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Abstract. In order to explore the effects and influence of environmental factors on microbial
restoration of waste rock, an efficient rock-weathering strain Aspergillus niger XF-1 was isolated from
a granite face. Concentrations of SiO, in nutrient solution at different temperatures, pH values,
generation cycles, and vaccination quantities were measured using shake flask leaching and inductively
coupled plasma optical emission spectrometer (ICP-OES) to analyze the grey correlation degree of
weathering. The results reveal that the A. niger XF-1 strain can be used as a good fungal source for the
restoration of degraded habitats in abandoned granite areas, and can also be used to promote the release
of more Si elements in granite. Moreover, pH is the dominant factor affecting the weathering of granite
by A. niger, followed by vaccination quantity and temperature, while generation cycle is the least
important factor. The optimum temperature at which granite is weathered by A. niger was 28°C, the
most appropriate pH value was 3, the most suitable generation was the fifth, and the optimum
vaccination quantity was 107 (spore numbers mL™1).
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Introduction

Granite is one of the most widely distributed rocks globally. In developing countries,
abandoned granite mines are often covered with bare rock because of artificial over-
exploitation, which has led to severe soil and water loss, sharp declines in plant
diversity, deteriorated ecological conditions, and disastrous mine rocky desertification
phenomena (Wu et al., 2017a). As natural rocky desertification restoration is almost
impossible, appropriate strategies must be developed that can be applied to artificially
promote improvements to degraded ecosystems (Qi et al., 2013). One of the most
effective ways to do this is to spray a mixture of plant seeds, soil, and nutrients onto
exposed mine rock surfaces (Wu et al., 2017b; Borland et al., 2016). In this process,
however, when the plants run out the nutrient matrix layer they die and fall off the rock
surface and so this does not form a sustainable soil environment (Pratas et al., 2005).
Soil formation is therefore a crucial issue to promote plant growth via the fusion of
sprayed materials and the rock surface (Barker and Banfield, 1996).

Rock weathering is a key component of soil formation. As part of research in this
area, physicochemical weathering effects are often closely studied (Borland et al., 2016;
Wang, 2017; Tang et al., 2016; Cheng et al., 2015); previous research by Kevin et al.
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led to the conclusion that biological weathering plays a prominent role in certain cases
in the presence of biological organisms in the environment (Peng et al., 2015; Li et al.,
2015c¢). The formation of a soil starts from the moment that various organisms begin to
develop within loose rock crevices (Williams and Steinbergs, 1959); microbial
weathering in this context is one of the most common geological process on Earth, and
mainly controls biofilm formation during growth. The organic acids and other
metabolites produced during this process mean that one part of rock mineral substances
will dissolve (Lian, 2014). Previous work has shown that microbial activity is one of the
most important factors in the weathering of rocks and minerals in the biosphere; for
example, Bennett et al. noted that the rock weathering performance of microorganisms
is related to metabolic by-products, the limited nutrition that can be extracted from
special minerals, and growth and development (Bennett et al., 2001). Thus, Si (silicon),
Al (aluminum), Fe (ferrum), Mg (magnesium), Ca (calcium), and K (potassium) are
dissolved from silicates, aluminosilicates, oxides, phosphates, carbonates, and sulfides
during this process (Lian et al., 2008); the various elements that are released also
comprise an important nutrient source for plant growth and development. This means
that research on microbial weathering rock is one of the important components of
ecological environmental restoration, and is therefore of great significance to overall
sustainable development.

Bacteria and fungi are able to decompose minerals (Chiang et al., 2014; Li et al.,
2015c, 2017; Ramos et al., 2014; Song et al., 2015). In another previous study, Castro et
al. compared the ability of the bacteria Pseudomonas, Penicillium, and Aspergillus at
promoting Zn and Ni dissolution in smithsonite and garnierite and were able to show
that the latter was most efficient (Castro et al., 2000). This kind of work was developed
by Lian et al. who compared weathering biotite mineral differences between A. niger
and the glial species Bacillus; these workers noted that the weathering effect of the
former was better, and also noted that A. niger played a leading role in the weathering
process of biotite via the secretion of acid metabolites. In this case, A. niger-mineral
aggregates formed via the extension of hyphae, which then penetrated into microcracks
and promoted rock weathering (Dong and Lian, 2014). The original strains Aspergillus
niger and Penicillium heteromorphum PHT were studied by diethylsulfate (DES)
induced protoplast mutagenesis and bioleaching of potassium-richshale (Tang et al.,
2011).

Studies on the potassium-releasing effect and influence of A. niger on these minerals
(Hu et al., 2011) as well as cleaning effects on quartz sands (Song and Lian, 2014) and
promotion effect of plant growth (Li et al., 2015) have also made some progress. To
date, however, the influence of A. niger on the weathering of granite has not been
discussed. Aspergillus niger XF-1 is a dominant strain isolated from the granite surface
in Suzhou, Jiangsu Province, and has a certain relationship with granite weathering.
Therefore, it is of great significance to study the unique functions and ecological effects
of lithophytic microorganisms.

For the realization of sustainable development of ecological restoration, we screened
the efficient strain to weathering granite, and study the effects of environmental factors
on the habitat restoration in abandoned rock mining areas. In current study, an efficient
strain of A. niger was isolated and purified from the lichen surface of granite rock in this
study via preliminary silicon-releasing effect screening. The effect of A. niger
weathering granite at releasing this mineral was observed under different temperature
conditions as well as initial pH values, generation cycles, and vaccination quantities.
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Results were then analyzed using the grey correlation analysis method (GCAM) in
order to understand the degree of importance and relative function of different factors
during the weathering process. This enabled a clear scientific basis to be developed to
improve weathering effects, promote the greening of abandoned mine rock slopes, soil
formation, and improvements to the overall ecological environment.

Material and methods
Rock samples

Porphyry granite was used as the source rock for this analysis. All experimental rock
samples were obtained from an abandoned granite mine on Jinding Mountain, in
Wuzhong district, Suzhou, Jiangsu, China (E 120°30', N31°17"). Samples were placed
in a sterile kraft bag; lichens were stored in a refrigerator at 4 °C, and the remainder
were held in a refrigerator at -20 °C. The fresh rock samples used in this experiment
were washed with distilled water, sieved through a 200 mesh after being dried naturally,
ground to a particle size < 90 um, and then autoclaved at 121 °C for 20 min.

Dried samples were then evaluated using x-ray fluorescence (XRF) spectrometry; the
elements contained within granite are summarized in Table 1. Diffractometer (HX041)
analysis showed that the quartz, plagioclase, potassium feldspar, biotite, chlorite or
vermiculite accounted for 30-35%, 20-25%, 25-30%, 10-15%, and 5% by mass,
respectively.

Table 1. Chemical compositions of the granite used in the experiments

Chemical composition (%)
SiOz TiOz A|302 F6203 MnO MgO Cao Na,O K>0 PzOs Others
7429 | 0.20 | 13.54 1.88 0.37 0.28 0.78 3.49 4.78 0.04 0.38

Medium

A potato dextrose agar medium (PDA) was produced by boiling 200 g potato slices
for 20 min and then filtering them through eight cotton gauze layers to remove slag. A
mixture of 20 g glucose and 20 g agar were then added along with distilled water up to
1,000 ml; this mixture was then heated and stirred well before being sterilized at 121 °C
for 20 min.

We also produced a liquid PD culture medium that did not include 20 g agar.

Isolation, purification, and screening of fungal strains

The lichen samples we obtained from rock surfaces were washed many times,
remaining fluids were collected and were then oscillated on a shaker at room
temperature and 150 rpm for 30 min. A sterile water continuous gradient dilution (i.e.,
104, 10, and 10®) within a 200 uL suspension was then uniformly coated onto a PDA
plate and placed in a constant temperature incubator at 28 °C for between six and seven
days. Depending on the subsequent characteristics of the resultant fungal colony,
including morphology and color, the strain species was identified and a single colony
was selected, purified, and stored at 4 °C in a refrigerator.
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We then cultured each strain at 28 °C, 150 rpm for ten days for participation in rock
weathering experiments. The strains which significantly released Si were then screened
using an inductively coupled plasma optical emission spectrometer plasma emission
spectrometer (ICP-OES)(American Vista MXP type); these experiments showed that
the XF-1 strain exerted a good weathering effect and so this one was used for the
remainder of this analysis.

The experimental strain was identified via its single colony morphological
characteristics as well as color, hyphae, conidia, sporangia, and genomic sequence.

The gDNA of the XF-1 strain was extracted using the CTAB method (Wu et al.,
2017). In this case, the volume used for the PCR reaction system was 20 L: 2 x PCR
reaction mix 10 pL; we also used 1 pL of the forward primer ITS1,1 pL of the reverse
primer ITS4 (10 mmol-L™?), 1 uL of template DNA, and 7 pL of ddH,0. This mixture
enabled us to analyze and identify the gene sequence of 18S rDNA with PCR reaction
conditions that comprised predegeneration at 94 °C for 5 min, degeneration at 94 °C for
30 seconds, annealing renaturation at 55 °C for 30 seconds, and elongation at 72 °C for
one minute. This procedure was repeated over 30 cycles prior to final elongation at
72 °C for 10 min. Amplification PCR products were then detected via 1% agarose gel
electrophoresis, ethidium bromide (EB) staining, and an ultraviolet detector. The
purification and sequencing of PCR products was completed by GenScript (Nanjing)
Co., Ltd; all sequencing results were submitted to the GenBank database
(www.ncbi.nlm.nih.gov) and analyzed using BLAST software.

Spore suspension preparation

The XF-1 strain used in this analysis was cultivated at 28 °C for seven days and was
augmented with 5 mL sterile water. Thus, by gently scraping spores on the surface of
the agar, a suspension was filled to a 50 mLsterilized trianglular bottle, into which
several sterile glass ball had been placed in advance, and was then filtered with the
sterile absorbent cotton after complete vibration fully. The final residue of this stage
was washed three times with sterile water, the filtrate was collected and added to 10 mL
with sterile water, and spore suspensions of 103mL™*, 10°mL?, 10’ mL?, 10°mL?, and
10 mL "t were then prepared.

Test design and treatments

Tests were divided into four groups, A, B, C, and D. The aim of the group A test set
was to explore the influence of A. niger on weathered granite at different temperatures.
These experiments comprised 5 g of granite rock powder that placed into a 250 mL
triangle bottle, a 100 mL PD medium was then added and pH was adjusted to 7 and the
whole mixture was autoclaved at 121 °C for 20 min. Subsequent to cooling to room
temperature, 10" mL™* of 5% A. niger spore suspension prepared in advance was then
inoculated in a triangular bottle following a sterile operation, and cultivated at 150 rpm
and at 5 °C, 15 °C, 28 °C, 32 °C and 37 °C, respectively.

The aim of the group B series of tests was to study the influence of different pH
value on weathered granite by A. niger. Thus, 5 g of granite rock powder was placed
into a 250 mL triangle bottle, 100 mL of PD liquid medium was added, and the pH was
adjusted to 3, 5, 7, 9, and 11, respectively. The whole mixture was then autoclaved at
121 °C for 20 min. Subsequent to cooling to room temperature, 10’ mL™ of 5% A. niger
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spore suspension prepared in advance was then inoculated in a triangular bottle in a
sterile manner and cultivated at 28 °C.

The aim of the group C set of tests was to study the influence of different generation
cycles on granite weathered by A. niger. In this series, 5 g of granite rock powder was
placed into a 250 mL triangle bottle, 100 mL of potato sucrose medium was added, the
pH was adjusted to 7, and the whole mixture was autoclaved at 121 °C for 20 min.
Subsequent to cooling at room temperature, 10" mL™? of 5% A. niger spore suspension
from the first, second, third, fourth and fifth generations prepared in advance was
inoculated in a triangular bottle in a sterile operation, and cultured at 28 °C and
150 rpm.

The aim of the group D set of tests was to study the influence of different vaccination
quantities granite weathered by A. niger. In this case, 5 g of granite rock powder was
placed into a 250 mL triangle bottle and 100 mL potato sucrose liquid medium was
added, the pH was adjusted to 7, and the whole mixture was autoclaved at 121 °C for
20 min. Subsequent to cooling to room temperature, 10° mL?, 10° mL?, 107 mL7,
10°mL?, and 10 mL* solutions of 5% A. niger spore suspension prepared in advance
were inoculated in triangular bottles in a sterile operation and cultivated at 28 °C and
150 rpm.

Each of the group experiments discussed above was repeated in triplicate, with the
spore suspension autoclaved at 121 °C for 20 min used for comparisons. On day 30,
5 mL of the fermented liquid from each treatment was taken, centrifuged at 5,000 rpm
for 10 min and the resultant supernatant was placed in a 50 mL volumetric flask, filled
to a constant volume. We then added 0.05 mL of nitric acid (65%) and SiO, sample
contents were detected using a plasma ICP-OES.

Scanning electron microscope (SEM) observation of granite

Treated granite residuals were collected and dried at 50 °C. Each sample was then
fixed, sprayed with metal, and surface characteristics on day 30 were observed using a
SEM (Hitanchi-S3400N).

Data analysis

All of the data collected in this study were processed using the software Excel 2010
and variance analyses and significant difference tests were carried out using SPSS 20.0.
The influence of different environmental factors on granite weathering by A. niger was
analyzed using the GCAM, as outlined in this section.

The quantities of SiO- released from the various influencing factor treatments were
regarded as a reference sequence for the GCAM. Thus, Xo(K) refers to the SiO, released
from the various treatments, temperature is xi, pH is X2, generation cycle is xs, and
vaccination quantity is xs; these values comprised a sequence for comparisons,
expressed as x; (i = 1, 2, 3, 4), while xi(k) denotes treatment data from the influencing
factors. Applying the correlation degree formula, the extent of grey correlation between
the comparison and reference sequence was then obtained, and this order was arranged
in accordance; the influence of comparative sequence (i.e., influencing factors) on the
reference sequence was therefore determined by applying the specific calculation steps
outlined below.

A. Reference and comparison sequences were determined.

B. The sequence difference of the sequences was calculated via Equation 1.
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8 = lx, () — =06 (Eq.1)

C. Maximum and minimum differences between two poles were calculated via
Equations 2 and 3.

M = max; max; A; (k) (Eq.2)

m = min; ming A;(k) (Eq.3)

D. The correlation coefficient between comparison and reference sequences was then
determined based on different influencing factors using the transformation data, via

Equation 4.

m+EM

rm‘(kj = A kI +HEM (Eq'4)

In this expression, & denotes the identification coefficient, usually 0.5.
The grey correlation degree was calculated via the Equation 5.

1 n

Toi =  &te=1Toi (k) (Eq.5)

In this expression, roi denotes the grey correlation degree between the comparison
sequence, Xi, and the reference sequence, Xo. This calculation process was performed
using the grey breeding computer decision system (Li et al., 2016; Gao and Xu, 2016).

Results and discussion
Screening for highly-effective Si-releasing fungi

The amounts of SiO> released by fermentation broth of the 18 fungi strains severally
cultured for 10 days was was determined. Results show that the amount of SiO: released
by fermentation broth of XF-1 strain (28.44 mg-L™) was significantly higher than that
of other fungi strains and control group (Fig. 1). This result indicates that both the
growth and metabolism of this fungal strain effectively promotes the dissolution of
granite and increases Si release. Strain XF-1 was therefore selected as the target for
further study.

Isolation, purification, and identification of strain XF-1

The XF-1 strain possesses well-developed hyphae that are greatly branched and is
dark brown with a spherical top capsule. The conidium of this strain is spherical in
shape and possesses black or dark brown chrysanthemum-shaped heads produced
vertically from specialized hyphae cells with thick and swollen walls (Fig. 2). The XF-1
strain was initially judged to be A. niger based on these morphological characteristics;
further 18S rDNA amplification and sequencing were also performed and these results
confirm 99% homology with A. niger.
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a5 b

Concentration of SiO(mg L)

strain

Figure 1. Dissolution action of different fungus strains to granite on day 10. (Standard error
bars were marked. Significant differences at 0.05 level were analyzed using Tukey test by SPSS
Version 20.0)

b

Vac-High PC-Std. 10 kV 2015-7-11 000921
sample3

Figure 2. Electron microscopy (SEM) image and colonial morphology of XF-1 strain. a.
Conidium and conidiophore for XF-1 strain. b. Colonial morphology of XF-1 strain on PDA

The influence of environmental factors on Si release from granite

The effects of the four environmental factors considered here (i.e., temperature, pH,
generation cycle, and vaccination quantity) on granite weathering by the XF-1 strain are
summarized in Table 2. Results show that, under experimental conditions with A. niger,
the SiO2 content in dissolution was 7.05 times higher on average than the control group
(without A. niger); these experimental results show that the effect of granite weathering
by the XF-1 strain was significantly enhanced compared to the control group (without
A. niger).

The effects of different culture temperatures on granite weathering

The effects of different culture temperature on granite weathering was significant in
this experiment (p< 0.05) (Table 2). Data show that across all five temperature
treatments, the Si-releasing effect of granite weathered by A. niger at 28 °C was the
highest, significantly better than other treatments (p < 0.05) (Table 2). Lower, or higher,
temperatures that this optimal level were not conducive to granite weathering, a result
that is generally consistent with the earlier work of Styriakova’s research on the effects
of different temperatures on the weathering of basalt, granite, and gneiss by Bacillus
mucilaginosus (Styriakova et al., 2012).
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Table 2. Effects of different environmental factors on the weathered granite by A. niger

Treatment Mass cgncentration Mass concentration of | Increased times
of Si (mg-LY) |Si for control (mg-L*)| than control

5 48.86+1.62¢ 9.06 5.39
15 71.25£2.91b 9.62 7.41
Temgeé‘)"‘t”re 28 95.63+1.62a 11.22 8.52
32 67.89+3.26b 11.84 5.73
39 50.26+1.89¢ 12.82 3.92
3 123.63+4.43a 14.20 8.71
5 110.86+2.24b 12.42 8.93
pH value 7 95.63+2.54b 11.22 8.52
9 64.69+1.54c 11.84 5.46
11 40.32+1.63d 14.04 2.87
First generation 76.58+3.01d 11.22 6.83
Second generation 82.56+3.48bc 11.84 6.98
Generation cycle |  Third generation 95.63+1.54¢ 14.02 6.82
The fourth generation |  110.74+3.38ab 13.04 8.49
The fifth generation 116.59+2.86a 13.42 8.69
108 75.78+1.88b 10 7.58
Vaccination 10° 88.06+3.03a 11.02 7.99
quantity (spore 107 95.63+1.68a 11.22 8.52
number-mL™) 10° 68.031.96bc 10.04 6.78
10t 65.95+1.42¢ 9.64 6.84
Mean 7.05

Different letters in the same column indicate significant difference in the 5% level

It is noteworthy that the temperatures used in this experiment are related to annual
changes in Suzhou, Jiangsu Province, China. The spring and autumn in this region are
short, while the summer and winter are long; 5 °C is the lowest average monthly
temperature, while 15 °C is the annual mean, 28 °C is the average temperature of the
hottest month, 32 °C is the maximum temperature of the hottest month, and 39 °C is the
extreme temperature of the region. It is also the case that annual changes of temperature
across this region obviously alternate; it has been shown that changes in temperature
alternation can easily cause significant damage to a granite body (Ming and Fan, 2017),
promoting rock weathering. Thus, the two characteristics of this region, alternate
changes in temperature and an average of 28 °C in the hottest month, are both very
beneficial to granite weathering.

The effects of pH on granite weathering

We show that different pH values exerted a significant influence on granite
weathering effects (Table 2). Results show that at pH value of 3, 5, 7, 9, and 11, the
SiO. contents of granite dissolved by the XF-1 strain for 30 days resulting in 123.63
mg-Lt, 110.86 mg-L?, 95.63 mg-L?t, 64.69 mg-L?, and 40.32 mg-L?, respectively,
fold increases of 8.71, 8.93, 8.52, 5.46, and 2.87 compared to the control (without XF-1
strain). This means that the more acidic the fermentation liquid, the better the Si-release
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effect. Indeed, when the pH value was 3, the granite weathering effect was best,
significantly different (p < 0.05) to weakly acidic, neutral, and alkaline conditions.

In terms of bacterial growth, when the pH value of the fermentation liquid
transitioned from acid to alkaline, the number of mycelium pellets formed by A. niger
was reduced within the cultivation system. In contrast, when the pH value was 9 or 11,
most rock powder was not packed, and the SiO content in solution was low; this further
illustrates the fact that pH value is advantageous to granite weathering in acidic regions.

Generation cycle effects on granite weathering

We also show that the granite weathering action of different generation cycles was
significantly different (Table 2). Data reveal that when the granite was dissolved by the
XF-1 strain for 30 days, the SiO2 content in media from the first, two, three, four, and
five generations was 76.58 mg-L?, 82.56 mg-L?, 95.63 mg-L?, 110.74 mg-L?, and
116.59 mg-L?, respectively, fold increases of 6.83, 6.98, 6.82, 8.49, and 8.69 times
compared to the control (without XF-1 strain). As generation cycle increased, SiO:
content in granite culture media also gradually increased; indeed, the Si-releasing effect
of granite weathered by the XF-1 strain was best in the fifth generation, and there were
no significant differences between this generation and the fourth one in terms of
weathering effects. Differences between the fifth and other generations were significant
(p < 0.05); this means that the influence of generation cycle on the weathering effect of
granite is likely to increase the activity of A. niger in concert with generation cycle.

The effect of vaccination quantity on granite weathering

We show that when granite was dissolved by the XF-1 strain for 30 days in our
experiments, the contents of SiO2 recovered when the vaccination quantity was 10° mL°
1 10° mLt, 10" mL?, 10° mLt and 10 mL? were 75.78 mg-L?, 88.06 mg-L?,
95.63 mg-L?, 68.03 mg-L™, and 69.95 mg-L* respectively. These values represent fold
increases of 7.58, 7.99, 8.52, 6.78, and 6.84 times those of the control (without XF-1
strain). Data show that the Si-releasing ability of the 10" mL™ vaccination quantity was
the strongest, there was no significant difference between 10’ mL™ and the 10%-mL"*
dilutions, but there was a distinct change between the 10" mL™ and other vaccination
quantities (p < 0.05). The relationship between vaccination quantity and dissolved SiO-
content had a clear relationship; when the vaccination quantity increased from 103 mL*
to 10° mL?, the content of dissolved SiO; gradually increased, but when the quantity
increased to 10’ mL™?, dissolved SiO- reached its maximum level. Data show that when
the vaccination quantity continued to increase, the content of dissolved SiO> decreased,
a result which indicates that volume of release is closely related to the ability of A. niger
to weather this rock. The use of an appropriate vaccination quantity might therefore
improve the weathering ability of A. niger; in a limited space, however, it is clear that
the vaccination quantity of microorganisms controls weathering ability. The reasons for
this phenomenon might include the fact that the growth of microorganisms is related to
nutrient composition, and all the experiments performed here were carried out closed
systems where both the pace and nutrition were limited. These systems cannot,
therefore, enable sufficient microbial individuals to reproduce, which might have
affected their ability to weather granite. This phenomenon is similar, however, to
environments in which there is competition between rock surface organisms in natural
conditions.
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The relationship between environmental factors and A. niger granite weathering

As the environmental factors discussed here all exert a significant on the granite
weathering of A. niger, it is necessary to determine which are more important. We
therefore evaluated the relationship between environmental factors and the weathering
action of this bacterium. Data show that, in general, the influence of various factors on
granite weathering is non-linear and thus hard to unravel using traditional statistical
approaches. Our use of grey relational analysis can overcome this defect (Li et al., 2016;
Gao and Xu, 2016); we applied this approach to analyze the relationships between
temperature, pH value, vaccination quantity, and generation cycle versus the weathering
effects of A. niger (Table 3). Our results show that the most important factor influencing
the weathering of A. niger was pH (x2), followed by vaccination quantity (Xa),
temperature (x1), and the influence of generation cycle (x3).

Table 3. Analysis of grey relational degree between different environmental factors and A.
niger weathered granite

Enviromental factor | Temperature (x1) | pH value (x2) | Generation cycle (x3) | Vaccination quantity (x4)

Grey relational degree 0.56 0.82 0.50 0.63

It is clear that acidolysis is one important way to promote the microbial weathering
of minerals (Wu et al., 2018; Welch and Ullman, 1993; Toyama and Terakado, 2015),
and comprises both inorganic and organic acids (Lian, 2008). Data show that given the
same pH conditions, organic acids are more likely to accelerate the dissolution of
minerals than their inorganic counterparts because the former can combine proton
exchange with ligand complexes in weathering to form a complex enhancing rock
dissolution (Styriakova et al., 2012). An A. niger-granite aggregate was formed on the
rock surface in this study to comprise a micro-environment (Fig. 3b); this efficiently
enriched organic acids (Zhu et al., 2014; Gadd et al., 2014; Wang et al., 2015), and
strengthened the synergetic weathering of organic acids with polysaccharides, hyphae,
and adsorbed SiO: released to produce a concentration gradient in the fermented liquid,
especially oxalic and citric acids. A. niger is capable of producing six organic acids:
oxalic acid, citric acid, malic acid, tartaric acid, acetic acid and succinic acid, so that the
pH of its fermentation liquid is reduced to the lowest value on the 10 d, and the
weathering effect of granite is the optimum at this moment (Wu et al., 2018).

This process could therefore be utilized to complete slope ecological restoration,
involving the initial adjustment of matrix soil pH values and the use of A. niger as a
fungal source. The amount of A. niger can then be appropriately increased to improve
the microbial weathering of granite, and can achieve soil formation, vegetation
restoration, and improvements to the ecological environment in the short term.

SEM observations of granite surface changes

A SEM micrograph of granite weathered by A. niger on day 30 reveals that this
bacterium produced a significant weathering effect (Fig. 3). This image also shows,
however, that no obvious dissolution trace was observed on the rock surface without A.
niger because this active bacterium was absent (Fig. 3a), and there were obvious
corrosion traces and a number of mycelia on the granite surface by day 30 (Fig. 3b) (in
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this case, the granite surface weathered by A. niger at a temperature of 28 °C on day 30
was used as an example). Hyphae interspersed and penetrated the rock surface via
cracks and other weak positions, intruded into the interior, produced mechanical
damage, loosened the rock structure, increased the contact area, and formed a hyphae-
mineral aggregate, making the granite surface rough. This result was previously noted
by Lian (2014), Peng et al. (2015), and Toyama and Terakado (2015).

e 20 M
10kV 12015-8-26
A

Figure 3. Scanning electron micrograph (SEM) of granite. a. The surface of the granite without
A. niger. b. The surface of the granite affected by A. niger

Studies have also shown that A. niger is widely distributed in soil and comprises an
important component of the microbial population. This bacterium is capable of
weathering black and micas, common feldspar, phosphate ore, olivine and copper ore
tailings (Li, 2015a; Lian, 2008; Sun et al., 2014; Li et al., 2015b, c; Diao et al., 2015;
Fomina, 2014), and can corrode P20s, K>O and other elements to promote the growth of
crops (Dong and Lian, 2014). We show that A. niger can also efficiently weather granite
in this analysis, and the dissolution quantity of SiO- in the fermentation broth on day 30
was 7.05 times more than the control group (without A. niger) (Table 2). This result
further confirms the acceleration of A. niger on granite weathering and corrosion of Si
element from the perspective of practice. Si element is not an essential but a beneficial
element for plants. Si can make plants with green stems strong, promote root growth,
increase plant fruit, improve crop quality, and also make plants resistant to diseases,
droughts, insects and lodging. It can also improve soil structure and increase the content
of alkali-hydrolysis nitrogen, available potassium and available silicon in soil. In
particular, most soils in south China are seriously deficient in silicon in acid soil, and
the available silicon content is very low (Chen et al., 2016). Our research results showed
that once applied to the remediation of abandoned rock mining areas, XF-1 strain can
promote the dissolution of effective silicon in soil, increase the content of available
nitrogen, phosphorus and potassium in soil, improve soil nutrient insufficiency, and
promote the growth of plants.

A number of issues and obstacles nevertheless remain if A. niger is to be used for
environmental restoration research. In natural conditions, the pH value that is conducive
for the activity of this microbe is very difficult to adjust, while suitable growth
temperatures and humilities are also hard to maintain, and the various factors do not
worked independently. Therefore, further research is needed to explore these questions.
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Conclusions

A XF-1 strain that can weather granite highly effectively was isolated in our
experiments from a granite surface. This bacterium was identified as A. niger via
morphological comparisons and on the basis of 18S rDNA gene sequences. This strain
provides a good fungal source that can be used to solve the issue of rapid soil formation
on bare rock within abandoned mining areas and also presents a new approach that can
be used for the ecological restoration of degraded habitats.

The bacterium A. niger exerts an obvious acceleration effect on granite weathering.
Our SEM observations reveal the presence of a large number of mycelia and obvious
corrosion pits on rock surfaces. In the presence of A. niger, the dissolved SiO> content
was 7.05 times higher on average than just the control (without A. niger).

We introduce the use of a GCAM in this experiment to quantitatively assess the
degree of influence of each environmental factor on granite weathering by A. niger for
the first time. Results show that pH is the dominant factor affecting granite weathering
by A. niger, followed by vaccination quantity and temperature, while the influence of
generation cycle was the least important. Data show that when the pH value was 3, the
vaccination quantity was 10"-mL?, the fifth generation cycle was used, and the
temperature was 28 °C, the best effects were obtained. In cases where temperature and
other environmental conditions are suitable for microbial growth, soil formation
velocity on exposed rock will be accelerated via microorganisms entering cracks
throughout mineral weathering.
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