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ABSTRACT 

Sulfate-reducing bacteria grow and form biofilms in soil and benthic 
environments across much of the Earth’s surface.  Formation of these prevalent biofilms 
requires the secretion of an extracellular polymeric substance (EPS) to allow the cells to 
stick together, as well as adhere to a surface.  The specific interactions that occur between 
EPS components of an SRB biofilm are poorly understood.  The data presented in this 
dissertation suggest the presence of two extracellular mechanisms utilized in these 
communities. 

The first mechanism was observed in a study altering the lactate (electron donor) 
and sulfate (electron acceptor) ratios to create limiting nutrient conditions in 
Desulfovibrio alaskensis G20 (G20) biofilms.  G20 was grown under two conditions: 
electron donor limited (EDL) and electron acceptor limited (EAL) conditions.  When 
grown on a 1018 carbon steel substrate, the G20 consumes all of the available lactate, and 
once limited, it turns to the high energy electrons in the Fe0 for growth.  Corrosion rates 
in the steel increased two fold compared to the EAL condition.  Global metabolomic 
analysis revealed increased lumichrome levels under the EDL condition, which suggested 
higher flux through the riboflavin/FAD biosynthetic pathway.  Previous research showed 
that synthetically adding riboflavin and FAD increases the corrosion rate of a SRB 
biofilm on 1018 carbon steel, and paired with these results, suggest G20 produces a 
flavin-based extracellular electron transfer molecule endogenously, and uses it to harvest 
high energy electrons from Fe0 when limited for electron donor. 

The second mechanism was observed in Desulfovibrio vulgaris Hildenborough 
(DvH) biofilms grown on glass.  Two proteins, DVU1012 and DVU1545 were found to 
be the most abundant extracellular peptides in a DvH biofilm.  Single deletion strains for 
these proteins grew biofilm similar to the wild type strain, but a double deletion strain 
had decreased ability to form biofilm, demonstrating that at least one of the peptides must 
be present in order to form a biofilm.  Exposure to increased shear force caused an large 
increase in wild-type biofilm biomass, yet eliminated the double mutant biofilm.  These 
proteins are required for a DvH biofilm to respond to shear force.  
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CHAPTER ONE 

INTRODUCTION 

Sulfate-Reducing Microorganisms 

 Sulfate-reducing microorganisms (SRM) are widely dispersed in anaerobic soil 

and benthic environments and reduce sulfate to hydrogen sulfide, playing an important 

role in the global sulfur cycle.  SRM also oxidize fermentation byproducts and form a 

link between the global sulfur and carbon cycles in many anaerobic environments (Pester 

et al. 2012), and many SRM can also form syntrophic relationships with archaeal 

methanogens (e.g., Brileya et al., 2014).    Direct evidence of the C- and S-cycle link can 

be observed in stromatolites where sulfate-reduction activities (oxidizing lactate and 

reducing sulfate) form dome-shaped rock structures by precipitating CaCO3- and storing 

carbon (Dupraz et al. 2005).  SRM include Gram-negative mesophilic bacteria (i.e., d-

Proteobacteria), Gram-positive spore-forming bacteria (e.g., Desulfotomaculum sp.), 

thermophilic bacteria (e.g., Thermodesulfovibrio), and thermophilic archea 

(Archaeoglobus) (Castro 2000) that can occupy a range of environmental conditions (e.g., 

salinity, nutrients).  SRM have been found in arctic sediments (Rabus et al. 2004), 

mesophilic soil habitats (Heidelberg et al. 2004), hot springs environments (Hugenholtz 

1998), and hypersaline lakes (Foti et al. 2007).  One can conclude that SRM are 

ubiquitous throughout nature and are most likely driven by the wide distribution of 

sulfates and related compounds under anoxic conditions. 
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Model Organisms 

With respect to the d-Proteobacteria SRM, this body of work will focus on the 

model microorganisms Desulfovibrio alaskensis G20 (G20) and Desulfovibrio vulgaris 

Hildenborough (DvH).  G20 was isolated from a producing oil well in Ventura Country, 

California and is known to corrode ferreous metals and reduce heavy metals (Hauser et 

al. 2011).  The G20 complete genome was sequenced and updated in 2011 and informed 

altered taxonomy that was changed from Desulfovibrio desulfuricans G20 to 

Desulfovibrio alaskensis G20 (Hauser et al. 2011).  DvH has similar roles in metal 

corrosion and bioremediation and was isolated from clay soil in Hildenborough, Kent 

(UK) (Heidelberg et al. 2004).  The DvH complete genome was sequenced in 2004 

(Heidelberg et al. 2004) and there is a tractable genetic system for creating knockout 

mutant strains (Keller et al. 2008).  Both organisms utilize hydrogen cycling as an 

intermediate in sulfate-reducing metabolism in a model proposed by Odom and Peck 

(Odom and Peck 1981); however, there has been debate about the wide-spread nature of 

hydrogen cycling in SRM or the possibly transient nature of hydrogen cycling function 

for a given organism (Keller and Wall 2011).  Regardless of the specific metabolism that 

results in sulfate-reduction, the Desulfovibrio are major sulfate-reducers in numerous 

environments and have been both of great interest and subject to scrutiny for the last 

several decades due to utility in bioremediation or detrimental contributions to metal bio-

corrosion and/or oil souring (Franco et al., 2018; Krantz et al., 2019).  In fact, despite 

decades of research into the biochemistry of sulfate-reduction by the Desulfovibrio, a 

complete understanding of electron flow under different conditions is still not complete 
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(Keller and Wall 2011), and even more so for the biofilm growth mode (Clark et al., 

2012).  Hence, there is still considerable interest in understanding and ultimately 

controlling the sulfidogenic activity of SRM, particularly at interfaces (i.e., biofilms).  

Because of metabolic versatility and distribution in different environments, the 

Desulfovibrio are model systems for studying anaerobic SRM metabolisms, metal 

reduction, aerotolerance, and microbially-induced corrosion (Holman et al., 2009; Rabus 

et al., 2015), and numerous studies have characterized Desulfovibrio biofilms (Clark et 

al., 2007; Clark et al., 2012; Kurczy et al., 2015; Stylo et al., 2015; Krantz et al., 2019; 

Scarascia et al., 2019).  

Biofilm Matrix 

The biofilm matrix or EPS (exo-polymer substance) is a complex functional 

scaffold that enables cells to adhere to surfaces and to each other.  It is an all-inclusive 

term for the extracellular macromolecules that include, but are not limited to 

polysaccharides (carbohydrates), extracellular DNA, membrane vesicles, cell debris from 

lysed cells, enzymes, and structural proteins (Flemming and Wingender, 2010; 

Flemming, 2016).  While some of these components have been identified and a function 

established for a particular species (namely Pseudomonas, Escherichia, Staphylococcus, 

Streptococcus, Bacillus), there are still many matrix components that have not been 

identified or described for the breadth of bacterial diversity.  Moreover, the biofilm 

matrix is increasingly being realized to contain a variety of intra- and inter-matrix 

interactions that contribute and may control biofilm behavior (Schooling and Beveridge, 

2006; Payne and Boles, 2016).  More recently, Hooper and Burstein posited that the 
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minimization of extracellular space in prokaryotic (i.e., Bacteria and Archaea) biofilms 

promoted cellular associations that impacted metabolism and may have contributed to the 

evolution of Eukarya (Hooper and Burstein, 2014).  

The biofilm EPS plays a crucial role in providing the evolutionary advantages of 

microbial life adhered to a surface (Costerton et al. 1978) by providing adhesion and 

cohesion properties as well as protection from predation, dessication, and detrimental 

products (e.g., biocides).  In addition to the many molecular components that comprise 

the biofilm matrix, the biofilm can serve as a local repository for cellular materials that 

can be utilized (or recycled) in the future (Fleming and Wingender 2010).  As such, the 

biofilm matrix can be thought of as a microbial storage compound, storing cell debris as 

well as capturing molecules sorbed from passing fluid flow.  This can include metal ions, 

nutrients for growth, large particles like sand, and even minerals formed during growth 

such as corrosion products in metal biofilms (McNeil and Little, 1990).  The biofilm 

matrix binds all these materials and keeps them close to the cells for convenient access. 

Many microorganisms produce polymers that promote interactions with both 

biotic and abiotic surfaces (Costerton et al. 1978), and historically 

carbohydrate/polysaccharide interactions in the biofilm matrix have been a research focus 

(Costerton et al., 1978; Fleming and Wingender 2010; Fleming 2016 and references 

therein).  Desulfovibrio vulgaris Hildenborough (DvH) is a model microorganism for 

sulfate-reducing bacteria and produces a biofilm that is predominantly dependent upon 

protein when grown on a glass substrate (Clark et al., 2007; Clark et al. 2012).    
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Therefore, much less is known about biofilm matrix proteins and the roles played in 

biofilm formation, maintenance, and disassembly.    

Recently, bacteria such as E. coli and P. fluorescens Pf0-1 have been shown to 

synthesize extracellular proteins such as curli (CsgA) and LapA that play a role in 

binding cells together in the biofilm (Hobley et al. 2015, Smith et al. 2018).  Curli is a 

major component of the E. coli biofilm forming “amyloid like” b-sheet structures in EPS, 

and LapA is anchored in the outer membrane and mediates adhesion to a variety of 

substrates (El-Kirat-Chatel et al. 2014).   

Type 1 Secretion Systems (T1SS) 

In order for proteins to be secreted outside the cell, they must be transported 

across the membrane(s) and cell wall.  T1SS perform that function and are commonly 

identified in Gram-negative bacteria and typically perform the translocation of proteins 

through both the cell membrane and the outer membrane in a single step.  The 

Escherichia coli T1SS mechanism is the most well studied system and it requires an ABC 

transporter, a membrane fusion protein (MFP), and an outer membrane protein (OMP) 

(Spitz et al. 2019).  In E. coli, the ABC transporter (HlyB) crosses only the inner 

membrane where it forms a complex with the MFP (HlyD) (Kanonenberg et al. 2018).  

The OMP (TolC) crosses the outer membrane, and together with HlyD/B form the pore 

complex that exports T1SS substrates extracellular to the cell proper (Kanonenberg et al. 

2018).  The proteins targeted for export typically have a secretion signal on the C-

terminus, are secreted in the reverse direction to translation, and the secretion sequence is 

not cleaved during or after transport (Kanonenberg 2018). 
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Shear Force on the Biofilm Matrix 

While biofilms are mostly made of biologically produced materials and cell 

interactions are on the µm level, they are still subjected to physical forces such as shear.  

Often biofilms are hydrated, and are therefore, exposed to various flow rates of the 

surrounding aqueous medium.  Shear forces can determine biofilm structure as well as 

diversity.  Biofilms under low flow conditions can lack cohesivity, whereas those under 

high flow conditions are thinner, stronger, and more dense (Liu and Tay 2002).  In 

addition, higher shear forces have been shown to impact community dynamics and cause 

a decrease in biofilm diversity (Rochex et al. 2008).  Pseudomonas aeruginosa has been 

shown to sense shear forces and that leads to increased levels of the biofilm signaling 

molecule cyclic-di-GMP and biofilm initiation (Rodesney et al. 2017).  Since cyclic-di-

GMP regulates whether cells attach to a surface or disperse, being able to sense the forces 

impacting the community is an important factor in making that decision.  Shear forces 

might be an important parameter constraint that significantly contributes to the ability of 

microorganisms to form and maintain biofilm. 

Microbially-Induced Corrosion 

Surface attached microbial communities are capable of chemically interacting and 

altering the substrates they form on.  SRB growing on mild steel can consume and damage 

the material in a process called microbially-influenced corrosion (MIC). This is a 

widespread problem incurring significant financial cost to the petroleum industry which 

installs and maintains steel pipeline infrastructure over vast distances (Li et al. 2015).  It 
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has been referred to as the “industrial venereal disease-it’s expensive, everybody has it, 

and nobody wants to talk about it” (Odom and Singletone, 1993).  Carbon steel oil pipelines 

can slowly corrode abiotically under a variety of conditions, and when sulfate-reducing 

communities are present, corrosion rates can be greatly accelerated (Enning and Garrelf 

2014).  The cost of metal corrosion in the US alone is estimated to be 2% to 3% of GDP 

(Gross Domestic Product) (Enning and Garrelf 2014) and is particularly important to 

carbon steel energy pipeline infrastructure.  Corrosion induced failures in infrastructure 

create hazards to health, safety, environment, and product deliverability, and adding to the 

wide distribution of the problem, MIC occurs under a wide variety of environmental 

conditions, including marine, freshwater and terrestrial locations.  

MIC can involve a variety of different microorganisms that include sulfate-

reducing bacteria (SRB) and iron-reducing bacteria (IRB) (Little et al. 2007, Enning and 

Garrelfs 2014, Bonifay et al. 2017).  Together with SRBs and IRBs, microbial consortia 

are typically involved in two mechanisms of MIC:  electrical-MIC (EMIC), directly 

attacking the iron via oxidation, and/or chemical-MIC (CMIC), indirectly corroding the 

steel by producing sulfide and/or consuming H2.  Historically, CMIC was the only method 

by which anaerobic corrosion could occur, emphasizing the importance of sulfide 

concentrations in relation to corrosion rate (Dinh et al. 2004).  While the CMIC 

mechanisms have been well studied, direct interactions via EMIC between the metal and 

the microorganisms are poorly understood. 

Conventional corrosion research also attributed non-CMIC to consumption of the 

cathodically produced H2 by the SRB.  There are a few reasons why this mechanism is not 
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able to explain the increased corrosion observed when bacteria are present.  H2 production 

by mild steel and water is quite slow and limited by proton availability (Kaesche 2012).  

Electrochemical measurements made while growing a corrosive SRB (D. corrodens IS4) 

vs. a non-corrosive hydrogen consumer (Desulfovibrio sp. Strain HS3) showed a large 

increase in current in a metal coupon when in the presence of the corrosive SRB (Ref ?).  

A Desulfobacterium-like isolate was observed reducing sulfate with metallic iron as the 

electron donor faster than the rate of abiotic H2 production (Dinh et al. 2004).  In addition, 

an isolated Methanobacterium-like archeon was shown to use iron to produce methane 

faster than known hydrogenotrophic methanogens (Dinh et al. 2004).  These results suggest 

a mechanism of direct (or indirect) electron uptake is necessary to explain the increased 

corrosion rates observed that cannot be explained by abiotically produced hydrogen and 

subsequent bacterial consumption. 

Recent work postulates that SRBs contribute to MIC under various conditions and 

can conserve energy from Fe0 oxidation through direct interactions with carbon steel 

(Venzlaff et al. 2013; Enning and Garrelfs 2014, Li et al. 2015). Extracellular electron 

transfer (EET-electron exchange between biotic and extracellular abiotic substrates), which 

is shown to enhance MIC, is now recognized as a more widespread microbial phenotype 

and suggests that EMIC could be a major mechanism for biocorrosion world-wide 

(Nealson and Saffarini, 1994, Kato 2016).  In addition to heme redox centers of 

cytochromes, cell-secreted molecules have been shown to serve as electron carriers in EET 

processes in both Shewanella oneidensis and Geobacter sulfurreducens (Marsili et al. 

2008; Okamoto et al. 2014), and more recently, FMN and riboflavin were proposed to 
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function in a diffusion-based EET (2 e-) or bifurcated direct EET (1 e-) in Shewanella 

(Okamoto et al. 2014).  Future work should focus to elucidate the physiological conditions 

under which EET mechanisms contribute to overall biocorrosion.    

Carbon starvation was shown to be associated with more aggressive corrosion by 

Desulfovibrio vulgaris biofilms (Xu and Gu 2014, Chen et al. 2015) and demonstrated the 

prolonged survival of D. vulgaris biofilms in the absence of organic electron donors.  

Recent work demonstrated that DvH had altered metal tolerance (i.e., Cr(VI)) under altered 

carbon and energy stoichiometries (Franco et al., 2018) but the mechanisms were not 

elucidated.  Recent studies with D. vulgaris 7757 showed that the addition of FAD+ or 

riboflavin could accelerate metal corrosion of 304 stainless steel and 1018 carbon steel (Li 

et al. 2015; Zhang et al. 2015), and electron transfer was hypothesized to be a limiting step 

for biocorrosion.  However, a mechanistic link between nutrient/energy deprivation, 

corrosion, and electron-transfer systems have not been shown.   

Corrosion Minerals 

When biofilms grow on steel and cause corrosion, the chemical reactions catalyzed 

by the cells produce corrosion products that form within the biofilm.  In the presence of 

SRB and the subsequent sulfide, the ionized iron quickly forms iron sulfide minerals 

(Enning and Garrelf 2014).  There are six iron sulfide minerals that occur naturally, 

mackinawite, pyrrhotite, greigite, smythite, marcasite, and pyrite.  In aqueous settings at 

low temperature and pressure where SRB can grow and produce hydrogen sulfide, most of 

these minerals originate as mackinawite, and are then converted to one of the other species 

(Smith and Miller, 1975).  Subsequent forms that are created depend on local chemical 
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equilibrium. The exception to this is smythite, which precitipitates as itself and can be 

converted to the other species.  When iron sulfides form on a metal surface, the succession 

order the species go through is mackinawite, pyrrhotite, and then pyrite (Smith and Miller 

1975). 

Nutrient Limitation 

The recognition of changing environmental conditions, such as nutrient 

availability, is essential to organismal growth and survival, and microorganisms are acutely 

adept at maximizing available resources for biomass and energy conservation.  However, 

most microbial studies have been conducted on planktonic cells grown in suspension due 

to utility for study and sampling, and not the more predominant life-style of attached 

growth (i.e., biofilm).  Bacteria have the ability to sense extracellular signals, via two-

component regulatory systems for example, and can then feed those signals into 

transcriptional regulatory systems, resulting in a change in gene expression and subsequent 

adjustment of metabolism to better perform under given external constraints (Rajeev et al. 

2011).  Another layer of extracellular sensing is the cell’s ability to coordinate control of 

multiple inputs and adjust accordingly.  For example, E. coli carbon utilization can be 

coordinated with nitrogen availability, and carbohydrate transport can be coordinated with 

the regulation of carbohydrate-utilizing enzymes (i.e., glucose and the Lac operon).  In the 

instance of coordinated N and C utilization, α-ketoglutarate inhibits enzyme I of the 

phosphotransferase system, and subsequently glucose uptake is adjusted in response to N 

availability (Doucette et al. 2011), thereby using the α-ketoglutarate/glutamate metabolic 

node of the TCA (tricarboxylic acid cycle) to help control influx of carbon (i.e., glucose) 
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in light of available N in terms of α-ketoglutarate/glutamate/glutamine.  In another 

example, carbon and sulfur metabolisms are linked by CysB, a transcriptional regulator of 

the sulfur metabolism in E. coli and Salmonella that regulates an operon encoding genes 

required for uptake of sulfur sources and for the synthesis of cysteine.  When cysB is 

mutated, the organism has 50% less enzyme activity for enzymes involved in carbon source 

uptake and utilization (Quan et al. 2002). 

 In D. vulgaris, dissimilatory sulfate reduction and carbon uptake and utilization are 

presumably coordinated as well, although the mechanism has not yet been elucidated.  One 

potential player in this coordination is RexB, a repressor of sulfate adenylyl transferase 

(sat), the gene that encodes the enzyme responsible for activating sulfate in the first step of 

sulfate reduction.  RexB is regulated by cellular levels of NAD/NADH+H+ in that 

NADH+H+, but not NAD+, binds with RexB and prevents it from binding DNA.  Elevated 

intracellular levels of NADH+H+ therefore prevent RexB from repressing sat transcription, 

allowing the first step of sulfate reduction to commence (Christensen et al. 2015).  While 

RexB certainly links sulfate reduction to the redox state of the cell through the 

NAD/NADH+H+ ratio, it could also be a link to the central carbon metabolism, as NADH 

is a product of the TCA cycle. 

Previous work by Franco et al. (2018) demonstrated that altering the ratio of 

electron donor and electron acceptor can greatly affect the physiology of D. vulgaris 

Hildenborough.  Desulfovibrio vulgaris Hildenborough was grown under three 

conditions, electron donor limited (EDL), electron acceptor limited (EAL), and a 

balanced condition (BAL).  Cells grown under the EAL condition had higher 
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susceptibility to chromium toxicity than genetically identical cells grown under the EDL 

and BAL condition.  In addition, large extracellular membranous structures were 

observed in the biofilm at increased levels under the EAL condition compared to BAL 

condition. (Franco et al. 2017).  These results demonstrated that physiology of a single 

species biofilm can be altered by changing the ratio of available nutrients, and the 

surrounding redox potential and state of the cell(s) are likely to play important roles. 

Thesis Objectives 

 For the presented results in chapter two, I hypothesized that changing the nutrient 

ratio on a G20 biofilm would create differences in the biofilm physiology of D. vulgaris 

Hildenborough and alter the flow of electrons through metabolic pathways that could 

impact overall corrosion rates.  Two different carbon/energy stoichiometry conditions 

were used: the EAL condition (electron-acceptor limited) in which sulfate was the 

limiting substrate and the EDL (electron donor limited) condition in which lactate was 

limiting substrate.  Biofilms were grown under both conditions on three surface types to 

identify biofilm physiological differences on each: glass, 316 stainless steel, and 1018 

carbon steel. Several differences in biofilm physiology were observed, including the 

increased corrosion rate on the 1018 carbon steel substrate under the EDL condition 

compared to the EAL condition.  The mechanism allowing G20 to achieve this effect was 

unknown, so global metabolomics was done comparing the EAL and EDL condition on 

1018 carbon steel.  Interest in molecular mechanisms in the extracellular polymeric space 

arose once the metabolomics results suggested the presence of a flavin-based 

extracellular electron transfer molecule was increased under the EDL condition.   



13 
 

Given the importance of biofilms to metal corrosion and the role of proteins in 

DvH biofilms, Chapter three focused on the characterization of the two most abundant 

proteins in the extracellular fraction of a DvH biofilm grown under sulfate-reducing 

conditions: DVU1012 and DVU1545.  The predicted polypeptides are quite large at 3038 

and 2414 amino acids, respectively, and therefore, despite a high investment cost (i.e., 

energy for biosynthesis) the presumptive proteins must play crucial roles for biofilms.  

Previous work by De Leon, Zane, Trotter, Krantz et al. (2017) showed that a double 

deletion strain was biofilm deficient compared to single deletion or wild type strains (see 

appendix).  In the presented results, characterization was performed with wild-type, 

mono-mutant, and double mutant strains as well as bioinformatic protein structure 

predictions.   

The goals for chapter four were to take the two single deletion and wild-type 

strains from chapter three and characterize biofilm physiology and corrosion behavior 

when grown on 1018 carbon steel (a substrate with high corrosion rates demonstrated in 

chapter 2).  I hypothesized that based upon the described structural roles for DVU1012 

and 1545 gene products, corrosion behavior and corrosion mineral formation would be 

impacted as a  large variety of corrosion products were previously observed (chapter 

two). 

The metabolomics dataset from chapter two was done in collaboration with Dr. 

Gary Suizdak’s laboratory at The Scripps Institute.  This dataset was used to test a mobile 

metabolomics platform for smartphone use and the subsequent manuscript was published 

in  Analytical Chemistry (Appendix A).  The same metabolomic dataset was also used as 
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a proof of concept for a multiomics analysis tool implemented as part of XCMS Online, 

which is a powerful online metabolomics analysis platform developed by Gary Suizdak’s 

laboratory with the use of described dataset.  A corrosion RNA-seq dataset run by Dr. 

Mike Franklin’s laboratory was combined with the metabolomics dataset and was 

published in Nature Methods (Appendix B).  In a previous study by Franco et al. 2017, 

nutrient limitation was characterized in DvH and a metabolomics dataset was generated 

as part of this described work.  Appendix C compares the DvH metabolomics dataset 

from Franco et al. 2017 with the G20 nutrient limitation metabolomics dataset from 

chapter two. 

Chapter five is an overall presentation and discussion of the presented results 

within the context of previous work with Desulfovibrio biofilms and corrosion.  Namely, 

the function prediction via physiology and bioinformatics for two previously unknown 

biofilm proteins is discussed related to potential modes of action compared to proteins 

with similar domains.  The potential role of the structural biofilm proteins in metal 

corrosion is also discussed.   
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Abstract 

Desulfovibrio alaskensis G20 biofilms were cultivated on 316 steel, 1018 steel, or 
borosilicate glass under steady-state conditions in electron-acceptor limiting (EAL) and 
electron-donor limiting (EDL) conditions with lactate and sulfate in a defined medium. 
Increased corrosion was observed on 1018 steel under EDL conditions compared to 316 
steel, and biofilms on 1018 carbon steel under the EDL condition had at least twofold 
higher corrosion rates compared to the EAL condition. Protecting the 1018 metal coupon 
from biofilm colonization significantly reduced corrosion, suggesting that the corrosion 
mechanism was enhanced through attachment between the material and the biofilm. 
Metabolomic mass spectrometry analyses demonstrated an increase in a flavin-like 
molecule under the 1018 EDL condition and sulfonates under the 1018 EAL condition. 
These data indicate the importance of S-cycling under the EAL condition, and that the 
EDL is associated with increased biocorrosion via indirect extracellular electron transfer 
mediated by endogenously produced flavin-like molecules. 
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Introduction 

Microbiologically influenced corrosion (MIC) is a widespread problem incurring 

significant financial cost to the petroleum industry, the country, and communities. Carbon 

steel (CS) oil pipelines can slowly corrode abiotically under a variety of conditions, and 

when sulfate-reducing communities are present, corrosion rates can be greatly accelerated 

(Whitney 1903; Enning et al. 2012; Enning and Garrelfs 2014, and references therein). 

The cost of metal corrosion in the USA alone is estimated to be 2–3% of GDP (gross 

domestic product) (Enning and Garrelfs 2014) and is particularly important to the CS 

energy pipeline infrastructure. Corrosion induced failures in infrastructure create hazards 

to health, safety, environment, and product deliverability. Adding to the scale of the 

problem, MIC occurs under a wide variety of environmental conditions, including 

marine, freshwater and terrestrial locations. MIC can involve a variety of different 

microorganisms that include sulfate-reducing bacteria (SRB) and iron-reducing bacteria 

(IRB) (Little and Lee 2007; Enning and Garrelfs 2014; Bonifay et al. 2017). Together 

with SRB and IRB, microbial consortia are typically involved in two mechanisms of 

MIC: Type I is extracellular electron transfer (EET-MIC), which involves cross 

membrane electron transfer (indirect and/or direct) (Kato 2016 and references therein); 

and Type II is metabolite-MIC (M-MIC), i.e. biocorrosion caused by secreted metabolites 

(e.g. H2, organic acids, sulfides) as opposed to chemical corrosion which can refer to 

direct metal–oxidant interactions (Li et al. 2018; Kannan et al 2018). Both EET-MIC and 

MMIC are electrochemical corrosion processes (Li et al. 2018; Dinh et al. 2004), and 

different EET mechanisms can promote the transfer of electrons to or from extracellular 
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solid compounds (Gralnick and Newman 2007; Kato 2016). The process of EET can be 

mediated directly with metal surfaces via cellular connections and/or conductive 

extracellular structures (e.g. Gorby et al. 2006) or indirectly via diffusible redox 

molecules (Watanabe et al. 2009). The goal of this study was to elucidate nutrient ratio 

impacts on potential M-MIC and/or EET-MIC mechanisms during initial biofilm 

formation under continuous growth conditions in a defined growth medium. Extracellular 

electron transfer, which is shown to enhance MIC, is now recognized as a more 

widespread microbial phenotype, suggesting that EET-MIC could be a major mechanism 

for biocorrosion worldwide (Nealson and Saffarini, 1994; Kato 2016; Huang et al. 2018). 

Previous work postulated that some SRBs contribute to MIC under various growth 

conditions through Fe0 oxidation via interactions with CS (Gu, 2012; Venzlaff et al. 

2013; Enning and Garrelfs 2014; Li et al. 2015). In addition to heme redox centers of 

cytochromes, cell-secreted molecules have been shown to serve as electron carriers in 

EET processes in both Shewanella oneidensis and Geobacter sulfurreducens (Marsili et 

al. 2008; Okamoto et al. 2014), and, more recently, flavin mononucleotide (FMN) and 

riboflavin were proposed to function in a diffusion-based EET (2 e-) or bifurcated direct 

EET (1 e-) in Shewanella (Okamoto et al. 2014). Therefore, future work should focus on 

elucidating the physiological conditions under which EET mechanisms contribute to 

overall biocorrosion. Carbon starvation was previously shown to be associated with more 

aggressive corrosion by Desulfovibrio vulgaris biofilms (Xu and Gu 2014; Chen et al. 

2015), and the prolonged survival of D. vulgaris biofilms was demonstrated in the 

absence of organic electron donors. Studies with D. vulgaris 7757 showed that the 
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addition of flavin adenine dinucleotide (FAD) or riboflavin could accelerate corrosion of 

304 stainless steel (SS) and 1018 CS (Li et al. 2015; Zhang et al. 2015), and electron 

transfer was hypothesized to be a limiting step for biocorrosion by D. vulgaris. While a 

relationship between nutrient deprivation and continued/accelerated biocorrosion has 

been shown for Desulfovibrio, the mechanism (Type I or II) under the nutrient deprived 

state is not known. Franco et al. (2018) demonstrated that nutrient ratios impacted metal 

interactions (i.e. Cr(VI) sensitivity) in Desulfovibrio, and we therefore hypothesized that 

nutrient imbalance would impact reduction–oxidation reactions in Desulfovibrio biofilms 

grown on a metal surface. In the present study, the corrosion rates and biofilm growth 

parameters under specific limiting nutritional ratios (i.e. electron donor : acceptor 

imbalance) were measured with chemostat biofilms under defined culture conditions (i.e. 

without yeast extract). Desulfovibrio alaskensis G20, isolated from a producing oil well 

in Ventura, CA (Hauser et al. 2011), was grown as a biofilm on glass, 316 SS and 1018 

CS with lactate as electron donor and sulfate as electron acceptor in a defined medium. 

Electron-acceptor (EAL) and electron-donor (EDL) limited growth was achieved by 

adjusting relative concentrations (EAL50:15; EDL-15:15) in the chemostat medium. 

Desulfovibrio G20 demonstrated increased corrosion on 1018 CS under the EDL 

condition, and biofilm attachment with the steel was required for maximal corrosion 

rates. Global metabolomic results show increased sulfolactate levels under the EAL 

condition, which may indicate that sulfonate compounds are recycled for use as electron 

acceptors when sulfate is limited. Additionally, increased lumichrome levels were 

observed under the EDL condition on 1018 CS, and these results suggested Desulfovibrio 
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G20 produced flavin molecules that could be used to mediate extracellular electron 

transfers from steel Fe0 .  

Materials and methods 

Microorganism 

Desulfovibrio alaskensis G20 was grown in a defined (without yeast extract) 

lactate/sulfate (LS4D) medium prepared anoxically as previously described under a 

variety of conditions (see below). Modifications to the original recipe included adjusting 

the lactate and sulfate concentrations to 50 mM lactate:15 mM sulfate for EAL conditions 

and 15 mM lactate:15 mM sulfate for EDL conditions. As previously described, the 

medium was not prepared with a reducing agent (Clark et al. 2006), and the use of 

resazurin in the culture medium served as a general indicator of oxidative-reduction 

potential (ORP). Sodium hydrosulfite (18 µg l-1) was added to the 10% resazurin solution 

to shift the solution from purple to pink.  

Planktonic growth 

D. alaskensis G20 was cultivated in media with respective nutrient ratios at 37 C, 

30 C and 20 C for initial planktonic cultures. The defined growth medium for both 

planktonic and biofilm growth was anoxically prepared and used as previously described 

(Clark et al. 2006, 2007; Klonowoska et al. 2008; Clark et al. 2012; DeLeon et al. 2017). 

All N2 gas (99.995% purity) was run through an oxygen-scrubber before being used to 

sparge any liquids or head-space as previously described at a rate of ~1 ml min-1 (Brileya 

et al. 2014; Franco et al. 2018). Each batch condition was grown in triplicate in a Balch 
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tube with anoxic N2 headspace and sealed with butyl stoppers and a crimp seal. Optical 

density (600 nm) was measured with a UNICO 1100RS spectrophotometer (Dayton, NJ, 

USA) and compared with uninoculated medium.  

Biofilm growth  

Biofilm samples were grown in CDC biofilm reactors (Biosurface Technologies 

Corp., Bozeman, MT, USA) with the headspace sparged with anoxic N2 gas (run through 

an oxygen-scrubber). Separate reactors were used to cultivate G20 biofilms on each 

surface type: glass, 316 SS, and 1018 CS under each limiting nutrient condition. The 

1018 and 316 CS coupons were not polished and used as received from Biosurface 

Technologies Corp. Reactors were inoculated with 40 ml of an exponential-phase culture 

and allowed to grow in batch mode for  24 h. The medium pump flow rate was set to 0.3 

ml min1 (D = 0.05 h-1) 24 h post-inoculation and continuous flow was maintained until 

final samples were harvested. The dilution rate was chosen because the influent growth 

medium did not contain additional reducing agent as previously reported (Clark et al. 

2006, 2012) and in situ growth rates are typically slower. The starting pH of medium was 

~7.2 and during growth was 7.6–7.8. The glass coupon dimensions were 7.1 x 1.25 x 0.1 

cm and the metal coupon dimensions were 7.6 x 1.5 x 0.1 cm. Modified coupon holders 

were used as previously described to provide increased material surface area (Clark et al. 

2012).  

Biofilm and coupon harvesting  

Biofilm coupons were removed from the reactor and biofilm was immediately 

removed from the coupon using a sterile scraper. Biomass was scraped into 3 ml of dH2O 
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and homogenized by adding sand and vortexing prior to growth parameter measurements. 

The scraped coupon was dried and then treated according to standard practice for 

cleaning and evaluating corrosion samples (ASTM G1-03) with Clark Solution (6 M 

HCl, 3.5 g l-1 hexamethylenetetramine) for 0.5 min before washing in nanopore H2O and 

dried with dry nitrogen gas as previously described (Avci et al. 2013). The coupons 

incubated in sterile, anoxic medium (EAL or EDL levels of lactate and sulfate) for the 

same time period displayed 0.01 ± 0.01 mm y-1 mass loss. The post-exposure coupon 

mass was subtracted from the pre-exposure mass to obtain the mass loss, and the value of 

mm y-1 or mg cm2 was calculated as described in ASTM G1-03. Relative electrochemical 

measurements were made to the reference electrode in the presence of cells and 

compared between the EDL and EAL conditions.  

Preparation of samples for imaging  

Biofilm samples were fixed by treatment in Karmovsky’s fixative (3.2% w v–1 

paraformaldehyde, 2.5% w w–1 glutaraldehyde, 0.05 M sodium cocodylate) for 16 h. 

Samples were soaked 4x in dH2O for 5 min to remove fixative. Ethanol (EtOH) 

dehydration involved 5 min in 25% EtOH, 5 min in 50% EtOH, 5 min in 75% EtOH, 15 

min in 95% EtOH, and 2 x 45 min in 100% EtOH before storage in 100% EtOH. 

Dehydrated samples were dried in a Tousimis Samdri-795 Critical Point Dryer (Tousimis 

Research Corporation, Rockland, MD, USA) using liquid CO2 and a 10 min purge time. 

Dried samples were coated with iridium for 30 s with an Emitech K575X Sputter Coater. 

Electron microscopy samples were imaged with a Zeiss Supra 55VP field emission 

scanning electron microscope (FE-SEM) (Carl Zeiss, Oberkochen, Germany) equipped 
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with energy dispersive X-ray analysis (EDX). Images were falsecolorized using 

Pixelmator (Vilnius, Lithuania) and Adobe Photoshop (San Jose, CA, USA).  

Microscopy of biofilm cross sections  

Biofilm coupons were incubated in acridine orange solution (4 g l-1) for 1.5 h 

before being coated with Optimal Cutting Temperature Compound (Fisher Health Care, 

Pittsburgh, PA) and frozen on a block of dry ice. The frozen biofilm was removed from 

the metal coupon by bending the steel coupon, and stored at 80 C. The frozen biofilm 

samples were cut in half and sectioned with a Leica (Wetzlar, Germany) CM1850 

cryostat (20 °C; 5 µm slices) and applied to a microscope slide for imaging. Images were 

taken with a Nikon Eclipse E800 microscope (Nikon Corporation, Minato, Tokyo, Japan) 

with a Photometrics Coolsnap MYO camera (Photometrics, Tucson, AR, USA). Images 

were taken at a FITC (fluorescein isothiocyanate) emission wavelength and differential 

interference contrast and overlaid using Metamorph software package (Molecular 

Devices, Sunnyvale, CA, USA).  

Growth parameter measurements  

Protein concentrations were measured with a Qubit Protein Assay Kit (Life 

Technologies, Carlsbad, CA, USA). Carbohydrate concentration was measured as 

previously described (Clark et al. 2006). Lactate and acetate were quantified using an 

Ultimate 3000 high performance liquid chromatography instrument with a 300 mm  7.8 

mm HPLC Organic Acid Analysis Aminex HPX-87H Ion Exclusion Column (Thermo 

Scientific, Dionex Germering, Germany). Sulfate and hydrogen sulfide concentrations 
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were measured using a Hach Colorimeter (Hach, Co., Loveland, CO, USA) with the 

associated sulfate assay (Method 10248) and sulfide assay (Method 8131).  

Protected 1018 steel coupons  

Round 1018 steel coupons (127 mm) were placed in Spectra/Por Standard RC 

dialysis membranes (Spectrum Labs, Rancho Dominguez, CA) with a 6–8 kD molecular 

weight cutoff during the reactor run. The clamped membranes with steel coupons inside 

were suspended in the growth medium of a CDC biofilm reactor, and growth parameters 

and inoculation was the same as for biofilm cultivation.  

Metabolomics and data processing  

At 192 h, biofilm coupons (EAL and EDL on 1018 CS) were dipped in degassed 

dH2O and the biofilm biomass scraped into a sterile microcentrifuge tube with degassed 

dH2O (4 °C). The tubes were centrifuged at 10,000 rpm for 5 min at 4 °C. The 

supernatant was removed and the cell pellet frozen with liquid N2 and stored at 80 °C. 

Samples were processed and data analyzed as previously described (Ivanisevic et al. 

2013; Benton et al. 2015; Montenegro-Burke et al. 2016; Huan et al. 2017). 

Results and Discussion 

 

Table 1. Growth yields are shown from EAL, EDL, and 60:50 media calculated from 
sulfate consumption and lactate consumption over protein production. 
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Planktonic growth under different resource 
ratios 

Planktonic growth was impacted by temperature, and D. desulfuricans G20 grew 

fastest at 37 °C and slowest at 20 °C in defined medium with lactate and sulfate (60:50 

ratio). The specific growth rates were 0.05, 0.12, and 0.19 h-1 , respectively, for 20 °C, 30 

°C, and 37 °C, and the final yields were similar. Desulfovibrio G20 formed the thickest 

biofilm at 37 °C based on protein content in biofilm samples (data not shown), which is 

closest to elevated temperatures of some oil pipelines. In addition, 37 °C is the most 

commonly used temperature in the literature for D. alaskensis G20; therefore, all 

subsequent experiments were done at 37 °C. Growth rates were measured for planktonic 

cultures under the varied nutritional ratios that were tested in the experiments described. 

Maximum growth rates were similar at 0.21 h-1 for EAL, 0.19 h-1 for EDL, and 0.20 h-1 

for the 60:50 condition. As expected, final yields (OD values) were higher in media that 

had increased lactate concentrations. The 60:50 condition had the highest final biomass 

yield due to increased lactate and sulfate concentrations. The 60:50 condition is the 

standard SRB medium recipe used in numerous Desulfovibrio studies (Zhou et al. 2011) 

and was used as a basis for comparison in the study described. When planktonic biomass 

yields (protein) were compared in terms of sulfate or acetate (YSulfate or YAcetate) 

consumed, the EAL and EDL conditions were similar (Table 1). When the conditions 

were compared based upon YLactate, the EDL condition had a higher yield that was twice 

the YLactate for the EAL condition. However, in terms of YAcetate, the EAL condition was 

1.5-fold higher compared to EDL and similar to the 60:50 condition. The planktonic 

culture results suggested that biomass generation from a given amount of electrogenic 
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flow to sulfate was more efficient under the altered ratios for batch planktonic cells. The 

observations coincide with the theoretically low value of 0.06 mole of biomass 

(C5H7O2N) produced per mole of lactate consumed (Equation 1) based upon assumed 

cellular stoichiometries for bacterial growth (McCarty 1971). The results suggest that 

planktonic cultures grown under the altered resource ratios (EAL and EDL) processed 

resources differently to the 60:50 condition in terms of lactate oxidized to acetate 

produced:  

Equation 1 -  0.36 SO4-2 + 0.54 H+ + CH3CHOHCOO- + 0.06 NH3 + 0.11 H2O à 0.18 

H2S + 0.18 HS- + 0.72 CO2 + CH3COO + 0.06 C5H7O2N DGo’ = -88.96 kJ mol-1 (1)  

 

Figure 1. Field emission scanning microscopy images were taken at 15,000X 
magnification. 
 

Biofilm on metal and glass  

Desulfovibrio G20 formed and maintained visible biofilm on glass, 316 steel, and 

1018 CS within 48 h under the tested EDL and EAL growth conditions; and as expected, 
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the 1018 CS surface appeared to have visible biofilm form earlier. The FE-SEM images 

show the presence of biofilm cells and other material that is most likely a combination of 

cellular material and mineral precipitates (Figure 1). In addition, the biofilms on glass 

and 316 SS had a lower cell density compared to the biofilms on 1018 steel (Figure 1), 

and this result corresponded to measured protein levels (Figure 2). As expected, the 

biofilm was visually less pronounced on the 316 SS surface, and biofilm/ metal 

precipitates were easier to remove from the 316 SS compared to the 1018 steel under 

both EAL and EDL. The observed biofilms on 1018 steel were visually more complex 

and heterogeneous under both EDL and EAL conditions. False-colored FE-SEM images 

showed a mixture of aggregated cells embedded within mineral precipitates for the EAL 

and EDL conditions (Figure 3a and b). Energy dispersive X-ray spectroscopy was used to 

differentiate materials based on elemental composition (data not shown), and the 

corrosion products (colored in orange) are abundant and likely composed of iron sulfide 

minerals that have been previously shown to be conductive (Thauer et al. 2007). The 

EDL biofilm displayed a combination of organic material that was most likely 

carbohydrate-based EPS and extracellular filaments in addition to cells. Filaments 

appeared similar to structures previously observed in Desulfovibrio vulgaris biofilms 

cultivated on glass under a nutrient ratio of 60:50 (Clark et al. 2006); however, the exact 

role of these structures is not known. However, flaG (gene DVU1442 annotated as a 

flagellin in D. vulgaris genome) was up-expressed in D. vulgaris biofilms (Clark et al. 

2012); and a DflaG mutant was deficient in biofilm formation but not motility 
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(unpublished data). Further work is needed to determine the exact role(s) of extracellular 

structures in SRB biofilms grown on different surfaces and conditions.  

 

Figure 2. (a) Hexose and protein levels on glass, 316 stainless steel, and 1018 carbon 
steel coupons under EAL conditions. (b) Hexose and protein on glass, 316 stainless steel, 
and 1018 carbon steel coupons under EDL coupons. 
 

Biofilm biomass  

Carbohydrate and protein were quantified every 48 h for glass, 316 steel, and 1018 steel 

surfaces for both EAL and EDL conditions. The two metal surfaces under both EAL and 

EDL conditions displayed increasing biofilm (both protein and carbohydrate) over the 
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tested time course (192 h) with a trend of more biofilm under EAL conditions and most 

biofilm overall on 1018 steel (Figure 2). Under EAL conditions, glass and 316 steel 

biofilms had higher carbohydrate to protein (C:P) ratios compared to 1018 steel, and the 

biofilms on all three surfaces increased carbohydrate levels from 144 to 192 h as the 

biofilm matured (Figure 2). Under EDL conditions, carbohydrate and protein levels 

remained low on the glass and 316 steel biofilms. For EDL 1018 steel biofilms at 192 h, 

the C:P ratio was higher (4.36) compared to the 1018 EAL 192 h biofilms (2.86). The 

C:P ratios were higher for 192 h glass and 316 steel EAL biofilms (4.0 and 6.0, 

respectively) than the 192 h glass and 316 steel EDL biofilms (1.5 and 1.2, respectively) 

(Figure 2). These results suggest that carbon allocation is altered in biofilms on different 

surfaces and nutrient ratios, namely carbohydrate allocation under EAL conditions and 

protein in EDL conditions. The location (intracellular vs extracellular) is unknown for the 

protein and carbohydrate allocation. The biofilm composition data suggest that the 

biofilms responded differently to different types of energy restriction and coincides with 

previous work that has shown Desulfovibrio biofilm has altered physiology (i.e. electron 

flow is altered) even when compared to sulfate-reducing planktonic cells (Clark et al. 

2012). Images were taken of the EAL and EDL biofilm cross-sections to measure biofilm 

thickness and show the distribution of Desulfovibrio G20 cells. The EAL biofilm (200 

µm) was approximately fourfold thicker than the 50 µm EDL biofilm (Figure 4). The 

accumulation of corrosion products may aid in forming a textured surface to attach to, as 

well as an extracellular matrix to grow within; however, the accumulation of thicker 

biofilms under EAL conditions was not associated with increased corrosion. The 
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availability of more carbon source likely contributed to thicker biofilm at the 192 h time 

point on glass and 316 steel under EAL conditions than compared to EDL conditions. 

The 1018 steel biofilms had higher hexose levels than protein under both EAL and EDL 

conditions. Previous research by Clark et al. (2006) showed protein to be the major 

component of D. vulgaris Hildenborough (DvH) biofilms, with carbohydrate levels being 

relatively low. The current observations with glass and steel under EAL and EDL  

 

Figure 3. False colored field emission scanning electron microscopy images for (a) EAL 
and (b) conditions.  The colorized structures correspond to: purple: G20 cells, gold: iron 
sulfides, blue: carbon-containing EPS, green: extracellular filaments. 

 
demonstrate that hexose levels can be altered in Desulfovibrio biofilms (up to 50% of 

biomass), and in several samples allocation under EAL conditions and protein in EDL 

conditions. The location (intracellular vs extracellular) is unknown for the protein and 

carbohydrate allocation. The biofilm composition data suggest that the biofilms 

responded differently to different types of energy restriction and coincides with previous 

work that has shown Desulfovibrio biofilm has altered physiology (i.e. electron flow is 

altered) even when compared to sulfate-reducing planktonic cells (Clark et al. 2012).  
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Images were taken of the EAL and EDL biofilm cross-sections to measure biofilm 

thickness and show the distribution of Desulfovibrio G20 cells. The EAL biofilm (~200 

µm) was approximately fourfold thicker than the ~50 µm EDL biofilm (Figure 4). The 

accumulation of corrosion products may aid in forming a textured surface to attach to, as 

well as an extracellular matrix to grow within; however, the accumulation of thicker 

biofilms under EAL conditions was not associated with increased corrosion. 

 

Figure 4. Epifluorescence microscopy images of thin-sectioned biofilm cross sections 
grown on 1018 carbon steel under (a) EAL and (b) EDL conditions.  G20 cells are 
stained green.  Substratum (steel surface) is on the right. 

 
The availability of more carbon source likely contributed to thicker biofilm at the 192 h 

time point on glass and 316 steel under EAL conditions than compared to EDL 

conditions. The 1018 steel biofilms had higher hexose levels than protein under both 
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EAL and EDL conditions. Previous research by Clark et al. (2006) showed protein to be 

the major component of D. vulgaris Hildenborough (DvH) biofilms, with carbohydrate 

levels being relatively low. The current observations with glass and steel under EAL and 

EDL demonstrate that hexose levels can be altered in Desulfovibrio biofilms (up to 50% 

of biomass), and in several samples accounted for a majority of the biomass. Although 

DvH and G20 are both members of the genus Desulfovibrio, there are significant 

physiological differences between the two microorganisms. Under the EDL condition, 

there is significantly less protein and hexose on the glass and 316 steel surfaces than on 

the 1018 steel. Though G20 was fed the same levels of nutrients on all surfaces under the 

EDL condition, the protein levels were increased on 1018 compared to glass and 316. 

Lactate/acetate levels 

Lactate and acetate levels were measured from the biofilm reactors to assess 

growth physiology under biofilm reactor conditions (Figures S1, S2, and S3 in 

Supplemental material). Typically for Desulfovibrio species, lactate is converted to 

acetate in a 1:1 ratio (Equation 1). Because G20 consumes lactate and sulfate in a 2:1 

ratio, the 15 mM of available sulfate allows G20 to oxidize 30 mM (of the 50 mM 

available in the EAL condition) lactate, producing 30 mM of acetate. Measured levels of 

lactate and acetate were similar to predicted stoichiometries (Figure S1). Under the EAL 

condition (50 mM lactate:15 mM sulfate) Desulfovibrio G20 used slightly more than 30 

mM of the 50 mM lactate available, corresponding to 15 mM lactate in the effluent for all 

three surface types. Theoretically, there should be 20 mM lactate remaining under this 

condition and the missing carbon likely was used for biomass biosynthesis. The EAL 
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acetate levels were ~30 mM at 50 h and remained near this level at the last time point 

(192 h). Under the EDL condition, which contained 15 mM lactate:15 mM sulfate, 

growth would be limited by lactate, which is expected to be entirely consumed. Within 50 

h, lactate was not detectable in the EDL reactors after inoculation and remained below 

detection during reactor operation. With all of the lactate being consumed, the EDL 

acetate levels would be expected to be at 15 mM. Acetate levels reached ~12 mM at 50 h 

and remained at this level during reactor operation, likely representing carbon 

incorporation into biomass (Figure S1).  

Sulfate levels  

Under the EAL condition (50:15), as expected, the sulfate levels approached 2 

mM or lower at 50 h and remained almost non-detectable during reactor operation for all 

three surface types (Figure S2). According to the 2:1 ratio of lactate:sulfate consumption, 

the EDL condition (which contained 15 mM lactate:15 mM sulfate) would theoretically 

have 7.5 mM sulfate remaining in the medium. The EDL reactors (all surface types) 

approached 4 to 6 mM during reactor operation (Figure S2). While the measured sulfate 

levels are close to theoretical, there could have been some additional sulfate reduction 

dependent upon the oxidation of biomass in the reactor system (or Fe0 from the CS). 

Sulfide levels  

Desulfovibrio G20 reduces sulfate to sulfide, and sulfide levels were measured for 

both the planktonic and biofilm fractions normalized to protein levels for a given volume 

(planktonic) or surface area (biofilm) (Figure S3). Within each nutritionally limiting 

condition, the three surface types had similar planktonic sulfide concentrations; however, 
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greater variation was observed at the last time point for EAL samples. The EAL 

planktonic samples maintained ~1 to 2 µg µg-1 (sulfide/protein) for each surface type, and 

the EDL condition maintained ~0.5 µg µg-1 (sulfide/protein) for each surface type (Figure 

S3). The results indicate that aqueous phase sulfide levels were higher under EAL 

conditions compared to EDL conditions for all tested surface types, and from a metal 

interaction perspective, higher sulfide levels generally translate to increased corrosion 

rates of CS (Dinh et al. 2004). The concentration of sulfide differed in biofilms grown on 

different surfaces (Figure S3). Under both EAL and EDL conditions, sulfide levels were 

higher on 1018 than on 316 steel or glass. EDL biofilms on average had higher sulfide 

levels, especially on 1018 CS, than EAL biofilms. Despite the fact there was a thinner 

biofilm on 1018 under the EDL condition (Figure 2), the G20 biofilm produced more 

sulfide per unit surface area than under the EAL condition. This result was unexpected 

because the planktonic sulfide was lower under EDL compared to the EAL condition and 

suggested altered physiological conditions under the different energy restriction 

conditions (e.g. more sulfide associated with biofilm biomass).  
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Figure 5. (a) Corrosion rate (mm y-1) for 316 SS and 1018 CS coupons during exposure 
to biofilm growth under EDL and EAL conditions.  (b) Corrosion rate (mg cm-2) for 316 
SS and 1018 CS coupons during exposure to biofilm growth under EDL and EAL 
conditions. 
 

Corrosion rates  

Corrosion for 316 SS was minimal while the 1018 CS showed general corrosion under 

the tested conditions and time (data not shown). Corrosion rates calculated from mass 

loss (ASTM G1-03) were higher for the 1018 CS compared to the 316 SS coupons under 

both EAL and EDL conditions and less biofilm (protein and carbohydrate) was 

maintained on the 316 over the tested time period. These results suggest that the anti-

corrosive properties of 316 can impede the type of corrosion observed with 1018 steel 

under the EDL condition. After eight days, the estimated corrosion rate was highest for 

1018 steel under the EDL condition (Figure 5). Despite the higher planktonic sulfide 

levels under EAL conditions and the thinner biofilm under EDL (Figures 4 and S3), the 

highest corrosion rate was observed under the EDL condition on 1018 steel (Figure 5). 

The increased EDL corrosion was further confirmed by electrochemical measurements 
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and differences in R-1 values between EAL and EDL conditions on 1018 CS (~3x). 

Electrochemical measurements can quantify the instantaneous corrosion rate, and the 

initial spike in corrosion occurred when the reactor was inoculated and a passivation 

layer of FeS2 had not yet formed, likely due to abiotic processes. The EDL condition on 

1018 steel had elevated the electrochemical corrosion rate, and increased corrosion has 

also been observed by Xu and Gu (2014) and Chen et al. (2015) when Desulfovibrio 

biofilms were starved of nutrients under batch conditions.  

Biofilm contact  

In order to evaluate the importance of biofilm formation and presence on the metal 

surface for corrosion, biofilm formation on the metal was prevented by incubating 1018 

CS coupons in sealed 6–8 kD molecular weight cutoff dialysis tubing suspended in a 

CDC biofilm reactor growing Desulfovibrio G20. In addition, the same reactor contained 

coupons not in dialysis tubing (normal) to allow direct biofilm colonization and 

planktonic cell growth in the bulk medium. Under the normal condition where biofilm 

can form directly on the metal surface, EDL showed increased corrosion (mass loss) 

compared to EAL; however, under the protected condition corrosion was decreased for 

both EDL and EAL (Figure 6). Moreover, the reduction in corrosion was greater 

(approximately threefold decline) for the protected metal under the EDL condition 

(Figure 6). The results demonstrate that SRB biofilm attachment to and biofilm formation 
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on the 1018 CS surface was needed for maximal corrosion rates. 

 

Figure 6. Corrosion rate of 1018 carbon steel coupons under normal exposure to SRB 
culture compared to coupons protected inside of dialysis tubing submerged in culture. 
 

Metabolomic analysis on biofilm  

Having observed a difference in corrosion rate between EAL and EDL biofilms 

on 1018 CS, the mechanism involved in the increased corrosion caused by EDL grown 

Desulfovibrio G20 was unknown. Metabolomic mass spectrometry analyses combined 

with XCMS data processing (Smith et al. 2006) was done on biofilm scraped from 1018 

CS grown under EAL and EDL conditions. A total of 1,157 features were detected 
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between EDL and EAL (p < 0.01) (Figure 7). Based on significance values and MS/MS 

confirmation, three metabolites of interest displayed significant fold changes (10- to 20-

fold) (Table 2).

 

Figure 7. (a) Cloud plot of dysregulated features comparing EAL vs EDL conditions on 
1018 carbon steel. (b) Intensities of lumichrome peaks EAL vs EDL. (c) Intensities of 
sulfolactate peaks EAL vs. EDL. 

 

 

Table 2. Metabolites that differ significantly between EAL vs. EDL and have been 
confirmed with MS/MS. 
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Sulfur cycling  

One of the confirmed dysregulated metabolites, sulfolactate, was increased 15.7-fold 

under EAL conditions on 1018 steel (Figure 7). Sulfolactate is a sulfonate compound 

related to the cysteine/methionine processing pathways in some microorganisms. A 

complete pathway from cysteine to sulfolactate is not predicted in the Desulfovibrio G20 

genome whereas the genome is annotated to contain an aminotransferase that could 

convert cysteate to sulfopyruvate (E.C. 2.6.1.1; KEGG). However, the genome 

annotation does not contain an identified enzyme to catalyze the conversion of 

sulfopyruvate to sulfolactate. The commonly identified enzymes with this activity include 

sulfolactate dehydrogenase (R and S) and malate dehydrogenase and would provide 

additional electron acceptor (reduction of sulfopyruvate to sulfolactate) via recycling of 

cysteine through cysteate and could account for the elevated sulfolactate levels that were 

detected under EAL conditions. The Desulfovibrio G20 genome is annotated to have a 

gene that encodes a protein with potential malate dehydrogenase activity (Dde1008, 

NAD+-linked). Sequence comparisons and biochemical studies have recently expanded 

the functionality of previously annotated malate and lactate dehydrogenases to have other 

activities such as sulfolactate dehydrogenase (Muramatsu et al. 2005); however, the 

potential role of Dde1008 in conversion of sulfopyruvate to sulfolactate is unknown. The 

source of sulfopyruvate may be from the degradation of the sulfur-containing amino acids 

cysteine and methionine, taking advantage of normal amino acid recycling as a means of 

generating sulfite (an additional electron acceptor). Other members of the Desulfovibrio 

family have demonstrated growth capabilities on sulfonate compounds such as cysteate 

or isethionate, as is the case with Desulfovibrio desulfuricans IC1 (Lie et al. 1996). 
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Cysteate is the product from cysteine degradation and can be converted to 3- 

sulfopyruvate by cysteine lyase. However, cysteine lyase has not been identified in the 

Desulfovibrio G20 genome via annotation. The Desulfovibrio G20 genome is annotated 

to have the gene for aspartate aminotransferase (EC 2.6.1.1) that can convert cysteate to 

3-sulfopyruvate. To explore whether G20 was able to utilize cysteate, planktonic growth 

with cysteate alone or with lactate was tested at similar ratios. Significant growth with 

cysteate was not observed with the tested growth medium (data not shown), and these 

results suggest that Desulfovibrio G20 cannot utilize cysteate as a sole source of carbon 

and energy. Under the EAL condition, another significant metabolite that was identified 

at increased levels with high confidence was a cysteine-S-sulfate-related molecule (Table 

2). Given the complexity of S-cycling, particularly in SRB, the exact role of this 

compound is not known. A cysteine-S-sulfate molecule could be involved in cycling any 

available intracellular sulfate, but a known annotated pathway has not been identified in 

Desulfovibrio G20. The results presented demonstrate the importance of S-cycling in 

Desulfovibrio G20 under EAL conditions, and further work is needed to fully elucidate 

the turnover of methionine/ cysteine in SRBs and the potential effect on growth when 

limited for sulfate.  

Role of electron shuttles  

Under the EDL condition with increased 1018 steel corrosion, the metabolite lumichrome 

was increased 10-fold compared to the EAL condition (Table 2; Figure 7). Lumichrome 

is a by-product of riboflavin biosynthesis, and riboflavin is a predicted intermediate for 

the biosynthesis of FAD and FMN in both D. vulgaris and Desulfovibrio G20 genomes 
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(Figure 8). Desulfovibrio G20 has annotated genes for the biosynthesis of riboflavin to 

FMN and FAD but does not have an annotated gene for the riboflavinase that can 

catalyze the conversion of riboflavin to lumichrome and ribitol (Figure 8). However, 

photolysis has been shown to drive the formation of lumichrome from riboflavin 

(Treadwell and Metzler 1972; Birss et al. 1997), particularly in anoxic conditions even 

under normal laboratory lighting, and the current anoxic reactors were exposed to 

ambient light during growth and the samples were processed in the light.  

 

Figure 8. Predicted riboflavin biosynthesis pathway in Desulfovibrio G20 and D. vulgaris 
based on KEGG predictions. 

 
The solubility of riboflavin, FMN, and FAD in water (0.12, 92, and 50 g l-1, respectively) 

is much higher than lumichrome (0.0048 g l-1). In addition, lumichrome has been shown 

to be an inhibitor of flavin oxidoreductase in Escherichia coli (Fieschi et al. 1995), and a 

protein family (dodecins) with high preference for lumichrome has been suggested to 
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play a role in “trapping” riboflavin photolytic degradation products (i.e. lumichrome) 

(Grininger et al. 2006). While lumichrome could play an unknown role in biofilm 

physiology, it is more likely that lumichrome is a photolytic by-product from riboflavin 

that has been shown previously to impact metal corrosion in SRBs (Kato 2016; Chen et 

al. 2015). Based upon these data and given that Desulfovibrio G20 does not have an 

annotated riboflavinase, the detected lumichrome is likely related to riboflavin or flavin 

family molecules (i.e. FMN and/or FAD).  

Moreover, two metabolic features with the likely identity of FAD were increased 

2.8- and 3.6-fold under the EDL condition. The p-values for these were 0.2, and while not 

meeting the statistical cutoff of 0.01, the FAD molecules likely have biological (and 

corrosion) significance. Recent work in Shewanella oneidensis has demonstrated a role 

for FMN and riboflavin in which one-electron and two-electron mechanisms can play 

extracellular electron transfer roles under different conditions (Brutinel and Gralnick 

2012; Okamoto et al. 2013). Interestingly, recent research demonstrated that adding FAD 

or riboflavin to D. vulgaris cultures increased metal corrosion rates in batch (Kato 2016; 

Chen et al. 2015). The present data further extend the role of flavin cofactors in metal 

corrosion and demonstrates a physiological condition (i.e. EDL) in which biofilm would 

produce elevated levels of these compounds under metal-corroding conditions.  

When considering the EDL condition and increased corrosion, elemental Fe could 

serve as a source of electrons for the biofilm under EET-MIC. The present data further 

support the hypothesis that endogenous flavin compounds (i.e. riboflavin, FMN, and 

FAD) could serve the role of extracellular electron transfer mediators for biofilm grown 



49 
 
on 1018 CS. When considering riboflavin, a one-electron transfer (semiquinone flavin) 

from Fe0 (Em = -0.167 V; Ksenzhek and Petrova 1983) would provide a favorable DG’ 

value (-52 kJ) and if the semiquinone was further reduced the DG0’ value of the 

subsequent reaction would be -34 kJ. For the FMN/FMNH2 couple (E0 ’ = -0.21 V; 

Mayhew 1999), a two-electron transfer from Fe0 would provide a favorable DG0’ value (-

44 kJ). For the FAD/ FADH2 couple (E0’ = -0.3 V; Curley et al. 1991), a two-electron 

transfer from Fe0 would provide a favorable DG0’ value (-27 kJ). Based solely upon 

thermodynamic estimations under standard conditions, riboflavin would be the preferred 

molecule, and this corresponds to more corrosion previously observed with riboflavin 

compared to FAD with D. vulgaris on 1018 CS (Li et al. 2015). The results indicate that 

Desulfovibrio G20 biofilms likely produced endogenous flavin-like molecules when 

grown under EDL conditions on a metal surface.  
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Figure 9. Classic model of corrosion with the addition of cycling endogenously produced 
flavin-based extracellular electron transfer molecules (Fm) with elemental Fe0 within the 
biofilm as a form of EET (extracellular electron transfer)-MIC. 
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Conclusions 

The results demonstrate that energy restriction (EAL vs EDL) greatly impacted biofilm 

growth and the physiology of Desulfovibrio G20 biofilms grown on CS. Less corrosion 

was observed on 316 SS compared to 1018 CS for both the EAL and EDL condition; 

however, the EDL condition promoted more corrosion of 1018 steel despite a thinner 

biofilm with decreased aqueous sulfide levels compared to the EAL condition. However, 

despite being limited for electrons under the EDL condition, more biofilm-associated 

sulfide was observed and corrosion was increased. In addition, the increased corrosion 

was dependent upon biofilm interaction with the metal surface. These results suggest that 

the metal surface was serving as an additional electron source (i.e. Fe0 ). Untargeted 

metabolomics indicated that the EAL grown biofilm on 1018 steel altered 

cysteine/methionine cycling while the EDL-grown biofilm had elevated levels of flavin-

like compounds. The flavin molecules likely serve a role in extracellular electron transfer 

when interacting with the metal surface (Fe0) in EET-MIC (Figure 9), and this was 

further supported by the need for biofilm to interface directly with the metal surface for 

elevated corrosion. The endogenously produced flavin molecules likely play a role in 

harvesting electrons from Fe0 when limited for electron donor, allowing continued 

biofilm growth under nutrient-restricted conditions. In essence, when lactate was 

limiting, sulfate reduction was coupled to Fe0 oxidation at the steel surface, thus 

promoting increased CS corrosion. The results also suggest that the EDL condition could 

be relevant to the common practice of seawater injection into reservoir formations for 

enhanced oil extraction. Seawater has an average sulfate level of 28 mM, nearly twice the 
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concentration used in this study. In hydrocarbon environments carbon/electron sources 

can be limiting due to slower degradation rates and/or competition for resources. Thus, 

the introduction of increased sulfate levels could shift the nutrient ratio in the EDL 

direction, thereby promoting increased corrosion rates via EET-MIC. Further work is 

needed to better understand the impact of energy imbalance on sulfate reducing 

communities in different environments and the outcome on CS materials. 
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Supplemental Information 

 

Figure S1. Carbon utilization on glass, 316 stainless steel, and 1018 carbon steel surfaces. 
(a) Lactate levels under EAL conditions (b) Lactate levels under EDL conditions. (c) 
Acetate levels under EAL conditions.  (d) Acetate levels under EDL conditions. 
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Figure S2. Sulfate utilization on glass, 316 stainless steel, and 1018 carbon steel surfaces. 
(a) Sulfate levels under EAL conditions (b) Sulfate levels under EDL conditions. 
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Figure 10.  Sulfide production was measured and normalized to protein levels.  Biofilm 
sulfide levels were normalized to surface area and protein levels. (a) Planktonic sulfide 
levels under EAL conditions (b) Planktonic sulfide levels under EDL conditions. (c) 
Biofilm sulfide levels under EAL conditions (d) Biofilm sulfide levels under EDL 
conditions. 
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Abstract 

 
Proteins can be a major component of the extracellular polymeric substance in biofilms 
of sulfate-reducing bacteria of the genus Desulfovibrio. However, very little is known 
about the potential functions of these proteins in biofilm formation, maintenance, or 
activity.  Two large proteins encoded in genes of Desulfovibrio vulgaris Hildenborough 
(DvH) have previously been shown to be expressed and enriched in the extracellular 
fraction of biofilms. The two proteins, referred to as DVU1012 and DVU1545, were 
detected in the extracellular biofilm fraction of a monoculture DvH biofilm.  Protein 
DVU1012 is predicted to be a 3,038 amino acid polypeptide that contains both von 
Willebrand (IPR002035) and protease (IPR011049) domains.  Protein DVU1545 is 
predicted to be a 2,414 amino acid polypeptide with hemolysin-like domains.  Both 
proteins have type 1 secretion signals and Ca2+-binding domains. Mutant strains 
(Ddvu1012 or Ddvu1545) of single deletions of each gene were able to grow and maintain 
biofilm under the tested continuous conditions in biofilm reactors (Reynold’s number 
(Re)=621 and 192 h growth).  Despite similar protein levels, electron microscopy 
indicated that the Ddvu1012 and Ddvu1545 biofilms differed in appearance.  The double 
mutant strain (Ddvu1012/Ddvu1545) lagged in biofilm formation during the first 144 h of 
growth (~3.5x less protein) and had approximately 1.8x less protein at 192 h.  Wild-type 
biofilms grown under conditions of an increased Reynold’s number (Re=993) had 
increased biofilm biomass (2.8x higher protein) compared to biofilm grown at the lower 
shear (Re=621).  However, the Ddvu1012/Ddvu1545 mutant strain had even lower 
biofilm biomass at the higher shear force and the double mutant biofilm biomass was 
12.8x lower after the 192 h growth period compared to wild-type biofilm.  Structural 
predictions with I-TASSER (Iterative Threading ASSEmbly Refinement) identified 
homology with large-pore toxin proteins and S-layer proteins with both membrane-
spanning and cytoplasmic/extra-cytoplasmic regions.  Protein DVU1012 was enriched  in 
wild-type biofilm relative to planktonic biomass and  electron microscopy of negatively-
stained particles  indicates a hollow cylinder-like structure with an estimated inner 
diameter  range of 3.5 to 5.5 nm.  Overall, the results demonstrate that DVU1012 and 
DVU1545 are novel structural proteins important to Desulfovibrio biofilm formation that 
likely play a role in coordination of cellular response to shear force and biofilm 
formation/maintenance. 
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Introduction 

The biofilm EPS (exo-polymer substance) is an all-inclusive term for the 

extracellular macromolecules that enable cells to adhere to surfaces and each other, and 

the understanding of the biofilm matrix has progressed to include, but are not limited to 

polysaccharides, extracellular DNA, membrane vesicles, cell debris from lysed cells, 

enzymes, and structural proteins (Flemming and Wingender, 2010; Flemming, 2016).  

While some of these components have been identified and a function established for a 

particular species, there are still many matrix components that have not been identified or 

described for the breadth of bacterial diversity.  Moreover, the biofilm matrix is 

increasingly being realized to contain a variety of intra- and inter-matrix interactions that 

contribute and may control biofilm behavior (Schooling and Beveridge, 2006; Payne and 

Boles, 2016).  More recently, Hooper and Burstein posited that the minimization of 

extracellular space in prokaryotic (i.e., Bacteria and Archaea) biofilms promoted cellular 

associations that impacted metabolism and may have contributed to the evolution of 

Eukarya (Hooper and Burstein, 2014).  

The biofilm EPS is thought to play a crucial role in the evolutionary advantages of 

microbial life adhered to a surface (Costerton et al. 1978) by providing adhesion and 

cohesion properties as well as protection from predation, dessication, and detrimental 

products (e.g., biocides).  In addition, to the many molecular components that comprise 

the biofilm matrix, the biofilm can serve as a local repository for cellular materials that 

can be utilized (or recycled) in the future (Fleming and Wingender 2010).    Desulfovibrio 

vulgaris Hildenborough (DvH) is a model strain for study of the sulfate-reducing bacteria 
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and it produces a biofilm that is predominantly dependent upon protein when grown on a 

glass substrate (Clark et al., 2007; Clark et al. 2012).  Many microorganisms produce 

polymers that promote interactions with both biotic and abiotic surfaces (Costerton et al. 

1978), and historically carbohydrate/polysaccharide interactions in the biofilm matrix 

have been a research focus (Costerton et al., 1978; Fleming and Wingender 2010; 

Fleming 2016 and references therein).  Therefore, much less is known about biofilm 

matrix proteins and the roles played in biofilm formation, maintenance, and disassembly.    

Recently, bacteria such as E. coli and P. fluorescens Pf0-1 have been shown to 

synthesize extracellular proteins such as curli (CsgA) and LapA that play a role in 

binding cells together in the biofilm (Hobley et al. 2015, Smith et al. 2018).  pBLAST 

search results of these proteins against the DvH genome produced no results for CsgA, 

but LapA does have homology to DVU1012, DVU1545, and the hypothetical protein 

DVUA0041.  In addition, we previously showed that DVU1012 and DVU1545 were the 

most abundant peptides detected in an extracellular biofilm fraction (Clark et al., 2012) 

and our recent work (De Leon et al., 2017) demonstrated that DVU1012 and DVU1545 

were important for biofilm formation and were exported by the type 1 secretion system 

(T1SS).  However, little is known about these two large, extracellular proteins nor the 

potential roles played in biofilm formation.  Here we report on initial structural studies of 

DVU1012 and the impacts on biofilms caused by the loss of each of these large proteins 

from DvH.    
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Materials and Methods 

Microorganism and Growth Medium   

Desulfovibrio vulgaris Hildenborough ATCC 29579 (DvH) was grown in a 

defined lactate/sulfate (LS4D) medium prepared anoxically as previously described 

(Clark et al., 2007).  Mutant strainsDdvu1012, Ddvu1545, and Ddvu1012/Ddvu1545 as 

well as their parental strain (Δupp, uracil phosphoribosyltransferase, used as wild-type in 

this study), were recently described (De Leon et al., 2017).  Modifications to the original 

recipe included adjusting the lactate and sulfate concentrations to 25 mM and 16.6mM, 

respectively. As previously described, no sulfide was added to the sterile media (Clark et 

al., 2006), and the use of resazurin in the culture medium served as a general indicator of 

oxidative-reduction potential (ORP).  A small amount of sodium hydrosulfite (~20 µg/l) 

was added to the 10% resazurin solution to shift the solution from purple to pink.   

Measurement of Growth    

DvH was cultured in LS4D medium at 30°C, and each condition was grown in 

triplicate in a Balch tube with N2 headspace.  Optical Density (600 nm) was measured 

with a UNICO 1100RS spectrophotometer (New Jersey) and compared with uninoculated 

medium. 

Biofilm Growth   

Biofilm samples were grown in modified CDC Biofilm Reactors (Biosurface 

Technologies Corp., Bozeman, MT) with the headspace sparged with anoxic N2 gas.  

Separate reactors were grown for each strain [wild-type, Ddvu1012, Ddvu1545, 
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Ddvu1012/dvu1545].  Reactors were inoculated with 40 ml of an exponential-phase 

culture with an approximate O.D.600 of 1 and allowed to grow in batch mode for 

approximately 24 hours at which point the medium pump was turned on at a flow rate of 

0.7 ml/min (D = 0.11-h)  and continuous flow was maintained until the final samples were 

harvested.  A stir rate of either 50 or 80rpm was used depending on desired flow regime. 

Glass coupon dimensions were 7.1 x 1.25 x 0.1cm.  Modified coupon holders were used 

as previously described to provide increased material surface area (Clark et al., 2012). 

Biofilm coupons were removed from the reactor and biofilm was immediately removed 

from the coupon using a sterile scraper.  Biomass was scraped into 5 ml of dH2O and 

vortexed prior to growth parameter measurements.  Biomass was boiled for 10 minutes 

before being sub-sampled for protein and carbohydrate measurements. 

Growth Parameter Measurements   

Protein concentrations were measured with a Qubit Protein Assay Kit (Life 

Technologies, Carlsbad, CA).  Carbohydrate concentration was measured as previously 

described (Clark et al. 2006).  Lactate and acetate were quantified using an Ultimate 3000 

High Performance Liquid Chromatography instrument with a 300mm x 7.8mm HPLC 

Organic Acid Analysis Aminex HPX-87H Ion Exclusion Column (Thermo Scientific, 

Dionex Germering, Germany).  Sulfide was determined using a colorimetric copper 

sulfate method with sodium sulfide as the standard (Ref). 
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Preparation of Samples for Imaging and 
Scanning Electron Microscopy   

Biofilm samples were fixed to each surface by treatment in Karmovsky’s Fixative 

(3.2% w/v paraformaldehyde, 2.5%w/w glutaraldehyde, 0.05M sodium cocodylate) for 

16 h.  Samples were soaked 4x in dH2O for 5 min to remove fixative.  Ethanol (EtOH) 

dehydration involved 5 minutes in 25% EtOH, 5 minutes in 50% EtOH, 5 minutes in 

75% EtOH, 15 minutes in 95% EtOH, and 2x 45 minutes in 100% EtOH before storage 

in 100% EtOH.  Dehydrated samples were dried in a Tousimis Samdri-795 Critical Point 

Dryer (Tousimis Research Corporation, Rockland MD) using liquid CO2 and a 10 min 

purge time.  Dried samples were coated with iridium for 30 seconds with an Emitech 

K575X Sputter Coater.  Electron microscopy samples were imaged with a Zeiss Supra 

55VP Field Emission Scanning Electron Microscopy (FE-SEM) (Carl Zeiss, Oberkochen, 

Germany) at 1keV.  

Structural Predictions   

Iterative Threading ASSEmbly Refinement (I-TASSER) was used to predict 3D 

structural models of DVU1012 and DVU1545 proteins (Zhang 2008, Roy et al. 2010, 

Yang et al. 2015).  Due to I-TASSER’s 1500 amino acid limit, a prediction was 

performed on the first 1500 amino acids of each protein, and then a separate prediction 

was performed on the second portion of the protein.   

Structure Analysis  

The predicted structure models were downloaded from I-TASSER results and 

images were generated in Pymol (The PyMOL Molecular Graphics System, Version 
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2.2.0 Schrödinger, LLC).  Structures were also viewed in UCSF Chimera (Regents of the 

University of California, Version 1.13.1).  Dimer and trimer models were constructed 

using the Matchmaker tool in UCSF Chimera to align the predicted monomer model from 

I-TASSER with monomers from the nearest homolog crystal structure used to guide the 

alignment.  

Single Particle Analysis of DVU1012   

DVU1012 was isolated from DvH (ATCC 29579) cell membranes as previously 

described (Walian et al., 2012) and included a final molecular sieve step (Superdex 200, 

GE Healthcare).  For electron microscopy studies, 4 µl of sample (concentrated to about 

0.1 mg /ml in a buffer of 20 mM HEPES pH 7.2, 100 mM NaCl and 0.01% C12E9) was 

applied to a glow-discharged grid (Formvar-carbon, 200 mesh copper, Electron 

Microscopy Sciences).  After five minutes the sample was partially blotted (from the side 

with filter paper) to leave about 1 µl and the grid was placed sample-side down on a 75 µl 

water drop situated on parafilm.  After two minutes the grid was transferred to a fresh 

drop of water.  The grid was removed from the final water drop after two minutes and 

again partially blotted to about 1 µl to which 3 µl of 2% uranyl acetate was added.  After 

one minute the remaining liquid was completely blotted.  Sample grids were examined in 

a JEOL JEM-1200x electron microscope operating at 80 kV.  A 2k x 2k pixel CCD 

camera (UltraScan, Gatan) controlled by the Digital Micrograph software package was 

used to record images at a magnification of 60,000X at which DVU1012 protein could be 

observed as hollow cylinder-like particles.  The EMAN2 program suite (Tang et al., 
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2007) was used to prepare a low-resolution 3D model from images of the negatively 

stained molecules.   

Thin-section imaging of biofilms   

DvH biofilms were grown on glass slides under batch conditions in LS4D media 

(Clark et al., 2007) for the wild-type and DVU1545 knock-out (Ddvu1545) strains.  

Biofilm samples were collected and fixed in 2% glutaraldehyde in PBS at pH 7.2.  

Samples were further processed by post-fixing with 1% osmium tetroxide, step-wise 

acetone dehydration and Epon-Araldite resin embedment.   Thin sections (90 nm) were 

cut from polymerized resin blocks, transferred to electron microscopy grids and post-

stained with Reynolds lead citrate and 2% uranyl acetate.  Grids were examined using a 

JEOL JEM-1200x electron microscope operating at 80 kV.  Images were recorded at a 

magnification range of 10 – 40 kX using a 2k x 2k pixel CCD camera (UltraScan, Gatan) 

controlled by the DigitalMicrograph software package.   The ImageJ software package 

(Schneider et al., 2012) was used in the analysis of the collected images. 

Multiple Sequence Alignment   

Sequences were obtained through BLAST searches with the DVU1012 VWF 

protein sequence against the Non-redundant protein sequences database on the National 

Center for Biotechnology Information website, and bootstrapping using the human VWF 

domain sequence as a search query.  Amino acid sequences: HvWF - H. sapiens 

gi317373549, PATR – P. troglodytes gi974593, CAJA – C. jacchus gi296211156, BOTA 

- B. taurus gi328887902, MUMU - M. musculus gi115511022, GAGA - G. gallus 

gi363728239, RvWF - R. norvegicus gi109474242, DARE - D. rerio gi326670654, 
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ACJO – A. johnsonii SH046 gi262371395, AESA - A. salmonicida subsp. salmonicida 

A449 gi145298663, D/1 - Desulfovibrio sp. A2 gi347732370, PSBR - P. brassicacearum 

subsp. brassicacearum NFM421 gi330808169, PSFL - P. fluorescens F113 gi378949442, 

PSFL P. fluorescens Pf0-1 gi77457690, PSEN – P. entomophila L48 gi104782921, CHLI 

– C. limicola DSM 245 gi189347157, CYSP - Cyanobium sp. PCC 7001 gi254430946, 

D/1 - Desulfovibrio sp. A2 gi347731967, DVVWF - D. vulgaris str. Miyazaki F 

gi218886590, DV12 - D. vulgaris Hildenborough gi46579425, DV45 - D. vulgaris 

Hildenborough gi46579956, MEMO – M. mobilis JLW8 gi253996156, DEPS - D. 

psychrophila LSv54 gi51244368, MOPE - Moritella sp. PE36 gi149911640, SHSE - S. 

sediminis HAW-EB3 gi157375479, DeAC - D. acetiphilus DSM 12809 gi291288403, 

D6_1/1 - Desulfovibrio sp. 6_1_46AFAA gi345891085, STAL – S. albus J1074 

gi291452634, CHRE – C. reinhardtii gi|159485740 were obtained from the genomic 

database. The sequences were trimmed and aligned with Mafft.  The sequences were 

manually adjusted to remove large gaps, while small gaps were left and are indicated by 

dashes. 

Results 

Planktonic Growth   

The four strains wild-type (Dupp), Ddvu1012, Ddvu1545, and 

Ddvu1012/Ddvu1545 did not display any differences in planktonic growth under the 

tested condition with 25 mM lactate: 16.6 mM sulfate in LS4D medium (Figure 1). 

Growth rates were similar for wild-type, Ddvu1012, and Ddvu1545 (0.088-h, 0.086-h, and 
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0.088-h respectively).  The growth rate for the Ddvu1012/Ddvu1545 strain was slightly 

lower at 0.078-h.  Final O.D. 600 values were similar as well (0.7 to 0.8).  The two strains 

with the dvu1012 gene deleted (Ddvu1012, Ddvu1012/dvu1545) had slightly lower final 

max O.D. 600 readings. 

 

Figure 11. Desulfovibrio vulgaris Hildenborough strains were grown in batch culture at 
30° C. 
 

Biofilm Growth and Composition   

Biofilms were grown continuously in CDC biofilm reactors with the same LS4D medium 

used for planktonic growth, with a stir rate of 50 rpm (Re=621) and dilution rate of 

0.07/h.  These stirring and dilution rates have been used routinely for the cultivation of D. 

vulgaris Hildenborough biofilm under sulfate-reducing conditions (Clark et al., 2012).  

Wild-type cultures increased biofilm biomass over 192 h and reached 46.1 µg/cm2.  The 
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Ddvu1012 and Ddvu1545 biofilms accumulated biomass at a similar rate as wild-type, 

and Ddvu1012 achieved a similar biofilm protein level (47.3 µg/cm2) (Figure 2).  The 

mutant strain Ddvu1545 produced slightly lower biofilm protein (38.5 µg/cm2) (Figure 2).  

The double mutant strain Ddvu1012/Ddvu1545 produced less biofilm biomass at the 96 h 

and 144 h time points (approximately 4x less protein) and had 20.6 µg/cm2 biofilm 

protein at 192 h that was approximately 2x less than wild-type (Figure 2). 

 

Figure 2.  D. vulgaris Hildenborough wild-type and mutant biofilm protein levels at 50 
rpm stir rate (Re= 621) for wild-type (WT), Ddvu1012, Ddvu1545, and 
Ddvu1012/Ddvu1545 strains.  

 
Hexose and protein measurements show a majority of the biofilm biomass to be 

comprised of protein and is similar for wild-type and the single mutant strains at later 

time points (Figure 3).  However, the Ddvu1545 strain had low initial biofilm that was 

mostly carbohydrate, and the Ddvu1545 strain had similar biofilm biomass levels 
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(although slightly lower) compared to wild-type and Ddvu1012 from 96 h to 192 h 

(Figure 3).  At 192 h, the Ddvu1012 strain had slightly higher carbohydrate levels 

compared to wild-type (8.3 versus 7.5 µg/cm2) and the Ddvu1545 strain had 1.3x lower 

carbohydrate levels (5.8 µg/cm2) compared to wild-type (Figure 3).  In addition to having 

lower protein levels, the Ddvu1012/Ddvu1545 strain had lower carbohydrate levels at all 

time points and had 3.8x lower carbohydrate (1.96 µg/cm2) at 192 h.  Under the tested 

growth conditions, wild-type and single mutant strains had similar carbohydrate to 

protein ratios of 0.2 µg/µg, but the Ddvu1012/Ddvu1545 strain had a carbohydrate to 

protein ratio of 0.09 µg/µg.  

 

Figure 3. Hexose and protein levels for D. vulgaris Hildenborough wild-type and mutant 
biofilms. 
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Substrates and products   

Lactate and acetate concentrations were measured throughout biofilm growth 

(Figure S1).  Because the growth medium contained 25 mM lactate and 16.6 mM sulfate, 

and D. vulgaris Hildenborough utilizes lactate and sulfate in a 2:1 ratio, lactate levels were 

mostly undetectable by 48 hours.  The wild-type biofilm had slightly higher lactate levels 

at the 48- and 96-hour time points than the other 3 strains, but by the 144-hour time point, 

lactate levels were undetectable and similar for all the tested strains (Figure S1).  Acetate 

levels were similar for the wild-type, Ddvu1012, and Ddvu1545 strains at 17 to 20 mM, but 

the Ddvu1012/Ddvu1545 strain had higher acetate levels at 25 mM throughout the reactor 

run.  Planktonic sulfide levels were similar for wild-type, Ddvu1012, and Ddvu1545 strains 

at 3 to 5 µg/ml with higher initial levels for Ddvu1012/Ddvu1545 (approximately 7.5 µg/ml; 

Figure S2).  Biofilm sulfide levels ranged between 4 and 8 µg/cm2 for the wild-type and 

Ddvu1012 strains (Figure S2).  The Ddvu1545 strain initially had no detectable biofilm 

sulfide at 48 hours, but by 96 hours had reached very similar levels as wild-type and 

Ddvu1012 strains (Figure S2b) and this result coincided with the initially much lower 

biofilm biomass levels (Figure 2 and 3).   The Ddvu1012/Ddvu1545 strain had very low, 

though detectable biofilm sulfide levels at 1 to 2 µg/cm2 that also coincided with lower 

overall biofilm biomass (Figure 2 and 3). 

Biofilm electron microscopy   

The wild-type biofilm is made up of large aggregated structures of cells (30 to 60 

µm) with spaces in between the clumps that penetrate to the substratum.  The Ddvu1012 

biofilm had a more evenly dispersed arrangement of cells with much smaller clumps (<10 
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µm) and gaps that were more evenly distributed across the surface and much of the space 

between the small clumps occupied by single cells (Figure 4b).  The Ddvu1545 biofilm 

appeared similar to the Ddvu1012 biofilm (smaller clumps) with less clumping of the 

biofilm compared to wild-type; however, the Ddvu1545 biofilm could perhaps be 

considered as intermediate between wild-type and Ddvu1012 in terms of aggregated cell 

structures (Figure 4c).  There appeared to be a coating of dried salts along with attached 

single cells with sparsely interspersed aggregates of cells in the Ddvu1012/Ddvu1545 

biofilm (Figure 4d).   

 

Figure 4.  Field emission scanning electron microscopy images (1,000X) of DvH biofilm 
grown in grown in CDC biofilm reactors (192 h) on glass at 50 rpm stir rate for (a) wild-
type, (b) Ddvu1012, (c) Ddvu1545, (d) and Ddvu1012/Ddvu1545 strains. 
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Conserved domains   

Based upon sequence comparisons with the Conserved Domains Database (CDD), 

DVU1012 contains multiple Type 1 secretion repeat domains (accession no. cl11927) 

throughout the predicted length, and these regions consist of glycine-rich sequences that 

can be tandem repeats that might provide a signal for type 1 secretion (Figure 5).  

Between residues 1318-1391 is a VCBS domain named from the multiple copies in long  

 

Figure 5.  Conserved Domain Database (CDD) search results for DVU1012 (a) and 
DVU1545 (b) proteins. 

 
proteins of Vibrio, Colwellia, Bradyrhizobium, and Shewanella species (reference), and 

residues 2243-2404 contain a Von Willebrand factor Type A (vWF) domain. There are 

multiple, presumptive interaction surfaces on this domain, and ligand binding is often 

mediated by a metal-ion dependent adhesion site (MIDAS) that also co-occurs in the 

vWF domain in DVU1012.  Between residues 2851-2912 is a presumptive peptidase 

M10 serralysin C terminal domain that is related to mammalian matrix metallopeptidases.  

The domain has been shown previously to form a corkscrew and can be involved in 
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secretion of the protein through the cell wall and also contains a calcium-binding domain 

(pfam00353).  The presumptive DVU1545 contained a Type 1 secretion site located at 

residues 563-692, and a COG2931 domain between residues 1984-2365 that is a Ca2+-

binding domain related to Rtx toxin proteins that can perform functions in biosynthesis, 

transport and catabolism (Figure 5).  Although a von Willebrand domain was not readily 

identified in DVU1545, DVU1545 was annotated as a hemolysin-type Ca-binding repeat 

family protein as was DVU1012.  

 

Figure 6.  Multiple sequence alignment of Von Willebrand Type A (VWA) domain in 
DVU1012 (DV12) and DVU1545 (DV45) sequences among a collection of other VWA 
domains.  Conservative substitution color coding was used to depict residues with similar 
properties as the same color to illustrate that the activity at that site may be preserved by 
the similar residue (i.e. function conservation).  The characteristic MIDAS (metal ion 
dependent adhesion site) residues are underscored via the black line. 
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Multiple sequence alignment   

Because vWF domains have a potential role in adhesion, a multiple alignment was 

constructed to more closely examine the domains (Figure 6).  The multiple alignment has 

mammalian, other eukaryotic, and bacterial sequences.  vWF domains have a characteristic 

Metal Ion Dependent Adhesion Site (MIDAS) region that contains the sequence 

D_S_S……T…….D (ref) and this sequence can be observed near the beginning of the 

alignment where the first aspartate is observed in the prokaryotic sequences (Figure 6).  

The DVU1012 sequence is most similar to the other bacterial sequences, and as expected, 

the DVU1545 sequence was quite different from the other sequences in the alignment.  

However, DV1545 does have the residues D_S_T……T…….D for a potential MIDAS 

domain.  A maximum-likelihood tree grouped the vWF domain of DVU1012 with 

presumptive proteins from Desulfovibrio A2 and D. vulgaris Miyazaki (Figure S3).  

 

Figure 7.  3D alignment from I-TASSER of DVU1012 predicted structure and the solved 
crystal structure of TcdB2-TccC3 from Photorhabdus luminescens.  The query structure is 
green and homolog structure is magenta. (a) DVU1012_a (amino acids 1-1500) aligned 
with TcdB2-TccC3. (b) DVU1012_b (amino acids 1501-3000) aligned with TcdB2-
TccC3. 
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3D Structure Prediction   

To  obtain structure predictions for DVU1012 and DVU1545,  the I-TASSER 

protein structure and function prediction server (Roy et al. 2010, Yang et al. 2015, Yang et 

al. 2015) was utilized.  I-TASSER quantifies the quality of a predicted model by assigning 

a C-score (-5 to 2) to structural alignments with known proteins (higher value = better 

model quality).  DVU1012 was run in three separate portions: residues 1-1500 (1012_a), 

residues 601-2100 (1012_middle), and residues 1501-3000 (1012_b) because I_TASSER 

can only model 1500 residues at a time.  An additional comparison was done on the 

remaining 38 amino acids (1012_c) that resulted in no models of acceptable quality.  

1012_a, 1012_middle, 1012_b, and 1012_c had C-scores of 0.05, 0.45, -0.1, and -3.17, 

respectively.  Since I-TASSER uses a template-based modelling approach, LOMETS 

identifies the closest protein structure homolog in the Protein Data Bank (PDB) before 

threading each model.  All three large portions of DVU1012 had high homology to two 

structures, the BC component of the ABC toxin complex in Yersinia entomophaga (Busby 

et al. 2013), and the TcdB2-TccC3 portion of the Tc toxin protein in Photorhabdus 

luminescens (Meusch et al. 2014) (PDB structures 4IGL and 4O9X, respectively). These 

two structures are nearly identical (Meusch et al. 2014). The alignments of 1012_a (TM-

score = 0.87) and 1012_middle (TM-score = 0.99) together show complete coverage of the 

TcdB2-TccC3 protein that is 2,076 amino acids long.  b-sheets comprise most of the 

secondary structure that wrap in an anticlockwise direction to form a large encapsulated 

chamber (Figure 7a).  A b-propeller domain is present at the narrow end of the chamber 

offset from the axis of the other b-sheet wraps by approximately 45 degrees.  The 1012_b 
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segment also aligned with 4IGL (TM-score = 0.95) more closely than with 4O9X (TM-

score of 0.89). 

 

Figure 8.  3-Dimensial structure prediction of DVU1545 using I-TASSER.  Query 
sequence is green and homolog structure is magenta.  (a) DVU1545 residues 1-1500 
aligned to PDB structure 4IGL. (b) DVU1545 residues 1501-2414 aligned to PDB 
structure 5N8P.  

 
DVU1545 was submitted to I-TASSER in two separate portions 1545_a (amino 

acids 1-1500) and 1545_b (amino acids 1501-2414) with predicting model C-scores of -

0.98 and -0.9, respectively.  Similarly to DVU1012, DVU1545_a had the highest homology 

to the BC component of the ABC toxin complex in Y. entomophaga or Tc toxin of P. 

luminescens (TM-score = 0.91), while 1545_b was most similar to the S-layer protein RsaA 

from Caulobacter cresecentus (TM-score = 0.81) (Figure 8). These are PDB structures 

4IGL and 5N8P, respectively. 1545_b is made of b-strands  that form an L-shaped sheet 

structure with  a tether sequence  at one end.  The S-layer protein (RsaA) in C. crescentus 

is anchored in the outer membrane by the tether sequence where it forms hexamers that 

coat the cell and form a protective layer (El-Kirat-Chatel et al., 2014).  
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Electron microscopy of DVU1012 and biofilm 
thin-sections    

Transmission electron microscopy (TEM) and single particle analysis of images obtained 

from negatively-stained molecules yielded a hollow cylinder-like structural envelope for 

DVU1012.   (Figure 9a and b). This envelope is consistent with the predominantly beta-

sheet model produced through  structure prediction with I-TASSER (Figure 7).  The  

cylinder-like envelope has an outer diameter of ~11.5 nm and a length of ~15.5 nm. Thin-

sections of D. vulgaris Hildenborough wild-type biofilms were also visualized with 

TEM, and cells were found making contacts with other cells as well as to matrix material 

via cylinder-like objects of similar size and shape to the model envelope determined for 
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DVU1012  (Figure 9c –f). 

 

Figure 9.  A DVU1012 working model. (a) Side view (outer diameter ~11.5nm, length 
~15.4nm).  (b) Top view.  (a) Cell to cell interaction via two cylinder-like contacts in 
wild-type biofilm visualized via TEM.  (d) Inset box showing magnification of 
interaction (scale bar 20 nm).  (e) Cell to cell interaction via cylinder-like contact in wild-
type biofilm visualized via TEM.  (f) Inset showing magnification of interaction (scale 
bar 20 nm). 
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Figure 10.  Desulfovibrio vulgaris Hildenborough biofilm grown in CDC biofilm reactor 
at low shear (Re= 621) and high shear stress (Re=993) for wild-type and 
Ddvu1012/Ddvu1545 strain. 
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Figure 11.  FE-SEM images (1,000X) of Desulfovibrio vulgaris Hildenborough biofilms 
grown in CDC biofilm reactors (192 h) on glass at 50 rpm stir rate (a and c) and 80 rpm 
stir rate (b and d) for wild-type (a and b) and Ddvu1012/Ddvu1545 strain (c and d). 
 
 
Biofilm formation and shear force   

Given our initial findings indicating a significant role for  DVU1012 and 

DVU1545  in biofilm architecture, as well as the structural similarity of the C-terminal 

region of DVU1545 with an S-layer protein of the stalked bacterium C. crescentus, we 

hypothesized that DVU1012 and/or DVU1545 may be important to the biofilm in when it 

experiences increased shear force.   Wild-type biofilm growth at a lower stir rate (50 rpm; 

Re=621) had lower biofilm biomass (i.e., protein levels) than wild-type biofilms 

cultivated at an increased stir rate of 80 rpm (increased shear force, Re=993) (Figure 10).  
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Wild-type biofilm at high shear had 2.8x more biofilm (µg protein/cm2) compared to 

wild-type biofilm cultivated at low shear, and denser biofilm biomass could be observed 

for the biofilm cultivated at higher shear stress (Figure 11).  Notably, the 

Ddvu1012/Ddvu1545 double-mutant strain had 2.5x lower biofilm biomass (µg 

protein/cm2) at the higher shear compared to the already low biofilm at low shear, and 

less biofilm was visualized via electron microscopy (Figure 10 and 11).  Moreover, at 

high shear stress, the Ddvu1012/Ddvu1545 biofilm was 12.7x less than wild-type biofilm 

(10.1 µg/cm2 versus 128.5 (µg/cm2) (Figure 10).     

 

Figure 12.  3 dimensional alignments of structure predictions from I-TASSER aligned 
with nearest homolog.  Query structure is green and nearest homolog is magenta. (a) 
DVU1013 trimer aligned to PDB structure 1TQQ.  (b) DVU1017 dimer aligned to PDB 
structure 4RY2.  (c) DVU1018 dimer aligned to PDB structure 5C21. 
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Structural predictions for DVU1012 operon 
products    

The LapA protein in Pseudomonas fluorescens Pf0-1 is essential for biofilm 

formation, plays a role in cell adhesion, and contains vWF and T1SS export domains.  

Smith et al. (2018) showed LapA to be anchored in the outer membrane by LapE, a Type 

1 secretion system outer membrane TolC-like pore protein.  Recently, we showed that the 

presumptive proteins DVU1013 and DVU1017-DVU1020 have similar properties to the 

gene products of the Lap operon of P. fluorescens (De Leon et al., 2017).  A pBLAST 

search with LapE against the DvH genome results in hits on genes DVU1013 and 

DVU3097, both of which are located to the outer membrane (Walian et al. 2012). 

Structure predictions were  obtained for the presumptive gene products  of the DVU1012 

gene locus  using I-TASSER allowing for comparison to the those of the Lap system.  

DVU1013 is predicted to be in an operon with DVU1012 while DVU1017-DVU1020 

form a separate operon. 

DVU1013 is a putative TolC-like outer membrane protein (Figure 12a) with the 

closest structure homolog identified as the TolC protein in Escherichia coli (Figure 12a).  

The C-score for the DVU1013 model was -0.29 and the alignment with the E. coli TolC 

crystal structure had a TM-score of 0.89.  The assembled trimer forms an outer membrane 

b-barrel and a connecting a-helical barrel that projects across the periplasm and into the 

cytosol.  The closest homolog to DVU1017 is an ABC transporter in Clostridium 

thermocellum (ATCC 27405) (Figure 12b).  The C-score on the model is -0.49 and the 

TM-score on the alignment is 0.89.  DVU1017 forms a dimer with an a-helical barrel 

forming the transmembrane domain, and the rest of the protein is predicted to be inside the 
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cell.  A structure model was predicted for DVU3097 and it aligned closely to the same 

structure as DVU1013 with a C-score of 0.5 and a TM-score of 0.92 (data not shown).  

LOMETS ( part of the I-TASSER tool suite) identified the nearest homolog to 

DVU1018 as the HlyD protein in E. coli. The C-score on the I-TASSER model is -2.50, 

suggesting it is lower quality than the other predicted models, and the TM-score of the 

alignment is 0.71.  HlyD forms a dimer with no transmembrane domains.  The lower TM-

score can be visualized in the alignment (Figure 12c) with large differences in structure 

on the outer ends of the dimer.  Both the predicted model and HlyD monomers have two 

a-helices that align towards the middle of the dimer.  On the outer ends where the a-

helices transition to b-sheets, the location and orientation of the b-sheets are quite 

different, and the DVU1018 predicted structure extends farther than HlyD, with 

additional a-helices.  The structure was predicted for DVU1019 but the C-score was -

2.51 similar to DVU1018 and the alignment had a poor TM-score of 0.55 (data not 

shown).  The predicted model of DVU1020 aligned with the monomers comprising the 

octamer of an exocyst complex from Saccharomyces cerevisiae (ATCC 204508) with a 

C-score of -0.8 and TM-score of 0.92 (structural prediction and alignment not shown).   

Discussion 

The conserved domain results for both DVU1012 and DVU1545 showed Type 1 

secretion domains, and these result suggested the proteins are extracellular. These results 

corroborate previous results that observed both proteins as abundant polypeptides in the 

extracellular fraction of a sulfate-reducing DvH biofilm (Clark et al., 2012).  DVU1012 
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(3,038 amino acids) was shown to have Type 1 secretion protein domains similar to the 

RtxA protein from Vibrio cholerae related to the export of toxin components, and ORFs 

immediately upstream of DVU1012 are annotated as rtxB and rtxD in the DvH genome 

(microbesonline.org).  DVU1012 also has a predicted vWF (type A) domain  and Ca-

binding domain.  When the entire polypeptide sequence was considered, an ortholog was 

identified (99.8% homology) in Desulfovibrio vulgaris DP4 that was annotated as an 

outer membrane adhesion protein (microbesonline.org).  The first half of the polypeptide 

sequence had sequence homology with Vibrio parahaemolyticus strains (AQ3810 and 

RIMD 2210633), and the second half had sequence homology with Denitrovibrio 

acetophilus and Pseudomonas entomophila (microbesonline.org).  DVU1545 is predicted 

to be a mono-cistronic protein (2,414 amino acids) that has a COG2931 conserved 

domain as well as a small metalloprotease domain.  When the entire polypeptide 

sequence was considered, an ortholog was observed (53.5% identity) in Desulfovibrio 

vulgaris Miyazaki (microbesonline.org).  Despite both being abundant in extracellular 

biofilm fractions with two similar domains, DVU1012 and DVU1545 have only 35.3% 

sequence identity over 52% of the polypeptide sequence.  However, both polypeptides 

display sequence similarity to putative proteins involved in toxin secretion as well as 

protein adhesion.   

 The predicted structural models of DVU1012 and DVU1545 showed homology to 

the BC domains of ABC toxin delivery proteins.  The BC domain in these systems forms 

a “cocoon” that encapsulates what is thought to be the unfolded toxin protein (Busby et 

al. 2013).  The alignment of the predicted structural DVU1012 model and TcdB2-TccC3 
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showed a high degree of similarity, and the TEM-based DVU1012 structural envelope 

was similar to the I-TASSER predicted structure comprised largely of b-sheets arranged 

to form a barrel-like structure.  The TEM-based structure of the captured confirmation is 

open on both ends suggestive of an open pore and not a toxin cage, and membrane 

association could be visualized when purified DVU1012 was incubated with bovine RBC 

membranes (unpublished results, Walian).  A similar virulence protein, GtxA in 

Gallibacterium anatis, is a T1SS toxin with broad hemolysin activity that might also be 

involved in the disruption of linkages of integrins to the host actin cytoskeleton (Persson 

and Bojesen, 2015).   The DVU1012 structure predictions also showed strong similarity 

to the B and C components of a Photorhabdus luminescens toxin that has insecticidal 

activity, and P. luminescens colonizes the gut of infective entomophathogenic nematodes 

where the toxins force actin polymerization/clustering (Lang et al., 2010). TEM images 

of biofilm thin-sections showed cells, and cells and EPS, making contacts through 

cylinder-like structures similar in size and shape to the DVU1012 structure.  These results 

in combination with a predicted role in adhesion/cell interactions suggested DVU1012 

likely plays a role binding cells together in the Desulfovibrio biofilm. 

 DVU1012 (residue 2,243 – 2,404) had sequence homology to von Willebrand 

factor type A domain (vWF) as well as structural similarity to the vWF domain in the BC 

component of the ABC toxin of Y. entomophaga.  The putative domain had high 

sequence identity with vWFs from eukaryotes including humans, and vWF domains have 

more recently been identified in bacteria (Figure S3).  vWF domains are typically 

identified in proteins that are involved in adhesion via protein-protein interactions.  In 
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humans, vWFs can be part of multimeric glycoproteins that are crucial to the cessation of 

bleeding after tissue damage (hemostasis) (Ruggeri and Ware, 1993).  During clotting, 

vWFs mediate the attachment of platelets to exposed tissue leading to platelet thrombi 

and thereby hemodynamic conditions with high shear stress (Ruggeri and Ware, 1993).  

von Willebrand disease (i.e., hemophilia) is the most common hereditable blood-clotting 

disorder in humans in which blood is unable to clot properly (Swystun and James, 2017).   

Similar to DVU1012, the first 1500 amino acid residues of DVU1545 had the 

highest homology to toxin complexes of P. luminescens or Y. entomophaga.  The second 

half of DVU1545 (residues 1,501-2,414) had the strongest similarity with an S-layer 

protein (RsaA) from Caulobacter crescentus.  The S-layer protein, RsaA, forms a 

hexameric S-layer lattice with Ca2+ ions used to stabilize interfaces as the stalked cell 

experiences variable shear forces in freshwater environments (Bharat et al., 2017).  S-

layer proteins assemble to form planar sheets around Gram-negative and Gram-positive 

bacteria (and archaea) anchored to other surface molecules and play roles in mechanical 

stability as well as pathogenicity (Albers and Meyer, 2011; Fagan and Fairweather, 

2014).  The RsaA S-layer is thought to act as a tough yet flexible barrier around C. 

crescentus that can adopt different conformations, and a similar role might be played for 

D. vulgaris biofilms as DVU1545 could provide strong yet flexible structural integrity for 

the biofilm.  Interestingly, trypsin was used to aid in purification of RsaA portions from 

C. crescentus (Bharat et al., 2017), and we have previously shown that D. vulgaris 

biofilms (both early and mature) were susceptible to trypsin treatment (Clark et al., 

2007). 
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Previous studies have shown LapA in Psuedomonas fluorescens to be essential 

for biofilm formation, and LapA is a T1SS export protein with a vWF domain that also 

has a large, tandomly repeated 100 amino acid segment (El-Kirat-Chatel et al., 2014).  

Similar proteins to LapA with large repeat regions have been recently reported in 

Bordetella bronchiseptica and Shewanella oneidensis (Zhou et al., 2015; Ambrosis et al., 

2016).  The predicted structures for DVU1012 and DVU1545 did not have significant 

structural similarity to LapA or the LapA-like proteins, and response to shear force 

stimuli have not been reported for LapA. 

The mutant strains were not affected in planktonic growth, and while the single 

mutants formed a similar amount of biofilm as wild type, the double mutant produced 

less biofilm at all stages of biofilm development over the tested 192 h.  The Ddvu1012 

mutant was most similar to wild-type biofilms in terms of protein/carbohydrate levels as 

well as microscopic appearance.  The Ddvu1545 mutant lagged in initial biofilm 

formation in the first 48 h of growth and had less biofilm biomass (protein and 

carbohydrate) at the latest time point compared to wild-type.  Based upon these results as 

well as the different sequences, predicted structures, and different appearance of the 

respective biofilms, DVU1012 and DVU1545 have different but complementary roles in 

biofilm formation and maintenance.  It is unknown if DVU1012 and DVU1545 directly 

interact for synergistic function, and further work is needed to delineate the mechanistic 

roles of each.   

 In a flow environment, fluid viscosity can generate hydrodynamic (shear) force on 

attached cells (and biofilm) that is tangential to the surface and is the primary force 
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experienced by biofilms (Stewart, 2012; Persat et al., 2015).  Typically, bacterial cell 

adhesion forces range from a few to hundreds of pN (picoNewtons) in flow 

environments, but prosthecated C. crescentus can withstand forces as high as 1 µN 

(Persat et al., 2015).  Interestingly, C. crescentus has a curved cell and because attached 

bacterial cells orient in the direction of flow, shear stress generates torque on curved cells 

that causes rotation of the distant cell pole to the substratum (Persat et al., 2014).  This 

not only drives both cell poles to the substratum, but also leads to the ‘deposition’ of 

daughter cells onto the substratum surface that contributes to biofilm formation.  

Desulfovibrio also has a curved cell morphology, and therefore, the curved cell 

morphology could aid in biofilm formation.  Multiple examples exist for increased cell 

attachment to surfaces when shear stress in increased, including Escherichia coli and 

Pseudomonas aeruginosa via fimbriae or pili, respectively (Thomas et al., 2004; Lecuyer 

et al., 2011).  In Staphylococcus aureus, vWF proteins were shown to be involved in 

initial attachment to intact endothelium (Pappelbaum et al., 2013), and more recently in 

streptococcal adhesion in blood flow (Jagau et al., 2019).  

 Increasing the stir rate to 80 rpm (and thus shear force), demonstrated the 

importance of DVU1012 and DVU1545 in responding to shear stress.  The wild-type 

biofilm greatly increased biofilm in response to increased shear force, but 

Ddvu1012/Ddvu1545 made even less biofilm compared to the lower shear force 

condition.  These results indicated that DVU1012 and DVU1545 functioned directly or 

indirectly to respond to shear stress and could provide the mechano-sensitive mechanism 

to form and maintain biofilm.  We previously showed that the respective single mutants 
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(Ddvu1012 or Ddvu1545) made wild-type levels of biofilm under higher shear (De Leon 

et al., 2017), and the DvH genome does not contain paralogs based upon sequence 

homology.  Given the sequence and structural similarity to the vWF domain of DVU1012 

and the role in shear force driven cell interactions in humans, Staphylococcus, and 

Streptococcus as well as the sequence and structural similarity to RsaA of DVU1545,  it 

is interesting to speculate that DVU1012 is a mechano-sensitive extracellular protein that 

senses shear force and DVU1545 is an extracellular “armor-like” S-layer protein that 

provides the flexible structural integrity for the biofilm.  The results suggest that 

DVU1012 and DVU1545 are compensatory and/or there are other components (e.g., 

proteins, carbohydrate) that DVU1012 or DVU1545 can interact to sense hydrodynamics 

and regulate biofilm formation; however, both DVU1012 and DVU1545 together are 

required for maximal response to hydrodynamic force and biofilm formation.       

 Because DVU1012 is most similar to TccB2-TccC3 in Y. entomophaga, and 

DVU1012 and DVU1013 are adjacent in the DvH genome, comparing DVU1013 to TcA 

in Y. entomophaga bears consideration.  The structures are similar in forming membrane 

pore complexes, but TcA is formed by a pentamer, the transmembrane domains are 

formed by a-helices, and a considerable portion of the protein remains outside the cell.  

DVU1013 is predicted to be a trimer where the b-barrel forms the transmembrane 

domain, and most of the protein complex is located inside the cytosol.  Based upon these 

comparisons, the structural details appear quite different.  Both TccB-TccC3 and LapA 

bind to a transmembrane pore complex that anchors to the outer membrane, and these 

results suggest that DVU1012 and DVU1545 may do the same but no current data 
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demonstrates a direct interaction between these proteins and DVU1013.  LapE, which 

anchors LapA in the outer membrane in Pseudomonas, has sequence similarity with 

DVU1013 and DVU3097, and these results further suggest DVU1013 could be an anchor 

protein.  The LapE/LapA interaction depends on a retention module that is the N-

terminus of LapA.  The binding of these two proteins allows Pseudomonas fluorescens 

Pf0-1 cells to adhere and form a biofilm (Smith et al. 2018).  Yet neither DVU1012 nor 

DVU1545 are predicted to have such a retention module, so the potential binding 

mechanism for this presumptive system is unknown.  The b-propeller domain of TccB-

TccC3 binds TcA in Y. entomophaga that opens upon binding and releases the toxin 

cargo into the pore complex (Meusch et al. 2014).  DVU1012 may function as a cocoon 

for delivery of a toxin but based upon the presented results a more likely function is an 

adhesin between cells, bound to transmembrane proteins. 

DVU1017 has been demonstrated to be essential for biofilm formation (De Leon 

et al. 2017) and its deletion creates a similar phenotype to the Ddvu1012/Ddvu1545 strain, 

and these data suggest that DVU1017 is necessary for the transport of DVU1012 and 

DVU1545 outside the cell.  These results also coincide with the type 1 secretion domains 

in DVU1012 and DVU1545 and that DVU1017 is annotated as a transmembrane ABC 

transporter.  The Pseudomonas LapG had low sequence homology to DVU1019 in the 

predicted DvH operon (De Leon et al., 2017), and LapG is a periplasmic cysteine 

protease that cleaves the N-terminal domain of LapA releasing it from LapE and causing 

dispersal of biofilm cells.  The low quality of the predicted DVU1019 structural model in 
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combination with the lack of related crystal structures makes drawing predictions from 

the model difficult. 

The fact that DVU1012 and DVU1545 both contain type 1 secretion sites 

suggests that they are translocated outside the cell through a Type 1 Secretion System 

(T1SS).  The E.coli T1SS mechanism is the most well studied system and it requires an 

ABC transporter, a membrane fusion protein (MFP), and an outer membrane protein 

(OMP) (Spitz et al. 2019).  In E.coli, the ABC transporter (HlyB) crosses only the inner 

membrane where a complex is formed with the MFP (HlyD) (Kanonenberg et al. 2018).  

The OMP (TolC) crosses the outer membrane, and together form the pore complex that 

exports T1SS substrates (Kanonenberg et al. 2018).  Looking for homologs to this system 

in DvH identifies DVU1017 as an ABC transporter required for secretion of DVU1012 

and DVU1545, and DVU1018 as a potential MFP.  One significant difference between 

E.coli and DvH is that the predicted structure of DVU1017 crosses both membranes, and 

this prediction raises the question of whether the TolC and MFP are necessary for Type 1 

secretion in DvH.  Further investigation of the mechanisms for secretion of DVU1012, 

DVU1545, and potentially interacting components is needed.   

An additional question is the potential role of DVU1013 annotated as a TolC-like 

protein, predicted to be in an operon with DVU1012. Further similarities emerge between 

E.coli and DvH because HlyA (a pore forming toxin), displays sequence homologies to 

DVU1012 and DVU1545.  Upstream of the C-terminal secretion signal, HlyA has 

nonapeptide repeats of GgxGxDxUx that bind extracellular Ca2+ and initiate folding upon 
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secretion.  DVU1012 has two of these consensus sequences and DVU1545 has one, all 

near the C-terminus. 

 Microorganisms typically occupy dynamic fluid environments and can be 

concentrated via fluid shear (Rusconi et al., 2014), and the feedback between 

hydrodynamic conditions and mechanical properties of microbial cells subsequently 

influences the formation and behavior of biofilms (Persat et al., 2015).  The presented 

results demonstrated an essential role of DVU1012 and DVU1545 together for optimal 

response to hydrodynamic force and biofilm formation.  The proteins are secreted via a 

T1SS similar to adhesin and toxin systems in Gram-negative bacteria and remain cell 

associated via possible interactions with the outer membrane.  The vWF domain would 

provide a mechanism for responses to hydrodynamics, and the unique predicted structure 

of DVU1545 would provide flexible but strong mechanical strength.  The ability of DvH 

to readily form biofilm impacts multiple large-scale processes including metal pipeline 

corrosion, concrete corrosion, contributions to global carbon and sulfur cycling in the 

subsurface microbiome, and colon cancer in humans.  Further work is needed to delineate 

the potential interactions between DVU1012 and DVU1545 and other cellular 

components important to biofilm formation and maintenance in different environments 

with hydrodynamic forces. 
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Supplementary Information 

 

Figure S1.  (a) Lactate and (b) acetate levels over time during reactor growth for the 
different Desulfovibrio vulgaris Hildenborough strains grown in CDC biofilm reactors on 
glass. 

 

Figure S2.  (a) Planktonic sulfide numbers normalized to planktonic protein levels and (b) 
biofilm sulfide numbers normalized to surface area and biofilm protein levels for the 
different Desulfovibrio vulgaris Hildenborough strains grown in CDC biofilm reactors on 
glass. 
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Figure S3.  Maximum likelihood tree built from Maft alignment of eukaryotic and 
bacterial protein sequences with predicted VWA domains. 

  



103 
 

CHAPTER FOUR 

CHARACTERIZATION OF EXTRACELLULAR BIOFILM MUTANTS 

CULTIVATED ON 1018 CARBON STEEL IN  DESULFOVIBRIO  

VULGARIS HILDENBOROUGH 

Contributions of Authors and Co-Authors 

 
Manuscript in Chapter 4 

Author: Gregory P. Krantz 

Contributions: Developed experimental design, performed experiments, analyzed data, 
wrote and revised the manuscript. 
 
Author: Marty Boyl-Davis 

Contributions: Performed experiments, analyzed data. 

Author: Kara B. De Leon 

Contributions: Performed experiments, analyzed data, wrote and revised the manuscript. 

Author: Judy D. Wall 

Contributions: Analyzed data, wrote and revised the manuscript. 

Author: Matthew W. Fields 

Contributions: Developed experimental design, analyzed data, wrote and revised the 
manuscript. 
  



104 
 

Manuscript Information 

Gregory P. Krantz, Marty Boyl-Davis, Kara De Leon, Judy D. Wall, & Matthew W. 

Fields 

Status of Manuscript:  
__X _ Prepared for submission to a peer-reviewed journal 
____ Officially submitted to a peer-reviewed journal 
____ Accepted by a peer-reviewed journal 
 
 

  



105 
 
 

Abstract 

 
Previous work has demonstrated the important role of large, previously 

undescribed proteins in biofilm formation and maintenance in the sulfate-reducing 
bacterium, Desulfovibrio vulgaris Hildenborough.  Three strains (WT, Ddvu1012, and 
Ddvu1545) were grown under steady-state conditions in CDC biofilm reactors on 1018 
carbon steel under sulfate-reducing conditions to elucidate potential impacts on metal 
corrosion.  Protein measurements indicated the wild-type strain had less initial biofilm 
biomass than the two deletion strains but similar protein levels for all three strains were 
observed after longer biofilm growth  The Ddvu1012 strain had slightly increased 
carbohydrate levels throughout growth compared to wild-type and the Ddvu1545 strains.  
Initial average planktonic sulfide measurements were highest in the WT strain, though 
they became similar to the other strains after 192 hours.  Biofilm sulfide levels were, on 
average, highest in the Ddvu1012 strain and lowest in the Ddvu1545 strain.  An increased 
initial corrosion rate was observed on the coupons exposed to the Ddvu1012 culture, 
though this difference decreased in later time points. 
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Introduction 

Microbiologically-influenced corrosion of metals occurs under a variety of 

conditions in marine, freshwater, and terrestrial environments, and sulfate-reducing 

bacteria are a predominant population that contributes to the direct and indirect 

biodegradation and biodeterioration of the material (Beech and Gaylarde, 1999).  Biofilms 

are an important contributor to the overall process, and the biofilm EPS (exo-polymeric 

substance) contributes to interactions with the surface that likely mediate adhesion, 

ecology, and biochemical activity.  For example, Pseudoaltermonas lipolytica biofilms on 

low-alloy steel mainly consisted of proteins and carboxylic acid, and corrosion was 

increased compared to a Bacillus biofilm that consisted of mainly polysaccharides (Guo et 

al., 2017).  However, little is known about the individual EPS components of metal-

corroding biofilms, particularly protein, nor the direct and/or indirect roles played in 

biofilm formation, maintenance, and activity.   

MIC can involve a variety of different microorganisms that include sulfate-

reducing bacteria (SRB). Desulfovibrio vulgaris Hildenborough (DvH) has been 

implicated in MIC of carbon steel infrastructure and is used as a model organism for 

extensive anaerobic corrosion studies (Heidelberg et al. 2004).  Previous work with D. 

vulgaris Hildenborough showed that biofilms on glass were dependent upon protein 

filaments (Clark et al., 2007), and subsequent proteomic analyses identified two large, 

extracellular proteins (DVU1012 and DVU1545) as the most abundant polypeptides 

extracted from biofilm fractions cultivated on glass (Clark et al., 2012).  Recent work by 

Krantz et al. (Chapter 3) demonstrated the essential role of the proteins (DVU1012 and 
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DVU1545) to biofilm formation and maintenance in Desulfovibrio vulgaris Hildenborough 

(DvH) when grown on a glass surface but the impacts on metal biofilms is not known.  

Laboratory cultures of microorganisms are commonly cultivated under conditions 

of balanced stoichiometry in terms of carbon and energy sources (or at least conditions of 

excess).  Our recent work demonstrated that when D. alaskensis G20 biofilm was grown 

under electron-donor limiting conditions, corrosion of 1018 carbon steel was increased 

approximately 3-fold (Chapter 2).  Therefore, the described study explores the role of 

DVU1012 and DVU1545 in forming biofilm on 1018 carbon steel under electron-donor 

limiting conditions and the potential impact on metal corrosion. 

Materials and Methods 

Microorganism and cultivation   

Desulfovibrio vulgaris Hildenborough (DvH) was grown in a defined 

lactate/sulfate (LS4D) medium prepared anoxically as previously described under a variety 

of conditions (Clark et al., 2007; Klonowoska et al., 2008).  Modifications to the original 

recipe included adjusting the lactate and sulfate concentrations to 25 mM lactate and 16.6 

mM sulfate (i.e., electron-donor limiting conditions). As previously described, the medium 

was not prepared with reducing agent (Clark et al., 2006), and the use of resazurin in the 

culture medium served as a general indicator of oxidative-reduction potential (ORP).  A 

small amount of sodium hydrosulfite was added to the 10% resazurin solution to shift the 

solution from purple to pink. 
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Biofilm Growth  

Biofilm samples were grown in CDC Biofilm Reactors (Biosurface Technologies 

Corp., Bozeman, MT) with the headspace sparged with anoxic N2 gas.  Separate reactors 

were grown for each strain (Ddvu1025 (wild-type), Ddvu1012, Ddvu1545).  Reactors were 

inoculated with 40 ml of an exponential-phase culture and allowed to grow in batch mode 

for approximately 24 hours.  The medium pump flow rate was set to 0.7 ml/min (D = 0.11-

h)) 24 hours post-inoculation and maintained continuous flow until final samples were 

harvested.  Metal coupon dimensions were 7.1 x 1.25 x 0.1cm.  Modified coupon holders 

were used as previously described to provide increased material surface area (Clark et al., 

2012).  

Biofilm and Coupon Harvesting   

Biofilm coupons were removed from the reactor and biofilm was immediately 

removed from the coupon using a sterile scraper.  Biomass was scraped into 5 ml of dH2O 

and vortexed prior to growth parameter measurements or stored at -20°C for later analyses.  

Biomass was boiled at 100°C for 10 minutes before protein and carbohydrate 

measurements were taken.  Protein concentrations were measured with a Qubit Protein 

Assay Kit (Life Technologies, Carlsbad, CA).  Carbohydrate concentration was measured 

as previously described (Clark et al. 2006).  Lactate and acetate were quantified using an 

Ultimate 3000 High Performance Liquid Chromatography instrument with a 300mm x 

7.8mm HPLC Organic Acid Analysis Aminex HPX-87H Ion Exclusion Column (Thermo 

Scientific, Dionex Germering, Germany).  Sulfate was measured with by Ion 
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Chromatography (Dionex) with an IonPac AS11 column (Dionex).  Sulfide was 

determined using a colorimetric copper sulfate method with sodium sulfide as the standard. 

Preparation of Samples and Imaging   

Biofilm samples were fixed to each surface by treatment in Karmovsky’s Fixative 

(3.2% w/v paraformaldehyde, 2.5%w/w glutaraldehyde, 0.05M sodium cocodylate) for 

16 h.  Samples were soaked 4x in dH2O for 5 min to remove fixative.  Ethanol (EtOH) 

dehydration involved 5 minutes in 25% EtOH, 5 minutes in 50% EtOH, 5 minutes in 

75% EtOH, 15 minutes in 95% EtOH, and 2x 45 minutes in 100% EtOH before storage 

in 100% EtOH.  Dehydrated samples were dried in a Tousimis Samdri-795 Critical Point 

Dryer (Tousimis Research Corporation, Rockland MD) using liquid CO2 and a 10 min 

purge time.  Dried samples were coated with Iridium for 30 seconds with an Emitech 

K575X Sputter Coater.  Samples were imaged with a Zeiss Supra 55VP Field Emission 

Scanning Electron Microscopy (FE-SEM) (Carl Zeiss, Oberkochen, Germany) at 1keV.  

Several SEM images were taken of large areas of biofilm along with EDX (electron 

dispersion x-ray spectroscopy) spectra.  The relative percentages of elements present in 

each image were obtained from the EDX spectra and averaged for each strain. These data 

were collected with a custom-built Integrated Auger Nanoprobe (Physical Electronics 

Chanhassen, MN).  The OCT (optical coherence tomography) images were taken of a 

freshly sampled and hydrated corrosion biofilm grown on 1018 carbon steel with a 

GAN210 Optical Coherence Tomography imaging system (ThorLabs, Newton, NJ) at 

25X magnification.   
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Results and Discussion 

 

Figure 1. (a) Lactate and (b) acetate levels of planktonic medium in CDC reactors for 
Desulfovibrio vulgaris Hildenborough strains. 
 

Lactate/acetate  

Planktonic lactate and acetate levels were measured to assess carbon source 

utilization by each strain in the CDC biofilm reactors throughout each reactor run (Figure 

1).  The medium contains 25mM lactate and 16.6mM sulfate concentrations.  Because D. 

vulgaris consumes lactate and sulfate in a 2:1 ratio, and the media provided less than a 

2:1 ratio of lactate to sulfate, consumption of all lactate was expected after the reactor 

reached steady-state (lactate consumption and acetate production).  After 48 hours of 

growth, lactate was extremely low to undetectable for each of the three tested strains.  D. 

vulgaris oxidizes lactate to acetate in a 1:1 ratio, so the amount of lactate consumed 

should be equimolar to the concentration of acetate produced.  There is variability in the 

measured acetate concentrations in the three strains over the time tested that all range 
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from approximately 16 to 20 mM although strain Ddvu1012 appeared to have a faster 

initial rate of acetate production (Figure 1b). All the measured acetate concentrations are 

less than the 25 mM of lactate that was consumed, and likely represents the utilization of 

carbon for biomass production.  Planktonic growth in the biofilm reactors was not 

significantly different between the three strains.   

 

Figure 2.  Hexose and protein levels of WT, Ddvu1012, and Ddvu1545 biofilms during 
192 h CDC reactor growth on 1018 carbon steel. 
 

Protein/hexose 

Biofilm protein and hexose levels were measured to indicate the distribution of 

biomass in the three tested D. vulgaris strains (Figure 2).  After 48 hours of growth, the 

wild-type strain had, on average, lower protein levels than the Ddvu1012 or Ddvu1545 

strains.  The higher biofilm protein levels for the mutant strains corresponded with the 

slightly higher acetate levels initially produced.  Hexose levels were considerably lower 

than the protein levels at 48 hours for all three strains, with hexose-to-protein ratios of 

0.44, 0.11, 0.27 for Ddvu1012, Ddvu1545, and wild-type, respectively.  At 96 hours of 
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cultivation, wild-type biofilm protein levels are slightly higher than the two deletion 

strains, and Ddvu1545 has the lowest protein and highest carbohydrate levels compared to 

wild-type and Ddvu1012.  Interestingly, the carbohydrate-to-protein ratios are 0.46, 0.14, 

and 0.18 for Ddvu1012, Ddvu1545, and wild-type respectively, and the Ddvu1012 biofilm 

carbohydrate-to-protein ratio is 2.5 to 3-fold higher compared to the other two strains.  At 

144 hours of biofilm cultivation, the protein levels are quite similar for all three tested 

strains; however, the hexose is at least twice as high in wild-type and Ddvu1012 biofilms 

compared to the Ddvu1545 biofilm.  Hexose-to-protein ratios are 0.45, 0.16, and 0.32 for 

Ddvu1012, Ddvu1545, and WT.  At the final 192 hour time point, protein levels are very 

similar to the 144 hour levels (i.e., biofilm protein levels have reached steady-state), but 

carbohydrate levels continued to increase for the mutant strains.   

The hexose-to-protein ratios are 0.56, 0.25, and 0.32, for the Ddvu1012, 

Ddvu1545, and wild-type strains, respectively (Figure 2), and overall the Ddvu1012 

biofilm had the highest carbohydrate levels. These results were compared to the results in 

Krantz et al. (Chapter 2), which grew the same strain biofilm on glass.  The differences in 

hexose levels between strains in that study were minimal, and not as pronounced when 

grown on 1018 carbon steel.  Cultures of Desulfovibrio G20 were shown to contain more 

carbohydrate, namely mannose, glucose, and galactose, when grown in the presence of 

mild steel compared to no surface controls (Beech et al., 1991 and recent results by 

Krantz et al. (2019) with Desulfovibrio alaskensis G20 (G20) grown on 1018 carbon steel 

coupons, G20 produced more hexose than protein in the biofilm biomass.  Differences in 

biofilm physiology between members of the Desulfovibrio genus are demonstrated in 
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these results with D. vulgaris where considerably less hexose is produced in biofilm 

grown on 1018 carbon steel. 

Recent work demonstrated that the EPS of a sulfate-reducing biofilm initially 

decreased corrosion of X80 steel but corrosion increased as the biofilm further developed 

(Shu et al., 2018).  Interestingly, the EPS extracted from waste activated sludge was 

recently shown to act as a mixed-type corrosion inhibitor with mild steel, most likely 

acting as a protective film that protects the metal surface from the corrosive environment 

(Go et al., 2019).  The presented results indicate that Desulfovibrio G20 biofilms 

produces more carbohydrate when grown on 1018 carbon steel compared to glass, and 

that the Ddvu1012 mutant produced elevated levels of carbohydrate compared to wild-

type. 

Sulfate   

The provided media contained 16.6 mM sulfate and all 3 strains had similar 

planktonic concentrations of approximately 7 mM (steady-state).  Approximately 10mM 

sulfate was utilized that correlated to the 25 mM of lactate that was consumed in the 

medium (Figure S1).  The 2:1 ratio of lactate: sulfate consumption is not observed to be 

exact, but the difference is attributed to assimilation of lactate as a carbon source into 

biomass. 

Sulfide   

Planktonic sulfide (Figure 3a) was higher on average in wild-type than the 

Ddvu1012 and Ddvu1545 mutant strains for the 48, 96, and 144 hour samples.  By the 

final 192 hour sample, wild-type and Ddvu1545 sulfide levels were nearly equal while  
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Figure 3.  (a) Planktonic sulfide numbers normalized to planktonic protein levels and (b) 
biofilm sulfide numbers normalized to surface area and biofilm protein levels for the 
different Desulfovibrio vulgaris Hildenborough strains grown in CDC biofilm reactors on 
1018 carbon steel. 

 
Ddvu1012 was  slightly lower. There is overlap in the error bars for all of the samples, so 

differences are not statistically significant.  Biofilm measurements showed that, on 

average, the Ddvu1012 strain had the highest sulfide concentration (Figure 3b).  The 

wild-type biofilm sulfide levels were intermediate between Ddvu1012 and Ddvu1545 with 

Ddvu1545 having the lowest sulfide content.  The error bars for the Ddvu1012 144 and 

192 hour time points are large and overlap with wild-type and Ddvu1545 samples, 

making those differences not statistically significant.  The overall trends show that the 

Ddvu1012 strain has more sulfide associated with biofilm biomass and is suggestive of 

higher sulfate-reduction in the biofilm phase compared to wild-type and Ddvu1545.  The 

decreased sulfide in the Ddvu1545 biofilm is not suggestive of decreased biofilm biomass 

as protein and hexose levels in the last 3 time points are similar between the three strains 
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and Ddvu1545 has higher initial biofilm similar to Ddvu1012 compared to wild-type 

(Figure 2).  It is interesting to speculate that given the role of DVU1012 and DVU1545 as 

structural biofilm proteins, the altered extracellular environment of Ddvu1012 and 

Ddvu1545 biofilm may impact sulfide association and/or diffusion from the biofilm 

proper.  For example, in the Ddvu1012 biofilm, the elevated carbohydrate levels may 

impact the association of sulfides with biofilm material or vice versa with the Ddvu1545 

biofilm (i.e., lower carbohydrate = lower biofilm associated sulfides).  

 

Figure 4.  Corrosion rate measured by mass loss in the steel coupons for wild-type, 
Ddvu1012, and Ddvu1545 biofilms. 
 

Corrosion Rate   

Mass loss of the 1018 carbon steel coupons was quantified after exposure to 

biofilm growth for 192 h under sulfate-reducing conditions (Figure 4).  The corrosion rate 

for the Ddvu1012 strain was higher in the 48 hour and 96 hour samples than the 
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Ddvu1545 and wild-type strains.  More specifically, the 48 hour corrosion rate for 

Ddvu1012 was 0.35 mm yr-1 and was 3.5-fold higher than the rate for Ddvu1545 and 

wild-type that were 0.1 and 0.09 mm yr-1, respectively.  The Ddvu1012 96 hour samples 

had a 3-fold increase compared to Ddvu1545 and WT (0.19 mm yr-1 compared to 0.07 

and 0.06 mm yr-1, respectively).  Mature cultures were used to inoculate the reactors, and 

cell inocula were quantified O.D.600 readings, but some degree of variability could have 

been introduced with varying cell inoculations. 

The data suggest that the Ddvu1012 strain may be initially more corrosive than the 

other two strains, but over the length of the experiment, the three strains appear to have a 

similar average corrosion rate.  Corrosion can occur slowly over time, or quickly if the 

conditions are favorable (Updegraff 1955).  Favorable conditions include the carbon steel 

surface being freshly exposed to the growth media before the formation of a passivation 

layer of corrosion products.  If that exposure of a fresh metal surface co-occurs with the 

introduction of a higher cell concentration inoculum with increased sulfide content, the 

initial corrosion rate will likely be higher.  However, reactors for all three strains were 

inoculated in the same manner with similar levels of cells and metal surfaces. Corrosion 

rate is calculated by dividing the mass loss by a time interval, so if a majority of the 

corrosion occurs in the first day during those optimal conditions, the rate will lower over 

time as the mass loss is divided by an increasingly larger time interval.  That is likely the 

explanation for the Ddvu1012 corrosion rate results. The Ddvu1545 and WT had less 

variation with the WT rate staying at 0.06 mm yr-1 and Ddvu1545 at approximately 0.1 

mm yr-1 (Figure 4).  The results suggested that initial biofilm formation was altered for 
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both mutant biofilms on 1018 carbon steel, perhaps attributed to surface conditioning that 

impacts initial susceptibility to chemical and/or electrical attack of the metal.  However, 

further work is needed to better understand the relationship between the biofilm EPS 

matrix, biochemical activity, and the substratum surface.    

 

Figure 5.  Scanning Electron Microscopy (SEM) images of corrosion biofilms for (a) 
wild-type, (b) Ddvu1012, and (c) Ddvu1545 strains. 
 

Electron Microscopy and EDX 

In the wild-type biofilm after 192 h of growth, large crystal structures were 

observed (Figure 5a) on top of an even layer of corrosion products.  The Ddvu1012 

biofilm (192 h) showed corrosion bubbles but the large crystals observed in wild-type 

biofilms were not prevalent (Figure 5b).  The Ddvu1545 biofilm (192 h) had some 

smaller crystal-like structure distributed across the corrosion biofilm surface (Figure 5c).  

Using Electron Dispersive X-ray Spectroscopy (EDX), the relative abundance of 

elements could be visualized through false-coloring.  The same three SEM images were 

overlaid with EDX data for  abundances of oxygen, magnesium, phosphorus, and sodium 

(Figures 6a-c).  The crystal structures observed in wild-type biofilms likely consisted of 
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magnesium phosphate crystals due to the high abundance of magnesium, phosphorus, and 

oxygen.  Sodium can be observed in the textured background of corrosion products.  

 

Figure 6.  SEM images of corrosion biofilms colorized to indicate the presense of 
oxygen, phosphorus, magnesium, and sodium.  (a) WT, (b) Ddvu1012, and (c) Ddvu1545.  
The same images colorized to indicate the presence of iron and sulfur (d) WT, (e) 
Ddvu1012, and (f) Ddvu1545.   

 
Magnesium, phosphate, and sodium are provided as salts in the growth medium 

and likely interact with the development of corrosion minerals during biofilm growth and 

activity.  The Ddvu1012 biofilm has evenly distributed levels of magnesium and 

phosphorus across the whole surface and likely represents magnesium phosphate 

precipitates (Figure 6b).  Similar to the wild-type biofilm, the Ddvu1545 biofilm has 

crystals with high abundance of magnesium, phosphate, and oxygen on a bed of minerals 

high in sodium (Figure 6c).  The crystals are smaller than those in the WT strain, though 
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in both cases they seem to have formed completely above the rest of the corrosion 

products.  Corresponding to the higher carbohydrate and associated sulfide levels of 

Ddvu1012 biofilm, the biofilm associated precipitates are very different from wild-type 

biofilm.  Previous studies have shown that divalent cations can impact biofilm 

cohesiveness (Patrauchan et al., 2005), and recent work has shown that mixed species 

biofilms in hard and soft drinking water have different physical characteristics (Shen et 

al., 2018).  Both DVU1012 and DVU1545 are predicted to contain putative calcium 

binding domains but the potential role of divalent cations in D. vulgaris biofilm 

formation and activity are not known.  

 The wild-type biofilm had a high abundance of sulfur with patches of iron, 

particularly in the cracks in which material could be visualized below the surface (Figure 

6d).  The Ddvu1012 biofilm had more iron present on the overall biofilm surface mixed in 

with sulfur (Figure 6e).  The Ddvu1545 biofilm had areas of high sulfur content with 

higher iron levels observed in the cracks/low patches of the biofilm/precipitate surface 

(Figure 6f).  The observed crystal structures for wild-type and Ddvu1545 biofilm do not 

appear to contain iron or sulfur.  The formation of iron sulfide precipitates have been 

routinely reported for Desulfovibrio cultivated under sulfate-reducing conditions in the 

presence of iron (Picard et al., 2018; references therein), but the potentially different 

minerals formed by biofilm are not known nor the impact of EPS constituents (e.g., EPS 

carbohydrates and proteins).  
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Elemental Quantification   

The appearance of the corrosion products and the types of structures observed 

differed significantly between wild-type and mutant strains, so the relative elemental 

composition of each SEM image was measured and averaged for each strain in attempt to 

quantify differences.  Corrosion products are notoriously hard to quantify, but a semi-

quantitative first step was taken with EDX (Figure 7).  While there appears to be more 

carbon in the wild-type biofilms than the Ddvu1012 or Ddvu1545 (Figure 7a), carbon is 

not accurately measured with EDX.  There were small differences in the iron and sulfur 

levels between the three biofilms, and Ddvu1545 appeared to have lower sulfur levels 

(not statistically significant).  The oxygen levels in Ddvu1545 were higher than the other 

two biofilms, and these results suggested potentially different mineral oxides. Sodium 

levels in the Ddvu1012 biofilm were higher than the other two strains, and the Ddvu1012 

and Ddvu1545 biofilms appeared to have elevated magnesium levels compared to wild-

type (Figure 7). 

 

Figure 7.  Elemental composition of corrosion biofilms measured by EDX (Electron 
Dispersion X-ray Spectroscopy).  (a) More abundant elements.  (b) Less abundant 
elements. 
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Conclusions 

 While previous work by Krantz et al. (Chapter 3) characterized the D. vulgaris 

strains wild-type, Ddvu1012, and Ddvu1545 as biofilms on glass, this is the first study to 

examine the role of these proteins in a corrosion biofilm on 1018 carbon steel. The 

deletion of the dvu1545 gene allows for slightly better planktonic growth, as indicated by 

the increased O.D. 600 values, but the sulfide levels in the Ddvu1545 strain, which would 

be expected to be higher with increased growth, are indistinguishable from the Ddvu1012 

sulfide levels.  As observed with glass, the two mutant strains were able to form biofilm 

on 1018 carbon steel; however, rates and composition of biofilm growth displayed 

differences with wild-type.  Both mutant biofilms had higher initial biofilm formation, 

but only the Ddvu1012 biofilm had a corresponding higher initial corrosion rate.  Both 

overall biofilm protein and corrosion rates were similar among the strains after longer 

cultivation times. 

The SEM images show large magnesium phosphate crystals associated with the 

wild-type biofilm surface, and similar crystals are lacking in the mutant biofilms.  In 

contrast, phosphorus and magnesium seem to be evenly distributed along the Ddvu1012 

biofilm surface, and Ddvu1012 biofilm was also highest in sodium levels.  The EDX data 

shows an increase in the abundance of oxygen in the Ddvu1545 biofilm/corrosion 

products that could be suggestive of different mineral oxides.  Given that DVU1012 and 

DVU1545 have putative binding domains for divalent cations and both mutant biofilms 

had elevated levels of magnesium and calcium compared to wild-type, divalent cations 

could contribute to controlling physical attributes (e.g., stiffness) of D. vulgaris biofilms 
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via the presumptive DVU1012 and DVU1545 proteins.  These physical attributes could 

impact not only cohesiveness of the biofilm but also mineral precipitation, diffusivity, 

and activity of the biofilm matrix.    Future work is needed to elucidate the exact role(s) 

of divalent cations in sulfate-reducing biofilms. 
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Supplementary Information 

 

Figure S1. Planktonic sulfate concentrations from the Desulfovibrio vulgaris 
Hildenborough strains grown in CDC biofilm reactors. 
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CHAPTER FIVE 

EPILOGUE 

The work comprising my dissertation chapters have elucidated mechanisms that 

occur in the biofilm matrix.  A great deal of the biofilm research done previously has 

focused on intercellular phenomena, and while some research has been done on EPS, 

much of that work has focused on carbohydrates.  The biofilm matrix interactions that I 

examine in this dissertation involve coenzymes, proteins, and corrosion products.  While 

these mechanisms have not been studied in depth with regard to SRB biofilm cells, they 

perform important functions in the systems where they occur. 

While it has been long been known that SRB play a role in MIC, the mechanism 

by which it was thought to occur was indirectly through the production of sulfide, which 

then went on to corrode the steel in what is referred to as CMIC. Results published by 

Enning et al. 2012 demonstrated that SRB were capable of corroding mild steel through 

another electron uptake process called EMIC.  Kato 2016 stated that EMIC can occur 

through direct electron uptake by the cells being in direct contact with the zero-valent 

iron or indirectly through an extracellular electron transfer molecule (EET).  Li et al. 

2018 refers to these mechanisms as direct electron transfer (DET) or mediated electron 

transfer (MET).  Kato 2016 also mentioned that it was unclear whether all bacteria and 

archea use one similar system for EET, or if they have each evolved their own.   

Kato 2016 stated that the field of EET-EMIC remains controversial because the 

specific mechanisms by which EMIC capable organisms cause corrosion are unresolved.  
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In chapter two I propose a mechanism that G20 uses to conduct MET.  The proposed 

model is that when G20 is growing on a mild steel substrate and dissolved organic acids 

are unavailable for growth, it secretes a flavin-based extracellular electron transfer 

molecule enabling it to harvest high energy electrons from the zero valence iron in the 

steel.  Previous to this work, it was known that carbon starvation induces increased 

corrosion on steel when SRB are present (Xu and Gu 2014, Dou et al. 2019).  It was also 

known that adding synthetic FAD and riboflavin increases the corrosion rate beyond that 

of SRB alone (Li et al. 2015).  My work connects these two observations and suggests 

that G20 can produce a flavin molecule which is utilized to harvest high energy electrons 

and increase corrosion under carbon starvation conditions.  The point being made here is 

that when the SRB are running out of lactate, they use some of their remaining energy to 

synthesize flavin molecules and secrete them.  The flavin molecules are catalysts that can 

help the cells harvest high energy electrons multiple times before they degrade.  This 

cycling of extracellular electron transfer molecules makes the energy investment in 

synthesizing them worthwhile, and transforms the Fe0 in the surrounding steel into a 

growth medium.  Future research on the half-life of extracellular flavin molecules is 

warranted. 

Kato 2016 also mentioned that it was unclear whether all bacteria and archea 

capable of MET use one similar system for, or if they have each evolved their own.  

Possible mechanisms include H2 diffusion, flavin molecules, or naturally occurring 

inorganic chemicals. 
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The identity of the flavin molecule that is utilized by G20 remains unclear.  

Future work would do well to quantify all the MET capable molecules in the riboflavin 

pathway and compare their abundance between the EAL and EDL conditions.  The 

metabolomics dataset from my study did identify metabolic features such as riboflavin 

and FAD, but the p-values on these features were too high to confidently identify them as 

those compounds.  Identifying compounds is one of the current limitations of the 

untargeted metabolomics technique, as peaks observed in the method can often have 

multitude possible identities.  Improvements in the chemical standards database would 

make the technique more accurate for a larger class of target molecules.  Using targeted 

mass spectrometry on these samples could also identify these molecules.  Performing 

RNAseq on both the EAL and EDL 1018 carbon steel biofilms would provide additional 

insight into how G20 is using the riboflavin pathway under these nutrient limited 

conditions. 

It is interesting that G20 cells appear to be using a flavin extracellular electron 

transfer molecule for electron harvest while the biofilm cells are encased in conductive 

corrosion products.  Perhaps the FeSx minerals are not conductive enough to provide 

electrons at the rate needed for growth, or maybe they are using both direct and indirect 

mechanisms of obtaining high energy electrons while anchored in the biofilm. 

 Zooming out to the industry wide impact of my research in this area, these results 

have relevance to how the oil industry manages its corrosion mitigation programs.  G20 

depends on sulfate to grow and many oil platforms are injecting seawater into the rock 

formations to enhance oil recovery.  Seawater contains on average 28mM of sulfate 
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which increases the sulfate levels in the produced oil.  For comparison, my growth media 

contains 15mM of sulfate, so increasing the sulfate content of the oil will push the 

nutrient ratio in the EDL direction which creates the conditions for higher corrosion rates.  

To address this problem, oil companies have started adding nitrate to injection water to 

encourage nitrate reducing bacteria to outcompete SRB.  But doing so selects for iron 

corrosion by nitrate reducers and creates an entirely separate problem (Lahme et al. 

2018).  Removal or reduction of the sulfate from the injection water, while difficult, is a 

more effective solution to corrosion mitigation.  

 Previous to the results I present in chapter 3, the specific protein interactions that 

occur in the extracellular matrix of a sulfate-reducing bacterial biofilm that allow it to 

stick to a surface was poorly understood.  It was known that the biofilm was mostly 

protein content (Clark et al. 2007), but the structure and function of those proteins were 

unknown.  The proteins DVU1012 and DVU1545  were chosen because they were the 

two most abundant proteins in the DvH biofilm, and were very large at 3038 and 2414 

amino acids.  I hypothesized that peptides requiring that much energy to synthesize and 

maintain at abundant levels must be important.  Together with Dr. Kara De Leon, we 

demonstrated that they were essential for biofilm formation (De Leon et al. 2017).  But 

we didn’t know why they were so important, as their structure and function was 

unknown.  I used the I-TASSER structure prediction tool suite to predict models for the 

folded proteins.  The toolset is limited to peptides of 1500 amino acids in length, and I 

used an overlapping prediction approach to create the folded models as both proteins 

were significantly longer than the limit.  The structure predictions provided a visual 
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representation of where the amino acids were in 3 dimensional space, and as part of the 

threading algorithm, it identified the nearest solved crystal structure homologs.  The 

publications associated with these solved crystal structures provided greater insight into 

what functions the homologs had, and suggested similar functions that DVU1012 and 

DVU1545 might perform.  The I-TASSER data suggested that both proteins have 

structure that is quite similar to bacterial toxin proteins that have stacked wraps of b-

sheets that form a barrel structure.  Single particle analysis in collaboration with Dr. Peter 

Walian yielded a hollow structural envelope for DVU1012 that looked quite similar to 

the predicted structure from I-TASSER, providing further evidence that the predictions 

were accurate.  TEM images show a barrel structure similar in size and shape to 

DVU1012 bound between cells.  DVU1012 has a protein adhesion site in the Von 

Willebrand  Type A (VWA) domain, so I hypothesized that it was playing a structural 

role in the biofilm helping cells stick together.  I also hypothesized that these structural 

proteins would be important in responding to shear force, since it is one of the main 

physical disturbances that a hydrated biofilm must respond to.  The same biofilm 

experiments were run as before, but at an increased stir rate of 80rpm instead of 50rpm.  

The increased shear force caused a large increase in biofilm protein and density in the 

wild-type strain, but a decrease in the Ddvu1012/Ddvu1545 strain biofilm, suggesting 

DVU1012 and DVU1545 are essential for the biofilm’s ability to tolerate increased shear 

force.  These are the first results to identify protein components necessary for a SRB 

biofilm to respond to shear force.  The fact that these proteins are necessary for biofilm 

formation and for the biofilm to respond to shear are the most significant results 
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presented in my dissertation.  This information advances the knowledge of protein 

mechanisms in the extracellular matrix of an SRB biofilm. 

Previous work by Rodesney et al. 2017 demonstrated how the envelope protein 

PilY1 is required in  Pseudomonas for shear force sensing and leads to cyclic-di-GMP 

signaling and biofilm formation.  PilY1 has weak similarity to the VWA domain.  

DVU1012 and DVU1545 may play a similar role in a DvH biofilm.  Future work 

examining whether these two proteins are involved in sensing and catalyzing signal 

transduction of the presence of shear force is warranted.  Crystal structures of both 

proteins would also confirm the accuracy of the structural predictions, though the 

challenges associated with cloning and overexpressing a 3038 amino acid protein are 

noteworthy.  In collaboration with Dr. Peter Walian, I made antibodies to stain for 

DVU1012 and DVU1545.  These antibodies did not adhere to a WT DvH biofilm, 

unfortunately.  Developing antibodies that successfully target these proteins would be 

helpful in visualizing where they localize in a biofilm.  The most promising of future 

experiments would be to use the antibodies for a protein pulldown assay to isolate and 

sequence the protein binding partners that are associated with DVU1012 and DVU1545.  

Identifying the signaling pathways and binding partners would greatly expand the 

knowledge of how an SRB biofilm anchors and regulates itself. 

The VWA domain present in DVU1012 is of particular interest because it is an 

adhesion domain.  The most widely studied VWA domain example is the human Von 

Willebrand Factor (VWF).  This protein is present in low levels in the bloodstream in a 

globular state and initiates blood clot formation.  The active form of VWF is about 2000 
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amino acids and contains three VWA domains and multiple other types of Von 

Willebrand domains.  When a person gets a cut or scrape, it exposes Von Willebrand 

domains in collagen fibers.  The Von Willebrand factor VWA domains binds the collagen 

domains with its own VWA domains, which anchors it to the site of injury.  The shear 

force of blood flow causes a conformational change, stringing out the protein and 

exposing additional Von Willebrand domains.  These bind other Von Willebrand factor 

proteins and recruit platelet cells, and a blood clot is formed.  The presence of a VWA 

domain in an extracellular bacterial protein that is essential for shear force tolerance is 

interesting indeed.  Perhaps DVU1012 plays a similar role where biofilm is formed under 

shear stress instead of a blood clot formation.  I could hypothesize that biofilm formation 

is an evolutionary precursor to blood clot formation.  Perhaps certain species of VWA 

protein-producing bacteria form initial clots of cells, and then other biofilm community 

members join the clump. 

A pBLAST search of the DVU1012 VWA domain reveals it to be present in 

many Pseudomonas species, Moritella viscosa, fellow Desulfovibrio strains, and 

Sulfuromonas.  Results from this search appear to be constrained to proteobacteria.  

Many of the results from the DVU1012 search were in T1SS retention module proteins or 

a T1SS targeted protein, particularly among the Pseudomonas species. 

Using the human VWA domain as a bootstrap pBLAST search query expanded 

the scope of the VWA distribution.  The resulting collection of sequences was used to 

construct the multiple alignment (Figure 6) and phylogenetic tree (Figure S3) in Chapter 

3.  Most of the search results using the human VWA query were blood-containing 
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eukaryotic species, but one notable exception was Chlamydomonas reinhardtii.  The 

VWA domain appears to be widely distributed across biology. 

Zooming out a bit, DvH is also a culprit in the biocorrosion of steel pipelines and 

is used as a model organism for such studies.  Targeting the proteins DVU1012 and 

DVU1545 through specific proteases or other means might be a viable MIC mitigation 

strategy. 

Keeping biocorrosion and these extracellular proteins in mind, chapter four 

examines the WT, Ddvu1012,  and Ddvu1545 strains on a 1018 carbon steel substrate.  

This data was generated in collaboration with my undergraduate assistant Marty Boyls-

Davis.  I hypothesized that the deletion strains would have different corrosion rates or 

caused a change in the corrosion minerals present the biofilm, because of the importance 

of these proteins to biofilm formation.  An initial increase in the corrosion rate of 

Ddvu1012 strain was observed, but most of the corrosion occurred only before the initial 

time point, as it averaged out by the end of the experiment.  The corrosion products were 

quantified using EDX and averaged over several images taken of the biofilm of each 

strain.  The Ddvu1545 biofilm had a higher abundance of oxygen, and sodium was 

present in higher levels in the Ddvu1012 strain compared to the other two strains.  These 

results cannot be correlated to specific differences in mineral identities without 

performing Mossbauer spectroscopy as well, but it does suggest there are differences in 

the corrosion products between strains.  While there were small differences between the 

corrosion rates and corrosion products of the strains, significant differences were not 
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observed.  The DVU1012 and DVU1545 may not play a large role in corrosion behavior, 

or if they do, they are able to compensate for the loss of each other. 

In conclusion, all of my results contribute to a better understanding of the 

extracellular mechanisms that occur in a monoculture SRB biofilm.  This information is 

relevant to industrial systems where these bacteria cause damage to steel infrastructure 

and pose environmental risk, or future academic research that seeks to understand the 

regulation of SRB biofilm formation.  I look forward to reading papers from groups who 

do so. 
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ABSTRACT: Active data screening is an integral part of many
scientific activities, and mobile technologies have greatly facilitated
this process by minimizing the reliance on large hardware
instrumentation. In order to meet with the increasingly growing
field of metabolomics and heavy workload of data processing, we
designed the first remote metabolomic data screening platform for
mobile devices. Two mobile applications (apps), XCMS Mobile and
METLIN Mobile, facilitate access to XCMS and METLIN, which are
the most important components in the computer-based XCMS
Online platforms. These mobile apps allow for the visualization and
analysis of metabolic data throughout the entire analytical process.
Specifically, XCMS Mobile and METLIN Mobile provide the capabilities for remote monitoring of data processing, real time
notifications for the data processing, visualization and interactive analysis of processed data (e.g., cloud plots, principle
component analysis, box-plots, extracted ion chromatograms, and hierarchical cluster analysis), and database searching for
metabolite identification. These apps, available on Apple iOS and Google Android operating systems, allow for the migration of
metabolomic research onto mobile devices for better accessibility beyond direct instrument operation. The utility of XCMS
Mobile and METLIN Mobile functionalities was developed and is demonstrated here through the metabolomic LC-MS analyses
of stem cells, colon cancer, aging, and bacterial metabolism.

Metabolomics has become a powerful technology for the
comprehensive analysis of metabolites, identifying

biomarkers and deciphering the mechanistic underpinnings of
biological phenomena.1 Among the different analytical plat-
forms, MS-based metabolomics methodologies coupled to
preionization separation techniques such as LC-MS and GC/
MS are widely used due to their wide metabolome coverage.2

Aside from advances in instrumentation, development in
informatic resources for data processing and interpretation
has significantly progressed in the past decade, increasing the
productivity in many laboratories. Our metabolic data
processing platform, XCMS,3 has benefited from numerous
updates and developments on the cloud based infrastructure of
XCMS Online.4,5

XCMS Online enables the performance of metabolic feature
picking, retention-time alignment, and data visualization for
thousands of users entirely from one central hardware platform,

housed at the Scripps Center for Metabolomics (La Jolla, CA).
XCMS Online is regularly visited by ∼500 IP address daily and
performs ∼60 jobs a day. One major advantage of XCMS
Online is the centralization of resources, removing the need for
redundant software and individual powerful computing
capabilities. Additionally, taking metabolomic data into the
cloud provides the advantage of sharing metabolomic data
among XCMS Online users, making it readily available for
publication. Another advantage of the Web-based platform is
the integration of XCMS with METLIN,6 a database of over
240,000 metabolites and 14,000 metabolites with high
resolution MS/MS spectra in both positive and negative ion-
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Introduction 

Bacteria must adapt to changing environmental conditions, as alterations to 

factors such nutrient concentrations occur commonly, and acclimation is required for 

survival.  When resources are available at ratios that are less than ideal, the cells must use 

the limiting nutrient efficiently.  Such conditions were explored in Chapter 1 with 

Desulfovibrio alaskensis G20 growing under electron acceptor limiting (EAL) and 

electron donor limiting (EDL) conditions on a 1018 carbon steel surface.  A metabolomic 

dataset was generated comparing these two conditions and a systems biology analysis of 

it was performed in the publication “Systems biology guided by XCMS Online 

metabolomics” shown in Appendix B.  This data will be included in a manuscript from 

Franco et al. (unpublished) that contains data from a metabolomic study of altering 

nutrient limitation in Desulfovibrio vulgaris Hildenborough.   Appendix C is a 

comparison of those two metabolomic datasets. 

Materials and Methods 

Biofilm growth  

Biofilm samples were grown in CDC biofilm reactors (Biosurface Technologies 

Corp., Bozeman, MT, USA) with the headspace sparged with anoxic N2 gas (run through 

an oxygen-scrubber).  Separate reactors were used to cultivate G20 biofilms on 1018 

carbon steel coupons under each limiting nutrient condition. The coupons were not 

polished and supplied by Biosurface Technologies Corp.  Reactors were inoculated with 

40 ml of an exponential-phase culture and allowed to grow in batch mode for  24 h.  The 
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medium pump flow rate was set to 0.3 ml min1 (D = 0.05 h-1) 24 h post-inoculation and 

continuous flow was maintained until final samples were harvested.  The dilution rate 

was chosen because the influent growth medium did not contain additional reducing 

agent as previously reported (Clark et al. 2006, 2012) and in situ growth rates are 

typically slower.  The starting pH of medium was ~7.2 and during growth was 7.6–7.8. 

Modifications to the original recipe included adjusting the lactate and sulfate 

concentrations to 50 mM lactate:15 mM sulfate for EAL conditions and 15 mM 

lactate:15 mM sulfate for EDL conditions. The metal coupon dimensions were 7.6 x 1.5 x 

0.1 cm.  Modified coupon holders were used as previously described to provide increased 

material surface area (Clark et al. 2012).  Experiments done in DvH were comparing an 

EAL condition (50 mM lactate: 10 mM sulfate) to a balanced (BAL) (60 mM lactate: 

30mM sulfate) condition. 

Metabolomics and data processing  

At 192 h, biofilm coupons (EAL and EDL on 1018 CS) were dipped in degassed 

dH2O and the biofilm biomass scraped into a sterile microcentrifuge tube with degassed 

dH2O (4 °C).  The tubes were centrifuged at 10,000 rpm for 5 min at 4 °C. The 

supernatant was removed and the cell pellet frozen with liquid N2 and stored at 80 °C.  

Samples were processed and data analyzed as previously described (Ivanisevic et al. 

2013; Benton et al. 2015; Montenegro-Burke et al. 2016; Huan et al. 2017).   
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Results 

 The experiment in DvH done by Franco et al. involved comparing metabolite 

abundance in an EAL condition as the base case to a BAL condition as the test case. 

When the nutrient ratio was altered between those conditions, dysregulation was 

observed in purine and pyrimidine metabolism, as well as in glutamine and glutamate 

metabolism, and peptidoglycan biosynthesis.  Dysregulated metabolites are shown in 

Figure 1 (Franco et al.).   

Similarities are seen in the G20 dataset, where EAL was the base case and EDL 

was the test scenario.  Metabolomic processing was done using a new multiomics 

platform on XCMS Online that resulted in higher level dysregulated pathways list, 

compared to the individual metabolite analysis done in DvH.  Dysregulation occurs in the 

purine, pyrimidine, glutamine, and glutamate biosynthesis, though there appear to be no 

disruption in the peptidoglycan metabolism.  There were other pathways in G20 that were 

altered between these two conditions in addition to the ones seen in DvH.  Systems 

processing other nucleotides like inosine are affected and there is dysregulation in 

multiple amino acid biosynthetic pathways including asparagine, arginine, valine, and 

lysine.  Changing the nutrient ratio in G20 also disrupts tRNA charging at multiple 

points.  Pathways responsible for carbohydrate metabolism are affected such as trehalose 

degradation and sucrose degradation.  Altering the nutrient ratio causes large changes in 

the metabolomic profile and to pathways the cell is maintaining in both G20 and DvH. 
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Figure 1.  Metabolic pathways with multiple down-regulated metabolites, highlighted in 
yellow, under EAL conditions.  Green boxes represent genes/proteins that are annotated 
in the D. vulgaris Hildenborough genome.  Figures adapted from KEGG. (Franco et al.) 
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Table 3.  List of pathways with multiple dysregulated metabolites when comparing EAL 
conditions as the base case to EDL conditions as the test case. 




