyces cerevisiae,” EMBO J., vol. 19, no. 12, pp. 2845–2855, 2000. 

[7] I. Boczonádi et al., “Increased Cd²⁺ biosorption capability of Aspergillus nidulans crpA 

deletion mutants,” J. Basic Microbiol., vol. 60, no. 8, pp. 724–733, 2020. 

[8] J. Qiao et al., “Afyap1, encoding a bZip transcriptional factor of Aspergillus fumigatus, 

contributes to oxidative stress response but is not essential to the virulence of this 

pathogen,” Medical Mycology, vol. 46, no. 8, pp. 773–782, 2008. 

[9] M. Thön, J. Al-Abdallah, H. Hortschansky, K. S. et al., “The Thioredoxin System of the 

Filamentous Fungus Aspergillus nidulans,” J. Biol. Chem., vol. 282, no. 32, pp. 27259–27269, 

2007. 

[10] S. Paris, J. W. Wysong, K. Debeaupuis, R. et al., “Catalases of Aspergillus fumigatus,” Infect. 

Immun., vol. 71, no. 6, pp. 3551–3562, 2003. 

[11] T. Motoyama et al., “The Aspergillus nidulans genes chsA and chsD encode chitin synthases 

which have redundant functions in conidia formation,” Mol. Gen. Genet., vol. 251, no. 4, pp. 

442–450, 1996. 

[12] V. Loiko and J. Wagener, “The paradoxical effect of echinocandins in Aspergillus fumigatus 

relies on recovery of the β-1,3-glucan synthase Fks1,” Antimicrob. Agents Chemother., vol. 61, 

no. 6, e01690-16, 2017. 

[13] H.-F. Tsai, M. H. Wheeler, Y. C. Chang, and K. J. Kwon-Chung, “A developmentally 

regulated gene cluster involved in conidial pigment biosynthesis in Aspergillus fumigatus,” 

J. Bacteriol., vol. 181, no. 20, pp. 6469–6477, 1999. 

[14] M. Ghosh, B. Shen, and B. P. Rosen, “Pathways of As(III) detoxification in Saccharomyces 

cerevisiae,” Proc. Natl. Acad. Sci. USA, vol. 96, no. 9, pp. 5001–5006, 1999. 

[15] E. Maciaszczyk-Dziubińska, A. Wawrzycka, and M. Wysocki, “Arsenite transport in 

Saccharomyces cerevisiae involves the Fps1p aquaglyceroporin and the Delta12 fatty acid 

desaturase Fad12p,” FEBS Letters, vol. 584, no. 22, pp. 4619–4626, 2010. 

 

*Sanaa Qasem Badr (Corresponding Author)  
University of Basrah, Iraq 
Email: d_sanaabader@yahoo.com  

 

 

mailto:d_sanaabader@yahoo.com

