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Abstract
Microbial remediation, utilizing reduction of Cr(VI) to Cr(III), is considered a promising method for lowering toxic environ-
mental chromium levels. In this study, a Cr(VI)-resistant fungal strain, Fusarium proliferatum S4 (F. proliferatum), was iso-
lated from seriously chromium-polluted soil at Haibei Chemical Plant, China. This strain for treatment chromium-containing 
solution resulted in 100.00%, 93%, and 74% removal at initial concentrations of 10, 30, and 50 mg L−1 Cr(VI), respectively, 
after 12 days of treatment in a batch mode. Contributions of different cell fractions to Cr(VI) removal were explored. The 
Cr(VI) removal capacity of various cell components from strong to weak was as follows: cytoplasm, cell secretions, and cell 
debris. Observations obtained by scanning electron microscopy and transmission electron microscopy with energy disper-
sive X-ray spectroscopy revealed that not only the cell surfaces but also the intracellular contents were involved Cr through 
adsorption, reduction, or accumulation. Fourier transform infrared spectra indicated that a large number of functional groups 
(amino, carbonyl, carboxyl, and phosphate groups) participated in chromium binding on the cell surface. X-ray photoelectron 
spectroscopy confirmed the presence of Cr on the cell surface only as Cr(III). The results have important implications for an 
in-depth understanding of microbial chromate reduction by F. proliferatum. This study provides an insight into the microbial 
Cr(VI) bioreduction efficiency, and mechanisms in the chromium-contaminated environment.
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Introduction

Chromium (Cr) is an important industrial pollutant, which 
is extensively used in leather tanning, stainless-steel produc-
tion, plating chrome, and electroplating (Kantar et al. 2008). 
Although chromium can exist in different oxidation states 
(+ 2 to + 6), Cr(III) and Cr(VI) are the most dominant stable 
states in natural systems (Dhal et al. 2013; Rai et al. 1987). 
Cr(III) mainly exists in the forms of Cr(OH)2+, Cr(OH3), 
Cr(OH)4

−, and Cr(OH)5
2−, which is much less toxic than 

Cr(VI) (Lu et al. 2017). Cr(VI) can have extremely nega-
tive effects on all forms of living organisms at elevated 

concentrations due to its strong oxidation and high carcino-
genic properties, which has become the second most com-
mon metal hazard to human beings and ecosystems (Bennett 
et al. 2013; Lai et al. 2016). At present, Cr(VI) has been 
listed as a priority pollutant in different regulatory agencies 
worldwide including the United States Environmental Pro-
tection Agency. Therefore, it remains a major global concern 
to control Cr(VI) pollution in the environment.

Nowadays, the transformation of Cr(VI) to Cr(III) has 
been considered to be a feasible, economical, and promising 
way to substantially lower the toxicity of chromium pol-
lution. There are many physio-chemical techniques for the 
Cr(VI) removal from various environmental compartments, 
such as ion exchange, absorption, membrane separation, 
reverse osmosis, electrochemical treatment, and chemical 
reduction (Anupam et al. 2015, Miretzky and Cirelli 2010, 
Sarkar et al. 2010). Nevertheless, these physicochemical 
techniques have caused secondary pollution along with 
high cost, high energy requirement, and technical complex-
ity. Therefore, biological reduction has been thought to be an 
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effective technique to remediate chromium containment. The 
study on microbial remediation of chromium pollution in 
the environment was first reported in the 1970s (Xiao et al. 
2012). With the development of researches, microorgan-
isms including bacteria, parts of fungi, and yeasts have been 
found to decrease Cr(VI) concentrations and transform into 
Cr(III) for lowering toxic environmental chromium levels 
(Table S1). Paecilomyces lilacinus (Xu et al. 2017), Asper-
gillus niger (Xu et al. 2020a), Pseudomonas (Yasir et al. 
2021), Enterobacter (Mubashar et al. 2020), Saccharomyces 
cerevisiae (Jankovic et al. 2020), and Escherichia (Rohand 
et al. 2021) have shown to possess Cr(VI) removal capaci-
ties. However, the processes and mechanisms of Cr(VI) 
removal by microorganisms still need further study.

In this study, an efficient Cr(VI) reducing fungi was iso-
lated from the chromium-polluted soil at Haibei Chemical 
Plant, China. A variety of analytical techniques including 
morphological, biochemical, and physiological strategies 
were used to discuss the potential of this strain for bioreme-
diation of chromium-contaminated soil. In addition, Cr(VI) 
reduction and bioremediation mechanisms by this strain also 
were explored in this research.

Materials and methods

Sample collection and media

Soil samples were collected from the Haibei Chemical Plant 
(Qinghai province, China) and stored at 4 °C in a refrig-
erator. Profile soil samples from different depths (typically 
0–4 m with 1 m intervals) were taken after removal of lit-
ter within an area of 0.5 km2. All samples were sealed in 
polyvinyl chloride bags, homogenized, and transported to 
the laboratory for follow-up bioassay experiments. The 
culture medium used in isolating Cr(VI)-resistant micro-
organisms contained: 1 g beef extract, 3 g tryptone, 0.5 g 
yeast extract, 3 g glucose, 2 g NaCl, 0.5 g NaNO3, 5 × 10−3 g 
MgSO4·7H2O, and 0.1 g NH4Cl in 1 L deionized water. 
K2Cr2O7 was used as the source of Cr(VI), and the concen-
trations were set as 0, 10, 30, and 50 mg L−1. All chemicals 
used in domestication and batch experiments were analyti-
cally reagent grade.

Isolation and identification of Cr(VI)‑tolerant fungus

The Cr-contaminated soil (0.1 g) was added to a 100 mL 
aqueous medium (without Cr) and then shaken in an LRH-
150 incubator (Shanghai Qixin Scientific Instrument Co., 
Ltd., Shanghai, China) at 150  rpm and 30 ± 0.5  °C for 
2 days. Then, 1 mL of the culture was inoculated into fresh 
medium with 200 mg L−1 Cr(VI) and cultured for an addi-
tional 2 days. Then, the strain was gradually cultured by 

increasing the Cr(VI) concentration in the medium. After 
five cycles, the mixture suspension (0.1 mL) was spread 
evenly on solid medium containing 500 mg L−1 Cr(VI). 
According to the high tolerance and removal of Cr(VI), a 
fungal strain named S4 was selected through continuous 
isolation and screening. The colonies of strain S4 were flat 
with a faint yellow color on the surface of the solid medium 
(Fig. S1a), and the spores were scattered with diameters of 
1–5 μm (Fig. S1b–e).

The identification of strain S4 was done by the Allwegene 
Tech., Beijing, China. The ITS sequences were compared 
with the National Coalition Building Institute (NCBI) online 
database, and Blast analysis was performed to identify the 
species of strain S4 (Fig. S2). The results showed that strain 
S4 belonged to Fusarium proliferatum (F. proliferatum).

Separation of cell components

In order to explore the Cr(VI) removal ability of differ-
ent fractions of F. proliferatum as well as whether it was 
enzyme-mediated, three cell fractions comprising cell 
secretions, cytoplasm, and cell debris were separated in 
this experiment. The detailed steps for separating each frac-
tion were as follows (Desai et al. 2008; Kang et al. 2017; 
Xu et al. 2020a): (i) mycelium pellets were collected via 
centrifugation (10,000 rpm, 10 min) after incubation in the 
liquid medium at 30 ± 0.5 °C for 2 days. The supernatant 
obtained after centrifugation was considered cell secretions. 
(ii) Mycelium pellets were washed twice and resuspended 
in 50 mL potassium phosphate buffer solution (0.1 mM, pH 
7.0), homogenized in a shaker (120 rpm, 30 min), and placed 
in an ice bath. (iii) Cell suspensions in a buffer solution were 
disrupted using an ultrasonic cell breaker for 30 min (2-s 
pulses, 4-s intervals). (iv) Suspensions after cell fragmenta-
tion were centrifuged again, and the supernatant was filtered 
to obtain the cytoplasm using a 0.22-μm filter membrane. 
The precipitates obtained by centrifugation were used as cell 
debris. In addition, experiments using boiled cell secretions, 
cytoplasm, and cell debris were set up to investigate whether 
the Cr(VI) reduction process was mediated by enzymes.

Removal of Cr(VI) by fungal biomass

To investigate the time-dependent Cr removal by the isolate, 
F. proliferatum was treated with 0, 10, 30, and 50 mg L−1 
Cr(VI) (three replicates each) for 2, 4, 6, 8, 10, and 12 days. 
All experiments were carried out in Erlenmeyer flasks con-
taining 1 mL inoculum and 249 mL culture medium contain-
ing 0, 10, 30, and 50 mg L−1 Cr(VI). The flasks were incu-
bated at 30 ± 0.5 °C and shaken in incubator at 150 rpm. In 
addition, the sterilized medium with an initial concentration 
of 50 mg L−1 Cr(VI) was used as a control group.
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After each incubation period, the extracted mycelium 
pellets and 1 mL supernatant were used to measure the 
fungal biomass and residual Cr concentration in the culture 
medium, respectively. Mycelium pellets were extracted by 
filtering through filter paper followed by repeated rinsing 
with deionized water. Subsequently, the mycelium pellets 
were oven-dried (Shanghai Shinbae industrial Corpora-
tion, Shanghai, China) at 45 °C to constant weight, and the 
results indicated the fungal biomass. The residual Cr(VI) 
and total Cr concentrations in the supernatants were deter-
mined after filtration with 0.22-μm cellulose acetate filter 
membranes. The concentration of Cr(VI) was analyzed col-
orimetrically by the 1,5-diphenylcarbazide method (DPC) 
by UV–vis spectrophotometry (Evolution 220 Thermo) at 
540 nm (APHA 1998). The total Cr was then determined by 
inductively coupled plasma optical emission spectroscopy 
(ICP–OES; Spectro Blue SOP). The Cr(III) concentration 
was then obtained by the difference between total Cr and 
Cr(VI) concentrations. The removal rate (R%) of Cr(VI) by 
F. proliferatum was calculated using the following formula:

where R% is the removal rate of Cr(VI), Ci (mg L−1) is the 
initial concentration of Cr(VI) in solution, and Cf (mg L−1) 
is the final concentration of Cr(VI) in solution.

Characterization methods of the fungal cells

Scanning electron microscopy (SEM) was performed to 
observe the surface morphological characteristics of F. pro-
liferatum with and without Cr(VI) treatment. F. proliferatum 
was cultivated in a medium with 0 and 50 mg L−1 Cr(VI) 
at 30 °C and 150 rpm in a shaking incubator. After cultiva-
tion for 12 days, fungal pellets were collected, washed three 
times (5 min each time) in 0.1 M phosphate buffer (pH = 7), 
and fixed on the surface of conductive adhesive tape. Due 
to the microbial samples being non-conductive, a small 
amount of gold powder was sprayed before SEM observa-
tion to increase the electrical conductivity. All samples were 
stored in a refrigerator at 4 °C for 24 h. A FEI Quanta 200 
FEG SEM with energy-dispersive spectroscopy (SEM/EDS) 
was employed for observation and analysis. The EDS pro-
vided a means for component identification of extracellular 
Cr-containing precipitates formed by F. proliferatum. The 
SEM and EDS were operated at 15 kV and 120 Pa.

Transmission electron microscopy (TEM) was used to 
identify the structure of fungal cells and to determine intra-
cellular Cr distributions. The fungal strain was cultivated 
in the medium with 0 and 50 mg L−1 at 30 °C (150 rpm) 
for 12 days. Subsequently, the fungal pellets were collected, 
washed three times (5 min each time) in 0.1 M phosphate 

R% =
Ci − Cf

Ci

× 100

buffer (pH = 7), and fixed in 2.5% glutaraldehyde at tem-
perature of 4 °C for 24 h. The sample was fixed in 1% osmic 
acid at 1 °C for 1 h and washed three times (7 min each time) 
in 0.1 M phosphate buffer (pH = 7). Then, the cells were 
dehydrated and embedded with acetone and resin. After the 
embedding operation was completed, the cells were sec-
tioned to a thickness of 90 nm by an ultrathin microtome and 
fixed on a copper network containing a micro-sand carbon 
film. A Tecnai F30 microscope operating at a high voltage 
of 300 kV was used to observe the cell morphology and to 
assess the elemental mapping.

Fourier transform infrared (FT-IR) spectral analysis was 
performed to investigate the changes of functional groups 
on the cell wall of F. proliferatum under Cr(VI) treatment. 
Mycelia were obtained from the culture solution of F. prolif-
eratum containing 0, 10, 30, and 50 mg L−1 Cr(VI) at 30 °C 
(150 rpm) after 12 days of incubation, respectively. After the 
mycelia were filtered, freeze-dried, and ground, the prepared 
samples were analyzed using an infrared absorption spec-
trometer (Nicolet is50, Thermo Fisher Scientific, USA) with 
a scanning range of 40–4000 cm−1 at a resolution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS, AXIS Supra) 
analysis was used to determine the valence states of chro-
mium attached to the cell surface of F. proliferatum. F. 
proliferatum was incubated in the medium with 50 mg L−1 
Cr(VI) at 30 °C (150 rpm) for 12 days. The cells were then 
obtained by centrifugation, washed with sterilized deionized 
water three times, and freeze-dried in a vacuum freeze-drier 
for 48 h. The obtained dried samples were fully ground, 
adhered to an iron tape, and pressed into tablets before being 
tested by XPS. Spectra of Cr 2p1/2 and Cr 2p3/2 were ref-
erenced to a C 1 s photopeak at 284.6 eV.

Results and discussion

Effect of initial Cr(VI) concentration on Cr(VI) 
removal efficiency

F. proliferatum could tolerate up to 500 mg L−1 Cr(VI), and 
the fungi had a high Cr(VI) removal rate in aqueous medium 
containing less than 50 mg L−1 Cr(VI). Several experiments 
were performed at different initial Cr(VI) concentrations to 
explore the effect of this parameter on Cr(VI) removal. The 
Cr(VI) removal efficiencies obtained for the different ini-
tial concentrations are shown in Fig. 1a. There was clearly 
Cr(VI) removal by F. proliferatum at various initial Cr(VI) 
concentrations ranging from 10 to 50 mg L−1. To observe 
the effects of abiotic factors (e.g., medium composition or 
volatilization) on Cr(VI) removal, two types of sterile con-
trol groups were set up in parallel. The removal of Cr(VI) 
in the two control groups was less than 5%, indicating that 
the Cr(VI) removal in the experiment groups was caused 
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by F. proliferatum, and abiotic factors had little effect on 
the removal of Cr(VI). Media with different Cr(VI) con-
centrations showed significant Cr(VI) removal efficiency 
during the first 6 days, and then, the Cr(VI) concentration 
in the medium gradually stabilized. Compared with previ-
ous research (Shi et al. 2018; Xu et al. 2020a), hexavalent 
chromium in the media could be removed more quickly by 
the methods employed in this study. The Cr(VI) removal 
rate by strain S4 basically reached the peak (100%, 93%, and 
74%) after 8 days under 10, 30, and 50 mg L−1 initial Cr(VI) 
concentrations, respectively. From the results, the maximum 
removal rate gradually decreased as the initial Cr(VI) con-
centration increased. Therefore, a longer interaction would 
be required to reach peak removal with increasing initial 
Cr(VI) concentration. Similar trends were reported for Pseu-
domonas aeruginosa CCTCC AB93066 and Stenotropho-
monas acidaminiphila 4–1 (Kang et al. 2017; Li et al. 2021). 
However, if the initial Cr(VI) concentration was above 
100 mg L−1, the final Cr(VI) concentration was decreased 
by only about 20% (not shown). As predicted, if the initial 
Cr(VI) concentration continued to increase, the growth and 
activity of the fungi would eventually be inhibited, and thus, 
the Cr(VI) reduction efficiency would be extremely low. The 
high Cr(VI) tolerance of the isolate indicated that this fungus 
may have significant bioremediation potential for in situ use 
in environments with high level of chromium pollution.

In order to determine whether the Cr(VI) removal was 
caused by bioreduction or bioaccumulation, the supernatant 
of the culture solution was extracted for the measurement 

of total Cr after 12 days. The remaining Cr(III) concentra-
tion represented the bioreduction of Cr(VI). The values of 
cell accumulation and adsorption of Cr were expressed by 
the difference between the initial Cr(VI) concentration and 
the final Cr concentration (including Cr(III) and Cr(VI); 
see details in the “Removal of Cr(VI) by fungal biomass” 
section) in the supernatant. As shown in Fig. S3, the reduc-
tion rates of extracellular Cr(VI) were 98.34%, 89.73%, 
and 58.24% at initial Cr(VI) concentrations of 10, 30, and 
50 mg L−1, respectively. Meanwhile, with the increase of 
initial Cr(VI) concentration, the bioaccumulation rate of Cr 
increased from 0.14 to 15.63%. Previous researchers have 
reported that a variety of microorganisms could reduce 
Cr(VI) to soluble Cr(III) by secreting substances that remain 
in the medium (Li et al. 2016; Xu et al. 2009). In addition, a 
small portion of Cr (III) could bind to the fungal surface via 
combining with functional groups and negatively charged 
ligands by electrostatic attraction.

Effect of biomass on Cr(VI) removal efficiency

In this study, the effect of Cr(VI) on fungal growth was eval-
uated by comparing the growth process of F. proliferatum 
in the presence and absence of 50 mg L−1 Cr(VI) (Fig. 1c). 
The biomass of F. proliferatum cultivated in the Cr(VI)-free 
medium reached the logarithmic phase faster than that of the 
same fungal strain in the presence of Cr(VI). It was clear that 
the growth of strain S4 was inhibited during the early growth 
phase due to the addition of Cr(VI) in the medium. However, 

Fig. 1   a Cr(VI) removal rate by 
F. proliferatum at different ini-
tial Cr(VI) concentrations (10, 
30, and 50 mg L−1), the control 
group represented 50 mg 
L−1 Cr(VI) medium without 
F. proliferatum. b Variation 
characteristics of fungal growth 
and removal rate under 50 mg 
L−1 Cr(VI). c The growth of F. 
proliferatum with and without 
50 mg L.−1 Cr(VI). d The cor-
relation between biomass and 
Cr(VI) removal rate (%), the 
red dotted lines represent 95% 
confidence intervals
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after the 8th day, the biomass in each experimental group 
tended to be constant. The difference between the maximum 
biomass of the two experimental groups (with and without 
50 mg L−1 Cr(VI)) was not significant. We speculated that 
strain S4 grew slowly in the initial stage of culture due to 
the high concentration of Cr(VI). Subsequently, the strain 
gradually adapted to the cultivation environment containing 
50 mg L−1 Cr(VI), then grew rapidly, and finally reached 
maximum biomass similar to that of the Cr(VI)-free culture. 
These results indicated that F. proliferatum could adapt to 
less than 50 mg L−1 Cr(VI) concentration in a short time and 
that this concentration would not have a negative impact on 
the growth of the fungi.

The relationship between fungal growth and Cr(VI) 
removal rate was also investigated in this study (Fig. 1b). 
After 2 days of adaptive cultivation, strain S4 inoculated 
in the medium with 50 mg L−1 Cr(VI) showed logarithmic 
growth, accompanied by the rapid decrease of Cr(VI) con-
centration. From the 2nd to 8th day, the upward trend of 
Cr(VI) removal rate was correlated with fungal biomass, 
indicating that biomass was one of the crucial factors affect-
ing the Cr(VI) removal efficiency. Previous studies have also 
shown a close relationship between heavy metal removal and 
microbial biomass (Bhattacharya and Gupta 2013, Dogan 
et al. 2011; Xu et al. 2020b). Furthermore, there was a strong 
positive correlation between the biomass of the strain and 
removal rate of chromium (R2 = 0.9596) (Fig. 1d), indicating 
that the removal amount of chromium was largely controlled 
by the fungal biomass.

pH is essential for the growth of microorganisms. Fig. S4 
shows that the pH varied among different systems. In the 
culture medium containing the fungal strain and 50 mg L−1 
Cr(VI), the pH did not vary significantly in the early growth 
stages of the fungus. With the growth and metabolism of the 
fungus, the pH of the culture solution gradually decreased. 
In addition, the pH in the culture medium containing Cr(VI) 
decreased more than that in the culture medium without 
Cr(VI); this might have been caused by the presence of 
Cr(VI) in the aqueous solution that stimulated the strains to 
produce more metabolites. The protonation of the microbial 
cell surface caused by low acidity conditions not only helps 
to bind negatively charged chromate but also provides abun-
dant protons for the reduction of Cr(VI) (Silva et al. 2012). 
For F. proliferatum, we speculated that the strain S4 had 
secreted a large number of metabolites (e.g., organic acids 
and organic nutrients that could reduce Cr(VI) and combine 
with Cr(III) to form soluble organic complexes during the 
fungal growth process).

Contribution of different cell fractions to Cr(VI) removal.
In this study, we examined the Cr(VI) removal ability 

of three cell fractions (cell secretions, cytoplasm, and cell 
debris) as well as whether the reduction capacities were 

enzyme-mediated. The Cr(VI) removal rates with an ini-
tial concentration of 50 mg L−1 by different cell fractions 
and enzyme-inactivated samples (the boiled cell fractions) 
after 6 h of interaction are shown in Fig. S5. The total cell 
fractions reduced the Cr(VI) concentration in the aqueous 
solution by approximately 27.15% and the contributions 
of the three cell fractions to the Cr(VI) removal were as 
follows: cytoplasm (17.26%), followed by cell secretions 
(5.29%), and cell debris (4.6%). Nevertheless, in boiled 
samples, the Cr(VI) concentration was decreased slightly 
only in the cell secretion fraction, and neither cytoplasm 
nor cell debris exhibited Cr(VI) removal capacity. This 
suggested that the reduction of toxic and carcinogenic 
Cr(VI) to less toxic Cr(III) could be catalyzed by chro-
mate reductase.

Many researchers have found significant differences in 
the Cr(VI) removal capacity of different cell components 
(Acevedo-Aguilar et al. 2006; Chang et al. 2016; Shi et al. 
2018). Batool et al. (2012) reported that cell secretion and 
cell debris of Ochrobactrum intermedium isolated from 
tannery wastewater could remove Cr(VI) via being reduced 
by chromate reductase in the cytoplasm. In contrast, the 
main Cr(VI) reduction process occurred in the cell debris 
(11.40%) rather than the cytoplasm (2.40%) in Acinetobac-
ter haemolyticus (Ahmad et al. 2013). In this experiment, 
the Cr(VI) removal rate by cytoplasm and cell debris of 
F. proliferatum reached 17.26% and 5.39%, whereas the 
corresponding boiled samples exhibited none, thereby 
suggesting that chromate reductase in the cytoplasm and 
cell debris played an important role in the Cr(VI) reduc-
tion. The removal rate of Cr(VI) by cell secretions reached 
4.61%, indicating that cell secretions, including proteins, 
organic acids, and various polysaccharides, could protect 
cells from the toxic effects of the external environment and 
partially remove Cr(VI) outside cells. In addition, boiled 
cell secretions (enzyme inactivation) could still remove 
2.26% of Cr(VI), indicating that in addition to chromate 
reductase, there were other non-enzymatic organic sub-
stances that could participate in the removal of Cr(VI). 
Some studies have reported that organic acids (e.g., malic 
acid and oxalic acid) could reduce Cr(VI) (Ding et al. 
2019; Shi et al. 2018). Similarly, we speculated that the 
Cr(VI) removal was via the action of chromate reductase 
and non-enzymatic organic acids. Therefore, the combined 
effects of different cell fractions finally reduced Cr(VI) 
concentration in the medium. The reduction of Cr(VI) 
by F. proliferatum largely depended on the intracellular 
chromate reductase that could reduce Cr(VI) to less toxic 
Cr(III) inside the cell. In addition to the Cr(VI) reduc-
tion in cells, extracellular metabolites, including chromate 
reductase and non-enzymatic organic substances, also par-
ticipated in the removal process of Cr(VI).
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Effect of Cr(VI) on fungal surface morphology 
and functional groups

SEM–EDS analysis

To gain insight into the effect of Cr(VI) on cells of F. prolif-
eratum under growth conditions, SEM was used to observe 
the morphological changes of fungal mycelia with different 
concentrations of Cr(VI) (0, 10, 30, and 50 mg L−1).

Figure 2 shows the SEM image of cells grown in the 
presence and absence of Cr(VI). SEM analysis showed 
that, under the condition of Cr(VI)-free culture, the 
hyphae of strain S4 were distinctly clear and plump with 
a smooth homogeneous surface (Fig. 2a). In contrast, 
as the concentration of Cr(VI) increased, the surface 
of hyphae became rougher as well as being curlier and 
more wrinkled (Fig. 2b–d). Contrary to expectations, the 
hyphae were not deformed seriously under the highest 
concentration of Cr(VI). These results implied that F. 
proliferatum could tolerate relatively high concentrations 
of Cr(VI), with no major impact on mycelial morphol-
ogy. Meanwhile, a small number of amorphous precipi-
tates were present on the hyphal surface under the Cr(VI) 
concentration of 50 mg L−1, and a Cr peak was found in 
the EDS image (Fig. 2e). Nevertheless, the Cr peak was 
not found for the hyphal surface in the Cr(VI)-free and 
lower Cr(VI) concentration (10 and 30 mg L−1) cultures, 

confirming that the appearance of chromium on the 
mycelium surface was completely caused by the addition 
of chromium in the external environment. With lower 
Cr(VI) concentrations, the lack of precipitation on the 
mycelium surface may have been due to the poor accu-
mulation ability of strain S4 to Cr(VI) under low concen-
trations, and most of the Cr(VI) existed in the solution 
in the form of reduced state. Similar observations were 
made by Xu et al. (2020a) during the removal of Cr(VI) 
by Aspergillus niger. We preliminarily speculated that 
the formation of chromium-containing precipitates might 
be caused by reducing of Cr(VI) to Cr(III)-containing 
substances with low solubility.

FT‑IR analysis

To obtain the functional groups of cells involved in the Cr 
adsorption process, the FT-IR spectra of cells under the con-
ditions of 0, 10, 30, and 50 mg L−1 Cr(VI) were examined. 
The corresponding FT-IR spectra are shown in Fig. 3.

For Cr(VI)-free cells, the FT-IR spectra showed the 
following features: a maximum peak of 3250.5  cm−1 
represented the overlapping stretching vibrations of 
–NH groups (Chen et  al. 2012; Pei et  al. 2009); the 
absorption peak at 2924.8  cm−1 was assigned to the 
C–H stretching vibrations of alkyl chains; the peak at 
1034.0  cm−1 was attributed to the phosphate group; 

Fig. 2   Scanning electron 
microscopy (SEM) images of 
F. proliferatum incubated a 
without Cr(VI) and in b 10 mg 
L−1, c 30 mg L−1, d 50 mg L.−1, 
e EDS of the hyphal surface. 
The samples were collected on 
day 12
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the absorbances at 1644.2, 1545.7, and 1411.6  cm−1 
were related to the amide I, amide II, and amide III, 
respectively; the peak at located about 527.8  cm−1 
was reported as a nitro-compound. After Cr(VI) treat-
ment, the chromium-exposed biomass exhibited 
changes in proteins (N–H stretching, 3250.5  cm−1 
shifting to 3250.5, 3261.4, and 3258.7  cm−1), amide 
I (νC = O stretching vibration, 1644.2  cm−1 shifting 
to 1625.1, 1636.0, and 1625.1 cm−1), amide II (δN–H 
bending vibration, 1545.7  cm−1 shifting to 1553.9, 
1551.2, and 1553.9  cm−1), amide III (C–N absorp-
tion band, 1411.6 cm−1 shifting to 1406.1, 1376.0, and 
1376.0 cm−1), and phosphate moieties (C–O–P antisym-
metric stretching, 1034.0  cm−1 shifting to 1025.8, 
1025.8, and 1025.8 cm−1). The altered vibrational bands 
indicated interactions between Cr and amino, carbonyl, 
carboxyl, and phosphate groups, leading to the adsorp-
tion of Cr on the cell surface of strain S4. This finding 
was consistent with those of previous studies. Kang et al. 
(2017) revealed that amino and carbonyl groups present 
on the cell surface of Pseudomonas aeruginosa were 
responsible for Cr adsorption. The changes involving 
phosphate and sulfonate groups on cell surfaces due to 
cell wall interactions with chromium were also reported 
by Ertugay and Bayhan (2008) for Agaricus bisporus.

XPS analysis

The XPS spectra of F. proliferatum cultured with 50 mg 
L−1 Cr(VI) were obtained to determine the oxidation 
states of chromium adsorbed and accumulated on the 
cell. As shown in Fig. S6, two distinct peaks derived 
from the Cr 2p 3/2 and Cr 2p 1/2 core levels appeared at 
577.04 and 586.75 eV, respectively, for the Cr(VI)-loaded 
cells of strain S4. By comparing the peaks of Cr 2p cor-
responding to Cr(III) and Cr(VI), the binding energies 
of Cr 2p 3/2 and Cr 2p 1/2 were found to be inconsistent 
with those of Cr(VI) compounds (e.g., K2Cr2O7, K2CrO4) 
but were similar to those of Cr(III) compounds. The spec-
trum in Fig. S6 confirmed the presence of Cr on the cell 
surface as only Cr(III). These results suggested that the 
Cr adsorbed on the cell surface was in the Cr(III) state, 
possibly as CrOOH or Cr(OH)3·0.4 H2O (Kang et  al. 
2017; Pan et al. 2014; Sarkar et al. 2013). The form of 
Cr(III) on the cell surface may be derived from sponta-
neous Cr(VI) reduction by electron donor groups due to 
the relatively high redox potential of Cr(VI) (Chang et al. 
2019; Park et al. 2005; Silva et al. 2012). We speculated 
that the adsorbed Cr(VI) on the cell surface acting as 
a terminal electron acceptor was completely converted 
to the Cr(III) state. Furthermore, on entering the cells, 

Fig. 3   Fourier transform infra-
red (FT-IR) Spectral analysis 
of F. proliferatum incubated 
without Cr(VI) and containing 
10 mg L−1, 30 mg L−1, 50 mg 
L.−1 Cr(VI). The samples were 
collected on day 12
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Cr(VI) would be reduced to Cr(III) that could combine 
with proteins or nucleic acids to form aggregations inside 
the cells (Pei et al. 2009; Zheng et al. 2015).

Intracellular and extracellular distribution 
characteristics of Cr

In order to elucidate detailed intracellular and extra-
cellular distribution characteristics of chromium in the 
cells of F. proliferatum, TEM observations after Cr(VI) 
treatments were performed, as evinced by EDS analysis. 
In terms of cell morphology, the cells of F. prolifera-
tum had a regular shape with complete organelles under 
Cr-free culture conditions. However, after contact with 
50 mg L−1 Cr(VI) for 12 days, the cells became slightly 
deformed, with nuclei and vacuoles displaying creases. 
In addition, in most of the cells, thin electron-dense 
granules were detected in the cytoplasmic region and 
cell wall after the interaction with 50 mg L−1 Cr(VI) 
(Fig. 4b), whereas similar particles were not observed in 
the Cr(VI)-free cells (Fig. 4a).

Meanwhile, STEM–EDS measurement was conducted 
to identify the elemental composition of particles via the 
emergence of carbon, oxygen, and chromium (Fig. 4c). 
The existence of chromium inside the cells confirmed 
that Cr could enter the cell and that it was accumulated 
by F. proliferatum from the extracellular environment. 
Therefore, we assumed that these black precipitates in 
cells were formed by biomineralization of Cr. Kumar 
and Dwivedi (2019) also reported that Aspergillus fla-
vus CR500 isolated from electroplating wastewater could 
form Cr2O3 nanoparticles on the cell walls. Opaque par-
ticles appeared in the cell cytoplasm of P. aeruginosa 
treated with 10 mg L−1 of Cr(VI) (Kang et al. 2017). 
It was unfortunate that precipitates formed inside cells 
were sparse and amorphous, resulting in precipitate types 
not being measured.

Mechanism of Cr(VI) removal by F. proliferatum

In the present study, in order to clarify the mechanisms 
of Cr(VI) reduction and Cr(III) immobilization, a vari-
ety of analytical techniques were used to explore the Cr 
binding site and elemental distribution in F. proliferatum 
cells. SEM and TEM revealed that Cr(VI) was removed 
not only on the cell surfaces but also inside the cell by 
adsorption, reduction, and accumulation. The confor-
mational changes in functional groups and Cr valence 
owing to metal adsorption or reduction were confirmed 
by FT-IR and XPS analyses. The mass balance analysis 
showed that Cr tended to be preserved in solution in the 
form of Cr(III), with a lesser content of chromium in the 
fungal inner portions. In view of the above results, we 
speculated the following possible mechanism in which F. 
proliferatum reduced Cr(VI) (Fig. 5): in the presence of 
F. proliferatum, some portion of Cr(VI) was reduced to 
Cr(III) through extracellular secretions, including reduc-
tase and non-enzymatic organic substances, as well as 
by intracellular chromate reductase. The reduction of 
Cr(VI) in the cytoplasm showed that Cr(VI) could enter 
microbial cells via uptake systems and be transformed 
into Cr(III) via chromate reductase. It was regrettable 
that species of reductase were not ascertained. Previ-
ous studies have shown that soluble reductase and mem-
brane-associated enzymes including ChrR, YieF, Tkw3, 
lipolyl dehydrogenase, and glutathione reductase could 
catalyze the reduction of Cr(VI) to Cr(III) in microorgan-
isms (Donati et al. 2003, Opperman and van Heerden 
2008, Qamar et al. 2011). Therefore, a possible reduction 
pattern of chromium was speculated to be present in F. 
proliferatum. Another amount of Cr(VI) was coordinated 
with certain functional groups (e.g., amino, carbonyl, 
carboxyl, and phosphate groups) on the cell surfaces and 
immobilized in the form of Cr(III) by reductase. In addi-
tion, after 12 days of culture, we found that although the 

Fig. 4   Transmission electron 
microscopy (TEM) images of F. 
proliferatum incubated a with-
out Cr(VI) and b with 50 mg 
L−1 Cr(VI), c TEM-EDS results 
for cell after 50 mg L.−1 Cr(VI) 
treatment. The samples were 
collected on day 12
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concentration of Cr(VI) was significantly reduced, the 
total Cr concentration in the medium was only decreased 
by less than 15%, implying that the reduced Cr(III) in the 
cytoplasm was transported outside the cell by specific 
efflux systems. Nevertheless, the way in which trivalent 
chromium was expelled from cells was unclear and thus 
will require required further study in the future.

Conclusions

The Cr(VI)-tolerant F. proliferatum isolated from Cr-con-
taminated soil from a chemical plant exhibited high Cr(VI) 
removal efficiency from aqueous solution, reaching up to 
100%, 93%, and 74%, when grown under optimum condi-
tions and on exposure to 10, 30, and 50 mg L−1 Cr(VI). 
This fungal strain could not only effectively reduce Cr(VI) 
to less toxic Cr(III) but could also absorb/accumulate Cr in 
solution, with the process proceeding gradually. The Cr(VI) 
reduction capacity increased almost linearly with increas-
ing biomass dosage, suggesting that the removal amount 
of Cr(VI) was largely controlled by the fungal biomass. 
Meanwhile, we found that a small fraction of Cr(III) was 
immobilized on the cell surface, confirming that amino, car-
bonyl, carboxyl, and phosphate groups contributed most to 
the absorption of Cr(III). Both cell secretions and cell-asso-
ciated fractions (cytoplasm and cell debris) were involved in 
the Cr(VI) reduction process, and this was primarily carried 

out through enzyme action. These findings indicated that 
F. proliferatum is a potential candidate for cost-effective 
in situ bioremediation of Cr(VI)-contaminated sites.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​022-​21323-6.

Acknowledgements  We are grateful grants from the National Natural 
Science Foundation of China (41672332), National Key Research and 
Development Project of China (2019YFC1805901), and National Basic 
Research Program of China (2014CB846003). We thank all our col-
leagues and students who were involved in this work for their unremit-
ting efforts. We thank Li Chen at school of physics, Peking University. 
We also thank all the editors and anonymous reviewers for helpful 
comments on this manuscript.

Author contribution  Bing Shan: writing—original draft, conceptual-
ization, methodology, data curation. Ruixia Hao: writing—review and 
editing, project administration, funding acquisition. Hui Xu: formal 
analysis, software, investigation, data curation. Junman Zhang, Jiani Li, 
Yinhuang Li, and Yubo Ye: investigation and data collection.

Funding  This study was part-funded by the National Natural Sci-
ence Foundation of China (41672332), National Key Research and 
Development Project of China (2019YFC1805901) and National Basic 
Research Program of China (2014CB846003).

Data availability  Not applicable.

Declarations 

Ethical approval  Not applicable.

Fig. 5   Possible chromium 
removal mechanisms by F. 
proliferatum. The brown arrows 
indicate the chromium migra-
tion process; the blue arrows 
indicate the reduction process of 
Cr(VI). (1) Cr(VI) migrates into 
the cell; (2) Cr(VI) is reduced 
by chromium reductase on 
the cell surface; (3) Cr(VI) is 
reduced by extracellular secre-
tion; (4) Chromium is adsorbed 
on the cell surface; (5) Cr(VI) 
is reduced by reductase in cell; 
(6) Intracellular chromium is 
expelled by the specific efflux 
system

https://doi.org/10.1007/s11356-022-21323-6


	 Environmental Science and Pollution Research

1 3

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interests  The authors declare no competing interests.

References

Acevedo-Aguilar FJ, Espino-Saldana AE, Leon-Rodriguez IL, Rivera-
Cano ME, Avila-Rodriguez M, Wrobel K, Wrobel K, Lappe P, 
Ulloa M, Gutierrez-Corona JF (2006) Hexavalent chromium 
removal in vitro and from industrial wastes, using chromate-
resistant strains of filamentous fungi indigenous to contaminated 
wastes. Can J Microbiol 52:809–815

Ahmad WA, Ahmad WHW, Karim NA, Raj ASS, Zakaria ZA (2013) Cr(VI) 
reduction in naturally rich growth medium and sugarcane bagasse by 
Acinetobacter haemolyticus. Int Biodeter Biodegr 85:571–576

Anupam K, Sikder J, Pal S, Halder G (2015) Optimizing the cross-flow 
nanofiltration process for chromium (VI) removal from simulated 
wastewater through response surface methodology. Environ Prog 
Sustain 34:1332–1340

APHA (1998) Standard methods for the examination of water and 
wastewater, twentieth. American Public Health Association, 
Washington DC, USA

Batool R, Yrjala K, Hasnain S (2012) Hexavalent chromium reduction by 
bacteria from tannery effluent. J Microbiol Biotechnol 22:547–554

Bennett RM, Cordero PRF, Bautista GS, Dedeles GR (2013) Reduction 
of hexavalent chromium using fungi and bacteria isolated from 
contaminated soil and water samples. Chem Ecol 29:320–328

Bhattacharya A, Gupta A (2013) Evaluation of Acinetobacter sp B9 
for Cr (VI) resistance and detoxification with potential applica-
tion in bioremediation of heavy-metals-rich industrial wastewater. 
Environ Sci Pollut R 20:6628–6637

Chang F, Tian C, Liu S, Ni J (2016) Discrepant hexavalent chro-
mium tolerance and detoxification by two strains of Tricho-
derma asperellum with high homology. Chem Eng J 298:75–81

Chang JJ, Deng SJ, Liang Y, Chen JQ (2019) Cr(VI) removal perfor-
mance from aqueous solution by Pseudomonas sp. strain DC-B3 
isolated from mine soil: characterization of both Cr(VI) biore-
duction and total Cr biosorption processes. Environ Sci Pollut R 
26:28135–28145

Chen Z, Huang ZP, Cheng YJ, Pan DM, Pan XH, Yu MJ, Pan ZY, Lin 
Z, Guan X, Wu ZY (2012) Cr(VI) uptake mechanism of Bacillus 
cereus. Chemosphere 87:211–216

Desai C, Jain K, Madamwar D (2008) Evaluation of In vitro Cr(VI) 
reduction potential in cytosolic extracts of three indigenous Bacil-
lus sp. isolated from Cr(VI) polluted industrial landfill. Biore-
source Technol 99:6059–6069

Dhal B, Thatoi HN, Das NN, Pandey BD (2013) Chemical and micro-
bial remediation of hexavalent chromium from contaminated soil 
and mining/metallurgical solid waste: a review. J Hazard Mater 
250:272–291

Ding Y, Hao RX, Xu XY, Lu AH, Xu H (2019) Improving immobiliza-
tion of Pb(II) ions by Aspergillus niger cooperated with photo-
electron by anatase under visible light irradiation. Geomicrobiol 
J 36:591–599

Dogan NM, Kantar C, Gulcan S, Dodge CJ, Yimaz BC, Mazmanci MA 
(2011) Chromium(VI) bioremoval by Pseudomonas bacteria: role 
of microbial exudates for natural attenuation and biotreatment of 
Cr(VI) contamination. Environ Sci Technol 45:2278–2285

Donati E, Oliver C, Curutchet G (2003) Reduction of chromium(VI) 
by the indirect action of Thiobacillus thioparus. Brazilian J Chem 
Eng 20:69–73

Ertugay N, Bayhan YK (2008) Biosorption of Cr (VI) from aque-
ous solutions by biomass of Agaricus bisporus. J Hazard Mater 
154:432–439

Jankovic P, Spinosi R, Sorolla S, Bacardit A (2020) Bioaccumulation 
of chromium(III) from aqueous solutions of a leather wastewater 
treatment plant by Saccharomyces cerevisiae yeast. J Am Leather 
Chem as 115:413–417

Kang C, Wu P, Li L, Yu L, Ruan B, Gong B, Zhu N (2017) Cr(VI) 
reduction and Cr(III) immobilization by resting cells of Pseu-
domonas aeruginosa CCTCC AB93066: spectroscopic, 
microscopic, and mass balance analysis. Environ Sci Pollut R 
24:5949–5963

Kantar C, Cetin Z, Demiray H (2008) In  situ stabilization of 
chromium(VI) in polluted soils using organic ligands: the role 
of galacturonic, glucuronic and alginic acids. J Hazard Mater 
159:287–293

Kumar V, Dwivedi SK (2019) Hexavalent chromium reduction ability 
and bioremediation potential of Aspergillus flavus CR500 iso-
lated from electroplating wastewater. Chemosphere 237:124567

Lai CY, Wen LL, Shi LD, Zhao KK, Wang YQ, Yang XE, Ritt-
mann BE, Zhou C, Tang YN, Zheng P, Zhao HP (2016) 
Selenate and nitrate bioreductions using methane as the elec-
tron donor in a membrane biofilm reactor. Environ Sci Technol 
50:10179–10186

Li L, Shang XF, Sun XJ, Xiao XF, Xue JL, Gao Y, Gao HG (2021) 
Bioremediation potential of hexavalent chromium by a novel 
bacterium Stenotrophomonas acidaminiphila 4–1. Environ 
Technol Inno 22:101409

Li N, Pan YZ, Zhang N, Wang XY, Zhou WZ (2016) The bio-reduc-
tion of chromate with periplasmic reductase using a novel 
isolated strain Pseudoalteromonas sp CF10-13. RSC Adv 
6:106600–106607

Lu XL, Wang N, Wang HM, Deng YM, Ma T, Wu MXJ, Zhang 
YN (2017) Molecular characterization of the total bacteria and 
dissimilatory arsenate-reducing bacteria in core sediments of 
the Jianghan Plain, Central China. Geomicrobiol J 34:467–479

Miretzky P, Cirelli AF (2010) Cr(VI) and Cr(III) removal from aque-
ous solution by raw and modified lignocellulosic materials: a 
review. J Hazard Mater 180:1–19

Mubashar M, Naveed M, Mustafa A, Ashraf S, Baig KS, Alamri S, 
Siddiqui MH, Zabochnicka-Swiatek M, Szota M, Kalaji HM 
(2020) Experimental investigation of Chlorella vulgaris and 
Enterobacter sp. MN17 for decolorization and removal of heavy 
metals from textile wastewater. Water 12(11):3034

Opperman DJ, van van Heerden E (2008) A membrane-associated 
protein with Cr(VI)-reducing activity from Thermus scotoduc-
tus SA-01. Fems Microbiol Lett 280:210–218

Pan XH, Liu ZJ, Chen Z, Cheng YJ, Pan DM, Shao JN, Lin Z, Guan 
X (2014) Investigation of Cr(VI) reduction and Cr(III) immobi-
lization mechanism by planktonic cells and biofilms of Bacillus 
subtilis ATCC-6633. Water Res 55:21–29

Park D, Yun YS, Jo JH, Park JM (2005) Mechanism of hexavalent 
chromium removal by dead fungal biomass of Aspergillus niger. 
Water Res 39:533–540

Pei QH, Shahir S, Raj ASS, Zakaria ZA, Ahmad WA (2009) 
Chromium(VI) resistance and removal by Acinetobacter haemo-
lyticus. World J Microb Biot 25:1085–1093

Qamar M, Gondal MA, Yamani ZH (2011) Synthesis of nanostruc-
tured NiO and its application in laser-induced photocatalytic 
reduction of Cr(VI) from water. J MolCatal A-Chem 341:83–88

Rai D, Sass BM, Moore DA (1987) Chromium (III) hydrolysis con-
stants and solubility of chromium (III) hydroxide. ChemInform 
26:345–349

Rohand T, Ben El Ayouchia H, Achtak H, Ghaleb A, Derin Y, Tutar 
A, Tanemura K (2021) Design, synthesis, DFT calculations, 
molecular docking and antimicrobial activities of novel cobalt, 



Environmental Science and Pollution Research	

1 3

chromium metal complexes of heterocyclic moiety-based 
1,3,4-oxadiazole derivatives. J Biomol Struct Dyn 1:1–14

Sarkar B, Xi YF, Megharaj M, Krishnamurti GSR, Rajarathnam D, 
Naidu R (2010) Remediation of hexavalent chromium through 
adsorption by bentonite based Arquad (R) 2HT-75 organoclays. 
J Hazard Mater 183:87–97

Sarkar B, Naidu R, Krishnamurti GSR, Megharaj M (2013) Man-
ganese (II)-catalyzed and clay-minerals-mediated reduc-
tion of chromium (VI) by citrate. Environ Sci Technol 
47:13629–13636

Shi L, Xue JW, Liu BH, Dong PC, Wen ZG, Shen ZG, Chen YH 
(2018) Hydrogen ions and organic acids secreted by ectomycor-
rhizal fungi, Pisolithus spl, are involved in the efficient removal 
of hexavalent chromium from waste water. Ecotox Environ Safe 
161:430–436

Silva B, Figueiredo H, Quintelas C, Neves IC, Tavares T (2012) 
Improved biosorption for Cr(VI) reduction and removal by Arthro-
bacter viscosus using zeolite. Int Biodeter Biodegr 74:116–123

Xiao WD, Zhang YB, Li TQ, Chen B, Wang H, He ZL, Yang XE 
(2012) Reduction kinetics of hexavalent chromium in soils and its 
correlation with soil properties. J Environ Qual 41(5):1452–1458

Xu H, Hao RX, Xu XY, Ding Y, Lu AH, Li YH (2020a) Removal of 
hexavalent chromium by Aspergillus niger through reduction and 
accumulation. Geomicrobiol J 38:20–28

Xu WH, Liu YG, Zeng GM, Li X, Song HX, Peng QQ (2009) Char-
acterization of Cr(VI) resistance and reduction by Pseudomonas 
aeruginosa. T Nonferr Metals Society 19:1336–1341

Xu XJ, Xia L, Chen WL, Huang QY (2017) Detoxification of hexava-
lent chromate by growing Paecilomyces lilacinus XLA. Environ 
Pollut 225:47–54

Xu XY, Hao RX, Xu H, Lu AH (2020b) Removal mechanism of Pb(II) 
by Penicillium polonicum: immobilization, adsorption, and bioac-
cumulation. Sci Rep-UK 10(1):9079

Yasir MW, Siddique MBA, Shabbir Z, Ullah H, Riaz L, Nisa WU, 
Shafeequr R, Shah AA (2021) Biotreatment potential of co-con-
taminants hexavalent chromium and polychlorinated biphenyls in 
industrial wastewater: individual and simultaneous prospects. Sci 
Total Environ 779:146345

Zheng Z, Li Y, Zhang X, Liu P, Ren J, Wu G, Zhang Y, Chen Y, Li X 
(2015) A Bacillus subtilis strain can reduce hexavalent chromium 
to trivalent and an nfrA gene is involved. Int Biodeter Biodegr 
97:90–96

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Hexavalent chromium reduction and bioremediation potential of Fusarium proliferatum S4 isolated from chromium-contaminated soil
	Abstract
	Introduction
	Materials and methods
	Sample collection and media
	Isolation and identification of Cr(VI)-tolerant fungus
	Separation of cell components
	Removal of Cr(VI) by fungal biomass
	Characterization methods of the fungal cells

	Results and discussion
	Effect of initial Cr(VI) concentration on Cr(VI) removal efficiency
	Effect of biomass on Cr(VI) removal efficiency
	Effect of Cr(VI) on fungal surface morphology and functional groups
	SEM–EDS analysis
	FT-IR analysis
	XPS analysis

	Intracellular and extracellular distribution characteristics of Cr
	Mechanism of Cr(VI) removal by F. proliferatum

	Conclusions
	Acknowledgements 
	References




