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Abstract 14 

Acidithiobacillus ferrooxidans cells can oxidize iron and sulfur and are key members of the 15 

microbial biomining communities that are exploited in the large-scale bioleaching of metal sulfide 16 

ores. Some minerals are recalcitrant to bioleaching due to presence of other inhibitory materials in 17 

the ore bodies. Additives are intentionally included in processed metals to reduce environmental 18 

and microbially influenced corrosion. We have previously reported a new aerobic corrosion 19 

mechanism where A. ferrooxidans cells combined with pyrite and chloride can oxidize low grade 20 

stainless steel (SS304) with a thiosulfate-mediated mechanism. Here we explore process 21 

conditions and genetic engineering of the cells to enable corrosion of a higher grade steel (SS316).  22 

The addition of elemental sulfur and an increase in the cell loading resulted in a 74% increase in 23 

the corrosion of SS316 as compared to sulfur- and cell-free control experiments. The 24 

overexpression of the endogenous rus gene, which is involved in the cellular iron oxidation 25 

pathway, led to further 85% increase in the corrosion of the steel. Thus, the modification of the 26 

culturing conditions and cell line, led to a more than 3-fold increase in the corrosion of SS316 27 

stainless steel, such that 15% of the metal coupons was dissolved in just 2 weeks. This work 28 

demonstrates how the engineering of cells and the optimization of their cultivation conditions can 29 

be used to discover conditions that lead to the corrosion of a complex metal target. 30 
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Introduction 36 

 Biomining technologies exploit microbial metabolisms to extract and recover metals from 37 

ores and waste materials (Rawlings, 2002). The biomining of mineral ores produces at least 15% 38 

of copper and 5% of gold globally (Johnson, 2014; Schippers et al., 2014). Furthermore, the 39 

amount of electronic waste produced annually around the world has been rapidly growing, and 40 

these waste streams contain metals of relatively high value and concentration when compared to 41 

the dilute concentrations of metals found in the earth. Chemical leaching has been studied 42 

extensively for printed circuit boards, and bioleaching has been gaining traction as it is compatible 43 

with a variety of inexpensive lixiviants (Hsu, Barmak, West, & Park, 2019). The oxidation of pure 44 

metals and minerals by microbes generally involves reactions that are well understood. However, 45 

a grand challenge in the further development of biomining and metal recycling technologies lies 46 

in the interactions that occur with other materials found in the feedstocks.  For example, the 47 

bioleaching of refractory copper-containing mineral chalcopyrite is limited by inhibitory 48 

compounds that lead to passivation (Li, Kawashima, Li, Chandra, & Gerson, 2013).  These 49 

inhibitory effects are exploited for the protection of metals from corrosive attack.  Stainless steels 50 

are formulated with chromium and other elements to inhibit oxidation reactions.  51 

 Acidithiobacillus ferrooxidans is a well-studied acidophilic chemolithotrophic 52 

microorganism capable of oxidizing both iron and reduced inorganic sulfur species which enables 53 

the oxidation and dissolution of metal sulfides. This bacterium is one of many biomining genera 54 

involved in biomining operations, and the role of these bacteria in catalyzing redox reactions has 55 

been characterized since their identification (Gumulya et al., 2018). Recent focus on leaching low 56 

grade ores in suboptimal conditions such as in the presence of saline, reflecting the arid regions 57 

where ores are found, has spurred studies to evaluate strategies for improving traditional mining 58 
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bioprocesses. Thermophiles with their ability to operate at elevated temperatures have the 59 

advantage of higher reactions rates, but these species frequently tolerate less metal than mesophiles 60 

(Castro, Urbieta, Plaza Cazón, & Donati, 2019). Microbial consortia have been reported to 61 

outperform pure cultures in leaching due to synergistic effects from promoting and inhibiting 62 

various reactions within leaching solutions (Brune & Bayer, 2012). However, manipulation and 63 

control of microbial consortia is still poorly explored given the lack of details about individual 64 

species and the mechanisms associated with each.  For example, quorum sensing and sulfur 65 

oxidation pathways in these cells are not full elucidated, limiting the effective design of engineered 66 

microbial communities (Mamani et al., 2016; Wang et al., 2019).  67 

There is a great deal of potential and interest in the use of synthetic biology to enhance the 68 

performance of biomining microorganisms. The genetic tools available for the manipulation of A. 69 

ferrooxidans allow for overexpression, knockout, and chromosomal integration of genes (Banerjee, 70 

Burrell, Reed, West, & Banta, 2017; Inaba, Banerjee, Kernan, & Banta, 2018; Kernan et al., 2016; 71 

Yu, Liu, Wang, Li, & Lin, 2014). While interesting phenotypes have been discovered using these 72 

tools, engineered strains have not been investigated in simulated leaching conditions. However, it 73 

is clear that the genetic engineering of acidophiles holds much promise for future bioleaching 74 

studies as complete genome sequences are available for multiple bacterial and archaea species 75 

(Kaksonen et al., 2018). 76 

  The manipulation of the leaching solution and oxidation kinetics using several different 77 

additives have been also proposed, given that chemical modification of biomining systems is 78 

relatively simple to implement. Surfactants, such as Triton X-100, were shown to be effective in 79 

enhancing copper extraction from chalcopyrite despite their inhibitory effect on A. ferrooxidans 80 

even at low concentrations (Zhang et al., 2018). In leaching copper from television circuit boards, 81 
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the addition of pyrite at a concentration of 50 g/L was shown to improve the extraction of copper 82 

by providing additional soluble iron and acid to aid with the process (Bas, Deveci, & Yazici, 2013). 83 

Additionally, acid-processed waste newspaper was used as an additive to improve the recovery of 84 

copper from chalcopyrite with a mixed consortium through a reductive dissolution mechanism 85 

(Panda et al., 2015). These studies demonstrate how optimization of the bioleaching milieu can 86 

provide opportunities for low-cost enhancements to biomining processes. 87 

 While stainless steels holds little value as a target for metal recovery, stainless steels, 88 

especially the 316 grade, are used in the hardware of numerous industries such as mining, paper 89 

production, and petroleum processing due to their excellent corrosion resistance (Choudhary, 90 

Macdonald, & Alfantazi, 2015; Javaherdashti, 2017). Microbial influenced corrosion (MIC) has 91 

been implicated as one of the primary mechanisms involved in the failure of stainless steels, and 92 

studies have shown that biofilms formed by anaerobic sulfate-reducing bacteria aggravate MIC 93 

(Chen, Frank Cheng, & Voordouw, 2017; Sheng, Ting, & Pehkonen, 2007). Despite the 94 

similarities in reaction chemistries involved in biomining and MIC, where metal dissolution is 95 

desired in one and undesired in the other, only a few studies have investigated acidophiles for their 96 

corrosivity (Dong et al., 2018; Wang, Ju, Castaneda, Cheng, & Zhang Newby, 2014). We recently 97 

reported that A. ferrooxidans is capable of catalyzing MIC under aerobic conditions.  We found 98 

that pyrite oxidation in a chloride containing medium could disrupt the passivation layer of 99 

stainless steel SS304 to enable thiosulfate-mediated dissolution of the bulk metal (Inaba, Xu, 100 

Vardner, West, & Banta, 2019). The more recalcitrant SS316 steel grade involves the addition of 101 

molybdenum and increased amounts of nickel compared to the SS304 grade resulting in better 102 

protection against pitting corrosion by chloride ions and hindering dissolution of the metal 103 

(Kaneko & Isaacs, 2002; Pardo et al., 2008). 104 
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 Here we report the enhancement of microbial corrosion of stainless steels by optimizing 105 

the substrates available for oxidation and by creating a new engineered A. ferrooxidans strain with 106 

an enhanced capability to oxidize these substrates in a corrosion medium. We investigated the 107 

effect of adding elemental sulfur, another low-cost substrate in addition to pyrite, to the corrosion 108 

system to improve acid production which serves as the main metal oxidant. In addition to 109 

modulating the energy source for A. ferrooxidans in the medium, we also considered the effect of 110 

initial cell density.  Finally, we introduced a plasmid into A. ferrooxidans that enables the 111 

overexpression of the endogenous rusticyanin (rus) gene, which is a periplasmic protein critical 112 

for iron oxidation. With these modifications, we demonstrate the enhanced corrosion of SS304 113 

steel and we use these improvements to explore the MIC of the more corrosion-resistant SS316 114 

stainless steel.  These results further demonstrate how synthetic biology and the optimization of 115 

culturing conditions can be used to enable MIC of industrially processed metals and hardware. 116 

 117 

Materials and Methods 118 

Chemicals and reagents  119 

 All chemicals were sourced from Sigma-Aldrich (St. Louis, MO) and enzymes and 120 

reagents for DNA manipulation were purchased from NEB (Ipswich, MA) unless otherwise noted. 121 

All primers used in this study were obtained from Integrated DNA Technologies (Coralville, Iowa). 122 

Western blot supplies were sourced from Thermo Fisher Scientific (Waltham, MA). 200-mesh 123 

pyrite was provided as a kind gift from Freeport-McMoRan (Phoenix, AZ). SS304 stainless steel 124 

shims and SS316 stainless steel shims were obtained from McMaster-Carr (Robbinsville, NJ). 125 

Acidithiobacillus ferrooxidans ATCC 23270 and Escherichia coli S17-1 were obtained as 126 

described previously (Kernan, West, & Banta, 2017). All DNA sequencing was performed by 127 
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Genewiz (South Plainfield, NJ). The bacterial strains and plasmids used in this study are listed in 128 

Table 1. 129 

Media and culturing of Acidithiobacillus ferrooxidans 130 

 All A. ferrooxidans cultures were initiated with a starting OD600=0.001 (optical density 131 

measured at 600 nm), corresponding to a cell density of 8.3 x 106  cells/mL, unless otherwise 132 

indicated for corrosion experiments using higher initial cell density of OD600=0.03 (Li, Mercado, 133 

Kernan, West, & Banta, 2014). A. ferrooxidans was maintained for use in experiments by weekly 134 

subculture into 100 mL of AFM3 medium as described previously (Inaba et al., 2019). All cultures 135 

were incubated at 30 °C and shaken at 140 rpm. Cells were harvested by centrifugation at 5,000 x 136 

g for 7 min. Harvested cells were kept in 10 mL of AFM3 medium (Table S2) and maintained 137 

viability for 1-2 weeks stored at 4 °C.  138 

 Immersion corrosion experiments were conducted in 100 mL of CM5 medium (Table S2) 139 

as described previously (Inaba et al., 2019). All media were sterilized with a 0.2 µm filter (Thermo 140 

Fisher Scientific, Waltham, MA). Pyrite and/or colloidal sulfur were added to CM5 medium after 141 

filtration using aseptic techniques. 142 

Plasmid construction and genetic manipulation 143 

 The empty vector pYI11 was generated by digesting plasmid AF-GFP with NheI and NotI 144 

(Kernan et al., 2016). The tac promoter and rrnB terminator were amplified from pMAL-c4E with 145 

primer sets pJRD-tac-F/pJRD-tac-R and pJRD-rrnB-F/pJRD-rrnB-R respectively using Q5 DNA 146 

polymerase. The amplified tac promoter was purified and digested with NheI and BamHI and the 147 

amplified rrnB terminator was purified and digested with BamHI and NotI. The two amplicons 148 

were ligated into the digested AF-GFP vector. The resulting plasmid was then modified with Q5 149 

Site-Directed Mutagenesis as per the recommended protocol from the manufacturer with primers 150 
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pJRD-EcoRI-F/pJRD-EcoRI-R to include an additional EcoRI restriction site. Then, using the Q5 151 

Site-Directed Mutagenesis with primers pJRD-dRSF-F/pJRD-dRSF-R, a small portion of the 152 

plasmid backbone before the oriV was deleted to produce pYI11. 153 

 To generate pYI37, the pYI11 plasmid was modified to have an in-frame His-tag using the 154 

Q5 Site-Directed Mutagenesis with primers pYIHis-F/pYIHis-R. This plasmid was then digested 155 

with BamHI and KpnI. The rus gene from A. ferrooxidans was amplified from genomic DNA 156 

prepared using the NucleoSpin Tissue kit (Takara Bio, Mountain View, CA) with primers pYI37-157 

F/pYI37-R and purified. The PCR fragment was combined with the digested plasmid using 158 

NEBuilder HiFi DNA Assembly as per the recommended protocol. All constructs were 159 

transformed into E. coli DH5α and were verified by DNA sequencing. The primers used for 160 

plasmid construction are listed in Table S1. The DNA sequences and plasmid maps of plasmid 161 

pYI11 and pYI37 are provided in Table S3 and Fig. S4.  162 

 Plasmid pYI37 was conjugated into A. ferrooxidans using the mating and conjugation 163 

protocol previously described using the donor strain E. coli S17-1. Three single colonies of A. 164 

ferrooxidans transconjugants on S204 solid medium plates were screened in the liquid selection 165 

SM4 medium (Table S2) (Inaba et al., 2018).  166 

Western blots for detection of transgene expression  167 

 After verifying the mutants had persistent kanamycin resistance in SM4 medium, the 168 

presence of the overexpressed rus protein in the mutants was determined by Western blotting for 169 

the three clones designated as YI37-1, YI37-2, YI37-3. The cell lysates of the genetically 170 

engineered A. ferrooxidans was separated using SDS-PAGE in Novex NuPAGE 4-12% Bis-Tris 171 

gel. The separated proteins were transferred onto a Novex 0.45 µm nitrocellulose membrane with 172 

a semi-dry blotting unit using the recommended method of the manufacturer. The blotted 173 
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membrane was blocked using Blocker Fl Fluorescent Blocking Buffer and treated with mouse 6x-174 

His tag monoclonal antibody (HIS.H8) at a 1:1000 dilution. The primary antibody treated 175 

membrane was then treated with goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody, 176 

Alexa Fluor 488 at a 1:1000 dilution. The fluorescently labeled proteins were detected using a Gel 177 

Doc XR+ Imager (Bio-Rad, Hercules, CA) are shown in Fig. S5 where the expected molecular 178 

weight of the His-tagged rus protein is 20.8 kDa. As all three cell lysates had the tagged protein. 179 

Clone YI37-3 was used for the remainder of the study and referred to as AF37. 180 

Preparation and analysis of metal coupons 181 

 For the immersion corrosion tests, the metal shims were cut into 100 mg coupons and 182 

weighed using an analytical balance (Accu-124, Fisher Scientific, Hampton, NH). All coupons 183 

retrieved after immersion tests were rinsed with distilled water, dried in air, and weighed using an 184 

analytical balance. 185 

Analysis of immersion medium 186 

 The pH values of the media samples were measured using the pH 700 Benchtop Meter 187 

(Oakton, Vernon Hills, IL). The redox potentials of the media were measured using Mettler Toledo 188 

InPro3253SG pH probe. The redox potentials (ORP) were calibrated against an ORP standard at 189 

EH = +420 mV against a Standard Hydrogen Electrode (SHE).  The combined ferrous iron and 190 

thiosulfate concentrations were measured by titrating 1 mL of the sampled media mixed with 10 191 

µL of ferroin indicator using a 0.1 M cerium sulfate solution and noting the color change of the 192 

solution from a red to a cyan color which indicated that the reduced species had been oxidized. 193 

The combined concentrations are reported in the equivalent concentration of ferrous iron. Total 194 

iron concentrations were measured using the iCE 3300 Atomic Absorption Spectrometer (Thermo 195 
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Fisher Scientific, Waltham, MA), and sulfate concentrations were measured using a barium sulfate 196 

turbidimetric method as previously described (Inaba et al., 2019).  197 

Statistics 198 

All error bars represent one standard deviation from the mean. Statistical analyses using 199 

ANOVA and post-hoc tests were conducted using Matlab and unpaired t-tests were conducted 200 

using Excel. P-values less than 0.05 were considered to be statistically significant. 201 

 202 

Results 203 

Modulation of steel corrosion by A. ferrooxidans using different mixtures of pyrite and sulfur 204 

 Previously, we demonstrated that once the passivation layer on the stainless steel was 205 

removed by the thiosulfate produced by the oxidation of pyrite, proton attack was responsible for 206 

the corrosion of SS304 stainless steel (Inaba et al., 2019).  Therefore, the effect of including 207 

elemental sulfur as an additional source of acid was investigated. Keeping the total solids constant 208 

at 10 g/L in the immersion tests, five different ratios of pyrite to sulfur were tested ranging from 209 

conditions with 100% pyrite to 100% sulfur to explore the corrosion of SS304 metal coupons. In 210 

the presence of A. ferrooxidans, both pyrite and sulfur were oxidized to generate sulfuric acid 211 

where the oxidation of pyrite goes through the thiosulfate intermediate in solution before being 212 

oxidized to sulfate while the oxidation of sulfur goes directly to sulfate within the cell. After a 336-213 

h incubation for each condition, the mass loss of the coupons and final pH values were measured, 214 

where the pH indicates the total acid produced by the oxidation of the substrates. In the control 215 

condition of 100% pyrite, 18.3 ± 0.9 mg of SS304 was lost, resulting in a final solution pH of 1.62 216 

± 0.04. As the pyrite was replaced with increasing amounts of sulfur, a maximum mass loss of 217 
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27.4 ± 1.0 mg was observed using 80% pyrite and 20% sulfur.  This corresponds to an increase of 218 

50% as compared to the control condition. ANOVA showed that the differences in the mass losses 219 

were significant (Fig. 1, Top). The lowest final pH of 1.30 ± 0.08 was also observed using 80% 220 

pyrite and 20% sulfur (Fig. 1, Bottom). However, ANOVA indicated that differences between pH 221 

values did not reach statistical significance. Further increases in the percentage of sulfur in the 222 

solid mixture resulted in smaller mass losses in the SS304 coupons and generally higher final pH 223 

values in the solutions. The differences in mean mass losses in the 20% pyrite and 80% sulfur and 224 

100% sulfur conditions were also significant as compared to the control conditions indicating that 225 

the addition of excess sulfur impedes the corrosion mechanism and further highlights the 226 

importance of having pyrite presence in the culture (Fig. 1, Top). 227 

Pyrite and sulfur induced microbial corrosion of SS316 stainless steel 228 

 As the mixture of 80% pyrite and 20% sulfur was successful in enhancing the corrosion of 229 

SS304 stainless steel, the CM5 corrosion medium was evaluated on SS316 stainless steel to 230 

determine if the modification would be effective against a more corrosion-resistant stainless steel. 231 

The biotic tests with A. ferrooxidans using the SS316 coupons resulted in a higher mass loss of 232 

5.3 ± 0.6 mg using 100% pyrite and 6.3 ± 1.0 mg using 80% pyrite and 20% sulfur as compared 233 

to the abiotic control with a mass loss of 4.7 ± 0.1 mg (Fig. 2), however these differences did not 234 

reach statistical significance by ANOVA. Comparing the immersion media in the cultures for the 235 

three conditions, the pH and sulfate concentrations displayed a notable divergence. Starting at 168 236 

hours, the biotic condition with 80% pyrite and 20% sulfur had a steeper decline in pH and rapid 237 

accumulation of sulfate until the end of the immersion test as compared to the biotic condition 238 

with only pyrite and the abiotic condition as shown in Fig. 3. At 336 hours, ANOVA was used to 239 

determine that there were statistically significant differences in the final pH and sulfate 240 
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concentrations. Post-hoc tests revealed that the three pH measurements recorded were different 241 

from each other and the sulfate concentration for the biotic tests with 80% pyrite and 20% sulfur 242 

was different from both the biotic case with 100% pyrite and abiotic case. These results indicated 243 

that A. ferrooxidans was oxidizing the sulfur to acidify the media more rapidly as compared to the 244 

cultures with only pyrite. While the two biotic conditions had similar ORP readings that were 245 

higher than that of the abiotic controls, the ferrous and thiosulfate concentrations and total iron 246 

concentration, which correspond to the oxidation of pyrite, showed no particular trends between 247 

the three conditions (Fig. S6). 248 

Effect of initial cell density on corrosion of SS316  249 

 Since A. ferrooxidans catalyzes the oxidation of ferrous iron to ferric iron driving further 250 

pyrite oxidation, we hypothesized that increasing the initial cell density in the culture would cause 251 

increased pyrite oxidation through both planktonic and biofilm-forming cells which are capable of 252 

regenerating ferric iron (Fowler, Holmes, & Crundwell, 1999). Furthermore, additional cells could 253 

attach to the elemental sulfur to promote the production of sulfuric acid. With the production of 254 

additional thiosulfate and acid, the corrosion of the metal coupons would be enhanced unless the 255 

increased presence of ferric iron in solution caused the rapid degradation of thiosulfate to inhibit 256 

MIC.  257 

 While previous immersion experiments with A. ferrooxidans were started with an initial 258 

OD600=0.001, referred to as the low-OD case, a much higher initial OD600=0.03 was chosen for 259 

the high-OD experiments. The most corrosive condition of CM5 medium with 80% pyrite and 260 

20% sulfur was used for the comparison. Fig. 4A shows that the additional cells in the culture had 261 

the desired effect on the immersion solution. From the early stages of immersion test, the medium 262 

was more acidic and at 336 hours, the pH of the solution reached 1.00 ± 0.02 for the high-OD 263 
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experiments compared to 1.21 ± 0.04 for the low-OD experiments, which was statistically 264 

significant difference by a one-tail two sample t-test (Fig. 4A). Only small amounts of ferrous iron 265 

and thiosulfate were detected until 216 hours when the pH fell below that of ~1.3 which is the low 266 

pH limit of iron oxidation by A. ferrooxidans (Sand, 1989). After this pH crossover point, the 267 

ferrous iron and thiosulfate concentrations slowly accumulated until the end of the experiment. To 268 

support these observations, the redox potentials for the high-OD case followed this trend where a 269 

relatively high ORP, close to the ferric-ferrous iron redox couple of 770 mV, was maintained until 270 

216 hours after which a decline in ORP corresponding to the increase in ferrous iron was measured 271 

(Fig. 4A). An increased accumulation of sulfate concentration over the low-OD case was seen 272 

during the second half of the experiment (Fig. 4A). After 336 hours, a mass loss of 8.2 ± 0.7 mg 273 

was measured from the SS316 coupons as displayed in Fig. 5. This is a 74% increase in mass loss 274 

as compared to the abiotic control experiment where only pyrite was added to the corrosion 275 

medium (Fig. 2).   276 

Impact of rus gene overexpression in AF37 on corrosion 277 

 The degradation of pyrite by A. ferrooxidans produces small amounts of elemental sulfur, 278 

and growth on pyrite or sulfur as energy sources requires different metabolic adaptations in the 279 

cells because the chemical composition of the extracellular polymeric substances needed to attach 280 

to these substrates differs in electrostatic properties and hydrophobicity (Gehrke, Telegdi, Thierry, 281 

& Sand, 1998; Schippers, Jozsa, & Sand, 1996). A key enzyme for growth on ferrous iron, rus is 282 

known to be downregulated, yet still newly synthesized, in biofilm cells during growth on pyrite 283 

and elemental sulfur (Bellenberg, Huynh, Poetsch, Sand, & Vera, 2019; Valenzuela et al., 2008). 284 

Through the overexpression of rus in A. ferrooxidans, we hypothesized that substrate oxidation 285 

would be enhanced in this complex medium, which would further intensify the corrosion of 286 
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stainless steel. The high initial cell concentration of OD600=0.03 was used. After 336 hours of 287 

incubation, the coupons with the engineered AF37 cell line exhibited 15.2 ± 0.9 mg of mass loss 288 

which is 85% higher than what was observed with the wild type cells (8.2 ± 0.7), and this was 289 

statistically different by a one-tail two sample t-test (Fig. 5). The most notable measured difference 290 

in the media was the acceleration of the pH decline over the experimental time span. The cultures 291 

with AF37 reached a pH~1.3 approximately 48 hours before the wild type cells reached a similar 292 

pH, at which point the ferrous and thiosulfate concentration began to increase (Fig. 4B). At 336 293 

hours, the pH of AF37 cell cultures reached 0.90 ± 0.04 and the sulfate concentration in solution 294 

was significantly higher than the measured levels with the wild type cells (Fig. 4B). 295 

 Prior research has indicated that rus is downregulated when A. ferrooxidans are exposed 296 

to high chloride environments (Dopson et al., 2017). To demonstrate that AF37 had no increased 297 

iron oxidation activity in the presence of chloride, both wild type and engineered AF37 cells were 298 

grown in AFM3 medium supplemented with 45 mM KCl which corresponds to the amount of 299 

chloride initially present in CM5 medium. No significant differences in the time taken to oxidize 300 

all of the ferrous iron was observed between the two strains (Fig. S7). 301 

 302 

Discussion 303 

 A. ferrooxidans is an important microorganism for biomining given its ability to interact 304 

with acid-insoluble and acid-soluble metal sulfides as it expresses oxidation pathways for both 305 

iron and sulfur (Rawlings, 2005; Valdes et al., 2008). As bioleaching biotechnology expands to 306 

electronic and other wastes as a source of critical metals for future manufacturing, hydrometallurgy 307 

offers a path to the urban mining of these raw materials (Işıldar et al., 2019). While many metals 308 

can be mobilized by ferric iron produced through the iron oxidation activity of A. ferrooxidans, 309 
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alloys such as stainless steel require more complex chemistries for dissolution corresponding to 310 

unique media compositions necessary to promote these reactions (Inaba et al., 2019). Thiosulfate-311 

based leaching techniques are also promising for precious metal recovery as cyanide lixiviants for 312 

gold are highly toxic and environmentally damaging (Xu et al., 2017). To enhance pyrite-based 313 

leaching of stainless steel by A. ferrooxidans, here we have demonstrated that the manipulation of 314 

substrate utilization and genetic manipulation of the cells can substantially improve the corrosion 315 

of stainless steels.  We find that the supplementation of sulfur and an increase in cell density leads 316 

to almost a doubling of the extent of corrosion of SS316 and the overexpression of the endogenous 317 

rus gene in the cells leads to almost another doubling of the SS316 corrosion.   318 

 The initial oxidation of pyrite by ferric iron is known to yield protons, and subsequently 319 

more protons are generated as the thiosulfate intermediate is oxidized to sulfate by A. ferrooxidans 320 

(Schippers & Sand, 1999). Our data shows that the supplement of elemental sulfur was beneficial 321 

in increasing the corrosion rate of both SS304 and SS316 under biotic conditions. These results 322 

indicate that direct sulfur oxidation is more effective in producing acid, possibly due to the 323 

thiosulfate from pyrite being consumed during the removal of the passivation layer from the 324 

stainless and the consumption of protons during iron oxidation by A. ferrooxidans (Quatrini et al., 325 

2009). However, as expected, sulfur oxidation only acts as an enhancer to this corrosion 326 

mechanism as the mass loss observed decreased with increasing sulfur content beyond the 80% 327 

pyrite and 20% sulfur ratio as insufficient amounts of thiosulfate were being produced to initiate 328 

corrosion on the metal surface. More surprising was the positive effect of increasing initial cell 329 

density on augmenting corrosion of the coupons. While the additional cell mass increased the 330 

overall corrosion of the coupons, during the initial phase of the immersion the solution became 331 

more oxidative with ferric iron being the dominant state of iron. Our previous studies suggested 332 
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that maintaining the iron in the reduced state as much as possible was important to prevent the 333 

reaction of ferric iron and the thiosulfate to produce tetrathionate which occurs rapidly in solution. 334 

However, these observations seem to indicate that this reaction is not a significant part of the 335 

mechanism. During the second phase of the immersion experiments, when the pH drops below 1.3, 336 

the concentration of the reduced species increased quickly. Previously, this reduction behavior was 337 

attributed with the oxidation of sulfur at extremely low pH, but under the conditions used in this 338 

study, the consumption of ferric by pyrite seems more likely, given the slow reduction rates using 339 

elemental sulfur (Johnson, Hedrich, & Pakostova, 2017). As the concentration of ferric iron 340 

decreases in solution, it is expected that the oxidation of pyrite decreases and the oxidation of the 341 

sulfur becomes more important due to the accelerating acidification of the medium.  342 

 The rus operon in A. ferrooxidans contains proteins involved in the downhill pathway for 343 

electron transfer used in iron oxidation. The operon contains three identified promoters, PI, PII, 344 

and Prus, and a fourth promoter upstream of the acoP gene has been suggested (Navarro, Von 345 

Bernath, Martínez-Bussenius, Castillo, & Jerez, 2016; Yarzabal, Appia-Ayme, Ratouchniak, & 346 

Bonnefoy, 2004; Zhan et al., 2019). The multiple promoters transcribing this operon are 347 

differentially affected by various environmental cultivation conditions for A. ferrooxidans. The 348 

expression of rus was found to be higher when sulfur-grown cells were exposed to copper, 349 

indicating that the overexpression of rus can have an impact beyond that of iron oxidation 350 

(Almárcegui et al., 2014).  Our results here demonstrate that in this system, where considerable 351 

quantities of iron, pyrite, sulfur, and chloride are all present, the overexpression of rus from the 352 

unregulated tac promoter in AF37 affected the oxidation of pyrite and/or sulfur rather than the iron 353 

oxidation activity stressed by chloride. Further work focused on investigating rus expression under 354 
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other relevant bioleaching conditions may further elucidate the additional roles this protein plays 355 

in determining the oxidation rates of various substrates. 356 

 Although the lack of the lac repressor in A. ferrooxidans makes the tac promoter a 357 

constitutive promoter, it still remains useful in synthetic biology as the strongest known promoter 358 

in the microorganism (Wang, Fang, Wen, Lin, & Liu, 2017). Despite the applicability of tac, a 359 

inducible expression of rus would likely be beneficial to enable responses to specific 360 

environmental signals, avoiding the inefficiencies of synthesizing additional quantities of a protein 361 

that already occupies 21% of the total periplasmic volume (Li, Painter, Ban, & Blake, 2015). A 362 

logical extension of our results would be to pair rus expression with the regulatory elements 363 

controlling the oxidation of pyrite and/or sulfur. With recent elucidation of the role of quorum 364 

sensing in biofilm formation and identification of a potential lux-box like elements in A. 365 

ferrooxidans, the incorporation of the lux-box element into the tac promoter or utilization of the 366 

upstream sequence of afeI instead of tac could serve to generate a more optimal expression profile 367 

to enhance the oxidation rate of pyrite (Banderas & Guiliani, 2013; Mamani et al., 2016). We have 368 

also characterized two promoters that have differential expression in the presence of sulfur, and 369 

the tusA promoter may also elicit favorable expression in this system (Kernan et al., 2017). Future 370 

work in testing novel methods for controlling gene expression will lead to the development of 371 

genetically modified strains of Acidithiobacillus which reduce the time required for metal 372 

dissolution and extraction (Gumulya et al., 2018). 373 

 In this study, we demonstrate the dissolution of the more corrosion-resistant 316 stainless 374 

steel by manipulating substrate oxidation in the absence of the higher chloride concentrations that 375 

were previously explored for 304 stainless steel (Inaba et al., 2019). A. ferrooxidans can 376 

simultaneously oxidize ferrous iron, pyrite, and elemental sulfur to create an extremely corrosive 377 
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environment although past literature has suggested the expression of different EPS genes was 378 

required to attach to the surfaces of pyrite and sulfur (Barreto, Jedlicki, & Holmes, 2005; Gehrke 379 

et al., 1998; Vu, Chen, Crawford, & Ivanova, 2009). These results demonstrate the need to pay 380 

attention to corrosion mechanisms when designing biotechnology processes with this acidophilic 381 

organism and conversely also further highlights that multiple metabolic pathways within A. 382 

ferrooxidans can contribute together to bring about the complex chemistry necessary for the 383 

corrosion of stainless steel. Through additional genetic engineering, substantial improvements in 384 

optimizing the energy pathways in this microorganism can be expected which could then be 385 

applied to commercial biomining.  386 

 387 

Acknowledgements 388 

We gratefully acknowledge Freeport-McMoRan for providing the pyrite used in this study. 389 

We gratefully acknowledge financial support from the U.S. Army Research Office (grant 390 

W911NF-18-1-0239).  And the authors would like to thank Ms. Rose Stewart for technical 391 

assistance.   392 

393 



19 

References 394 

Almárcegui, R. J., Navarro, C. A., Paradela, A., Albar, J. P., von Bernath, D., & Jerez, C. A. (2014). 395 
Response to copper of Acidithiobacillus ferrooxidans ATCC 23270 grown in elemental 396 
sulfur. Research in Microbiology, 165(9), 761-772. doi:10.1016/j.resmic.2014.07.005 397 

Banderas, A., & Guiliani, N. (2013). Bioinformatic Prediction of Gene Functions Regulated by 398 
Quorum Sensing in the Bioleaching Bacterium Acidithiobacillus ferrooxidans. 399 

International Journal of Molecular Sciences, 14(8), 16901-16916.  400 
Banerjee, I., Burrell, B., Reed, C., West, A. C., & Banta, S. (2017). Metals and minerals as a 401 

biotechnology feedstock: engineering biomining microbiology for bioenergy applications. 402 
Curr Opin Biotechnol, 45, 144-155. doi:10.1016/j.copbio.2017.03.009 403 

Barreto, M., Jedlicki, E., & Holmes, D. S. (2005). Identification of a Gene Cluster for the 404 
Formation of Extracellular Polysaccharide Precursors in the Chemolithoautotroph 405 
Acidithiobacillus ferrooxidans. Applied and Environmental Microbiology, 71(6), 2902-406 

2909. doi:10.1128/AEM.71.6.2902-2909.2005 407 

Bas, A. D., Deveci, H., & Yazici, E. Y. (2013). Bioleaching of copper from low grade scrap TV 408 
circuit boards using mesophilic bacteria. Hydrometallurgy, 138, 65-70. 409 
doi:10.1016/j.hydromet.2013.06.015 410 

Bellenberg, S., Huynh, D., Poetsch, A., Sand, W., & Vera, M. (2019). Proteomics Reveal 411 
Enhanced Oxidative Stress Responses and Metabolic Adaptation in Acidithiobacillus 412 

ferrooxidans Biofilm Cells on Pyrite. Frontiers in Microbiology, 10(592). 413 
doi:10.3389/fmicb.2019.00592 414 

Brune, K. D., & Bayer, T. S. (2012). Engineering microbial consortia to enhance biomining and 415 
bioremediation. Frontiers in Microbiology, 3, 203-203. doi:10.3389/fmicb.2012.00203 416 

Castro, C., Urbieta, M. S., Plaza Cazón, J., & Donati, E. R. (2019). Metal biorecovery and 417 

bioremediation: Whether or not thermophilic are better than mesophilic microorganisms. 418 
Bioresource Technology, 279, 317-326. doi:10.1016/j.biortech.2019.02.028 419 

Chen, S., Frank Cheng, Y., & Voordouw, G. (2017). A comparative study of corrosion of 316L 420 
stainless steel in biotic and abiotic sulfide environments. International Biodeterioration & 421 
Biodegradation, 120, 91-96. doi:10.1016/j.ibiod.2017.02.014 422 

Choudhary, L., Macdonald, D. D., & Alfantazi, A. (2015). Role of Thiosulfate in the Corrosion of 423 
Steels: A Review. CORROSION, 71(9), 1147-1168. doi:10.5006/1709 424 

Dong, Y., Jiang, B., Xu, D., Jiang, C., Li, Q., & Gu, T. (2018). Severe microbiologically influenced 425 
corrosion of S32654 super austenitic stainless steel by acid producing bacterium 426 

Acidithiobacillus caldus SM-1. Bioelectrochemistry, 123, 34-44. 427 
doi:10.1016/j.bioelechem.2018.04.014 428 

Dopson, M., Holmes, D. S., Lazcano, M., McCredden, T. J., Bryan, C. G., Mulroney, K. T., . . . 429 
Watkin, E. L. J. (2017). Multiple osmotic stress responses in Acidihalobacter prosperus 430 
result in tolerance to chloride ions. Frontiers in Microbiology, 7(2132). 431 

doi:10.3389/fmicb.2016.02132 432 
Fowler, T. A., Holmes, P. R., & Crundwell, F. K. (1999). Mechanism of pyrite dissolution in the 433 

presence of Thiobacillus ferrooxidans. Applied and Environmental Microbiology, 65(7), 434 
2987-2993.  435 

Gehrke, T., Telegdi, J., Thierry, D., & Sand, W. (1998). Importance of Extracellular Polymeric 436 
Substances from Thiobacillus ferrooxidans for Bioleaching. Appl Environ Microbiol, 64(7), 437 
2743-2747.  438 



20 

Gumulya, Y., Boxall, N., Khaleque, H., Santala, V., Carlson, R., & Kaksonen, A. (2018). In a 439 
quest for engineering acidophiles for biomining applications: challenges and opportunities. 440 
Genes, 9(2), 116.  441 

Hsu, E., Barmak, K., West, A. C., & Park, A.-H. A. (2019). Advancements in the treatment and 442 

processing of electronic waste with sustainability: a review of metal extraction and 443 
recovery technologies. Green Chemistry, 21(5), 919-936. doi:10.1039/C8GC03688H 444 

Inaba, Y., Banerjee, I., Kernan, T., & Banta, S. (2018). Transposase-Mediated Chromosomal 445 
Integration of Exogenous Genes in Acidithiobacillus ferrooxidans. Appl Environ Microbiol, 446 
84(21), e01381-01318. doi:10.1128/aem.01381-18 447 

Inaba, Y., Xu, S., Vardner, J. T., West, A. C., & Banta, S. (2019). Microbially Influenced 448 

Corrosion of Stainless Steel by Acidithiobacillus ferrooxidans Supplemented with Pyrite: 449 

Importance of Thiosulfate. Applied and Environmental Microbiology, 85(21), e01381-450 
01319. doi:10.1128/AEM.01381-19 451 

Işıldar, A., van Hullebusch, E. D., Lenz, M., Du Laing, G., Marra, A., Cesaro, A., . . . Kuchta, K. 452 
(2019). Biotechnological strategies for the recovery of valuable and critical raw materials 453 

from waste electrical and electronic equipment (WEEE) – A review. Journal of Hazardous 454 
Materials, 362, 467-481. doi:10.1016/j.jhazmat.2018.08.050 455 

Javaherdashti, R. (2017). Microbiologically Influenced Corrosion (MIC). In Microbiologically 456 
Influenced Corrosion: An Engineering Insight (pp. 29-79). Cham: Springer International 457 
Publishing. 458 

Johnson, D. B. (2014). Biomining—biotechnologies for extracting and recovering metals from 459 

ores and waste materials. Current Opinion in Biotechnology, 30, 24-31. 460 
doi:10.1016/j.copbio.2014.04.008 461 

Johnson, D. B., Hedrich, S., & Pakostova, E. (2017). Indirect Redox Transformations of Iron, 462 

Copper, and Chromium Catalyzed by Extremely Acidophilic Bacteria. Frontiers in 463 
Microbiology, 8(211). doi:10.3389/fmicb.2017.00211 464 

Kaksonen, A. H., Boxall, N. J., Gumulya, Y., Khaleque, H. N., Morris, C., Bohu, T., . . . Lakaniemi, 465 
A.-M. (2018). Recent progress in biohydrometallurgy and microbial characterisation. 466 
Hydrometallurgy, 180, 7-25. doi:10.1016/j.hydromet.2018.06.018 467 

Kaneko, M., & Isaacs, H. S. (2002). Effects of molybdenum on the pitting of ferritic- and 468 
austenitic-stainless steels in bromide and chloride solutions. Corrosion Science, 44(8), 469 

1825-1834. doi:10.1016/S0010-938X(02)00003-3 470 
Kernan, T., Majumdar, S., Li, X., Guan, J., West, A. C., & Banta, S. (2016). Engineering the iron-471 

oxidizing chemolithoautotroph Acidithiobacillus ferrooxidans for biochemical production. 472 
Biotechnol Bioeng, 113(1), 189-197. doi:10.1002/bit.25703 473 

Kernan, T., West, A. C., & Banta, S. (2017). Characterization of endogenous promoters for control 474 
of recombinant gene expression in Acidithiobacillus ferrooxidans. Biotechnology and 475 
Applied Biochemistry, 64(6), 793-802. doi:10.1002/bab.1546 476 

Li, T. F., Painter, R. G., Ban, B., & Blake, R. C., 2nd. (2015). The Multicenter Aerobic Iron 477 
Respiratory Chain of Acidithiobacillus ferrooxidans Functions as an Ensemble with a 478 

Single Macroscopic Rate Constant. J Biol Chem, 290(30), 18293-18303. 479 

doi:10.1074/jbc.M115.657551 480 

Li, X., Mercado, R., Kernan, T., West, A. C., & Banta, S. (2014). Addition of citrate to 481 
Acidithiobacillus ferrooxidans cultures enables precipitate-free growth at elevated pH and 482 
reduces ferric inhibition. Biotechnol Bioeng, 111(10), 1940-1948. doi:10.1002/bit.25268 483 



21 

Li, Y., Kawashima, N., Li, J., Chandra, A. P., & Gerson, A. R. (2013). A review of the structure, 484 
and fundamental mechanisms and kinetics of the leaching of chalcopyrite. Advances in 485 
Colloid and Interface Science, 197-198, 1-32. doi:10.1016/j.cis.2013.03.004 486 

Mamani, S., Moinier, D., Denis, Y., Soulère, L., Queneau, Y., Talla, E., . . . Guiliani, N. (2016). 487 

Insights into the Quorum Sensing Regulon of the Acidophilic Acidithiobacillus 488 
ferrooxidans Revealed by Transcriptomic in the Presence of an Acyl Homoserine Lactone 489 
Superagonist Analog. Frontiers in Microbiology, 7, 1365-1365. 490 
doi:10.3389/fmicb.2016.01365 491 

Navarro, C. A., von Bernath, D., Martínez-Bussenius, C., Castillo, R. A., & Jerez, C. A. (2016). 492 

Cytoplasmic CopZ-Like Protein and Periplasmic Rusticyanin and AcoP Proteins as 493 

Possible Copper Resistance Determinants in &lt;span class=&quot;named-content genus-494 

species&quot; id=&quot;named-content-1&quot;&gt;Acidithiobacillus 495 
ferrooxidans&lt;/span&gt; ATCC 23270. Applied and Environmental Microbiology, 82(4), 496 
1015. doi:10.1128/AEM.02810-15 497 

Panda, S., Biswal, A., Mishra, S., Panda, P. K., Pradhan, N., Mohapatra, U., . . . Akcil, A. (2015). 498 

Reductive dissolution by waste newspaper for enhanced meso-acidophilic bioleaching of 499 
copper from low grade chalcopyrite: A new concept of biohydrometallurgy. 500 

Hydrometallurgy, 153, 98-105. doi:10.1016/j.hydromet.2015.02.006 501 
Pardo, A., Merino, M. C., Coy, A. E., Viejo, F., Arrabal, R., & Matykina, E. (2008). Pitting 502 

corrosion behaviour of austenitic stainless steels – combining effects of Mn and Mo 503 

additions. Corrosion Science, 50(6), 1796-1806. doi:10.1016/j.corsci.2008.04.005 504 

Quatrini, R., Appia-Ayme, C., Denis, Y., Jedlicki, E., Holmes, D. S., & Bonnefoy, V. (2009). 505 
Extending the models for iron and sulfur oxidation in the extreme acidophile 506 
Acidithiobacillus ferrooxidans. BMC Genomics, 10, 394. doi:10.1186/1471-2164-10-394 507 

Rawlings, D. E. (2002). Heavy metal mining using microbes. Annu Rev Microbiol, 56, 65-91. 508 
doi:10.1146/annurev.micro.56.012302.161052 509 

Rawlings, D. E. (2005). Characteristics and adaptability of iron- and sulfur-oxidizing 510 
microorganisms used for the recovery of metals from minerals and their concentrates. 511 
Microb Cell Fact, 4(1), 13. doi:10.1186/1475-2859-4-13 512 

Sand, W. (1989). Ferric Iron Reduction by Thiobacillus ferrooxidans at Extremely Low pH-Values. 513 
Biogeochemistry, 7(3), 195-201.  514 

Schippers, A., Hedrich, S., Vasters, J., Drobe, M., Sand, W., & Willscher, S. (2014). Biomining: 515 
Metal Recovery from Ores with Microorganisms. In A. Schippers, F. Glombitza, & W. 516 
Sand (Eds.), Geobiotechnology I: Metal-related Issues (pp. 1-47). Berlin, Heidelberg: 517 
Springer Berlin Heidelberg. 518 

Schippers, A., Jozsa, P., & Sand, W. (1996). Sulfur chemistry in bacterial leaching of pyrite. 519 
Applied and Environmental Microbiology, 62(9), 3424-3431.  520 

Schippers, A., & Sand, W. (1999). Bacterial leaching of metal sulfides proceeds by two indirect 521 
mechanisms via thiosulfate or via polysulfides and sulfur. Applied and Environmental 522 
Microbiology, 65(1), 319-321.  523 

Sheng, X., Ting, Y.-P., & Pehkonen, S. O. (2007). The influence of sulphate-reducing bacteria 524 

biofilm on the corrosion of stainless steel AISI 316. Corrosion Science, 49(5), 2159-2176. 525 

doi:10.1016/j.corsci.2006.10.040 526 
Valdes, J., Pedroso, I., Quatrini, R., Dodson, R. J., Tettelin, H., Blake, R., 2nd, . . . Holmes, D. S. 527 

(2008). Acidithiobacillus ferrooxidans metabolism: from genome sequence to industrial 528 
applications. BMC Genomics, 9, 597. doi:10.1186/1471-2164-9-597 529 



22 

Valenzuela, L., Chi, A., Beard, S., Shabanowitz, J., Hunt, D. F., & Jerez, C. A. (2008). Differential-530 
Expression Proteomics for the Study of Sulfur Metabolism in the Chemolithoautotrophic 531 
Acidithiobacillus ferrooxidans, Berlin, Heidelberg. 532 

Vu, B., Chen, M., Crawford, J. R., & Ivanova, P. E. (2009). Bacterial Extracellular Polysaccharides 533 

Involved in Biofilm Formation. Molecules, 14(7). doi:10.3390/molecules14072535 534 
Wang, H., Fang, L., Wen, Q., Lin, J., & Liu, X. (2017). Application of beta-glucuronidase (GusA) 535 

as an effective reporter for extremely acidophilic Acidithiobacillus ferrooxidans. Appl 536 
Microbiol Biotechnol, 101(8), 3283-3294. doi:10.1007/s00253-017-8116-9 537 

Wang, H., Ju, L.-K., Castaneda, H., Cheng, G., & Zhang Newby, B.-m. (2014). Corrosion of 538 

carbon steel C1010 in the presence of iron oxidizing bacteria Acidithiobacillus 539 

ferrooxidans. Corrosion Science, 89, 250-257. doi:10.1016/j.corsci.2014.09.005 540 

Wang, R., Lin, J.-Q., Liu, X.-M., Pang, X., Zhang, C.-J., Yang, C.-L., . . . Chen, L.-X. (2019). 541 
Sulfur Oxidation in the Acidophilic Autotrophic Acidithiobacillus spp. Frontiers in 542 
Microbiology, 9(3290). doi:10.3389/fmicb.2018.03290 543 

Xu, B., Kong, W., Li, Q., Yang, Y., Jiang, T., & Liu, X. (2017). A Review of Thiosulfate Leaching 544 

of Gold: Focus on Thiosulfate Consumption and Gold Recovery from Pregnant Solution. 545 
Metals, 7(6). doi:10.3390/met7060222 546 

Yarzabal, A., Appia-Ayme, C., Ratouchniak, J., & Bonnefoy, V. (2004). Regulation of the 547 
expression of the Acidithiobacillus ferrooxidans rus operon encoding two cytochromes c, 548 
a cytochrome oxidase and rusticyanin. Microbiology, 150(Pt 7), 2113-2123. 549 

doi:10.1099/mic.0.26966-0 550 

Yu, Y., Liu, X., Wang, H., Li, X., & Lin, J. (2014). Construction and characterization of tetH 551 
overexpression and knockout strains of Acidithiobacillus ferrooxidans. J Bacteriol, 552 
196(12), 2255-2264. doi:10.1128/JB.01472-13 553 

Zhan, Y., Yang, M., Zhang, S., Zhao, D., Duan, J., Wang, W., & Yan, L. (2019). Iron and sulfur 554 
oxidation pathways of Acidithiobacillus ferrooxidans. World Journal of Microbiology and 555 

Biotechnology, 35(4), 60. doi:10.1007/s11274-019-2632-y 556 
Zhang, R., Sun, C., Kou, J., Zhao, H., Wei, D., & Xing, Y. (2018). Enhancing the Leaching of 557 

Chalcopyrite Using Acidithiobacillus ferrooxidans under the Induction of Surfactant Triton 558 

X-100. Minerals, 9(1), 11.  559 

 560 

561 



23 

Tables 562 

Table 1. Bacterial strains and plasmids used in this study. 563 

Strain or Plasmid Description Source or 

Reference 

Strain 

E. coli S17-1 ATCC 47055 

 

A. ferrooxidans ATCC 23270 

AF37 

 

recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 

integrated into the chromosome 

Type strain 

ATCC 23270 with pYI37 

 

ATCC 

 

ATCC 

This study 

Plasmid 

AF-GFP 

 

pYI11 

 

pYI37 

 

pJRD215 containing GFP driven 

by tac promoter 

pJRD215 empty vector with tac promoter 

and rrnB terminator 

pYI11 with His-tagged rus from A. 

ferrooxidans 

 

(Kernan et al., 

2016) 

This study 

 

This study 

 564 

 565 

  566 
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Figure Legends 567 

Fig. 1. Mixtures of pyrite and sulfur in CM5 medium affects corrosion of SS304 in the presence 568 

of A. ferrooxidans. (Top) The percent mass loss was measured from the 100 mg SS304 coupons 569 

with varying ratios of pyrite to sulfur at the end of the experiments. The mean mass losses 570 

determined to be statistically different from the control 100% pyrite case are indicated with an 571 

asterisk (*, p < 0.05).  (Bottom) The final pH of the culture at the end of the immersion tests. All 572 

experiments were performed in 100 mL of CM5 medium with the respective addition of pyrite and 573 

sulfur at 10 g/L, and A. ferrooxidans was introduced initially at OD600=0.001. Measurements were 574 

made after 336 hours. Experiments were conducted in triplicate and the error bars represent one 575 

standard deviation. 576 

Fig. 2. Optimizing the addition of solid substrates improves corrosion of SS316. Immersion tests 577 

compared the abiotic control with 100% pyrite to biotic tests with either 100% pyrite or 80% pyrite 578 

and 20% sulfur. Experiments were performed in 100 mL of CM5 medium with the total solids at 579 

10 g/L and A. ferrooxidans was introduced at OD600=0.001 as necessary. Mass loss measurements 580 

were made after 336 hours. Experiments were conducted in triplicate and the error bars represent 581 

one standard deviation. 582 

Fig. 3. Supplementing sulfur to the biotic corrosion system increases solution acidity. The changes 583 

in the pH and sulfate concentration in the solution are shown over 336 hours. The circles, triangles, 584 

and squares correspond to the abiotic control with 100% pyrite, biotic condition with 100% pyrite, 585 

and the biotic condition with 80% pyrite and 20% sulfur respectively. Experiments were conducted 586 

in triplicate and the error bars represent one standard deviation. 587 
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Fig. 4.  Effect of higher cell density of wild type and AF37 cells on solution conditions. Panel A 588 

corresponds to the incubation with wild type while Panel B corresponds to the incubation with 589 

AF37. (Top) The pH and ORP are indicated with squares and diamonds respectively. (Bottom) 590 

The ferrous and thiosulfate, total iron, and sulfate concentrations are shown with triangles, crosses, 591 

and circles respectively. Experiments were performed in 100 mL of CM5 medium with the 592 

addition of pyrite at 8 g/L and sulfur at 2 g/L. Each strain of A. ferrooxidans was introduced at 593 

OD600=0.03. The solutions were measured for 336 hours. Experiments were conducted in triplicate 594 

and the error bars represent one standard deviation. 595 

Fig. 5. High cell density and rus overexpression was effective for the corrosion of SS316 using the 596 

solid mixture of 80% pyrite and 20% sulfur. The percent mass loss was measured from the 100 597 

mg SS316 coupons after 336 hours of immersion. Experiments were conducted in triplicate and 598 

the error bars represent one standard deviation. Statistical significance was calculated using an 599 

unpaired t test (*, p < 0.05). 600 


