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M. A. Garcı́a-Hernández1 • J. F. Villarreal-Chiu1 • M. T. Garza-González1
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Abstract Contamination by hexavalent chromium has had

a large impact on modern society and human health. This

problem is a consequence of its great industrial applica-

bility to several products and processes. Short-term expo-

sure to hexavalent chromium can cause irritation,

ulceration in skin and stomach and in addition to cancer,

dermatitis, and damage to liver, renal circulation and ner-

vous tissues, with even death being observed in response to

long-term exposures. Many techniques have been used for

the remediation of this pollutant, including physical and

chemical approaches and, in more recent years, biological

methods. Filamentous fungi isolated from contaminated

sites exhibit a significant tolerance to heavy metal; hence,

they are an important source of microbiota capable of

eliminating hexavalent chromium from the environment.

However, these microorganisms can do so in different

ways, including biosorption, bioreduction, and bioaccu-

mulation, among others. In this review, we explore several

of the most documented mechanisms that have been

described for fungi/hexavalent chromium interactions and

their potential use in bioremediation.
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Introduction

Throughout time, contamination by hexavalent chromium

(Cr(VI)) has had a large impact on modern society at dif-

ferent levels, such as social, economic, environmental and

public health. This problem is a consequence of the great

industrial applicability of Cr(VI) to several products and

processes (Nriagu and Pacyna 1988). Primarily, Cr(VI) has

been widely used as a pigment for the production of textile

dyes (such as ammonium dichromate, potassium chromate

and sodium chromate), paints, inks and plastics (chromium

trioxide, zinc chromate, barium chromate, calcium chro-

mate and strontium chromate); wood conservation (chro-

mium trioxide); chrome-plating and steel industry

(chromium trioxide, strontium chromate) and the tanning

process (ammonium dichromate) (Zhang et al. 2011).

Nevertheless, chromium has been considered to be one

of the worst anthropogenic polluters, historically. In 1987,

groundwater wells from the company Pacific Gas and

Electric Company (PG&E), which is located in Hinckley,

MN, were severely contaminated with Cr(VI). This pollu-

tant concentration reached up to 580 lg/L of Cr(VI), which

is 10 times higher than the maximum permitted limit

(50 lg/L) established by the US Environmental Protection

Agency (U.S. EPA 2006). Further, it has been reported that

short-term exposure to this heavy metal above the maxi-

mum permissible limit could provoke irritation and ulcer-

ation in the skin and stomach. Additionally, it can cause

cancer, dermatitis, damage to the liver, renal circulation

and nervous tissues, and even death from long-term

exposure (Katz 1991; Kotaś and Stasicka 2000). Smith

(2008) presented a chronological tracing of the events that

were generated by the contamination of wells by Cr(VI),

which damaged the Chinese population in the province of

Liaoning. This researcher provided several reports about
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the mortality by cancer in the exposed populations in the

province. First, the drinking water acquired a yellowish

colour as reported by the local population, which was

indicative of ferrochrome production (1959–1964). In

1965, high concentrations of Cr(VI) were detected by the

local authorities in the underground waters, which caused

an increase in the stomach and pulmonary cancer mortality,

as published by (Beaumont et al. 2008).

However, the tannery process represents the major cause

of chromium release to the environment, which is mostly in

the form of chromium sulphate. This form is especially

difficult to treat due its composition, which is characterised

by a strong colour and a high chemical oxygen demand

(COD) and biochemical oxygen demand (BOD), in addi-

tion to the suspended solids and the dissolved chromium

(Sharma and Malaviya 2016; Srivastava and Thakur

2006a).

In consequence, the environmental regulations have

prioritised hexavalent chromium removal from wastewater

and industrial sludge before their liberation to the envi-

ronment (Fu and Wang 2011). The susceptibility of chro-

mium to redox reactions, adsorption, precipitation or

complex formation can influence its speciation and

mobility (Hashim et al. 2011).

Many of the techniques that are used for the remediation

of Cr(VI) include physical, chemical and biological

methods, and the biological methods are a very important

area of research and application (Gunatilake 2015).

Biological methods have been widely studied by Mex-

ican investigators, especially for the use of native

microorganisms exposed to heavy metals. In Mexico,

several Cr(VI)-resistant fungi strains, such as Peacilomyces

sp., (Cárdenas and Acosta 2010), Trichoderma inhamatum

(Morales and Cristiani 2008) and Candida maltosa

(Ramı́rez et al. 2004), have been isolated from tannery

effluents (principally).

Fungi are a very versatile group of microorganisms, and

they can grow under extreme conditions of pH, tempera-

ture, and a shortage of nutrients. However, the mechanisms

developed by fungi to grow and survive under hostile

environments of high metal concentrations make them a

focal point to be applied in the elimination of these pol-

lutants. Additionally, filamentous fungi have been poorly

studied, but some reports have indicated that they have a

high tolerance to Cr(VI) and can colonise sites that are

contaminated with this pollutant (Anand et al. 2006).

The aim of this review is to provide an overview of

recent advancements on metallophilic fungi research to the

bioremediation of hexavalent chromium, which is mainly

isolated from sites that are contaminated with this metal.

Further, it is a summary of the interaction mechanisms

between fungi and Cr(VI) and the level of Cr(VI) tolerance

that has been reported for these microorganisms.

Chemistry and toxicity of Cr(VI)

Chromium can exist in different chemical forms with

oxidation states of (-2) to (?6), although the oxidation

states of (?3) and (?6) are the most distributed forms in

nature (Sims et al. 1992; Kotaś and Stasicka 2000). Cr(III)

occurs naturally in the environment and is considered to be

a trace nutrient that is essential for the proper functioning

of living organisms. Cr(VI) is generally produced by

industrial processes and exerts toxic effects on biological

systems. Additionally, they are many different charges and

physicochemical properties as well as chemical and bio-

chemical reactivities (Kotaś and Stasicka 2000; Owlad

et al. 2009).

The relationship between the hexavalent and trivalent

states of chromium is described by the following equation:

Cr2O
2�
7 þ 14Hþ þ 6e� ! 2Cr III½ � þ 7H2O

The difference in the electrical potential of Cr(VI) and

Cr(III) reflects the strong oxidation potential of hexavalent

chromium and the substantial energy (?1.33 eV) that is

required to reduce hexavalent chromium to the form of

trivalent chromium in an acidic solution (Dayan and Paine

2001). The hydrolysis of Cr(VI) produces neutral and

anionic species, the chromate ion (CrO4
2-), hydrogen

chromate ion (HCrO4
2-) and dichromate ion (Cr2O7

2–),

predominantly (Mohan et al. 2005). The predominant

Cr(VI) species are dependent on the pH, and at a pH of less

than 1, it is present as chromic acid (H2CrO4), HCrO4
2-

between 1 and 6, CrO4
2- at a pH of above 6.0

(approximately), while Cr2O7
2– forms when the

concentration of chromium exceeds approximately 1 g/L

at the same pH as HCrO4
2- (Mohan and Pittman 2006).

The Cr(VI) toxicity, mobility and reactivity depend of

their speciation (Tessier et al. 1979); specifically, the

compounds of Cr(VI) as sodium chromate (Na2CrO4) and

potassium chromate (K2CrO4) are usually classified as

highly soluble in water of 873 and 629 g/L at 30 �C,
respectively (Rankin 2009). On the other hand, the reduced

species of Cr(III) are in the form of stable hydroxides,

oxides and sulphates, which are less soluble in water and

less mobile, and they have been reported to be less toxic

and even 1000 times less mutagenic than Cr(VI) (Corona

and Saldana 2010).

The toxicity of Cr(VI) in eukaryotic and prokaryotic

organisms is related to its easy diffusion through cell

membranes (Arslan et al. 1987; Liu et al. 1995; Liu and

Shi 2001), and in addition, the biotransformation of Cr(III)

by biological fluids has the ability to donate electrons to

Cr(VI) into the cell (O’Brien and Kortenkamp 1994;

Stearns et al. 1995). This process generates free radicals

that are associated with direct damage of DNA (Arslan

et al. 1987; Liu et al. 1995; Liu and Shi 2001). In contrast,
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the Cr(III) oxidation to Cr(VI) never occurs in biological

systems, but the reduction of Cr(VI) into a less soluble

form of Cr(III) is produced spontaneously in organisms

(Dayan and Paine 2001). The Cr(III) form is less active in

cells due to its poor ability to be absorbed (Alexander and

Aaseth 1995), and it can also form complexes with

nucleotides and amino acids, but its mutagenic potential

remains unknown (Roundhill and Koch 2002).

At physiological pH, Cr(VI) exists in the form of the

oxyanion (CrO4
2-) with sulphates (SO4

2-), which is an

essential nutrient. Therefore, the cell responds to the

transport system for sulphates, allowing Cr(VI) to cross the

cell membranes of living organisms (Costa 2003). Bio-

chemical, molecular and cellular damage caused by Cr(VI)

(through the peroxidation of lipids, the oxidation of pro-

teins and nucleic acid damage) forms reactive oxygen

species (ROS) as a result of the oxidative stress that is

generated by these chemical species (Ercal et al. 2001; Liu

and Shi 2001).

Removal techniques for Cr(VI)

Several technologies have been used to decrease Cr(VI)

concentrations up to the maximum permitted levels, to

respect the environmental regulations for Cr(VI) (Cheung

and Gu 2007) established by the US Environmental Pro-

tection Agency (EPA) and World Health Organization

(WHO), which are 0.05 mg/L for drinking water (Costa

2003; Gordon et al. 2008). In general, such technologies

have the following objectives: (1) the complete or sub-

stantial destruction/degradation of the contaminants, (2) the

extraction of the contaminant for its subsequent treatment

or elimination, (3) stabilisation of the contaminants into

less mobile toxic chemical species, (4) the separation of

non-contaminated materials and their recycling and (5) the

contention of contaminated materials as a measure to

restrict their exposure to the environment (Fu and Wang

2011).

The most important methods reported for Cr(VI)

removal are the following: adsorption, reverse osmosis

filtration, ionic exchange, electrolysis, chemical precipita-

tion and biosorption (Owlad et al. 2009). Adsorption is a

very versatile and efficient method that can eliminate heavy

metal pollutants, with activated carbon the adsorbent that is

most commonly used (Bailey et al. 1999; Babu and Gupta

2008). However, this material is expensive and can remove

only a few milligrams of metallic ions per gram of acti-

vated carbon. It is also complicated to regenerate the

material for reutilisation (Jusoh et al. 2007; Kang et al.

2007). Membrane filtration is a promising technique for

heavy metal removal, due to its high efficiency, easy

operation and space saving aspects. Ultrafiltration, reverse

osmosis and nanofiltration are mainly used for the

elimination of heavy metals in water (Barakat and Schmidt

2010). The Cr(VI) removal by these techniques is con-

ducted by electrostatic interactions between the contami-

nant and the membrane surface or by the molecular size.

Therefore, the porous size of the membranes is an impor-

tant factor in preventing the dissolved metallic ions or the

low molecular weight complexes from passing through the

membrane (Landaburu-Aguirre et al. 2009). The ionic

exchange process uses natural or synthetic resins that have

the specific capacity to exchange their ions with the heavy

metals that are present in the wastewater (Kang et al.

2007), but the last ones are commonly preferred due to

their ability to eliminate almost all of the metallic ions

(Alyüz and Veli 2009). Usually, this technique could be

affected by the pH, temperature, initial concentration of the

heavy metal and contact time between the substrate and the

resin.

One of the most common treatments is to decrease the

toxicity or mobility of hexavalent chromium with its

transformation into less reactive species, using chemical

agents (e.g., iron(II) chloride, iron sulphate and sodium

sulphite) to reduce it to trivalent chromium, followed by its

precipitation in the form of hydroxides (Huisman et al.

2006). The efficiency of this technique is overshadowed by

the generation of toxic secondary waste, which makes it

difficult to achieve its final disposal (Barrera-Dı́az et al.

2012). Biological systems have been used as an alternative

to chemical agents because of their capacity to biotrans-

form or remove the heavy metals. Bioremediation is an

emerging technique that uses living organisms such as

bacteria, fungi, yeasts and plants for the removal of heavy

metals from contaminated sites (Gadd 2000). Some in situ

and ex situ examples for heavy metal bioremediations are

land farming, compost, bioreactors, bioventilation by

oxygen (biofilters), bioaugmentation of microbial cultures

and biostimulation-supplying nutrients. Some of the other

processes include bioaccumulation, biolixiviation and

phytoremediation.

At the same time, the technologies of phytoremediation

are potentially useful for the remediation of sites that are

contaminated with metals, including phytoextraction,

phytostabilisation and rhizofiltration (Vangronsveld et al.

1994).

Metallophilic fungi and their tolerance to Cr(VI)

In natural contaminated environments, microorganisms

respond to Cr(VI) toxicity per concentration and the

bioavailability of the metal. Each fungi mechanism

depends on the fungi genetics, the type of metal and

environmental factors (Hassen et al. 1998). Juvera-Espi-

nosa et al. (2006) collected different samples from Cr(VI)

contaminated sites and obtained fungal isolates that could
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reduce Cr(VI) at high concentrations. Some of the samples

contaminated with Cr(VI) included (1) soils (70–12,400)

mg/kg; (2) mining effluents (1.7 lg/L); (3) wastewater

from chrome-plating (127–3050) mg/L; (4) wastewater

from textile industries (0.03–60) lg/L; and (5) tannery

wastewater (2.4–16) mg/L, but only three fungi strains that

were classified as LMB1, LMB2 and LMB3 could reduce

Cr(VI) to Cr(III). The strains LMB1, LMB2 and LMB3

were isolated from Cr(VI) contaminated soils (251 mg/kg)

chrome-plating effluents (1300 mg/L) and tannery indus-

tries (2.4 mg/L), respectively. However, only the LMB2

strain could grow and reduce the initial Cr(VI) concentra-

tion at 100% and was identified as the yeast Candida sp.

In addition, other autochthonous metal-resistant fungi

have been isolated from sites contaminated with Cr(VI), to

be applied to bioremediation; Fusarium chlamydosporium

(Sharma and Malaviya 2014) was isolated from tannery

wastewater that contained 9.86 and 12.26 mg/L of Cr(VI)

and total chromium, respectively; Aspergillus and Rhizopus

sp. (Ahmad et al. 2005) were obtained from crop fields

watered with wastewater and industrial effluents and con-

tained 92.5 up to 116.5 mg/g of total chromium; Asper-

gillus flavus, Humicola grisea, Fusarium sp., Nannizzia sp.,

Helminthosporium sp., Curvularia sp., Aspergillus niger,

Aspergillus versicolor, and Scopulariopsis sp. were iso-

lated by Iram et al. (2012) from soil watered by industrial

effluents with a 76.9 mg/kg of total chromium concentra-

tion; Penicillium sp. was the main fungi isolated from

water and sediment of industrial and tannery effluent, also

municipal industrial wastewater, and contained (85.6, 369,

36.1) lg/kg in sediment and (1.06, 2.1, 0.14) mg/L in

water, respectively. Other fungi strains, such as Fusarium

sp., Alternaria alternate and Geotrichum candidum, were

isolated from the same sites, but were found only in sedi-

ment (Ezzouhri et al. 2009).

The characteristic of fungi survival in Cr(VI) depends

mostly on their structural and biochemical properties as

well as their genetic and physiological adaptations. Such

microorganisms are an extremely versatile group that can

adapt and grow in extreme conditions of pH, temperature,

nutrient availability and high concentrations of metals

(Anand et al. 2006). Factors such as the interaction

between metals and the microbial cell wall, periplasm,

plasmatic membrane, cytoplasm are key for fungi adapta-

tion in different environments (Cervantes et al. 2006). The

tolerance of fungi to Cr(V) toxicity can be translated as

their ability to survive in high Cr(VI) concentrations

through mechanisms that they have developed in direct

response to metallic species (Zafar et al. 2007). Several

authors have reported filamentous fungi that exhibit a

significant Cr(VI)-tolerance, especially those that live in

contaminated sites (Table 1). Recently, Sharma and

Malaviya (2016) reported 26 autochthonous fungi isolated

from soil and sludge contaminated with Cr(VI) derived

from tannery industrial wastewaters, and they are identified

with the genus of Cladosporium, Penicillium, Pae-

cilomyces and Fusarium. The maximum level of tolerance

to Cr(VI) for fungi has been reported as the minimum

inhibitory concentration (MIC), in liquid media and Petri

plates. Fungi strains were cultivated in modified Lee’s

minimal medium (0.25% KH2PO4, 0.20% MgSO4, 0.50%

(NH4)2SO4 and 0.50% NaCl and 0.25% glucose), supplied

with increasing concentrations of Cr(VI): 100, 200, 300,

400, 500, 600 and 700 mg/L. The Petri plates were inoc-

ulated with 8 mm agar plugs from young fungal colonies,

pre-grown on PDA and incubated at 28 Æ C for seven days.

In the first case, the fungi growth was utilised as a viability

control, and changes in the mycelium length were mea-

sured. The results showed the maximum tolerance pre-

sented by Cladosporium and Fusarium was up to 300 mg/

L, and better results were presented from Penicillium and

Paecilomyces, with a maximum tolerance of up to 500 mg/

L for Cr(VI).

Arshad and Aishatul (2015) evaluated the Cr(VI)-toler-

ance of A. niger isolated from crop fields of Uttar Pradesh

(Northern India). They defined MIC as the minimal con-

centration of a substance that inhibits the visible growth of

a microorganism, and their results were determined by the

agar diffusion method. The experiments were conducted by

the addition of different Cr(VI) concentrations (25 up to

500) lg/mL on Sabouraud dextrose agar for 5 days of

contact time at 25 �C. The maximum tolerance obtained

for A. niger was 350–400 lg/mL of Cr(VI). The same

technique was used by Jayanthi et al. (2014) to determinate

the Cr(VI)-tolerance by Penicillium sp., and A. niger at

different concentrations of hexavalent chromium

(100–1500) lg/mL. The tolerance reported for these fungi

corresponded to 800 and 512 lg/mL, respectively.

In general, Aspergillus, Fusarium and Penicillium are

the most isolated fungi from sites contaminated with

chromium. Aspergillus has been reported to have a toler-

ance at 200 lg/mL (Ahmad et al. 2005), 600 lg/mL

(Bennett et al. 2013), 650 lg/mL (Ezzouhri et al. 2009),

with 5000 lg/mL for total chromium (Ahmad et al. 2006).

Others species, such as A. flavus, have had a Cr(VI)-tol-

erance of 600 lg/mL (Bennett et al. 2013), with 800 lg/
mL for total chromium (Iram et al. 2012); A. niger had 600

lg/mL (Bennett el al. 2013) and 1000 lg/mL for total

chromium (Iram et al. 2012); and A. versicolor reported to

have a tolerance of 1000 lg/mL for Cr(VI) and total

chromium (Das et al. 2008; Iram et al. 2012).

For the species with the Fusarium genus, the tolerance

of Cr(VI) has been reported to be 1000, 1300, to 5000 lg/
mL (Iram et al. 2012; Ezzouhri et al. 2009; Zafar et al.

2007), e.g., F. solani has a tolerance that is reported to be

1000 lg/mL (Sen and Dastidar 2011). On the other hand,
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Penicillium species has been reported to have a tolerance of

approximately 1040–7000 mg/mL of total chromium (Za-

far et al. 2007). At a lower proportion, fungi such as the

Rhizopus genus have been reported to have a tolerance to

total chromium of 400 lg/mL (Ahmad et al. 2006) and up

to 7000 lg/mL (Zafar et al. 2007).

In general, the values of MIC increase considerably

when they are reported as the total chromium tolerance,

because the percentage of Cr(III) and Cr(VI) is not

specified and can reach a tolerance of 200–7000 mg/L,

higher than has been reported for Cr(VI).

Fungi/Cr(VI) interaction mechanisms

Normally, fungi interact with metals as part of their envi-

ronment, or in the case of Cr(VI), by introducing it due to

human activities. Fungi have a wide variety of properties

that can influence their interactions with metals, due to

Table 1 Chromium tolerance reported by fungi isolated from contaminated sites

Fungi Isolation site Metal Tolerance

lg/mL

Culture

condition

References

Cladosporium

perangustum

Soil and sludge from tannery industries

(India)

Cr6? [300 Solid and liquid (Sharma and Malaviya

2016)

Penicillium commune [500

Paecilomyces lilacinus

Fusarium equiseti [300

Aspergillus niger Crop fields (India) Cr6? 350–400 Solid (Arshad and Aishatul 2015)

Fusarium

clamydosporium

Tannery industries (India) Cr6? 500 Solid (Sharma and Malaviya

2014)

Penicillium chrysogenum Tannery industries (India) Cr6? 800 Solid and liquid (Jayanthi et al. 2014)

Aspergillus niger 512

Aspergillus sp. Soil and water (Bulacan-Filipinas) Cr6? 600 Liquid (Bennett et al. 2013)

Aspergillus niger 600

Aspergillus flavus 600

Aspergillus flavus Crop fields (Faisalabad) Cr 800 Solid (Iram et al. 2012)

Helminthosporium sp. 800

Aspergillus niger 1000

Aspergillus versicolor 1000

Scopulariopsis sp. 1000

Curvularia sp. 1000

Humicola grisea sp. 400

Nannizzia sp. 600

Fusarium sp. 1000

Fusarium solani Tannery industries (India) Cr6? 1000 Liquid (Sen and Dastidar 2011)

Penicillium sp. Water and sediment (Moghogha river) Cr6? 1040 Solid (Ezzouhri et al. 2009)

Aspergillus sp. 650

Fusarium sp. 1300

Aspergillus versicolor Tannery effluents (India) Cr6? 1000 Solid (Das et al. 2008)

Alternaria sp. Crop fields (India) Cr 900 Solid (Zafar et al. 2007)

Aspergillus sp. 5000

Fusarium sp. 5000

Monilia sp. 300

Penicillium sp. 7000

Rhizopus sp. 7000

Trichoderma sp. 6000

Geotrichum sp. 600

Aspergillus sp. Crop fields (Aligarh) Cr 200 Solid (Ahmad et al. 2005)

Rhizopus sp. 400
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their requirement for trace metals and associated nutrients

for their growth and metabolism, and these interactions are

fundamental. Nevertheless, to survive high concentrations

of Cr(VI) and other toxic metallic elements, they probably

could express a variety of intrinsic properties and induce

resistance to such hazardous effects (Gadd 2007).

Fungi cells can interact with chromium at different

levels, from the cell wall, periplasm and plasmatic mem-

brane to the cytoplasm and cellular organelles (Corona and

Saldana 2010). Many mechanisms of interaction of fungi

and Cr(VI) have been characterised as mechanisms of

extracellular (chelation and linkage to the cell wall) or

intracellular detoxification (linked to non-proteic thiols and

transport to intracellular compartments). The extracellular

mechanisms are mainly involved in preventing the entry of

Cr(VI) into the cell, while the intracellular systems aim at

reducing chromate in the cytosol (Bellion et al. 2006). Such

mechanisms include (1) chemical transformation (intra-

cellular or extracellular reduction) by reductive organic

biomolecules (indirect mechanism); (2) biosorption (an-

ionic coupled to the reduction and anionic/cationic); (3)

transport and intracellular bioaccumulation (chelation,

precipitation, compartmentalisation) (Ross 1975; Gadd

1993b, 2000; Saha and Orvig 2010).

Fungi are well known for their ability to biosorb and

bioaccumulate Cr(VI) (Pillichshammer et al. 1995; Dursun

et al. 2003b; Park et al. 2005). Several fungi have been

studied to be applied to Cr(VI) bioremediation, such as

Aspergillus (Dursun et al. 2003a; Park et al. 2005; Prasenjit

and Sumathi 2005; Jayanthi et al. 2014), Rhizopus (Bai and

Abraham 2001; Ahmad et al. 2005; Zafar et al. 2007),

Penicillium (Ahmad et al. 2006; Jayanthi et al. 2014;

Abigail et al. 2015), Trichoderma (Morales and Cristiani

2006; Morales and Cristiani 2008), Paecilomyces (Cárde-

nas and Acosta 2010; Sharma and Adholeya 2011), Mucor

(Yan and Viraraghavan 2003; Tewari et al. 2005), and

Fusarium (Zafar et al. 2007; Sen and Dastidar 2011). In

addition, these microorganisms have also been reported by

their ability to reduce Cr(VI) to Cr(III) (Gouda 2000; Pal

and Paul 2004; Acevedo et al. 2006; Morales and Cristiani

2008).

Extracellular mechanisms

Through extracellular mechanisms, fungi can prevent

Cr(VI) input to the cell, and these include i) uptake of

reduced Cr(VI) or increasing efflux of metal; ii) immobil-

isation of Cr(VI) by adsorption on the cell wall, or extra-

cellular precipitation by neoformed secondary minerals;

and iii) extracellular sequestration of Cr(VI) by

exopolysaccharides and other extracellular metabolites

(Gadd 1993a; Macreadie et al. 1994; Blaudez et al. 2000;

Perotto et al. 2002; Baldrian 2003).

In particular, the fungi cell wall excretes organic

molecules to chelate Cr(VI) (Landeweert et al. 2001; van

Hees et al. 2001). The extracellular and cytosolic chelation

of Cr(VI) by small molecular weight metabolites, such as

peptides and proteins, are an important and crucial mech-

anism in almost all detoxification processes in fungi; these

mechanisms cannot be overestimated (Tamás et al. 2006;

González et al. 2009; Wysocki and Tamás 2010; Bánfalvi

2011). For example, glutathione secretion is a very

important element in yeast homeostasis under different

environmental conditions (Perrone et al. 2005). In addition

to the presence of pigments in their cell wall, e.g., melanin,

or the production of extracellular polymeric materials

(EPS) during adhesion, the formation of biofilms provides

them with extra protection (Gadd 1993a; Gorbushina

2007). Additional modifications, such as the incorporation

of melanin, can increase even more the capacity of the cell

wall to attract Cr(VI) species (Fogarty and Tobin 1996);

that process is called biosorption, and it does not depend on

the metabolic activity of the fungi (Gadd 1993b).

Biosorption

The ability of fungi to act as biosorbents has been widely

evaluated, and they have demonstrated the potential to

incorporate Cr(VI) (Kapoor and Viraraghavan 1995). The

sequestration of Cr(VI) by different components of the cell

wall mainly relates to polysaccharides (galactosamine,

chitin and glycan), and proteins, lipids and melanin have

minor contribution. Therefore, the fungi cell wall is con-

sidered to be a mosaic of functional groups that includes

carboxyl (–COOH), phosphate (PO4
3-), amine (–NH2),

thiol (–SH) and hydroxide (–OH) groups (Bellion et al.

2006), which act as interaction sites between Cr(VI) and

fungi, where ionic coordination and/or ion exchange

complexes can be formed with Cr(VI) anion species.

Ramrakhiani et al. (2011) conducted cell wall surface

characterisation of Termitomyces clypeatus to determine

the biosorption mechanism by the inactive fungal biomass.

The surface chemistry was characterised by FTIR and

SEM-EDX analyses, and potentiometric titration to deter-

mine the pH of the zero-point charge was realised. The

characteristic functional groups belong to acidic (carboxyl,

imidazole, phosphate) and alkaline (amino, sulphhydryl,

hydroxyl) compounds, mainly in the following order:

carboxyl[ phosphates[ lipids[ sulphhydryl[ amines.

Live or dead fungal biomass can be utilised in the

biosorption process for Cr(VI) removal, but it is important

to consider the advantages and disadvantages that each one

confers. In the first case, the use of dead biomass does not

require the preparation of culture media, and they can be in

contact with high concentrations of Cr(VI). In addition,

Cr(VI) that is adsorbed can be easily desorbed from the

2028 Int. J. Environ. Sci. Technol. (2017) 14:2023–2038

123



biomass, allowing its recovery for reuse once it has been

regenerated (Gupta et al. 2001; Bai and Abraham 2003).

For wastewater treatment, dead biomass is preferable

because it is not affected by toxic chemicals and waste, but

an important limitation of this technique is that biochem-

ical reactions from the fungal metabolism can be consid-

ered to be null and do not participate in the process

(Prigione et al. 2009). Different factors, such as pH, initial

concentration of Cr(VI), contact time and biosorbent dose,

could influence the biosorption process by the dead bio-

mass (Religa et al. 2009; Wionczyk et al. 2011).

In the second case, when fungal biomass that is alive is

used in the biosorption process, Cr(VI) removal could be

conducted during its growth, allowing the omission of steps

such as growth, drying and storage, first. The metabolic

activity can also influence the removal process of the

Cr(VI) due to changes in the pH, potential reduction (Eh),

organic and inorganic nutrients and metabolites. However,

the environmental Cr(VI) concentration is an important

factor for this process because if it is overly high, it could

be toxic for the fungus, which would cause inhibition of the

functional metabolism when the growth stops. This prob-

lem can be avoided by using microorganisms that have a

high tolerance to Cr(VI), as has previously been reported

(Holda et al. 2011; Holda and Mlynarczykowska 2016).

The most important factors for the biosorption process

are:

(a) pH

The elimination of Cr(VI) in aqueous solution that used

live and dead biomass was evaluated by Holda and Mly-

narczykowska (2016), which used A. niger biomass. The

most important factor for the Cr(VI) removal was the pH,

and the complete removal of Cr(VI) with dead biomass was

achieved only at low pH values (1 and 2) at less contact

time. However, the elimination process with living biomass

was very intense during the first 5 days after the micelle

formation, at pH 4 (Holda and Mlynarczykowska 2016).

Several species of the genus Aspergillus have been studied

as biosorbents for Cr(VI) removal. Sivakumar (2016)

evaluated the pH effect on Cr(VI) biosorption by diverse

Aspergillus species (niger, flavus, fumigatus, nidulans,

heteromorphus and viridinutans), and they found pH 3 to

have the highest percentage of biosorption. The removal

percentages for each one were the following: 92.5, 86.7,

82.4, 81.6, 76.3 and 67.7, respectively, with 290 mg/L of

initial Cr(VI) concentration.

These results are similar to Mungasavalli et al. (2007),

Pang et al. (2011), Kavita and Keharia (2012), Abubacker

and Kirthiga (2013) and Sathvika et al. (2015), where the

optimal pH for the Cr(VI) biosorption was between 1 and

3. The biosorption process depends largely on the pH of the

aqueous solution, because the surface charge of the

biomass cell wall is modified by the pH variations. At an

acidic pH, the net surface charge of the cell is mainly

positive, and the chromate ions bind them easily. As the pH

values increase, the net surface charge of the biomass

changes to a negative form, decreasing its affinity to the

chromate ions (Park et al. 2005).

(b) Biomass dose

The influence of the biomass dose represents the

biosorbent/solute ratio, and it is an important factor in

Cr(VI) biosorption. Shroff and Vaidya (2013) employed

dead biomass of Rhizopus arrhizus to study its ability for

Cr(VI) removal at different biomass doses (0.5–3.0 g/L).

The Cr(VI) removal was dependent on the biosorbent dose,

and the percentage of elimination presented was 35.9 and

79.2, respectively, both with an initial concentration of

50 mg/L.

Mungasavalli et al. (2007) worked with live, dead and

pre-treated (acid, alkali, formaldehyde and detergent) A.

flavus biomass to determine the Cr(VI) biosorption poten-

tial. The biosorption rate using dead biomass increased

from 35 to 70% for 0.5 and 3.5 biomass doses (mg/L),

respectively. The work presented by Tewari et al. (2005)

using the fungal biomass of Mucor hielamis showed a

similar result at 100 mg/L of concentration of Cr(VI). A

higher biomass dose of 2–10 g/L increased the Cr(VI)

removal to 54.6–81 mg/L, respectively. However, a bio-

mass dose higher than 10 g/L did not show significant

changes in the results.

Other studies have reported the effect of the biomass

dose on the Cr(VI) biosorption process, with diverse fungal

biomass, such as A. niger (Ren et al. 2015), A. flavus

(Abubacker and Kirthiga 2013), Aspergillus sojoae and

Aspergillus oryzae (Reya Isaac et al. 2012), Mucor race-

mosus (Liu et al. 2007) and Pythium sp. (Kavita et al.

2011), which showed similar behaviours. The availability

of more binding sites when the biomass dose increases

represents a larger adsorption area. That factor increases

the efficiency of the process towards reaching an equilib-

rium (Kadirvelu and Cloirec 2000).

(c) Initial Cr(VI) concentration

The availability of Cr(VI) ions increased the biomass

capacity when removing this contaminant, and thus, the

initial Cr(VI) concentration influences the rate of biosorp-

tion directly. Khambhaty et al. (2009) observed that

increasing the initial concentration of Cr(VI) from 10 to

400 mg/L of Cr(VI), the ability of A. niger biosorption

increased from 2.5 to 54.16 mg/g. In this case, they

established that a higher concentration of metallic ions

provides a higher propulsion force towards overcoming the

resistance of mass transfer between the solid and aqueous

phases. This circumstance resulted in an increase in the
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probability of collision between the Cr(VI) ions and the

biosorbent. Nevertheless, the biosorption percentage

decreased when the initial Cr(VI) concentration increased

from 10 to 400 g/L. This finding could be attributed to the

competence between the chromate ions and the lack of free

union sites available in the biomass, which could be

attributed to the competence between the chromate ions

and the lack of free union sites available in the biomass.

Similar results were obtained using other fungi, such as

Fusarium solani, Pythium sp. and Penicillium purpuro-

genum, as reported by (Say et al. 2004; Kavita et al. 2011;

Sen and Dastidar 2011).

(d) Contact time

Liu et al. (2007) observed three phases in the Cr(VI)

biosorption process by the M. racemosus biomass. The first

stage was the fastest Cr(VI) removal stage, which repre-

sented almost a 50% removal approximately 100 mg/L of

the initial Cr(VI) concentration in solution. Subsequently,

the second stage is strongly represented by Cr(VI) reduc-

tion, because of the Cr(III) appearance in solution (1 h and

8 h), which reached equilibrium at 8 h, approximately.

Last, all of the Cr(VI) ions were eliminated from the

solution after 8 up to 24 h of contact. On the other hand,

the critical contact time pattern in the Cr(VI) biosorption

process was studied by Prakasham et al. (1999), who

determined the maximum biosorption achieved by free the

fungal biomass of R. arrhizus. In a contact time of 2 h, the

Cr(VI) removal reached 50%, which increased it 10 or 15%

at a longer period of contact time. They also demonstrated

that the Cr(VI) biosorption by R. arrhizus was conducted in

two phases. The first, faster phase reached nearly 50%

removal in 2 h, which was followed by the slow phase,

which continued until the end of the experiment. The initial

phase is attributed to the surface biosorption by ion

exchange action with the available functional groups of the

cell wall, and the second phase is attributed to the depletion

of linked sites, which decreases the removal rate.

(e) Temperature

The process of Cr(VI) biosorption conducted by Tri-

choderma harzianum mycelium (living biomass) was

studied by Soumik (2013), who showed the significant

role that the temperature plays in this process. The

increase in the temperature from 20 to 30 �C allowed a

90% removal of the Cr(VI) ions by fungi cells. However,

Cr(VI) removal decreased 20% to greater temperatures

([35 �C), because the growth, enzymatic activity and

integrity of the cell wall at these temperatures could affect

the living cells and the biosorption process. The temper-

ature has a strong influence on the configuration and sta-

bility of the fungi cell wall and, therefore, in the

biosorption process directly.

Tahir et al. (2014) suggested that high temperatures

([30 �C) can increase the number of active sites (Meena

et al. 2005) but, in the same way, could deactivate or

destroy it. They observed the rate of Cr(VI) removal by the

Gliocladium viride biomass, and the highest removal per-

centage (92.84%) was obtained at 30 �C, but at higher

temperatures, the biosorption rate decreased, as in previous

research. In general, high temperatures are not used in the

biosorption process, because the operating cost increases

(Roane and Pepper 2009). In addition, the exothermic

nature of some of the biosorption processes causes a

diminution of the biosorption capacity in some microor-

ganisms (Tahir et al. 2014).

The mechanisms of Cr(VI) biosorption have been

described in four models: (1) anionic biosorption, (2)

biosorption coupled to reduction, (3) cationic and anionic

biosorption and (4) anionic biosorption and reduction.

1. Anionic biosorption

The anionic species of Cr(VI), such as chromate

(CrO4
2-) or dichromate (Cr2O7

2-), can be linked to the

fungi surface through electrostatic interactions. Functional

groups such as amines, which are present in chitin and

chitosan, principally have positive charges. Therefore, this

mechanism is strongly influenced by the pH, due to the

protonation of these functional groups at low values of pH

to attract anionic species of Cr(VI) (Saha and Orvig 2010).

2. Biosorption coupled to reduction

Park et al. (2005) proposed that Cr(VI) adsorption by an

A. niger biomass occurs through two mechanisms, which

are based on the reduction of Cr(VI) to Cr(III). The first

mechanism (direct) occurs when Cr(VI) comes into contact

with electron donors of functional groups that are present

in the biomass surface at an acidic pH. Then, the Cr(III)

that results from reduction is subsequently adsorbed on the

biomass surface. On the other hand, the second proposed

mechanism (indirect) occurs in three stages: (1) the anionic

species of Cr(VI) binds to protonated functional groups of

the cell surface; (2) adsorbed Cr(VI) interacts with adjacent

functional groups and becomes reduced to Cr(III); and (3)

Cr(III) is released to the supernatant by electrostatic

repulsion. A study conducted by Das et al. (2008)

demonstrated through an analysis by photoelectron X-rays

(XPS) that when binding, Cr(VI) binds to the cell wall of

Aspergillus by its components, causing a reduction of the

metallic ions and metal layers accumulated on the wall.

3. Cationic and anionic biosorption

As mentioned before, part of Cr(VI) can be reduced to

Cr(III), and according to the functional nature of the bio-

mass cell wall, hexavalent (anionic) and trivalent (cationic)

chromium can be adsorbed simultaneously by the biomass.
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4. Anionic biosorption and reduction

According to this mechanism and as explained by Park

et al. (2005), a part of Cr(VI) is reduced to Cr(III) by an

interaction with the biomass, and mainly, the Cr(VI) is

adsorbed while the Cr(III) remains in solution.

Intracellular mechanisms

The fungal strains required detect and regulate the intra-

cellular levels of chromium through homeostasis systems

that maintain a balance between the incorporation, expul-

sion and sequestration of Cr(VI) (Corona and Saldana

2010). In the intracellular mechanism, transport proteins of

Cr(VI) could be involved in the tolerance or expulsion of

toxic Cr(VI) from the cytosol, or they could allow Cr(VI)

sequestration in the vacuolar compartment (Bellion et al.

2006). Thiol compounds, including glutathione (GSH), are

often considered to be antioxidant agents (Halliwell and

Gutteridge 2007); however, intracellular chelates could

generate harmful free radicals for biological membranes

(Pócsi et al. 2004). Pesti et al. (2002) conducted a study of

Cr(VI) toxicity at a molecular level, and they characterised

free radicals and glutathione from the metabolism of a

sensitive mutant, Schizosaccharomyces pombe. They sug-

gested that the bioaccumulation and reduction of the

Cr(VI) anions were tightly coupled within the cells by the

Cr(VI) gradient across the plasma membrane. The uptake

of Cr(VI) is facilitated via non-specific sulphate trans-

porters and was maintained by the fast enzymatic and non-

enzymatic reduction of the entering CrO4
2-. Among the

non-reducing enzymes is glutathione, which plays an

important role in the intracellular reduction of Cr(VI).

Metallothionein is another important intracellular chelator

for Cr(VI) control (Clemens 2001). These peptides are rich

in cysteine and have a low molecular weight, which allows

the cell to maintain the homeostasis of intracellular ions

and contribute to the Cr(VI) detoxification of the cell (Zhu

et al. 2009). This metallic homeostasis and detoxification

process has been studied in Pisolithus albus, which was

submitted to metallothionein. This molecule activity

increased when more metal concentration was added

(Reddy et al. 2015).

Cr(VI) biotransformation (reduction)

The reduction of Cr(VI) by fungi has been considered to be

an additional mechanism of these microorganisms in

reacting to Cr(VI) toxicity, because inside the cell, the

Cr(VI) can be reduced to Cr(III) by reducing systems

(Corona and Saldana 2010).

The Cr(VI) is actively transported through the biological

membrane of prokaryotic and eukaryotic microorganisms

(Alluri et al. 2007), and once inside the cell, Cr(VI) is

reduced to Cr(III), most likely through the formation of

instable intermediary forms of Cr(V) and Cr(IV) by non-

enzymatic (indirect) or enzymatic reactions (direct)

(Ksheminska et al. 2006); the latter is still uncertain for

eukaryotic microorganisms (Gadd 2010).

Different studies conducted by bioaccumulators

microorganisms (Dönmez and Aksu 2002; Baldrian 2003;

Dursun et al. 2003a; Zouboulis et al. 2004; Dönmez and

Koçberber 2005) have demonstrated that Cr(VI) removal

includes the following phases: (1) the union of Cr(VI) to

the cell surface, (2) the transport of Cr(VI) inside the cell,

and (3) Cr(VI) reduction to Cr(III). Two reduction steps

have been proposed for this last stage (Suzuki et al. 1992):

first, Cr(VI) accepts an NADH molecule, generating Cr(V)

as an intermediary (1); then, Cr(V) accepts two electrons

and forms Cr(III) (2). By this process, it has been estab-

lished that NADH, NADPH and electrons from the

endogenous reserve are active participants in the Cr(VI)

reduction process (Appenroth et al. 2000).

Cr VIð Þ þ e� ! Cr Vð Þ ð1Þ
Cr Vð Þ þ 2e� ! Cr IIIð Þ ð2Þ

Direct reduction

For eukaryotic cells, knowledge regarding enzymes for

chromate reduction remains very limited (Ksheminska

et al. 2006). In bacteria, the existence of ChrA proteins as

part of a chromate transporter (CHR) superfamily has been

informed and is related to the transport of sulphate and

chromate (Nies et al. 1998). Currently, 135 homologous

sequences of CHR proteins have been reported, including

some of eukaryotic origin (Cervantes et al. 2001).

In addition, the enzymatic reduction of Cr(VI) by

reductases in bacteria, such as membrane enzymes from

Pseudomonas putida, oxidoreductases NADH: flavin from

Enterobacter cloacae, nitroreductases from Vibrio harveyi,

YieF reductase from Escherichia coli (Cervantes et al.

2006), suggests the possibility of enzymes that exist with

the ability to reduce Cr(VI) in filamentous fungi.

Gu et al. (2014) studied Cr(VI) reduction via enzymes

by intracellular components of A. niger. They confirmed

that Cr(VI) reduction depends mainly on the cell-free

extract, similar to those found in bacteria, where the

activity of chromate reductase is related to the intracellular

fraction (Myers and Myers 1993; Ravindranath et al. 2011).

The cell-free extract was submitted at 95 �C and tested for

chromate reduction, but no changes were observed, which

demonstrates that one type of enzyme should be conduct-

ing the reduction process. Additional studies conducted on

C. maltosa (Ramı́rez et al. 2004), Pichia jadinii (Kshe-

minska et al. 2003) and Aspergillus tubingensis Ed8
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(Coreno et al. 2009) have demonstrated the high specific

activity of chromate reductase in crude extract, but not in

the membrane fraction.

Indirect reduction

Microbial cells can reduce Cr(VI) by non-enzymatic

intracellular reduction agents. Once the metallic ion has

entered the cell, it can be reduced to Cr(V), which is highly

cytotoxic by its interaction with ascorbic acid, glutathione

cysteine, hydrogen peroxide or riboflavin (Villegas et al.

2008). Acevedo et al. (2006) studied Cr(VI) reduction to

Cr(III) by two filamentous fungi-resistant strains (Asper-

gillus sp. Ed8 and Penicillium sp. H13), which were iso-

lated from contaminated industrial wastes. The ability of

these strains to reduce Cr(VI) present in the growth med-

ium without accumulating Cr(VI) in the biomass at the end

of the process was determined. The reduction reaction was

performed using glucose as the only carbon source; it was

not observed when fungi were supplied with yeast extract

as the carbon source. This result suggested that reduction

by the strains Ed8 and H13 did not exhibit a direct enzy-

matic reaction, which occurred only by the reducing power

of the carbon source outside the cell. It could be possible

that the extracellular reduction of Cr(VI) in filamentous

fungi was due to the production and excretion of molecules

similar to those found in bacteria, or by Cr(VI)-specific

reducing molecules (Coreno et al. 2009). On the other

hand, the capture of chromium in fungi and yeast surfaces

has been described as being a result of the union between

the components of the cell wall, mostly polysaccharides.

Chitin is a linear homopolymer that is linked in b-1,4-
acetilglucosamina of filamentous fungi cell walls (Asper-

gillus), at 10–20%, on average (Bartnicki 1987; de Nobel

et al. 1990). Glucan is the major structural polysaccharide

of the fungal cell wall, and it constitutes approximately

50–60% of the wall dry weight (Nguyen et al. 1998;

Kapteyn et al. 1999). Additionally, most of the proteins of

the cell wall in the filamentous fungi are glycoproteins,

which are estimated at 20–30% of the mass (Bowman and

Free 2006).

Transport and bioaccumulation

The bioaccumulation of metals is a common mechanism

that is present in living cells, which require additional

energy and nutrients to fulfil this process. Elimination of

Cr(VI) by this process occurs on two steps: (1) primarily,

a biosorption process occurs due to a retention of

metallic ions in the cell surface, (2) this step is followed

by the transport of these ions inside the cell by transport

proteins (Jamali et al. 2014; Murugavelh and Mohanty

2014).

Das and Guha (2009) investigated the biosorption of

Cr(VI) by T. clypeatus and found that this metallic ion had

a quick binding of the metal ion onto the cell surface,

followed by a relatively slow accumulation of this metal

inside the cell. Generally, the presence of toxic ions that

are similar to metallic ions that are essential for fungi

metabolism can be wrongly accumulated by these ions in

transport systems. The elimination of Cr(VI) in the pres-

ence of sulphate ions as a competitor of chromate ions

provoked a diminution in the efficiency, which demon-

strates the active participation of the sulphate transport

system. This arrangement was confirmed by the presence

of chromium in the cell wall and cytoplasm, using TEM-

XDE.

In the last decade, there have been diverse studies on the

elimination of Cr(VI) through the utilisation of diverse

fungi, including Aspergillus and Penicillium, which pos-

sess specific mechanisms (Table 2). In general, the active

micelle can achieve bioreduction percentages of 100% at

pH 4 or more (Pazouki et al. 2007; Morales et al. 2008;

Morales and Cristiani 2008; Cárdenas and Acosta 2010).

On the other hand, biosorption and bioreduction processes

are carried out at pH values of 1 and 2, mostly by dead

biomass or cellular residues (Liu et al. 2007; Gochev et al.

2010; Kavita et al. 2011; Sen and Dastidar 2011; Zheng

et al. 2014).

Metallophilic fungi applications for Cr(VI) removal

The reduction/oxidation processes that are conducted by

fungi have the capacity to mobilise or immobilise metals,

metalloids or organometallic compounds, by increasing the

solubility of some metals, or decreasing it, as in the par-

ticular case of Cr(VI) to Cr(III) reduction (Gadd 1993b;

Phillips et al. 1995; Gharieb et al. 1999; Smith and Gadd

2000; Lovley et al. 2004). The microbial reduction of

Cr(VI) to Cr(III) by fungi, yeast and bacteria has been one

of the most studied mechanisms for the bioremediation of

this metal (Lovley 1995; Wang and Shen 1995; Lonergan

et al. 1996). In this way, the strategy for Cr(VI) bioreme-

diation is to reduce it to Cr(III) not only to decrease the

Cr(VI) toxicity but also to immobilise the insoluble form of

Cr(III) as Cr(OH)3 in soil at pH values of 6–9 (Sharma and

Forster 1993; Tokunaga et al. 1999; Pellerin and Booker

2000).

The immobilisation of Cr(VI) by fungi is possible by

biosorption on the compounds of the fungi cell wall (ex-

opolysaccharides, peptides, structural biomolecules of the

cell wall or metabolites), in addition to the intracellular

accumulation by transport phenomena, organelle location,

precipitation and other mechanisms (Gadd 2010). On the

other hand, the bioremediation efficiency could be

improved with the addition of organic sources (organic
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matter or other nutrients) in soil or water that is treated, to

increase the proliferation of autochthonous fungi that can

reduce Cr(VI) (Kamaludeen et al. 2003).

Sunitha and Rajkishore (2013) studied two fungi strains,

Trichoderma viride and A. niger, which were isolated from

Cr(VI)-contaminated soils and were exposed to different

Cr(VI) concentrations, to evaluate their reduction potential

in soil. The results showed a significant difference between

the Cr(VI) reduction percentages in both fungi. The

reduction percentages were 31 up to 58% and 50 up to 83%

for T viride and A. niger, respectively. The major reduction

percentage was exhibited by A. niger, even when both

Table 2 Cr(VI) elimination studies by diverse fungi mechanisms

Fungi pH Time

(h)

[Cr(VI)]0
mg/L

Inoculum % R % A Mechanism References

A. niger 4.5 ± 0.5 96 50 Active micelle 48.7 Bioreduction (Shugaba et al. 2013)

A. parasiticus 43.6

H. tawa 6.5 Active micelle 100 Bioreduction (Morales et al. 2008)

Paecilomyces

lilacinus

5.5 120 200 NA 100 Bioreduction (Sharma and Adholeya

2011)

Paecilomyces sp. 4.0 168 50 Active micelle 100 Bioreduction (Cárdenas and Acosta

2010)

A. niger var

tubingensis Ed8

5.0 24 50 Active micelle 95 Bioreduction (Coreno et al. 2009)

Aspergillus sp. 6.0 120 50 Active micelle 74 Bioreduction (Fukuda et al. 2008)

Penicillium sp. 3.0 93 Biosorption

T. inhamatum 6.0 192 470 Active micelle 100 Bioreduction (Morales and Cristiani

2008)

T. viride 4.5 336 125 Active micelle 96 Biosorption (Holda and

Kisielowskam 2013)

A. awamori 1.5 48 25 Dead biomass 29 71 Biosorption/

bioreduction

(Gochev et al. 2010)

Aspergillus. sp. 1.0 360 Active micelle 68 Bioreduction (De Sotto et al. 2015)

A. flavus 4.5 120 50 Active micelle 99.2 Bioreduction (Sathvika et al. 2015)

A. flavus 2.0 168 150 Active micelle 99 Bioreduction (Bennett et al. 2013)

A. niger 98

Aspergillus sp. 98

Auricularia

polytricha

1.0 54 10 Dead biomass 97 Bioreduction (Zheng et al. 2014)

A. niger 2.0 20 50 Dead biomass 100 Biosorption (Holda and

Mlynarczykowska

2016)
4.0 200 Active micelle 100 Bioreduction

Fusarium solani 2.0 24 500 Cellular debris 63.9 mg/g Biosorption (Sen and Dastidar 2011)

A. niger 4.0 12 50 Active micelle 98.5 Biosorption (Holda et al. 2011)

A. niger 6.0 168 500 Active micelle 75 Biosorption (Srivastava and Thakur

2006a)

Pythium sp. 1.0 144 100 Dead biomass 12.5 mg/g Biosorption (Kavita et al. 2011)

Termitomyces

clypeatus

3.0 48 100 Active micelle 11.1 mg/g Biosorption (Das and Guha 2009)

Dead biomass 6.75 mg/g

Mucor racemosus 1.0 24 100 Dead biomass 50 50 Biosorption/

Bioreduction

(Liu et al. 2007)

Phanerochaete

chrysosporium

5.0 10 Active micelle 98.5 Bioreduction (Murugavelh and

Mohanty 2014)

Rhizopus oryzae 7.0 72 400 Active micelle 91.15 Bioreduction (Sukumar 2010)

A. niger 6.2 168 50 Active micelle 99.6 Bioreduction (Rivera et al. 2015)

A. flavus 7.0 120 25 Active micelle 95.80 Bioaccumulation (Abubacker and

Kirthiga 2013)50 73.42 Bioreduction

P. chrysogenum 5.0 48 50 Active micelle 100 Bioreduction (Pazouki et al. 2007)
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strains could tolerate 100 mg/kg of Cr(VI) in soil. Simi-

larly, Sivakumar (2016) isolated different fungi strains

from soil contaminated by tannery wastewater in Nagalk-

eni, India. Such fungi strains, which belong to the genera

Aspergillus, were employed for the reduction of Cr(VI) in

tannery effluents. The reduction capacity observed for each

one was A. niger[A. flavus[A. fumigatus[A. nidu-

lans[A. heteromorphus[A. foetidus[A. viridinutans,

listed in decreasing capacity.

Other studies were conducted on Cr(VI) bioremediation

in wastewater by fungi isolated from tannery industries,

including F. chlamydosporium (9.86 mg/L) (Sharma and

Malaviya 2014), Aspergillus sp. (126 mg/L) (Srivastava

and Thakur 2006b), Paecilomyces lilacinus (1.24 mg/L)

(Sharma and Adholeya 2011), and consortia composed of

Cladosporeum perangustum, Penicillium commune, P.

lilacinus and Fusarium equiseti (10 mg/L) (Sharma and

Malaviya 2016); they reached complete Cr(VI) removal at

different concentrations.

Conclusion

The metallophilic fungi isolated from sites contaminated

with Cr(VI) created an alternative study for Cr(VI) biore-

mediation. There are diverse research studies on metal-

lophilic fungi isolated at contaminated sites, primarily

tanneries and crop fields. The genuses of Aspergillus,

Fusarium, Rhizopus and Penicillium are the most reported

to have high Cr(VI) tolerance, ranging from 300 to

1000 ppm. Many mechanisms of interaction of fungi and

Cr(VI) have been characterised as extracellular or intra-

cellular detoxification, thus preventing the entry of Cr(VI)

into the cell or reducing the chromate in the cytosol. The

ability of fungi to act as biosorbents has widely been

evaluated using live or dead biomass, and several species

of the genus Aspergillus have been studied as biosorbents

for Cr(VI) removal, with the sequestration of Cr(VI) by

different functional groups including carboxyl (–COOH),

phosphate (PO4
3-), amine (–NH2), thiol (–SH) and

hydroxide (–OH) components of the cell wall. These have

mainly been related by polysaccharides (galactosamine,

chitin and glycan) in addition to proteins, lipids and mel-

anin, which are minor in contribution. The uptake of

Cr(VI) is facilitated via non-specific sulphate transporters,

inside the cell, such as glutathione, which plays an

important role in the intracellular reduction of Cr(VI); the

enzymatic reduction (direct) by fungi is still uncertain.

Studies conducted for Cr(VI) bioremediation in wastewater

by fungi isolated from the tannery industries have reached

complete Cr(VI) removal at different concentrations, and

they provide an alternative to be applied.
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