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ABSTRACT 

 

Weitzman, M. A. Isolation and characterization of native fungi from contaminated 

ecosystems for the bioremediation of arsenic. MS in Biology, May 2015, 230pp. (T. 

Volk) 

 

Environmental contamination by the heavy metal arsenic is among the most pressing 

pollution problems today due to its pervasive presence from anthropogenic and natural 

sources and its broadly-acting toxic effects. Fungi are being increasingly investigated for 

mycoremediation due to their abilities to remove, sequester, and/or detoxify arsenic by 

more efficient and environmentally sound methods than traditional metal remediation. 

This thesis contains three chapters: (I) A literature review that puts recent research into 

context by exploring properties and sources of arsenic and its modes of cellular toxicity, 

and by providing evidence that fungi can alleviate arsenic contamination by examining 

their cellular response mechanisms; (II) A study of the tolerance to arsenic exhibited by 

forty-nine fungal isolates collected from metal-contaminated sites in La Crosse, 

Wisconsin, and an investigation of the relationship between evolutionary lineage and 

arsenic tolerance, with results indicating a remarkably high degree of tolerance for all 

isolates and that ascomycetous fungi may have the highest tolerance; (III) A study of the 

cellular remediation mechanisms exhibited by four fungal isolates with statistically 

different tolerance levels, with results suggesting that despite their dissimilar tolerances, 

they responded in a similar fashion on a cellular level. Proposals for future work and 

experiments are included.  
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CHAPTER I 

 

FUNGI AND THE BIOREMEDIATION OF ARSENIC 

 

(LITERATURE REVIEW) 

 

Abstract 

The use of fungi to combat environmental pollution, a strategy otherwise known 

as mycoremediation, is a burgeoning field of research that can provide novel methods for 

cleaning up pollution in soils and waters. Along with being able to degrade a wide array 

of organic compounds, fungi also demonstrate remarkable abilities to remove, sequester, 

and/or detoxify heavy metals in their surrounding environment. The heavy metal arsenic 

(As) is of particular concern due to its pervasive environmental contamination and high 

degree of cellular toxicity. This review seeks to put the recent research regarding the 

directed application of fungi for the remediation of As into context by first delving into 

the properties and sources of this contaminant, followed by a discussion of the ways in 

which arsenic exerts toxicity on living cells. This review will also provide strong lines of 

evidence that fungi are capable of alleviating As contamination by citing studies that 

have documented the abilities of fungi and exploring the cellular mechanisms by which 

their metal remediation is accomplished. 

Introduction 

Although mankind is rapidly developing important technological, agricultural, 

and chemical advances, the widespread use of toxic materials associated with those 

industries often results in their spread to and persistence in global ecosystems. The heavy 
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metal arsenic (As) is a particularly concerning toxicant due to its pervasive environmental 

contamination as well as the severe toxicity it exerts on all living cells. As an 

environmental contaminant from both natural sources (i.e. volcanism, earth crustal 

weathering) and anthropogenic sources (i.e. pesticides, chemical additives), arsenic is a 

potent human carcinogen, has been associated with numerous other human health issues, 

and negatively impacts ecosystem integrity by harming other animals, plants, and 

microbes alike.  

Because this ubiquitous and toxic element cannot be broken down or 

decomposed, the only solution for addressing environmental As contamination is to 

remove it. Existing physical and chemical strategies for heavy metal removal such as 

chemical flushing or soil excavation are expensive, labor-intensive, inefficient, and 

ecologically disruptive; these situations necessitate alternative solutions. A promising 

research avenue is that of mycoremediation, or the directed application of fungi such as 

mushroom-formers and soil molds to combat pollution. Numerous fungi from all 

evolutionary lineages demonstrate a remarkable biological ability to remove, sequester, 

and/or detoxify heavy metals in the surrounding environment. They present preferable 

remediation methods over conventional ones due to their lower cost, lower ecological 

impact, high versatility in growth conditions, and breadth of biological remediation 

mechanisms employed. Further, fungi can be used to remediate heavy metals not only in 

soils, but also in contaminated drinking water supplies, waste water treatment facilities, 

and industrial effluents.  

To understand how the burgeoning field of mycoremediation research can 

contribute novel and practical information to the critical task of ecosystem restoration and 
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remediation, we must first understand the sources of As, the toxicological issues it 

causes, and existing strategies for its remediation. 

Chemical Properties and Sources of Arsenic 

The term “heavy metals” is somewhat loosely defined. This group of elements 

contains approximately 65 metallic elements, including both “true” metals such as lead 

(Pb), mercury (Hg), cadmium (Cd), chromium (Cr), and zinc (Zn), as well as metalloid 

elements with properties in between those of metals and non-metals such as arsenic (As), 

selenium (Se), and antimony (Sb). These diverse elements with variable chemical 

properties are grouped together because their densities greater than 5 g/cm3 makes them 

“heavy,” and their broadly negative effects on organisms render them highly toxic (Gadd, 

1993; Gadd, Rhee, Stephenson, & Wie, 2012). Of all the heavy metals, As, Cd, Cr, Hg, 

and Pb are considered the most hazardous because of their widespread environmental 

contamination, high degree of industrial use, and severe toxicity to life forms including 

carcinogenicity and mutagenicity (Baird & Cann, 2012; Siokwi & Anyanwu, 2012). 

Forms of Arsenic 

Arsenic can be found naturally in both inorganic and organic forms in soils, 

surface water, seawater, and groundwater (Gbaruko, Ana, & Nwachukwu, 2008), 

although the inorganic forms – particularly arsine (AsH3), arsenate (AsO4
3-), and arsenite 

(AsO3
3-) – are markedly more toxic (Byrne et al., 1995; Gbaruko et al., 2008; Šlejkovec, 

Byrne, Stijve, Goessler, & Irgolic, 1997; Srivastava et al., 2011; Vetter, 2004; Zhang & 

Selim, 2008). Most organic derivatives, including arsenocholine and arsenobetaine (the 

dominant metabolite found in seafood), are apparently non-toxic (Byrne et al., 1995; 

Koch, Wang, Reimer, & Cullen, 2000; Šlejkovec et al., 1997) and their formation by 
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organisms that accumulate As seems to suggest a method of As detoxification (discussed 

in detail later).  

Inorganic arsine gas (AsH3) contains As in the -3 oxidation state (Kaur, Kamli, & 

Ali, 2011) and is the most acutely toxic form of As known (Baird & Cann, 2012; 

Gbaruko et al., 2008; Zhang & Selim, 2008), although fortunately it is uncommon in the 

natural environment. There have been some rare reports of moldy wallpaper causing 

arsenic poisoning and even death due to the fungi converting the arsenic-containing green 

pigment CuHAsO3 into extremely toxic trimethylarsine gas (As(CH3)3) (Baird & Cann, 

2012). Such an arsenic poisoning event was reported by an ambassador to Italy who was 

staying in an old Italian villa with her family; regrettably, the garlic-like smell of 

methylarsine gas coming from the moldy wallpaper did not seem unusual at the time, 

given their location (Crosby, 1998). 

Two other inorganic forms, arsenite and arsenate, are much more abundantly 

found in the environment than arsine. Arsenite (AsO3
3-) contains the reduced trivalent 

cation As3+ or As(III) in the +3 oxidation state, and arsenate (AsO4
3-) contains the 

oxidized pentavalent cation As5+ or As(V) in the +5 oxidation state. Both of these forms 

are water-soluble and highly toxic (Kaur et al., 2011; Gbaruko et al., 2008; Zhang & 

Selim, 2008), but of the two, trivalent As is more mobile than pentavalent and more toxic 

by at least a factor of 100 due to its mechanisms of action (discussed in detail later) 

(Baird & Cann, 2012; Čerňanský, Kolenčík, Ševc, Urík, & Hiller, 2009; Cervantes, Ji, 

Ramírez, & Silver, 1994; Kaur et al., 2011). Arsenic is most commonly encountered in 

water as arsenic acid (H3AsO4) or one of the above deprotonated anions (Baird & Cann, 

2012), but because atmospheric oxygen readily dissolves into soil and water, As 
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oxidation takes place in water-based systems with the pentavalent form consequently 

dominating (Čerňanský, Urík, Ševc, & Khun, 2007; Gbaruko et al., 2008; Su, Zeng, Bai, 

Li, & Duan, 2011; Zhang & Selim, 2008). The distribution between arsenite and arsenate 

can also be influenced by physico-chemical properties of the soil and water including pH, 

microbial activity, and presence of sulfides and organic matter (Stamets, 2005; Zhang & 

Selim, 2008), as well as by industrial processes and metal ore smelting in the vicinity that 

may influence redox and adsorption reactions (Cervantes et al., 1994).  

The toxicity of a particular form of a heavy metal can also be traced back to its 

ionic potential (IP), which is a ratio of a metal cation’s valence to its ionic radius 

(Sposito, 2008). The pentavalent cation As5+ has a relatively higher IP value and is likely 

to form an oxyanion in water due to the 5 missing electrons from its valence shell. On the 

other hand, the trivalent cation As3+, which is missing 3 electrons from its outer valence 

shell, has a relatively lower IP value and thus is more likely to form a hydroxide ion in 

water, rendering trivalent the more toxic form (Sposito, 2008). The specific cellular 

effects resulting from these toxic forms of As are discussed in detail later. 

Abundance and Distribution 

Arsenic as a naturally occurring element is found in relatively low abundance, 

accounting for only 0.0001-0.0002% of earth’s crustal composition (Garg & Singla, 

2011; Kaur et al., 2011) and generally present in low crustal concentrations of 0 to 20 

mg/kg (Vetter, 2004) with a global average of 1.7 mg/kg (Sposito, 2008). This ranks As 

in 20th place when compared to other crustal elements (Gbaruko et al., 2008). The 

ultimate source of natural As on earth’s surface originates from volcanic activity 

expelling crustal As into terrestrial and atmospheric zones (Cervantes et al., 1994). In 
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atmospheric particulate matter, As is generally found in the 50-400 ppm (mg/kg) range 

(Cervantes et al., 1994). only about one-third of which can be attributed to these natural 

sources (Garg & Singla, 2011).  

The highest natural concentrations of crustal arsenic are found within mineral 

compounds, especially sulfur ores (Kaur et al., 2011; Zhang & Selim, 2008) and other 

minerals that contain valuable metals like lead, zinc, silver, gold, nickel, and copper 

(Cervantes et al., 1994; Garg & Singla, 2011; Gbaruko et al., 2008). The average 

concentration of As in crustal minerals is approximately 2 mg/kg, although there is 

substantial variation between mineral types (Zhang & Selim, 2008). Arsenic is a 

component of more than 200 mineral compounds, including arsenopyrite (FeAsS), 

realgar (As4S4), orpiment (As2S3), enargite (Cu3AsS4), cobaltite (CoAsS), proustite 

(Ag3AsS3), arsenolite (As2O3), olivenite (Cu2OHAsO4), and mimetite (Pb5Cl(AsO4)3) 

(Crosby, 1998; Garg & Singla, 2011; Kaur et al., 2011; Zhang & Selim, 2008). Minerals 

such as these, particularly the ones containing sulfides and iron or manganese 

oxyhydroxides, serve as a source as well as a sink for elemental As (Lu et al., 2010). The 

presence of As in the mineral composition of bedrock causes major problems with the 

safety of drinking water extracted from underground aquifers in regions with abnormally 

high crustal As concentrations; it also poses a great concern when metal ores are 

extracted and purified to obtain valuable metal products while the unwanted waste 

components are released into the environment (discussed in detail later).  

In soils, background As levels can vary substantially depending on the region. 

According to reports released by the US Geological Survey, As levels of most soils in the 

US are well below 10 mg/kg ("National Geochemical Survey," 2008). The global average 
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for soils is 5.2 mg/kg (Sposito, 2008), with measured values ranging from background 

levels of 0.1 mg/kg in uncontaminated soils up to 30,000 mg/kg in some of the most 

severely contaminated soils due to human influences (Cervantes et al., 1994; Garg & 

Singla, 2011; Zhang & Selim, 2008). Other minerals and soil particles present in the soil, 

including clay, calcium carbonate, organic matter, and other metal oxides, can act to 

immobilize the As in soil (Garg & Singla, 2011). 

Average global oceanic As concentrations are found to be around 1.7 μg/L (but 

have been measured as high as 2.6 μg/L), with the pentavalent arsenate form comprising 

80% or more of total oceanic As (Cervantes et al., 1994; Gbaruko et al., 2008). 

Freshwaters contain a lower average of about 0.4 μg/L As (Cervantes et al., 1994), but 

the global average of inorganic As in drinking water specifically is higher at about 2.5 

μg/L (Baird & Cann, 2012). 

Historical and Medical Uses  

Curiously, arsenic has been historically used as both a poison and a medicine – 

depending on the target organism and the dose applied. In 17th century Europe, it was 

recommended as a cure for impotence and as a preventative medicine against the plague 

(Baird & Cann, 2012). In China and around the world, herbal remedies containing As 

compounds have been used therapeutically against a variety of ailments for 2000 years 

(Baird & Cann, 2012; Yang, Fuy, Linz, & Rosen, 2012), including 50 Chinese drugs that 

are still in use today (Baird & Cann, 2012). At the other end of the spectrum, white 

arsenic (As2O3) was commonly served as a poison against enemies and as an agent of 

suicide up through the Middle Ages (Baird & Cann, 2012; Crosby, 1998). Arsenic was 

also manufactured by the US, Japan, and Germany for employment as a chemical weapon 
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in the form of the organic compound Lewisite (C2H2AsCl3) during World War I, and 

became such a problem for troops that an antidote was devised at the start of World War 

II (Crosby, 1998). In more recent years, the drug Trisenox (arsenic trioxide, As2O3) has 

been found to be effective in treating otherwise unresponsive forms of acute 

promyelocytic leukemia by inducing the cancer cells to undergo apoptosis (Gbaruko et 

al., 2008; Yang et al., 2012). Arsenic’s toxic effects on all living organisms have been 

alternatively put to use in combating infectious microbial diseases such as bacterial 

syphilis (Gbaruko et al., 2008), which is treated with the drug Salvarsan (Kaur et al., 

2011), and the “protozoan” disease trypanosomiasis (Kaur et al., 2011), which is treated 

with the drug Pentostam (Yang et al., 2012). Other infectious diseases that have been 

treated with As-containing drugs include malaria and sleeping sickness (Gbaruko et al., 

2008). However, similar to what has been documented with antibiotics, the use of As 

against pathogenic disease agents has subsequently led to As-resistant pathogen 

populations (Yang et al., 2012) and is of clinical concern.  

Anthropogenic Sources 

By engaging in activities such as metal mining and industrial and agricultural 

chemical production, humans over the past several centuries have substantially increased 

the input of As into its biogeochemical cycling. To quantify this, a value called the 

anthropogenic mobilization factor (AMF) can be calculated to determine the impact of 

humans on a particular element’s cycling (Sposito, 2008). When the mass of As released 

into the environment via anthropogenic factors is compared to the mass of As from 

natural factors like crustal weathering and volcanism, an AMF of 27 is calculated 

(Sposito, 2008). To put this in context, an element with an AMF above 10 is considered 
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to have significant anthropogenic activity contributing to its biogeochemical cycle. A fact 

that further supports this is that human activities in just the first decade of the 2000s 

added an additional 52,000 to 112,000 tons of As to the soil, air, and water (Garg & 

Singla, 2011). These factors strongly indicate that humans are playing a significant role 

in perturbing and altering the natural cycling of As, and we humans accomplish this by a 

variety of actions. 

Pesticides and agricultural applications. One of the major As-containing 

outputs of industrial chemical production is the manufacture of pesticides (Baird & Cann, 

2012; Čerňanský et al., 2009; Garg & Singla, 2011; Gbaruko et al., 2008; Kaur et al., 

2011; Siokwi & Anyanwu, 2012; Yang et al., 2012; Zhang & Selim, 2008), which were 

especially common before modern organic pesticides were invented. The insecticides 

lead arsenate (PbHAsO4), sodium arsenate (Na3AsO4), and calcium arsenate 

(Ca3(AsO4)2) have been used extensively for decades against the gypsy moth, 

cockroaches, ants, crickets, and snails (Crosby, 1998; Yang et al., 2012); the first has also 

been applied as a growth regulator for agricultural crops (Yang et al., 2012). Paris green 

[Cu(C2H3O2)2 • 3Cu(AsO2)2] and sodium arsenite (Na3AsO3) are two heavily used 

herbicides that contain the extremely toxic trivalent arsenite ion (Baird & Cann, 2012; 

Zhang & Selim, 2008), and because it is so effective, Paris green has also been heavily 

used as a fungicide (Crosby, 1998). Other As-containing agricultural chemicals include 

arsenic acid (H3AsO4), which is applied to cotton fields at the end of a harvest to clear the 

remaining vegetation (Yang et al., 2012; Zhang & Selim, 2008), and the organometallic 

pesticides methanearsonate (CH4AsO3) and dimethylarsenate (C2H6AsO2), both of which 

are still applied to golf courses in Florida especially, despite the fact that they are no 



10 
 

longer being manufactured, and As is consequently still leaching into the Floridian 

drinking water from this source (Baird & Cann, 2012; Yang et al., 2012). 

Agriculture has found yet other inventive ways to put As compounds to use. 

Chicken farmers often include organic As formulations such as roxarsone in the animal 

feed to control common intestinal parasites (Zhang & Selim, 2008), which is excreted in 

chicken feces rather than retained in the meat. This As-contaminated chicken waste then 

gets spread onto agricultural fields as fertilizer (Yang et al., 2012), which results in the 

As being deposited in the soils, water, and food crops. This chicken waste material used 

as fertilizer can contain up to 40 mg/kg As and will build up in agricultural soils over the 

course of decades; the amount of As introduced by US poultry farmers can be upwards of 

50,000 kg per year (Zhang & Selim, 2008). Cattle ranchers also supply arsenic as a feed 

additive (Zhang & Selim, 2008), presumably for a similar purpose. Furthermore, highly 

concentrated As solutions have also been applied to cattle in the US and Australia to 

prevent the transmission of southern cattle fever, and have left extremely high levels of 

As in the surrounding soils of more than 3,500 mg/kg (Zhang & Selim, 2008). Lastly, As 

is often found as a component of inorganic phosphate crop fertilizers (Gbaruko et al., 

2008). Thus, arsenic finds its way into nearly all aspects of the food production system by 

directed chemical application. 

Once released into the soil and water, As is readily absorbed through both 

terrestrial and aquatic plant roots and is then accumulated within various plant tissues 

(Garg & Singla, 2011; Kaur et al., 2011). This can reduce plant biomass and lead to loss 

of harvest yields (Garg & Singla, 2011), as well as hinder the ability of critical 

mycorrhizal fungal mutualists to colonize plant roots (Gadd et al., 2012). When 
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consumers in the ecosystem ingest the plant material, the As is further accumulated up 

the food chain in both organic and inorganic forms (Gbaruko et al., 2008).  

The accumulation of toxins can be predicted by their affinity for bodily tissues, 

e.g. bone, muscle, and/or fat. In particular, the octanol-water coefficient (Log Kow) 

measures the relative partitioning of a compound between lipids (hydrophobic fatty 

compounds) and water (hydrophilic non-fatty compounds). The higher the compound’s 

Log Kow value, the more likely it is to be attracted to fatty tissues and thus to be 

accumulated within the body rather than eliminated via waste. According to the EPA, the 

Log Kow for arsenic as arsine (AsH3) and other arsenic compounds is 0.68 (“Technical 

Appendix B: Physicochemical Properties for TRI Chemicals and Chemical Categories,” 

2010). For comparison, the environmentally pervasive and extremely toxic compounds 

methylmercury (CH3-Hg+) and dimethylmercury (CH3-Hg-CH3) have Log Kow values of 

0.41 and 2.59, respectively (Scarmoutzos & Boyd, 2003). Based on these values, 

methylmercury will partition approximately 28% into the polar aqueous phase and 72% 

into the non-polar lipid phase, and dimethylmercury will almost entirely (>99.5%) 

partition into the lipid phase (Scarmoutzos & Boyd, 2003). Thus, arsenic’s intermediate 

Log Kow of 0.68 suggests that between 72% and 100% of As exposed to organisms will 

partition into the lipid phase and be retained in fatty tissues, which can at least partially 

account for the accumulation of As in the food chain. Structural modifications to As 

within the cells may also take place (discussed in detail later), thereby changing its 

chemical properties and how it partitions amongst the various bodily tissues. 

Once As begins to accumulate within the food chain at large, it ultimately ends up 

in humans via contaminated food consumption. Contaminated soils also experience 
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slowing of important ecological processes including carbon turnover, plant cover and 

regeneration, microbial nutrient cycling, and formation of soil organic matter, all of 

whose perturbations enhance the destructive processes of soil erosion and the further 

spread of soil contamination (Haferburg & Kothe 2010). Hence, As poses risks to the 

stability of the ecosystem at large as well as to the human food supply that is based 

around eating plant crops and the meat of animals fed with those same plant crops. 

One of the major food crops of concern, due to solubility and mobility of As 

compounds in water, is rice grown in saturated rice fields (Garg & Singla, 2011). In the 

US, rice is often grown in fields previously used for cotton, where remnants of the As 

herbicides used as defoliants (described above) remain. Growth of rice in these 

conditions can result in rice products containing up to 150 mg/kg of As (Vetter, 2004). 

The problem is further compounded when rice grown in As-contaminated soils and 

sprayed with As-contaminated irrigation water is later cooked in As-contaminated 

drinking water (Baird & Cann, 2012; Srivastava et al., 2011), or when As-contaminated 

rice is processed into other products like brown rice syrup for baby food (Yang et al., 

2012). Indeed, As in crops, especially rice and other cereals, is the main source of As 

exposure other than seafood for residents of North American and Europe (Baird & Cann, 

2012; Yang et al., 2012). Build-up of As has also been observed in other crops grown in 

As-contaminated environments (Zhang & Selim, 2008), particularly in apples (Yang et 

al., 2012) – likely as a side-effect of heavy pesticide application in orchards that can 

leave up to 165 mg/kg As in the soils and leach up to 120 cm deep down into the 

surrounding water supply (Zhang & Selim, 2008). 
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One last major source of As in the human food supply is seafood such as fish, 

aquatic crustaceans, mollusks, and sharks (Cervantes et al., 1994). Some hypothesize that 

the longer trophic chains in aquatic ecosystems (versus terrestrial) allow As to 

accumulate to a greater degree in higher consumers (Gbaruko et al., 2008). Similar to 

what is seen with rice, the solubility of As compounds in water can at least partially 

account for the easy absorption of As by aquatic organisms (Kaur et al., 2011). High 

concentrations can induce genetic disruption in fish that consume contaminated aquatic 

plants, and subsequently these ill effects are transferred to birds and other predators that 

become poisoned by the fish prey (Kaur et al., 2011). Thankfully for humans at least, the 

majority of the As in seafood is metabolically converted by those organisms to apparently 

nontoxic organic compounds such as arsenocholine or arsenobetaine (Šlejkovec et al., 

1997), which are excreted readily upon consumption by humans (Baird & Cann, 2012). 

The addition of organic functional groups decreases the toxicity of the compound 

(Šlejkovec et al., 1997) by hindering its ability to interact with biologically important 

molecules (Baird & Cann, 2012), but the As can easily re-enter the ecosystem in its toxic 

inorganic forms through bacterial decomposition of contaminated aquatic flora and fauna 

(Kaur et al., 2011). 

Lumber preservatives. Arsenic’s toxicity has been harnessed for other 

applications intended for the determent of growth, such as the use of the preservative 

chromated copper arsenate (CCA) in the treatment of lumber (Baird & Cann, 2012; 

Gbaruko et al., 2008; Siokwi & Anyanwu, 2012; Yang et al., 2012). This compound has 

been used since the 1970s and, along with other As-containing wood preservatives, 

accounts for about 90% of industrial As use in the US (Zhang & Selim, 2008). Often used 
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at concentrations of 1,000 to 5,000 mg/kg in lumber, CCA is a broad spectrum biocide 

that inhibits the growth of insects, bacteria, and fungi on the wood, and is known to leach 

into the surrounding environment (Baird & Cann, 2012; Stamets, 2005), in some cases up 

to 1.5 miles away from the source (Zhang & Selim, 2008). Although the US EPA banned 

the use of CCA in residential applications such as home construction, picnic tables, and 

playground equipment in 2003 (Baird & Cann, 2012; Stamets, 2005; Yang et al., 2012; 

Zhang & Selim, 2008), its prevalent historical use means that the As will persist and 

continue to spread throughout the environment for years to come.  

Other industrial applications. Just a few of the other assorted applications using 

As-containing chemicals include the pigment, textile dying, and leather tanning industries 

(Gbaruko et al., 2008; Kaur et al., 2011; Siokwi & Anyanwu, 2012). the semiconductor 

industry where As chemicals are used as catalysts (Cervantes et al., 1994; Garg & Singla, 

2011; Gbaruko et al., 2008; Kaur et al., 2011; Yang et al., 2012), ceramics and glass 

manufacturing (Cervantes et al., 1994; Gbaruko et al., 2008), and manufacturing of 

electrical equipment, paints, metal alloys, and batteries (Siokwi & Anyanwu, 2012). The 

manufacturing plants handling these compounds often fail to treat their wastewater 

effectively with physical and/or chemical methods prior to release into municipal or 

irrigation water supplies (Zafar, Aqil, & Ahmad, 2007), resulting in high levels of As in 

the surrounding areas.  

Due to increasing awareness of the broadly toxic effects of As-based chemicals on 

non-target and sensitive downstream receptors including water supplies, vegetation, 

wildlife, and food crops, their use has greatly decreased globally, although both 

developed and developing countries continue to apply them to varying degrees (Baird & 
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Cann, 2012). Even in cases of cessation of usage, As from pesticides, preservatives, and 

other industrial/agricultural products has been shown to contaminate soils, groundwater, 

and aquifers even decades after discontinued application (Zhang & Selim, 2008). This, of 

course, has serious implications for human health, as well presenting ecological risks to 

any other organisms exposed.  

Fossil fuel burning. While the intentional uses of As described above have 

declined, often the release of As into the ecosystem is an unforeseen side effect of other 

human activities. For example, the burning of fossil fuels including coal and oil releases 

fly ash from incineration into the atmosphere, which is problematic for a multitude of 

reasons but is relevant in this case due to the natural presence of As in these combusted 

fossil fuels (Baird & Cann, 2012; Čerňanský et al., 2009; Cervantes et al., 1994; Gbaruko 

et al., 2008; Kaur et al., 2011; Siokwi & Anyanwu, 2012; Zhang & Selim, 2008). Arsenic 

in coal is usually present in relatively low concentrations of 2 to 84 mg/kg (Zhang & 

Selim, 2008); the US average is 22 mg/kg (Baird & Cann, 2012) and the global average is 

5 mg/kg (Sposito, 2008). However, some regions of the globe have unusually high As 

content in fuels and are particularly susceptible to this source of contamination, such as 

Czechoslovakia where 1,500 mg/kg of As has been documented in coal (Zhang & Selim, 

2008), and the Chinese province of Guizhou where As content can exceed 1% (10,000 

mg/kg) of the coal weight (Baird & Cann, 2012; Zhang & Selim, 2008). This has global 

implications due to atmospheric transport of particulates that can be inhaled as aerosols 

and deposited in soils and water (Zhang & Selim, 2008). To make matters worse, these 

particulates can be acutely dangerous in small enclosed spaces where coal is often burned 

as kitchen and heating fuel, which can then further contaminate any food and water 
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stored in that same space (Baird & Cann, 2012). This problem is only likely to multiply 

as countries consume more fuel via industrialization. 

Metal mining. The mining of metal ores (from harvest, to smelting and 

refinement, to sludge and waste disposal) also plays a major and significant role in the 

amount of anthropogenic As added to the system, and soils, surface water, groundwater, 

vegetation, and the atmospheric zone are all affected by pollution from this industry 

(Baird & Cann, 2012; Čerňanský et al., 2009; Cervantes et al., 1994; Gbaruko et al., 

2008; Kaur et al., 2011; Koch et al., 2000; Malik, 2004; Siokwi & Anyanwu, 2012; 

Zhang & Selim, 2008). When considering that global metal production in 2008 was 1.4 

billion tons and has increased over 7 times since 1950 (Haferburg & Kothe, 2010), this 

becomes a rather startling situation. The area occupied by mining operations around the 

world takes up 0.02% of the land’s surface (37,000 km2), and the additional land affected 

by metals leaching from open mines and their waste dumps occupies another 0.16% 

(240,000 km2) (Haferburg & Kothe, 2010). In Europe alone, there are an estimated 1.4 

million metal-contaminated sites (Haferburg & Kothe, 2010), and As levels in soils near 

mining waste dumps can reach as high as 30,000 mg/kg (Zhang & Selim, 2008). 

Metal mining can release As during smelting (heat extraction of metal from ore) 

and via tailings/sludge disposal and leachate, acid mine drainage, aerial emissions via 

sublimation, and wastewater discharge (Baird & Cann, 2012; Crosby, 1998; Haferburg & 

Kothe 2010; Kaur et al., 2011; Koch et al., 2000; Siokwi & Anyanwu, 2012). Arsenic-

containing ores, in particular sulfuric ores for which As has a particular affinity, can also 

readily be oxidized in oxic waters and often produce sulfuric acid as a by-product of 

metal harvest due to the presence of iron-metabolizing Proteobacteria that reside at or 
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near the mines (Haferburg & Kothe 2010; Zhang & Selim, 2008). The resultant low pH 

environment favors free metal cations (Sposito, 2008) and mobilizes the metals contained 

within ores and rocks, with subsequent leaching of these acidic, metal-contaminated 

wastewaters into downstream soils, surface water, and groundwater.  

Natural Sources 

Despite the perhaps exhaustive list of anthropogenic sources of As contamination 

detailed above, the primary source of natural As in soil, water, and air ultimately 

originates from igneous activity that releases crustal As from the parent rock (Čerňanský 

et al., 2009; Gbaruko et al., 2008; Yang et al., 2012). Chemical weathering of As-

containing minerals into groundwater is another major source of natural As 

contamination (Čerňanský et al., 2009; Zhang & Selim, 2008). For instance, weathering 

and erosion of As-containing sulfide minerals can oxidize As, thereby releasing arsenate 

or arsenite anions into the surrounding aqueous environment (Zhang & Selim, 2008). Hot 

springs that bring groundwater heated by geothermal energy to the earth’s surface also 

play a role in crustal As release (Yang et al., 2012). Whatever the cause, once released 

from minerals into groundwater, As can easily contaminate the soil environment and 

engage in a multitude of chemical, physical, and biological reactions with the mineral 

surfaces and organisms in the soil (Zhang & Selim, 2008).  

Groundwater contamination. A severe example of As contamination in 

groundwater and drinking water, raising significant and pressing concerns for 

environmental and human health, has been taking place in West Bengal, India, and 

Bangladesh for at least the past several decades. Dhar et al. (1997) reported that 95% of 

Bangladeshi domestic water supplies for drinking, bathing, and cooking originate from 
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groundwater extractions. This is of particular concern because the wells are drilled into 

bedrock with very high levels of natural As contained in the mineral structure. Thus, 

although the arsenic itself originates from a natural source, human intervention and 

extraction of massive amounts of groundwater through these As-containing bedrock 

minerals has turned it into a widespread problem affecting millions of people. 

Because most of ingested arsenic is excreted through urine and stool along with 

being deposited into skin, hair, and nails (probably due to high levels of sulfhydryl 

groups in keratin) (Gbaruko et al., 2008; Kaur et al., 2011), these types of biological 

samples were analyzed from over 900 people who had been drinking As-contaminated 

groundwater (Dhar et al., 1997). The researchers found that arsenic-induced dermatosis 

(characterized by melanosis, keratosis, and hard patches on the palms of hands and soles 

of feet [Dhar et al., 1997; Zhang & Selim, 2008]) was exhibited in people with exposure 

to just 0.2 mg/L arsenic in the drinking water, and that regular ingestion of 10 µg/Kg 

body weight/day could lead to serious dermatological and other symptoms. They further 

observed that 10-15% of adults with exposure to 0.3 mg/L for extended periods would 

display skin lesion symptoms, the occurrence of which are exacerbated by poor 

nutritional status (a common occurrence in the region) and can often appear after 5 to 15 

years of high level As exposure in drinking water (Baird & Cann, 2012). Data from other 

sources indicate that low level chronic exposure to arsenic in drinking water also has a 

strong link to the development of cancers, diabetes, and cardiovascular diseases (Baird & 

Cann, 2012).  

As part of Dhar et al.’s study (1997), over 3000 water samples from wells in the 

Bangladeshi study region were also measured for As, of which forty-six contained more 
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than 100 times the maximum permissible limit of 0.01 mg/L As in drinking water. A 

proposed mechanism explaining the source of the arsenic contamination found in South 

Asian groundwater wells entails the release of arsenic as a result of oxidation of arsenic-

containing minerals (particularly arsenopyrite) upon exposure to oxygenated groundwater 

during extraction for human usage (Kaur et al., 2011). Unfortunately, As is virtually 

undetectable by humans – possessing neither a taste, odor, nor color (Baird & Cann, 

2012) – and so people continue to use As-contaminated water for agriculture, cooking, 

drinking, and bathing, leading to chronic detrimental effects from long-term use. These 

issues are not isolated to South Asia, however – citizens of Mexico, Argentina, and US 

states including California, Nevada, Arizona, Oregon, and Michigan are also exposed to 

dangerously high arsenic levels in some of their wells and drinking water (Baird & Cann, 

2012; Crosby, 1998; Kaur et al., 2011). 

Although arsenic contamination due to anthropogenic sources discussed 

previously is significant and must be addressed, the issues arising from natural 

contamination such as those seen with the drinking water crisis in South Asia actually 

cause far greater problems for far more people (Baird & Cann, 2012; Garg & Singla, 

2011). Dhar et al. (1997) estimated that 38 million people in the South Asia region were 

at risk of arsenic toxicity, but subsequent researchers have estimated that more like 150 

million people (Srivastava et al., 2011), or even upwards of 330 million people (Kaur et 

al., 2011), may be at risk – and this does not include people living in the other regions of 

the world that also have As in bedrock minerals. To put this in perspective, As poisoning 

due to groundwater contamination is considered the “single greatest cause of ill-health in 
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the world today” (Kaur et al., 2011), and in South Asia where this problem is most grave, 

it has been called “the largest poisoning of a population in history” (Yang et al., 2012).  

Cellular and Physiological Toxicity of Arsenic 

General Mechanisms of Toxicity 

Arsenic is a member of the group of compounds that are toxic to all forms of life 

that exhibit “nonspecific toxicity” because they affect fundamental physiological, 

biochemical, and cellular reactions that all living organisms share. Indeed, we have seen 

that arsenic is toxic to all forms of life – microbes, pathogens, plants, animals, and 

humans alike. As noted previously, the toxicity of arsenic depends on whether it is in an 

organic or inorganic state; if organic, it is generally considered non-toxic, and if 

inorganic, it is toxic to a degree determined largely by its oxidation state. 

Arsenic in the reduced trivalent state is able to achieve broad toxicity because of 

the strong covalent bonds it forms with sulfur in thiol-containing functional groups such 

as cysteine (Baird & Cann, 2012; Cervantes et al., 1994; Crosby, 1998; Yang et al., 

2012), which are of course a ubiquitous component of countless important biomolecules 

including enzymes that regulate the speed of essential metabolic reactions (Baird & 

Cann, 2012). For instance, trivalent arsenic is able to bind covalently to the thiol-

containing active site of transacetylase, an enzyme critical in the metabolic reactions 

linking glycolysis to the Krebs cycle during cellular respiration. Arsenic forms a stable 

six-membered ring with the sulfur atoms in the active site, thereby deactivating the 

enzyme as it is no longer able to convert coenzyme A into acetyl-CoA (Crosby, 1998). 

Clearly, such a fundamental disruption of the cellular respiration pathway for producing 

ATP would deprive cells of their fuel source and result in broadly toxic effects to all 
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aerobic life forms that use this pathway. Because the transacetylase enzyme is produced 

in such low quantities by the cell (Crosby, 1998), very little trivalent arsenic needs be 

applied for the rate of respiration to decrease (Baldrian, 2003) and for poisoning to take 

effect. Additionally, the covalent nature of the As-S bond suggests that trivalent As will 

be retained long term in the cells, thereby exerting its toxicity over extended periods of 

time (Baird & Cann, 2012). It is interesting to note that the both elemental mercury and 

the organometallic methylmercury compound are also able to exert toxicity in an 

identical manner – by covalently bonding with and subsequently deactivating thiol-

containing enzymatic active sites, even when exposed at extremely low concentrations 

(Scarmoutzos & Boyd, 2003). 

Arsenic in the oxidized pentavalent state, although less toxic than trivalent, will 

also exert broad toxicity on all living cells, but by different mechanisms. Since the 

pentavalent form is dominant in aerobic soil and water conditions, pentavalent As will 

likely be present in higher quantities and may therefore outcompete trivalent As for 

extent of overall effect on living cells. The cause of toxicity from pentavalent As is the 

fact that the element appears in the same period of the periodic table as phosphorous, and 

consequently arsenic and phosphorous have very similar chemical properties and often 

co-exist in nature (Baird & Cann, 2012; Garg & Singla, 2011; Yang et al., 2012). As 

such, any processes requiring phosphate can be interrupted or terminated by the presence 

of the analogous pentavalent arsenate (Cervantes et al., 1994; Garg & Singla, 2011). In 

fact, due to competition for soil sorption sites, high levels of phosphate in the soil can 

mobilize any arsenate present (Garg & Singla, 2011; Zhang & Selim, 2008), which can 

then outcompete phosphate for cellular uptake – an especially critical process for plants 
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(Garg & Singla, 2011; Kaur et al., 2011; Yang et al., 2012). Because of this, cellular 

processes such as the formation of the cellular fuel source ATP are negatively affected 

(Garg & Singla, 2011; Gbaruko et al., 2008), resulting in the formation of the adenosine 

diphosphate-As(V) compound instead of the necessary adenosine triphosphate. Other 

problems caused by the arsenate analogs to phosphate include blockage of oxidative 

phosphorylation via inhibition of phosphate-utilizing enzymes (Yang et al., 2012; Zhang 

& Selim, 2008), induction of detrimental crosslinks between protein-DNA and DNA-

DNA (Kaur et al., 2011), and replacement of phosphorus in bone (Gbaruko et al., 2008). 

Any other enzymes, receptors, and biomolecules relying on thiols/sulfhydryl 

groups or phosphates for functionality can also be adversely affected by the presence of 

pentavalent and trivalent arsenic in their environment (Gadd et al., 2012; Kaur et al., 

2011; Yang et al., 2012), and in fact, As has been shown to inhibit or deactivate more 

than 200 enzymes (Gbaruko et al., 2008; Yang et al., 2012) as well as to generate the 

reactive oxygen species O2•
-, OH• , and H2O2 that must be scavenged to prevent damage 

to lipids and proteins (Gadd et al., 2012; Garg & Singla, 2011; Gbaruko et al., 2008). Due 

to chemical similarity, As can also outcompete essential metals for binding sites on 

important biomolecules such as enzyme cofactors (Gadd, 1993; Gadd et al., 2012; 

Sposito, 2008).  

In a broader sense, As has been shown to alter gene expression and induce 

mutations such as deletions and aneuploidy (Cervantes et al., 1994; Gbaruko et al., 2008), 

prevent DNA repair and compound the effects of other mutagens (Baird & Cann, 2012; 

Cervantes et al., 1994; Gbaruko et al., 2008), and interfere with cellular growth and 

division processes including polymerization of tubulin and assembly of the spindle 
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apparatus (Gbaruko et al., 2008). Just a few of the other documented effects include the 

elicitation of heat shock protein synthesis (an effect of cellular stress) (Cervantes et al., 

1994), abnormal activation of the estrogen receptor (Gbaruko et al., 2008), and 

disturbance of the integrity of cellular and organellar membranes (Gadd, 1993; Gadd et 

al., 2012; Siokwi & Anyanwu, 2012). When considering the variety of fundamental 

cellular processes that As can interfere with, it is no surprise that nearly all forms of life 

experience some degree of toxic effects. 

Human Health Concerns  

Besides resulting in cellular impairment and eventual cellular death, these 

broadly-acting toxic effects of As also manifest in a variety of detrimental health 

consequences for humans. Arsenic toxicity has been associated with health ailments 

affecting multiple body systems due its widespread enzymatic and transcriptional 

interference. 

The primary routes of human As exposure are by food and water, with the latter 

being most significant (Baird & Cann, 2012; Gbaruko et al., 2008; Stamets, 2005; Zhang 

& Selim, 2008), though it may also come from soil (skin contact) and air (dust and fume 

inhalation) (Gbaruko et al., 2008; Kaur et al., 2011; Zhang & Selim, 2008). Toxic levels 

can occur as a result of a single acute event or slow continual accumulation over 

prolonged periods of time. Once ingested, As travels throughout the body and 

nonspecifically targets the nervous, circulatory, respiratory, gastrointestinal, and 

reproductive systems, as well as the kidneys, bladder, liver, and bone (Baird & Cann, 

2012; Gbaruko et al., 2008; Malik, 2004; Zhang & Selim, 2008). The primary symptom 

of As poisoning is dermal lesions like those documented extensively in the South Asian 
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groundwater contamination epidemic (Dhar et al., 1997; Gbaruko et al., 2008), which can 

be observed at exposures as low as 0.2 to 1 ppm (mg/L) (Baird & Cann, 2012; Dhar et al., 

1997).  

Arsenic is a now well-established human carcinogen (Baird & Cann, 2012; Yang 

et al., 2012) and has been formally recognized as such by various organizations including 

the International Agency for Research on Cancer ("Arsenic and Arsenic Compounds," 

n.d.; Vetter, 2004), the National Toxicology Program ("Arsenic and Inorganic Arsenic 

Compounds," n.d.; Kaur et al., 2011), and the US Environmental Protection Agency 

("Arsenic Compounds," n.d.; Zhang & Selim, 2008). Organs and systems at risk for 

cancerous cell growth due to As poisoning include the lungs, liver, lymphatic system, 

skin, bladder, colon, prostate, and breasts (Baird & Cann, 2012; Cervantes et al., 1994; 

Gbaruko et al., 2008; Kaur et al., 2011), although it may take several decades for 

sufficient As exposure to result in these cancerous effects (Gbaruko et al., 2008). Two 

pathways to carcinogenicity have been implicated. The first is that As behaves as a direct 

carcinogen by inducing DNA crosslinks (Kaur et al., 2011) and/or inducing 

overexpression of oncogenes and inhibiting tumor suppressor genes, in some cases by 

causing aberrance of the DNA methylation process of these genes (Gbaruko et al., 2008). 

The second implicated mechanism is that As acts as a co-carcinogen by inhibiting DNA 

repair mechanisms (necessary after genetic damage caused by other carcinogens), which 

results in further issues with cell division, differentiation, and metabolic pathways, 

eventually leading to cancer (Baird & Cann, 2012; Gbaruko et al., 2008). 

Arsenic’s toxic effects are not limited to the unchecked growth of cells and tissues 

– an abundance of other diseases are also associated with As poisoning. Neurotoxic 
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effects such as neurological disorders, sensory disturbances, and peripheral neuropathy 

have been documented from As exposure (Gbaruko et al., 2008; Kaur et al., 2011; Yang 

et al., 2012). Diverse cardiovascular and circulatory diseases including damaged blood 

vessels, hypertension, and cardiovascular and peripheral vascular diseases such as 

Blackfoot disease, have been reportedly caused by As exposure (Gbaruko et al., 2008; 

Yang et al., 2012; Zhang & Selim, 2008). Other blood-related conditions like the 

depressed production of both red and white blood cells, anemia, and low water levels in 

the blood  have also been documented (Gbaruko et al., 2008; Kaur et al., 2011). Arsenic 

is further known to cause gastrointestinal irritation, vomiting, and diarrhea (Baird & 

Cann, 2012; Kaur et al., 2011), the development of diabetes (Yang et al., 2012; Zhang & 

Selim, 2008), and a variety of other health conditions affecting lungs, liver, reproduction, 

ability to fight infection, and weight loss (Gbaruko et al., 2008; Kaur et al., 2011; Yang et 

al., 2012; Zhang & Selim, 2008). Pregnant women, children, and fetuses are also at high 

risk for developing As-related toxic effects (Baird & Cann, 2012; Dhar et al., 1997). 

Infertility and miscarriages are common (Kaur et al., 2011; Yang et al., 2012); growing 

fetuses can experience developmental problems and delays and be born underweight 

(Kaur et al., 2011; Yang et al., 2012); lethal lung diseases can also develop later in young 

adulthood as a result of in utero As exposure (Baird & Cann, 2012).  

Luckily, because all cells – prokaryotes and eukaryotes alike – require certain 

levels of essential metals such as copper, magnesium, calcium, and zinc in their cells to 

perform biological functions, cells also have mechanisms of regulating intracellular metal 

levels to avoid toxicity. For instance, cells may employ accessory factors to sequester 

metals and release them slowly into the cytoplasm only in small quantities as needed 
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(Yang et al., 2012), or use metal-transporting aquaporins embedded in the plasma 

membrane to shuttle reduced metals back out of the cell down their concentration 

gradients (Yang et al., 2012), or add methyl groups to the metals, which hinders their 

ability to bind with enzymes, thereby reducing toxicity (Baird & Cann, 2012). These 

same cellular mechanisms used to regulate essential metals can also help with reducing 

toxicity of unwanted heavy metals like As that end up inside the cells. However, dose and 

duration of exposure can outpace the body’s ability to detoxify As, so strict governmental 

regulations and guidelines limiting exposure are critical.  

Governmental Regulations 

Arsenic is truly a dangerous toxicant. Even normal background levels of As 

subject people to a 1-in-1,000 risk of dying from cancer over a lifetime, which is on par 

with radon exposure and second-hand tobacco smoke (Baird & Cann, 2012). Prior to 

2001 (Kaur et al., 2011; Stamets, 2005), the US EPA’s maximum allowable level of As 

in drinking water was 50 ppb (0.05 mg/L), a level at which 1% of the US population 

would have developed lung or bladder cancers (Baird & Cann, 2012). More thorough 

study of the health effects of As exposure and support from agencies such as the National 

Academy of Sciences (Stamets, 2005) have resulted in a tightening of US and 

international standards: the World Health Organization, Canada, and the US EPA now all 

use 10 ppb (0.01 mg/L) as their standard for As in drinking water (Baird & Cann, 2012; 

Kaur et al., 2011; Zhang & Selim, 2008).  

Additional As regulations include an EPA-mandated maximum of 0.0175 ppb 

(μg/kg) in fishing waters and fish products for human consumption (Gbaruko et al., 2008) 

and 20 ppm (mg/kg) in agricultural soils producing human crops and livestock feed (Garg 
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& Singla, 2011). Further, all As-based pesticides have been banned in the US (Baird & 

Cann, 2012; Zhang & Selim, 2008), and use of chromated copper arsenate (CCA) has 

been prohibited in lumber for residential and domestic applications (Baird & Cann, 2012; 

Stamets, 2005; Zhang & Selim, 2008). Unfortunately, there is no accepted “cleanup 

standard” in the US for As-contaminated soils. Notification levels can vary by orders of 

magnitude, and the rationales used to set them (e.g., risk of migrating to groundwater, 

risk posed by background levels, etc.) are also inconsistent across industries and states 

(Zhang & Selim, 2008). 

Because of arsenic’s broad toxicity and widespread environmental contamination, 

it has been ranked the #1 most prevalent environmental toxic substance on the US EPA’s 

superfund list, has been listed as a contaminant of concern (COC) at a minimum of 568 

EPA superfund sites, and has been listed as the #1 highest priority contaminant on the US 

Agency for Toxic Substances & Disease Registry’s National Priority List (“Common 

Chemicals Found at Superfund Sites,” 2011; Garg & Singla, 2011; "Priority List of 

Hazardous Substances," 2013; Yang et al., 2012; Zhang & Selim, 2008). Here at the top 

of these lists, arsenic outcompetes all other metals (as well as all other types of both 

organic and inorganic contaminants) for need of its pollution to be addressed. 

Clearly, As contamination presents a pressing threat to ecosystem and human 

health, and demands our action to remediate these risks. Unlike organic contamination, 

As and other metals must be physically removed from the environment because it is 

impossible to break them down beyond the elemental level (Baird & Cann, 2012; 

Haferburg & Kothe, 2010). Even nontoxic methylated compounds generated by 

metabolic activity may be eventually broken back down into toxic inorganic forms by 
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microbes, oxidation, and photolysis (Crosby, 1998; Stamets, 2005), and are thus 

continually recycled in the ecosystem. Startling data has come to light on the wide-

reaching nature and severity of anthropogenic As contamination sources around the 

globe, on the recent outbreaks of human arsenicosis from drinking water contamination 

on the Indian subcontinent, and on the vast array of negative effects on all life forms and 

on ecosystem functioning. There is an urgent need to study As mobilization and 

biogeochemical transformation, and to find reliable, efficient, environmentally-friendly 

ways to combat this problem.  

Arsenic Remediation Technologies: Current vs. Future 

Existing Physico-Chemical Methods 

Arsenic contamination in soils and water has conventionally been addressed with 

a variety of physico-chemical techniques. A sampling of these techniques include: 

chemical oxidation and reduction to facilitate filtration and/or separation, ion exchange 

using resins, reverse osmosis, solvent extraction, chemical precipitation, sludge 

separation, evaporation, electrochemistry, adsorption on activated carbon, electrodialysis, 

soil flushing with chemical solubilizers followed by groundwater extraction, physical 

isolation or capping of contaminated areas with steel or concrete barriers, physical 

excavation of contaminated soils, chemical immobilization using cement-like binding 

agents, and installation of membranes or permeable reactive barriers in contaminated 

aquifers to sequester and/or transform the contaminant (Amin, Bhatti, & Sadaf, 2013; 

Malik, 2004; Mishra & Malik, 2013; Siokwi & Anyanwu, 2012; Zafar et al., 2007; Zhang 

& Selim, 2008). For soils, the most common remediation methods are excavation and 
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isolation/capping, the latter of which is also employed at hazardous waste landfills to 

prevent further mobilization of the contaminants (Zhang & Selim, 2008).   

These conventional remediation methods can be used to remove the As 

contamination relatively quickly (Haferburg & Kothe, 2010), but the drawbacks are 

numerous and substantial. They are often very expensive to implement (up to $1000/ton 

or $300/m3 for contaminated soil) due to requiring massive inputs of equipment, energy, 

reagents/chemicals, and manpower, and they are especially inefficient and costly for 

treating lower concentrations of As or for treating systems with multiple contaminants. 

Further, these physico-chemical technologies can be highly destructive to the integrity 

and health of the soil and soil-dependent communities (counter-productive to the goals of 

remediation), and often produce substantial toxic wastes and sludge as secondary sources 

of contamination, requiring further treatment and/or disposal by off-site hauling to a 

hazardous waste dump (Amin et al., 2013; Cunningham, Shann, Crowley, & Anderson, 

1997; Haferburg & Kothe, 2010; Joshi, Swarup, Maheshwari, Kumar, & Singh, 2011; 

Mishra & Malik, 2013; Seh-Bardan, Othman, Abd Wahid, Sadegh-Zadeh, & Husin, 

2013; Siokwi & Anyanwu, 2012; Su et al., 2011; Vala, Sutariya, & Upadhyay, 2011; 

Zhang & Selim, 2008). Case in point: A remediation project of a pyrite mine spill in 

Spain involving the amendment of metal-polluted soils and tailings with calcium 

carbonate, iron oxides, and clay, combined with the removal of the tailings and the top 1 

cm soil layer, still left behind significant metal contamination in the soil for upwards of  3 

years later (Aguilar et al., 2004). Their treatment system also showed that As was unable 

to be immobilized in the soil, even with repeated calcium carbonate treatments. Thus we 
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see that the existing remediation methods have unpredictable effectiveness at best, and 

destructive ecosystem consequences at worst. 

Biological Alternatives and the Advantages of Fungi 

The need for better remediation alternatives is pressing. Fortunately, millions of 

years of evolution have selected a stunning array of biological organisms with innate 

abilities to counteract metal toxicity and contamination. While plants such as velvetgrass 

(Holcus lanatus) (Karczewska, Lewinska, & Galka, 2013) and bacteria including aerobic 

As-oxidizing isolates from contaminated habitats (Kao, Chu, Hsu, & Liao, 2013) have 

been explored for their potential applications as metal bioremediation agents, fungi 

present a particularly promising research avenue currently under investigation by 

researchers all over the globe (Haferburg & Kothe, 2010; Siokwi & Anyanwu, 2012). 

They have demonstrated a remarkable capacity both to tolerate heavy metals in the soil 

and water, as well as to efficiently remove, sequester, immobilize, and/or detoxify those 

metals. 

Mycoremediation methods are preferable over conventional remediation methods 

because they are substantially more affordable; bioremediation with fungi may cost 

around $50 per ton of contaminated soil (Stamets, 2005), compared to $1000 per ton for 

conventional methods. This lower cost can be attributed to fungi cheaply producing high 

yields of biomass in a short time with minimal input (Gadd, 1993). Fungi can also be 

applied directly to the contaminated soil without needing to destructively excavate the 

soil (therefore minimizing disruption of the soil habitat) (Amin et al., 2013), and can be 

installed in a polluted waste stream to decontaminate the water along its existing path. 

Fungi are especially useful when remediating lower levels of metals where conventional 
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methods would be inefficient (Amin et al., 2013) but can also accumulate metals at 

concentrations many hundreds or even thousands of times higher than the surrounding 

environment. Because of their versatility in growth conditions and ability to tolerate 

adverse physical and chemical conditions (Haferburg & Kothe, 2010), fungi can be used 

to remediate heavy metals not just in soils and groundwater, but also in industrial 

effluents and waste water treatment facilities (Malik, 2004) and on a variety of synthetic 

materials (Gadd et al., 2012). Overall, fungi present an environmentally-friendly, less 

expensive, more efficient, broadly applicable, low impact, and flexible solution for 

addressing metal contamination. 

In addition to fungi performing the full range of ecological functions from 

mutualistic mycorrhizae to decomposing saprophytes, they are also ubiquitous in every 

type of ecosystem (Gadd, 1993; Siokwi & Anyanwu, 2012). By various estimates, there 

are upwards of 20 million fungal cells and 5 meters of fungal hyphae in every gram of 

soil (Crosby, 1998), and if the hyphae from a single cubic inch of typical soil were 

stretched in a single line, they would extend for more than 13 kilometers (Stamets, 2005). 

This remarkable living network is built by fungi that have a unique growth strategy where 

the majority of a fungus resides in the soil underground or within a substrate (wood, leaf 

litter, etc.) as vegetative mycelium composed of an extensively branched network of 

filamentous hyphae. The mycelium grows through the substrate matrix in every direction 

by secreting digestive enzymes to consume the substrate and extending hyphae into the 

pockets created. A mycelium’s rate of expansion can be quite staggering, with some 

fungi growing many centimeters per day (Stamets. 2005). As the mycelium grows while 

secreting enzymes and other biochemicals, the fungus also serves to maintain critical soil 
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structure by stabilizing the soil matrix (Gadd et al., 2012). This ever-expanding tissue 

network has an extremely high surface area compared to its volume (Firdaus-e-Bareen, 

Nazir, & Ahman, 2011; Zafar et al., 2007), meaning the biological contact between the 

fungal cell walls/membranes and the surrounding environment is maximized, providing 

the greatest interface at which to adsorb, accumulate, or detoxify metals. This growth 

strategy also confers an advantage by being able to penetrate deep within substrates, even 

into zones of higher contamination or lower nutritive value (Baldrian, 2008), because the 

entire organism is connected and can support the cells at the periphery. 

Fungi also exhibit impressive tolerance to and flexiblity within adverse conditions 

that are often present in contaminated environments. They are able to thrive in high pH 

conditions (Čerňanský et al., 2007), as well as low pH (Firdaus-e-Bareen et al., 2011; 

Siokwi & Anyanwu, 2012), the latter of which is common when As mobilization through 

an acidic environment is a concern. Extreme temperatures (Čerňanský et al., 2007; 

Firdaus-e-Bareen et al., 2011), lack of adequate nutrients (Čerňanský et al., 2007; 

Firdaus-e-Bareen et al., 2011), and combinations of organic and inorganic contaminants 

with multiple adverse physico-chemical conditions present (Čerňanský et al., 2007; 

Haferburg & Kothe, 2010) are also well tolerated by various types of fungi. In general, 

fungi have demonstrated higher prevalence and dominance over other microbes (i.e. 

bacteria) in heavily metal-contaminated habitats (Čerňanský et al., 2007 ; Gadd, 1993) 

due to their especially enhanced capacities for tolerating, adsorbing, accumulating, and 

detoxifying metals in adverse conditions (Ahluwalia & Goyal, 2010; Firdaus-e-Bareen et 

al., 2011; Siokwi & Anyanwu, 2012; Stamets, 2005). 
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Fungal Mechanisms of Heavy Metal Response and Remediation 

Fungi are a very diverse group of organisms, and consequently, each species and 

even different isolates of the same species may employ a different mechanism or 

combination of mechanisms for tolerating and responding to As in their environment. 

There appear to be four main categories of mycological responses to As:  

 Bioprecipitation: Secreting compounds to mineralize, crystalize, and/or 

immobilize As in the environment; 

 Biosorption: Attracting As ions to the cell wall and adsorbing/immobilizing them 

on the exterior cell surface; 

 Bioaccumulation: Taking up and sequestering/compartmentalizing As within the 

cells (potentially pumping it back out later in altered form); and 

 Biovolatilization: Converting As to methylated gaseous forms that can diffuse out 

of the cell and out of the immediate environment.  

The first three may be considered forms of immobilization, where the end goal is to lock 

As in some location or form where it cannot exert toxicity; the last may be considered a 

form of mobilization, where the goal is to free As in order to displace it from the direct 

environment. These phenomena have been observed and studied in diverse types of fungi, 

from yeasts to wood decay mushrooms to saprophytic soil molds.  

Bioprecipitation 

The goal of bioprecipitation is to convert toxic As to a non-toxic, non-biologically 

available form that remains outside the cell. Fungi accomplish this by secreting 

compounds into the direct environment that mineralize, crystallize, or otherwise 

immobilize the As so that it is unable to interact with the cells. The secretion of oxalic 
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acid (H2C2O4) to serve this purpose has been documented extensively in fungi, including 

both brown-rot and white-rot wood decay fungi (Baldrian, 2003), and has been suggested 

as a major mechanism contributing to the tolerance of fungi to heavy metals (Gadd et al., 

2012). The metabolite oxalic acid is shuttled outside of the cell where it scavenges and 

forms insoluble oxalate crystals with nearby metal cations (Baldrian, 2003; Gadd, 1993; 

Gadd et al., 2012). This includes not only the toxic metals like As, Pb, and Cd, but also 

other biologically important metal cations such as Mg, Mn, and Zn (Gadd et al., 2012).  

The fungi perform a bonus function here by not only reducing toxicity of the 

metals for all nearby life forms, but also stabilizing the metals in this less mobile 

crystallized form such that there is reduced likelihood of them dispersing further out into 

other soil areas or leaching into the groundwater and surface waters (Haferburg & Kothe, 

2010). However, this mechanism can be seen only as a temporary solution for soils; as 

the organismal composition of the soil community and the physico-chemical conditions 

like pH and temperature change over time, the As-oxalate crystals can be re-dissolved 

with subsequent re-mobilization. When considering this mechanism for bioremediation 

methods, it would only be suitable in cases where the solution containing crystallized As 

can be filtered or separated from the fungi and other components, such as in water 

treatment applications. 

Biosorption 

Biosorption is similar in intent to bioprecipitation in that the goal is to bind As 

such that it cannot move into or interact with cells to exert toxicity. The mechanism, 

however, might be considered more passive, because specific compounds need not be 

secreted by the fungal cells; the inherent properties of the fungal cell wall itself are 
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adsorption sites for As cations in the surrounding soil and water (Čerňanský et al., 2007; 

Haferburg & Kothe, 2010). The cell wall is composed primarily of chitin, a polymer of 

N-acetylglucosamine (C8H15NO6), and chitosan, a mixed polymer of both N-

acetylglucosamine and D-glucosamine (C6H13NO5). Both of these polymers are rife with 

functional groups that are negatively charged in conditions from pH 3-10 (Seh-Bardan et 

al., 2013), which serve as binding sites for metal cations (Gadd, 1993; Ahluwalia & 

Goyal, 2010; Firdaus-e-Bareen et al., 2011; Srivastava et al., 2011). Other cell wall 

components such as proteins can also possess numerous negative charges (Srivastava et 

al., 2011). The negatively charged functional groups of the fungal cell wall involved with 

biosorption of metals include phosphate (–PO4
3-), carboxyl (–COOH), carbonyl (–C=O), 

hydroxyl (–OH), amino (–NH2), thiol/sulfhydryl (–SH), sulfate (–SO4
2-), sulfonate         

(–SO3), and thioesters (–C-S-C) (Ahluwalia & Goyal, 2010; Čerňanský et al., 2007; 

Gadd, 1993; Luef, Prey, & Kubicek, 1991; Seh-Bardan et al., 2013; Siokwi & Anyanwu, 

2012).  

The pigment melanin is another common fungal cell wall component that contains 

many of these same moieties in addition to phenol and methoxy groups (Srivastava et al., 

2011). Fungi can increase their production of melanin and even secrete it into the 

environment under heavy metal stress (Gadd, 1993; Haferburg & Kothe, 2010; Srivastava 

et al., 2011). As a case in point, Armillaria spp., a mushroom-forming fungus that 

parasitizes trees, has particularly dark and melanized rhizomorphic hyphae that have been 

shown to accumulate numerous metals at 50 to 100 times the levels found in the 

surrounding soil (Baldrian, 2003). Melanized soil fungi such as Cladosporium spp. and 

Alternaria spp. are often isolated from toxic metal-contaminated soils (Gadd et al., 2012). 
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In laboratory tests, increased melanization (visible darkening or change in coloration) in 

fungal biomass and the surrounding medium, such as that observed when a strain of the 

soil mold Neocosmospora sp. (isolated from As-contaminated agricultural soils from 

West Bengal) was exposed to As in its growth medium (Srivastava et al., 2011). Fungi 

get a dual benefit from this because melanin can also scavenge damaging reactive oxygen 

species (Haferburg & Kothe, 2010), which are known to be produced during As exposure 

(Gadd et al., 2012; Garg & Singla, 2011; Gbaruko et al., 2008).  

Ion exchange and physico-chemical adsorption reactions occur between these cell 

wall components and the positively charged As ions (Čerňanský et al., 2007). The 

accumulation of As at the cell wall interface is termed positive adsorption, where the cell 

wall behaves as the adsorbent and As is the absorbate, and together they form a surface 

complex (Sposito, 2008). The adsorption reaction tends to progress and reach equilibrium 

quickly (Ahluwalia & Goyal, 2010; Gadd, 1993), with saturation of all possible binding 

sites within a few hours (Amin et al., 2013; Seh-Bardan et al., 2013; Suh, Kim, Yun, & 

Song, 1998) which then forces the reaction rate into a plateau. Seh-Bardan et al. (2013) 

found that 100 mg/L of metals induced maximum saturation for biosorption for As in 

solution as well as for Fe, Mn, Pb, and Zn.  Luef et al. (1991) found that maximum Zn 

removal could be accomplished by treating each gram of metal in solution with 1 g of 

biomass from the mold Penicillium chrysogenum or the grass pathogen Claviceps 

paspali. According to experiments by Firdaus-e-Bareen et al. (2011), biosorptive 

equilibrium can be reached within 2 to 3 days with at least 50% of metals being removed, 

as demonstrated by various molds isolated from contaminated tannery and textile waste 

effluents including Alternaria, Aspergillus, Rhizopus, and Fusarium species. A study by 
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Čerňanský et al. (2007) found that a heat resistant strain of Neosartorya fischeri isolated 

from soil was able to biosorb 15.2% to 31.5% of As in its media (originally at 50 mg/L) 

within just one hour. 

The biosorption rate can further vary in speed and efficiency based on the 

abundance, accessibility, and variety of the extracellular binding sites possessed by 

particular fungi (Ahluwalia & Goyal, 2010; Luef et al., 1991; Seh-Bardan et al., 2013). 

Other environmental parameters such as temperature (Amin et al., 2013) and pH (Luef et 

al., 1991; Seh-Bardan et al., 2013) can alter the efficiency of biosorption by influencing 

the stability of the metal-ion complexes and the ionization states of the cell wall 

functional groups. For instance, treatment of fungi with high pH solutions has been 

shown to further enhance the negativity of the cell wall components by deprotonation 

(Gadd, 1993) and to improve biosorptive capacity (Luef et al., 1991), since carbonate and 

hydroxyl complexes (rather than free metal cations) are favored at alkaline pH (Sposito, 

2008). Some fungi secrete ammonia into the environment, which further increases 

environmental pH (Gadd, 1993). The valence state of the As (trivalent or pentavalent) 

may also impact the pH level at which biosorption is maximized; Seh-Bardan et al. 

(2013) found that maximum As(V) was biosorbed by Aspergillus niger at pH 3, while pH 

6 was best for As(III). Seh-Bardan et al. (2013) concluded that biosorption levels 

decreased at pH > 8 because of possible precipitation of metal hydroxides or oxides 

(Gadd, 1993) and due to competition for binding sites between H+ ions and metal cations 

under increasingly negative conditions. 

Once bound to the cell wall, As is immobilized on the fungal outer surface and is 

thereby prevented from entering the cells and exerting toxicity. Heavy metals bound to 
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the exterior walls of fungal cells have been documented by scanning and transmission 

electron microscopy (SEM / TEM) and by Fourier transform infrared (FTIR) 

spectroscopy (Seh-Bardan et al., 2013; Mishra & Malik, 2013), and studies have found 

that the cell wall is indeed the primary site for metal accumulation (Luef et al., 1991). 

However, just like with bioprecipitation, the adsorption of metals to the cell wall is 

temporary and reversible depending on the specific conditions – a fact that is exploited in 

some metal remediation applications relying specifically on biosorptive mechanisms. 

Because biosorption does not require active functions of the cell, it is considered 

metabolism-independent (Ahluwalia & Goyal, 2010; Gadd, 1993; Luef et al., 1991; 

Srivastava et al., 2011) and interestingly does not rely on living cells to take place 

(Ahluwalia & Goyal, 2010; Siokwi & Anyanwu, 2012); possibly as a result, it is also the 

most frequently used bioremediation technique (Čerňanský et al., 2007). The advantages 

of using dead fungal biomass for biosorption include eliminating concerns over toxicity 

with high levels of metals and not needing to provide nutrients (Vala et al., 2011; Zafar et 

al., 2007). Dead fungal biomass containing high amounts of cell wall material is also 

cheaply available as waste products of other industries like fermentation (Luef et al., 

1991; Seh-Bardan et al., 2013). Furthermore, collected metals can be desorbed from the 

dead fungal biomass by deprotonating the cell wall components with acid treatments, and 

the biomass can then be re-used for subsequent rounds of metal removal without needing 

to destroy the fungus to extract the metals within (Amin et al., 2013; Gadd, 1993; Luef et 

al., 1991; Seh-Bardan et al., 2013). A study by Luef et al. (1991) found that biosorbed 

metals could be easily desorbed from dead Aspergillus niger biomass (acquired as waste 
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from fermentation plants) by applying 0.1M hydrochloric acid, with no subsequent 

damage or decrease in performance observed with repeated uses of the same biomass. 

The drawback of using dead cells is that the remediation process can only exploit 

this single fungal mechanism of biosorption; all other remediation mechanisms rely on 

the active metabolism of living cells, and can often occur in tandem with (Siokwi & 

Anyanwu, 2012) or directly following biosorption (Ahluwalia & Goyal, 2010; Amin et 

al., 2013; Seh-Bardan et al., 2013), which likely compounds the total bioremediation 

potential. Dead cells are hence somewhat limited in application, but can in certain 

instances be highly effective, such as in the treatment of As-contaminated water and 

industrial leachates. For instance, Seh-Bardan et al. (2013) used 500 mg/L of dead 

hyphae of Aspergillus niger isolated from metal-contaminated gold mine tailings to 

remove nearly 90% of As from a 100 mg/L (ppm) metal solution in just 4 hours. 

Additionally, a study published by Ahluwalia & Goyal (2010) found that dead hyphae of 

various fungi including molds, pathogens, and wood rotters displayed higher metal 

adsorption capacity than their living counterparts.  

Bioaccumulation 

Unlike biosorption, bioaccumulation relies on functions of active, living cells. In 

this case, As is taken up from the environment into the cytoplasm by one of a variety of 

mechanisms, and then usually sequestered or compartmentalized within an organelle to 

wall it off from the rest of the cell where toxic effects can be minimized. In some cases, 

the cell may also perform chemical alterations to the As compounds and efflux them back 

into the environment in an altered state.  
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Bioaccumulation presents a distinct advantage over biosorption. Because it 

depends on metabolic processes, it is necessary to use living cells that happen to be able 

to perform multiple tasks concurrently, such as: secretion of immobilization compounds 

(bioprecipitation), attraction of metals to the cell wall (biosorption), and a host of 

metabolic transformations occurring inside the cell including the cleavage and formation 

of organic metal complexes, change of redox states, dissolution and crystallization of 

compounds, and the shuttling of metals into isolated non-reactive zones or back out of the 

cell. Thus, while bioaccumulation is occurring, multiple other detoxification mechanism 

can be employed simultaneously by the fungus, increasing its bioremediation capacity. 

On the downside, living cells require that other parameters such as metal toxicity, 

nutrient availability, temperature, and pH be considered and tailored to the specific 

organisms being employed. 

In order to transport a metal into the cell, the fungus must first mobilize it outside 

the cell. Contrary to the technique seen with bioprecipitation, the cells must secrete 

compounds to free the metals from their mineralized state. Clearly, an organism does not 

do this because it needs to uptake toxic heavy metals; the fact that these toxicants are 

mobilized is a side effect of the fungus needing to uptake other essential metals such as 

iron or calcium. For instance, in iron-limiting conditions, fungi will secrete a class of 

low-molecular weight metal chelators called siderophores whose function it is to 

scavenge, solubilize, and chelate the critical Fe3+ in the environment (Gadd, 1993; 

Hastrup, Jensen, & Jensen, 2013; Sposito, 2008; Srivastava et al., 2011). Chelation 

occurs when two or more functional groups of the siderophore chelator – such as 

catecholate (C6H4(OH)2), hydroxamate (HO-N-C=O), or hydroxycarboxylate (HO-C-
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COOH) – bind to a metal cation to form a coordination complex (Sposito, 2008). Once 

bound to a siderophore chelator, the metal-containing complex can then be transported 

into the cell (Gadd, 1993; Hastrup et al., 2013) and subsequent transformations can take 

place. 

If As is present in the surrounding mineral structure along with Fe, it is likely to 

be chelated “by accident” during the acquisition of iron. There have been more than 500 

different discovered siderophores with varying metal specificities (Haferburg & Kothe, 

2010; Sposito, 2008), and some researchers have suggested that selecting fungal isolates 

that demonstrate high output of siderophores with particular affinity for the toxic heavy 

metals will enhance mycoremediation results (Haferburg & Kothe, 2010).  

Another approach to metal solubilization and chelation exhibited by fungi is the 

secretion of organic acids like citric, formic, acetic, and tartaric acids (Gadd, 1993; 

Sposito, 2008; Srivastava et al., 2011). The carboxyl group of the acid can easily release 

a proton at normal soil pH, which will then form a soluble complex with As cations while 

the released H+ cations go to work breaking down the rock minerals further to release yet 

more As cations (Sposito, 2008). This phenomenon has also been observed in the lab 

where a decrease in media pH was associated with higher metal uptake by fungi 

(Srivastava et al., 2011). 

If the As has been solubilized by an acid but not chelated by a specific 

siderophore, other mechanisms are in place for uptake of solubilized metal cations. 

Again, the origin of these mechanisms is the fungus’s need to acquire essential metals 

like potassium and magnesium to grow and reproduce (Baldrian, 2003; Gadd, 1993; 

Vetter, 2004). The main way for metal cations to get into the cell is via plasma membrane 
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proteins functioning as cation transporters, either as carrier or channel systems (Baldrian, 

2003; Gadd, 1993; Haferburg & Kothe, 2010). These transporters have relatively low 

specificity (Baldrian, 2003; Gadd, 1993; Gadd et al., 2012; Haferburg & Kothe, 2010), 

presumably so various essential metal cations can be transported with just a few different 

versions of the protein requiring cellular manufacture. As a result, arsenic tags along for 

the ride, so to speak, and sneaks into the cells through those same cation transporters and 

can be accumulated intracellularly right alongside the essential metals (Gadd et al., 2012; 

Yang et al., 2012). For pentavalent arsenate specifically, the analogous chemical 

properties with phosphate come into play as it can co-opt the existing phosphate transport 

systems to gain entry into the cell (Garg & Singla, 2011; Yang et al., 2012). 

Once inside the cell, the As must be quickly dealt with in order to avert 

impending toxic effects. If the pentavalent form has gained entry, arsenate reductase can 

reduce it to the trivalent form (Garg & Singla, 2011), which, as discussed previously, is 

highly attracted to thiols (–SH). To quickly snatch up the newly imported metal, an As-

inducible γ-glutamyl peptide called phytochelatin is synthesized upon detection of As, 

copper, cadmium or other heavy metals inside the cell (Cobbett & Goldsbrough, 2002; 

Gadd et al., 2012; Garg & Singla, 2011; Mishra & Malik, 2013). Phytochelatins are short, 

cysteine-rich, thiol-containing peptides (Gadd et al., 2012; Garg & Singla, 2011) that 

were first discovered in a yeast, but have been named after a plant that they were isolated 

from rather than the fungus (hence phyto instead of myco) (Mishra & Malik, 2013). Their 

specific function is to bind with toxic metals in a metal-thiolate cluster (Cobbett & 

Goldsbrough, 2002; Mishra & Malik, 2013) such that the metals are unable to interact 

with other critical biomolecules, and rather propitiously, the toxic metals do bind to 
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phytochelatins with higher affinity than any of the essential metals do (Mishra & Malik, 

2013). This is one of the main cellular mechanisms for tolerating high metal growth 

conditions in fungi, algae, and plants alike (Cervantes et al., 1994; Garg & Singla, 2011; 

Mishra & Malik, 2013).  

Another class of cysteine-rich molecules produced for the chelation of metals is 

the metallothioneins (Gadd et al., 2012), which were originally discovered in mammalian 

systems (Gadd, 1993). These compounds utilize the same thiol-binding mechanism as the 

phytochelatins (Mishra & Malik, 2013), but are distinguished by being the products of 

mRNA translation rather than enzymatic synthesis (as with the phytochelatins), and for 

containing 2 distinct metal binding domains where metal thiolate bonds are formed – that 

is, where the metal cation replaces the H in the thiol functional group (Cobbett & 

Goldsbrough, 2002).  

These metal-bound peptides can be kept within the cytoplasm, but are often 

shuttled into vacuoles for storage and sequestration (Gadd et al., 2012). The latter has 

been shown as an As resistance mechanism in Saccharomyces cerevisiae (Garg & Singla, 

2011) and is another of the most commonly observed detoxification mechanisms 

(Srivastava et al., 2011; Yang et al., 2012). Vacuoles are very common in fungi and are 

often disproportionately large compared to the cellular volume, especially in the older 

cells of the mycelium (Alexopoulos, Mims, & Blackwell, 1996). The functions of fungal 

vacuoles range from degradation of macromolecules with hydrolytic enzymes, to storage 

of metabolites, to regulation of metal ion concentrations in the cytoplasm including 

essentials like phosphate, calcium, and magnesium as well as the toxic metals (Gadd, 

1993; Gadd et al., 2012; Haferburg & Kothe, 2010). Similar to the membrane transporters 
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on the plasma membrane of the fungal cell, there are also transporters in the vacuolar 

membranes that are able to transport cations into the vacuole via plasma-embedded 

ATPase enzymes that generate an electrochemical proton gradient, thereby encouraging 

transport of metal cations into the vacuole (Gadd, 1993). Hence, just as seen with the 

plasma membrane transporters, the metals need not necessarily be complexed to a 

chelator or cysteine-rich peptide in order for vacuolar membrane transport to occur, since 

its transport may simply be a function of its electrochemical state as a cation. In fact, it 

has been observed in the yeast Saccharomyces cerevisiae that lack of functional vacuolar 

ATPases, or of the vacuole all together, results in increased sensitivity to metal toxicity 

because of the inability to sequester them within that organelle (Ramsay & Gadd, 1997). 

Actively shuttling metals into the cell means that fungi also need a way to export 

metals back out in cases of high concentrations, as even the essential metals can exhibit 

toxic effects at excessive levels (Gadd, 1993). Systems for converting toxic trivalent As 

to alternate forms, such as by binding to glutathione (an important antioxidant across the 

kingdoms of life) to generate an As-glutathione conjugate and subsequently effluxing it 

out of the cell, have been found in nearly every organism (Yang et al., 2012). These 

efflux mechanisms are hypothesized to be pervasive among life forms due to having 

inherited the trait from the first ancestral cells that evolved in primordial oceans 

containing high levels of reduced metals, with arsenate reductase enzymes probably 

evolving later when oxygen became more abundant in the atmosphere (Garg & Singla, 

2011; Yang et al., 2012). The later predominant pentavalent As (accumulating under 

increasing oxic atmospheric conditions) could then be converted to trivalent by arsenate 

reductase for subsequent efflux. Additionally, fungi may employ metal-transporting 
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aquaporins embedded in the plasma membrane to shuttle reduced metals back out of the 

cell down their concentration gradients (Yang et al., 2012). Since these mechanisms 

entail uptake of As and other metals followed by export in altered form, they cannot 

strictly be considered bioaccumulative mechanisms; depending on what stage of the 

process the cells are measured, As may be detected within the tissues or back in the 

exterior environment in some chemically modified form. 

In the 1990s and 2000s, researchers began publishing reports of As 

bioaccumulation in the fruiting bodies of wild collected mushroom-forming species. 

Some notable examples of fungi that have been reported to accumulate As at hundreds 

and even thousands times the surrounding soil concentration are: the attractive and edible 

violaceous gilled mushroom Laccaria amethystina containing 200 mg/kg (ppm) of 

arsenic (Stijve & Bourqui, 1991); the edible shaggy mane mushroom Coprinus comatus 

and the wood rotting puffball Lycoperdon pyriforme collected from metal-contaminated 

gold mine tailing ponds in Canada, containing 410 mg/kg and 1010 mg/kg As 

respectively (Koch et al., 2000); and the purple cup fungi Sarcosphaera coronaria, 

collected from Switzerland, and Sarcosphaera eximia, collected from Italy, containing 

2120 mg/kg and 1000 mg/kg As respectively (Byrne et al., 1995; Cocchi, Vescovi, 

Petrini, & Petrini, 2006).  

Because of concerns over toxic metals accumulating in edible mushrooms found 

in the human diet, numerous publications have investigated the actual chemical forms of 

As compounds found within these types of fungi. Studies have found that the majority of 

As contained in most fungal fruiting bodies is in non-toxic organic forms like 

arsenobetaine (Koch et al., 2000; Šlejkovec et al., 1997; Vetter, 2004) – with some 
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exceptions, notably the delicious edible mushroom Morchella esculenta, whose inorganic 

As content can constitute up to 94% of the total As content (Shavit & Shavit, 2010). In 

general, since the quantity and frequency of wild mushroom consumption is generally 

low, there appears to be no great cause for concern in mushroom consumption, at least 

when compared to As exposure via contaminated drinking water.  

These early discoveries of metal content in mushrooms paved the way for 

investigation of As bioaccumulation potential in other types of fungi, including the the 

microscopic soil molds that do not form fruiting bodies but nevertheless play critical 

roles in soil formation, soil structure, and nutrient cycling. Zeng et al. (2010) studied the 

bioaccumulation potential of several isolates from As-contaminated soils in China and 

discovered that their Penicillium janthinellum isolate was able to accumulate 87.0 mg per 

kg of dry tissue of pentavalent As when supplied in the medium at 50 mg/L, which 

represents a biological accumulation factor (BCF) of 1.74 L/kg in dry tissue and an 

approximate equivalent of 0.174 L/kg in wet tissue (assuming 90% loss of mass during 

drying; author’s own experiments, data not shown). In 2011, Vala et al. reported that an 

isolate of Aspergillus niger, a common soil mold, obtained from As-contaminated ocean 

water off the west coast of India could accumulate up to 9 mg of As per g of dry biomass 

when grown in media containing 25 mg/L As, equating to a BCF of approximately 36 

L/kg in the original wet tissue. Other soil molds including isolates of Penicillium sp., 

Neocosmospora sp., and Trichoderma sp. isolated from As-contaminated agricultural 

soils in West Bengal, India have been reported to accumulate 58.4%, 57.8%, and 56.2%, 

respectively, of the total environmental As when grown in media containing 10 mg/L As 

(Srivastava et al., 2011).   
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Other researchers have found strains of fungi that bioaccumulate some of the 

exposed As in their environment but do not concentrate it above the surrounding level. Su 

et al. (2011) also found that strains of Trichoderma asperellum, Penicillium janthinellum, 

and Fusarium oxysporum isolated from As-contaminated mining waste piles and 

agricultural soils in Hunan Province, China accumulated 0.9% to 2.1% of the As in their 

growth medium amended with 50 mg/L (ppm) of As(V) – resulting in tissue 

concentrations of approximately 5 to 8.5 mg/kg (ppm) fresh weight. Even though the 

bioaccumulation levels observed were low, they did find that the fungi were still able to 

convert the As(V) provided into As(III), both within the tissue and in the fraction of As 

remaining in the media, and also into some biomethylated forms within the tissue 

fraction. The combination of bioaccumulation and chemical modification by these fungi 

may show them as useful for various bioremediation purposes.  

Because macrofungal fruiting bodies (i.e. mushrooms) are largely ephemeral 

structures that decay over time, a great number of waste products and secondary 

metabolites are shuttled preferentially to these structures as a way for the organism to 

dispose of them (Volk & Rippon, 2001). Similarly, toxic metals like arsenic are also 

likely shuttled into the fruiting bodies so that they may be more easily gotten rid of by the 

fungus. Several heavy metals including cadmium and copper have been found to 

preferentially translocate and accumulate in the caps of mushroom fruiting bodies (Gadd, 

1993; Favero, Costa, & Rocco, 1990), suggesting that periodic harvest of fruiting bodies 

from hyperaccumulator fungi grown in As-contaminated habitats may facilitate the 

gradual collection and disposal of the contaminant (Stamets, 2005). The As in these caps 

could then be solubilized from fly ash from the incineration of the contaminated fungal 
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biomass (Gadd et al., 2012) and subsequently disposed in hazardous waste facilities. If 

nutrients, temperature, and other conditions are kept favorable in the environment, the 

fungal mycelium could continue to grow and collect As into its tissues, with periodic 

harvest and disposal of the contaminated fruiting bodies.  

For other fungi such as soil molds that do not produce fruiting bodies where 

accumulated metals could be shuttled (instead retaining the metals within the mycelium), 

other techniques and applications must be considered. Mycelium-coated permeable 

membranes or foam beads could be introduced into As-contaminated water along with a 

supply of nutrients and allowed to intermix with the solution for a time, with periodic 

removal and cleaning of the membranes or beads to collect the As-contaminated biomass 

for disposal. This method of fungal immobilization could also be used for the mycelial 

stage of many of the mushroom-forming fungi such as Trametes versicolor (Saetang & 

Babel, 2012), as macrofungi often take well to vegetative growth in liquid substrates. In 

this application, destructive recovery such as biomass burning and fly ash solubilization 

would also be required in order to retrieve the accumulated metals from the collected 

fungal tissue. 

Biomethylation/Biovolatilization 

For the final mechanism of fungal remediation of toxic metals to be discussed, the 

fungus actively converts either intracellular inorganic As(III) or As(V) (Zhang & Selim, 

2008) to an organometallic compound by the addition of one or more methyl groups; the 

specific reactions can produce many different organic derivatives (Table 1-1). The 

resulting compounds are usually volatile and can easily diffuse out of the cell (Urík, 

Čerňanský, Ševc, Šimonovičová, & Littera, 2007), hence this mechanism may  
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Table 1-1. Some organometallic arsenic compounds generated by enzymatic 

biomethylation in fungi. 

Compound name Chemical formula References 

Arsenobetaine (CH3)3AsC2H2O2 Byrne et al., 1995; Cervantes et al., 

1994; Kaur et al., 2011; Koch et al., 

2000; Šlejkovec et al., 1997; Vetter, 

2004 

Arsenocholine (CH3)3AsC2H4OH Byrne et al., 1995; Koch et al., 2000; 

Šlejkovec et al., 1997 

Monomethylarsine CH3AsH2 Čerňanský et al., 2009; Crosby, 1998 

Dimethylarsine (CH3)2AsH Čerňanský et al., 2009; Crosby, 1998  

Trimethylarsine (CH3)3As Baird & Cann, 2012; Čerňanský et al., 

2009; Crosby, 1998; Gadd, 1993; 

Srivastava et al., 2011; Urík et al., 2007 

Trimethylarsine oxide  (CH3)3AsO Čerňanský et al., 2009; Srivastava et al., 

2011; Zhang & Selim, 2008 

Monomethylarsonic acid  CH3AsO3H2 Cervantes et al., 1994; Srivastava et al., 

2011; Yang et al., 2012; Zhang & 

Selim, 2008 

Dimethylarsenic or 

cacodylic acid  

(CH3)2AsO2H Cervantes et al., 1994; Srivastava et al., 

2011; Zhang & Selim, 2008 

 

 

alternatively be called biovolatilization. This process occurs naturally anywhere fungi are 

present, including both natural and anthropogenic environments with As contamination 

present, and can be further encouraged by the aerobic fungi in soils, sediments, and water 

by managing the levels of nutrients, moisture, and oxygen (Čerňanský et al., 2009; Urík 

et al., 2007). Detection of toxic levels of As in the environment can also induce greater 

metabolic biomethylation rates in fungi (Urík et al., 2007).  
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The generally accepted mechanism for As methylation is via the alternating 

oxidations and reductions of the Challenger pathway, proposed by Frederick Challenger 

in 1951 who studied formation of the toxic methylarsines by the soil mold and human 

and plant pathogen Scopulariopsis brevicaulis (Challenger, 1951; Gadd, 1993; Su et al., 

2011; Urík et al., 2007; Zhang & Selim, 2008). Besides being a common metabolic 

reaction in the mycelial tissues of aerobic fungi, arsenic methylation also occurs in the 

mammalian liver as well as in anaerobic methanotrophic bacteria (Byrne et al., 1995; 

Čerňanský et al., 2009; Urík et al., 2007; Yang et al., 2012). 

As discussed previously, these methylated forms are normally less toxic than their 

inorganic counterparts, and biomethylation in arsenic-exposed organisms has widely been 

considered a detoxification mechanism (Cervantes et al., 1994; Srivastava et al., 2011; 

Urík et al., 2007). The reduction in toxicity stems from one or a combination of the 

following effects: the methyl groups interfere with the ability of As to interact with and 

bind to biomolecules (Baird & Cann, 2012), the resulting compounds are volatile enough 

to escape from the cell altogether thereby preventing accumulation of the toxicant (Gadd, 

1993; Urík et al., 2007), and/or the resulting compounds can be easily excreted as waste 

even if the methylated compound is still toxic to some degree (Srivastava et al., 2011; 

Yang et al., 2012; Zhang & Selim, 2008). Some researchers have found that if not 

excreted or volatilized away, some of the biomethylated compounds can actually be more 

toxic than the inorganic parent forms in humans and other mammals (Gbaruko et al., 

2008; Yang et al., 2012), so at least in some cases, it is critical that the methylated 

compounds are eliminated from the organism for detoxification to take effect. 
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In 2011, Srivastava et al. found that 5 microfungal strains isolated from As-

contaminated soils were able to biovolatilize an average of 26% of the 10 mg/L (ppm) As 

in their growth medium, while also bioaccumulating and biosorbing other fractions of the 

As. Likewise, an As-resistant isolate of Trichoderma asperellum was able to convert a 

portion of the 50 mg/L pentavalent As in the media into monomethylarsonic and 

dimethylarsenic acids after 15 days; two other isolates, Penicillium janthinellum and 

Fusarium oxysporum (previously verified as biovolatilizing isolates) did not present any 

biomethylated compounds in their cultures (Su et al., 2011). This seeming contradiction – 

no biomethylated compounds detected in tissues of known biovolatizing species – was 

attributed to dissipation of those volatile organic compounds from the system once 

generated, which was indeed supported by the fact that the total As detected in all 3 

isolates’ culture systems was lower than the originally spiked amount by 17 to 27% (Su 

et al., 2011). The researchers also found that about 1-2% of the applied As had been 

accumulated within the tissues of the fungi (Su et al., 2011).  

In 2009, Čerňanský et al. reported that a heat resistant strain of the fungus 

Neosartorya fischeri that had been isolated from As-contaminated soil was able to 

convert 72% of the 6.25 mg/L As(V) in the media, as well as 32% of As when provided 

with the even higher 25 mg/L As(V), to biovolatilized forms within 3 to 4 weeks. Other 

studies from the same research group have shown that Aspergillus clavatus, Aspergillus 

niger, Trichoderma viride, and Penicillium glabrum, also isolated from As-contaminated 

soils, could biovolatilize 9-27% of the pentavalent As provided in media within 30 days 

(Urík et al., 2007). Portions of the supplied As were also detected within the fungal 

tissues for both the aforementioned studies. All of these studies demonstrate not only the 
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ability of fungi to convert As to volatile forms, but also the major advantage of using 

living cells in that they are able to utilize several passive and active remediation 

mechanisms simultaneously to address the toxicant, thereby increasing the overall 

bioremediative effect. 

When the fractions of As that have been biomethylated diffuse out of the cell 

(Srivastava et al., 2011), the gases will dissipate into the surrounding soil or water where 

they can then be released into the air. This reduces toxicity for the exposed organisms by 

decreasing the concentrated dose of As in their local environment and essentially diluting 

the toxicant out within a larger area (i.e. the atmosphere) to attain non-toxic levels. 

Harnessing this biomethylation mechanism has been successfully applied to metal-

contaminated water reservoirs in California by managing volatilization by the fungi 

Acremonium falciforme, Penicillium citrinum, and Ulocladium tuberclatum with various 

additives in evaporation ponds (Losi & Frankenberger, 1997).  

Applying Fungi for Bioremediation 

Selection of Suitable Fungi  

We have seen that diverse biological mechanisms are in play when it comes to 

arsenic remediation; the extent to which these occur, the particular cellular components 

involved, and whether the mechanisms are employed concurrently or sequentially will 

vary substantially amongst fungi. Consequently, due to the specific combinations of these 

complex parameters, some fungi will simply be better suited for bioremediation than 

others. In fact, some researchers have established that certain taxa of fungi are inherently 

more suited for remediating and detoxifying metals (Cocchi et al., 2006; Stamets, 2005) 

because of their shared underlying genetic and physiological characteristics (i.e., 
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phylogenetic synapomorphies for their taxa). Three of the macrofungal taxa frequently 

called out in the literature as As accumulators are the basidiomycete families 

Tricholomataceae, Hydnangiaceae, and Agaricacae (Byrne et al., 1995; Cocchi et al., 

2006; Stamets, 2005; Vetter, 1994). It has been repeatedly observed that the particular 

habitat and conditions of wild-collected fungi are less important than their evolutionary 

position in determining their metal scavenging abilities and that members of a certain 

genus or family will always have higher As concentrations than other fungi found in the 

same contaminated habitats (Vetter, 1994). Further evidence of this phenomenon has 

been found in that different taxa contain distinct profiles of organic As derivative 

compounds in their tissues (Šlejkovec et al., 1997)., indicating that they employ distinct 

remediation mechanisms and the taxa are therefore inherently different on a physiological 

level in terms of As responses. This evidence seems to indicate that evolutionary history 

and taxonomic status may be a stronger indicator of bioremediation potential than the 

actual conditions the fungus was found growing in. 

On the other hand, the selective pressure exerted by substrate composition is also 

critical in determining which particular organisms will tolerate and survive in polluted 

conditions (Byrne et al., 1995; Cocchi et al., 2006). Due to genetic variation, not all 

species within a given lineage, nor even different isolates of the same species obtained 

from the same contaminated location, will have the same metal scavenging potential 

(Baldrian, 2003; Joshi et al., 2011; Stamets, 2005). Arsenic will exert selective pressure 

on the ecosystem by eliminating those fungi that are unable to tolerate its toxicity, and 

over time, the population of fungi will be skewed toward those with specific genetic 

makeup conferring higher As tolerance and stronger As response mechanisms (Baldrian, 
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2003; Cervantes et al., 1994; Gadd, 1993; Gadd et al., 2012; Gbaruko et al., 2008; Kaur 

et al., 2011; Luef et al., 1991; Malik, 2004; Mishra & Malik, 2013; Zafar et al., 2007). 

Even species falling outside the typically recorded As-scavenging taxa will be subject to 

this selective pressure and could be thriving in metal-polluted habitats (Gadd, 1993). 

Thus, in order to find these As-tolerant isolates for use in bioremediation, screening of 

isolates found in As-contaminated habitats is the obvious solution (Firdaus-e-Bareen et 

al., 2011; Zafar et al., 2007). 

However, tolerance is not the only indicator of whether or not a fungus is suitable 

for bioremediation purposes; in fact, some studies have found no correlation at all 

between metal tolerance and biosorption or bioaccumulation (Zafar et al., 2007). This is 

because mechanisms conferring tolerance, such as excretion of metal-precipitating 

chemicals to immobilize As in the environment, may not have the same genetic or 

physiological basis as mechanisms that actually uptake and detoxify arsenic. Thus, an 

isolate with lower tolerance (i.e., its growth is more significantly slowed in the presence 

of As) is not necessarily excluded from employing accumulation or volatilization 

mechanisms, and cannot be ruled out as a candidate for bioremediation (Baldrian, 2003); 

likewise, an isolate with extremely high tolerance to As may simply be surviving and not 

actively performing any detoxification functions that would make it a candidate for 

bioremediation (Zafar et al., 2007). Finally, the concentrations of As used to characterize 

the tolerance of isolates in the laboratory often far exceed the commonly encountered 

levels in As-contaminated habitats in order to fully test their limits, and thus isolates 

which are less tolerant than others to extreme As levels in the lab should not necessarily 

be excluded from bioremediation in real-life applications. 
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Because true hyper-accumulation in fungi is actually quite rare (Stijve & Bourqui, 

1991) and many studies do not account for the difference in biosorbed versus 

bioaccumulated metal content in the living fungal tissue (such as Firdaus-e-Bareen et al., 

2011 and Srivastava et al., 2011), it is necessary to determine not only the tolerance of 

fungi to As but also to characterize their specific combination of mechanisms. The 

various mechanisms used by a fungal isolate to sequester, modify, and/or detoxify arsenic 

informs researchers about the applicability of that isolate for particular remediation 

methods and techniques. 

Bioremediation Systems and Practical Considerations 

The mechanisms exhibited by a particular fungus and its native ecological niche 

will result in some fungi being better suited for certain applications over others (Table 1-

2), especially when considering treatment of soils. For example, soil microfungi (molds) 

are already well adapted to the soil ecosystem and thus would be likely to compete well 

with other microbes and survive, and are not likely to need any nutritional amendment to 

thrive in those conditions. The drawback is that they do not produce fruiting bodies into 

which accumulated metals can be shuttled, so there is no easy way to remove the metal-

containing hyphae from the soil matrix. On the other hand, the mushrooms produced by 

macrofungi can easily be harvested from a soil system. It would be preferable to use 

macrofungi that are adapted to utilize soil/detritus-based food substrates (rather than 

wood-based substrates), as again they are well adapted and likely to be strong 

competitors within the soil community. In water-based treatment systems, either 

macrofungi or microfungi would work since those methods rely on the biological 

activities of the fungal mycelium itself rather than a fruiting body. 

 



56 
 

Table 1-2. Some benefits and drawbacks of employing fungi that exhibit different metal 

remediation mechanisms. 

 Passive 

mechanisms                   

(biosorption) 

Active, intracellular 

mechanisms                                 

(bioaccumulation) 

Active, extracellular mechanisms                                   

(bioprecipitation, 

biovolatilization) 

Fungal health 

and status 

Dead cells can be 

used in water 

treatment systems, 

hence nutrients, 

pH, contaminant 

toxicity, etc. are 

irrelevant 

Cells must be kept 

alive for all system 

types, hence nutrients, 

pH, contaminant 

toxicity, etc. must be 

monitored and tailored 

for the fungi 

Cells must be kept alive for 

all system types, hence 

nutrients, pH, contaminant 

toxicity, etc. must be 

monitored and tailored for 

the fungi 

Metal 

removal 

Once filtered from 

the medium, metals 

can be desorbed 

from cells with 

acids/chelators 

without needing to 

destroy the cells 

Cells must be 

destroyed in order to 

collect the 

accumulated metals 

Cells need not be destroyed 

to collect the metals, 

although filtration or 

separation of the cells from 

the medium may be 

necessary 

Tissue 

replenishment 

Cells may be 

reused numerous 

times and can be 

obtained as waste 

product from other 

industries 

New live cells must be 

constantly produced 

and used to replace the 

previous batch 

The cells may be able to 

multiply and maintain the 

colony over time, if provided 

adequate conditions 

Remediation 

time scale 

May occur within 

hours to days 

(quicker) 

May occur within days 

to weeks (slower) 

May occur within days to 

weeks (slower) 

Applicability 

for various 

remediation 

systems 

Best for water-

based treatment 

systems where 

fungus is adhered 

to permeable 

membranes, beads, 

or porous matrix 

and can be 

removed/replaced 

after some time 

Microfungi could be 

used in only water-

based treatments; 

Macrofungi could be 

used in either water- 

or soil-based, 

depending whether 

mycelia or fruiting 

bodies are intended 

Bioprecipitation – best for 

water-based treatment  

Biovolatilization – could be 

used for water- or soil-based 

treatment systems 
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The practical approaches to bioremediation can be split between in situ methods, 

where treatment occurs at the location of the contamination without removing the 

material, and ex situ (Table 1-3), where the contaminated material is removed for 

treatment either somewhere else on-site or at a separate treatment facility. In situ methods 

are usually categorized according to one of the following approaches (Pepper, Gerba, 

Gentry, & Maier, 2008): 

 Biostimulation: Relies on stimulation of native fungi that already inhabit the 

contaminated ecosystem by supplementing with ideal conditions (nutrients, pH, 

temperature, aeration, cellular response activators, etc.); does not require addition of 

new fungi to system. 

 Bioaugmentation: Requires inoculation of new metal-remediating fungi to the system 

when prior testing indicates that there are no native fungi present capable of 

remediating metals or that their population numbers are very low; the inoculated 

fungi may be exogenous or may be native but added in much higher numbers than 

naturally occurring. 

 Intrinsic bioremediation: A passive method that entails identification of the native 

metal-remediating fungi that are already present and simply waiting (possibly over 

the course of decades) for the metals to be removed; does not require any alterations 

to the fungal community or conditions. 

While ex situ methods allow the bulk of contaminated material to be removed from 

the site so that it can be more quickly and efficiently treated, in situ methods can be 

preferable in the long run because they usually cause much less disruption to soil and 

aquatic communities and all the other organisms that depend on them. In cases where  
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Table 1-3. Some methods for ex situ bioremediation (Pepper et al., 2008).  

Methods Description 

Biopit, biopile, or biovault Metal-contaminated soil is excavated, then the hole is fitted with 

impermeable liner, vented piping is installed for 

aeration/nutrients, and soil mixed with bioaccumulating 

macrofungus is placed back in hole and left open (necessary so 

fruiting bodies can be harvested) 

Wetlands or lagoons Metals are bioaccumulated or bioprecipitated from the 

contaminated water column by aquatic fungi (as well as bacteria 

and plants)  

Evaporation ponds Metals are biovolatilized from contaminated water by inoculated 

fungi 

Tricking filter or trickling 

bed reactor 

Metals are bioaccumulated or bioprecipitated from contaminated 

water by being sprayed through a permeable/porous matrix 

(pebbles, beads, sponges, membranes, etc.) coated with mycelial 

biofilms 

Sequencing batch, 

activated sludge, or soil 

slurry reactor 

Metal-contaminated soil is incubated with water, nutrients, and 

fungi and later separated/clarified, with metals being precipitated 

from the water and/or biosorbed or bioaccumulated within fungal 

tissues 

Rotating biological contact 

reactor 

Metals are bioaccumulated or bioprecipitated from contaminated 

waters or soil sludges/slurries by passing through medium with 

rotating discs coated in mycelial biofilm  

 

 

migration of contaminants into a wider area or introduction of contaminants to sensitive 

vectors (e.g., penetration into the water table) are an immediate concern, ex situ 

approaches can provide a faster solution, although they often require substantially more 

labor, energy, and equipment to install and operate (Pepper et al., 2008). 

There are numerous examples of fungi being used both in the lab and in the field 

to successfully remediate environmental contamination, such as the case described 

previously where 3 species of microfungi biovolatilized the metal selenium out of 
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contaminated water reservoirs in California (Losi & Frankenberger, 1997). Morales-

Barrera & Cristiana-Urbina (2006) published a study documenting the use of the 

microfungus Trichoderma viride to remove hexavalent chromium from aqueous solutions 

in a concentric tube airlift bioreactor, where are air is pumped in from the bottom of the 

chamber and the movement of the gas bubbles causes substrate intermixing. In 2008, 

Mariner, Johnson, & Hallberg (2008) reported the use of native microbes found on stones 

from a manganese-contaminated stream (including two ascomycetous microfungi) in a 

simple biofilm-based attenuation system to remove manganese from stream water. Dried 

mycelial tissue from the microfungus Aspergellis caespitosus, immobilized on 

glutaraldehyde-crosslinked calcium alginate beads, was used to remove over 90% of lead 

from paint industry effluent in column flow batch adsorption experiments (Aftab, Akhtar, 

& Jabbar, 2014). 

Lessons on practical applications can also be taken from experiments on the 

biodegradation of organic compounds by fungi. For instance, the fungus Irpex lacteus 

was used in a trickle bed bioreactor filtration systems for the decolorization of organic 

textile dyes by inoculating the mycelium onto 3 different types of sponges/foams and 

passing the contaminated water through myceliated filter chambers, thereby cleaning the 

water at > 90% efficacy on its way out of the treatment system (Pocedic, Hasal, & 

Novotny, 2009). In another example, Trametes versicolor was grown and immobilized  

upon polyurethane foam beads that were introduced into heavily polluted leachate from 

landfills in order to successfully decontaminate that water (Saetang & Babel 2012), and 

the fungal-coated beads could be easily removed and replaced once expended. These 

methods are characterized by a flow of contaminated water over a myceliated surface, 
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permitting the contaminant to be chemically modified by the fungi such that its solubility 

and/or toxicity are reduced. These types of bioremediation systems rely primarily on the 

action of enzymes secreted by the fungi into their surroundings, and since 

bioprecipitation and other extracellular chemical modifications of metals work by the 

same principle, it stands to reason that these types of systems would work just as well for 

the treatment of heavy metals like arsenic. These methods could also be readily applied to 

fungi that exhibit arsenic biosorption or bioaccumulation, as long as the system provides 

a way to remove and replace the fungus as needed. 

Summary 

Studying the use of fungi to combat environmental pollution is a growing field of 

research that can provide novel methods for cleaning up heavy metal contamination in 

soils and waters. Although arsenic abounds in the environment from naturally occurring 

geological processes, the actions of mankind in the centuries since the industrial 

revolution – mining, fossil fuel burning, and chemicals manufacturing/application, just to 

name a few – have turned the natural geochemical cycling of arsenic into a pressing 

environmental hazard.  

Fungi can be used as tools to combat global arsenic pollution by harnessing their 

intrinsic abilities to remove, sequester, and/or detoxify heavy metals in their surrounding 

environment. Whether their metal-remediating abilities are more closely linked to their 

ancestral lineage (due to ancient selection pressures) or to their current habitat (due to 

recent human-linked selection pressures), they employ a wide variety of physiological 

mechanisms. While some fungi alter the solubility or toxicity of As by secreting other 

chemicals into the environment, others simply immobilize arsenic by adsorbing it to their 
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cell walls. Yet other fungi will take up arsenic from their surroundings and then modify, 

sequester, or efflux it from the cell, and most fungi will employ various combinations of 

these mechanisms, in tandem or in sequence, to varying degrees. 

Understanding the growth habits and elucidating the mechanisms exhibited by 

As-tolerant fungi is a critical step in developing methods for their practical application in 

contaminated ecosystems. While the mycelial tissues of both microfungi (molds) and 

macrofungi (mushroom formers) can be used in liquid-based applications such as waste 

treatment plants and drinking water wells via mycelium-embedded filters or beads, 

macrofungi can also be used in soil applications where the metal-laden fruiting bodies are 

harvested after a period of growth. Fungi that employ active mechanisms – such as the 

secretion of compounds that alter the solubility, toxicity, and chemical state of arsenic in 

their environment (even without directly interacting with that arsenic), or the uptake of 

surrounding arsenic followed by sequestration, modification, or efflux – must be kept 

alive for the duration of their efficacy. Conversely, fungi that employ passive methods 

such as biosorbing arsenic to the cell wall can be applied for bioremediation in a dead 

state. The unique combinations of fungal growth traits and remediation mechanisms 

dictate the types of treatment systems in which certain fungi could be used. 

The tasks of fully illuminating the properties and capabilities of the best 

candidates for arsenic bioremediation, and of developing the systems and technologies 

that incorporate them, still lie ahead. As this important work continues, researchers will 

discover ways to employ these versatile fungi in bioremediation models that trump 

conventional physical and chemical methods due to their lower cost, lower ecological 
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impact, higher versatility, and impressive resilience to thrive in the contaminated 

conditions that cover the globe. 
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CHAPTER II 

EVALUATION OF THE RELATIONSHIP BETWEEN  

ARSENIC TOLERANCE AND EVOLUTIONARY LINEAGE  

FOR 49 NATIVE FUNGI FROM METAL-CONTAMINATED SITES 

(RESEARCH PAPER #1) 

Abstract 

Fungi are being increasingly investigated for their abilities to remove, sequester, 

and/or detoxify arsenic by way of biological mechanisms that present inexpensive, 

efficient, and environmentally sound alternatives to tradition metal remediation 

strategies. It is well known that fungi possess ancient mechanisms for metal tolerance, 

acquisition, and retention based on their need for essential metals for critical biological 

processes. The question remains whether some fungal lineages are better suited for 

remediation applications because of ancient selection pressures for such metal 

management or because of the selective pressure exerted by the recent anthropogenic 

influx of heavy metals in their environment. To investigate this question, forty-nine 

fungal isolates were collected from two contaminated sites in La Crosse, WI, and 

measured for abilities to tolerate increasing concentrations of arsenic in their growth 

media at levels ranging from 240 to 120,000 times the EPA standard for arsenic in 

drinking water. Remarkably, the ability to grow in the presence of at least 2,400 times the 

EPA standard was observed for all 49 isolates, with a quarter of the isolates also 

demonstrating ability to grow at 120,000 times the EPA standard. The arsenic tolerance 
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data was evaluated in light of the isolates’ taxonomy and evolutionary lineages to 

determine whether tolerance was associated with particular groups of fungi. Results 

indicate that fungi from the phylum Ascomycota may have the highest tolerance for 

arsenic, but results are not definitive due to uneven sample sizes and quality of some of 

the fungal specimens collected. 

Introduction 

 The heavy metal arsenic (As) is one of the most prevalent and toxic 

environmental contaminants in soils and water. Due to its abilities to interfere with and 

inhibit critical cellular functions, including enzymatic activity and DNA synthesis (Baird 

& Cann, 2012; Baldrian, 2003; Čerňanský et al., 2009; Cervantes et al., 1994; Crosby, 

1998; Garg & Singla, 2011; Gbaruko et al., 2008; Kaur et al., 2011; Yang et al., 2012; 

Zhang & Selim, 2008), it exerts some degree of toxic effects on all living organisms. 

Beyond inducing a variety of toxic physiological effects in nearly every human organ 

system and tissue, arsenic exposure has also been linked to the development of cancers of 

the lungs, liver, lymphatic system, skin, bladder, colon, prostate, and breasts (Baird & 

Cann, 2012; Cervantes et al., 1994; Dhar et al., 1997; Gbaruko et al., 2008; Kaur et al., 

2011; Yang et al., 2012; Zhang & Selim, 2008).  

Arsenic’s damaging effects on all organisms – from microbes to humans – and its 

widespread presence across the country has earned this toxicant the top position on both 

the US Environmental Protection Agency’s Superfund list and the US Agency for Toxic 

Substances & Disease Registry’s National Priority List, thus outranking all other known 

organic and inorganic contaminants (Garg & Singla, 2011; "Priority List," 2014; Yang et 

al., 2012; Zhang & Selim, 2008). Arsenic is therefore of great concern for human health; 
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however, not all organisms are equally susceptible. Fungi such as soil molds and 

mushrooms are among the most tolerant of unfavorable and polluted habitats, including 

those contaminated by arsenic. Their unique growth form, whereby a vegetative 

mycelium composed of an extensively branched network of filamentous hyphae grows 

through the substrate matrix in every direction, provides fungi with maximum cellular 

surface area with which to interact with the surroundings. They are also supremely 

tolerant of other adverse conditions including high pH, low pH, extreme temperatures, 

dearth of nutrients, and combinations of organic and inorganic contaminants with 

multiple adverse physico-chemical conditions present (Čerňanský et al., 2007; Firdaus-e-

Bareen et al., 2011; Haferburg & Kothe, 2010; Siokwi & Anyanwu, 2012). Fungi have 

been extensively documented to inhabit metal-contaminated soils and waters, and since 

they are critical in the regulation and recycling of nutrients and elements in the 

ecosystem, they are also ubiquitous in all types of habitats (Gadd, 1993; Siokwi & 

Anyanwu, 2012) – contaminated or otherwise. Fungi such as these are being increasingly 

investigated for their abilities not only to tolerate arsenic, but also to remove, sequester, 

or otherwise modify the arsenic in order to decrease its toxicity and mobility. 

 In order to determine which fungi are best suited for potential bioremediation 

applications, a survey must be conducted on the fungi existing in As-contaminated 

ecosystems, with evaluation of the degree of tolerance toward As and elucidation of the 

particular remediation mechanisms exhibited. The fungal mechanisms displayed in 

response to As can be categorized in to four main classes: bioaccumulation, 

biovolatilization, bioprecipitation, and biosorption. 
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Bioaccumulation occurs when the fungus takes up arsenic from the surrounding 

environment and sequesters and/or modifies it within its cells, which occurs as a side 

effect of the fungus possessing mechanisms for accumulating essential metals like iron 

and manganese, and the compounds/organelles involved having low specificity for the 

target metals (Baldrian, 2003; Gadd, 1993; Gadd et al., 2012; Haferburg & Kothe, 2010; 

Hastrup et al., 2013; Sposito, 2008; Srivastava et al., 2011Yang et al., 2012). The result is 

that other non-target heavy metals such as arsenic may also gain entry into the cells by 

the same mechanisms. Arsenic that has been bioaccumulated inside the fungal tissues 

may be more or less permanently stored via sequestration in vacuoles (Gadd, 1993; Gadd 

et al., 2012; Haferburg & Kothe, 2010) or by becoming bound to cysteine-rich, As-

inducible phytochelatin or metallothionein compounds (Cobbett & Goldsbrough, 2002; 

Gadd, 1993; Gadd et al., 2012; Garg & Singla, 2011; Mishra & Malik, 2013). 

Alternatively, the fungus may modify the arsenic by methylating it such that it becomes 

volatile and can easily diffuse to outside cell (Baird & Cann, 2012; Gadd, 1993; Urík et 

al., 2007). Fungi are also capable of modifying the chemical state of As in their 

surroundings without any direct interaction, such as by the secretion of oxalic acid, which 

binds As and converts it to a crystallized state that is much less soluble and much less 

likely to interact with the fungal tissues or exert toxicity (Baldrian, 2003; Gadd, 1993; 

Gadd et al., 2012). Fungi also possess the ability to decrease the toxicity of As in a 

passive manner by binding the positively charged As cations to the negatively charged 

functional groups of the exterior cell wall (Ahluwalia & Goyal, 2010; Čerňanský et al., 

2007; Firdaus-e-Bareen et al., Gadd, 1993; Haferburg & Kothe, 2010; Luef et al., 1991; 

Seh-Bardan et al., 2013; Siokwi & Anyanwu, 2012; Srivastava et al., 2011). Most living 
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fungi will demonstrate some combination of these mechanisms, either in sequence or in 

tandem. Determining which ones occur for each particular fungus will inform which 

types of bioremediation systems they could be employed for. 

 A basic requirement for a fungus to be used for bioremediation is that it can 

tolerate arsenic in the environment in which it grows. To demonstrate the point, 

contaminated soils surrounding mining waste dumps can reach levels of As up to 30,000 

mg/kg (ppm) or 3% of the entire soil weight (Zhang & Selim, 2008) . Since the area 

taken up by metal mining facilities, their waste dumps, and the additional areas affected 

by their toxic leachates occupies approximately 0.18% (1/555th) of the planet’s land 

surface area (Haferburg & Kothe, 2010), the scale of this problem is staggeringly large. 

Mining is not the only source of arsenic, however; burning of As-containing fossil fuels 

and the production of numerous As-containing agricultural and industrial chemicals are 

also major sources (Baird & Cann, 2012; Čerňanský et al., 2009; Cervantes et al., 1994; 

Crosby, 1998; Garg & Singla, 2011; Gbaruko et al., 2008; Kaur et al., 2011; Koch et al., 

2000; Malik, 2004; Siokwi & Anyanwu, 2012; Yang et al., 2012; Zhang & Selim, 2008). 

To make matters worse, drinking water around the globe is often extracted through 

natural As-containing aquifer minerals, resulting in drinking water concentrations of As 

high enough to put at least 330 million people at risk of developing arsenicosis and other 

chronic and acute health problems. The most severe instance of this phenomenon exists 

on the Indian subcontinent (Dhar et al. 1997; Kaur et al., 2011; Srivastava et al., 2011). 

Consequently, in order for bioremediation to be a viable option for cleaning up these 

types of highly polluted systems, we must find fungi that are capable of thriving and 

growing in such toxic As conditions.  
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 The seemingly most logical place to look for As-tolerant fungi is in As-polluted 

environments, since the selective pressures of the toxicant in the direct habitat will 

prevent those fungi that are not tolerant from growing and/or reproducing (i.e., those with 

lower fitness will be selected against). Due to genetic variation, not all species within a 

given lineage, nor even different isolates of the same species obtained from the same 

contaminated location, will have the same metal scavenging potential (Baldrian, 2003; 

Joshi et al., 2011; Stamets, 2005). Arsenic will exert selective pressure on the ecosystem 

by eliminating those fungi that are unable to tolerate its toxicity, and over time, the 

population of fungi will be skewed toward those with specific genetic makeups 

conferring higher As tolerance and stronger As response mechanisms (Baldrian, 2003; 

Cervantes et al., 1994; Gadd, 1993; Gadd et al., 2012; Gbaruko et al., 2008; Kaur et al., 

2011; Luef et al., 1991; Malik, 2004; Mishra & Malik, 2013; Zafar et al., 2007). Thus, in 

order to find these As-tolerant isolates for use in bioremediation, screening of isolates 

found in As-contaminated habitats is the obvious solution (Firdaus-e-Bareen et al., 2011; 

Zafar et al., 2007). It should be noted, however, that since As contamination is rarely 

uniform throughout a particular site, fungi from any given site may differ substantially in 

their tolerance, depending on their immediate environmental conditions. 

On the other hand, habitat is not the only indicator of which fungi might have a 

propensity for tolerance toward and remediation of arsenic. Many studies have evaluated 

fungi from a broad swath of evolutionary lineages and have found repeatedly that fungi 

from particular taxa, especially within the order Agaricales of the phylum Basidiomycota, 

demonstrate high tolerance to and hyperaccumulation of As, regardless of whether or not 

the particular studied specimens were collected from As-contaminated habitats (Byrne et 
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al., 1995; Cocchi et al., 2006; Šlejkovec et al., 1997; Stamets, 2005; Vetter, 1994). 

Further evidence of this phenomenon has been found in that different taxa contain 

distinct profiles of organic As-derived compounds in their tissues (Šlejkovec et al., 1997), 

indicating that the taxa employ distinct remediation mechanisms and hence that they are 

inherently different on a physiological level in terms of As responses. These studies 

suggest that shared ancestry, with the shared suite of particular genetic and cellular 

characteristics, might be a better indicator of fungi with promise for bioremediation than 

the particular habitat from which the fungi originated; in other words, certain fungi may 

always have higher As tolerance or accumulate greater As concentrations than other types 

of fungi from the same contaminated habitats (Vetter, 1994).  

Since metals play an essential role in numerous cellular functions and processes, 

and because their levels and chemical forms must be highly regulated in order to prevent 

toxicity (Gadd, 1993), it can be assumed that fungi have employed some type of metal 

responses since the time of their ancient introduction to metals, which then exerted a 

selective pressure on them. But, only in the last few centuries since the time of the 

industrial revolution has humankind unleashed such an unprecedented level of metal 

pollution upon the earth by actions such as mining, fossil fuel burning, chemical 

manufacturing, and inadvertent extraction of drinking water through metal-containing 

mineral ores. Since metal-tolerant fungi are so often found in contaminated ecosystems, 

we know that they have strong metal response systems; whether these arose from ancient 

or recent selective pressures remains to be determined with certainty.  

If current habitat is a better predictor of tolerance and bioremediation potential, 

this would indicate that the most proficient As-remediating fungi have come into 
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existence due to forces of selection in increasingly contaminated habitats from recent 

human impact. If, on the other hand, evolutionary lineage is a better indicator, this would 

suggest that certain fungi are inherently capable of As bioremediation as a result of some 

ancient, non-human selective pressure that preserved the individuals capable of surviving 

in metal-poor habitats due to their possession of the necessary biochemical processes to 

acquire and manage essential metals. If taxonomy is a better indicator than habitat, it 

suggests that the As-remediating behavior of the fungi is independent of any recent 

selective pressures caused by human interference. 

Literature can be found that appears support both of these explanations. In light of 

this ambiguity, the objectives of this study were to: (1) collect and isolate fungi belonging 

to the three fungal phyla Ascomycota, Basidiomycota, and Zygomycota from sites in La 

Crosse, Wisconsin that have been exposed to metal contamination for several decades, 

(2) thoroughly quantify the ability of the isolates to tolerate arsenic in their growth media, 

and (3) determine whether there is any association between tolerance and phylogenetic 

taxonomy by identifying isolates with the highest resolution possible using DNA 

sequencing. 

Materials & Methods 

Selection of Local Contaminated Sites 

 Two local contaminated sites (both located within 3.5 km of the UW-La Crosse 

campus) were identified via city and state online databases. Permission to access sites, 

collect samples, take photographs, obtain copies of previous site data and reports, and 

publish findings regarding these sites was obtained from their respective owners. 
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  Patros. The former Patros Steel Supply site (henceforth “Patros site,” abbreviated 

PA) at 104 Causeway Boulevard, La Crosse, WI, was used during 1867-1970 as a 

Chicago, Milwaukee, & St. Paul Railway Co. corridor, and later during 1970-2009 as 

salvage, scrap, and outdoor storage yard for the stockpiling of lead acid batteries, metal 

shavings/scraps, cars and car crushing, new and used steel, and other miscellaneous 

materials (Shaw Environmental Inc., 2013). It now consists of a 12-acre plot purchased 

by City of La Crosse in 2010 as part of their 65-acre Copeland Avenue redevelopment 

project. The site was in the process of being excavated by the Wisconsin Department of 

Natural Resources (WDNR) and US Environmental Protection Agency (EPA) in the 

summer of 2013 under a $250,000 Ready for Reuse Grant. Site access was coordinated in 

July 2013 by the City of La Crosse and CB&I/Shaw Environmental, the firm in charge of 

excavations. Copies of testing data, reports, and site contamination maps were provided 

by Doug Joseph at WDNR (personal communication, July 10, 2013). 

 Xcel. The former Xcel Energy/Northern States Power Company Manufactured 

Gas Plant (henceforth “Xcel site,” abbreviated XC) at 200 2nd Street, La Crosse, 

Wisconsin was the location of a coal gasification plant in the early 1900s (Cedar 

Corporation, 2013). The plant itself has since been demolished. The remaining site, still 

under ownership of Xcel Energy/Northern States Power Company, is a 5-acre plot 

including a parking lot used for the Oktoberfest Grounds and a fenced grass field directly 

adjacent to a popular bike trail along the La Crosse River. The site was previously 

excavated by the WDNR with extensive soil testing completed, and results showed that 

the Xcel site still had high levels of organic and inorganic contamination present in the 

soils. Re-excavation was scheduled for Fall/Winter 2013. Site access was coordinated by 
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Doug Joseph at WDNR and LeRoy Wilder of Xcel Energy/Northern States Power 

Company in August 2013. Copies of testing data, reports, and maps of soil testing were 

provided by Doug Joseph (personal communication, October 22, 2013). 

Collection of Fungi 

 From each of the two collection sites, soil samples containing microfungi (soil 

molds) and fruiting bodies/hyphae from macrofungi (mushroom formers) were collected. 

From the Patros site, soil samples were collected from 8 locations, in addition to 12 

macrofungal samples from 3 of these locations. From the Xcel site, soil samples were 

collected from 5 locations, in addition to 17 macrofungal samples from 1 of these 

locations. All samples were placed into sealed plastic containers and stored at 4°C 

immediately upon return from collection. 

Soil Profiles 

 Elemental analysis of the nitrogen and carbon content of the collected soils was 

conducted via flash combustion and chromatographic separation using a Costech 

Instruments Elemental Combustion System 4010 (Valencia, CA). A small amount of 

each soil sample (between 40 and 120 mg) was wrapped in a small tin pouch and dropped 

into the autosampler. The combustion furnace was operated at 1020ºC and, in the 

presence of excess oxygen, converted carbon in the sample to carbon dioxide (CO2) and 

the nitrogen to nitrogen gas (N2). Quantitative measurements for nitrogen and carbon 

content were obtained by calibrating values registered by the thermal conductivity sensor 

against a standard curve generated with measurements of acetanilide (C8H9NO, 71.09% 

C, 10.36% N; Sigma Aldrich, St. Louis, MO), a certified reference material. 
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 Estimations of As concentration in the collected soils were made by comparing 

the locations of these soil collections to the soils testing data provided by WDNR for 

each site. 

Isolation of Fungi 

 Microfungi (soil molds) were isolated by plating small amounts of collected soils 

directly onto the surface of sterilized potato dextrose agar (PDA; BD Difco, Franklin 

Lakes, NJ) containing 0.1 g/L streptomycin (Fischer Scientific, Waltham, MA) in 10 cm 

Petri plates. Plates were incubated at room temperature (approx. 25ºC) for up to 2 weeks, 

with morphologically distinct fungal hyphae being isolated onto individual PDA plates as 

they became apparent. All media and solutions for this study were prepared with reverse 

osmosis (RO) water. 

 Two types of macrofungi were collected: those visible as actual fruiting bodies 

(mushrooms), and those visible as hyphae growing on a substrate such as a leaf or twig. 

For fruiting bodies, isolates were obtained by removing small pieces of inner tissue with 

a sterilized scalpel. In some cases, the fruiting bodies required prior rehydration by 

suspension in a moist, loosely sealed chamber for 4-7 days. For hyphae on leaf/twig 

substrates, isolates were obtained by rehydrating the samples in moist chambers to 

encourage hyphal outgrowth, followed by surface sterilization of the substrate and 

hyphae in 30% H2O2 for 5 minutes and subsequent collection of hyphae with a sterile 

scalpel. All macrofungal tissue samples were transferred onto sterilized PDA plates 

containing 0.1 g/L streptomycin for those expected to be ascomycetous, and malt extract 

agar (MEA, BD Bacto, Franklin Lakes, NJ) plus 0.1 g/L streptomycin for those expected 
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to be basidiomycetous. Plates were incubated at room temperature for up to 2 weeks, with 

hyphae isolated to new plates as necessary.  

 Isolates were ascertained to be axenic cultures by the uniformity of colony 

appearance over several weeks on culture plates (color, texture, and growth pattern of 

hyphae and/or sporulation). Once verified, individual isolates were transferred to PDA or 

MEA culture slants and stored at 4ºC.   

Isolate Naming System 

 Isolates were given alphanumeric identifiers to specify the site as well as the 

sample collection area, isolate number, and medium from which the fungus was obtained 

(Table 2-1; examples at end of table). 

Testing for Tolerance to Arsenic 

 Arsenic in the form of sodium arsenate dibasic heptahydrate (Na2HAsO4 • 7H2O) 

(Sigma Aldrich, St. Louis, MO), henceforth referred to simply as arsenate, was added in 

the growth media at different concentrations in order to characterize tolerance of the 

isolates to the toxicant. This compound dissociates in aqueous solution to the oxidized 

arsenate anion AsO4
-3, containing the pentavalent (As5+) form of arsenic.  

 Bottles of media (PDA or MEA) were prepared as directed and autoclaved at 

121ºC for 30 minutes. While still warm, 0.1 g/L streptomycin and arsenate were added to 

and completely dissolved in each media bottle. The weight of arsenate added was 

adjusted to achieve increasing concentrations of 10, 50, 100, 500, 1,000, or 5,000 mg/L  

(ppm) arsenate per media preparation. The concentrations were converted to equivalent 

concentrations of elemental As based on arsenic (74.9 g/mol) comprising 24% of the 

molar mass of sodium arsenate dibasic heptahydrate (312.0 g/mol) (Table 2-2). Control 
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Table 2-1. Explanation of naming system for isolates generated from collected samples. 

Place in name Designation Examples 

Before hyphen, 2 letters Site XC = Xcel site 

PA = Patros site 

After hyphen, letter only A particular 

macrofungal 

specimen 

A, B, C, etc. 

After hyphen, letter + number A particular 

microfungal 

specimen (number) 

from a particular soil 

sample (letter) 

A1, B5, E4, etc. 

In parentheses Medium from which 

the isolate was 

obtained 

(s)  =  from a soil sample (microfungus) 

(m) =  from a mushroom (macrofungus) 

(h)  =  from hyphae growing on a substrate  

(u)  =  from unspecified/unexpected origin * 

Some examples: 

 XC-D2(s) = The 2nd microfungus isolated from soil sample D from Xcel  

 PA-F(m) = Isolate obtained from fruiting body of mushroom F from Patros  

 XC-O(h) = Isolate obtained from hyphae O growing on an organic substrate from Xcel 

 XC-D3(u) = The 3rd isolate obtained from soil sample D from Xcel, but was not a microfungus 

*  Attempted isolation of a macrofungus but ended up with a microfungus (such as may have been 

growing on the mushroom), OR attempted isolation of a microfungus but ended up with a macrofungus 

(such as may have grown from a spore that had been deposited into that soil prior to collection) 

 

 

medium without As (0 mg/L) was also prepared. The prepared media were each poured 

into sterile 10 cm Petri plates and allowed to cool and solidify, then stored at 4 ºC.   

 Isolates were revived from storage slants when needed by transferring tissue onto 

new 10 cm control Petri plates (0 mg/L As) and allowing hyphae to expand to the edges 

of the plate for 5 to 21 days. To facilitate equal inoculum from this master plate onto test 

media, a sterilized cork boring tool with 7 mm diameter was used to punch out discs at 

the periphery of the colony, and a single punched tissue/agar disc was transferred to the 



76 
 

center of each new test plate with a small mark drawn on the bottom of the plate to 

indicate the center of the transfer. Transfers were made onto 3 replicate plates of each 

media, for a total of 21 test plates for each isolate (7 media preparations x 3 replicates).  

 Test plates were incubated at room temperature for a total of 30 days. To measure 

linear growth across the surface of the media, a lamp was used to illuminate the plate and 

locate the furthest hyphae growing beyond the center of the original transfer disc. The 

maximum diameter of the colony on that day (distance between 2 furthest hyphae from 

the original transfer point) was measured to the nearest 0.1 mm using 6-inch 

Traceable®carbon fiber calipers (Control Company, Friendswood, TX) (Figure 2-1). 

Measurements were repeated on each plate every 3 days, from 0 to 30 days. Photographs  

 

Table 2-2. Concentrations of arsenic in 6 media preparations for tolerance testing. 

Concentration of 

arsenate *                       

(mg/L = ppm) 

Concentration of 

elemental As **                  

(mg/L = ppm)  

Comparison the EPA drinking water 

standard of 10 µg/L (ppb) elemental As 

(number of times as great)  

10 2.4 240 

50 12 1,200 

100 24 2,400 

500 120 12,000 

1,000 240 24,000 

5,000 1,200 120,000 

*  Supplied as sodium arsenate dibasic heptahydrate (Na2HAsO4 • 7H2O, Sigma Aldrich, St. Louis, MO) 

**  Based on elemental As (74.9 g/mol) comprising 24% of the molar mass of sodium arsenate dibasic 

heptahydrate (312.0 g/mol) 
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were taken of the top and bottom surfaces of each plate every 6 days, from 0 to 30 days 

(Appendix, Figure A-50). Additionally, the minimum inhibitory concentration (MIC) for 

each isolate, i.e. the lowest tested concentration at which no growth was observed on any 

of the 3 replicate plates at that concentration, was recorded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Radial growth of hyphae outward from the point of origin on agar plates. 

The largest diameter of the colony on each plate was measured and recorded every 3 

days, over 30 total days. 

 

 

Analysis of Tolerance Data 

 Data were compiled and organized using Microsoft Excel 2013 software. For each 

of the 21 plates per isolate, a scatter plot of Days from Initial Tissue Transfer (0 to 30 

days) vs. Diametric Colony Size (original transfer size of 7.0 mm to maximum size of 

agar surface of 86.2 mm) was generated (Appendix, Figures A-1 through A-49). A linear 

regression was fitted for each of the 21 data sets thereby providing each plate with an 

estimated average growth rate in mm/day, indicated by the slope of the corresponding 

regression line. 

  
 

 
 

 

 

  
 

 

 

 
 

 

 
 
  

 

 

Origin of growth                                                       

(7mm disc transferred from master plate on Day 0) 

Largest colony diameter as indicated by the hyphae 

furthest from the origin (measured every 3 days) 

Hyphae                                 

(growing radially from origin) 
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 In order to determine the extent to which As inhibited fungal growth, a parameter 

called the Tolerance Index (TI) was calculated for each replicate of each test condition 

generated (Appendix, Tables A-1 through A-49). The TI is a ratio between 0 and 1 

comparing the growth rate on experimental media (containing As) to the growth rate on 

control media (lacking As) (Eq. 1): 

 

 Eq. 1      Tolerance Index (TI) for plate   =  
Growth rate on experimental media (containing As)

Growth rate on control media (lacking As)
       

 

 Because each isolate had 18 separate growth rates on experimental media (6 

media preparations x 3 replicates), 18 TI values were obtained. For the denominator of 

Eq. 1, there was a random assignment of a control to the experimental replicates within 

each treatment (As concentration) group. Randomization was chosen rather than using 

the average of the 3 controls in order to preserve the variation existing between control 

replicates. 

 To describe the isolate’s overall response to the As (rather than its response to a 

particular concentration of As), the mean of these 18 values was taken, with each value 

being given equal weight (Eq. 2): 

 

Eq. 2    Overall TI for isolate   =   
Sum of all 18 TI values for isolate

18
 

 

 These calculations were repeated for all isolates, and the 49 isolates were then 

ranked according to overall TI value.  

 The degree of statistical difference between overall TI values in all pairwise 

comparisons of isolates was identified by computing an Analysis of Variance (ANOVA) 

using SPSS Statistics 22 software (IBM, Armonk, New York). In this parametric 
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ANOVA statistical model, the 49 isolates were factor levels (independent variable), the 

six As concentrations were blocks, and the TI value was the response variable 

(dependent) with 3 replicates at each As concentration per isolate (18 total TI values). 

The scale of this analysis, conducted on data from experiments where “the number of 

replications is limited, while the number of treatments tends to infinity,” is supported by 

the literature on statistical analysis (Bathke & Lankowski, 2004; Boos & Brownie, 1994). 

 Additionally, by applying a Tukey HSD (honest significant difference) multi-

comparisons procedure to the ANOVA, homogeneous subsets of isolates were identified 

whose overall TI values were not significantly different from each other (P > 0.05) 

(Appendix, Tables A-50 and A-51).  

Identification of Isolates 

 Colony and tissue observations. Preliminary isolate identifications to genus 

were made via macroscopic observations including colony color and texture, top and 

bottom colony pigmentation, and growth pattern of hyphae and spores. Additional 

determinations regarding conidiation and presence of other identifiers such as 

chlamydospores, clamp connections, and septations were made by observation of 

cultures, grown directly on glass slides, via light, phase, and dark field compound 

microscopy at 40x to 1000x magnification. 

 Molecular techniques. Sequences of the nuclear ribosomal DNA internal 

transcribed spacer (nrDNA-ITS) region were used to identify isolates to the genus, 

species, or species complex level. Extraction of DNA was conducted using the NaOH 

extraction method of Wang, Qi, & Cutler (1993), as described in Osmundson, Eyre, 

Hayden, Dhillon, & Garbelotto (2013). Two hundred microliters of 0.5 M sodium 
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hydroxide (NaOH) were added to ground fungal tissue, collected from control media 

plates containing no arsenic. Five microliters of the extract was diluted into 495 µL of 

100 mM Tris-HCl at pH 8.0, with this dilution being used as template DNA. 

 Polymerase chain reaction (PCR) amplification was conducted on the NaOH-

extracted DNA per Osmundson et al. (2013), using primers ITS1F (Gardes & Bruns, 

1993) and ITS4 (White, Bruns, Lee, & Taylor, 1990) (Integrated DNA Technologies, 

Coralville, IA) to amplify the ITS1 + 5.8S + ITS2 portion of the nrDNA repeat region. 

Reaction mixtures were prepared in 25 µL volumes, including the following: 2.5 µL 10x 

PCR buffer, 2.5 µL dNTPs (2 mM), 2 µL MgCl2 (25 mM), 1 µL each primer (10 µM), 

0.2 µL GoTaq® Flexi DNA polymerase (5 U/µL) (Promega, Madison, WI), 5 µL 

template DNA extracted by NaOH (as above), and sterile ddH2O to reach 25 µL total 

volume. Cycling parameters were as follows: 94°C for 2 min; 30 cycles at 94°C for 30 

sec, 55°C for 1 min, and 72°C for 1 min; final extension at 72°C for 5 min. For sequences 

that did not amplify, the NaOH-extracted DNA was further purified, prior to repeating 

PCR, using a phenol: chloroform:isoamyl alcohol solution (25:24:1), followed by ethanol 

precipitation and resuspension in 20 µL Tris-EDTA (TE) buffer (Ausubel et al., 1995). 

 Amplicons from PCR were sequenced by Eton Bioscience, Inc. (Newark, NJ). 

Forward (ITS1F) and reverse (ITS4) sequences for each isolate were evaluated and 

assembled into consensus sequences using Geneious v. 6.1 software (Biomatters Ltd, 

Auckland, New Zealand). Single-stranded sequences were evaluated in cases where the 

sequencing produced high quality results in only one direction. All sequences were 

queried for matches via NCBI-BLAST standard nucleotide database searches (National 

Center for Biotechnology Information, http://blast.ncbi.nlm.nih.gov/). Sequences that 
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were identified by NCBI-BLAST as belonging to the genus Fusarium were re-queried for 

best matches using Fusarium-ID (http://isolate.fusariumdb.org/blast.php). Sequences that 

were identified by NCBI-BLAST as belonging to the genus Trichoderma were re-queried 

for best matches using TrichOKEY 2 (http://www.isth.info/tools/molkey/). In all cases, 

identifications were determined based on highest percent identity of the query sequence 

with the subject sequence. 

 Higher phylogenetic taxonomical classifications (phylum through family) for the 

identified isolates were obtained from the Tree of Life Web Project at http://tolweb.org 

(“Hypocreales,” 2008; “Mortierellales,” 2008; “Mucorales,” 2008; “Pleosporales,” 2007; 

“Polyporales,” 2008; “Sordariales,” 2008). The isolates were then grouped according to 

this higher taxonomy, and ANOVAs were computed for the phyla, classes, orders, 

families, and genera containing at least 2 isolates, with the taxon as the factor level 

(independent variable) and the TI values for all isolates within that taxon as the response 

(dependent variable). 

Results 

Soil Profiles 

 Data from the flash combustion and elemental analysis of nitrogen and carbon 

content in the collected soils indicated a wide range of C:N ratios, from 121:1 down to 

14:1 (Table 2-3). In general, the sandier soils had a lower proportional nitrogen content 

(e.g., Xcel soil A and Patros soil A), whereas proportion of nitrogen was higher in 

samples with more visible organic soil matter (e.g., Xcel soil D and Patros soil G). 

 Previous site chemical analysis data and maps were provided by WDNR for both 

sites. By comparing that information to the locations of this study’s site collections, the 
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Table 2-3. Carbon & nitrogen content of the collected soil samples from Patros and Xcel 

sites.* 

Site, soil sample 

designator ** 

C:N ratio 

(by weight) 

C weight (mg)                                          

[% of total soil 

weight]                      

N weight (mg)                                          

[% of total soil 

weight]                       

Soil description 

Xcel, A 121:1 3.864 [5.54%] 0.032 [0.05%] Fine, dry, sandy 

Xcel, B 79:1 3.883 [5.5%] 0.049 [0.07%] Fine, dry, sandy 

Xcel, C 55:1 4.249 [4.26%] 0.077 [0.08%] Small rocks/gravel 

Patros, A 49:1 3.889 [3.66%] 0.08 [0.08%] Small rocks/gravel 

Patros, B 30:1 3.65 [4.46%] 0.122 [0.15%] Small rocks/gravel 

Patros, C 18:1 1.835 [2.22%] 0.101 [0.12%] Sand + soil mix 

Xcel, D 16:1 5.548 [8.89%] 0.339 [0.54%] Clump moist soil 

Patros, E 15:1 2.017 [1.76%]  0.135 [0.12%] Fine, dry, sandy 

Patros, G 14:1 2.378 [2.13%] 0.17 [0.15%] Sand + soil mix 

*  Data shown are from single measurements of soil, thus are not statistically relevant - for reference only 

**  Soil samples D, F, and H from Patros and E from Xcel are omitted due to inconclusive results 

 

 

degree of toxicant exposure experienced by the collected specimens can be estimated. 

Patros. Data from prior site testing indicate that of the soil As concentrations that 

were above the WDNR’S NR720 Non-Industrial Direct Contact standard of 0.039 mg/kg, 

the level of As in these soils ranged from 0.71 to 140 mg/kg (ppm) and averaged 15.3 

mg/kg testing across approximately 49 reported measurements (Shaw Environmental 

Inc., 2013). Thirty-one of these 49 reported measurements (63.3%) were also higher than 



83 
 

the “approved background concentration” of 4 mg/kg. When narrowing the data to soils 

only in the vicinity of where samples were actually collected for this study, the range 

narrows to 1.3 to 30 mg/kg As and averages 14.4 mg/kg As. This approximate average  

level of As exposure in soils where the study fungi were growing is 2.8 times as great as 

the global average As content for soils (5.2 mg/kg), 369 times as great as the WDNR’S 

 

 

Table 2-4. Comparison of arsenic levels at Patros site to the US and global levels and 

standards. 

Location Group/Parameter 

Range                      

(mg/kg or mg/L 

= ppm) 

Average                

(mg/kg or mg/L 

= ppm) 

Patros Site Soils across whole site in which As was 

detected above WDNR’s Direct Contact 

Standard of 0.039 mg/kg (ppm)  

0.71 - 140 15.3 

 Soils in the vicinity of sample collections 1.3 - 30 14.4 

US Level in soil 0 – 4,910 ¥ 8.2 ¥ 

 WDNR’s Direct Contact Standard not applicable ≤ 0.0390 Ω 

 EPA standard for drinking water not applicable ≤ 0.0100 § 

Global Level in soil 0 – 30,000 € 5.2 § 

 Level in ocean water 0 – 0.0026 £ 0.0017 £ 

 Level in freshwater not available 0.0004 £ 

 Level in drinking water not available 0.0025 * 

 WHO standard for drinking water not applicable ≤ 0.0100 § 

¥ "National Geochemical Survey," 2008   €      Zhang & Selim, 2008 
§ Baird & Cann, 2012     *     Sposito, 2008 
Ω Shaw Environmental Inc., 2013   £      Cervantes et al., 1994 
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Direct Contact standard for As (0.039 mg/kg), and 1,440 times as great as the World 

Health Organization and U.S. Environmental Protection Agency standards for As in 

drinking water (0.010 mg/L) (Table 2-4).  

 Other contaminants detected at the Patros site include at least 3 different 

polychlorinated biphenyls (PCBs), at least 5 volatile organic compounds (VOCs), at least 

18 different polycyclic aromatic hydrocarbons (PAHs), and the additional heavy metals 

antimony, cobalt, lead, and mercury (Shaw Environmental Inc., 2013).  

Xcel. Contaminants at this site detected by prior site testing include the organic 

compounds benzene (a VOC) and at least 17 different polycyclic aromatic hydrocarbons 

(PAHs), as well as the inorganic contaminants cyanide and lead (Cedar Corporation, 

2013). According to the report, soils from this site were not tested for As, but due to the 

site history, the possibility of As contamination in addition to the other reported 

contaminants cannot be ruled out. This site once housed a manufactured gas (coal 

gasification) plant, utilizing a process that entails extremely high temperature incineration 

(700-1000°C) of solid fossil fuels (coal) in order to extract carbon monoxide and 

hydrogen gas (Baird & Cann, 2012). This process generates a wide variety of organic and 

inorganic waste products contained in fly ash and aerosols that are deposited in the 

surrounding area, which would include As if present in the coal, a very likely result since 

arsenic is quite common in coal and other fossil fuels around the globe (Čerňanský et al., 

2009; Cervantes et al., 1994; Gbaruko et al., 2008; Kaur et al., 2011; Siokwi & Anyanwu, 

2012; Zhang & Selim, 2008). Indeed, the US average arsenic content in coal is 22 mg/kg 

(Baird & Cann, 2012), so it is likely that As from the coal gasification process was 



85 
 

present in these soils at the time of collection, even though the reports do not indicate 

testing for this particular metal. 

Isolation of Fungi 

Plates made by depositing soils samples onto nutrient agar revealed dozens of 

morphologically distinct types of hyphae. Serial separation of hyphae produced axenic 

isolate cultures of numerous microfungal soil molds. Due to the condition of the collected 

macrofungal samples (i.e. mostly dried out and/or rotten due to weather being very hot 

and dry at the time of site-permitted collections), successful culture preparation of these 

fungi was more difficult and succeeded for only a fraction of the samples. In total, 81 

microfungi and 5 macrofungi were successfully isolated, after which attempts at isolation 

were ceased. 

Growth Rates, Tolerance Index Values, & Minimum Inhibitory Concentrations 

Forty-nine of the 86 isolates were quantified for ability to tolerate As by 

measuring their growth rates on 6 increasing levels of As in their media (2.4 to 1,200 

mg/L) and comparing to control growth rates (no As). The data are summarized here; 

detailed graphs, data, and calculations of TI values for each isolate can be found in 

Appendix, Figures A-1 through A-49 and Tables A-1 through A-49. 

 Most isolates, such as PA-F4(s) (Appendix, Figure A-45 and Table A-45) and 

XC-A3(s) (Appendix, Figure A-18 and Table A-18), demonstrated a gradual decline in 

growth rate as the concentration of As increased. Other isolates displayed modest 

decrease in growth rate at lower concentrations and then a sudden drop in growth rate at a  
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Figure 2-2. Distribution of overall Tolerance Index (TI) values amongst 49 tested 

isolates, displayed in 0.05-increment ranges. Mean TI = 0.404 ± SD 0.218, median 0.343 

(n = 49). 

 

 

critical limit, such as observed with PA-E11(s) (Appendix, Figure A-13 and Table A-13) 

and XC-B9(s) (Appendix, Figure A-14 and Table A-14). The overall TI values for all 49 

isolates ranged from 0.062 to 0.943 (Figure 2-2), with the TI range 0.250 - 0.300 

containing the largest proportion of isolates (10 of 49 isolates, 20.4%). Plotting all TI 

values against their normal scores (the inverse of the standard normal cumulative 

distribution) provides a linear regression with r2 = 0.9885 (data not shown), suggesting 

that these data are normally distributed. 

 All 49 of the tested isolates were able to grow in the presence of up to 12 mg/L As 

(1,200 times the EPA standard for drinking water), although the extent to which their 

growth rates declined above this level varied greatly. The lowest minimum inhibitory 
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concentration (MIC) observed was 24 mg/L for isolate XC-B6(s) (1 out of 49, 2.0%). The 

most common MIC was 120 mg/L As, for 16 of the 49 isolates (32.7%), and the 

remaining 32 isolates (65.3%) had MICs even higher. In fact, 12 of the 49 isolates 

(24.5%) were able to grow in the presence of 1,200 mg/L As (the highest tested 

concentration, at 120,000 times the EPA standard for drinking water), which indicates 

that the MIC for these 12 isolates is somewhere above 1,200 mg/L As (Figure 2-3). 

A Tukey HSD multi-comparisons procedure was applied to the ANOVA of TI 

values. This analysis provided not only the P-values for each pairwise comparison of 

overall TI values between any given 2 of the 49 isolates (1,176 total P-values generated,  

data not shown), but also ranked the isolates from highest to lowest TI and identified 

 

 

 
Figure 2-3. Percent of isolates falling into each minimum inhibitory concentration (MIC) 

group. No isolates had an MIC of below 24 mg/L As, i.e. all isolates grew at 2.4 and 12 

mg/L As. 
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homogeneous subsets of isolates within which the overall TI values were not significantly 

different from each other (P > 0.05) (Appendix, Table A-50). The first subset of isolates 

started at PA-A10(s), the isolate at rank #1 with TI = 0.943. The subsequent 5 isolates 

were not statistically different from each other, nor with the first isolate (P > 0.05 in all 

pairwise comparisons), with the Tukey procedure also identifying this subset of 6 as not 

statistically different as a whole (P = 0.156). This was thus designated as Subset #1 and 

contains the top 6 isolates with TI values between 1.000 and 0.701 (Appendix, Table A-

51). The next highest TI isolate, that is, PA-E13(s) at rank #7 with TI 0.700, therefore 

marked the beginning of Subset #2, and this new subset was again defined by P > 0.05 in 

each pairwise comparison for all isolates it contained and for the subset as a whole. This 

process was repeated until the 49th ranking isolate was reached, and resulted in the 

designation of four Subsets designated #1 (highest TIs) through #4 (lowest TIs). These 

four subsets are defined by their P-values not being statistically different within each 

subset; in other words, no statistical difference in TI values exists for the isolates within 

each of these four subsets. A full expansion of all Tukey subsets, and the subsets 

designated #1 through #4, can be found in Appendix (Table A-50 and Table A-51).  

When the isolates within each MIC group are broken down by their TI subset 

(Figure 2-4), another pattern becomes clear: the higher the TI of the isolate, the more 

likely it was to have a higher MIC. Generally speaking, as the MIC increased, represen-

tation by isolates from higher TI subsets increased and representation by isolates from 

lower TI subsets decreased. There were a few exceptions to this pattern, for example with 

isolate XC-B6(s) whose MIC was 24 mg/L. It had the lowest MIC of all 49 isolates, but  
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Figure 2-4. Number of isolates falling into each minimum inhibitory concentration (MIC) 

group, with those isolates further split by which TI subset they fall into (as determined by 

the Tukey HSD procedure). Isolates within each TI subset are not statistically different in 

all pairwise comparisons, nor for the subset a whole (P > 0.05). 

 

 
Figure 2-5. Number of isolates falling into each TI subset (as determined by the Tukey 

HSD procedure), with those isolates further split by minimum inhibitory concentration 

(MIC). Numeric values on the x axis indicate the TI range of isolates within the subset 

and the P-value defining the subset. 
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its TI value of 0.268 was higher than 14 other isolates (ranked #35 out of 49) whose 

growth rates were not inhibited until exposed to a concentration higher than 24 mg/L As. 

Plotting this same data with TI Subset on the x axis instead (Figure 2-5) further 

supports that in general, representation by isolates with higher MICs decreases as TI 

decreases. This second visualization also reveals that, except for TI Subset #1 (defined by 

P = 0.156 and containing the 6 highest ranking isolates), the MICs of the isolates within 

each TI subset varied. As an example, the TI values of PA-A4(s) and PA-A8(s) were not 

statistically different (0.361 and 0.359, respectively; P > 0.05) and both fell within Subset 

#3, but the MIC for the former was 120 mg/L as and for the latter was more than 10 times 

as great, at over 1,200 mg/L (Appendix, Table A-51). Subset #3 (defined by P = 0.058 

and containing 27 ranked from #14 to #40) contained the greatest variety of MICs, with 

all 5 of the observed MIC levels being represented. 

In order to investigate whether the higher metabolic activity of isolates with faster 

growth rates was related to their degree of tolerance, control growth rates for each isolate 

were compared to their overall TI values. No association was observed between the 

control growth rate of an isolate (i.e. its normal growth rate unimpeded by As) and its TI 

value (Figure 2-6); indeed, a wide range of TI values were observed within most groups 

of isolates with similar control growth rates. For example, isolates PA-B5(s) and PA-

E8(s) had the same control growth rate of 13.2 mm/day (Appendix, Tables A-10 and A-

44), but their TI values of 0.578 and 0.206, respectively, were statistically different (P < 

0.05). Overall, the fastest growing isolates did not generally have higher or lower TI 

values compared to the slowest growing isolates. Attempted linear regression of control  
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Figure 2-6. Lack of correlation between the control growth rate of an isolate and its 

degree of tolerance for arsenic. Equation of linear regression line: y = -0.0066x + 0.4701, 

r2 = 0.0473 

 

 

growth rates vs. TI values resulted in an r2 of 0.0473, verifying a lack of correlation 

between these variables. 

Isolate Identification and Taxonomy 

Thirty-nine of the 49 isolates were identified to genus, species, or species 

complex level by querying DNA sequences in NCBI-Blast, Fusarium-ID, and 

TrichOKEY 2 databases (see Appendix, Tables A-52 and A-53 for complete 

identification listings and Tables A-55 through A-59 for significance levels between TI 

levels for the various taxonomic levels). For the remaining 10 of 49 isolates, either PCR 
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(6 isolates) or sequencing (4 isolates) failed after multiple attempts, resulting in the 

inability to query for identifications; their identities remain unknown at this time.  

 Of the 39 identified isolates, 27 (69.2%) are classified in the phylum Ascomycota, 

5 (12.8%) are in Basidiomycota, and 7 (14.3%) are in Zygomycota (Figure 2-7; 

Appendix, Table A-54). Isolates from Ascomycota displayed a higher tolerance toward 

arsenic (mean TI = 0.511 ± SD 0.231, n = 27) than isolates from either Basidiomycota 

(mean TI = 0.148 ± SD 0.072, n = 5) or Zygomycota (mean TI = 0.344 ± SD 0.081, n = 

7) (Figure 2-7), although Ascomycota was statistically different only from Basidiomycota 

(P < 0.05; Appendix, Table A-55). The orders within Ascomycota were also the most As-

tolerant of any of the orders, but were statistically different only from the order  

 

 

  
 

 

Figure 2-7. Overall Tolerance Index (TI) values for 39 identified isolates, split by 

phylum. (A) = Spread of all TI values in each phylum; (B) = Average TI in each phylum, 

error bars indicating ± 1 SD; phyla marked by the same letter (a or b) are not statistically 

different (P > 0.05). 
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Polyporales in the Basdiomycota (Figure 2-8; Appendix, Table A-57). There was no 

statistical difference between the phyla Ascomycota and Zygomycota (Figure 2-7; 

Appendix, Table A-5), nor the orders contained therein (Figure 2-8; Appendix, Table A-

57). Minimum inhibitory concentrations (MIC) of As varied widely within each phylum. 

All isolates within Ascomycota belonged to the subphylum Pezizomycotina (the 

largest subphylum in Ascomycota), with TI values ranging from 0.215 to 0.943. Split 

further, they belonged to the two classes Dothideomycetes (11.1%) and Sordariomycetes 

(88.9%) (Appendix, Table A-54). The class Sordariomycetes – containing representatives 

from the genera Trichoderma (6), Cosmospora (1), Fusarium (16), and Sordaria (1) –  

 

 

  
 

Figure 2-8. Overall Tolerance Index (TI) values for 39 identified isolates, split by order 

and phylum. (A) = Spread of all TI values in each order; (B) = Average TI in each order 

(or single value if n = 1), error bars for orders with n ≥ 2 indicating ± 1 SD; orders 

marked by the same letter (a or b) are not statistically different (P > 0.05). 
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contained a greater number of isolates (24) and had a higher mean TI (0.530 ± SD 0.239) 

than the class Dothideomycetes (mean TI = 0.363 ± SD 0.022, n = 3), although the two 

classes were not statistically different in terms of tolerance (Appendix, Table A-56). 

Additionally, there was no statistical difference between the TI values of any of the 3 

isolates from the Dothideomycetes (P > 0.05 in all pairwise comparisons; Appendix, 

Table A-54), and these 3 isolates also all belonged in the family Pleosporaceae, 2 of 

which were identified as Phoma spp. and one as Alternaria alternata (Appendix, Table 

A-53). Comparing the families within the phylum Ascomycota, isolates from Nectriaceae 

(containing Cosmospora sp. and Fusarium spp.) had a higher mean TI (0.576 ± SD 

0.254, n = 17) than any of the other families (Pleosporaceae [0.336 ± SD 0.022, n = 3], 

Hypocreaceae [0.442 ± SD 0.161, n = 6], or Sordariaceae [0.268, n = 1]) (Figure 2-9; 

Appendix, Table A-54), although none of these families were statistically different 

(Appendix, Table A-58). The latter family contained only one isolate, Sordaria fimicola 

with TI = 0.268 at rank #35. 

All 8 of the top ranked isolates for tolerance toward arsenic (TI values ranging 

from 0.943 to 0.696) were in the genus Fusarium (family Nectriaceae, class 

Sordariomycetes), with 6 of those 8 also in the F. incarnatum-equiseti species complex, a 

distinct clade of very closely related species within the genus (Watanabe et al., 2011). 

The remaining 8 of the 16 total Fusarium isolates had TI values below 0.500. These two 

groups within Fusarium, that is, higher TI vs. lower TI isolates, are visually apparent as 

two distinct clusters in Figure 2-9. Overall, TI values for all 16 Fusarium isolates ranged 

from 0.943 (TI rank #1) down to 0.215 (TI rank #43) (Appendix, Table A-52). Amongst 
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all 16 of these Fusarium spp., 55.8% of pairwise TI comparisons had P < 0.05 (isolates 

being compared were statistically different) and 44.2% had P > 0.05 (not statistically 

different) (Appendix, Table A-54). Minimum inhibitory concentrations for Fusarium spp. 

ranged from 120 mg/L (4 of the 16 isolates) to over 1,200 mg/L As (8 of the 16 isolates). 

 The six Trichoderma isolates (family Hypocreaceae, class Sordariomycetes) were 

widely spaced in terms of their TI values (Figure 2-9; Appendix, Table A-53). Three of 

them, all identified as T. harzianum, were clustered together on the upper end of the list 

at TI ranks #10, #11, and #12, and showed no statistical difference between their TI 

values (TIs 0.578, 0.576, and 0.568, respectively; P > 0.05 in all pairwise comparisons). 

These 3 also shared the same MIC of 1,200 mg/L As. The remaining 3 isolates (two of T. 

harzianum and one of T. citrinoviride) were spaced further apart at ranks #15 (TI = 

0.437), #33 (TI = 0.273), and #42 (TI = 0.220), but also were not statistically different 

from each other (P > 0.05 in all pairwise comparisons). For this genus overall, 40% of 

pairwise TI comparisons were statistically different (P < 0.05) and 60% were not (P > 

0.05) (Appendix, Table A-54). The Trichoderma genus as a whole was not statistically 

different from the Fusarium genus (Figure 2-9), both of which belong to the order 

Hypocreales in the phylum Ascomycota and contained at least 6 isolates. 

 Seven isolates were identified within the phylum Zygomycota: one in the family 

Mortierellaceae (Mortierella alpina with TI = 0.295 at rank #30) and six in the family 

Mucoraceae (three Mucor spp., two Rhizopus spp., and one Rhizomucor sp.) (Figure 2-9; 

Appendix, Table A-53). Although the TI values of these 7 isolates spanned the range 

from 0.454 (Mucor hiemalis at rank #14) down to 0.230 (Rhizopus sp. at rank # 40), there 

was no statistical difference between any of them (P > 0.05 in all pairwise comparisons).  
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Figure 2-9. Overall Tolerance Index (TI) values for 39 identified isolates, split by genus, 

family, and phylum. (A) = Spread of all TI values in each genus; (B) = Average TI in 

each genus (or single value if n = 1), error bars for genera with n ≥ 2 indicating ± 1 SD; 

all genera marked by a are not statistically different (P > 0.05). 
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On average, their TI values were intermediate between those in Ascomycota and 

Basidiomycota (Figure 2-7). Minimum inhibitory concentrations for zygomycetes ranged 

from over 1,200 mg/L (Rhizomucor variabilis at TI rank #14) down to 240 mg/L As (4 of 

the 7 isolates). 

The phylum Basidiomycota had the lowest mean TI of any of the 3 phyla (mean 

TI = 0.148 ± SD 0.072, n = 5) (Figure 2-7), and included the 4 lowest ranking isolates out 

of all 49 tested. All 5 isolates belonged in the subphylum Agaricomycotina, the class 

Agaricomycetes, and the order Polyporales (Appendix, Table A-54). They were, 

however, split amongst 4 genera: one in Irpex (Meruliaceae) at TI rank #49 (TI = 0.062), 

one in Coriolopsis (Polyporaceae) at TI rank #46 (TI = 0.182), one in Polyporus 

(Polyporaceae), and two in Ischnoderma (Fomitopsidaceae) at TI ranks #47 and #48 (TIs 

= 0.131 and 0.115, respectively). The TI values were not statistically different (P > 0.05) 

in any pairwise comparison of 5 isolates in this phylum (Appendix, Table A-54). 

Additionally, the MIC of As for all 5 basidiomycetes was the same,120 mg/L (Appendix, 

Table A-52). 

 Below is a brief summary of the major observations regarding isolate 

identifications and the relationship of phylogenetic taxonomy to arsenic tolerance: 

 Isolates were identified in 14 different genera (Appendix, Table A-53), and 

when comparing all genera containing at least 2 isolates, none of those genera 

were statistically different from each other (Figure 2-9) 

 The most commonly observed genera were Trichoderma (6) and Fusarium 

(16) (Figure 2-9; Appendix, Table A-53) 
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 All 8 of the top ranked isolates were in the genus Fusarium; all 13 of the top 

ranked isolates were in the order Hypocreales (Ascomycota); all 4 of the 

bottom ranked isolates were in Basidiomycota (Appendix, Table A-52) 

 Ascomycota had the highest mean TI (statistically different from 

Basidiomycota) and the widest TI range (Figure 2-7) 

 Basidiomycota had the lowest mean TI (statistically different from 

Ascomycota) and the narrowest TI range (Figure 2-7) 

 Zygomycota had an intermediate mean TI, but was not statistically different 

from either Ascomycota or Basidiomycota (Figure 2-7) 

Discussion 

Forty-nine fungal isolates spanning the phyla Ascomycota, Basidiomycota, and 

Zygomycota were collected from metal-contaminated sites in La Crosse, Wisconsin. 

Testing these isolates on increasing levels of arsenic in their growth media revealed a 

remarkably high level of tolerance toward this toxic heavy metal. The ability to grow in 

the presence of at least at 2,400 times the EPA standard for arsenic was observed for all 

49 isolates, with a quarter of the isolates also demonstrating ability to grow at 120,000 

times the EPA standard. Even the least tolerant isolate – PA-A(m), a isolate of the 

basidiomycete Irpex lacteus with a Tolerance Index of 0.062 – was not totally inhibited 

by the presence of arsenic until exposed to a concentration of 120 mg/L (12,000 times the 

EPA standard). There can be no doubt as to the resilience of these wild-collected fungi to 

withstand and survive in the highly contaminated and toxic conditions created in their 

habitats by human activities. 
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Of the 49 tested isolates, 39 were successfully identified to genus, species, or 

species complex using DNA sequencing. Comparisons were made between TI and MIC 

values for these fungi at the isolate level as well as higher taxonomic levels from phylum 

through family. Due to the parameters of the legal agreements with Patros and Xcel site 

owners, lack of concrete data regarding contaminant levels at the particular locations of 

sample collections at the study sites prevents any informative comparisons of TIs, MICs, 

or taxonomical classifications between isolates from the two different sites or between 

isolates from different soil samples from the same site. 

 Comparing TI values to MIC values at the isolate level revealed that isolates with 

higher TI values were more likely to also have a higher MIC (Figures 2-4 and 2-5). This 

makes intuitive sense since it would be expected for isolates with higher overall tolerance 

to not experience complete growth inhibition until one of the higher concentrations is 

reached. However, this pattern did hold true for every isolate, suggesting that this 

relationship could not strictly be used as a tool to predict the MIC of an isolate based on 

its TI value, or vice versa.  

 The results of this study suggest that fungi within Ascomycota demonstrated the 

widest range of tolerance levels toward As and were the most tolerant overall, as 

compared to Basidiomycota that contained the least tolerant isolates in the smallest range. 

This apparently lends credence to the hypothesis that evolutionary lineage is the best 

predictor of tolerance (Gadd, 1993; Šlejkovec et al., 1997; Vetter, 2004), at least at the 

phylum level. However, the reliability of this conclusion is uncertain, since the sample 

size for each taxon was not the same (e.g., 27 is Ascomycota compared to only 5 in 

Basidiomycota) and since the mean TI for Ascomycota was not statistically different 
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from Zygomycota. The quality of the basidiomycete isolates is also suspect and may 

account for this difference, since site collections were permitted only for a short time 

frame in the middle of a hot, dry summer – conditions that are not generally amenable to 

abundant or vigorous mushroom growth. Furthermore, the differences between the taxa 

seemed to decrease significantly at the family and genus level, as evidenced, for example, 

by the wide variation of TI values observed for the 16 Fusarium spp., and by the lack of 

any statistical difference between the major families or genera from any phylum (which 

may be attributed to the fact that families/genera containing fewer than 2 isolates could 

not be included in the statistical comparison). Thus, it cannot be said with any certainty 

that these results show that basidiomycetes are poorly suited for bioremediation due to 

their common evolutionary ancestry. In fact, mushroom-forming basidiomycetes have 

been heavily documented in the literature to tolerate and bioaccumulate high levels of 

arsenic (Table 2-5). The question of which taxa of microfungi (soil molds) within 

Ascomycota and Zygomycota have the highest tolerance and propensity for accumulation 

of As appears not to have been addressed as thoroughly in the literature; however, 

common mold genera such as Aspergillus, Fusarium, Penicillium, Rhizopus, and 

Trichoderma have been well documented in this respect (Srivastava et al., 2011; Su et al., 

2011; Vala et al, 2010; Zeng et al., 2010). 

In order to more precisely investigate the question of whether tolerance is related 

to evolutionary lineage (and therefore whether lineage can be used as a predictor of 

usability for bioremediation applications), a more thorough sampling of candidates from 

within specific narrow taxa would be appropriate, for example collecting an equal 

number of representatives from each major family within each phylum. It would also be  
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Table 2-5. Some examples of fungi commonly identified as highly As-tolerant and As-

accumulating.  

Genus Species Phylum, Order, Family * References 

Agaricus A. nivescens, A. 

haemorrhoidarius, 

A. placomyces, A. 

augustus 

Basdiomycota, Agaricales, 

Agaricaceae 

Byrne et al., 1995; 

Cocchi et al., 2006; 

Šlejkovec et al., 

1997; Stijve & 

Bourqui, 1991; 

Vetter, 2004 

Entoloma E. lividum Basdiomycota, Agaricales, 

Entolomataceae 

Byrne et al., 1995; 

Šlejkovec et al., 1997 

Laccaria L. franternal, L. 

amethystina, L. 

affinis 

Basdiomycota, Agaricales, 

Hydnangiaceae 

Byrne et al., 1995; 

Cocchi et al., 2006; 

Šlejkovec et al., 

1997; Stijve & 

Bourqui, 1991; 

Vetter, 2004 

Lepista L. nebularis, L. 

nuda 

Basidiomycota, Agaricales, 

Tricholomtaceae sensu stricto 

Stijve & Bourqui, 

1991; Vetter, 2004 

Lycoperdon L. pyriforme, L. 

perlatum 

Basdiomycota, Agaricales, 

Agaricaceae 

Byrne et al., 1995; 

Koch et al., 2000; 

Stijve & Bourqui, 

1991; Vetter, 2004 

Macrolepiota M. rhacodes Basdiomycota, Agaricales, 

Agaricaceae 

Stijve & Bourqui, 

1991; Vetter, 2004 

Sarcosphaera S. coronaria, S. 

eximia 

Ascomycota, Pezizales, Pezizaceae Byrne et al., 1995; 

Cocchi et al., 2006; 

Šlejkovec et al., 1997 

*    Per Tree of Life Web Project (http://tolweb.org) 

 

 

revealing to compare isolates from the same narrow taxa from both contaminated and 

uncontaminated sites. Although there may be some genetic variation among different 

isolates, collecting and comparing a large number of samples from within the same 
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narrow taxa would shed light on whether genetically similar specimens would respond 

according to their lineage (i.e. similar tolerance behavior regardless of habitat) or to their 

habitat (i.e. different tolerance behavior between the two habitats). If habitat is more 

important, it would be expected that As-exposed fungi would demonstrate higher As 

tolerance than those not exposed, due the current selective pressure of the toxicant. If 

taxon (and therefore evolutionary lineage) is more important, isolates from that same 

narrow taxon would display similar As tolerance regardless of which environment those 

isolates came from; whether that tolerance level itself is high or low would depend on the 

particular lineage. In these types of comparative studies, it would also be imperative to 

measure the specific types and levels of contaminants present, such that correlation 

between toxicant level in the direct habitat and degree of tolerance could be quantified 

rather than simply approximated. 

 Since there was such a wide variation in the TI values of isolates collected from 

the 2 studied contaminated habitats, but the true levels of contaminants in the direct 

habitats from which they were collected is not known, it is not possible to conclude 

whether the extent of local anthropogenic contamination had any significant impact on 

the tolerance exhibited by those fungi. However, the wide variation within each closely 

related group of fungi – for example, at the family level and genus level – suggests that 

lineage and common evolutionary ancestry are not the sole predictor of whether an 

isolate can tolerate arsenic. Examples abound of eukaryotic organisms across all taxa 

demonstrating rapid and measurable evolution in response to anthropogenic pollutants. 

Evolution is generally thought of as occurring on a geological time scale over thousands 

or millions of years, yet it can be brought on very rapidly by strong selection pressures, 
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for instance in the fact that arsenic-resistant pathogen populations have arisen in a clinical 

setting due to use of As-containing antibiotics (Yang et al., 2012).  

Furthermore, many studies have highlighted the occurrence of rapid evolution 

across the various kingdoms, observable within just decades of the appearance of new 

environmental conditions due to human influence. In fact, the first ever measurements of 

natural selection occurring on a wild gene locus were of melanism in the classic example 

of the peppered moth Biston betularia (Cook, Grant, Saccheri, & Mallet, 2012; 

Kettlewell, 1955), which is an example of the precise subject of this study: evolutionary 

changes in wild populations as a result of anthropogenic pollution exposure. Kettlewell 

(1955) first published his observations and experiments showing that the frequency of 

moth melanism had increased in British populations since the advent of the industrial 

revolution, due to the darkly pigmented moths having superior camouflage and evading 

predation as they rested upon all the soot-covered surfaces as a result of fossil fuel 

combustion particulates. On the other hand, the light colored moths did not blend in well 

with the sooty surfaces, and so they were easily picked off by the birds and their 

representation in the population decreased.  

Another researcher, Michael Majerus, further investigated this phenomenon 

(published after his death by Cook et al., 2012) several decades later when the amount of 

soot on surfaces had receded again. He found that in the absence of the selective pressure 

of dark soot from industrial pollution, the dark moths had now been selected against and 

the proportion of light and dark colored moths had shifted back to favor the light colored 

moths. With the scale of this study (nearly 5,000 moths observed over the course of 6 

years) and the experimental method modifications to address previous concerns with 
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Kettlewell’s work, these combined results conclusively showed that evolution in this 

population had been occurring due to anthropogenic pollution and its subsequent 

influence on bird predation behavior.  

 There are numerous other examples of rapid evolutionary selection occurring in 

wild pollution-exposed populations: 

 The population of aquatic microcrustaceans Daphnia galeata living in Lake 

Constance in central Europe was able to evolve resistance to toxic cyanobacteria 

within 40 years of the bacteria’s appearance in the lake due to eutrophication 

(overgrowth of algae and bacteria caused by fertilizer runoff into the lake) (Hairston 

et al., 1999). This was shown by hatching dormant D. galeata eggs that were 

deposited in the lake bed before, during, and after eutrophication and comparing their 

resistance to the cyanobacteria, which are nutritionally poor as a food source and also 

contain a variety of toxic compounds such as hepatotoxins, neurotoxins, cytotoxins, 

dermatotoxins, and irritant toxins composed of peptides, alkaloids, and lipids (Bláha, 

Babica, & Maršálek, 2009). The study revealed the evolution of total resistance of 

Daphnia to the toxic cyanobacteria and ability to use it as a food source within 3 to 4 

decades of exposure. 

 Resistance to the highly toxic and bioaccumulative industrial chemicals 

polychlorinated biphenyls (PCBs) was recently documented in Atlantic tomcod 

(Microgadus tomcod) fish populations, having occurred during the past 50 years 

when 590,000 kg of PCBs were dumped into the Hudson River, New York (Wirgin et 

al., 2011). The researchers identified a mutant allele coding for the aryl hydrocarbon 

receptor that is 100 times less sensitive to induction by PCBs, thereby conferring 
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tolerance to the contaminant; this allele was found only in fish populations near the 

Hudson River and progressively declined in frequency with increased distance from 

the source of contamination. Additionally, since low frequency of the allele was 

found in two nearby cleaner estuaries and since gene flow was still occurring between 

all of the studied populations (as evidenced by haplotype diversity), they concluded 

that the mutation was present at low frequency within the fish population prior to 

PCB introduction and had simply changed in frequency in the populations (i.e. the 

population had evolved) closest to the source due to selection caused by this 

anthropogenic contaminant. 

 Wu and Bradshaw (1972) studied the grass populations of Agrostis stolonifera and A. 

tenuis in Lancashire, England in an area of extraordinarily high copper levels in the 

soil (over 10,000 mg/kg) due to contamination from the metal refining industry. They 

observed that grass fields established in the most recent 10 years were mostly bare, 

while fields that were older had lush grass growth and full ground cover. They also 

made a systematic study of the relationship between tolerance for copper and distance 

from the source of contamination, and found that the most spatially distant 

populations had the least copper tolerance and the highest species diversity (due to 

lack of exposure and thus lack of selective pressure), whereas mean tolerance 

increased and was observed across a broader range of tolerance values in less diverse 

populations closer to the source (due to selective pressure from copper exposure). 

These results indicated that all genotypes except those with high tolerance for copper 

had been eliminated with increasing frequency along the gradient toward the 

contaminant source. They additionally found that seeds taken from the contaminated 
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areas and planted in contaminated soils showed significantly higher seedling height 

and percentage of rooted seedlings than did the seeds from the uncontaminated zones 

planted in the same soils, thus demonstrating the genetic basis and heritability of the 

tolerance trait(s) upon which selection acted as a result of human influence. 

These are just a few of the many documented instances of wild populations 

experiencing dramatic shifts in allele frequency within a very short time scale in order to 

tolerate toxicants introduced by humans. These cases might be classified as examples of 

unintentional artificial selection rather than natural selection, as it is the influence of 

human activities (rather than the natural environment) that has resulted in population 

shifts. Given the wide array of organisms in which this has been observed, it is therefore 

quite possible for the metal tolerance of studied fungal isolates to have been affected by 

the increased presence of As in their environment from human sources. Additional fungal 

sample collections and comparisons as described previously would provide more 

evidence for whether this phenomenon is occurring in particular habitats, and whether it 

is associated with any particular taxonomic groups within the kingdom Fungi. 

Summary 

Environmental contamination by the heavy metal arsenic is among the most 

pressing pollution problems around the world today, due to its pervasive presence 

stemming from both anthropogenic and natural sources, the extreme toxicity it exerts on 

all forms of life, and the long duration of exposure especially from sources of drinking 

water. Fungi are being increasingly investigated for their abilities to remove, sequester, 

and/or detoxify arsenic by way of biological mechanisms that present cheap, efficient, 

and environmentally sound alternatives to tradition metal remediation strategies. It is well 
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known that fungi possess ancient mechanisms for metal tolerance, acquisition, and 

retention based on their need of essential metals for critical biological processes during 

the millions of years before human intervention had any impact on the environmental 

pressures to which they were exposed. The question remains whether some lineages are 

better suited for today’s metal remediation applications because ancient selection 

pressures in their lineages for broadly efficient and nonspecific metal responses, or 

whether they are better suited because these responses have been directly affected by the 

selective pressure exerted by the recent anthropogenic influx of heavy metals in their 

environment.  

Forty-nine fungi from two metal-contaminated sites in La Crosse, WI were 

isolated in axenic cultures and plated on agar media plates containing increasing 

concentrations of arsenic. In addition to measuring the minimum inhibitory concentration 

(MIC) of arsenic for each isolate, growth rates on plates containing arsenic were 

compared to growth rates on control plates without arsenic and a value called the 

Tolerance Index (TI) was calculated for each isolate. Isolates were then ranked according 

to TI value and analyzed for degree of statistical difference in each pairwise comparison. 

Polymerase chain reaction (PCR) amplifications were performed on the internal 

transcribed spacer (ITS) region of the nuclear ribosomal DNA, followed by DNA 

sequencing and identification of isolates to genus, species, or species complex level by 

querying in NCBI-BLAST, Fusarium-ID, and TrichOKEY 2 databases. Up to date higher 

taxonomical classifications were obtained from the Tree of Life Web Project 

(http://tolweb.org). Compilation and analysis of the experimental data indicate that 

despite all isolates coming from similarly contaminated sites, they displayed widely 
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differing degrees of tolerance toward arsenic. However, because the precise amount of As 

in the collected samples is unknown (due to legal agreements with site owners preventing 

author’s own analytical tests),m the association between specific contaminant level and 

tolerance to As is unclear at this time. Organizing the data according to taxonomic levels 

indicates that fungi from Ascomycota had a higher tolerance for As than did the isolates 

from either Basidiomycota or Zygomycota, although this difference is significant only 

when comparing to the Basidiomycota and all phylum differences seem to disappear 

when splitting the isolates by family or genus. Although it is tempting to conclude that 

ascomycetes in general have a higher As tolerance and might therefore be useful for As 

bioremediation applications, the differences between sample quality and number between 

the various taxa prevent a definitive assessment of this. Repeating this experiment at a 

site where contaminant levels in soils can be measured, as well as collecting a similar 

number of samples from several narrow taxa from both contaminated and 

uncontaminated sites, would help clarify the relationships between As exposure, As 

tolerance, and evolutionary lineage. 
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CHAPTER III 

EVALUATION OF ARSENIC REMEDIATION MECHANISMS EXHIBITED BY 

FOUR NATIVE FUNGI FROM METAL-CONTAMINATED SITES 

(RESEARCH PAPER #2) 

Abstract 

 Environmental contamination by the heavy metal arsenic is among the most 

pressing pollution problems around the world today. Fungi are being increasingly 

investigated for their abilities to remove, sequester, and/or detoxify arsenic by way of 

biological mechanisms that present cheap, efficient, and environmentally sound 

alternatives to traditional metal remediation strategies. Four isolates of fungi collected 

from metal-contaminated sites in La Crosse, Wisconsin found to have statistically 

different levels of tolerance to arsenic were examined for evidence of particular classes of 

cellular remediation mechanisms, namely biosorption, bioaccumulation, bioprecipitation, 

and biovolatilization. The fractions of the fungal culture systems (i.e. extracellular 

fraction attached to cells, extracellular fraction not in contact with cells, and intracellular 

fraction) were separated and chemically analyzed to determine the localization of arsenic 

with respect to the fungal tissues after 7 days in arsenic-amended cultures. Results 

indicate that despite demonstrating very different degrees of tolerance toward arsenic, 

they all responded in a similar fashion. No evidence was found for biosorption, 

bioaccumulation, or biovolatilization, with 100% of the elemental arsenic remaining in 

the media (the extracellular fraction not in contact with cells) for all 4 isolates. This 
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suggests that tolerance is not correlated with any particular remediation mechanism. 

Additional chemical analysis of the media fraction would be needed to in order to 

determine the chemical and oxidation state of the arsenic, which would shed light on 

whether the fungi were influencing the solubility or toxicity of the arsenic by secretion of 

extracellular compounds that do not require direct cellular contact with the contaminant. 

Introduction 

The heavy metal arsenic (As) is one of the most pervasive and toxic 

environmental contaminants on the planet. It is the number one most prevalent 

environmental toxic substance on the US Environmental Protection Agency’s superfund 

list, and has been listed as the number one highest priority contaminant on the US 

Agency for Toxic Substances & Disease Registry’s National Priority List (Garg & 

Singla, 2011; "Priority List," 2014; Yang et al., 2012; Zhang & Selim, 2008).  

Arsenic is becoming increasingly common in ecosystems due to anthropogenic 

activities such as mining of As-containing ores, burning of As-containing fossil fuels, and 

the production of numerous As-containing agriculture and industrial chemicals (Baird & 

Cann, 2012; Čerňanský et al., 2009; Cervantes et al., 1994; Crosby, 1998; Garg & Singla, 

2011; Gbaruko et al., 2008; Kaur et al., 2011; Koch et al., 2000; Malik, 2004; Siokwi & 

Anyanwu, 2012; Yang et al., 2012; Zhang & Selim, 2008). The severity of this hazard is 

further expanding due to widespread extraction of groundwater through As-containing 

mineral ores naturally occurring in the earth’s crust (Baird & Cann, 2012; Čerňanský et 

al., 2009; Cervantes et al., 1994; Crosby, 1998; Garg & Singla, 2011; Gbaruko et al., 

2008; Yang et al., 2012; Zhang & Selim, 2008). This is a particularly large issue on the 



111 
 

Indian subcontinent where upwards of 330 million people are at risk of arsenicosis due to 

chronic arsenic exposure (Dhar et al., 1997; Kaur et al., 2011; Srivastava et al., 2011).  

Arsenic is also well documented by governmental and other agencies to be highly 

carcinogenic ("Arsenic and Arsenic Compounds," n.d.; "Arsenic Compounds," n.d; 

"Arsenic and Inorganic Arsenic Compounds," n.d.; Baird & Cann, 2012; Kaur et al., 

2011; Vetter, 2004; Yang et al., 2012; Zhang & Selim, 2008) and to play a role in the 

development of a wide array of human illnesses (Baird & Cann, 2012; Dhar et al., 1997; 

Gbaruko et al., 2008; Kaur et al., 2011; Yang et al., 2012; Zhang & Selim, 2008). In a 

broader ecological context, As causes ill effects on all other forms of life exposed in the 

ecosystem (Cervantes et al., 1994; Gbaruko et al., 2008; Kaur et al., 2011) and the 

stability of the ecosystem structure itself (Haferburg & Kothe 2010).  

The chemical form (oxidation state, covalent bonds to other compounds, etc.) 

plays a large role in its level of toxicity. Trivalent arsenic (As3+ or As[III]) is the most 

toxic form due to the stable bonds it readily forms with thiol (sulfur-containing) groups of 

critical cellular enzymes (Baird & Cann, 2012; Baldrian, 2003; Čerňanský et al., 2009; 

Cervantes et al., 1994; Crosby, 1998; Kaur et al., 2011; Yang et al., 2012). Pentavalent 

arsenic (As5+ or As[V]) is also broadly toxic as a result of its chemical properties 

analogous to phosphorous; thus, any cellular functions relying on phosphate (e.g. DNA 

synthesis, ATP formation) can be interrupted and inhibited by the presence of arsenate in 

the cells (Baird & Cann, 2012; Cervantes et al., 1994; Garg & Singla, 2011; Gbaruko et 

al., 2008; Kaur et al., 2011; Yang et al., 2012; Zhang & Selim, 2008). In the 

organometallic state, where methyl-containing constituents have been added to the 

molecule, the toxicity is generally reduced because of inability to interact with other 
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biomolecules (Baird & Cann, 2012) and the diffusion/volatilization properties of these 

modified compounds (Gadd, 1993; Urík et al., 2007). 

Existing physico-chemical methods of heavy metal remediation such as soil 

excavation (Haferburg & Kothe, 2010) and chemical flushing (Zhang & Selim, 2008) 

have numerous drawbacks. These methods are expensive to implement due to high labor, 

energy, and materials input, and can be highly destructive to the integrity and health of 

the soil and soil-dependent communities (counter-productive to the goals of remediation). 

They also often produce substantial toxic wastes and sludge as secondary sources of 

contamination, requiring further treatment and/or disposal by off-site hauling to a 

hazardous waste dump, and are especially inefficient and costly for treating lower 

concentrations of As or for treating systems with multiple contaminants (Amin et al., 

2013; Gadd, 1993; Haferburg & Kothe, 2010; Joshi et al., 2011; Malik, 2004; Vala et al., 

2011; Zafar et al., 2007). 

Using fungi in bioremediation strategies presents an attractive alternative for 

arsenic treatment in soils and water, as they have demonstrated a remarkable capacity 

both to tolerate heavy metals and to efficiently remove, sequester, immobilze, and/or 

detoxify those metals. Because fungi are ubiquitous in nearly all habitats (Gadd, 1993; 

Siokwi & Anyanwu, 2012), using them in those habitats poses a much lower ecological 

impact – fungi can often be applied directly to contaminated soil without needing to 

destructively excavate the soil from its native location (Amin et al., 2013). Fungi are also 

extremely versatile in their growth conditions and grow well in solid media (soils) as well 

as liquid media (waste water, drinking water), in addition to being tolerant of all types of 

adverse conditions including high and low temperatures, high and low pH, low nutrients, 
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and toxic mixtures of multiple contaminants (Ahluwalia & Goyal, 2010; Čerňanský et al., 

2007; Firdaus-e-Bareen et al., Haferburg & Kothe, 2010; 2011; Siokwi & Anyanwu, 

2012). Their mycelial growth form means that their infinitely branching and networking 

hyphae also have maximum surface area with which to contact and decontaminate their 

surroundings. In sum, fungi present an environmentally-friendly, less expensive, more 

efficient, broadly applicable, low impact, and highly flexible solution for addressing 

metal contamination. 

In order to determine the most appropriate methods and systems for implementing 

fungi as part of a bioremediation system, the specific ways in which the fungi respond to 

As must be characterized. For instance, a fungus that secretes As-modifying compounds 

into its environment would be utilized much differently than one that actively sequesters 

As within its cells. The various types of remediation mechanisms can be inferred based 

on where the arsenic ends up in relation to the tissue: in the interior of its cells, on the 

exterior of its cells, or not in contact with the cells.  

Bioaccumulation occurs when the fungus takes up arsenic from the surrounding 

environment and sequesters and/or modifies it within its cells. This most likely occurs as 

a side effect of the fungus having innate biochemical and physiological mechanisms for 

accumulating essential metals like iron and manganese (Gadd et al., 2012; Haferburg & 

Kothe, 2010; Sposito, 2008; Yang et al., 2012). Because of the low specificity of 

transmembrane metal-transporting proteins – both in the exterior plasma membrane and 

in the plasma membrane surrounding storage vacuoles (Baldrian, 2003; Gadd, 1993; 

Gadd et al., 2012; Haferburg & Kothe, 2010) – other non-target metals such as arsenic 

may also gain entry into the cells by the same mechanisms. The fungi may also uptake 
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arsenic as a result of secreting non-specific chelators called siderophores to solubilize 

iron, which will also readily chelate As and other toxic heavy metals (Gadd, 1993; 

Hastrup et al., 2013; Sposito, 2008; Srivastava et al., 2011). Other secreted by-products 

of normal fungal metabolism such as citric and acetic acids will also solubilize As due to 

the lower resulting pH (Gadd, 1993; Sposito, 2008; Srivastava et al., 2011), thus making 

the As more easily transportable by any of the above bioaccumulation mechanisms. 

Once within the cells, the fungus may lock up the As by binding with As-

inducible phytochelatin or metallothionein compounds (Cobbett & Goldsbrough, 2002; 

Gadd, 1993; Gadd et al., 2012; Garg & Singla, 2011; Mishra & Malik, 2013), thereby 

preventing it from re-solubilizing and interacting with other cellular components. The 

fungus may also shuttle As into a vacuole for permanent storage, similar to the 

mechanism used to control the intracellular levels of other essential metals (Gadd, 1993; 

Gadd et al., 2012; Haferburg & Kothe, 2010). Bioaccumulated As may be detected by 

separating the tissue from the rest of the system and analyzing it for elemental As levels. 

Efflux of modified As back into the surrounding environment may also occur. If 

the As is biomethylated within the cell, this will reduce toxicity by preventing it from 

interacting with other cellular components (Baird & Cann, 2012) as well as by being 

volatile and easily diffusible to outside the cell (Gadd, 1993; Urík et al., 2007). Other 

modifications include binding with and subsequent efflux of the antioxidant glutathione 

(Yang et al., 2012) or shuttling out via plasma membrane-embedded aquaporin proteins 

(Yang et al., 2012). Although the arsenic had at one point been inside the cell in these 

cases, it may or may not be detected intracellularly depending on which stage of the 

efflux process is occurring. Beyond simply measuring elemental As levels surrounding 
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the tissues, further analysis of the actual chemical species contained therein (i.e. 

oxidation state, binding with of other compounds) can shed light on whether the As was 

modified.  

Fungi are also capable of modifying the chemical state of As in their surroundings 

without any direct interaction. Oxalic acid, commonly secreted by fungi (Baldrian, 2003; 

Gadd et al., 2012), scavenges As and binds with it in a crystallized state that is much less 

soluble and thus much less likely to interact with the fungal tissues or exert toxicity 

(Baldrian, 2003; Gadd, 1993; Gadd et al., 2012). Ammonia, another known fungal 

metabolism by-product (Gadd, 1993; Srivastava et al., 2011), can also increase the pH of 

the surroundings and reduce the solubility of any metals present, including arsenic. 

Measurement of As remaining in the surrounding environment and analysis of its 

chemical state can indicate whether any bioprecipitation has occurred. 

Fungi also possess the ability to decrease the toxicity of As in a completely 

passive, coincidental manner: by attracting positively charged As ions to the negatively 

charged functional groups of the cell wall itself (Ahluwalia & Goyal, 2010; Čerňanský et 

al., 2007; Firdaus-e-Bareen et al., Gadd, 1993; 2011; Haferburg & Kothe, 2010; Luef et 

al., 1991; Seh-Bardan et al., 2013; Siokwi & Anyanwu, 2012 Srivastava et al., 2011). 

Since this binding reaction does not depend on active functions of living cells, dead 

fungal biomass can actually be used, and indeed, dead biomass collected as waste from a 

fermentation plant has been successfully demonstrated to remove As from water-based 

systems by biosorption (Amin et al., 2013; Gadd, 1993; Luef et al., 1991; Seh-Bardan et 

al., 2013). This mechanism can be detected in the same way that metals are de-sorbed 

from biomass used in actual biosorptive remediation systems: by separating the tissue 
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from the surrounding medium and treating it with acids (Luef et al., 1991) or with other 

metal chelators such as EDTA (Italiano et al., 2009; Bai. Zhang, Yang, & Li, 2008). The 

metal content of the acid/chelator solution could then be measured to quantify the 

biosorption. 

Most fungi display some combination of these mechanisms, either in sequence or 

in tandem. In order to determine the mechanisms exhibited under a given set of 

conditions, the fractions of the system (intracellular, extracellular adhered to cells, and 

extracellular not in contact with cells) must be separated and individually analyzed for 

elemental As content, as well as potentially for the specific chemical form of that arsenic. 

An additional point of inquiry is whether the tolerance of an isolate for a 

particular toxicant is correlated with any particular mechanism employed in response to 

that toxicant. The characteristic of As tolerance may be influenced by common ancestral 

lineage due to ancient selection pressures, by “unintentional” artificial selection under 

increasingly contaminated conditions from recent anthropogenic influences, or some 

combination thereof. In the former case, fungi within a particular taxon would exhibit 

similar tolerance levels, whereas in the latter, fungi from a particular habitat would 

exhibit similar tolerance levels. The literature presents hypotheses and data on both sides 

of the issue (Baldrian, 2003; Byrne et al., 1995; Cervantes et al., 1994; Cocchi et al., 

2006; Gadd, 1993; Gadd et al., 2012; Gbaruko et al., 2008; Joshi et al., 2011; Kaur et al., 

2011; Luef et al., 1991; Malik, 2004; Mishra & Malik, 2013; Vetter, 1994; Zafar et al., 

2007), thus the question merits additional inquiry.  

Furthermore, since tolerance (defined as the ability to grow and thrive in As-

contaminated environments) is not necessarily controlled under the same genetic basis as 
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actual remediation mechanisms (defined as the modification, sequestration, and/or 

detoxification of As), isolates that are more tolerant are not necessarily the best 

candidates for directed bioremediation. In the same vein, isolates that exhibit lower 

tolerance are not necessarily excluded from displaying some degree of bioremediation 

behavior. With this in mind, the objectives of this study were to: (1) determine whether 

tolerance to As exhibited under laboratory conditions is correlated with any particular 

remediation mechanism(s), and (2) test the null hypothesis that fungal isolates with 

varying degrees of tolerance to As will not exhibit different remediation mechanisms. To 

accomplish this, four isolates with statistically different As tolerance levels were exposed 

to the same level of arsenic in their growth medium for a period of time, then filtered and 

treated to separate the culture fractions, which were analyzed for arsenic content. 

Materials & Methods 

Selection of Isolates 

 Forty-nine fungal isolates collected from heavy metal contaminated sites in La 

Crosse, Wisconsin were exposed to 6 increasing levels of As in their growth media, and 

growth rates were compared to controls in order to calculate an overall Tolerance Index 

value for each isolate ranging between 0 and 1 (details can be found in companion paper, 

see page 74). Pairwise comparisons of isolates with statistically different (P < 0.05) 

tolerance levels were identified by computing an Analysis of Variance (ANOVA) using 

SPSS Statistics 22 software (IBM, Armonk, New York). In this parametric ANOVA 

statistical model, the 49 isolates were factor levels (independent variable), the six As 

concentrations were blocks, and the TI value was the response (dependent) variable with 

3 replicates at each As concentration per isolate (18 total TI values). The scale of this 
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analysis, conducted on data from experiments where “the number of replications is 

limited, while the number of treatments tends to infinity,” is supported by the literature 

on statistical analysis (Bathke & Lankowski, 2004; Boos & Brownie, 1994). 

 By applying a Tukey HSD (honest significant difference) multi-comparisons 

procedure to the ANOVA, homogeneous subsets of isolates were identified whose mean 

(overall) TI values were not significantly different from each other (P > 0.05). The 

highest ranking isolate, PA-A10(s), was the first isolate selected for further testing. Then, 

the next highest TI isolate with a statistically different overall TI value (P < 0.05) than the 

first isolate (i.e. the first isolate in the subsequent non-overlapping subset), PA-E13(s), 

was also chosen for further experimentation. This was repeated until the end of the isolate 

list was reached (see Appendix, Tables A-50 and A-51 for Tukey matrix and 

visualization of isolate selections.) These selection criteria resulted in the identification of 

four isolates with statistically different overall tolerance levels in all pairwise 

comparisons (Table 3-1): PA-A10(s), PA-E13(s), XC-B9(s), and XC-O(h). (Isolate 

naming system is explained in companion paper, see page 74.) 

Liquid Culture of Isolates 

 Liquid broth media was prepared with 0.1 g/L streptomycin by autoclaving potato 

dextrose broth (PDB, Himedia, Mumbai, India) in 250 mL Erlenmeyer flasks at 121ºC 

for 30 minutes. For experimental flasks, 50 mg/L (ppm) sodium arsenate dibasic 

heptahydrate (Na2HAsO4 • 7H2O) (Sigma Aldrich, St. Louis, MO) (henceforth referred to 

as arsenate) was obtained by 100x dilution of 5,000 mg/L arsenate stock solution into 

autoclaved media. Based on elemental As (74.9 g/mol) comprising 24% of the molar 

mass of sodium arsenate dibasic heptahydrate (312.0 g/mol), the concentration of 
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Table 3-1. Overall Tolerance Index (TI) values and P-values of the 4 selected isolates (P 

< 0.05 in all pairwise comparisons). A full listing of all TI values for the 49 isolates can 

be found in Appendix, Tables A-50 through A-53. Note that table is mirrored across the 

diagonal marked --  

 PA-A10(s) PA-E13(s) XC-B9(s) XC-O(h) 

PA-A10(s), TI = 0.943 --  0.017 0.000 0.000 

PA-E13(s), TI = 0.700 0.017 --  0.015 0.000 

XC-B9(s), TI = 0.454 0.000 0.015 -- 0.047 

XC-O(h), TI = 0.227 0.000 0.000 0.047 -- 

 

 

elemental As in each experimental flask was 12 mg/L. With a final media volume of 150 

mL, the total elemental As content was 1.8 mg per flask. For control flasks, no As was 

added after autoclaving. All media and solutions for this study were prepared with 

reverse osmosis (RO) water. 

 Fungal mycelium from PDA master plates (generated from storage slants) was 

transferred to liquid culture flasks by punching 11 mm discs at the outer growing edge of 

the colony with a sterilized cork boring tool. The surface hyphae of the punched discs 

were gently removed from the underlying agar and then transferred into the 

corresponding flask. Eight total flasks were prepared for each of the 4 selected isolates 

and inoculated with the same amount of tissue: 4 replicate flasks with As at 12 mg/L 

(experimental condition) and 4 replicate flasks with no As (control condition). This 

concentration of As was used because all 4 isolates tolerated it well in previous 

experiments (Appendix, Table A-52). Additionally, four replicates of negative control 
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flasks (media only, no As or fungus) and four replicates of positive control flasks (media 

with As, no fungus) were incubated alongside the isolate cultures to account for any non-

biological changes occurring over the incubation period. All flasks were parafilmed and 

incubated on a shaker table at 120 rpm for 7 days at room temperature (approximately 

20°C). 

Separation of Culture Fractions 

 The tissue in each flask was separated from the 150 mL of growth media (media 

henceforth denoted as Fraction A) after 7 days by vacuum filtration through coarse 

porosity filter paper (Thermo Fisher Scientific, Waltham, MA) until the filtrate was clear. 

The pH of Fraction A was measured with an Oakton® waterproof digital pH meter (Cole-

Palmer, Vernon Hills, IL), and Fraction A was then placed into a glass bottle for storage 

at -20ºC. The degree of statistical difference between pH values in all pairwise 

comparisons was identified by computing an Analysis of Variance (ANOVA) using 

SPSS Statistics 22 software. 

 The tissue remaining on the filter paper was rinsed with 50 mL RO water, then 

gently removed from the filter with a blunt instrument and placed into a clean Erlenmeyer 

flask with 100 mL of 50 mM EDTA disodium salt dihydrate (Amresco, Solon, OH) 

solution. The flasks were placed onto the shaker table for 2-3 hours at 60 rpm at room 

temperature. The 100 mL of EDTA eluent (henceforth denoted as Fraction B) was 

separated from the tissue by vacuum filtration through a new coarse porosity filter paper 

until solution was clear, then placed into a glass bottle for storage at -20 ºC. The tissue 

was again rinsed with 50 mL RO water, removed from the filter, and weighed. Finally, 
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the rinsed, eluted tissue (henceforth denoted Fraction C) was placed in a plastic bottle for 

storage at -20ºC. 

Freeze Drying and Digestion of Culture Fractions 

 Due to a large proportion of organic constituents, Fraction A (media) and Fraction 

C (tissue) required freeze drying and digestion prior to analysis. Their bottles were 

transferred from storage at -20ºC into the vacuum chamber of a VirTis Cryo-Centre 

freezer drier with caps loosened. Freeze drying took place over 3-7 days at -80 to -90ºC at 

30-35 mTorr pressure, until < 1% of sample weight was lost in the final day. Fraction B 

(EDTA eluent), being primarily water, did not require freeze drying; it needed only to be 

thawed to room temperature prior to digestion and analysis. 

 Fractions A, B, and C were chemically digested in a CEM Discover microwave 

digester (Matthews, NC) (Figure 3-1). The quartz digestion vials and magnetic stir bars 

were soaked in 6M hydrochloric acid (HCl) at 65°C for a minimum of 12 hours prior to 

use. A portion of each sample from Fractions A, B, and C was placed into separate vials 

each containing 10 mL concentrated (15.7M) nitric acid (HNO3) and a stir bar. For 

Fractions A and C, 0.050 to 0.300 g of freeze dried material was digested per sample; for 

Fraction B, 5 mL of EDTA solution was digested per sample. The digestion was 

controlled via Synergy software (Reading, PA) using medium stir speed at 300 maximum 

watts of power for 2 minutes at 27.6 atm pressure at 200ºC. Once cooled, 5 mL of each 

digested solution was transferred to a fluorinated high density polyethylene (FHDPE) 

bottle along with 5 mL of concentrated (12.1M) HCl and 1 mL of a primary reducing 

solution containing 5% w/v potassium iodide (KI) and 5% w/v ascorbic acid (C6H8O6) in 
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RO water. After 30-60 minutes, 89 mL of RO water was added to the bottle, bringing the 

total volume 100 mL with final acid concentration of 10% acid v/v. 

 

 

  

 

 

 

 

 

Figure 3-1. Diagram of digestion, acidification, reduction, and analysis steps. 

  

  

 Standard As dilutions were prepared by diluting a 1,200 mg/L elemental As stock 

solution into separate digestion vials of 10 mL HNO3; nine dilutions between 1.2 mg/L 

and 48 mg/L elemental As were prepared. These solutions were also digested, acidified, 

and reduced as above. A blank solution containing HNO3 only (no sample or As) was 

also prepared in an identical manner.  

Microwave Plasma-Atomic Emission Spectroscopy (MP-AES)  

 All solutions were analyzed with an Agilent 4100 MP-AES machine and MP 

Expert software (Santa Clara, CA). While the MP-AES torch was allowed to heat up (at 

least 30 minutes), the machinery tubing was primed with a rinsing solution of 5% HNO3 
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nebulizer simultaneously with the digested sample during analysis to ensure complete 

reduction (i.e. conversion to arsenic hydride or arsine) (Figure 3-1). 

 After calibration and nebulizer optimization, analyses were conducting using 8 

rpm pump speed, 10 second stabilization time, 10 second read time, 3 read replicates, and 

measurement of count number (i.e., the number of times that emission is detected within 

10 seconds) set to detect at 193.695 nm, the highest output peak generated by the 

microwave plasma excitation of As atoms. Each datum reported by the software was 

calculated by the software based on the average of the 3 replicate measurements taken. 

The input tubing was flushed with rinsing solution for 15 seconds at fast pump speed (30 

rpm) between each analyzed sample to prevent cross-contamination. 

MP-AES Quality Assurance 

 Five vials containing HNO3 only were digested to determine the sample volume 

lost during the digestion process. Based on the density of HNO3 and the weight of the 

vials before and after digestion, volume loss could be determined. 

 The blank and standard dilutions were analyzed between each set of 8 samples in 

order to verify the stability of the standard curve throughout the analysis. The 

calculations for each set of samples were conducted according to values obtained from 

the standard curve that was run directly prior.  

 An NIST standard reference material (SRM) (Product # RP91C-2710a, Ohio 

Lumex, Twinsburg, OH) was analyzed to independently verify the accuracy of the 

standard As dilutions. This material is reported to contain 0.15% w/w As (1,540 ± 10 

ppm). Two samples weighing 0.099g and 0.146 g were digested, reduced, and acidified 

by the same method as above. These SRMs were analyzed at least once per analytical day 
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and were compared to the most recent standard curve to determine adherence to expected 

values. 

 A subsample of six samples from each of Fractions A, B, and C (18 total 

subsamples) were spiked with 0.59976 mg/L elemental As by adding 10 µL of 1,200 

mg/L stock As solution into 20mL of sample, and then analyzed as sequential 

spiked/non-spiked pairs with the corresponding original samples. The difference between 

the two samples in the pair was compared to the most recent standard curve to determine 

percent recovery. 

  A limit of detection (LOD) for each analytic day was determined by using the 

count numbers from 8 to 11 repeated measurements of the blank and the average slope 

for all standard curves run that day (Eq. 1): 

(Eq. 1)     𝐿𝑂𝐷     =     
    3𝑠     

𝑚
 

 

where:  LOD = limit of detection (mg/L) 

  s = standard deviation of 8-11 repeated measurements of the blank (counts) 

  𝑚 = average slope of all standard curves from that day (counts per mg/L) 

Calculation of Arsenic Content in Samples 

 Each series of blank + standard dilutions was used to generate a standard curve 

for the set of 8 analyzed samples that directly followed it. Based on the resulting curve 

(count number vs. known concentration in mg/L), the concentrations of the experimental 

samples corresponding to each curve could be determined.  

 Once the sample concentration was obtained, back-calculations were performed to 

convert the measured concentration of As (mg/L) in the analyzed solution back into mass 

of As (mg) in the original sample prior to alterations including freeze drying, sub-

sampling, digestion, acidification, reduction, etc. This calculation allowed determination 
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of As mass distribution amongst the three culture fractions, and any difference between 

the sum of As in these 3 fractions and the mass of As originally added to the system 

likely represented As lost via biovolatilization.  

 A = the fraction remaining in the media (extracellular not in contact with cells),  

 B = the fraction adhered to the exterior of the fungal tissue (extracellular 

biosorbed to cell wall) 

 C = the fraction sequestered within the tissue (bioaccumulated within intracellular 

region).  

The concentration of As in the analyzed samples was determined via (Eq. 2): 

(Eq. 2)    𝑥    =     
𝑦−𝑏

𝑚
 

 

where:  x = concentration of As in analyzed solution (mg/L) 

  y = counts detected in solution (counts) 

  b = y-intercept of standard curve corresponding to this sample (counts) 

  m = slope of standard curve corresponding to this sample (counts per mg/L) 

 

The following calculation was used to determine the mass of As in the original fractions 

A and C, which were freeze dried (Eq. 3):    

(Eq. 3)    𝑝   =     
0.197738𝑥

𝑟
 (q) 

 

where:  p = total mass of As in original media or tissue sample (mg) 

  1.97738 = constant that corrects for volume loss during digestion and unit conversions 

  x = concentration of As in analyzed solution (mg/L), determined by Eq. 2  

  r = mass of freeze dried sub-sample that was digested in the analyzed solution (g) 

  q = total mass of the freeze dried sample (g) 

 

The following calculation was used to determine the mass of As in the original fraction 

B, which was not freeze dried (Eq. 4):  
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(Eq. 4)    𝑝   =     3.954760 (x) 

where:  p = total mass of As in original EDTA sample (mg) 

  3.954760 = constant that corrects for volume loss during digestion and unit conversions 

x = concentration of As in analyzed solution (mg/L), determined by Eq. 2 

 

Any mass values that were calculated to be negative (per Eq. 3 or Eq. 4), or concentration 

values calculated to be below the LOD (per Eq. 1), are interpreted and reported as being 

zero. Once obtained, values for mass of As in tested solutions were evaluated for 

statistical difference in all pairwise comparisons via an Analysis of Variance (ANOVA) 

computed by SPSS Statistics 22 software. 

Absorbance of EDTA Solutions (Fraction B) at 260 nm  

 In order to investigate whether any cell lysis may have occurred during the EDTA 

treatments and/or subsequent tissue filtration, 800 µL subsamples of all Fraction B 

(EDTA) samples were analyzed in matched quartz vials using a Genesys 6 UV-Vis 

Scanning Spectrophotometer (Thermo Fisher Scientific, Waltham, MA) set to detect 

absorbance at 260 nm, the wavelength for nucleic acids. For all analyses, an unused 50 

mM EDTA solution was run as a blank. The degree of statistical difference between 

absorbance values in all pairwise comparison was identified by computing an Analysis of 

Variance (ANOVA) using IBM SPSS Statistics 22 software. 

Results 

Changes in pH of Media 

 The pH of the media (Fraction A) was measured for all culture flasks directly 

following filtration. The pH for overall negative control media (media only, no As or 

fungus) was 5.25 (± SE 0.02, n=4), compared to 5.38 (± SE 0.03, n=4) for the overall 

positive control (media with As, no fungus). The difference between the two, although 
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small at just 0.13, is statistically significant (P < 0.05). This might be attributed to sodium 

arsenate dissociating in water into arsenate anions (AsO4
3-), thereby slightly increasing 

the pH of the solution.  

 When comparing the media pH amongst all control cultures that contained fungus 

but no As, the values were not statistically different from each other (P < 0.05 in all 

pairwise comparisons). All of their values were also lower than the overall negative 

control (containing no As or fungus) by 0.68 to 1.6 to (Table 3-2). The same pattern held 

true for experimental cultures (containing As): all fungi cultured with As had decreased 

media pH in comparison to the overall positive control (containing As but no fungus) 

(Table 3-2). Other than isolates XC-B9(s) and PA-E13(s), which had similar pH under 

experimental conditions (P > 0.05), all other isolate pairwise comparisons of media pH 

under experimental conditions were different (P < 0.05). The order of the magnitude of  

 

Table 3-2. pH of media (Fraction A) after 7 days in culture for 4 isolates (n = 4 for all 

conditions). 

  Controls (no As)  Experimentals (with As) 

Isolate 

Overall 

Tolerance 

Index (TI) * 

Mean  

media pH 

(± SE) 

Decrease in pH 

compared to 

overall negative 

control  

Mean  

media pH  

(± SE) 

Decrease in pH 

compared to 

overall positive 

control 

XC-O(h) 0.227 * 4.57 ± 0.04 - 0.68 **  5.29 ± 0.02 - 0.08 ** 

XC-B9(s) 0.454 * 4.15 ± 0.01 - 1.09 **  4.24 ± 0.05 - 1.14 ** 

PA-E13(s) 0.700 * 3.97 ± 0.01 - 1.28 **  4.14 ± 0.02 - 1.24 ** 

PA-A10(s) 0.943 * 3.65 ± 0.02 - 1.60 **  3.77 ± 0.01 - 1.61 ** 

* P < 0.05 for all pairwise comparisons (see Table 3-1) 

** P < 0.05 for comparison indicated  
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decrease in pH was also the same for both conditions, i.e. XC-O(h) had the smallest 

decrease in pH in both control and experimental conditions, PA-A10(s) had the largest in 

both, and so forth (Table 3-2). 

 When comparing the overall Tolerance Index (TI) to the decrease in media pH, a 

a positive linear correlation was observed (Figure 3-2) for both control and experimental 

conditions – that is, the most tolerant isolate acidified the media to the greatest extent,  

 

 

 
 

Figure 3-2. Correlation of Tolerance Index (TI) of the 4 tested isolates with absolute 

value of decrease in media pH (i.e. increase in media acidity) after 7 days in culture, with 

correlation coefficients of linear regressions shown. Error bars indicate ± SE (n = 4 for 

each condition). 
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both with and without As present, with the reverse true for the least tolerance isolate. The 

strength of the correlation was slightly higher for the control conditions lacking As than 

the experimental conditions with As (r2 = 0.9772 and 0.837, respectively). The decrease 

was greater in the control condition for 2 out of the 4 isolates, XC-O(h) and PA-E13(s), 

and greater in the experimental condition for the other 2, XC-B9(s) and PA-A10(s) 

(Table 3-2). 

MP-AES Quality Assurance 

 The volume loss test, whereby vials containing only HNO3 were digested, 

indicated that on average, 1.13% (± SD 0.10%, n = 5) of the solution volume was lost 

during digestion. Thus, the concentration of As in digested solutions increased slightly 

because they contained only 98.87% of their original volume. This factor was taken into 

account for all calculations pertaining to concentrations of As in digested solutions.  

 By calculating the As concentration in the SRM samples using the reported SRM 

concentration of 1,540 ppm, it was found that the measured As concentration was, on 

average, 88.0% (± SD 8.9%, n = 10) of the expected As concentration. Likewise, based 

on calculating the difference in As concentration between the two subsamples in spiked 

pairs from Fractions A, B, and C, the measured difference in As concentration was, on 

average, 80.6% (± SD 13.1%, n = 17) of the expected difference. These results indicate 

that arsenic was recovered at a fairly high rate (80 to 90%) in tested solutions, and thus 

the measurements obtained from the MP-AES are reliable. The 10 to 20% loss in 

recovery may be attributed to minor matrix effects with constituents in the samples other 
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than the As itself that partially obscured the atomic emission count, or to the acid content 

of the samples. 

 The limit of detection (LOD), i.e. the lowest possible concentration of arsenic 

detectable, differed on each analytical day and hence the samples that were analyzed on 

that day each had a corresponding LOD (Table 3-3). 

 

 

 

Table 3-3. Limits of Detection (LODs) for arsenic concentration in samples analyzed by 

MP-AES. 

Applies to samples from LOD (mg/L As) Number of blanks used in calculating LOD 

Fraction A (analytical day 1) 0.324 n = 10 

Fraction B (analytical day 2) 0.414 n = 8 

Fraction C (analytical day 3) 0.335 n = 11 

 

 

 

 

Arsenic Content in Samples 

 In addition to Fraction A from the overall negative controls (media only, no As or 

fungus) and overall positive controls (media with As, no fungus), the following fractions 

from both control and experimental conditions were separated for each of the 4 isolates 

and analyzed for elemental arsenic content: 

 Fraction A, media (extracellular arsenic not in contact with cells) 

 Fraction B, EDTA (extracellular arsenic biosorbed to cell walls) 

 Fraction C, tissue (intracellular arsenic bioaccumulated within cells) 
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 Except for one sample, all values for control conditions (calculated per Eq. 3) 

were negative, indicating no As present. The only control sample whose As content was 

calculated as non-zero was Fraction C of the control culture for PA-E13(s), calculated to 

be 0.03 mg (1.66% of the originally amended 1.8 mg As); however, this mass of As 

corresponds to a measured sample concentration of 0.032 mg/L, well below the LOD of 

0.335 mg/L for Fraction C (Table 3-3). It is thus also reported as having no arsenic 

present, further confirmed by the fact that is it not statistically different (P > 0.05) from 

all the true zero values. This negligible above-zero value must be attributed to MP-AES 

machine variation during these sample analyses. Taken together, the data indicate that no 

arsenic was present in the overall negative control nor in any of the 3 fractions of control 

cultures (without As) for the 4 isolates, supported by P > 0.05 for all pairwise 

comparisons of these samples. 

 Results for the experimental conditions indicate that no As was biosorbed to the 

cell exterior in Fraction B (P > 0.05 for all pairwise comparisons) nor bioaccumulated 

within the cells in Fraction C (P > 0.05 for all pairwise comparisons). Rather, all of the 

originally amended 1.8 mg As was found remaining in the media (Fraction A) and not in 

contact with the cells for all 4 isolates (Figure 3-3). Each fraction is discussed below. 

All calculations per Eq. 4 for Fraction B from experimental cultures resulted in 

negative mass values and are thus reported as zero (Figure 3-3, Table 3-4). When 

comparing all the experimental and control Fraction B samples, there was no significant 

difference between them (P > 0.05 for all pairwise comparisons), and none of them 

contained any arsenic. The one exception was Fraction B from XC-B9(s), which was 
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statistically different from the others (P < 0.05) only because it was more negative than 

the others, which is irrelevant since they are all negative and reported as zero.  

 Except for PA-E13(s), all calculations per Eq. 3 for Fraction C from experimental 

cultures (containing As) resulted in negative mass values and are thus reported as zero 

(Table 3-4). PA-E13(s) is an exception because it was the only value for experimental 

 

 

 
Figure 3-3. Distribution of the 1.8 mg total arsenic (marked by dotted line @ y = 100%) 

in experimental culture conditions amongst Fractions A, B, and C after 7 days in culture 

for 4 tested isolates. Error bars show the 95% confidence interval (CI) surrounding each 

mean (n = 4 for all conditions).  

a   The 95% CI for each isolate includes 100% As; means are not statistically different (P > 0.05) 

b   All % As values in Fraction B are at or below zero (CI not applicable); means are not statistically 

different (P > 0.05) 

c   All % As values in Fraction C are at or below zero, or below the LOD (CI not applicable); means are 

not statistically different (P > 0.05) 
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Fraction C that was non-zero and calculated to contain 0.01 mg As (0.55% of the 

originally amended 1.8 mg As). However, again this value was obtained from a sample 

measurement that was well below the LOD of 0.335 mg/L for Fraction C (Table 3-3) and 

can also be reported as zero. When combined with the fact that the corresponding 

Fraction C from the control condition was also had a similar issue (described above) and 

that these samples were all run within the same 20 minutes, it further suggests that these 

non-zero but below the LOD values can be attributed to MP-AES machine variation. 

Further, P > 0.05 for all pairwise comparisons of Fraction C samples, including the 

control and experimental values for PA-E13(s), indicating that there is no significant 

difference between them and that none of them contained any arsenic. 

Finally, for Fraction A (media) from experimental conditions, the mass of As calculated 

did vary slightly between the isolates (Table 3-4) but they were not statistically different 

(P > 0.05) in all pairwise comparisons (Figure 3-3). Additionally, since no arsenic was 

detected in any of the samples from Fraction B or Fraction C for any of the isolates 

(described above), then all of the arsenic must, by default, remain entirely in Fraction A 

for all 4 isolates. This is further supported by the fact that a 95% confidence interval (CI) 

around the mean in Fraction A for each isolate includes the 100% value for As in 

Fraction A.  

As to the question of whether any biovolatilization occurred, it is possible for the 

3 isolates whose 95% CI includes values below 100% (Figure 3-3), seeming to allow for 

the possibility that some As was lost from the system. However, this is rather unlikely 

and can be eliminated as a possibility, at least with 95% confidence, since none of the  
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Table 3-4. Distribution of arsenic amongst Fractions A, B, and C after 7 days in culture 

for 4 tested isolates (n = 4 for all conditions). 

  Fraction A                                     

(Media) 

 

Fraction B                                   

(EDTA) 

 Fraction C                                 

(Tissue) 

Isolate 

Condition                  

(mass As      

added) 

Mean                   

As                   

(mg)               

Range for 

true 

population 

mean at 95% 

confidence† 
 

Mean 

As 

(mg)               

Range for 

true 

population 

mean at 95% 

confidence† 
 

Mean 

As 

(mg)               

Range for 

true 

population 

mean at 95% 

confidence† 

n/a  

 

Negative 

control                

(0 mg) 

0 Δ  
 

n/a  n/a 

 Positive 

control                

(1.8 mg) 

1.69 

 

1.12 - 2.25 
 

n/a  n/a 

PA-

A10(s) 

Control                

(0 mg) 
0 Δ  

 

0 Δ   0 Δ  

 Experimental   

(1.8 mg) 

1.87 1.68 - 2.05 
 

0 Δ   0 Δ  

PA-

E13(s) 

Control                  

(0 mg) 

0  §                
 

0 Δ   0  §               

 Experimental    

(1.8 mg) 

2.23  1.80 - 2.71 
 

0 Δ   0  §                          

XC-

B9(s) 

Control                  

(0 mg) 

0 Δ   
 

0 Δ   0 Δ  

 Experimental   

(1.8 mg) 

2.02   1.70 - 2.34 
 

0 Δ   0 Δ  

XC-

O(h) 

Control                     

(0 mg) 

0 Δ  
 

0 Δ   0 Δ  

 
Experimental            

(1.8 mg) 
1.61                         1.22 - 2.00  0 Δ  

 
0 Δ  

† Calculated via (𝑥 ± [(ts) / √𝑛]) where n = 4, t = 3.18 at degrees of freedom = 3, 𝑥 = mean value of 

the n replicates, and s = standard deviation of the n replicates 
Δ All negative values per Eq. 3 or Eq. 4 are reported as 0, confidence interval not applicable  
§ All non-zero values per Eq. 3 or Eq. 4 that were also below the limit of detection (LOD) per Table 

3-3 are reported as zero, confidence interval not applicable 
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Fraction A values for all 4 isolates were statistically different (P > 0.05 in all pairwise 

comparisons), including the 1 isolate [PA-E13(s)] whose confidence interval for Fraction 

A begins at 100% and includes no lower values that would suggest the possibility of 

biovolatilization due to loss of As from the system (Figure 3-3).  

Absorbance of EDTA Solutions (Fraction B) at 260 nm 

The EDTA solutions were measured via spectrometry for absorbance at 260 nm 

(the wavelength of absorbance for nucleic acids) in order to investigate whether any 

arsenic found in Fractions B (EDTA) and C (tissue) may have intermixed due to potential 

cell lysis occurring during EDTA treatment and/or subsequent filtration and separation, 

with DNA being present in Fraction B as the indicator. Results from the test (Table 3-5)  

 

 

Table 3-5. Results and calculations based on spectrometry of Fraction B (EDTA samples) 

at 260 nm (nucleic acids) (n = 4 for all conditions). 

 Controls (no As)  Experimentals (with As) 

Isolate 

Mean absorbance 

at 260 nm ± SE 

Mean total DNA 

(µg) ± SE *  

Mean absorbance 

at 260 nm ± SE 

Mean total DNA 

(µg) ± SE * 

XC-O(h) 0.107 a   ±  0.016 532.5  ±  81.6  0.074 b  ±  0.013 368.8  ±  67.1 

XC-B9(s) 0.099 a   ±  0.020 492.5  ±  101.8  0.157 c  ±  0.024 785.0  ±  117.7 

PA-E13(s) 0.140 a  ±  0.022 697.5  ±  110.0  0.051 b  ±  0.008 253.8  ±  42.2 

PA-A10(s) 0.133 a  ±  0.030 662.5  ±  147.5  0.159 c  ±  0.016 796.7  ±  81.9 

a
  P > 0.05 (not statistically different) for all pairwise comparisons  

b 
P > 0.05 between XC-O(h) and PA-E13(s) 

c
  P > 0.05 between XC-B9(s) and PA-A10(s) 

* Based on 1 absorbance unit @ 260 nm = 50 µg/mL double stranded DNA in 100 mL of EDTA solution 
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suggest that some amount of nucleic acids was present in this fraction for all samples. 

The 260 nm absorbance values, and therefore the concentrations of DNA, in Fraction B 

from control cultures were not statistically different (P > 0.05 in all pairwise 

comparisons), whereas there was some variation between these fractions experimental 

conditions. 

Discussion 

DNA Content in EDTA Solutions (Fraction B) 

The EDTA solutions were measured via spectrometry in order to investigate 

whether any arsenic found in Fractions B (EDTA) and C (tissue) may have intermixed 

due to potential cell lysis occurring during EDTA treatment and/or subsequent filtration 

and separation. It should be noted that EDTA treatment has been used successfully in the 

literature to separate the intracellular and extracellular metals of living microbes (Italiano 

et al., 2009; Bai et al., 2008). Results from this test suggest that nucleic acids were 

present in all samples of Fraction B due to absorbance at 260 nm, and these absorbance 

values were used to calculate total DNA content in these samples by simple conversion 

(Table 3-5). The results obtained from this test, and therefore the usability of these 

culture fractions, can be interpreted by comparing the spectrometry results to known 

nucleic acid content of fungal DNA extractions and to known nucleic acid content of 

filamentous fungi. 

If it is assumed that the tissue samples contain 0.50 µg DNA/mg wet tissue (per 

ZR-96 Fungal/Bacterial DNA Kit™ [Zymo Research, Irvine, CA]), 25 of the 32 tested 

EDTA solutions produced absorbance values that suggest that more than 100% of the 

total DNA in the tissue sample itself was present in the EDTA solution (average 167% ± 
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SE 38%). This 0.50 µg/mg concentration is at the higher end of reported DNA 

concentrations for filamentous fungi extractions; if using one at the lower end instead, 

such as 0.03 µg DNA/mg wet tissue per Plant/Fungi DNA Isolation Kit (Norgen Biotek 

Corp, Thorold, Ontario, Canada), the number of samples suggesting that more than 100% 

of the DNA in the tissue sample was present in the EDTA solution increases to 32 out of 

32 samples (2,788% ± SE 630%). Values on DNA content of filamentous fungi from the 

literature also suggest a similar issue. Gottlieb & Van Etten (1966) found that DNA 

comprises between 0.25% and 0.52% of the total dry weight of the filamentous fungi 

Rhizoctonia solani and Sclerotium bataticola (now renamed Macrophomina phaseolina). 

Extrapolating to the fungi studied in this research, the absorbance values suggest that, for 

75% of the tested samples, the amount of DNA present in the EDTA solution is greater 

than even the highest possible DNA concentration reported in this paper.  

In sum, based on data from reported values of DNA in fungal specimens and from 

fungal DNA extraction kits, the absorbance results suggest that more DNA was found in 

the EDTA solution than the total amount of DNA present within the tissue itself. Because 

this is not physically possible, these results must actually indicate that the 260 nm 

absorbance test is detecting compounds in the solution other than DNA, and thus it not a 

good indicator of whether any cells have burst and released their DNA contents due to 

the EDTA solution treatment. 

Because Gottlieb & Van Etten (1966) found that filamentous fungi contain, on 

average, about 12 times as much RNA as they do DNA, it is likely that only 8% to 9% of 

260 nm absorbance signal can be attributable to intracellular DNA. Other potential 

compounds that may be contributing to the 260 nm absorbance value are RNA and free 
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nucleotides including ATP/ADP/AMP which absorb light at 254 nm (Liu, Jiang, Luo, & 

Jiang, 2006), and CTP (cytidine triphosphate) which absorbs light at 271 nm (“Data 

Sheet: 5’-Triphosphate, CTP,” n.d.). Using conservative estimates that ATP 

concentration in cells is 1 mM and concentrations of  CTP, GTP, and TTP are 0.05 mM 

each (Steighardt, Meyer, & Roos, 2000), a substantial portion of the absorbance signal 

may be derived from these other compounds in the cell pool.  

To further complicate the matter, phenol and phenolic compounds are known to 

cause overestimation of DNA content when present in solutions tested for 260 nm 

absorbance (Sambrook & Russell, 2000). Various phenolic acids and aromatic alcohols 

are produced and secreted by mushroom-producing basidiomycetous fungi (Barros, 

Duenas, Ferreira, Baptista, & Santos-Buelga, 2009; Del Signore, Romeo, & Giaccio, 

1997) and yeasts (Hogan, 2006), as well as filamentous ascomycetous fungi (Umezawa et 

al., 1975); it is therefore possible that these still-living fungi were producing such 

phenolic compounds and secreting them to the EDTA solution during the 2-3 hour 

treatment, which would contaminate the EDTA sample and contribute to the issue of 

DNA overestimation. 

These confounding factors indicate that the question of whether any cell lysis 

occurred during separation/treatment, thus resulting in partial intermixing of Fractions B 

and C, has no clear answer. However, in the end this question it is largely immaterial 

since no amount of arsenic was detected either on the cell exterior (Fraction B) or in the 

intracellular tissues (Fraction C) for any of the 4 tested isolates, and thus these arsenic 

content results would not have been influenced, whether or not any cells may have lysed. 
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Arsenic Content in Samples & Changes in Media pH  

All 4 of the tested isolates showed a decrease in media pH – both with and 

without As present – compared to the controls, with the specific level of the decrease 

being unique for each isolate (P < 0.05 for all pairwise comparisons). The positive 

correlation observed between increase in media acidity and increase in TI (Figure 3-2) is 

an interesting result, although not necessarily evidence of a causal relationship. It is 

possible that the increase in media pH was purely coincidental and was not biologically 

related to the tolerance of the isolates. Additionally, TI values were measured from linear 

(2D) growth on solid agar media, whereas media pH changes were measured from radial 

(3D) growth in liquid media. Thus, the excretion of acidic compounds into liquid media 

by all 4 isolates does not necessarily necessitate that a similar increase in acidity occurred 

in the solid media where TI was measured. It is probable, though, that the pH change 

would have been similar for any given isolate in the 12 mg/L media plates compared to 

the 12 mg/L liquid culture flasks, as the level of exposure was the same. 

Given that all 4 isolates did secrete some amount of acidic compounds into the 

media, evidence of intracellular remediation mechanisms would have been expected 

since as discussed previously, low pH environments favor free metal cations rather than 

hydroxyl and other complexes (Sposito, 2008). These free As cations could then have 

been bioaccumulated via existing cellular mechanisms for metal cation uptake such as 

binding with siderophore chelators (Gadd, 1993; Hastrup et al., 2013; Sposito, 2008; 

Srivastava et al., 2011) or intake through non-specific ion transporters in the plasma 

membrane (Baldrian, 2003; Gadd, 1993; Gadd et al., 2012; Haferburg & Kothe, 2010). 

Once there, the As cations could have been locked up in the cytoplasm by phytochelatin 
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and/or metallothionein peptides (Cervantes et al., 1994; Cobbett & Goldsbrough, 2002; 

Gadd et al., 2012; Garg & Singla, 2011; Mishra & Malik, 2013), sequestered within 

vacuoles (Gadd, 1993; Gadd et al., 2012; Haferburg & Kothe, 2010; Garg & Singla, 

2011; Srivastava et al., 2011; Yang et al., 2012), or biomethylated into volatile forms that 

could diffuse out of the cell (Byrne et al., 1995; Čerňanský et al., Cervantes et al., 1994; 

Crosby, 1998; Kaur et al., 2011; Koch et al., 2000; Šlejkovec et al., 1997; Srivastava et 

al., 2011; Urík et al., 2007; Vetter, 2004; 2009; Yang et al., 2012; Zhang & Selim, 2008).  

The evidence for bioaccumulation would be arsenic detected in Fraction C 

(tissue), whereas evidence of biovolatilization would be in the arsenic mass balance of 

Fractions A, B, C totaling to less than the amount originally added to the system (1.8 

mg). Since the chemical analyses of these fractions provided no such evidence, there are 

a few possible explanations: (1) the pH change was not acidic enough or occurring for a 

long enough time period to make a significant change in concentration of free As cations, 

thereby not increasing chances for cellular uptake; or (2) the pH was acidic enough or 

decreased long enough to produce more free As cations, but the accompanying 

mechanisms for cellular uptake were absent. The extent to which each of these occurred 

in each of the 4 isolates is not discernible by the experimental method used for this 

research, which provided only elemental As content. Additional analytic tests that are 

more specific for chemical and oxidation state of the As – such as the high performance 

liquid chromatography-hydride generation-atomic fluorescence spectrometry (HPLC-

HG-AFS) method used by Su et al. (2011) to distinguish between As(III), As(V), and 

methylated forms – would be needed in order to address this question.  
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Despite exhibiting very different degrees of tolerance to arsenic, the analytical 

results of this study lead to the conclusion, with a high degree of certainty and to the 

extent discernible by this experimental method, that all 4 isolates behaved the same way 

– that is, by leaving 100% of the amended arsenic in the media (with the caveat that 

minor differences in As content between the seemingly As-free fractions may have 

occurred, but were undetectable per this experimental method). The fact that no arsenic 

was detected adsorbed on the cell exterior, within the cell interior, or as missing from the 

culture system via mass balance, eliminates all three mechanisms of biosorption, 

bioaccumulation, and biovolatilization as possible mechanisms utilized by these 4 

isolates under these experimental conditions. In sum, no correlation was observed 

between arsenic tolerance and arsenic response mechanism, thereby supporting the null 

hypothesis of the experiment, namely that fungal isolates with different degrees of 

tolerance to As would not exhibit different remediation mechanisms (i.e. their exhibited 

mechanisms would be the same). This also further verifies the understanding that the 

cellular basis for tolerance (being able to grow in the presence of arsenic) is not necessary 

related or linked to the cellular basis for remediation responses (modifying, sequestering, 

and/or detoxifying arsenic). 

Even though all of the As was detected in the extracellular fraction not in contact 

with the cells, the fungi still might have been influencing the chemical state of that 

arsenic in various ways. There are a few possibilities: (1) arsenic was bioprecipitated in 

the medium by secretion of compounds such as oxalic acid or ammonia (Baldrian, 2003; 

Gadd, 1993; Gadd et al., 2012), thereby decreasing its solubility and toxicity; (2) arsenic 

was initially taken up, modified, and then shuttled back out into the media within the 7 
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day incubation period, possibly via plasma membrane aquaporins or effluxed as arsenic-

glutathione conjugate (Yang et al., 2012); and (3) arsenic was otherwise chemically 

modified by the secretion of any number of compounds (such as the acids identified by 

the pH testing conducted) that altered its oxidation state, solubility, and/or toxicity. The 

final possibility is that all the tested fungi did nothing at all to the arsenic and were, in 

essence, blind to its presence. The author hypothesizes that this is unlikely due to the 

demonstrated tolerance of all 4 isolates to arsenic levels well beyond the maximum safe 

exposure levels set by the US EPA, but with varying degrees to each particular level, 

indicating that they were in fact “aware” of and somehow differentially responding to its 

presence. Further evidence that a total non-response is an unlikely scenario, is that fungi 

have been documented to possess a variety of non-specific mechanisms whereby the 

fungus may alter the chemical status and/or localization of arsenic and other heavy metals 

“by accident” during attempts to acquire and manage the essential metals in its 

environment.  

The analytical method used (sample digestion followed by reduction and total 

elemental arsenic analysis via MP-AES) only determined whether, and how much, As 

was present in the samples, not whether its chemical state had been modified by the 

fungi. To definitively evaluate which (if any) of the events described above may have 

occurred in the media fraction of the culture systems, additional analysis of the samples 

using other methods and equipment would be necessary (Table 3-6). These alternative 

methods were not initially utilized under the hypothesis that As would localize to more 

than 1 fraction for at least one of the tested isolates, thereby shedding light on the 

mechanism(s) employed by those fungi without explicit need for these more expensive,  
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Table 3-6. Examples of chemical analysis methods used to detect and measure arsenic 

compounds. 

Analytical method Forms of As distinguished Fungi analyzed Reference 

High performance liquid 

chromatography-

inductively coupled 

plasma-mass spectrometry 

(HPLC-ICP-MS); Ion 

exchange chromatography 

with instrumental neutron 

activation (IC-INAA) 

 Monomethylarsonic acid 

 Dimethylarsinic acid 

 Arsenobetaine 

 Trimethylarsine oxide 

 As(III) 

 As(V) 

 

8 species of known As-

accumulating 

basidiomycetous 

macrofungi 

(mushrooms) from 

Switzerland and 

Slovenia 

Byrne et 

al., 1995 

High performance 

liquid chromatography 

coupled to an inductively 

coupled plasma-mass 

spectrometry (HPLC-ICP-

MS) 

 Monomethylarsonic acid  

 Dimethylarsinic acid 

 Arsenobetaine 

 Arsenocholine 

 Trimethylarsine oxide 

 Tetramethylarsonium 

 As(III) 

 As(V) 

4 species of 

basidiomycetous 

macrofungi 

(mushrooms) from As-

contaminated gold 

mining regions in  

Canada 

Koch et 

al., 2000 

 

High performance 

liquid chromatography-

inductively coupled 

plasma-mass spectrometry 

(HPLC-ICP-MS); 

Radiochemical neutron 

activation 

analysis (RNAA) 

 Monomethylarsonic acid  

 Dimethylarsinic acid 

 Arsenobetaine 

 Arsenocholine 

 Tetramethylarsonium 

 As(III) 

 As(V) 

50 species of 

basidiomycetous 

macrofungi 

(mushrooms) from 

Slovenia, Switzerland, 

Brazil, Sweden, The 

Netherlands, and USA 

Šlejkovec 

et al., 

1997 

High performance liquid 

chromatography-hydride 

generation-atomic 

fluorescence spectrometry 

(HPLC-HG-AFS) 

 Monomethylarsonic acid  

 Dimethylarsinic acid 

 As(III) 

 As(V) 

3 species of 

ascomycetous 

microfungi (molds) 

from As-contaminated 

mining waste piles and 

agricultural soils in 

China 

Su et al., 

2011 

 

 

 

time consuming, and specific chemical analyses. Since the data have revealed similar 

behavior for all 4 isolates, further analysis of the media fraction would be prudent in 

order to more fully parse out the chemical transformations occurring there.  
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It is likely that the result of no biosorption, bioaccumulation, or biovolatilization 

observed is related to particular experimental conditions used in this study, which were: 

12 mg/L of pentavalent As dissolved in media with an unmodified pH, incubation at 

room temperature (approximately 20 °C), culture flask agitation at 120 rpm, supply of 

nutrients from potato dextrose broth, and exposure time of 7 days. It is likely that 

systematically modifying these culture conditions might affect the behavior of the 

isolates, therefore allowing for optimization of their arsenic response mechanisms. Some 

examples regarding the effect of pH from the literature include a better As biosorption 

rate with Aspergillus niger mycelium at higher pH levels induced by addition of NaOH to 

media (Luef et al., 1991), a maximum rate of biosorption by Aspergillus niger and 

Fusarium oxysporum at pH 3 for As(V) and pH 6 for As(III) with significant biosorption 

decrease above pH 8 (Seh-Bardan et al., 2013), and an observed correlation between 

decrease in media pH and higher metal uptake by 10 fungal isolates (Srivastava et al., 

2011). Other researchers have experimented with temperature, such as Amin et al. (2013) 

who found that bioremediation of zirconium metal by Trametes versicolor increased 

between 25°C and 30°C and then decreased after 30°C, whereas Luef et al. (1991) found 

that temperature variations had little effect on fungal biosorption in the range of 15°C to 

30°C. The implications of the results from this study of 4 isolates are limited by the fact 

that only one set of conditions were tested; data from the literature suggest that different 

results might be obtained with varied conditions such as pH, temperature, As 

concentration, tissue concentration, length of exposure, nutrient sources, and so forth. 

Another potential way to increase responsiveness of fungi to contaminants is by 

training them with gradually increasing levels of those contaminants. The hypothesis 
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behind this process suggests that it provides them the time and opportunity (under 

initially less toxic conditions) to upregulate any genetic responses that may be necessary, 

so that by the time they are exposed to the target contaminant level for remediation, they 

are preconditioned and well prepared to demonstrate strong remediation responses of 

biosorption and/or bioaccumulation (Baldrian, 2003; Donmez & Aksu, 1999; Luef et al., 

1991; Malik, 2004). 

 The broader objectives of this study were to address the question of whether, and 

how, these arsenic-tolerant fungi might be applicable for directed bioremediation 

strategies. This question was addressed by the investigation of the cellular mechanisms 

used by the fungi in response to arsenic. In light of these results, the question as to their 

efficacy for bioremediation remains unanswered at this time. If evidence of 

bioprecipitation or other extracellular biotransformations were found via the additional 

chemical analyses, these fungi could be useful for water treatment applications including 

drinking water wells and industrial waste water treatment facilities. The fungi could be 

grown upon permeable membranes or other type of porous matrix and stationed at a pass-

through of the treatment system. The fungus Irpex lacteus was used in a trickle bed 

bioreactor filtration systems for the decolorization of dyes from textile industry effluent 

by inoculating the mycelium onto 3 different types of sponge/foams and passing the 

contaminated water through myceliated filter chambers, thereby becoming  >90% 

decontaminated on its way out of the treatment system (Pocedic et al,. 2009). In another 

example, Trametes versicolor was grown and immobilized upon polyurethane foam 

beads that could be easily removed and replaced once expended and were introduced into 

polluted leachate from landfills in order to successfully decontaminate that water 
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(Saetang & Babel, 2012). These methods are characterized by a flow of contaminated 

water over a myceliated surface, permitting the contaminant to be chemically modified 

by the fungi such that its solubility and/or toxicity are reduced. These types of 

bioremediation systems rely primarily on the action of enzymes secreted by the fungi into 

their surroundings, and since bioprecipitation and extracellular chemical modification of 

As work by the same principle, it stands to reason that these types of systems would work 

just as well for the treatment of heavy metals like arsenic. They could also be readily 

applied to fungi that exhibit arsenic biosorption or bioaccumulation. The results of 

additional chemical analysis for arsenic speciation and results from testing the 

remediation mechanisms under varied experimental conditions such as pH and nutrient 

availability, would inform whether these applications might be possible for the 4 isolates 

studied. 

Since tolerance is clearly not the best predictor of mechanism (at least under the 

tested experimental conditions), other parameters might be used in order to select the best 

candidates for arsenic remediation. For example, microscopic features that indicate a 

response such a rough and deformed cell surface due to metal displacement of potassium, 

phosphate, and sulfur by preferential biosorption (Suh et al., 1998) are commonly 

observed responses to metals (Mishra & Malik, 2013) and can be good indicators that 

something is actually happening at the cellular level. Other selection parameters might 

include focusing on taxa that have a documented capacity for arsenic bioaccumulation, 

such as the basidiomycete order Agaricales (Byrne et al., 1995; Cocchi et al., 2006; 

Stamets, 2005; Vetter, 1994), or selecting isolates based on prior demonstration of high 
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output of chelators such as siderophores with particular affinity for the toxic heavy metals 

(Haferburg & Kothe, 2010). 

Summary 

 Environmental contamination by the heavy metal arsenic is among the most 

pressing pollution problems around the world today, due to its pervasive presence 

stemming from both anthropogenic and natural sources, the extreme toxicity it exerts on 

all forms of life, and the long duration of exposure especially from sources of drinking 

water. Fungi are being increasingly investigated for their abilities to remove, sequester, 

and/or detoxify arsenic by way of biological mechanisms that present cheap, efficient, 

and environmentally sound alternatives to tradition metal remediation strategies. Four 

isolates with statistically varied degrees of tolerance toward the toxic heavy metal arsenic 

were investigated for potential remediation mechanisms that could be harnessed in the 

application of these fungi to remediate environmental arsenic contamination. Elemental 

analysis for arsenic content revealed that none of the isolates biosorbed arsenic to the cell 

exterior, bioaccumulated arsenic within the cell interior, nor biovolatilized arsenic out of 

the system – in other words, 100% of the originally added As (1.8 mg) remained in the 

media for all 4 isolates. Further analysis of the extracellular fraction containing 100% of 

the arsenic for all 4 isolates is needed in order to elucidate any extracellular 

modifications, such as decrease in solubility, alteration of oxidation state, or binding with 

other compounds to reduce toxicity. These results suggest that tolerance toward arsenic is 

not correlated with any particular remediation mechanism, and that fungi with widely 

differing tolerance levels may actually respond to the arsenic in a rather similar fashion. 

Additional experiments including modification of culture conditions would shed light on 
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whether stronger or different responses may be coaxed out of these isolates. Selection of 

isolates based on parameters in additional to demonstrated tolerance toward arsenic may 

result in a better group of candidates for arsenic bioremediation. 
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Figure A-1. Isolate PA-A10(s) [TI Rank #1]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.)  
 

Table A-1. Isolate PA-A10(s) [TI Rank #1]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-2. Isolate PA-A2(s) [TI Rank #2]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-2. Isolate PA-A2(s) [TI Rank #2]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-3. Isolate XC-C3(s) [TI Rank #3]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-3. Isolate XC-C3(s) [TI Rank #3]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-4. Isolate PA-B1(s) [TI Rank #4]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-4. Isolate PA-B1(s) [TI Rank #4]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-5. Isolate PA-D2(s) [TI Rank #5]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-5. Isolate PA-D2(s) [TI Rank #5]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-6. Isolate XC-J(u) [TI Rank #6]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-6. Isolate XC-J(u) [TI Rank #6]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-7. Isolate PA-E13(s) [TI Rank #7]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-7. Isolate PA-E13(s) [TI Rank #7]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-8. Isolate PA-D1(s) [TI Rank #8]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-8. Isolate PA-D1(s) [TI Rank #8]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-9. Isolate XC-G(u) [TI Rank #9]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-9. Isolate XC-G(u) [TI Rank #9]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-10. Isolate PA-B5(s) [TI Rank #10]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-10. Isolate PA-B5(s) [TI Rank #10]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-11. Isolate PA-B4(s) [TI Rank #11]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-11. Isolate PA-B4(s) [TI Rank #11]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-12. Isolate PA-C2(s) [TI Rank #12]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-12. Isolate PA-C2(s) [TI Rank #12]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-13. Isolate PA-E11(s) [TI Rank #13]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-13. Isolate PA-E11(s) [TI Rank #13]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-14. Isolate XC-B9(s) [TI Rank #14]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-14. Isolate XC-B9(s) [TI Rank #14]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-15. Isolate PA-B3(s) [TI Rank #15]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-15. Isolate PA-B3(s) [TI Rank #15]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-16. Isolate PA-C3(s) [TI Rank #16]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-16. Isolate PA-C3(s) [TI Rank #16]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-17. Isolate PA-A6(s) [TI Rank #17]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-17. Isolate PA-A6(s) [TI Rank #17]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-18. Isolate XC-A3(s) [TI Rank #18]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-18. Isolate XC-A3(s) [TI Rank #18]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-19. Isolate XC-P(u) [TI Rank #19]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-19. Isolate XC-P(u) [TI Rank #19]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-20. Isolate PA-A4(s) [TI Rank #20]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-20. Isolate PA-A4(s) [TI Rank #20]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-21. Isolate PA-A8(s) [TI Rank #21]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-21. Isolate PA-A8(s) [TI Rank #21]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-22. Isolate PA-D3(s) [TI Rank #22]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-22. Isolate PA-D3(s) [TI Rank #22]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-23. Isolate PA-A3(s) [TI Rank #23]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-23. Isolate PA-A3(s) [TI Rank #23]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-24. Isolate PA-C5(s) [TI Rank #24]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-24. Isolate PA-C5(s) [TI Rank #24]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-25. Isolate PA-G(u) [TI Rank #25]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-25. Isolate PA-G(u) [TI Rank #25]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-26. Isolate PA-E6(s) [TI Rank #26]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-26. Isolate PA-E6(s) [TI Rank #26]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-27. Isolate PA-A9(s) [TI Rank #27]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-27. Isolate PA-A9(s) [TI Rank #27]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-28. Isolate XC-S(h) [TI Rank #28]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-28. Isolate XC-S(h) [TI Rank #28]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-29. Isolate PA-A11(s) [TI Rank #29]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-29. Isolate PA-A11(s) [TI Rank #29]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-30. Isolate PA-E2(s) [TI Rank #30]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-30. Isolate PA-E2(s) [TI Rank #30]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-31. Isolate PA-H1(s) [TI Rank #31]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-31. Isolate PA-H1(s) [TI Rank #31]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate 
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Figure A-32. Isolate PA-E1(s) [TI Rank #32]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-32. Isolate PA-E1(s) [TI Rank #32]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-33. Isolate PA-H3(s) [TI Rank #33]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-33. Isolate PA-H3(s) [TI Rank #33]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-34. Isolate PA-E9(s) [TI Rank #34]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-34. Isolate PA-E9(s) [TI Rank #34]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-35. Isolate XC-B6(s) [TI Rank #35]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-35. Isolate XC-B6(s) [TI Rank #35]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-36. Isolate XC-C12(s) [TI Rank #36]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-36. Isolate XC-C12(s) [TI Rank #36]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-37. Isolate PA-A5(s) [TI Rank #37]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-37. Isolate PA-A5(s) [TI Rank #37]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-38. Isolate XC-C7(s) [TI Rank #38]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-38. Isolate XC-C7(s) [TI Rank #38]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-39. Isolate PA-F(m) [TI Rank #39]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-39. Isolate PA-F(m) [TI Rank #39]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-40. Isolate XC-A1(s) [TI Rank #40]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-40. Isolate XC-A1(s) [TI Rank #40]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-41. Isolate XC-O(h) [TI Rank #41]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-41. Isolate XC-O(h) [TI Rank #41]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-42. Isolate PA-A7(s) [TI Rank #42]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-42. Isolate PA-A7(s) [TI Rank #42]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-43. Isolate PA-E12(s) [TI Rank #43]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-43. Isolate PA-E12(s) [TI Rank #43]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-44. Isolate PA-E8(s) [TI Rank #44]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-44. Isolate PA-E8(s) [TI Rank #44]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-45. Isolate PA-F4(s) [TI Rank #45]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-45. Isolate PA-F4(s) [TI Rank #45]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-46. Isolate XC-I(m) [TI Rank #46]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 

Table A-46. Isolate XC-I(m) [TI Rank #46]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-47. Isolate XC-D3(u) [TI Rank #47]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-47. Isolate XC-D3(u) [TI Rank #47]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Figure A-48. Isolate XC-R(m) [TI Rank #48]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-48. Isolate XC-R(m) [TI Rank #48]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate 
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Figure A-49. Isolate PA-A(m) [TI Rank #49]: Colony 

measurements plotted against time. The 3 data points at each x 

value represent measurements from 3 replicate plates. Each 

plate was fitted with a linear regression. (For visual simplicity, 

regressions shown indicate the average of the 3 replicate plates.) 
 

Table A-49. Isolate PA-A(m) [TI Rank #49]: The slopes of all 

linear regressions (growth rate in mm/day) were used to 

calculate the Overall Tolerance Index (TI) for each isolate. 
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Table A-50. Tukey HSD matrix of Overall TI values (ranked high to low) for n = 49 isolates, indicating isolate subsets whose overall 

TI values are not statistically different (P > 0.05) from each other within each subset. Mean TI = 0.404 ± SD 0.218, median 0.343. 
 a  Isolates selected for further experimentation based on P < 0.05 in pairwise comparisons of TI between other selected isolates. 

  Isolate Subset  

Rank Isolate 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 PA-A10(s) a 0.943                

2 PA-A2(s) 0.887 0.887               

3 XC-C3(s) 0.860 0.860               

4 PA-B1(s) 0.832 0.832               

5 PA-D2(s) 0.796 0.796 0.796              

6 XC- J(u) 0.736 0.736 0.736 0.736             

7 PA-E13(s) a  0.700 0.700 0.700 0.700            

8 PA-D1(s)  0.696 0.696 0.696 0.696            

9 XC-G(u)  0.686 0.686 0.686 0.686            

10 PA-B5(s)   0.578 0.578 0.578 0.578           

11 PA-B4(s)   0.576 0.576 0.576 0.576           

12 PA-C2(s)    0.568 0.568 0.568 0.568          

13 PA-E1 (s)     0.495 0.495 0.495 0.495         

14 XC-B9(s) a      0.454 0.454 0.454 0.454        

15 PA-B3(s)      0.437 0.437 0.437 0.437 0.437       

16 PA-C3(s)      0.423 0.423 0.423 0.423 0.423 0.423      

17 PA-A6(s)      0.419 0.419 0.419 0.419 0.419 0.419      

18 XC-A3(s)      0.411 0.411 0.411 0.411 0.411 0.411 0.411     

19 XC-P(u)      0.387 0.387 0.387 0.387 0.387 0.387 0.387 0.387    

20 PA-A4(s)      0.361 0.361 0.361 0.361 0.361 0.361 0.361 0.361    

21 PA-A8(s)      0.359 0.359 0.359 0.359 0.359 0.359 0.359 0.359    

22 PA-D3(s)      0.357 0.357 0.357 0.357 0.357 0.357 0.357 0.357 0.357   

23 PA-A3(s)      0.356 0.356 0.356 0.356 0.356 0.356 0.356 0.356 0.356   

24 PA-C5(s)       0.344 0.344 0.344 0.344 0.344 0.344 0.344 0.344   
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* P-value that defines the subset as a whole 

 

 

 

 

25 PA-G(u)       0.343 0.343 0.343 0.343 0.343 0.343 0.343 0.343   

26 PA-E6(s)        0.335 0.335 0.335 0.335 0.335 0.335 0.335 0.335  

27 PA-A9(s)        0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333  

28 XC-S(h)        0.331 0.331 0.331 0.331 0.331 0.331 0.331 0.331  

29 PA-A11(s)        0.328 0.328 0.328 0.328 0.328 0.328 0.328 0.328  

30 PA-E2(s)        0.295 0.295 0.295 0.295 0.295 0.295 0.295 0.295  

31 PA-H1(s)        0.284 0.284 0.284 0.284 0.284 0.284 0.284 0.284 0.284 

32 PA-E1(s)        0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.282 

33 PA-H3(s)        0.273 0.273 0.273 0.273 0.273 0.273 0.273 0.273 0.273 

34 PA-E9(s)        0.270 0.270 0.270 0.270 0.270 0.270 0.270 0.270 0.270 

35 XC-B6(s)         0.268 0.268 0.268 0.268 0.268 0.268 0.268 0.268 

36 XC-C12(s)         0.267 0.267 0.267 0.267 0.267 0.267 0.267 0.267 

37 PA-A5(s)         0.267 0.267 0.267 0.267 0.267 0.267 0.267 0.267 

38 XC-C7(s)         0.253 0.253 0.253 0.253 0.253 0.253 0.253 0.253 

39 PA-F(m)         0.252 0.252 0.252 0.252 0.252 0.252 0.252 0.252 

40 XC-A1(s)         0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 

41 XC-O(h) a          0.227 0.227 0.227 0.227 0.227 0.227 0.227 

42 PA-A7(s)          0.220 0.220 0.220 0.220 0.220 0.220 0.220 

43 PA-E12(s)          0.215 0.215 0.215 0.215 0.215 0.215 0.215 

44 PA-E8(s)           0.206 0.206 0.206 0.206 0.206 0.206 

45 PA-F4(s)            0.191 0.191 0.191 0.191 0.191 

46 XC-I(m)             0.182 0.182 0.182 0.182 

47 XC-D3(u)              0.131 0.131 0.131 

48 XC-R(m)               0.113 0.113 

49 PA-A(m)                0.062 

                  

 Significance* 0.156 0.205 0.076 0.665 0.177 0.067 0.056 0.055 0.058 0.072 0.087 0.077 0.169 0.055 0.065 0.067 
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Table A-51. Tolerance Index (TI) values, TI Subsets, and minimum inhibitory concentrations (MIC) for n = 49 isolates. Mean TI = 0.404 ± SD 0.218, 

median 0.343.            a = Isolates selected for further experimentation based on P < 0.05 in all pairwise comparisons of TI values. 

TI 

Rank Isolate 

Overall TI      

± SE 

MIC 

(mg/L As)  

TI 

Rank Isolate 

Overall TI      

± SE 

MIC 

(mg/L As)  

TI 

Rank Isolate 

Overall TI      

± SE 

MIC 

(mg/L As) 
              

Subset #1: P = 0.156  Subset #3: P = 0.058  Subset #4: P = 0.067 

1 PA-A10(s) a 0.943  ± 0.040 > 1,200  14 XC-B9(s) a 0.454  ± 0.105 240  41 XC-O(h) a 0.227  ± 0.084 1,200 

2 PA-A2(s) 0.887  ± 0.061 > 1,200  15 PA-B3(s) 0.437  ± 0.105 240  42 PA-A7(s) 0.220  ± 0.087 120 

3 XC-C3(s) 0.860  ± 0.088 > 1,200  16 PA-C3(s) 0.423  ± 0.136 120  43 PA-E12(s) 0.215  ± 0.066 120 

4 PA-B1(s) 0.832  ± 0.067  > 1,200  17 PA-A6(s) 0.419  ± 0.104 240  44 PA-E8(s) 0.206  ± 0.060 240 

5 PA-D2(s) 0.796  ± 0.064 > 1,200  18 XC-A3(s) 0.411  ± 0.052 > 1,200  45 PA-F4(s) 0.191  ± 0.043 1,200 

6 XC-J(u) 0.736  ± 0.069 > 1,200  19 XC-P(u) 0.387  ± 0.081 1,200  46 XC-I(m) 0.182  ± 0.073 120 

     20 PA-A4(s) 0.361  ± 0.095 120  47 XC-D3(u) 0.131  ± 0.048 120 

     21 PA-A8(s) 0.359  ± 0.064 > 1,200  48 XC-R(m) 0.115  ± 0.044 120 

  Subset #2: P = 0.177   22 PA-D3(s) 0.357  ± 0.094 240  49 PA-A(m) 0.062  ± 0.029 120 

7 PA-E13(s) a 0.700  ± 0.083 1,200  23 PA-A3(s) 0.356  ± 0.070 > 1,200      

8 PA-D1(s) 0.696  ± 0.046 > 1,200  24 PA-C5(s) 0.344  ± 0.086 1,200      

9 XC-G(u) 0.686  ± 0.069 > 1,200  25 PA-G(u) 0.343  ± 0.092 120      

10 PA-B5(s) 0.578  ± 0.105 1,200  26 PA-E6(s) 0.335  ± 0.089 240      

11 PA-B4(s) 0.576  ± 0.105 1,200  27 PA-A9(s) 0.333  ± 0.093 1,200      

12 PA-C2(s) 0.568  ± 0.107 1,200  28 XC-S(h) 0.331  ± 0.085 1,200      

13 PA-E11(s) 0.495  ± 0.059 > 1,200  29 PA-A11(s) 0.328  ± 0.083 1,200      

     30 PA-E2(s) 0.295  ± 0.088 120      

     31 PA-H1(s) 0.284  ± 0.093 120      

     32 PA-E1(s) 0.282  ± 0.089 120      

     33 PA-H3(s) 0.273  ± 0.081 240      

     34 PA-E9(s) 0.270  ± 0.077 120      

     35 XC-B6(s) 0.268  ± 0.122 24      

     36 XC-C12(s) 0.267  ± 0.077 120      

     37 PA-A5(s) 0.267  ± 0.088 120      

     38 XC-C7(s) 0.253  ± 0.087 240      

     39 PA-F(m) 0.252  ± 0.065 120      

     40 XC-A1(s) 0.230  ± 0.086 1,200      
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Table A-52. Identifications of 49 isolates, organized by TI rank. Dotted lines show divisions between TI Subsets #1 through #4, per Table A-51.  

TI 

Rank Isolate Overall TI ± SE 

MIC 

(mg/L As) Identification Database used 

Nucleotide matches 

between query and 

subject (% identity) 

1 PA-A10(s) 0.943  ± 0.040 > 1,200 Fusarium solani Fusarium-ID 449 / 455 (98.29%) 

2 PA-A2(s) 0.887  ± 0.061 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 537 / 560 (95.89%) 

3 XC-C3(s) 0.860  ± 0.088 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 458 / 477 (96.01%) 

4 PA-B1(s) 0.832  ± 0.067  > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 448 / 467 (95.93%) 

5 PA-D2(s) 0.796  ± 0.064 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 525 / 548 (95.80%) 

6 XC-J(u) 0.736  ± 0.069 > 1,200 Fusarium concolor Fusarium-ID 173 / 176 (98.29%) 

7 PA-E13(s) 0.700  ± 0.083 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 431 / 435 (99.08%) 

8 PA-D1(s) 0.696  ± 0.046 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 526 / 549 (95.81%) 

9 XC-G(u) 0.686  ± 0.069 > 1,200 Cosmospora sp. NCBI-BLAST 564 / 568 (99.30%) 

10 PA-B5(s) 0.578  ± 0.105 1,200 Trichoderma harzianum TrichOKEY 2 632 / 632 (100.00%) 

11 PA-B4(s) 0.576  ± 0.105 1,200 Trichoderma harzianum TrichOKEY 2 633 / 633 (100.00%) 

12 PA-C2(s) 0.568  ± 0.107 1,200 Trichoderma harzianum TrichOKEY 2 633 / 633 (100.00%) 

13 PA-E11(s) 0.495  ± 0.059 > 1,200 F. incarnatum-equiseti species complex Fusarium-ID 558 / 558 (100.00%) 

14 XC-B9(s) 0.454  ± 0.105 240 Mucor hiemalis NCBI-BLAST 663 / 663 (100.00%) 

15 PA-B3(s) 0.437  ± 0.105 240 Trichoderma harzianum TrichOKEY 2 556 / 556 (100.00%) 

16 PA-C3(s) 0.423  ± 0.136 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 536 / 559 (95.88%) 

17 PA-A6(s) 0.419  ± 0.104 240 [unknown] * n/a  n/a 

18 XC-A3(s) 0.411  ± 0.052 > 1,200 Rhizomucor variabilis NCBI-BLAST 613 / 614 (99.84%) 

19 XC-P(u) 0.387  ± 0.081 1,200 Alternaria alternata NCBI-BLAST 141 / 142 (99.30%) 

20 PA-A4(s) 0.361  ± 0.095 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 538 / 561 (95.90%) 

21 PA-A8(s) 0.359  ± 0.064 > 1,200 Phoma sp. #2 ∞ NCBI-BLAST 551 / 551 (100.00%) 

22 PA-D3(s) 0.357  ± 0.094 240 Mucor circinelloides f. circinelloides NCBI-BLAST 657 / 659 (99.70%) 

23 PA-A3(s) 0.356  ± 0.070 > 1,200 Fusarium brachygibbosium Fusarium-ID 359 / 398 (90.20%) 
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24 PA-C5(s) 0.344  ± 0.086 1,200 [unknown] * n/a  n/a 

25 PA-G(u) 0.343  ± 0.092 120 Phoma sp. #1 ∞ NCBI-BLAST 568 / 572 (99.30%) 

26 PA-E6(s) 0.335  ± 0.089 240 Mucor circinelloides f. circinelloides NCBI-BLAST 658 / 662 (99.40%) 

27 PA-A9(s) 0.333  ± 0.093 1,200 [unknown] * n/a  n/a 

28 XC-S(h) 0.331  ± 0.085 1,200 [unknown] * n/a  n/a 

29 PA-A11(s) 0.328  ± 0.083 1,200 [unknown] * n/a  n/a 

30 PA-E2(s) 0.295  ± 0.088 120 Mortierella alpina NCBI-BLAST 646 / 649 (99.54%) 

31 PA-H1(s) 0.284  ± 0.093 120 [unknown] * n/a  n/a 

32 PA-E1(s) 0.282  ± 0.089 120 [unknown] * n/a  n/a 

33 PA-H3(s) 0.273  ± 0.081 240 Trichoderma harzianum TrichOKEY 2 173 / 173 (100.00%) 

34 PA-E9(s) 0.270  ± 0.077 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 528 / 551 (95.82%) 

35 XC-B6(s) 0.268  ± 0.122 24 Sordaria fimicola NCBI-BLAST 596 / 596 (100.00%) 

36 XC-C12(s) 0.267  ± 0.077 120 Fusiarum tricinctum species complex  Fusarium-ID 566 / 567 (99.82%) 

37 PA-A5(s) 0.267  ± 0.088 120 Fusiarum tricinctum species complex  Fusarium-ID 499 / 500 (99.80%) 

38 XC-C7(s) 0.253  ± 0.087 240 Rhizopus sp. ¥ NCBI-BLAST 639 / 639 (100.00%) 

39 PA-F(m) 0.252  ± 0.065 120 Polyporus acrularius NCBI-BLAST 668 / 672 (99.40%) 

40 XC-A1(s) 0.230  ± 0.086 1,200 Rhizopus sp. ¥ NCBI-BLAST 631 / 631 (100.00%) 

41 XC-O(h) 0.227  ± 0.084 1,200 [unknown] * n/a  n/a 

42 PA-A7(s) 0.220  ± 0.087 120 Trichoderma citrinoviride TrichOKEY 2 556 / 556 (100.00%) 

43 PA-E12(s) 0.215  ± 0.066 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 573 / 573 (100.00%) 

44 PA-E8(s) 0.206  ± 0.060 240 [unknown] * n/a  n/a 

45 PA-F4(s) 0.191  ± 0.043 1,200 [unknown] * n/a  n/a 

46 XC-I(m) 0.182  ± 0.073 120 Coriolopsis gallica NCBI-BLAST 650 / 660 (94.48%) 

47 XC-D3(u) 0.131  ± 0.048 120 Ischnoderma resinosum  NCBI-BLAST 621 / 621 (100.00%) 

48 XC-R(m) 0.115  ± 0.044 120 Ischnoderma resinosum  NCBI-BLAST 518 / 519 (99.81%) 

49 PA-A(m) 0.062  ± 0.029 120 Irpex lacteus NCBI-BLAST 684 / 687 (99.56%) 

*  Unknown identity due to failure of either PCR or sequencing 

∞ Both Phoma sp. isolates were identified to genus level only, but based on different subject sequences from the database, therefore designated as #1 and #2 

¥ Both Rhizopus sp. isolates were identified to genus level only based on the same subject sequence from the database, therefore not given number designators 
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Table A-53. Identifications of 49 isolates, organized by species. (See Table A-52 for these identifications organized by TI rank.) 

TI 

Rank Isolate Overall TI ± SE 

MIC 

(mg/L As) Identification Database used 

Nucleotide matches 

between query and 

subject (% identity) 

19 XC-P(u) 0.387  ± 0.081 1,200 Alternaria alternata NCBI-BLAST 141 / 142 (99.30%) 

46 XC-I(m) 0.182  ± 0.073 120 Coriolopsis gallica NCBI-BLAST 650 / 660 (94.48%) 

9 XC-G(u) 0.686  ± 0.069 > 1,200 Cosmospora sp. NCBI-BLAST 564 / 568 (99.30%) 

13 PA-E11(s) 0.495  ± 0.059 > 1,200 F. incarnatum-equiseti species complex Fusarium-ID 558 / 558 (100.00%) 

23 PA-A3(s) 0.356  ± 0.070 > 1,200 Fusarium brachygibbosium Fusarium-ID 359 / 398 (90.20%) 

6 XC-J(u) 0.736  ± 0.069 > 1,200 Fusarium concolor Fusarium-ID 173 / 176 (98.29%) 

2 PA-A2(s) 0.887  ± 0.061 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 537 / 560 (95.89%) 

3 XC-C3(s) 0.860  ± 0.088 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 458 / 477 (96.01%) 

4 PA-B1(s) 0.832  ± 0.067  > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 448 / 467 (95.93%) 

5 PA-D2(s) 0.796  ± 0.064 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 525 / 548 (95.80%) 

7 PA-E13(s) 0.700  ± 0.083 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 431 / 435 (99.08%) 

8 PA-D1(s) 0.696  ± 0.046 > 1,200 Fusarium incarnatum-equiseti species complex Fusarium-ID 526 / 549 (95.81%) 

16 PA-C3(s) 0.423  ± 0.136 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 536 / 559 (95.88%) 

20 PA-A4(s) 0.361  ± 0.095 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 538 / 561 (95.90%) 

34 PA-E9(s) 0.270  ± 0.077 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 528 / 551 (95.82%) 

43 PA-E12(s) 0.215  ± 0.066 120 Fusarium incarnatum-equiseti species complex Fusarium-ID 573 / 573 (100.00%) 

1 PA-A10(s) 0.943  ± 0.040 > 1,200 Fusarium solani Fusarium-ID 449 / 455 (98.29%) 

36 XC-C12(s) 0.267  ± 0.077 120 Fusiarum tricinctum species complex  Fusarium-ID 566 / 567 (99.82%) 

37 PA-A5(s) 0.267  ± 0.088 120 Fusiarum tricinctum species complex  Fusarium-ID 499 / 500 (99.80%) 

49 PA-A(m) 0.062  ± 0.029 120 Irpex lacteus NCBI-BLAST 684 / 687 (99.56%) 

47 XC-D3(u) 0.131  ± 0.048 120 Ischnoderma resinosum  NCBI-BLAST 621 / 621 (100.00%) 

48 XC-R(m) 0.115  ± 0.044 120 Ischnoderma resinosum  NCBI-BLAST 518 / 519 (99.81%) 

30 PA-E2(s) 0.295  ± 0.088 120 Mortierella alpina NCBI-BLAST 646 / 649 (99.54%) 
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22 PA-D3(s) 0.357  ± 0.094 240 Mucor circinelloides f. circinelloides NCBI-BLAST 657 / 659 (99.70%) 

26 PA-E6(s) 0.335  ± 0.089 240 Mucor circinelloides f. circinelloides NCBI-BLAST 658 / 662 (99.40%) 

14 XC-B9(s) 0.454  ± 0.105 240 Mucor hiemalis NCBI-BLAST 663 / 663 (100.00%) 

25 PA-G(u) 0.343  ± 0.092 120 Phoma sp. #1 ∞ NCBI-BLAST 568 / 572 (99.30%) 

21 PA-A8(s) 0.359  ± 0.064 > 1,200 Phoma sp. #2 ∞ NCBI-BLAST 551 / 551 (100.00%) 

39 PA-F(m) 0.252  ± 0.065 120 Polyporus acrularius NCBI-BLAST 668 / 672 (99.40%) 

18 XC-A3(s) 0.411  ± 0.052 > 1,200 Rhizomucor variabilis NCBI-BLAST 613 / 614 (99.84%) 

38 XC-C7(s) 0.253  ± 0.087 240 Rhizopus sp. ¥ NCBI-BLAST 639 / 639 (100.00%) 

40 XC-A1(s) 0.230  ± 0.086 1,200 Rhizopus sp. ¥ NCBI-BLAST 631 / 631 (100.00%) 

35 XC-B6(s) 0.268  ± 0.122 24 Sordaria fimicola NCBI-BLAST 596 / 596 (100.00%) 

42 PA-A7(s) 0.220  ± 0.087 120 Trichoderma citrinoviride TrichOKEY 2 556 / 556 (100.00%) 

10 PA-B5(s) 0.578  ± 0.105 1,200 Trichoderma harzianum TrichOKEY 2 632 / 632 (100.00%) 

11 PA-B4(s) 0.576  ± 0.105 1,200 Trichoderma harzianum TrichOKEY 2 633 / 633 (100.00%) 

12 PA-C2(s) 0.568  ± 0.107 1,200 Trichoderma harzianum TrichOKEY 2 633 / 633 (100.00%) 

15 PA-B3(s) 0.437  ± 0.105 240 Trichoderma harzianum TrichOKEY 2 556 / 556 (100.00%) 

33 PA-H3(s) 0.273  ± 0.081 240 Trichoderma harzianum TrichOKEY 2 173 / 173 (100.00%) 

17 PA-A6(s) 0.419  ± 0.104 240 [unknown] * n/a  n/a 

24 PA-C5(s) 0.344  ± 0.086 1,200 [unknown] * n/a  n/a 

27 PA-A9(s) 0.333  ± 0.093 1,200 [unknown] * n/a  n/a 

28 XC-S(h) 0.331  ± 0.085 1,200 [unknown] * n/a  n/a 

29 PA-A11(s) 0.328  ± 0.083 1,200 [unknown] * n/a  n/a 

31 PA-H1(s) 0.284  ± 0.093 120 [unknown] * n/a  n/a 

32 PA-E1(s) 0.282  ± 0.089 120 [unknown] * n/a  n/a 

41 XC-O(h) 0.227  ± 0.084 1,200 [unknown] * n/a  n/a 

44 PA-E8(s) 0.206  ± 0.060 240 [unknown] * n/a  n/a 

45 PA-F4(s) 0.191  ± 0.043 1,200 [unknown] * n/a  n/a 

*  Unknown identity due to failure of either PCR or sequencing 

∞ Both Phoma sp. isolates were identified to genus level only, but based on different subject sequences from the database, therefore designated as #1 and #2 

¥ Both Rhizopus sp. isolates were identified to genus level only based on the same subject sequence from the database, therefore not given number designators 
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Table A-54. Tolerance Index (TI) data for the 39 sequenced isolates, organized by taxon. 

    % of pairwise TI comparisons 

Taxon 

Total 

isolates TI range Mean TI ± SD 

 P < 0.05 

(different) 

P > 0.05         

(not different) 

Fungi (including unsequenced) 49 0.062 - 0.943 0.404 ± 0.218 41.6 58.4 

Ascomycota 27 0.215 - 0.943 0.511 ± 0.231 50.1 49.9 

Pezizomycotina 27 0.215 - 0.943 0.511 ± 0.231 50.1 49.9 

Dothideomycetes 3 0.343 - 0.387 0.363 ± 0.022 0.0 100.0 

Pleosporomycetidae 3 0.343 - 0.387 0.363 ± 0.022 0.0 100.0 

Pleosporales 3 0.343 - 0.387 0.363 ± 0.022 0.0 100.0 

Pleosporaceae 3 0.343 - 0.387 0.363 ± 0.022 0.0 100.0 

Alternaria 1 0.387 n/a n/a n/a 

Phoma 2 0.343 - 0.359 0.351 ± 0.011 0.0 100.0 

Sordariomycetes 24 0.215 - 0.943 0.530 ± 0.239 53.3 46.7 

Hypocreomycetidae 23 0.215 - 0.943 0.541 ± 0.238 53.0 47.0 

Hypocreales 23 0.215 - 0.943 0.541 ± 0.238 53.0 47.0 

Hypocreaceae 6 0.220 - 0.578 0.442 ± 0.161 40 60 

Trichoderma 6 0.220 - 0.578 0.442 ± 0.161 40 60 

Nectriaceae 17 0.215 - 0.943 0.576 ± 0.254 55.1 44.9 

Cosmospora 1 0.686 n/a n/a n/a 

Fusarium 16 0.215 - 0.943 0.569 ± 0.261 55.8 44.2 

Sordariomycetidae 1 0.268 n/a n/a n/a 

Sordariales 1 0.268 n/a n/a n/a 

Sordariaceace 1 0.268 n/a n/a n/a 

Sordaria 1 0.268 n/a n/a n/a 

Basidiomycota 5 0.062 - 0.252  0.148 ± 0.072 0 100 

Agaricomycotina 5 0.062 - 0.252  0.148 ± 0.072 0 100 

Agaricomycetes 5 0.062 - 0.252  0.148 ± 0.072 0 100 

Polyporales 5 0.062 - 0.252  0.148 ± 0.072 0 100 

Fomitopsidaceae 2 0.115 - 0.131 0.123 ± 0.011 0 100 

Ischnoderma 2 0.115 - 0.131 0.123 ± 0.011 0 100 

Merulaceae 1 0.062 n/a n/a n/a 

Irpex 1 0.062 n/a n/a n/a 

Polyporaceae 2 0.182 - 0.252 0.217 ± 0.049 0 100 

Coriolopsis 1 0.182 n/a n/a n/a 

Polyporus 1 0.252 n/a n/a n/a 

Zygomycota 7 0.230 - 0.454 0.344 ± 0.081 0 100 

Mucormycotina 7 0.230 - 0.454 0.344 ± 0.081 0 100 

Mortierellales 1 0.295 n/a n/a n/a 

Mortierellacea 1 0.295 n/a n/a n/a 

Mortierella 1 0.295 n/a n/a n/a 

Mucorales 6 0.230 - 0.454 0.340 ± 0.087 0 100 

Mucoraceae 6 0.230 - 0.454 0.340 ± 0.087 0 100 

Mucor 

 

 

 

3 0.335 - 0.454 0.382 ± 0.063 0 100 

Rhizomucor 1 0.411 n/a n/a n/a 

Rhizopus 2 0.230 - 0.253 0.242 ± 0.016 0 100 
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Table A-55. P-values between fungal phyla. Values in bold are statistically different (P < 0.05).   

Note that table is mirrored across the diagonal marked -- 

Phylum              

(number of isolates) Ascomycota (27) Basidiomycota (5) Zygomycota (7) 

Ascomycota (27) -- 0.033 0.782 

Basidiomycota (5) 0.033 -- 0.969 

Zygomycota (7) 0.782 0.969 -- 

 

 

Table A-56. P-values between fungal classes.* Values in bold are statistically different (P < 0.05).   

Note that table is mirrored across the diagonal marked -- 

Class                  

(number of isolates) Agaricomycetes (5) Dothideomycetes (3) Sordariomycetes (24) 

Agaricomycetes (5) -- 0.984 0.021 

Dothideomycetes (3) 0.984 -- 0.992 

Sordariomycetes (24) 0.021 0.992 -- 

* Representatives from the division Zygomycota are not listed because classes have been omitted in the current taxonomy (“Zygomycota,” 2007) 

 

 

Table A-57. P-values between fungal orders containing at least 2 isolates. Values in bold are statistically different (P < 0.05).   

Note that table is mirrored across the diagonal marked -- 

Order                  

(number of isolates) Hypocreales (23) Mucorales (6) Pleosporales (3) Polyporales (5) 

Hypocreales (23) -- 0.719 0.986 0.015 

Mucorales (6) 0.719 -- 1.000 0.969 

Pleosporales (3) 0.986 1.000 -- 0.984 

Polyporales (5) 0.015 0.969 0.984 -- 
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Table A-58. P-values between fungal families containing at least 2 isolates. All values are not statistically different (P > 0.05).   

Note that table is mirrored across the diagonal marked -- 

Family                  

(number of isolates) 
Fomitopsidaceae (2) Hyocreaceae (6) Nectriaceae (17) Pleosporaceae (3) Polyporaceae (2) 

Fomitopsidaceae (2) -- 0.853 0.197 0.994 1.000 

Hyocreaceae (6) 0.853 -- 0.989 1.000 0.991 

Nectriaceae (17) 0.197 0.989 -- 0.945 0.576 

Pleosporaceae (3) 0.994 1.000 0.945 -- 1.000 

Polyporaceae (2) 1.000 0.991 0.576 1.000 -- 

 

 

 

Table A-59. P-values between fungal genera containing at least 2 isolates. All values are not statistically different (P > 0.05). 

Note that table is mirrored across the diagonal marked -- 

Genus                  

(number of isolates) 
Fusarium (16) Ischnoderma (2) Mucor (3) Phoma (2) Rhizopus (2) Trichoderma (6) 

Fusarium (16) -- 0.098 0.738 0.755 0.355 0.817 

Ischnoderma (2) 0.098 -- 0.773 0.893 0.993 0.475 

Mucor (3) 0.738 0.773 -- 1.000 0.978 0.999 

Phoma (2) 0.755 0.893 1.000 -- 0.995 0.995 

Rhizopus (2) 0.355 0.993 0.978 0.995 -- 0.860 

Trichoderma (6) 0.817 0.475 0.999 0.995 0.860 -- 
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Figure A-50. Example photographic series showing changes in colony growth and morphology over 30 days on As-containing media 

for one isolate, PA-A9(s). Photographs of all plates for all 49 isolates were taken every 6 days for 30 days (over 10,000 total photos). 
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