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Fungal bioleaching has been shown to be an important mechanism for chemical weathering of minerals, particularly in soils. Chrysotile, an asbestiform mineral used for industrial purposes, is common in serpentine-bearing rock formations and soils. Weathering of chrysotile can potentially promote CO2 sequestration via mineral carbonation. In contrast, this process can also result in the release of asbestiform fibers which represent a major respiratory hazard. One proposed asbestos remediation method is bioleaching by fungi that break down asbestiform serpentine minerals in the process of extracting iron as a micronutrient. Currently, however, the mechanisms, mineral alteration products, and geochemical impacts of fungi-induced weathering of chrysotile remains unclear. This study uses batch culture experiments to (1) determine if Talaromyces sp., a fungal strain isolated from serpentine soils in China (Li, Z., et al., 2015), is capable of breaking down the structure of chrysotile in vitro, (2) compare the bioleaching effect of Talaromyces sp. on chrysotile when bioavailable iron is present or absent in the culture medium, (3) compare the effect of pH on the in vitro dissolution of chrysotile under biological and abiotic conditions. 

[bookmark: _GoBack]Over the course of 18 days, Talaromyces sp. was grown in the presence of asbestiform chrysotile (NMNH #91261) in Czapek media containing MES buffer (pH 5.5), half with and half without FeSO4. Because the pH dropped to ~4.5 during fungal growth, an abiotic experiment was performed to mimic the change in solution pH with time by adding 2M HCl. Samples were measured for magnesium and silicon concentrations and pH, and growth in culture flasks was visually tracked and photographed. Regardless of the supply of bioavailable iron, chemical weathering rates of chrysotile were nearly identical whether dissolution was biologically or abiotically driven. This indicates that dissolution is promoted by acidity, rather than direct biological mechanisms, and that Talaromyces sp. was responsible for chrysotile weathering only through the production of organic acids. Furthermore, XRD and SEM analysis of chrysotile fibers showed no structural changes, indicating that Talaromyces sp. may not have any direct potential applications for bioremediation of chrysotile asbestos.
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	Title
	
	· Fungi-Induced Chemical Weathering of Asbestiform Chrysotile
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	Chrysotile
	
	· Pictured here is a rock sample from the Smithsonian collection, containing a vein of chrysotile.
· Next to the rock sample is a container of chrysotile fibers which were picked out of the vein to obtain a pure sample for this study.
· Chrysotile is an asbestiform serpentine mineral, which occurs as a sheet silicate that rolls up into fibers.
· Chrysotile is common in serpentine-bearing rock formations and soils, and is the most abundant form of asbestos.
· Chrysotile asbestos has been used for industrial purposes, but is a respiratory hazard and carcinogen, so its use is now very limited.
· It is important to note that asbestos can refer to several different mineral types, particularly serpentines and amphiboles, and is hazardous due to the aspect ratio of the mineral fibers, not composition.
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	· So, why is chrysotile weathering important?
· Weathering of chrysotile can potentially promote CO2 sequestration via mineral carbonation, which has possible implications for climate change remediation.
· However, this process releases hazardous asbestiform fibers.
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	· One proposed method of remediating asbestos hazards is chemical weathering by microbes that break down asbestiform serpentine minerals.
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	· The fungal species Verticillium leptobactrum has been shown in the literature to cause dissolution of magnesium and silica from chrysotile, but the fibrous structure remains in tact.
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	· Lichen activity has been shown to actually turn chrysotile fibers into non-fibrous amorphous material through the chelating action of oxalic acid and other metabolites.
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	Talaromyces sp.
	
	· Microbial activity in general has been shown to be an important mechanism for chemical weathering of minerals, particularly in soils.
· Currently, however, the mechanisms, mineral alteration products, and geochemical impact of fungi-induced weathering of chrysotile remains unclear.
· For this project, I studied the effect of a fungus in the genus Talaromyces on the weathering of chrysotile.
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	· This fungus was isolated from serpentinite soils in Donghai, China by my collaborator, Henry Teng, for use in a similar study on fungi-induced serpentine weathering.
· The genus Talaromyces is characterized by being highly productive in generating exometabolites, most of which are unique to the genus or shared with only a few other fungal species.
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	Iron as a Micronutrient
	
	· Iron is an essential micronutrient for fungal growth, and iron starvation is one of the factors that can affect the metabolites produced by a fungus.
· Many microbes release iron-chelating compounds called siderophores in order to increase the solubility of iron in minerals so they can extract the iron for use as a micronutrient.
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	· Small amounts of iron can be included as an impurity in chrysotile.
· We hypothesized that there may be a stronger weathering effect by the fungus when the chrysotile was the only available source of iron.
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	· The chrysotile used in this experiment does have trace amounts of iron in it as shown by EDS.
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	Objectives
	
	· The objectives for this study are as follows:
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	· (1) Compare the biological weathering effect of Talaromyces on chrysotile when bioavailable iron is present or absent in the culture medium.
· This would indicate whether the fungus has to break down the chrysotile more when it is the only source of iron, or if the fungus doesn’t need to break down the chrysotile when we’re already giving it all the iron it needs.
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	· (2) Compare the effect of pH on the in vitro dissolution of chrysotile under biological and abiotic conditions.
· This helps to get at the mechanism of biological weathering.
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	· (3) Determine if biological weathering by Talaromyces is capable of breaking down the structure of chrysotile in vitro.
· This would help gauge the potential as a method of asbestos bioremediation. 



	6
	Experimental Setup
	
	· All three objectives were tested in a single laboratory experiment.
· The experimental setup consisted of loose chrysotile fibers submerged in Czapek culture medium in polycarbonate flasks.
· The flasks were closed with sponge plugs to allow oxygen diffusion, and kept in a shaker cabinet with gentle agitation.
· Half of the flasks contained culture medium with iron, while the other flasks contained the same culture medium minus the iron.
· Half of the iron and iron-free experimental flasks were inoculated with Talaromyces.
· The pH of the remaining experimental flasks was adjusted to match the pH of the culture flasks throughout the experiment using 2 Molar HCl.
· The flasks were regularly sampled for pH and geochemical analysis over a period of 18 days.
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	· I will point out here that there is Magnesium in the media.
· Magnesium is an essential nutrient for fungal growth, and chrysotile would not be the only source of magnesium in the field.
· Other minerals and organics would also provide magnesium in field conditions.
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	· I would also like to draw your attention to the high concentration of buffer, which preliminary experiments showed to be the maximum concentration of buffer I could include in the media before it actually became toxic to the fungus.
· However, even with all of that buffer...
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	Iron vs. Iron-Free
	
	· ...Talaromyces was able to drop the pH of the culture medium over a full pH point during its most active growth period through the production of acidic exometabolites.
· The initial pH of the culture medium was 5.5, to match the pH of the serpentinite soils from which Talaromyces was isolated.
· pH can be used as an indirect proxy for tracking fungal growth in these cultures.
· The point at which the pH begins to drop – Day 3 of the experiment – coincides with the first day in which visible biomass appeared in the flasks.
· The pH began to level off by Day 10, by which point the culture media was completely filled with biomass.
· The presence or absence of bioavailable iron in the media did not appear to affect growth, both visually and as tracked by pH.
· It is also unlikely that the lack of bioavailable iron in the iron-free media caused any difference in the metabolites produced by the fungus, since this would likely have caused a difference in the pH.
· The absence of chrysotile in the control cultures did affect pH, however, possibly due to slight differences in growth due to a lack of substrate.
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	Silica Problems
	
	· Geochemical analysis showed that while silica was being dissolved from the chrysotile, silica was also precipitating out of solution.
· In focusing specifically on chrysotile weathering, I will present the silica data adjusted to show only the dissolution effect.
· The source of the silica in the controls is unclear, as the biological and media-only controls do not contain any chrysotile, are in polycarbonate flasks, and there is no silica in the media.
· The media was made and autoclaved in glass bottles, and the steam from the autoclave was from distilled water made in a glass still, so that is one possibility, but I am very open to other explanations if anyone has them.
· I do not believe it to be an error though, as there is good replication.
· Some precipitates were visible on the post-experiment chrysotile under SEM, both as individual particles and as coatings on the chrysotile, but these precipitates were highly amorphous, and were rapidly destroyed by beam damage,
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	· as you can see here...
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	Silica Problems
	
	· ...and here.
· It is possible that these precipitates are amorphous silica.
· However, because they are destroyed so quickly by beam damage, and are surrounded by chrysotile, that could not be verified by EDS.
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	Iron vs. Iron-Free
	
	· Returning to the experimental results, the concentrations of both Magnesium and Silica dissolved from the chrysotile into the culture medium over the course of the experiment were nearly identical in the iron and iron-free media types.
· From this and the pH data, we can infer that the bioavailability of iron made no difference in the rate of growth or biological weathering.
· Chrysotile dissolution also took place in the abiotic controls, in which pH was not adjusted.
· However, the weathering effect was stronger in the experimental flasks containing the fungus.
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	· You may notice that the dissolution of Magnesium as compared to Silica was not stoichiometric.
· While there is a 3-to-2 ratio of Magnesium to Silica in the chrysotile chemical formula, the ratio of dissolved magnesium to silica in the media was slightly higher than 3-to-2 at the beginning of the experiment, about 5-to-2 by the middle of the experiment, and about 7-to-2 by the end of the experiment.
· This preferential extraction of Magnesium over Silica was also reported in studies of fungi-induced chrysotile weathering by other species.
· This has been reported as the effect of organic ligands and/or siderophores that promote silicate dissolution by complexing with cations such as Iron, Magnesium, and Aluminum, but not Silica.
· The non-stoichiometric dissolution of silica is also compounded by silica’s low solubility below pH 8.
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	Iron vs. Iron-Free
	
	· Through X-ray diffraction analysis, we can also see that the structure of biologically weathered chrysotile was the same regardless of the presence or absence of bioavailable iron.
· The width, shape, and location of the peaks on the X-ray diffraction pattern are the same for the chrysotile from both media types.
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	Bio vs. Abiotic
	
	· The concentrations of both Magnesium and Silica were also identical whether the chrysotile was subjected to biological weathering or abiotic chemical weathering.
· From this, we can infer that biological weathering of chrysotile by Talaromyces is pH-driven.
· You can see here again that, while dissolution did take place in the controls, the weathering effect was stronger in both the culture flasks and the pH-adjusted flasks.
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	· Since the results of the abiotic chemical weathering are almost completely identical to those of the biological weathering, it is likely that the non-stoichiometric dissolution of silica is simply the effect of silica’s low solubility below pH 8, and is not the result of an organic ligand effect as reported in the literature for chrysotile weathering by other species.
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	Bio vs. Abiotic
	
	· Again, X-ray diffraction analysis shows that the structure of biologically weathered chrysotile was the same as abiotically weathered chrysotile...
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	· ...with the exception of some slight variation here.
· This variation could potentially be related to the presence of the precipitates, which were much more common in the abiotic flasks and controls than in the culture flasks.
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	Structural Change?
	
	· Last but not least, the results of this experiment show that, compared to unweathered chrysotile, biological weathering did not cause any significant structural changes to the chrysotile.
· Magnesium and Silica are dissolved from the chrysotile, but the fibrous structure remains in tact after weathering.
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	Structural Change?
	
	· In addition to the X-ray diffraction data, under SEM, there are no visible differences in the fibrous structure of the chrysotile before and after the experiment, with the exception of the fibers being a bit more matted down after weathering.
· Despite efforts to remove them, the fungal hyphae are firmly attached to the chrysotile, and are visible here...
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	· The fungus used the chrysotile as a growth substrate from the very beginning of its growth.
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	· The precipitates mentioned earlier are also visible on the chrysotile from both the abiotic experimental flasks and from the controls.
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	Conclusions
	
	· In conclusion...
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	· (1) Talaromyces has the same biological weathering effect on chrysotile regardless of the presence or absence of bioavailable iron in the culture medium.
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	· (2) pH has the same effect on the in vitro dissolution of chrysotile under both biological and abiotic conditions.
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	· In other words, biological weathering is the result of the large quantity of organic acids produced by Talaromyces as exometabolites, rather than a specific biological activity that breaks down the chrysotile.
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	· (3) Biological weathering of chrysotile by Talaromyces causes dissolution, but does not break down the structure of chrysotile.
· This does not support any implications for use as a potential method for asbestos bioremediation.
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	Future Work
	
	· One further question I would like to see answered is...
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	· How does mineral structure affect weathering results?
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	· The other serpentine minerals, lizardite and antigorite, have the same basic chemical compositions as chrysotile, but different crystal structures.
· It would be interesting to see if this experiment would yield the same results with these other two minerals.
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	· On a larger, more big-picture scale, there is still so much we don’t know about the interactions between fungi and minerals.
· We know that fungi and other microbes play an important role in mineral-weathering in soils, but between this study and others in the literature, it is becoming more and more apparent that the efficiency of Magnesium-, Silica-, and Iron-dissolution from serpentine minerals is very species-specific, and metabolite-specific.
· Large-scale studies of both individual species and whole microbial communities are needed to really get at the heart of the microbe-mineral interactions in serpentine soils.
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	Thank You!
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