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Abstract: Soil fungi are significantly resistant to heavy metals, which allows them to be
used in biotechnologies for environmental bioremediation. In order to clarify the prospects
for using the fungi in Zn-detoxifying technologies, we investigated in vitro the effect of
fungal metabolism on Zn minerals formation. The cultivation of fungi with different
acid-producing activities (Aspergillus niger and Penicillium chrysogenum) was carried out
in a liquid Czapek–Dox nutrient medium with Zn concentrations from 250 to 2000 µmol
within 28 days. The quantitates of low-molecular-weight organic acids, phosphates, and
hydrophosphates ions in the medium were determined through chromatography–mass
spectrometry; analysis of biomineralization products was carried out through powder X-ray
diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy. It was
found that Zn in concentrations 250–500 µmol acts as a physiologically essential element,
activating the growth of fungal mycelium, while at high concentrations (1000–2000 µmol),
Zn acts as a toxic heavy metal, inhibiting fungal growth. Zn also activates the formation
of oxalic acid by both species of fungi. But A. niger strongly acidified the medium, while
P. chrysogenum leaves the medium pH close to neutral or slightly alkaline. Oxalate and
phosphate crystallization occur with the participation of both fungal species. The ratio of
biogenic oxalates and phosphates is directly dependent on the acid-reducing capacity of
fungi. The solid solutions of katsarosite–glushinskite of the isodimorphic series with the
general formula (Zn,Mg)C2O4·2H2O (Mg ions comes from Czapek–Dox medium) were
detected at all Zn concentrations in a wide range of pH (from 2 to 9.0). The transition
from monoclinic (α-modifications) to orthorhombic (β-modifications) occurs at the ratio
Mg/Zn > 1. Fungal zinc phosphate hopeite Zn3(PO4)2·4H2O was formed at a near-neutral
pH at high Zn concentrations (1000 and 2000 µmol/L). In the Zn example, it was shown
that not only oxalate but also phosphate fungal biomineralization can be used for the envi-
ronment detoxification of heavy metals. The application of phosphate biomineralization
seems promising in the case of severe pollutions. To create a near-neutral medium favorable
for the formation of phosphates, it is advisable to use soil fungi non-producing or weakly
producing organic acids (for example, P. chrysogenum).

Keywords: microbial biomineralization; fungal metabolism; Aspergillus niger; Penicillium
chrysogenum; zinc; katsarosite; hopeite; bioremediation
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1. Introduction
Soil fungi are significantly resistant to heavy metals, allowing them to survive in

environments with high concentrations of toxic elements [1–3]. There are numerous studies
for the use of fungi in environmental bioremediation technology [4–13]. Temporary changes
in the bioavailability of metals by fungi may be due to the sorption of metals on the fungal
cell walls. The presence of extracellular polymeric compounds produced by fungi in the
medium greatly increases the intensity of metal sorption [1–3,14]. However, over time, the
adsorbed metals are released back into the environment [14]. A more long-term mechanism
of metal immobilization by fungi is due to their ability to precipitate metals in the form of
insoluble or low-soluble crystalline phases (biomineralizaion), mostly oxalates [15–20].

Another promising approach to reducing toxicity and immobilization of metals is
to precipitate low-soluble metal phosphates by adding phosphorus compounds to pol-
luted soil [21–24]. Phosphorus (P) homeostasis is an integral part of fungal metabolism,
their adaptations, and a key mediator in antagonistic relationships between fungi and
other organisms. There are many studies demonstrating the role of fungi in the dis-
solution of poorly soluble metal phosphates, including zinc phosphate [25], tricalcium
phosphate [26], and ammonium magnesium phosphate struvite [27,28]. The organic acids
secretion by fungi leads to the release of P from low-soluble phosphates and an increase
in P bioavailability [27,28]. The ability of fungi to increase P bioavailability is exploited by
plants that form mycorrhiza [29].

There is very little data about the formation of phosphates under the influence of
fungi, although interest in phosphate biomineralization has appeared in the scientific
world in recent years. First of all, this is due to the possibility of using poorly soluble
phosphates in biological purification of the environment (wastewater, soils) from organic
pollutants [30–32].

Obviously, this process is much larger in scale than is currently known. There are
data that hydroxyapatite (calcium phosphate) can be formed in the cytoplasm and on
the surface of Candida albicans cells [33], chloropyromorphite (lead phosphate) under the
influence of the fungi Paecilomyces javanicus and Metarhizium anisopliae [34,35], uranyl
phosphates under the influence of Aspergillus niger and Paecilomyces javanicus [36], and
struvite (magnesium ammonium phosphate hexahydrate—(MgNH4PO4·6H2O) under the
influence of Penicillium chrysogenum [37].

Zinc (Zn) is one of the most common heavy metals in the Earth’s crust. In soils, Zn is
generally distributed unevenly, and its content ranges from 10 to 300 mg/kg. Zn values
above 150 mg/kg−1 are considered high and potentially toxic [38]. The concentration of Zn
in nature, like many other potentially toxic elements (As, Ba, Cd, Cr, Cu, Ni, Pb, Co, Se)
increases greatly as a result of technogenic pollution [12,38–42]. The main anthropogenic
sources of Zn are related to the non-ferric metal industry and agricultural practice. High
levels of soil Zn pollution are found in the vicinity of industrial metallurgical enterprises,
for example, in the Dhaka Export Processing Zone, Bangladesh [41] and in some places in
the Orenburg region, Russia [42].

Zn is essential for living organisms, as it participates in many important metabolic
processes and is a cofactor for many enzymes. However, at high concentrations, Zn is
dangerous for animals, plants, fungi, and microorganisms. Excessive Zn content in the
soil can not only directly affect the physiological properties of plants but also disrupt the
transport of other elements in the plant root and thereby cause their deficiency [43].

The Zn toxicity for organisms is determined not only by its concentration but also by
the bioavailability of the element, which in turn depends significantly on the metabolic
processes of the soil biota [1–3,44]. Thus, the development of biotechnologies for Zn
immobilization using fungal biomineralization is a very important task, for the solution of
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which it is necessary to study the influence of metabolism of various types of fungi on Zn
minerals formation.

Zinc oxalate (biomineral katsarosite) Zn(C2O4)·2H2O formed under the action of fungi
and lichens that produce oxalic acid [18,45–47] belongs to a family of natural (humbold-
tine group) oxalates with the general formula Me2+(C2O4)·2H2O (Me = Fe, Mn, Mg, Zn,
Ni, Co) [48]. The humboldtine group, besides katsarosite, includes the following isotypi-
cal minerals: humboldtine (Fe), lindbergite (Mn), glushinskite (Mg), and andreybulahite
(Ni) [47,49–52]. In nature, these minerals are often found in the form of solid solutions [29].
For a long time, all minerals of humboldtine group were considered monoclinic (sp. gr.
C2/c). It was later shown that they can exist in the monoclinic (sp. gr. C2/c) and orthorhom-
bic (Cccm or Fddd) polymorphic modifications [51,52]. Monoclinic C2/c structures belong to
α-modification; orthorhombic Fddd and Cccm are both β-modifications.

Previously, we have shown that zinc phosphate hopeite can be formed under the activ-
ity of the fungus Penicillium chrysogenum in a Zn-containing medium [53]. Zinc phosphate
tetrahydrate hopeite Zn3(PO4)2·4H2O (sp. gr. Pnma) is the most stable zinc phosphate
that can be formed with the participation of fungi [21,24]. These are two known varieties
of hopeite, α-hopeite and β-hopeite, which differ slightly in their optical properties and
thermal behavior. These two varieties differ in the orientation of one water molecule in the
crystal structure [54]. In acidic conditions, hopeite is replaced by tarbuttite Zn2(PO4)(OH).
Hopeite, like some other metal phosphates, has low solubility (Ksp = 10–35.5), indicating
its potential for soil restoration [21]. However, biotechnologies for soil bioremediation
based on the use of hopeite and other phosphates have not yet been developed. The
prospects for creating technologies using hopeite are confirmed by the fact that hopeite is a
thermodynamically stable mineral, thus controlling the mobility of Zn in polluted soils [24].
However, there is evidence that hopeite in agricultural soils can influence plant nutrition
of Zn and P, being a slowly soluble reservoir of these elements [40]. P availability in soils
worldwide is generally low. Most soils are deficient in available P; unless fertilized, they
will not meet plant phosphorus requirements [55]. Thus, under the effect of various types
of fungi in a medium containing Zn, crystallization of both oxalates and phosphates can
occur. Earlier, using the example of Aspergillus niger and P. chrysogenum, we showed that
the phase formation happening with their participation the phase formation depends on
the acid-forming activity of the fungi [53].

In order to study the patterns of Zn mineral formation under the influence of fungi
and to conclude the prospects for using the fungi for Zn-detoxifying biotechnologies, it
is necessary to identify the effect of Zn concentration on the growth and metabolism of
fungi with different acid producing activity and to clarify how these patterns affect the
biomineralization processes.

2. Materials and Methods
2.1. Fungal Strains and Experimental Conditions

Two strains of fungi (Aspergillus niger and Penicillium chrysogenum) were selected
for this study, as we have shown previously [18,19,37,56,57], which differ greatly in the
production of organic acids. A. niger produces significantly more organic acids, including
oxalic acid, and thus acidifies the nutrient medium, while P. chrysogenum has urease activity,
which leads to alkalization of the nutrient medium.

A. niger strain Ch4/07 (Genbank accession number KF768341) was isolated from a
damaged marble surface (Chersonesos Taurica Museum-Reserve, Sevastopol, Crimea).
P. chrysogenum strain Cs/21 (Genbank accession number OP758843) was isolated from
surface deposits on the bronze sculpture of Farnese Hercules (TsarskoyeSelo State Museum-
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Reserve). P. chrysogenum and A. niger are the most common soil fungus, also found on
many other substrates, including subaerial biofilms on rock surfaces.

The fungi were cultivated using a surface method in cultivation mattresses on
the liquid Czapek–Dox nutrient medium (g/L: glucose—30; NaNO3-2.0; KH2PO4-1.0;
MgSO4·7H2O-0.5; KCl-0.5; FeSO4·7H2O-0.01). The initial pH of the medium was 6.0. Zn
was added to the crystallization medium (volume 30 mL) as ZnSO4·7H2O in the following
concentrations: 0 µmol/L, 250 µmol/L (0.07 g/L), 500 µmol/L (0.14 g/L), 1000 µmol/L
(0.29 g/L), and 2000 µmol/L (0.58). In order to distinguish the influence of the nutrient
medium components and fungal metabolites on the phase composition of the crystallization
products, additional syntheses at all zinc concentrations without the fungi were carried out.
All the experiments were carried out in triplicate at 25 ◦C, within 28 days.

2.2. Research Methods

During the experiment, the amount of mycelium biomass was monitored via a gravi-
metric method, and the pH of the cultural liquid was measured (pH meter Checker 1,
HI98103) every 7 days. The concentration of free Zn in the medium after the chemical
hopeite precipitation was determined using an X-ray fluorescent (XRF) analysis. The com-
position of low-molecular-weight organic acids and phosphate concentration in the fungal
cultural liquid were determined via gas chromatography–mass spectrometry (GC-MS) on
the fourteenth and twenty-eighth days. The phase composition of crystallization prod-
ucts was determined using X-ray diffraction (PXRD). Additionally, light and scanning
electron microscopy (SEM) with chemical composition control by energy-dispersive X-ray
spectroscopy (EDX) were used. This allowed for phases present in very small quantities
(beyond the sensitivity of PXRD) to be identified. In addition, the morphology of the
formed crystals and their intergrowths was studied, which allowed for reconstructing the
conditions of their formation to reconstruct.

Light microscopy and SEM were carried out on days 7, 14, 21, and 28 of the experiment.
PXRD was performed on day 28 for both fungal species at all Zn concentrations and on
days 7–21 selectively, depending on light microscopy and SEM data. To analyze the
crystallization products, the mycelium of the fungi with crystals was used.

2.2.1. Gas Chromatography–Mass Spectrometry (GC-MS)

Sample preparation
Organic acids, hydrophosphate ions (H2PO4−, HPO4

2−), and phosphate ions (PO4
−)

in the cultural liquid were analyzed as their total concentration (in the form of soluble
salts and water-insoluble salts) as well as the soluble form separately. Then, the amount
of organic acids, hydrophosphate ions (H2PO4−, HPO4

2−), and phosphate ions (PO4
−)

in the insoluble form was calculated as the difference in the total concentration and the
concentration of acids in the soluble form. To analyze the total acids concentration, an
aliquot of cultural liquid (10 mL) was treated with 1N HCl and passed through a cation
exchanger (KU-2-8). To determine free acids and their soluble salts, a native aliquot (10 mL),
without HCl treatment, of the culture liquid was passed through a cation exchanger
(KU-2-8). The resulting solutions of organic acids were dried on a rotary evaporator at
40 ◦C. The dried residue were dissolved in pyridine (50 µL) and derivatized with BSTFA
(N,O-bis-3-methylsilyl-3-F-acetamide) (50 µL) at 100 ◦C for 15 min.

GC-MS analysis
Derivatized samples were analyzed on a Maestro instrument (Interlab, Moscow, Rus-

sia) with an Agilent 5975 mass-selective detector (Santa Clara, CA, USA). An HP-5MS
column 30 m × 0.25 mm × 0.25 µm was used. The obtained chromatograms were recorded
by the total ion current. Then, the mass spectrometric information was processed and
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interpreted using an AMDIS program (http://www.amdis.net/index.html, accessed on
15 November 2024) and the NIST2005 standard library. Quantitative interpretation of the
chromatograms by the internal standard method was also carried out using tridecane in the
UniChrom program (5.0.19.1180 version) (http://www.unichrom.com/unichrome.shtml,
accessed on 20 November 2024).

2.2.2. Light Microscopy

The studies were conducted using microscopes Mikromed 2 (Saint Petersburg, Russia)
and Leica with a photo attachment (Wetzlar, Germany).

2.2.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray
Spectroscopy (EDX)

The investigation was carried out using the TM 3000 (HITACHI, Tokyo, Japan, 2010)
microscope. For semiquantitative EDX analysis, the microscope was equipped with the
Oxford Inca system (Oxford Instruments, Abingdon, UK), which operated in a low vacuum
(60 Pa) mode and at an acceleration voltage of 15 kV. The EDX spectra were analyzed by
means of the EDAX Genesis software package.

2.2.4. Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns were recorded using Miniflex II (Rigaku,
Tokyo, Japan) and XRD-9510 (Ecroskhim, Saint Petersburg, Russia) diffractometers using
CuKα1 + 2 or CrKα1 + 2 radiation. Samples were ground in mortar and precipitated on a
glass holder from ethanol suspension. The measurements were performed in 2ΘCu = 5–60◦

(2ΘCr = 7.5–100◦). Phases were identified using PDF-2 (2020) database. PXRD patterns
were also compared with calculated patterns of katsarosite ZnC2O4·2H2O [48] and α-
hopeite Zn3(PO4)2·4H2O [54] derived from crystal structure data. For convenience, all
PXRD patterns were transformed to 2ΘCu scale through Bragg equation.

2.2.5. X-Ray Fluorescent (XRF) Analysis

X-ray fluorescent (XRF) spectra were recorded on a compact XRF spectrometer XRD-
9710 PEARL (Ecroskhim, Saint Petersburg, Russia) with a rhodium X-ray tube (25 kV,
10 µA), and the diameter of its primary collimator was 3 mm. A silver filter was used
for filtration of primary radiation. The spectrometer was equipped with a semiconductor
silicon detector. Liquid samples were placed into sample holders with a bottom of lavsan
film. The exposure time was 60 s per sample.

3. Results
3.1. Morphological–Cultural and Physiological–Biochemical Properties of Fungi
3.1.1. The Influence of Zn on the Morphological and Cultural Characteristics of Fungi

On the Zn-free nutrient medium, the mycelium of A. niger and P. chrysogenum grew
fast, a surface mycelial film and sporulation were formed on the fifth to sixth day of the
experiment. Zn had a similar general effect on the biomass formation and mycelial mor-
phology for both species of fungi. This effect significantly depended on Zn concentration
(Figure 1a,b). At the low concentration (250 and 500 µmol), Zn induced biomass growth
of both fungi. The surface mycelial film and sporulation were formed earlier than in the
control (on the fourth day). In these cases, like in the Zn-free nutrient medium, growth
occurred in two phases: exponential and stationary phase. At concentrations 1000 and
2000 µmol, Zn suppressed the growth and sporulation of both species of fungi. The dynam-
ics of growth had only an exponential phase. The surface film of the mycelium was not
formed. At Zn 2000 µmol, the growth began only on the tenth to sixteenth day after spores

http://www.amdis.net/index.html
http://www.unichrom.com/unichrome.shtml
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inoculation and occurred mainly in the deep form of pellets; the sporulation occurred only
at 22–25 days.
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Figure 1. Dynamics of A. niger (a) and P. chrysogenum (b) biomass growth at different Zn concentrations.

At Zn concentration 1000 and 2000 µmol, P. chrysogenum was more resistant than
A. niger. The growth dynamics also had two phases: exponential and stationary. Except
for Zn-free medium and at the lowest Zn concentrations (250 µmol), the dynamics of P.
chrysogenum growth had a phase of mycelial lysis for old cultures, which was not observed
in the case of A. niger.

3.1.2. Metabolism of Fungi at Different Zn Concentrations in the Medium

A. niger acidified the medium at all the Zn concentrations, as well as in the medium
without Zn (Figure 2a). The lowest pH values (up to 1.0) were determined in the Zn-free cul-
tural liquid. In the Zn-containing media, the lowest pH values (2.4 and 2.8) were achieved
at Zn concentrations of 1000 and 2000 µmol on the twenty-eighth day of the experiment.

P. chrysogenum in all experimental media, except for Zn concentration 2000 µmol,
showed a tendency to alkalinize the medium (up to 8.5). Acidification of the medium
(less than in A. niger, up to pH 4.5 on the fourteenth day) occurred only at the highest Zn
concentration (Figure 2b).

Both species of fungi produced low-molecular-weight organic acids (LMWOA): oxalic,
citric, malic, succinic, and fumaric. The main acids secreted by the fungi were oxalic and
citric (Tables 1 and 2). Succinic, fumaric, and malic acids were present in trace amounts
in all cases. The amount of oxalic acid in the cultural liquid of A. niger was more than
10 times higher than in the cultural liquid of P. chrysogenum. In the cultural liquid of A.
niger, citric acid in the Zn-free medium prevailed compared to oxalic acid, and vice versa,
on Zn-containing media (Table 1).
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Figure 2. Dynamics of pH value of the cultural liquid under A. niger (a) and P. chrysogenum (b) activity
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Table 1. Composition of A. niger cultural liquid at different Zn concentrations.

Zn Concentration,
µmol Age of

Culture,
Days

Organic Acids, µg/mL H2PO4− + HPO42− +
PO43−, µg/mL

pH
Total Soluble

Oxalic Citric
Soluble Insoluble

Soluble Insoluble Soluble

0 0
14 197 ± 20 180 ± 35 280 ± 39 412 ± 93 - 2.8

28 222 ± 36 257 ± 29 449 ± 39 134 ± 18 - 2.0

250 192
14 127 ± 22 344 ± 43 103 ± 24 375 ± 41 - 4.2

28 204 ± 25 388 ± 56 57 ± 18 176 ± 22 - 3.9

500 432
14 105 ± 28 480 ± 47 68 ± 16 486 ± 64 - 5.0

28 110 ± 18 522 ± 28 52 ± 21 212 ± 37 - 5.2

1000 639
14 187 ± 34 640 ± 56 72 ± 11 375 ± 19 - 2.5

28 255 ± 37 720 ± 66 38 ± 7 176 ± 11 - 2.4

2000 1626
14 - - - 540 ± 52 22 ± 8 6.0

28 302 ± 8 988 ± 88 - 202 ± 64 - 2.8

Oxalic acid produced by A. niger was present in the cultural liquid in the form of
insoluble salts and soluble form (Table 1). The ratio of free and bound oxalic acid depended
on the Zn concentration in the medium: with an increasing Zn concentration, the proportion
of oxalate ion bound into insoluble salts increased. In the culture liquid of P. chrysogenum,
all oxalic acid was in an insoluble form (Table 2).
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Table 2. Composition of P. chysogenum cultural liquid at different Zn concentrations.

Zn Concentration,
µmol Age of

Culture,
Days

Organic Acids, µg/mL H2PO4− + HPO42− +
PO43−, µg/mL

pH
Total Soluble

Oxalic Citric
Soluble Insoluble

Soluble Insoluble Soluble

0 0
14 - 38 ± 6 3.1 ± 0.8 304 ± 18 - 8.0

28 - 64 ± 8 trace 194 ± 16 - 9.0

250 192
14 - 72 ± 11 4.8 ± 0.6 218 ± 18 35 ± 14 7.5

28 - 86 ± 22 trace 184 ± 12 29 ± 8 9.0

500 432
14 - 104 ± 9 6.4 ± 0.8 222 ± 9 48 ± 14 8.0

28 - 122 ± 86 5.5 ± 0.8 129 ± 8 37 ± 9 8.0

1000 639
14 - 52 ± 11 4.4 ± 0.7 228 ± 6 56 ± 22 6.5

28 - 108 ± 22 6.8 ± 0.6 117 ± 4 75 ± 13 8.0

2000 1626
14 - 34 ± 8 4.1 ± 0.4 234 ± 6 74 ± 28 4.8

28 - 42 ± 13 5.1 ± 0.7 111 ± 4 108 ± 31 6.3

In addition to the acids secreted by the fungi, the cultural liquid contained products
of KH2PO4 dissociation: hydrophosphate ions (H2PO4

−, HPO4
2−) and phosphate ions

(PO4
3−), which are not chromatographically separable. In the medium without fungi, the

concentration of free hydrophosphates and phosphate ions decreases from 695 µg/mL in
the control medium to 580 µg/mL as the Zn concentration increases. The total amount of
hydrophosphates and phosphate ions in the cultural liquid of fungi decreased with the age
of cultures due to P consumption by the mycelium (Tables 2 and 3).

Table 3. Phase composition of crystals formed on A. niger mycelium at different Zn concentration
formed under the activity of A. niger.

Days

Zn Concentration in Solution, µmol

250 500 1000 2000

Phase
Composition pH Phase

Composition pH Phase
Composition pH Phase

Composition pH

7 Hop (ab),
Zn-MgOx (α) 3.8

Hop (ab),
Zn-MgOx (α) >>

Mg-Kat
4.6 Hop (ab) 6.5 No fungal

growth 6.5

14 Zn-MgOx 4.5 Zn-MgOx (α) >>
Mg-Kat

4.8 Zn-MgOx
(α)~

Mg-Kat

2.5 Hop (ab),
Hop (bio) 6.0

21 4.2 4.0 2.0 Kat, Hop (ab),
Hop (bio) 5.0

28 Zn-MgOx (α)
>> Gl (β) 4.0 Zn-MgOx (α) >>

Mg-Kat 4.2 2.5 Kat 2.5

Notes: Hop (ab)—abiogenic hopeite, Hop (bio)—biogenic hopeite, Zn-MgOx—Zn-containing Mg-oxalate, Kat—
katsarosite, Gl—glushinskite, α—monoclinic oxalate modification, β—orthorhombic oxalate modification.

The ratio of water-soluble/-insoluble forms of hydrophosphates and phosphate ions
depended on the fungus species. In the cultural liquid of A. niger, phosphate was contained
in the free form except one case—fourteenth day of growth at Zn concentration 2000 µmol
(5% of insoluble hydrophosphates and phosphate ions from the total content).
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In the P. chrysogenum cultural liquid at all Zn concentrations, the decrease in the
hydrophosphates and phosphate ions concentration was associated only with its soluble
form, while the insoluble form increased by 10–15%.

As the culture aged, the soluble form of phosphate decreased.

3.2. Phase Formation in the Czapek–Dox Medium at Different Zn Concentrations
3.2.1. Phase Formation in the Absence of Fungi

In the Czapek–Dox nutrient medium (without inoculation of fungal spores), imme-
diately after autoclaving (t = 121 ◦C, pH = 6.0) at Zn concentrations 250–500 µmol, single
needle crystals (up to 500 µm) were found by light and scanning electron microscopy.
At Zn concentrations 1000 and 2000 µmol, a precipitate formed numerous large (up to
1.5 mm) needle crystals, sometimes with traces of dissolution (Figure 3a), which were often
combined into plates or intergrowths. According to PXRD data, these crystals belong to
zinc phosphate tetrahydrate hopeite Zn3(PO4)2·4H2O (Figure 3d) and, according to EDX
data, contained an admixture of Mg.
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Figure 3. Abiogenic (chemical) hopeite crystals formation in Czapek–Dox medium: (a) SEM images
of crystals after autoclaving at Zn content 2000 µmol. Inoculation of fungal spores was not performed;
(b,c) SEM images of abiogenic hopeite crystals after cultivation of P. chrysogenum at Zn content
1000 µmol; (d) PXRD patterns of hopeite crystals on Figure 3a, textured by (010) (1) and calculated
from single crystal data (2). The arrow indicates the point on crystals at which the EDХ measurement
was performed.

The analysis of the concentration of free zinc in solutions (Tables 1 and 2) shows that
64–85% of total Zn remains in the solution in the form of free (bioavailable) Zn, while only
15–36% of the total Zn content is bound in insoluble phosphate.

3.2.2. Phase Composition and Morphology of Crystals Formed Under Action of A. niger

In the experiment without Zn, no oxalates and phosphates crystallization occurred on
fungal mycelium (Figure 4a). In the region of 2θ Cu = 9.2◦ (Figure 4a, X phase), a peak is
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visible, which is also present in the XRD patterns of Zn-containing crystallization products.
It can be assumed that it belongs to the polysaccharide chitosan, which is abundantly
present in the cell walls of fungi [58] or a structurally related another organic component of
the mycelium.
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Figure 4. XRD patterns of phases formed under activity of A. niger (a) and P. chrysogenum (b). Peaks
of hopeite Zn3(PO4)2·4H2O are unsigned.

Metal oxalates formation
In the experiments with Zn concentration 250–2000 µmol in the nutrient medium,

according to PXRD, SEM, and EDX data, in the nutrient medium, metal oxalates with
the katsarosite structure (monoclinic α-modification) with the general formula (Zn,
Mg)C2O4·2H2O are formed (Figure 4a, Table 3). At Zn concentration of 250–500 µmol,
oxalate crystals appeared on the seventh day, at a Zn concentration of 1000 µmol, crystals
appeared on the fourteenth day, and at a Zn concentration of 2000 µmol, crystals appeared
on the twenty-first day. With the age of the cultures, their number increased.

As the Zn content in the medium increases, the Mg/Zn ratio in the synthesized
oxalates changes. At a Zn concentration of 250 µmol, on the twenty-eighth day of the
experiment, magnesium predominates (Mg/Zn ratio = 2.98–1.58), which indicates the
formation of magnesium oxalate with different Zn contents. At a Zn content of 250 µmol,
on the twenty-eighth day of the experiment, a peak (2θCu = 18.3◦) corresponding to the
most intense X-ray diffraction reflection of the orthorhombic β-modification (glushinskite
mineral) [52] is also identified in the X-ray diffraction patterns (see the inset in Figure 4a.)
At a Zn concentration of 500 µmol (Mg/Zn = 1.52–0.32), Mg predominates in 80% of the
measured crystals, and Zn predominates in 20%. This suggests that along with the Zn-
containing Mg oxalate, which predominates, the mycelium also contains the Mg-containing
Zn oxalate katsarosite. At a Zn concentration of 1000 µmol, the range of Mg/Zn ratio
interval increases significantly (Mg/Zn = 4.6–0.27). Crystals with a predominance of
magnesium (Zn-containing Mg oxalate) and zinc (Mg-containing katsarosite) are present
in almost equal quantities. At a Zn concentration of 2000 µmol, magnesium is practically
absent (Mg/Zn = 0–0.04). This means that the zinc oxalate katsarosite is present on the
mycelium only.

It can be clearly seen that at a Zn concentration of 250 µmol, a number of intergrowths
of plate oxalate crystals were observed, located relative to each other at an angle close to
90 degrees (Figure 5a). The sizes of intergrowths reached 80 µm. At a Zn concentration
of 500 µmol, the number of intergrowths increased, as well as their size (150–250 µm)
(Figure 5b). At a Zn concentration of 1000 µmol, the number of intergrowths continued to
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increase, their sizes growing (200–300 µmol). At a Zn concentration of 2000 µmol, oxalate
crystal intergrowths begin to break down (Figure 5c). In some areas of the mycelium, small
crystals of second-generation katsarosite are observed (Figure 5d).
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Figure 5. Intergrowths of Mg-Zn oxalate formed on the mycelium of A. niger at different Zn con-
centration: (a) Zn 250 µmol on the seventh day, (b) Zn 500 µmol on the twenty-eighth day, (c) Zn
2000 µmol on the twenty-eighth day, (d) fragment of this Figure c in which small plate crystals of
second-generation katsarosite are visible. The arrow indicates the point on crystals at which the EDХ
measurement was performed.

Hopeite formation
According to the SEM and PXRD data, a zinc phosphate hopeite Zn3(PO4)2X4H2O

formed without fungal participation is present on the seventh day at all Zn concentrations,
and at 2000 µmol, it is preserved on the fourteenth and twenty-first days (Figure 6a,b,
Table 3). On the twenty-eighth day, hopeite crystals were not visible on the mycelium.

Large plate-shaped abiogenic hopeite crystals are characterized by rounded edges,
which indicates their dissolution under the action of fungal metabolites. On the mycelium,
very small crystals are grouped near and at some distance from abiogenic crystals. This
crystal encrusts hyphae, resulting in the formation of tubular fungal structures (Figure 6c).
PXRD, SEM, and EDX study of mycelial fragments showed that these are biogenic hopeite
crystals (Figure 6d).

3.2.3. Phase Composition and Morphology of Crystals Formed Under Action of
P. chrysogenum

As in the case of A. niger, in the absence of Zn, no oxalates and phosphates occurred
on the P. chrysogenum mycelium. In the region of 2θ Cu = 9.2◦ (Figure 4b, X phase), the
diffraction peak is also present in the XRD patterns of Zn-containing crystallization products.

Hopeite formation
According to PXRD, SEM, and EDX data, a lot of hopeite crystals are present on

the mycelium at all Zn concentrations (Figure 4b, Table 4). Large needle-shaped and
plate-shaped hopeite crystals that formed without the participation of the fungus at all Zn
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concentrations are visible. These crystals had a smooth surface, with mycelium imprints
and traces of dissolution formed under the action of fungal metabolites (Figure 3b). As the
Zn concentration increased, they became more abundant. With the age of the cultures, the
hopeite crystals undergo strong splitting, which leads to the formation of fan-shaped and
spherulite-like structures (Figure 3c).
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Figure 6. Crystals and intergrowth of zinc phosphate hopeite on the mycelium of A. niger in a liquid
medium with Zn 2000 µmol on the fourteenth day: (a–c) SEM images of large plate-shaped abiogenic
crystals with rounded edges and very small biogenic crystals encrust hyphae and form tubular fungal
structures, (d) PXRD of tubular fungal structures.

Table 4. Phase composition of crystals formed on P. chrysogenum mycelium at different Zn concentration.

Days

Zn Concentration in Solution, µmol

250 500 1000 2000

Phase
Composition pH Phase

Composition pH Phase
Composition pH Phase

Composition pH

7

Hop (ab)

7.0

Hop (ab)

7.0 Hop (ab) 6.0 No fungal
growth 6.0

14 7.5 8.0 Hop (bio),
Hop (ab) 6.5 Hop (ab) 4.8

21 6.9 8.0 Hop (bio),
Hop (ab),

(Zn0.5Mg0.5)Ox (α)
>

(Zn0.5Mg0.5)Ox (α)
> Zn-MgOx (α)

7.0 Hop (bio),
Hop(ab) >> Kat 5.6

28

Hop(ab),
Zn-MgOx (α) >

(Zn0.5Mg0.5)Ox
(α)

9.0

Hop (ab),
(Zn0.5Mg0.5)Ox
(α) > Zn-MgOx

(α)

8.0 8.0 Hop (bio),
Hop(ab), Kat 6.3

Notes: Hop (ab)—abiogenic hopeite, Hop (bio)—biogenic hopeite, Zn-MgOx—Zn-containing Mg-oxalate, Kat—
katsarosite, α—monoclinic oxalate modification.

At a Zn concentration of 1000 µmol, on the fourteenth day, very small crystals were
found in some areas of the mycelium, which encrust the hyphae, resulting in the formation
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of tubular fungal structures (Figure 7a,b). According to the morphology and to the EDX
spectrum, these structures are formed by biogenic secondary hopeite, described above in
the case of A. niger at 2000 µmol and at 14 days of growth.
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Figure 7. Crystals on the mycelium of P. chrysogenum with different Zn concentrations: (a,b) biogenic
crystals, very small biogenic crystals, and tubular fungal structures of zinc phosphate hopeite at
Zn 1000 µmol on the twenty-first and twenty-eighth day; (c,d) small crystals of Mg-Zn oxalates at
250 and 2000 Zn µmol on the twenty-eighth and twenty-first day, respectively. The arrow indicates
the point on crystals at which the EDХ measurement was performed.

On the twenty-first day, the mycelium was intensively encrusted with phosphate
tubular fungal structures, 2–5 µm in diameter. On the twenty-eighth day, the composition
of the crystallization products was similar as on the twenty-first day. The abundance of
phosphate tubular fungal structures increased; it is clearly seen that these structures consist
of individual lamellar crystals (Figure 7b).

At a Zn concentration of 2000 µmol, intensive formation of phosphate tubular fungal
structures was observed on the twenty-first day. By the twenty-eighth day, the number of
phosphate tubular fungal structures encrusting the mycelium increased. The fact that these
crystals, like in the case of A. niger, were formed by hopeite was additionally confirmed via
the PXRD.

Metal oxalates formation
Small Mg-Zn oxalate crystals were detected only using SEM and EDX (Figure 7c,d)

at late stages of fungal culture growth (21 and 28 days of experiment), when oxalic acid
accumulated in the medium (Table 2). The products of biogenic crystallization at the
lowest Zn concentration (250 µmol) on the twenty-eighth day were represented by small
(5–10 µm in size), single, short, prismatic (box-like), close-to-isometric crystals, present in
very small quantities. EDX data (Figure 7c) and the presence of oxalic acid in the medium
(Table 2) indicate that these are crystals of Mg-Zn oxalates (Mg/Zn = 1.05–2.05). At a Zn
concentration of 500 µmol, on the twenty-eighth day, the contents of Mg and Zn become
closer (Mg/Zn = 1.05–1.4). At a Zn concentration of 1000 µmol, on the twenty-first and
twenty-eight days, Mg-Zn oxalates (Mg/Zn = 1.3 to 1.8) appeared in the mycelium along
with phosphates.
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At a Zn concentration of 2000 µmol, Zn oxalates katsarosite (without Mg) was detected
on the twenty-first and twenty-eight days (Figure 7d). On the twenty-eighth day, the
amount of katsarosite became sufficient to determine their PXRD (Figure 4b).

4. Discussion
4.1. Zinc Effect on the Growth and Metabolism of A. niger and P. chrysogenum

The results showed that the growth and metabolism of the fungi A. niger and P. chryso-
genum were significantly dependent on the Zn concentration on the medium. Bioavailable
Zn in concentrations of 192–432 µmol (at a total Zn concentration of 250–500 µmol Zn)
acted as a physiologically essential element, activating the growth of fungal mycelium. The
presence of two-phase growth (exponential and stationary phases) on the Zn-free medium
and on media with low Zn concentrations (250–500 µmol) is associated with glucose con-
sumption by fungi [56]. During active growth (exponential phase), the medium contains
sufficient glucose, when the glucose concentration decreases, the growth rate slows down
and the growth curve reaches a stationary phase. With an increase in concentrations to
639–1626 µmol (1000–2000 µmol total Zn), Zn acted as a toxic heavy metal, inhibiting fungal
growth. Due to the slow growth of the mycelium, glucose is consumed more slowly, and
the culture and exponential phase are longer. The presence of zinc in such concentrations
in the natural environment is classified as potentially hazardous [38].

P was in excess and remained in the medium mainly in bound forms in the culture
liquid of both types of fungi throughout the entire experiment. Accordingly, the fungi did
not experience phosphorus starvation.

Both species of fungi produce low-molecular organic acids, but the content of oxalic
acid, without which the formation of oxalates is impossible, in the culture liquid of A. niger
was significantly higher (by 10 times or more, Tables 1 and 2). The same can be said about
the content of citric acid, which, as was shown earlier, is not phase-forming, but has a
significant effect on the phase composition of crystallization products and the morphology
of the resulting crystals [52,59]. The intensity of oxalic acid production increased in both
species under the influence of Zn, especially in A. niger (Table 1), which is in good agreement
with the literature data [18,60]. In addition, Zn suppressed the production of citric acid by
A. niger, probably due to a higher carbon requirement for oxalate biosynthesis.

The composition of metabolic products, primarily organic acids production, controlled
the pH of the cultural liquid. In the culture of A. niger, with an increase in the concentrations
of free oxalic and citric acids, pH decreased to 2 (Figure 2a, Table 1). However, at a Zn
concentration of 2000 µmol (on the fourteenth and twenty-eighth days), it was less acidic
and was close to neutral (5–6). Unlike A. niger, in the culture liquid of P. chrysogenum,
alkalization of the medium occurred (the pH value increased to 9). This was facilitated by
the content of oxalic acid in the culture of P. chrysogenum being an order of magnitude lower
and completely bound into insoluble salts. In addition, the alkalization of the medium was
probably facilitated by the hydrolysis of urea with the formation of NH4

+ as a result of
enzyme urease activity produced by P. chrysogenum. Urease activity also determines the
decrease in P. chrysogenum biomass on the twenty-eighth day: NH4

+ accumulating as a
result of urea hydrolysis promotes mycelium lysis [61]. Slight acidification of the medium
occurred (up to 4.8) at a Zn content 1000 and 2000 µmol, which can be explained by the fact
that high Zn concentrations can inhibit urease and thus prevent alkalization of the medium.

4.2. Zinc Concentration Effect of on Fungal Biomineralization

The pH values of the culture liquid, along with the concentration of phase-forming
ions, significantly affected the interrelated processes of dissolution and crystallization
occurring under the fungal activity. As shown above, in the Czapek–Dox nutrient medium
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at pH = 6.0, without fungi, tetrahydrate zinc phosphate hopeite is formed immediately
after autoclaving (Figure 3).

In the Zn-containing acidic medium of the A. niger culture liquid, crystals of this
primary abiogenic zinc phosphate are intensively dissolved. We record them only at the
beginning of the experiment (on the seventh day) at close to neutral medium with a Zn
content of 2000 mmol (on the fourteenth and twenty-first days) (Figure 6b, Table 3). Small
crystals of biogenic hopeite are visible near the rapidly dissolving crystals of abiogenic
hopeite, which encrust hyphae and form tubular fungal structures (Figure 6b,c).

In the alkaline Zn-containing medium of the P. chrysogenum culture liquid, abiogenic
hopeite is almost insoluble. The diffraction peaks of hopeite (Figure 4b) are associated
mainly with abiogenic phosphate. Dissolution of abiogenic (formed at the beginning of
the experiment) and the parallel formation of secondary biogenic hopeite are observed
only at high zinc contents in a close to neutral or slightly acidic medium (at a Zn content
of 1000 mmol (on the fourteenth and twenty-first days); at a Zn content of 2000 µmol
(on the twenty-first and twenty-eighth days)). Thus, our studies have shown that zinc
phosphate hopeite is formed under the action of fungi in slightly alkaline and slightly
acidic environments (close to neutral in pH). In an acidic medium (below 5), it dissolves
too quickly, and in an alkaline medium (above 7), it almost does not dissolve, which leads
to an insufficient content of free Zn in the solution.

Unlike phosphate, oxalate crystallization occurs with the participation under activity
of both fungal species at all Zn concentrations in a wide range of pH (from 2 to 9.0). As a
result, solid solutions of katsarosite–glushinskite of the isodimorphic series with the general
formula (Zn,Mg)C2O4·2H2O are formed. The difference in the oxalate-producing ability of
fungi is manifested in the fact that under the activity of A. niger, the required amount of
oxalic acid is already accumulated in the medium on the seventh day of the experiment,
and under the activity of P. chrysogenum, not earlier than after 20 days of the experiment
(at high Zn concentrations). At the highest Zn concentration (2000 µmol), in the culture
of both fungal species, zinc oxalate ZnC2O4·2H2O (monoclinic α-modification) is formed
(an analog of the biomineral katsarosite found in lichens), belonging to the monoclinic
α-modification. On the mycelium of A. niger grown at a Zn content of 1000 and 500 µmol,
there are oxalate grains with predominance of both Zn and Mg coming from the nutrient
medium, which allows us to speak about the formation of Mg-containing katsarosite and its
Zn-containing magnesium analog. Moreover, as the Zn decreases, the magnesium analog
of the katsarosite gradually begins to predominate. With a Zn concentration of 250 µmol,
on the mycelium only, the Zn-containing magnesium analog of katsarosite forms, as well
as orthorhombic β-modification of magnesium oxalate (analog of the mineral glushinskite),
which allows us to speak about the isodimorphic transition of katsarosite–glushinskite in
the range between 500 and 250 µmol Zn in the medium.

On the mycelium of P. chrysogenum, the crystallization conditions are more favorable
for the incorporation of Mg into katsarosite. This effect, like in the case of the incorporation
of Mg into lindbergite [52], cannot be explained only by the presence of citric acid in
the medium (there is more of it in the culture of A. niger). When the Zn content in the
medium is less than 2000 µmol, oxalates with a predominance of Zn are not formed.
Monoclinic α-modification is represented by solid solutions with close Zn and Mg content
(Zn0.5Mg0.5)C2O4·2H2O, which cannot be attributed to either katsarosite or its magnesium
structural analog, and the Zn-containing magnesium analog of katsarosite. The katsarosite–
glushinskite transition probably occurs when the Zn content in the medium is less than
250 µmol.

Under the action of both species of fungi, stabilization of the structure of katsarosite
(monoclinic α-modification) is observed: on the mycelium of A. niger, up to the ratio
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Mg/Zn = 5, and on the mycelium of P. chrysogenum, up to Mg/Zn = 2, which can be
associated with the stabilizing effect of Zn. A similar effect was observed upon the entry of
Mg into the monoclinic manganese oxalate lindbergite, in which the stabilizing effect of
Mn cations manifested itself up to the ratio Mg/Mn = 1.5 [52].

The above-described patterns of phase formation in the Czapek–Dox medium at
different Zn concentrations under the effect of fungi are one example of microbially induced
biomineralization [62]. However, at concentrations of 1000 and 2000 mmol, Zn acts as
a toxic element that can lead to partial death of the microorganisms and, accordingly,
to the destruction of cells. Therefore, at high zinc concentrations, we (strictly speaking)
should already talk about mixed biomineralization, since crystals formed inside the cell
under its direct control can also enter into the mycelium in small quantities. Controlled
biomineralization, in contrast to induced biomineralization, is often associated with non-
classical two-stage nucleation/crystallization processes [63–65], which are characterized by
a lower free energy compared to the corresponding classical mechanisms.

4.3. The Prospects for Using the A. niger and P. chrysogenum in Biotechnologies for
Zn Detoxifying

Both species of fungi have the ability to convert Zn into insoluble forms, reducing its
bioavailability and toxicity. Zn detoxification by oxalic acid accumulated in the medium
occurred by its inclusion in insoluble oxalates in a wide pH range (2.5–9.0).

The intensity of oxalate mineralization in the A. niger culture was incomparably greater
than that in P. chrysogenum, which is a consequence of the difference in the intensity of
oxalic acid production activity by these fungi described above. In the culture liquid of A.
niger, as the concentration of Zn in the medium increased, the amount of bound oxalic
acid increased, and free oxalic acid decreased, which clearly indicates the role of oxalate
biomineralization in the detoxification of Zn excess. On the other hand, the intensive
production of organic acids by A. niger leads to the dissolution of hopeite (both abiogenic
and biogenic) and, consequently, to an increase in the concentration of free Zn in the
medium and an increase in its toxic effect. However, in the studied system, a very high
content of oxalic acid in the culture liquid of A. niger led to rapid binding of free Zn. As a
result, oxalates were formed in significantly greater quantities than phosphates, and the
detoxification process prevailed. On the mycelium of P. chrysogenum, zinc oxalates were
formed in incomparably smaller quantities than in A. niger.

Obviously, the intensity of oxalate formation in P. chrysogenum was insufficient for the
effective detoxification of excess amounts of Zn, at its initially high concentrations in the
medium. Nevertheless, at high Zn concentrations 1000 and 2000 µmol, P. chrysogenum grew
no less actively than A. niger, and the mycelium of P. chrysogenum was abundantly encrusted
with secondary hopeite. The intensive formation of biogenic hopeite also confirms that by
the end of the experiment (28 days), up to 50% of H2PO4

−, HPO4
2−, and PO4

3− were in a
bound form.

The obtained data showed that A. niger and P. chrysogenum can be used for Zn en-
vironmental detoxification. With the participation of both types of fungi, oxalates and
phosphates are formed in Zn-containing media. The ratio of fungal oxalates and phosphates
is directly dependent on the acid-reducing capacity of the fungi: under the influence of
A. niger, oxalates are predominantly formed, and under the influence of P. chrysogenum,
phosphates are predominantly formed.

5. Conclusions
This in vitro study of the metabolism effect of A. niger and P. chrysogenum on phase

formation in Zn-containing media showed the promise of using the fungi in biotechnologies
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for detoxifying heavy metals. It was demonstrated that not only oxalate but also phosphate
biomineralization can be applied. It was found that the ratio of formed fungal oxalates
and phosphates is directly dependent on the acid-production activity of the fungi, which
allows it to be controlled by selecting the appropriate strains. The application of phosphate
biomineralization seems promising in the case of severe pollution. To create a near-neutral
medium favorable for the formation of phosphates, it is advisable to use soil fungi non-
producing or weakly producing organic acids (for example, P. chrysogenum).
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