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Abstract: In this study, using a typical acid-producing fungi, Aspergillus niger (A. niger, CGMCC
23272), we investigated the capacity of organic acid production under different lead (Pb) concentra-
tions. A. niger has a high Pb tolerance, which can maintain the growth of hypha at 1500 mg/L Pb
concentration. Oxalic acid is the primary organic acid produced by A. niger. A. niger was shown to
maintain the ability to produce oxalic acid under different Pb concentrations, which ranged from
522.8 to 1130.5 mg/L. The formed lead oxalate also confirmed the production of oxalic acid by A. niger.
Meanwhile, the formation of lead oxalate minerals dominated the resistance of Pb toxicity by A. niger.
More than 95% of Pb cations were removed by A. niger under different Pb concentrations. The high
Pb toxicity (1500 mg/L) could stimulate pyruvate dehydrogenase enzyme activities, which increased
from 0.05 to 0.13 nmol/min/g after three days of incubation. The low Pb toxicity (500 and 1000 mg/L)
could improve the production of oxalic acid by A. niger. This indicates that the metabolism of organic
acid by A. niger can be improved by a high Pb concentration via the tricarboxylic acid cycle.

Keywords: Aspergillus niger; organic acids production; oxalic acid; lead precipitation; TCA cycle

1. Introduction

Lead (Pb) is one of the most common heavy metal pollutants in the environment [1,2].
As a cumulative contaminant, Pb can cause high toxicity and has long-term persistence in
the environment [3,4]. The Pb pollutants in the environment are usually inputted by way
of exhaust emissions, industrial wastewater, and waste residue discharge [5,6]. In soil, the
high toxicity and persistence of Pb endangers soil organisms and reduces crop yield and
quality [7]. In addition, Pb pollutants can also be easily transferred into groundwater and
enriched through the food chain, which is a threat to the ecological environment, food safety
and human health [8,9]. Especially in soil, the transfer of Pb cations into living organisms
would be more serious due to the high concealment via the food chain pathway [10].
Therefore, the prevention of Pb pollutants’ transmission in the food chain is necessary.

Bioremediation has been recognized as an effective pathway in Pb contamination
remediation [11–14]. Compared with the typical physical or chemical methods, bioremedi-
ation has the characteristics of low cost and no secondary pollution [15–17]. For example,
the combination of Aspergillus niger (A. niger) and apatite can remove 99% of lead cations
in an aqueous solution [11]. On the one hand, the organic acids produced by A. niger
can promote the release of phosphorus (P) from apatite and accelerate the formation of
pyromorphite [18]. On the other hand, the organic acids produced by A. niger such as oxalic
acid can also react with lead to form insoluble lead oxalate minerals [19]. Lead oxalate
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has a low Ksp value (10−9–10−11), which is stable in the environment and can significantly
reduce the Pb cations in the soil [19,20].

The acid-producing fungi of A. niger have been successfully applied in Pb remediation
via the combination of phosphate [10,11]. Due to its high ability to produce organic
acid, A. niger also showed a high Pb tolerance [19]. Compared with other phosphate-
solubilizing fungi, e.g., Penicillium oxalicum, A. niger can also maintain the ability of organic
acid production at 1500 mg/L Pb concentration. Moreover, the low Pb concentration
(≤1000 mg/L) can stimulate the activity of A. niger and increase the production of organic
acid, especially for oxalic acid [19].

The tricarboxylic acid (TCA) cycle is the main metabolic pathway that regulates the
production of organic acids by phosphate-solubilizing fungi [21,22]. The organic acids
produced by the TCA cycle include oxalic acid, citric acid, tartaric acid, gluconic acid,
formic acid, and malic acid [23–25]. These organic acids are mostly low-molecular-weight
organic acids, with molecular weights close to 300 g/mol [21,26]. The synthesis of organic
acids via the TCA cycle is usually regulated by different enzymes [27]. The pyruvate
dehydrogenase (PDH) enzyme is important to support the production of organic acids in
the TCA cycle [28,29]. Mitochondrial isocitrate dehydrogenase (ICDHm) is also one of the
key rate-limiting enzymes in the TCA cycle for organic acid production [30]. However, the
production of organic acid by A. niger under different Pb concentrations via the TCA cycle
is unclear. Therefore, the production of organic acid by a typical acid-producing fungi,
A. niger, via the TCA cycle was investigated in this study under different Pb concentrations.

2. Materials and Methods
2.1. Reagents and Media

A potato dextrose agar medium (PDA) was prepared for the fungal incubation. Before
the incubation, 200 g of potato was cut into small pieces and boiled with double-deionized
water for 20 min. After filtration with sterile gauze, the filtrate was collected and made up
to 1000 mL with deionized water. Then, 20 g of dextrose and 20 g of agar were added to
the above 1000 mL solution (China National Pharmaceutical Group Chemical Reagent Co.,
Ltd., Shanghai, China). The preparation of potato dextrose broth medium (PDB) followed
the same process as PDA without agar. Solid Pb(NO3)2 powder (Xilong Scientific Ltd.,
Shantou, China) was supplemented for the different Pb concentrations in this study.

2.2. Strain Preparation

Aspergillus niger (A. niger, AH-F-1-2) was received from the China General Micro-
biological Culture Collection Center (CGMCC No. 23272). A. niger was isolated from
maize rhizosphere soil in the Northern Anhui Experimental Station, Suzhou City, Anhui
Province [31]. Before the experiment, A. niger was cultivated on the PDA medium for five
days at 28 ◦C. Then, the spores were gently scraped from the surface of the medium with
sterile water on an ultra-clean bench. The liquid was filtered and scraped using three layers
of sterile gauze to obtain an A. niger spore suspension [31]. The spore suspension was
diluted to a concentration of 107 CFU/mL using 0.85% sterile saline and measured using a
blood counting chamber [31].

2.3. Experimental Design

In this experiment, four Pb concentrations were used, i.e., 0, 500, 1000, and 1500 mg/L.
Before the incubation, a 250 mL conical flask was filled with 100 mL of PDB medium
and sterilized at 121 ◦C for 20 min. After being cooled to room temperature, 0, 0.08, 0.16,
and 0.24 g of Pb(NO3)2 powder (Xilong Technology Co., Ltd., Shenzhen, China) were
added to the 250 mL conical flask to simulate the Pb toxicity environment at 0, 500, 1000,
and 1500 mg/L. Then, 1 mL of A. niger spore suspension was added to each treatment
on a sterile bench. The medium was adjusted to pH 6. 5 with KH2PO4. Conical flasks
were sealed with sealing film (BS-QM-003, Biosharp, Hefei, China) and cultivated at 28 ◦C
and 180 rpm/min for one, three, and five days to collect A. niger hypha. The filtrate was
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collected by filtration through a 0.22 µm polyether sulfone membrane (PES). The collected
filtrate was used for the determination of pH, organic acid, and lead concentration in
the solution. The filtered mycelium was freeze-dried for biomass and scanning electron
microscopy analyses.

2.4. Instrumentation

The pH of the filtrate was determined using an FE20 pH meter (Mettler Toledo, Colum-
bus, OH, USA). High-performance liquid chromatography (Agilent 1200, Santa Clara, CA,
USA) was used to determine the content of organic acids in the filtrate. The concentrations
of the organic acid standard solutions (i.e., oxalic, tartaric, formic, malic, and citric acids)
were 1000, 500, 200, 100, 50, 10, and 0 mg/L, and the R-squared value of the standard
curve was 0. 9999. The liquid phase was an Agilent Zorbax SB-Aq (4.6 mm × 250 mm,
5 µm) column with mobile phase A at 2.5 wt‰ of potassium dihydrogen phosphate, with
the pH adjusted to 2.8 with phosphoric acid. The mobile phase B was methanol, and the
elution gradient program was 0–20 min with 99% A and 1% B phases, followed by a 5 min
equilibration run. The test flow rate was 1 mL/min, the column temperature was 30 ◦C, the
detection wavelength was 214 nm, and the injection volume was 20 µL. The compounds
were identified by a comparison of retention times with standards and quantified by an
external standard method.

The Pb remove ratio was analyzed by inductively coupled plasma optical emission
spectrum (ICP-OES, PerkinElmer, Avio 200, Waltham, MA, USA). The morphologies of
A. niger and Pb minerals were observed by scanning electron microscope–energy dispersive
spectrometer (SEM-EDS, S-4800, Hitachi, Tokyo, Japan). The SEM-EDS analyses of the
samples were gold-plated on a sputtering machine (Hitachi E-1010, Hitachi, Tokyo, Japan)
for 1 min before testing. The surface morphology was analyzed under a scanning electron
microscope (S4800-Hitachi) with an accelerating voltage of 5 kv, and an energy spectrometer
(EDS, X-Max-n150) was used for the elemental analysis [31].

2.5. Enzyme Activity Determination

Pyruvate dehydrogenase (PDH) and mitochondrial isocitrate dehydrogenase (ICDHm)
kits (Hefei Lyle Biotechnology Co., Hefei, China) were used to determine the enzyme
activity. The specific assay procedure was carried out according to the kit instructions,
and the Shimadzu UV 1800 spectrophotometer was used for the determination. Before
the enzyme activity test, the collected mycelium was ground into a homogenate using
agate mortar with liquid nitrogen to rupture the cell wall before subsequent determination.
The enzyme activity of PDH (nmol/min/g) was calculated by consuming 1 nmol of 2, 6-
dichlorophenol indophenol sodium per minute in 1 g of tissue, detected at 605 nm. ICDHm
enzyme activity (nmol/min/g) was calculated by consuming 1 nmol nicotinamide adenine
dinucleotide (NADH) per minute in 1 g of tissue, detected at 340 nm.

2.6. Data Analysis

Statistical analyses were performed using OriginPro 8.5 (OriginLab, Northampton,
MA, USA). A one-way analysis of variance (ANOVA) was used to analyze biomass, Pb2+,
pH, organic acid, and enzyme activity for each treatment.

3. Results
3.1. Fungal Dry Biomass and pH Value

The fungal dry biomass was collected from a 250 mL medium after incubation. In
the control experiments without Pb, the dry biomass of A. niger was 0.53, 0.56, and 0.52 g
after incubation for one, three, and five days, respectively (Figure 1A). The dry biomass
of A. niger in the 500 mg/L Pb concentration increased from 0.49 g to 0.60 g during the
incubation (Figure 1A). In the 1000 mg/L Pb treatment, the biomass of A. niger was 0.47,
0.47, and 0.46 g after one, three, and five days of incubation (Figure 1A). However, the
dry biomass of A. niger significantly decreased to 0.27, 0.34, and 0.33 g after one, three,
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and five days in the 1500 mg/L Pb concentration (Figure 1A). The growth of A. niger was
significantly inhibited at the 1500 mg/L Pb concentration.

Figure 1. Fungal dry biomass (A) and pH value (B) in different Pb concentrations during the
incubation time (1, 3, and 5 days). The error bars represent the standard deviations of three replicates
for each treatment. The different lower-case letters indicate a significant difference between the
treatments (p < 0.05).

The initial pH of the PDA medium was 6.5. In the control experiments without Pb, the
pH value decreased from 4.3 to 1.9 during the incubation (Figure 1B). In the 500 mg/L and
1000 mg/L Pb treatments, the pH values showed similar values during the incubation, i.e.,
decreased from 4.3 and 4.1 to 2.3 and 2.2 (Figure 1B). In the 1500 mg/L Pb treatment, the
pH value was 3.8, 3.2, and 2.7 after incubation for one, three, and five days, respectively
(Figure 1B).

3.2. Organic Acid Production and Pb Remove by A. niger

Oxalic acid was the primary organic acid produced by A. niger (Table 1). In the con-
trol experiments without Pb, the oxalic acid concentration was only 73.9 mg/L on day
one, and then, it significantly increased to 1147.1 and 1133.9 mg/L on days three and
five, respectively (Table 1). In the 500 and 1000 mg/L Pb treatments, the production of
oxalic acid ranged from 1101.7 to 1002.3 mg/L and 959.9 to 1024.3 mg/L during the in-
cubation, respectively (Table 1). However, the oxalic acid in the 1500 mg/L Pb treatment
showed a decreased trend, i.e., 753.2, 705.1, and 632.5 mg/L in one, three, and five days
(Table 1). A. niger can maintain the ability of malic and citric acid production under 500
and 1000 mg/L Pb concentrations (Table 1). Compared with the 0 mg/L Pb concentra-
tion, the 500 and 1000 mg/L Pb concentrations increased the production of malic acid by
A. niger, and the highest malic acid concentration reached 283.4 mg/L in the 1000 mg/L Pb
concentration after three days of incubation (Table 1). The production of citric acid was
limited with the increased Pb concentration, decreasing from 365.4 mg/L (in 0 mg/L Pb
concentration on day one) to 14.5 mg/L (in 1500 mg/L Pb concentration on day three)
(Table 1). The production of tartaric acid by A. niger had the highest value of 251.2 mg/L
in the 1000 mg/L Pb concentration after one day of incubation (Table 1). The formic acid
concentration had the highest value of 591.2 mg/L in the 1500 mg/L Pb concentration after
five days of incubation (Table 1). Compared with the 1500 mg/L Pb concentration, the
500 and 1000 mg/L Pb concentrations could promote the production of malic and citric
acids by A. niger. After three days of incubation, the citric acid concentrations in the 500
and 1000 mg/L Pb concentrations were significantly higher than that in the 1500 mg/L Pb
concentration (Table 1).
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Table 1. The oxalic, tartaric, formic, malic, and citric acids produced by A. niger under different Pb
levels after incubation for one, three, and five days.

Incubation Time
(Day)

Organic Acid
(mg/L)

Pb Concentration (mg/L)
0 500 1000 1500

One day

Oxalic acid 73.9 ± 5.4 c 1101.7 ± 22.6 a 959.9 ± 163.6 ab 753.2 ± 30.7 b
Tartaric acid 2.51 ± 0.2 c 117.9 ± 11.4 b 251.2 ± 44.7 a 193.1 ± 10.5 a
Formic acid 63.9 ± 7.2 b 214.1 ± 14.3 a N.A. N.A.
Malic acid N.A. 33.5 ± 2.7 a 32.9 ± 4.6 a 25.4 ± 3.8 b
Citric acid 365.4 ± 33.7 a 205.4 ± 12.4 b 79.2 ± 4.6 c 40.2 ± 4.8 d

Three days

Oxalic acid 1147.1 ± 56.8 a 1130.5 ± 33.7 a 1059.1 ± 35.5 a 705.1 ± 163.6 b
Tartaric acid N.A. 53.6 ± 2.7 a N.A. N.A.
Formic acid 19.4 ± 1.9 c 14.1 ± 0.9 d 71 ± 5.9 b 522.8 ± 36.6 a
Malic acid N.A. 71.2 ± 9.6 b 283.4 ± 16.5 a 66.4 ± 7.9 b
Citric acid 233 ± 1.33 a 159.7 ± 5.5 b 65.2 ± 7.8 c 14.5 ± 1.4 d

Five days

Oxalic acid 1133.9 ± 67.9 a 1002.3 ± 31.9 b 1024.3 ± 165.3 ab 632.5 ± 56.6 c
Tartaric acid N.A. N.A. N.A. N.A.
Formic acid N.A. N.A. N.A. 591.2 ± 22.2 a
Malic acid N.A. N.A. N.A. 143.4 ± 15.7 a
Citric acid N.A. N.A. N.A. 182.4 ± 11.8 a

Note: The significant differences among the treatments were identified by Tukey’s honestly significant difference
test (p < 0.05) via one-way ANOVA. The different lower-case letters indicate a significant difference between the
treatments (p < 0.05). N.A. is not available.

The Pb concentration in each treatment was lower than 80 mg/L (Figure 2A). In the
500 and 1000 mg/L Pb treatments, the Pb concentration was 2.45 and 11.68 mg/L in one
day (Figure 2A). After three and five days of incubation, the Pb concentration in these two
treatments decreased to 0.34 and 0.47 mg/L, respectively (Figure 2A). In the 1500 mg/L
Pb treatment, the Pb concentration was 24.5 mg/L on day one and then increased to 28.45
and 79.33 mg/L on days three and five, respectively (Figure 2A). In addition, A. niger also
showed a high Pb remove ratio in each treatment. During the incubation, the Pb remove
ratio in the 500 and 1000 mg/L Pb treatments increased from 99.5% and 98.8% to 99.9% and
99.9% during the incubation, respectively (Figure 2B). In the 1500 mg/L Pb treatment, the
Pb remove ratio was 98.3% on day one, and it then decreased to 98.1% and 94.7% on days
three and five (Figure 2B).

Figure 2. Pb concentrations in the medium (A) and Pb remove ratio (B) in different lead concentrations
during the incubation time (1, 3, and 5 days). The error bars represent the standard deviations of
three replicates for each treatment. The different lower-case letters indicate a significant difference
between the treatments (p < 0.05).

3.3. TCA Cycle Enzyme Activity in A. niger

In the control experiments without Pb, the PDH enzyme activity of A. niger was 0.05,
0.05, and 0.03 nmol/min/g during the incubation (Figure 3A). Similarly, the PDH enzyme
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activity in the 500 mg/L Pb treatment also decreased from 0.05 to 0.01 nmol/min/g during
the incubation (Figure 3A). In the 1000 mg/L Pb treatment, the PDH enzyme activity was
0.11, 0.07, and 0.02 nmol/min/g during the incubation (Figure 3A). The PDH enzyme
activity in the 1500 mg/L Pb treatment was not detected on day one, but it significantly
increased to 0.13 and 0.08 nmol/min/g on days three and five (Figure 3A). In addition,
the ICDHm enzyme activity in each treatment showed a decreasing trend (Figure 3B). In
the 0, 500, 1000, and 1500 mg/L Pb treatments, the ICDHm enzyme activities, respectively,
decreased from 33.4, 36.3, 32.5, and 13.1 to 10.3, 13.9, 13.6, and 1.2 nmol/min/g in the three-
and five-day incubation periods (Figure 3B).

Figure 3. The enzyme of PDH (A) and ICDHm activity (B) in different lead concentrations during
the incubation time (1, 3, and 5 days). The error bars represent the standard deviations of three
replicates for each treatment. The different lower-case letters indicate a significant difference between
the treatments (p < 0.05).

3.4. Analysis of SEM and EDS

Figure 4 shows the morphologies of fungal hypha and Pb minerals in 0, 500, 1000, and
1500 mg/L Pb concentrations after three days of incubation. In the 0 mg/L Pb concentration,
a large amount of fungal hypha and spores were observed (Figure 4A). In the 500, 1000, and
1500 mg/L Pb concentrations, the large amounts of fungal hypha showed that A. niger can
survive under different Pb concentrations (Figure 4). The point scanning by EDS indicated
that the formed minerals surrounded by hypha were lead oxalate (LO) (Figure 4).

Figure 4. SEM image and EDS point data in 0 mg/L (A), 500 mg/L (B), 1000 mg/L (C), and
1000 mg/L Pb concentrations (D) after three days of incubation. LO: lead oxalate.

After five days of incubation, the fungal hypha and LO were observed in the 1000 mg/L
Pb treatment (Figure 5A). However, in the 1500 mg/L Pb treatment, the formed minerals
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were more concentrated on a single hypha (Figure 5B). The EDS mapping also demon-
strated that the minerals surrounding the hypha were lead oxalate, and C, O, and Pb
elements were recorded (Figure 5).

Figure 5. SEM image and EDS mapping data in 1000 mg/L (A) and 1500 mg/L (B) Pb concentrations
after five days of incubation. LO: lead oxalate.

4. Discussion

A. niger has been successfully applied to Pb remediation, especially via the combination
of apatite [11,32]. On the one hand, A. niger usually has a strong tolerance to Pb [19]. On
the other hand, these fungi could also maintain the ability of organic acid production in
the presence of Pb cations. This produced organic acid not only reacts with Pb to form
lead oxalate but also promotes the release of phosphorus from apatite [33]. The released
phosphorus can also react with Pb to form highly insoluble pyromorphite [34]. Compared
with lead oxalate, pyromorphite is more stable, with low solubility [35]. Therefore, the
production of organic acid by acid-producing fungi is important in Pb remediation and
toxicity tolerance, especially for oxalic acid production.

Organic acids produced by A. niger usually include oxalic, citric, malic acids, etc. [26].
Our research indicated that oxalic acid is the primary organic acid produced by A. niger
under different Pb concentrations. The large amounts of lead oxalate formed in different
Pb concentrations also provided the production of oxalic acid (Figures 4 and 5). Oxalic
acid is susceptible to micro-precipitation with heavy metal ions extracellularly, forming
insoluble oxalate, which can reduce the mass concentration of heavy metal ions in the
environment [36]. Although the production of oxalic acid does not change the absolute
content of heavy metals in the environment, the toxicity of heavy metals is reduced. In
Pb remediation, oxalic acid reacts with Pb cations to form lead oxalate minerals with the
following reaction equation [37]:

Pb2+ + C2O4
2− = PbC2O4 (1)

The formed lead oxalate not only reduces the Pb cations content but also promotes the
survival of A. niger in Pb toxicity.

Oxalic acid production by A. niger is usually influenced by different environmental
factors, such as heavy metal cations, phosphate types, pH, carbon, nitrogen resources,
etc. [22,38–40]. A high Pb concentration (1500 mg/L) can inhibit the production of oxalic
acid by A. niger [19]. Our results also indicate that the oxalic acid production by A. niger
is inhibited at the 1500 mg/L Pb concentration (Table 1). In addition, the production of
oxalic acid by A. niger is only weakly decreased in low Pb toxicities (500 and 1000 mg/L)
compared with no Pb toxicity (0 mg/L). However, more than 94.7% of Pb cations were
removed and formed the lead oxalate (Figures 2 and 5). This formed lead oxalate would
also contribute to the consumption of produced oxalic acid by A. niger [15]. Therefore,
although the oxalic acid concentration is lower than the no Pb treatment in different Pb
concentrations, the existence of high Pb toxicity could stimulate the production of oxalic
acid by A. niger. A. niger is also maintains the high production of oxalic acid in different
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Pb concentrations. In addition, the different A. niger species also have different capacities
in oxalic acid production under the same Pb toxicity. A. niger CGMCC No.11544 shows
lower production of oxalic acid (457.9 mg/L) under 1000 mg/L Pb toxicity after five days
of incubation [41]. In our research, A. niger CGMCC 23272 showed higher production
of oxalic acid, i.e., 1024 mg/L after five days of incubation under 1000 mg/L Pb toxicity
(Table 1). This result indicated that A. niger CGMCC 23272 could be more efficient in
aqueous-solution Pb cation removal.

The TCA cycle is the most important pathway for the biosynthesis of oxalic acid by
acid-producing fungi, which would be influenced by different enzyme activities [21,42,43].
For example, the biosynthesis of both citric and oxalic acids is influenced by the enzyme
of PDH and ICDHm in the TCA cycle [21]. The enzyme of PDH oxidizes pyruvate to
acetyl coenzyme A and promotes the production of organic acids in the TCA cycle [28,29].
Environmental factors such as FePO4 and Ca3(PO4)2 can influence the enzymes of PDH
and ICDHm activities to change the production of organic acid [22]. In our study, we found
that the high Pb concentration (1500 mg/L Pb) significantly increased PDH activities in
three and five days (Figure 3A). However, the oxalic acid concentration in the 1500 mg/L
Pb treatment was significantly lower than other treatments, i.e., ~700 mg/L vs. 1000 mg/L.
This could be because the high Pb concentration (1500 mg/L) consumed more oxalic acid
than that secreted by A. niger. According to Le Chatelier’s principle, the increased Pb
concentrations would cause the shift of equation 1 to lead oxalate and gradually decrease
the concentration of Pb [44]. In addition, due to the perception of oxalic acid by Pb
cations in different Pb concentrations, the actual production of oxalic acid by A. niger in a
high Pb concentration (1500 mg/L) would be much higher than the content in a low Pb
concentration (500 and 1000 mg/L). Therefore, the PDH result also partly proves that the
high concentration of Pb can stimulate A. niger to secrete more oxalic acid to resist lead
toxicity. In contrast, the activity of ICDHm decreased in all treatments after five days of
incubation (Figure 3B). However, compared with three days, the ICDHm activity in the
no Pb treatment decreased by 23.1 nmol/min/g after five days of incubation (Figure 3B).
Meanwhile, the 1500mg/L Pb treatment only decreased 11.9 nmol/min/g (Figure 3B). The
enzyme of ICDHm is one of the key rate-limiting enzymes in the production of organic
acids in the TCA cycle. Although high Pb toxicity significantly decreased the ICDHm
activities, the decline rate of this activity slowed down to maintain the production of oxalic
acid. In addition, A. niger also has a capacity in the production of mycotoxins such as
ochratoxin A, etc., which can elevate the risk to food security and human health [45–48].
Hence, the use of A. niger needs to consider its function and scope in the future.

5. Conclusions

A. niger CGMCC 23272 can survive under different Pb concentrations and maintain
the ability to secrete organic acids. Oxalic acid is the primary organic acid produced by
A. niger in Pb toxicity resistance. High Pb toxicity can stimulate the activity of the PDH
enzyme in the TCA cycle. The production of oxalic acid by A. niger was improved under
500 and 1000 mg/L Pb concentrations. The formation of lead oxalate minerals dominates
the resistance of Pb toxicity by A. niger. This research suggests that the use of A. niger in
Pb remediation should increase the production of oxalic acid and improve the TCA cycle
enzyme activity.
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