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Abstract 

Aspergillus niger shows resistance to Zn and Cu; however, limited studies have evaluated the genetic mechanisms underlying 

metal tolerance in the species. In this study, comparative transcriptome analyses of A. niger F2 under Zn (4000 mg/L) and Cu 

(3000 mg/L) stress for 15 days were performed to identify genes involved in the response to heavy metal stress. There were more 

upregulated than downregulated genes under both Cu and Zn stress; however, more genes were differentially expre ssed under 

Cu than under Zn stress. Downregulated genes under Zn stress were enriched mainly in the membrane part of the cellular 

component category and for catalytic activity of ribonucleases in the molecular function category. Downregulated genes under 

Cu stress were enriched for import of Cu ions in the biological process category, intrinsic membrane in the cellula r component 

category, and reductase and oxidoreductase activity in the molecular function category. Differentially express ed genes under Zn 

and Cu stress were enriched for different functional domains based on Gene Ontology and Kyoto Ency clopedia of Genes and 

Genomes analyses. These findings indicated that under heavy metal stress, downregulated genes are mainly involved in ion 

transport and cell membrane-related functions. Furthermore, energy consumption was higher under Cu stress than under Zn 

stress, contributing to differences in tolerance levels for A. niger. These findings provide a b asis for genetic engineering for 

efficient bioremediation. 
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1. Introduction 

The fungal genus Aspergillus is frequently used for the de-

velopment of microbial cell factories owing to its diverse me-

tabolites and specific mycelial structure. It is used to produce 

organic acids, proteins, and new bioactive secondary metabo-

lites [1-3]. Species in the genus show strong resistance to 

heavy metals and are used as adsorbents and extracting agents 

for environmental control [4]. For example, Aspergillus niger 

has been used as an adsorbent for lead (Pb), cadmium (Cd), 

and copper (Cu) [5, 6] and for pigments [7]. The main bio-

sorption mechanisms in A. niger are ion exchange, electronic 

attraction, and complexation (involving C=C, C-H, C-O, and 

N-H) [8, 9]. Metals are bioleached by A. niger from various 

substrates; the species has been used to bioleach valuable met-

als from spent catalysts, computer printed circuit boards, and 
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lithium-ion mobile phone batteries [10-12]. Scandium has 

been bioleached from bauxite residue while iron impurities 

have been bioleached from kaolin using A. niger [13, 14]. Ad-

ditionally, heavy metals have been bioleached from contami-

nated soil using A. niger [15, 16]. The main bioleaching mech-

anisms for A. niger F2 include acidolysis, complexolysis 

(generation of organic acids), redoxolysis, and bioaccumula-

tion [17]. 

Transcriptomics can improve our understanding of cell me-

tabolism in polluted environments. In particular, transcrip-

tome technology can rapidly predict relevant defense factors 

under stress and reveal relationships between metabolic path-

ways, signal transduction, and defense responses, providing a 

basis for improving microbial stress resistance and under-

standing the detoxification mechanisms under heavy metal 

stress [18]. In an early study, the structure and composition of 

the transcriptomes of two Prochlorococcus strains with a gene 

pool adapted to a specific environment were compared, re-

vealing antisense transcription for 3/4 of all genes, hundreds 

of transcription start sites within genes with very little conser-

vation, and non-coding transcripts differing between strains 

[19]. In Stenotrophomonas rhizophila, comparative tran-

scriptomics analyses have revealed that pbt is responsible for 

adsorbing Pb2+, phosphate permease is involved in the Pb2+ 

response, and czcA/cusA or Co2+/Mg2+ efflux proteins con-

tribute to the efflux of Pb2+ [20]. The impact of cadmium on 

Bacillus subtilis biofilms, morphology, and function was eval-

uated by transcriptomics. The main regulator of biofilm for-

mation, Spo0A, decreased under Cd ion stress, inhibiting ex-

tracellular polysaccharide synthesis and the AbrB pathway. 

Cd ion treatment also increased the SigD content and expres-

sion levels of flagella-encoding and assembly genes in the 

strain [21]. 

Recent research on the transcriptome of Aspergillus niger 

has been aimed at improving enzyme production [22]. Wang 

et al. [23] developed a sucrose-inducible expression system 

based on the PfopA promoter and A. niger ATCC 20611. The 

system was successfully used to produce the monoenzyme β-

glucosidase and a chitin-degrading enzyme cocktail including 

chitinase Chi46 and GlcNAcase NAG1 at high levels. The fer-

mentation broths of recombinant strains can be directly ap-

plied to the substrate without additional purification, enabling 

efficient and cost-effective biomass degradation [23]. Addi-

tionally, studies have focused on characterizing transcrip-

tional profiles under different conditions [24]. In A. niger, the 

transcriptional response to 6 h of exposure to wheat straw dif-

fered significantly from the response to 24 h of exposure to 

the same substrate, as determined using RNA sequencing [25]. 

In an analysis of spore germination, Novodvorska et al. [26] 

found that the transcriptome of dormant conidia was highly 

differentiated from that of germinating conidia, and major 

changes in response to an environmental shift occurred within 

the first hour of germination. 

Detoxification mechanisms in microorganisms enable sur-

vival in environments polluted with heavy metals. These 

mechanisms include extracellular sequestration, redox trans-

formation, efflux systems, methylation and volatilization, and 

biofilm collaborative defense. Extracellular sequestration is 

achieved by the adsorption or chelation of secreted extracellu-

lar polymers of heavy metals, cell surface adsorption, and 

mineral precipitation. Intracellular detoxification is achieved 

by chelating heavy metal ions with small proteins rich in 

sulfhydryl groups (-SH), such as metallothionein (MTs), glu-

tathione, and phytochelin (PCs), to form non-toxic complexes 

and transporting heavy metals to specific cellular compart-

ments (such as vacuoles) for isolation through metallochaper-

one proteins (e.g., yeast YCF1 transports the Cd-GSH com-

plex to the vacuole). The REDOX pathway changes the va-

lence state of heavy metal ions. Heavy metals with high tox-

icity are reduced to those with low toxicity or to easy precipi-

tation valence states through REDOX enzymes (e.g., Hg2+ is 

reduced to Hg0, Cr6+ to Cr3+, and As5+ to As3+). The main pro-

teins involved in active efflux are ATPase pumps (P-type 

ATPases), CDF family proteins (ZnT), and RND family pro-

teins. Bacterial CadA depends on ATP to discharge Cd2+, Pb2+, 

etc. ZnT transfers Zn2+ and Cd2+ to extracellular compart-

ments or vacuoles, and the Cus system of Escherichia coli re-

moves Cu+/Ag+. Methylation products, such as As methyl-

transferase in fungi, can translate As3+ into methylarsenic and 

some volatile products, such as dimethylselenium and dime-

thylmercury. Biofilm cooperative defense mechanisms in-

clude group protection and microenvironmental regulation. 

Microorganisms enhance the overall resistance via shared ex-

tracellular polymeric substances and lateral transfer of re-

sistance genes to achieve population protection. Reductive en-

vironments in biofilms promote the precipitation of heavy 

metals (e.g., Fe3+ to Fe2+) to achieve microenvironmental reg-

ulation. Research on the mechanisms underlying microbial de-

toxification of heavy metals can provide guidance for biore-

mediation, as resistant or genetically engineered bacteria have 

been used to treat contaminated soil/water, and for environ-

mental monitoring through the design of biosensors using mi-

crobial heavy metal response genes, such as meroperons. 

Heavy metals are bioaccumulative, non-degradable, and not 

environmentally durable, and their toxic effects occur at low 

concentrations, Zn and Cu are common heavy metals present 

in the polluted soil of mines. Although various mechanisms 

thro ugh which microbes counter heavy metal toxicity have 

been determined [27], little is known about the gene expres-

sion in A. niger under heavy metal stress from the perspective 

of transcriptomics. Thus, in this study, based on the strong tol-

erance of A. niger to Zn and Cu [15], a transcriptome approach 

was used to elucidate the molecular mechanisms contributing 

to the res ponses to Zn and Cu exposure in A. niger. This study 

serves to identify genes involved in heavy metal tolerance in 

fungal c ells and to provide a scientific basis for the construc-

tion of an engineered strain. 
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2. Materials and Methods 

2.1. Culture Under Heavy Metal Stress and 

Transcriptome Sequencing 

Liquid media were prepared as described by Deng et al. [9]. 

A spore suspension (1 mL) was cultured in 49 mL of liquid 

medium, the spores were harvested from the solid medium, 

and 15 samples were prepared and divided into three groups: 

4000 mg/L Zn was added to group A, 3000 mg/L Cu was 

added to group B, and no heavy metal was added to group C. 

Each group consists of 3 repetitions. All samples were cul-

tured for 15 days and then filtered. Mycelia were collected in 

a freezing tube, f rozen in liquid nitrogen for 30 min, preserved 

in a -80°C refrigerator, and sent to Sangon Biotech (Shanghai) 

Co., Ltd. for tra nscriptomic sequencing (no reference ge-

nome). The mRNA library was constructed using the 

VAHTS™ mRNA-seq V2 Librar y Prep Kit for Illumina® 

(Nanjing Novizan), and the library was detected through 8% 

PAGE. The recycled DNA was accurate ly quantified using a 

Qubit2.0 DNA Detection Kit, made in Thermo Fisher Scien-

tific, mixed at a ratio of 1:1, and sequenced. 

2.2. Analysis of Transcriptome Sequencing 

Data 

Illumina HiSeq™ raw image data files were analyzed 

using CASAVA Base Calling and converted to raw 

reads/raw data. Clean reads were obtained by removing 

reads with joints, with an N ratio of >5%, or with a mean 

quality <20. The quality control results are shown in Table 

1. Overlapping reads were assembled into fragments using 

Trinity software (version 2.4.0) and further assembled into 

unigenes. Unigenes were also checked for redundancy and 

further spliced using Tgicl software (v2.0.6). 

Table 1. Quality control data for all samples. 

Item A1 A2 A3 B1 B2 B3 C1 C2 C3 

Total Read 

Count (bp) 

5346231 

6 

5658057 

4 

5825071 

4 

6030647 

6 

5016544 

2 

6225423 

4 

5991535 

0 
37981956 

4581877 

0 

Total Base 7799922 8232441 8539144 8842535 7338665 9109868 8757236 55362377 6765581 

Count (bp) 526 426 295 892 769 248 715 77 236 

Average Read 

Length (bp) 
145.9 145.5 146.59 146.63 146.29 146.33 146.16 145.76 147.66 

Q10 Base 7799861 8232377 8539079 8842468 7338608 9109793 8757168 55362202 6765527 

Count (bp) 752 865 954 564 593 657 882 13 775 

Q10 Base Ratio 

(%) 
100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

Q20 Base 7753259 8179973 8484155 8789274 7292127 9053973 8704413 54689303 6719240 

Count (bp) 917 542 171 716 824 516 955 25 496 

Q20 Base Ratio 

(%) 
99.40% 99.36% 99.36% 99.40% 99.37% 99.39% 99.40% 98.78% 99.32% 

Q30 Base 7594334 8003589 8297975 8607326 7135848 8862789 8522612 52872151 6562816 

Count (bp) 688 983 402 410 373 155 759 47 477 

Q30 Base Ratio 

(%) 
97.36% 97.22% 97.18% 97.34% 97.24% 97.29% 97.32% 95.50% 97.00% 

N Base Count 

(bp) 
60774 63561 64341 67328 57176 74591 67833 17564 53461 

N Base Ratio 

(%) 
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

GC Base 4411946 4618611 4763806 4963075 4036200 5080221 4790932 30397402 3699814 

Count (bp) 663 250 026 619 979 015 607 85 435 
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Item A1 A2 A3 B1 B2 B3 C1 C2 C3 

GC Base Ratio 

(%) 
56.56% 56.10% 55.79% 56.13% 55.00% 55.77% 54.71% 54.91% 54.69% 

 

The transcripts were blast-searched using NCBI Blast+ 

against the following databases to acquire the functional 

annotation information: Eukaryotic Orthologous Groups 

(KOG), Swiss-Prot, TrEMBL, CDD, Gene Ontology (GO), 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

(e-value < 0.00001). Annotation information was obtained 

from GO, SWISS- PROT, and TrEMBL. An automatic an-

notation server was used to obtain annotation information us-

ing KEGG. CDS prediction was carried out through compar-

isons using the BLAST database and TransDecoder. The 

valid data for the samples were compared with the tran-

scripts obtained by splicing using Bowtie2, and mapping in-

formation was calculated. RSeQC was used to analyze re-

dundant sequences and insert fragment distributions based 

on the comparison results. BEDTools was used to evaluate 

homogeneity and gene coverage. Salmon was used to calcu-

late gene expression, represented by transcripts per million 

reads (TPM). The DESeq2 model was used to select differ-

entially expressed genes (q < 0.05 and |FoldChange| > 2) 

[28]. For visualization, a scatter diagram was drawn based 

on the results of DEG screening. ClusterProfiler was used for 

KEGG pathway and KOG classification enrichment analyses. 

An association analysis network was drawn based on the re-

sults of the functional enrichment analysis. 

2.3. Verification Through Quantitative Real-

Time Polymerase Chain Reaction (qRT-

PCR) 

For verification, quantitative real-time polymerase chain 

reaction (qRT-PCR) was perfomed by the Wuhan Institute 

of Biotechnology. In particular, 28 genes were selected for 

verification using the BIO-RAD CFX Connect™ Fluores-

cence Quantitative PCR Detection System and Power 

SYBR® Green PCR Master Mix (Applied Biosystems® Cat: 

4367659). The same RNA samples were used for Illumina 

library synthesis and qRT-PCR verification. The specific 

primers used for qRT-PCR are listed in Additional File 1, 

and actin and β-tubulin were used as endogenous controls. 

Relative gene expression was analyzed using the compara-

tive threshold (CT) cycle method established by Livak & 

Schmittgen [29]. 

First, the CT value for the target gene was normalized to 

that of the reference gene (ref) for both test and calibrator 

samples as follows: 

⊿CT (test) = CT (target, test) – CT (ref, test) 

⊿CT (calibrator) = CT (target, calibrator) – CT (ref, cali-

brator) 

Second, the ⊿CT value for the test sample was normalized 

to the ⊿CT value for the calibrator: ⊿⊿CT =⊿CT (test) –

⊿CT (calibrator) 

Finally, the expression ratio was calculated as follows: 2–

⊿⊿CT = Normalized expression ratio 

3. Results and Dicussion 

3.1. Transcriptome Profiles and Splicing Under 

Zn and Cu Stress 

After quality control, 183324 transcripts and 90345 uni-

genes were assembled. The maximum length of transcripts or 

unigenes was 16168 base pairs (bp), minimum length was 

201 bp, and average transcript lengths were 1607.79 bp and 

836.17 bp for unigenes (Table 2). The mapping ratios for 

all samples exceeded 97%, and the average ratios of multiply 

mapped samples were 81.61% for samples under Zn stress, 

80.27% for samples under Cu stress, and 82.91% for control 

samples. The average ratios of uniquely mapped reads were 

16.21% for samples under Zn stress, 17.35% for samples 

under Cu stress, and 14.70% for controls (Table 3). Regard-

ing coverage, 8393, 9450, and 7573 genes showed values 

between 90% and 100% for samples under Zn stress, 20254, 

11094, and 14889 genes were between 90% and 100% for sam-

ples under Cu stress, and 8575, 4788, and 14245 genes were 

between 90% and 100% for controls (Table 4). These find-

ings indicated that transcriptome sequencing and splicing re-

sults for A. niger were accurate and reliable. 

Table 2. Assembly results. 

Item No. 
≥500 

bp 
≥1000 bp N50 N90 

Max 

Length (bp) 

Min 

Length (bp) 

Total Length 

(bp) 

Average 

Length (bp) 

Transcript 183324 108547 83291 3263 719 16168 201 294746548 1607.79 
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Item No. 
≥500 

bp 
≥1000 bp N50 N90 

Max 

Length (bp) 

Min 

Length (bp) 

Total Length 

(bp) 

Average 

Length (bp) 

Unigene 90345 32441 20933 1876 263 16168 201 75544213 836.17 

Table 3. Mapping results for Aspergillus niger. 

Item A1 (%) A2 (%) A3 (%) B1 (%) B2 (%) B3 (%) C1 (%) C2 (%) C3 (%) 

Total reads 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Total mapped 97.71 97.85 97.88 97.92 97.12 97.82 97.56 98.04 97.22 

Multiple 

mapped 
81.00 81.72 82.10 79.89 81.17 79.74 83.55 83.58 81.60 

Uniquely 

mapped 
16.71 16.13 15.78 18.04 15.95 18.07 14.01 14.46 15.62 

Read-1 

mapped 
8.36 8.07 7.89 9.02 7.98 9.04 7.01 7.23 7.81 

Read-2 

mapped 
8.35 8.06 7.89 9.02 7.97 9.04 7.00 7.23 7.81 

Reads map to 

‘+’ 
8.35 8.07 7.92 9.02 8.00 9.03 7.03 7.25 7.85 

Reads map to 

‘- ’ 
8.36 8.05 7.86 9.02 7.95 9.04 6.98 7.21 7.77 

Non-splice 

reads 
16.71 16.13 15.78 18.04 15.95 18.07 14.01 14.46 15.62 

Splice reads 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Reads mapped 

in proper pairs 
15.41 14.85 14.71 16.79 14.74 16.71 12.96 13.55 14.51 

Table 4. Coverage of genes. 

Item A1 A2 A3 B1 B2 B3 C1 C2 C3 

0%−10% 59188 57630 60157 44930 50771 43478 66913 71249 57765 

10%−20% 1750 1093 1519 1897 1033 1547 561 2164 653 

20%−30% 2006 1737 2045 1969 1784 2185 1022 1542 978 

30%−40% 2292 2202 2198 2072 2691 2863 1306 1372 1395 

40%−50% 2662 2638 2581 2357 3771 3638 1831 1421 2032 

50%−60% 3036 3051 3091 2923 4323 4537 2179 1506 2760 

60%−70% 3447 3553 3454 3605 5139 5113 2344 1644 3347 

70%−80% 3494 3859 3658 4290 4871 5539 2522 1926 3429 

80%−90% 4077 5132 4069 6048 4868 6556 3092 273 3741 

90%−100% 8393 9450 7573 20254 11094 14889 8575 4788 14245 

Note: A represents samples under Zn stress, B represents samples under Cu stress, and C represents the control 
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3.2. Screening and Annotation of Significantly 

Differentially Expressed Genes Under Zn 

and Cu Stress 

The percentages of annotated genes were 28.43% in KOG, 

57.59% in GO, and 8.01% in KEGG (Figure 1). When com-

pared with results for group C, 6121 genes and 7568 tran-

scripts with significant differences were screened from group 

A, including 5941 and 7256 upregulated genes and transcripts 

and 180 and 312 downregulated genes and transcripts, respec-

tively (Figure 2a). Additionally, levels of 7975 genes and 

10011 transcripts differed significantly between groups C and 

B, among which 7907 genes and 9764 transcripts were upreg-

ulated and 68 genes and 247 transcripts were downregulated 

in group B (Figure 2b). In total, 1352 genes and 1408 tran-

scripts differed significantly between groups A and B, among 

which 17 genes and 79 transcripts were upregulated and 1335 

genes and 1329 transcripts were downregulated in group B 

(Figure 2c). Under Cu stress, the activated genes (FC ≥ 20) 

were mainly enriched for protein synthesis, REDOX reaction, 

and copper chaperone (Table 5), which might owing to that 

Cu toxicity arises from catalyzing the formation of ROS via 

Fenton-like reactions or substitution for Fe-S clusters [30]. 

The activated genes under Zn stress (FC ≥ 20) were mainly 

enriched for zinc ion transport and REDOX and those with FC 

≤ --18 were mainly related to zinc ion transport (Table 6). 

Most differentially expressed genes were upregulat ed, and 

only a few were downregulated under Zn or Cu stress, indi-

cating that A. niger actively responded to Zn and Cu stres s by 

increasing the expression of related genes to maintain normal 

functions and physiology The adsorption-tolerance synergy i 

the main resistance mechanism niger under heavy metal stress 

[31]. 

 
Figure 1. Percentage of annotated genes in different database. 

. 
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Figure 2. The differential genes under Zn and Cu (qValue<0.05 and |FoldChange|>2). 

(a represents the different genes and transcripts of A vs C, b represents the different genes and transcripts of B vs C, c represents the 

different genes and transcripts of A vs B.) 
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Table 5. Differential gene expression under Cu stress (FC ≥ 20 or ≤ -18). 

Gene id 
Mean 

TPM (B) 

Mean TPM 

(C) 

log2 fold 

change 
q-Value Direction Function (KOG/GO/TrEMBL) 

TRINITY_DN3713

7 _c4_g3 
1403.40 39 0.0001 23.74242701 3.54E- 07 up 

Ubiquitin/60S ribosomal protein 

L40 fusion 

TRIN-

ITY_DN35856 

_c0_g4 

951.091 7 0.0001 23.18115305 4.12E- 08 up Thioredoxin 

TRIN-

ITY_DN37465 

_c0_g1 

808.478 8 0.0001 22.94677842 4.82E- 14 up 
Uncharacterized protein OS=As-

pergillus oryzae 

TRIN-

ITY_DN37095 

_c0_g2 

550.070 3 0.0001 22.39118467 3.07E- 06 up 
Ubiquitin/40S ribosomal protein 

S27a fusion 

TRIN-

ITY_DN36195 

_c1_g9 

484.202 3 0.0001 22.20717853 9.74E- 08 up Copper chaperone 

TRIN-

ITY_DN35384 

_c0_g2 

369.312 2 0.0001 21.81640975 1.55E- 05 up 

Molecular chaperones 

HSP70/HSC70, HSP70 super-

family 

TRIN-

ITY_DN35885 

_c2_g7 

307.329 4 0.0001 21.55135425 5.65E- 06 up 
Ubiquitin/60s ribosomal protein 

L40 fusion 

TRIN-

ITY_DN37185 

_c0_g3 

306.433 1 0.0001 21.54714087 1.28E- 07 up 
NADH:flavin oxidoreductase/12- 

oxophytodienoate reductase 

TRIN-

ITY_DN35247 

_c0_g4 

294.128 3 0.0001 21.48801433 0.0005 up Glutaredoxin and related proteins 

TRIN-

ITY_DN37215 

_c0_g1 

272.012 3 0.0001 21.37524034 2.79E- 07 up / 

TRIN-

ITY_DN32067 

_c0_g1 

271.879 0.0001 21.37453329 0.0006 up 

1-Acyl dihydroxyacetone phos-

phate reductase and related dehy-

drogenases 

TRIN-

ITY_DN36707 

_c0_g1 

235.113 7 0.0001 21.16492701 3.37E- 07 up 

Molecular chaperones 

HSP70/HSC70, HSP70 super-

family 

TRIN-

ITY_DN36887 

_c2_g4 

222.361 0.0001 21.08447234 3.16E- 06 up 
Molecular chaperone (small heat-

shock protein Hsp26/Hsp42) 

TRIN-

ITY_DN58047 

_c0_g1 

0.0001 37.9444 
- 

18.53352746 
0.0111 down 

Subtilisin kexin isozyme-1/site 1 

protease, subtilase superfamily 

TRIN-

ITY_DN35446 

_c3_g1 

0.0001 52.9275 
- 

19.01365799 
0.0115 down Integral membrane component 
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Table 6. Differential gene expression under Zn stress (FC ≥ 20 or ≤ -18). 

Gene id 
Mean TPM 

(A) 

Mean TPM 

(C) 

log2 fold 

change 
q-Value Direction Function 

TRINITY_DN370

48_ c0_g2 
427.7188 0.0001 22.0282 2.60E- 09 up Uncharacterized protein 

TRIN-

ITY_DN24487_ 

c0_g1 

379.4474 0.0001 21.8556 2.60E- 09 up / 

TRIN-

ITY_DN35247_ 

c0_g4 

313.9668 0.0001 21.5822 2.72E- 06 up / 

TRIN-

ITY_DN37802_ 

c1_g1 

181.5296 0.0001 20.7918 8.50E- 09 up 

Zn2+ transporter ZNT1 and related 

Cd2+/Zn2+ transporters (cation dif-

fusion facilitator superfamily) 

TRIN-

ITY_DN36989_ 

c0_g9 

158.1992 0.0001 20.5933 3.26E- 08 up 

oxidoreductase activity, acting on 

paired donors, with incorporation 

or reduction of molecular oxygen 

TRIN-

ITY_DN36642_ 

c0_g6 

111.8162 0.0001 20.0927 3.08E- 08 up 

oxidoreductase activity, acting on 

paired donors, with incorporation 

or reduction of molecular oxygen 

TRIN-

ITY_DN36908_ 

c0_g3 

110.6152 0.0001 20.0771 1.65E- 07 up / 

TRIN-

ITY_DN25819_ 

c0_g1 

105.5342 0.0001 20.0093 2.36E- 08 up 

oxidoreductase activity, acting on 

paired donors, with incorporation 

or reduction of molecular oxygen 

TRIN-

ITY_DN37305_ 

c0_g12 

104.8678 0.0001 20.0001 2.36E- 07 up 
zinc ion binding/oxidoreductase 

activity 

TRIN-

ITY_DN17316_ 

c0_g2 

0.0001 27.6384 -18.0763 0.0353 down 
cytoplasm/L-amino acid trans-

membrane transporter activity 

TRIN-

ITY_DN37431_ 

c0_g3 

0.0001 32.7865 -18.3227 0.0169 down 
ribonuclease III activity/RNA 

binding/RNA processing 

TRIN-

ITY_DN22007_ 

c0_g1 

0.0001 50.1727 -18.9365 9.06E- 05 down integral membrane component 

TRIN-

ITY_DN35446_ 

c3_g1 

0.0001 52.9275 -19.0137 0.0002 down integral membrane component 

TRIN-

ITY_DN25218_ 

c0_g1 

0.0001 122.6521 -20.2261 0.0002 down / 

TRIN-

ITY_DN14417_ 

c0_g1 

0.0001 192.1176 -20.8736 8.44E- 05 down Unnamed protein product OS 

TRIN-

ITY_DN53309_ 

c0_g1 

0.0001 861.5829 -23.03856 2.69E- 06 down / 
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Table 7. Verified differentially expressed genes. 

Gene id 
Mean TPM 

(A) 
Mean TPM (B) Mean TPM (C) log2 fold change Q-Value Result 1 Result 2 

TRINITY_DN36226

_c3_g1 
911.3373 2.4437 / 8.5428 2.67E-06 up up 

TRIN-

ITY_DN37865_c1_g

4 

1602.097 9 5.7960 / 8.1107 6.89E-06 up up 

TRIN-

ITY_DN37487_c0_g

1 

2.6218 187.8221 / -6.1627 0.0093 down up 

TRIN-

ITY_DN27566_c0_g

1 

1.8571 564.1446 / -8.2469 0.0010 down down 

TRIN-

ITY_DN30178_c0_g

1 

23.8624 0.0001 / 17.8644 1.0000 up up 

TRIN-

ITY_DN37711_c1_g

5 

42.2521 0.0001 / 18.6887 2.13E-07 up up 

TRIN-

ITY_DN37502_c0_g

5 

43.4822 0.0001 / 18.7301 5.95E-05 up up 

TRIN-

ITY_DN35627_c0_g

10 

37.0141 0.0001 / 18.4977 1.05E-05 up up 

TRIN-

ITY_DN34499_c2_g

1 

16.9937 0.0001 / 17.3746 1.17E-06 up up 

TRIN-

ITY_DN35404_c2_g

3 

/ 3222.3667 10.8374 8.2160 0.0006 up down 

TRIN-

ITY_DN37634_c1_g

1 

/ 829.3407 4.3637 7.5703 0.0009 up up 

TRIN-

ITY_DN35878_c1_g

1 

/ 6.2588 766.4338 -6.9361 0.0109 down down 

TRIN-

ITY_DN35561_c1_g

1 

/ 6.3221 647.0381 -6.6773 0.0207 down up 

TRIN-

ITY_DN35178_c3_g

1 

/ 91.5329 0.0001 19.8040 5.84E-06 up up 

TRIN-

ITY_DN37809_c0_g

5 

/ 77.7409 0.0001 19.5683 2.93E-06 up up 

TRIN-

ITY_DN37260_c1_g

3 

/ 53.6735 0.0001 19.0339 1.29E-06 up up 
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Gene id 
Mean TPM 

(A) 
Mean TPM (B) Mean TPM (C) log2 fold change Q-Value Result 1 Result 2 

TRIN-

ITY_DN36124_c2_g

8 

/ 17.6184 0.0001 17.4267 0.0001 up up 

TRIN-

ITY_DN37249_c1_g

12 

/ 29.7571 0.0001 18.1829 7.20E-06 up up 

TRIN-

ITY_DN37780_c0_g

1 

/ 300.2814 7.8724 5.2534 0.0005 up up 

TRIN-

ITY_DN37780_c0_g

1 

15.8333 / 300.2814 -4.2453 0.0046 down down 

TRIN-

ITY_DN37749_c2_g

8 

5.7350 / 60.45897 -3.3981 0.0498 down down 

TRIN-

ITY_DN33158_c0_g

1 

2.3459 / 18.7670 -2.9999 0.0405 down up 

TRIN-

ITY_DN30925_c0_g

1 

2.0546 / 223.2975 -6.7640 0.0004 down down 

TRIN-

ITY_DN35913_c0_g

2 

315.0660 / 3.0729 6.6800 0.0264 up down 

TRIN-

ITY_DN37504_c2_g

1 

0.0001 / 241.8143 -21.2055 7.26E-07 down down 

TRIN-

ITY_DN21185_c0_g

1 

0.0001 / 95.4216 -19.8640 3.05E-06 down down 

TRIN-

ITY_DN35275_c1_g

2 

0.0001 / 117.9133 -20.1693 7.53E-06 down down 

TRIN-

ITY_DN36707_c0_g

1 

0.0001 / 235.1137 -21.1650 5.16E-07 down down 

Note: A represents samples under Zn stress, B represents samples under Cu stress, and C represents the controls. 

Result 1 refers to the transcriptome sequencing results, while Result 2 refers to the qRT-PCR verification results. qRT-PCR, quantitative 

reverse transcription-polymerase chain reaction 

3.3. Comparison of Differentially Expressed 

Genes Under Zn and Cu Stress 

3.3.1. Characteristics of Gene Expression Under 

Zn Stress 

Significantly differentially expressed genes were enriched 

for various terms in the GO database. Differentially ex-

pressed genes in A vs. C were mainly enriched in the follow-

ing GO terms: cytoplasmic part, intracellular part, intracel-

lular membrane-bound, intracellular organelle, cytoplasm, 

cell, intracellular, and cytosol (Figure 3a). Using KOG, 

there was significant enrichment for the terms RNA pro-

cessing and modification, cell cycle control, cell division, 

chromosome partitioning, unknown function, replication, re-
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combination and repair, amino acid transport, and metabo-

lism (Figure 3b). 

In A vs. C, no downregulated genes were significantly 

enriched in the biological processes category (q<0.001). It 

total, 54 significantly downregulated genes were enriched for 

the term membrane part in the cellular component category 

(q = 0.0042), indicating roles in integral and intrinsic com-

ponents of the membrane (Figure 3c), including the regula-

tion of the membrane channels of Zn ions and membrane 

proteins involved in Zn ion transport. Additionally, 74 sig-

nificantly down-regulated genes were enriched for the term 

catalytic activity in the molecular function category (q = 

0.5531), indicating a role in the regulation of double-

stranded RNA-specific ribonuclease activity and ribonucle-

ase III activity (Additional File 2). These findings imply 

that Zn induced damage in A. niger cell via two mechanisms: 

(1) the membrane structure of cells was affected to prevent 

Zn from entering cells and (2) ribonuclease activity was 

affected, preventing the hydrolysis of nucleic acids. The 

mechanism underlying resistance to Zn was observed at the 

molecular level. In the biological processes category, 3295, 

2864, and 1239 upregulated genes were enriched for the 

terms cellular process (q = 0.0003), metabolic process (q 

= 0.0065), and cellular component organization or biogene-

sis (q = 0.0248), respectively. In the cellular component cat-

egory, 3735, 3725, 1331, 3122, and 1957 upregulated genes 

were enriched for the terms cell, cell part, macromolecular 

complex, organelle, and organelle part (q = 0.0000), ex-

cluding nuclear replication fork, protein complex, mating 

projection, and mitochondrial ribosome, etc. In the molecular 

function category, 2544 upregulated genes were enriched for 

the term catalytic activity (q = 0.0016), indicating roles in 

processes related to RNA binding, nucleic acid binding, nu-

clease, ribonuclease, endonuclease, and endoribonuclease 

activity (Figure 3d). The upregulated genes were beneficial 

for DNA replication and protein synthesis. 

 
Figure 3. The enrichment of the differential genes (Go database) (A vs C). 
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In a KEGG enrichment analysis, the upregulated genes 

were mainly involved in three pathways, DNA replication, 

aminoacyl- tRNA biosynthesis, and ribosome biogenesis in 

eukaryotes (Figure 4a), concentrated in the category of ge-

netic information processing and protein synthesis. Genes 

related to the metabolism of carbohydrates and energy were 

not upregulated. These findings confirmed that A. niger 

achieved resistance to Zn via the promotion of a wide range 

of biological processes, especially DNA replication and RNA 

and protein synthesis. The downregulated genes were signif-

icantly enriched in styrene, chloroalkane and chloroalkene, 

chlorocyclohexane and chloroalkene, dioxin, polycyclic aro-

matic hydrocarbon degradation, β - alanine, and tyrosine me-

tabolism pathways (Figure 4b). The downregulated genes 

were involved in the metabolism of toxic substances, β-ala-

nine, and tyrosine, indicating the reduced activity of en-

zymes involved in biochemical reactions under Zn stress. 

Tyrosine plays an important role in the protein surface and 

binding interface; the reduction in this metabolic pathway 

may cause a decline in membrane protein function. Addi-

tionally, β-alanine plays important roles in cell metabolism, 

energy, the maintenance of an acid-alkali balance, regulate 

protein synthesis, and other processes. 

 
Figure 4. The enrichment of the differential genes (KEGG database)(A vs C). 

3.3.2. Characteristics of Gene Expression Under 

Cu Stress 

Significantly differentially expressed genes between 

groups B and C were mainly enriched for the terms post-

translational modification, protein turnover, chaperones; in-

tracellular trafficking, secretion, and vesicular transport; en-

ergy production and conversion; and cell cycle control, cell 

division, chromosome partitioning according to the KOG 

mapping results (Figure 5a). Downregulated genes under Cu 

stress were enriched for the terms, ion transport, Cu ion 

transport and Cu ion import in the biological process cate-

gory (Figure 5b), membrane part, intrinsic component of 

membrane, integral component of membrane in the cellular 

component category (Figure 5c), and ferric-chelate reductase 

and oxidoreductase activity in the molecular function cate-

gory (Figure 5d). The downregulation of these genes sug-

gests that A. niger maintains intracellular Cu ion homeostasis 

by changing the membrane structure and reducing the 

transport of Cu ions to limit input; excess Cu ions are bound 

to proteins during the tricarboxylic acid cycle, inducing the 

heteromerization of these proteins, resulting in reduced activ-

ity of iron-containing reductase [32]. Physiological processes, 

such as energy metabolism, organic degradation, and antiox-

idant defense, were affected by Cu-ion stress in A. niger. 
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(a-the significantly differential genes in KOG; b,c,d- the down-regulated significantly differential genes in GO) 

Figure 5. The enrichment of the significantly differential genes (B vsC). 

Most of the significantly differentially expressed genes in 

A. niger were upregulated. In the biological process category, 

4203 upregulated genes were associated with cellular pro-

cesses (q = 0.0182) and 3665 upregulated genes were 

associated with metabolic processes (q = 0.0065). In the 

cellular component category, 4794 upregulated genes were 

associated with the term cell (q = 0.0000), 4783 upregu-

lated genes were related to the term cell part (q = 0.0000), 

1647 upregulated genes were associated with the term mac-

romolecular complex (q = 0.0000), 3982 upregulated genes 

were related to the term organelle (q = 0.0000), and 2441 

upregulated genes were related to the term organelle part (q 

= 0.0000). In the molecular function category, 3228 upreg-

ulated genes were associated with the term metallochaperone 

activity (q = 0.0002) (Additional File 3). In a KEGG anal-

ysis, the upregulated genes were mainly involved in the pro-

tein processing pathway in the endoplasmic reticulum, pro-

teasome, RNA transport, ribosome biogenesis in eukaryotes, 

and aminoacyl-tRNA biosynthesis. The upregulated genes 

were mainly involved in pathways related to cellular pro-

cesses, environmental information processing, genetic infor-

mation processing, and metabolism. The species tolerates Cu 

http://www.sciencepg.com/journal/ajese


American Journal of Environmental Science and Engineering http://www.sciencepg.com/journal/ajese 

 

15 

ion toxicity by improving growth, division, protein synthesis, 

and metabolism (matter and energy) (Figure 6a). Only one 

downregulated gene was involved in each of the Hippo and 

Hedgehog signaling pathways, styrene degradation, tyrosine 

metabolism, and oxidative phosphorylation pathways (Figure 

6b). Copper is an important trace element that exists in oxi-

dizing and reducing forms and is involved in various biolog-

ical processes, including redox reactions, enzyme reactions, 

mitochondrial respiration, iron metabolism, autophagy, and 

immune regulation. Therefore, maintaining the homeostasis 

of Cu ions is essential for organisms, as both insufficient 

and excess Cu can have adverse effects. 

 
Figure 6. The enrichment of the differential genes (KEGG database) (B vs C). 

3.3.3. Comparison of Gene Expression 

Characteristics Between Zn and Cu Stress 

Differentially expressed genes between groups A and B 

were enriched for the terms post-translational modification, 

protein turnover, chaperones, energy production and conver-

sion, intracellular trafficking, secretion, and vesicular 

transport according to KOG (Figure 7a). In a GO analysis, 

differentially expressed genes were mainly enriched for the 

terms cytoplasmic part, cytoplasm, mitochondrial part, enve-

lope, organelle envelope, mitochondrial membrane, organelle 

inner membrane, mitochondrion, mitochondrial envelope, 

and mitochondrial inner membrane. The differentially ex-

pressed genes were also involved in mitochondrial structure, 

protein synthesis, ion transportation, and energy production 

and conversion. 

Downregulated genes in B compared with A (q < 0.05) 

were not enriched for terms in the biological process and 

cellular component categories. In the molecular function cat-

egory, 19 downregulated genes (q = 0.0247) were enriched 

for electron carrier activity, and 16 downregulated genes (q 

= 0.0582) were enriched for antioxidant activity (Additional 

File 4). Upregulated genes (q < 0.05) were not enriched 

for any terms in the three main categories,  biological pro-

cesses, cellular components, or molecular functions, in a GO 

analysis. 

In the biological process category, genes that were 

down-regulated but did not show significant differences 

were mainly enriched on the following terms: protein fold, 

protein transmembrane transport, mitochondrial transmem-

brane transport, intracellular transmembrane transport and 

protein transmembrane import into intracellular organelle 

(Figure 7b). For the cellular component category, the down-

regulated genes were mainly enriched for the terms respira-

tory chain, mitochondrial part, composition and structure of 

mitochondrion, membrane protein complex, proteasome 

complex, endopeptidase complex and peptidase complex 

(Figure 7c). The downregulated genes were enriched for 

the following terms in the molecular function category: 

threonin-type endopeptidase activity, threonine-type pepti-

dase activity, oxidoreductase activity, oxidoreductase activ-

ity (acting on a sulfur group of donors), and oxidoreductase 

activity (acting on NADPH) (Figure 7d). In the responses to 

Zn and Cu stress, genes involved in mitochondria and pro-

teases associated with respiration were inhibited, as was the 

activity of enzymes involved in protein breakdown and en-

ergy production. Additionally, the transport of cell sub-

stances was inhibited under Zn stress. 
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(a- the significantly differential genes in KOG; b,c,d- the down-regulated significantly differential genes in GO) 

Figure 7. The enrichment of the significantly differential genes (A vs B). 

In the KEGG enrichment analysis, upregulated genes were 

not enriched in any pathway, except carbohydrate metabolism 

and xenobiotic biodegradation and metabolism under Zn 

stress. Effects on these two pathways were stronger under Zn 

stress than under Cu stress (Figure 8a), implying that carbo-

hydrate metabolism improved and exogenous toxic substances 

were broken down by A. niger to a greater extent under Zn 

stress than under Cu stress. The response of A. niger to Cu 

stress was more positive than that under Zn stress, which may 

be explained by the role of Cu in many biochemical reactions 

and the higher toxicity of Cu than Zn. Downregulated genes 

were not enriched in membrane transport, signaling molecule, 

or interaction pathways under Zn stress; however, there was 

enrichment for these terms under Cu stress. There were fewer 

downregulated genes involved in cell growth and death, cell 

motility, cellular community, signal transduction, replication 

and repair, lipid metabolism, xenobiotic biodegradation, and 

metabolism pathways under Zn stress than under Cu stress; 

however, there were more downregulated genes involved in 
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folding sorting and degradation, carbohydrate metabolism, en-

ergy metabolism, and overview pathways under Zn stress than 

under Cu stress (Figure 8b). These results showed that the en-

ergy consumption of A. niger under Cu stress was greater than 

that under Zn stress for the bigger toxic effects of Cu [33], and 

the upregulation of bot h carbohydrate and energy metabolism 

pathways is not conducive to organic carbon storage in heavy 

metal-polluted environme nts [34]. 

 
Figure 8. The enrichment of the down-regulated differential genes (KEGG database) (Avs B). 

3.3.4. qRT-PCR Verification 

qRT-PCR results are shown in Table 7. The results for 

23 genes obtained using qRT-PCR were identical to those 

of the transcriptomics analysis (82.14%). Only 5 genes 

showed differences between qRT-PCR and transcriptomics 

analyses. These differences could be explained by the experi-

mental operation, sample processing, primer designation, data 

processing and analysis, and selection of genes. For two genes 

showed inconsistent results, DN33158_c0_g1 (q = 0.0405) 

and DN35913_c0_g2 (q = 0.0264), the differences between 

groups may have been insufficient. Genes with larger fold-

changes and smaller q-values should be selected for qRT-PCR 

verification experiments. 

This study provides a perspective on the tolerance of As-

pergillus niger to heavy metals from the genetic level. Genetic 

mechanismsun derlying differences in Aspergillus niger toler-

ance to different heavy metals were identified. Although most 

functional genes were upregulated (and few were downregu-

lated) in response to both Cu and Zn stress, the functions of 

the upregulated and do wnregulated genes differed, and A. ni-

ger was more active in response to Cu stress than to Zn stress. 

The downregulated genes were associated with organelles 

with membrane structure and ion transportation, and the up-

regulated genes were mainly related to the synthesis of pro-

teins under both Zn and Cu stress. 

A. niger tolerates copper and zinc stress in different ways. 

Under Zn stress, signal transduction and hydrolysis of nuclei 

c acids were inhibited; cell growth, division, and metabolism 

of carbohydrates and energy were improved under Cu stress. 

Genes involved in the metabolism of carbohydrates and en-

ergy production were more highly expressed under Cu stress 

than under Zn stress, and the consumption of energy was 

higher under Cu stress than under Zn stress in A. niger. The 

key genes should be confirmed through experiment in future. 

The study of the microbial commu nity structure, respiration 

and carbon pool in heavy metal contaminated soil is worthy of 

in-depth investigation. 
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