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Abstract

Thermodynamics of Acidophiles:
Energetics of microbial growth, response to substrate availability, and interactions with

heavy metals

Chloe E. Hart

Chair of the Supervisory Committee:
Drew Gorman-Lewis, Ph.D.

Department of Earth and Space Sciences

Chemical and physical properties play a crucial role in the type and efficiency of microbial

activity that can be supported within an ecosystem. In return, the presence of microbial

activity affects the surrounding environment, driving biogeochemical cycles, altering chem-

ical fluxes via metabolism and surface interactions, and affecting the lithosphere through

mineral precipitation or dilution. Fluctuations in aqueous geochemistry, however, can alter

growth efficiency and overall energetic demands of microorganisms. This dissertation uses

a thermodynamic approach to explore energy requirements of acidophilic microorganisms in

response to chemical changes and how their cell surfaces interact with heavy metals. Chapter

2 explores the effects of energy source availability on microbial energetics with the sulfur-

oxidizing Archaea Acidianus ambivalens (A. ambivalens) in three decreasing concentrations

of dissolved oxygen, from aerobic to microaerobic. The results show that growth proceeds

most efficiently under low levels of oxygen while high levels of oxygen require the most energy,

likely due to higher maintenance energy demands as a result of oxidative stress. Chapter 3

studies the energetic response to environmental redox conditions by quantifying bioenerget-

ics of A. ambivalens during anaerobic growth with H2 and sulfur. A. ambivalens growth was

not affected by environmental oxidation state and shows similar growth efficiencies and en-

ergy budgets between anaerobic and microaerobic conditions. However, microaerobic growth



required less overall Gibbs energy, suggesting a slight preference for growth on sulfur and

O2 in low-oxygen environments. Chapter 4 characterizes the thermodynamics of growth

for two mesophilic bacteria, Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans.

Energetics were determined during aerobic growth with Fe2+ and oxygen for A. ferrooxidans

and with sulfur and oxygen for both A. ferrooxidans and A. thiooxidans. A. ferrooxidans

grew most efficiently with sulfur and O2, indicating a preference over growth with Fe2+.

Energetics for all three sulfur oxidizers, A. ambivalens, A. ferrooxidans, and A. thiooxidans,

are compared and show a significant correlation between Gibbs energy consumed, enthalpies

of growth, and biomass yield, suggesting growth energetics are impacted more by chemistry

changes via catabolism than biochemical differences between species. In Chapter 5, we mea-

sure cadmium adsorption to the thermoacidophile Sulfolobus acidocaldarius cell surfaces and

provide the first thermodynamic description of surface adsorption of Cd by S. acidocaldarius.

These results will not only help us understand interactions between natural environments

and microbial activity, but will also help evaluate habitability of environments and energy

available for life elsewhere.
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Chapter 1

INTRODUCTION

1.1 Organization of Dissertation

The introduction chapter provides a brief overview of the motivation for this dissertation

work. Chapters 2-5 have been written as stand-alone papers. Chapter 2, Energetics of

Acidianus ambivalens in response to oxygen availability” was submitted to the journal

Geobiology in October 2017, declined with encouragement to resubmit, and will be resubmit-

ted in June 2018. Chapter 3, Energetics of A. ambivalens during anaerobic sulfur

reduction and effects of oxidation state on growth will be submitted to the jour-

nal Geomicrobiology, Chapter 4, Acidithiobacillus spp. growth energetics during

iron(II) and sulfur oxidation will be submitted to Geochimica et Cosmochimica Acta,

and Chapter 5, Surface complexation of cadmium by thermoacidophile Sulfolobus

acidocaldarius will be submitted to the journal Chemical Geology. A compiled bibliogra-

phy for all chapters is located at the end of the dissertation.

1.2 Motivation

In geothermal and acidic environments, geochemistry plays a vital role in determining the

type and abundance of microbial activity. Extreme chemolithoautotrophs grow and thrive in

these harsh conditions through energy-yielding reduction-oxidation reactions with inorganic

substrates (i.e. sulfur, iron, hydrogen). All life requires energy to drive reactions such as

growth and cell maintenance; therefore, fluctuations in the geochemistry can alter micro-

bial activity by affecting the availability of energy sources, nutrients, oxidation state of the

environment, or introducing harmful contaminants. As microorganisms are ubiquitous on

Earth and are key players in biogeochemical cycles, it is important to understand the energy
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requirements of microbial growth and the factors that can alter overall energetics and growth

efficiency. Previous energetic research has focused primarily on the amount of Gibbs energy

required and/or growth efficiency for heterotrophs and methanogens. Therefore, there is a

gap in our knowledge concerning the energetics of extreme chemolithoautotrophs and their

response to environmental factors.

Quantifying the energy necessary for microbial growth in extreme environments helps

establish the chemical and physical limits to life. Chemolithoautotrophic extremophiles are

considered the most relevant analogs for life elsewhere in the Solar System. One strategy to

evaluate habitability of other planets and moons is to “Follow the energy”. Following the

energy is driven by the notion that all life requires energy; thus, the objective is to search

for environments with chemical disequilibrium that could sustain life. Information from

extraterrestrial environments can be acquired through remote sensing, in situ measurements

with rovers/landers, or, in the future, sample return missions. This can help us determine

the physical and chemical conditions (e.g. temperature, oxidation state, energy sources) and

could allow us to estimate the amount of energy available and type of metabolisms that

could be supported there.

The gap in our knowledge concerning energetics of thermophiles and acidophiles and

their astrobiological significance make these species ideal subjects for energetics research.

This dissertation takes a geochemical and thermodynamic approach to understanding mi-

crobial energetics of acidophilic chemolithoautotrophs and their surface interactions with

heavy metals. In the following chapters, I characterize microbial growth for different aci-

dophilic Archaea and Bacteria to determine how growth varies based on chemical properties

of the environment, catabolic reactions used to drive growth, species-specific traits that affect

maintenance energy requirements, and how microbial surfaces interact with metals found in

acidic waters.

In Chapter 2, I quantified growth energetics in terms of Gibbs energy consumed (∆G)

and enthalpy produced (∆H) for the thermoacidophile Acidianus ambivalens (A. ambivalens)

during aerobic sulfur oxidation. Microbial growth, modeled using macrochemical equations
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to describe overall metabolism, required the most Gibbs energy under high oxygen concen-

trations. The large energetic demand was accompanied by low growth efficiencies in terms

of biomass yield. Energetic demand decreased and growth efficiency increased as oxygen be-

came more limited. These findings suggest high oxygen concentrations increase maintenance

energy requirements and, as a result, overall energetic demand for A. ambivalens growth

through oxidative stresses.

In Chapter 3, energetics of A. ambivalens was characterized under anaerobic conditions,

the oxidation of hydrogen with sulfur serving as the energy-yielding catabolic reaction. Over-

all metabolic efficiency during growth under anaerobic conditions was compared to growth

by sulfur oxidation in aerobic and microaerobic conditions (Chapter 2) to investigate the

effects of environmental redox state on energetics. Despite the lower energy requirements

to synthesize biomolecules in anaerobic environments, anaerobic growth metabolizing H2 / S

yielded similar efficiencies as microaerobic growth metabolizing S / O2. However, normal-

ized to moles of electrons transferred, microaerobic growth consumed less Gibbs energy than

anaerobic and fully aerobic growth, suggesting a slight preference for growth with O2 and

sulfur in low-oxygen environments.

Chapter 4 characterized the thermodynamics of growth of two mesophilic bacteria, Acidithiobacil-

lus ferrooxidans and Acidithiobacillus thiooxidans. Energetics were determined during aero-

bic growth with Fe2+ and oxygen for A. ferrooxidans and with sulfur and oxygen for both A.

ferrooxidans and A. thiooxidans over a range of growth efficiencies. A. ferrooxidans required

less Gibbs energy during growth and produced high biomass yields when grown with sulfur

compared to growth with Fe2+, indicating a preference for the higher energy-yielding sulfur

oxidation reaction. Microbial energetics for all three sulfur oxidizers, A. ambivalens, A. fer-

rooxidans, and A. thiooxidans, were compared, resulting in the potential to predict growth

energetics for other sulfur-oxidizing microorganisms.

In Chapter 5, we studied the interactions between cell surfaces of the thermoacidophile

Sulfolobus acidocaldarius and cadmium, a highly toxic heavy metal. Surface adsorption of

Cd was determined as a function of pH and for different biomass concentrations, demonstrat-
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ing Cd readily adsorbed to the cells. Using surface complexation modeling and calorimetry,

I provided the first thermodynamic description of surface adsorption of Cd by S. acidocal-

darius.

By characterizing microbial growth for a variety of organisms and metabolic strategies

under different growth conditions, I hope to understand how and to what extent different

environmental factors can affect overall energetics. This research will help us further under-

stand the complex relationship between life and energy and help identify suitable habitable

environments in the solar system and beyond.



5

Chapter 2

ENERGETICS OF ACIDIANUS AMBIVALENS IN
RESPONSE TO OXYGEN AVAILABILITY

This manuscript will be submitted to the journal Geobiology.

Co-authored by Chloe E. Hart, Drew Gorman-Lewis

2.1 Introduction

Microorganisms are ubiquitous on Earth and key players in biogeochemical cycles. Even in

the harshest environments, we find microorganisms making a living on chemical disequilib-

rium (e.g. [84, 78, 155]). In geothermal regions such as Yellowstone National Park (YNP),

we find life built to withstand elevated temperatures (> 70◦C), low pH (< 3), toxic gases

(i.e. H2S), and harsh metal(loid)s [124]. Chemotrophic microorganisms dominate the hottest

regions in YNP, above the temperature limit for photosynthetic life (∼ 73◦C, [87, 169, 2]).

Their metabolic activity is fundamental for cycling essential elements such as sulfur and iron

[24, 93].

Many case studies have been conducted in YNP to identify the inorganic energy sources

and determine how much Gibbs energy (∆G) is available to support chemolithotrophic life

(e.g. [113, 148, 109, 79, 140]). Inorganic sulfur compounds are common in acidic geothermal

regions [176, 16, 15] and thus play an essential role in microbial metabolisms [24, 102].

One of the highest energy yielding reactions available in acidic hot springs is aerobic sulfur

oxidation, which produces sulfuric acid [140]. Oxygen availability can be naturally low in hot

spring environments due to the decrease in solubility at elevated temperatures and chemical

data has shown dissolved oxygen can vary both spatially within a geothermal setting (e.g.

[176, 123, 35, 75]) and within a hot spring environment (mm-µm scale, [23]). Changes in
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oxygen availability consequently affects the amount of potential Gibbs energy available for

microorganisms requiring oxygen as a terminal electron acceptor during metabolism. Because

of this available Gibbs energy variability, laboratory-based studies are necessary to better

understand microbial energetic demands and to what extent environmental conditions may

affect them.

After temperature and pH (e.g. [47]), energy source availability is a major factor on both

the abundance and distribution of life in an ecosystem [154, 3, 33]. Energy source limita-

tion can impact microbial growth beyond the amount of biomass produced. For example,

mesophilic heterotrophs have shown an increase in growth efficiency, in terms of cells pro-

duced per amount of substrate consumed, as a response to carbon limitations [133, 39, 52].

Fluctuations in growth efficiency impacts the environment by altering the extent of Gibbs en-

ergy consumption and chemical fluxes influenced by metabolism. While sulfur metabolisms

have been widely investigated in many organisms (e.g. [24, 102]), we lack a thermodynamic

understanding of energy usage under extreme conditions in response to fluctuations of energy

sources. Toward this end, we investigated aerobic sulfur oxidation by Acidianus ambivalens

(A. ambivalens) under various oxygen levels and characterized Gibbs energy consumption

(∆G) and enthalpy of growth (∆H).

A. ambivalens is an ideal microorganism to investigate aerobic sulfur oxidation. A.

ambivalens is a crenarchaeon that grows optimally between 75-85◦C in acidic (pH 2.5) en-

vironments [180, 181, 51]. A. ambivalens is metabolically versatile and can grow anaer-

obically by H2 oxidation with sulfur, H2 oxidation with Fe3+, and sulfur oxidation with

Fe3+ or, under aerobic conditions, with oxygen, as described by the reaction S◦ + 1.5 O2 +

H2O −−→ 2 H+ + SO4
2– [180, 181, 51, 91, 4]. A. ambivalens can fix inorganic carbon through

the 3-hydroxypropionate/4-hydroxybutyrate pathway [22], though yeast extract can also be

used to stimulate growth [181]. Multiple investigators have studied molecular and genetic

aspects of metabolism in A. ambivalens and the species is regarded as a well-studied crenar-

chaeon [180, 181, 51, 77, 97]. However, we lack comprehensive studies of its energetics under

varying energy availability.
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Researchers have taken various approaches to quantify microbial energy usage, both in

laboratory settings and in natural environments. In a laboratory setting, ∆G consumed

during microbial growth can be measured, typically based on the catabolic reaction of the

organism in question, to quantify energetic budgets for specific microbes (e.g. [147, 4]).

Computationally, energetic demands can also be calculated in terms of ∆G necessary for

biosynthesis (e.g. [5, 7, 108, 6]). While several investigations focus on energetic demands of

microbial growth in terms of ∆G it does not completely describe the energetics of growth.

As shown in Equation 2.1, Gibbs energy is dissipated as enthalpy (∆H) and entropy (∆S, T

is absolute temperature).

∆G = ∆H − T∆S (2.1)

Regardless of metabolic pathway, a portion of Gibbs energy is dissipated as heat (∆H

< 0) or heat could be adsorbed (∆H > 0, Liu et al., 2001). Consequently, to thoroughly

characterize energy usage of microbes, it is necessary to quantify ∆G consumption during

growth in addition to total enthalpy via calorimetry. Some research has included calorimetry

as a tool to measure total microbial activity in terms of heat produced (e.g. [158, 18, 175, 25,

111, 131]), but few studies have fully characterized energetics of individual species in terms

of both ∆G and ∆H. Calorimetry is the ideal means to measure the enthalpy of growth at

constant temperature and pressure.

The focus of this work was to determine how oxygen availability affects Gibbs energy

consumption by A. ambivalens and how that Gibbs energy is dissipated. We merged two

approaches to quantify microbial growth energetics. The first approach, largely used in

biotechnology fields, models both catabolic and anabolic reactions of metabolism to create

an overall growth reaction [162, 164, 68, 20]. The production of biomass is treated as a

basic chemical reaction, where the metabolic reactants progress irreversibly to the metabolic

products and new cell material. The second approach, proposed by Smith and Shock [147],

quantified Gibbs energy consumption through the change in catabolic chemical species in

the medium. Both catabolic and biosynthetic reactions influence the change in chemical
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composition of the medium. Therefore, it is assumed anabolic reactions were inherently

taken into account with this approach even though they were not explicitly used in the

calculations.

We used our combined model of overall microbial growth in addition to chemical composi-

tion data to determine Gibbs energy consumption of cultures. Calorimetric measurements of

culture growth allowed us to determine the total enthalpy of growth. By working with a pure

culture in controlled growth conditions, we can isolate the energetic effects due primarily to

the availability of oxygen. The results show that ∆G consumption and ∆H produced per

C-mole biomass are significantly reduced as oxygen availability decreases and accompany an

increase in biomass yield. This characterization provides a fundamental energetic description

of A. ambivalens growth that is essential for understanding how geochemical factors impact

energy usage.

2.2 Materials and Methods

2.2.1 Maintenance culture procedures

Maintenance cultures of A. ambivalens (ATCC 49204) were grown according to growth con-

ditions described by Zillig et al. [181], using Brocks basal salt medium [26] supplemented

with additional KH2PO4 (0.02 M final concentration), absence of yeast extract, and medium

adjusted to pH 2.8 with H2SO4 prior to autoclaving. Sulfur powder was sterilized through

three sequential autoclave cycles at 100◦C for 30 minutes. Maintenance cultures were pre-

pared aseptically in 100 mL septa vials with 50 mL growth medium, 2 g/L sterile sulfur

powder, and 2% (v/v) cell mixture inoculation. Once sealed with butyl rubber stoppers and

crimped with aluminum seals, vials were injected with 100% CO2 gas for a final concentration

of 10% CO2 in the headspace and incubated at 76◦C for 6-7 days.
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2.2.2 Growth experiments

Three distinct growth conditions were investigated, designated by the initial amount of oxy-

gen provided. In the recommended growth (RG) experiments, culture procedures were based

on published literature and were identical to the maintenance culture procedures described

above. The aim was for initial oxygen concentrations in the medium to be near saturation

(∼ 200µ M at 76◦ C). Oxygen-limited (OL) experiments were prepared following the mainte-

nance culture protocol, but the headspace was purged with 100% CO2 gas to remove excess

O2 in the headspace yet provide ample inorganic carbon for biomass production. The design

aimed to provide an initial dissolved oxygen concentration of ∼ 50% saturation (∼ 100µM).

Lastly, the design for oxygen- and CO2-limited (OCL) experiments was constructed to pro-

vide an initial dissolved oxygen concentration of ∼ 25% saturation (∼ 50µM). The design

was also aimed to test if growth efficiency in OL experiments were affected by the increased

availability of inorganic carbon. The OCL experiments were prepared following the main-

tenance culture protocol, but the experiment vials were brought into an anaerobic chamber

with a 99% N2 and 1% H2 atmosphere to seal the vials. The final headspace was N2 injected

with CO2 for a final concentration of 10% CO2. These steps were taken to further mini-

mize O2 in the headspace and lose some additional O2 from the media during vacuuming

and gas exchange in the airlock chamber. Control vials were also prepared in this manner

and brought up to growth temperature (76◦C) to verify there was minimal hydrogen gas

contamination, as A. ambivalens can use H2 as an electron donor to reduce sulfur.

2.2.3 Calorimetric procedures

Enthalpies of growth (∆H) were measured with a TA Instruments TAM III Nanocalorimeter

that measures heat flow between a reaction cell and a reference cell [80, 165]. The calorimeter

heat flow response was calibrated by an electrical heating procedure verified by measuring

the heat of protonation of trishydroxymethylaminomethane [61].

All experiment cultures were grown in 4 mL Hastelloy calorimetric cells containing 2.5
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mL total culture and 2 g/L sterile sulfur. Both reaction and reference Hastelloy cells were

filled with identical media and headspace constituents. The reaction cell contained an aliquot

of A. ambivalens to provide an initial cell density of 105 cells/mL and the reference cell was

kept sterile and void of cells. The heat flow of the samples was monitored over time and

integration of the heat flow signal after baseline correction resulted in the total heat produced

during growth.

2.2.4 Chemical measurements

At the beginning and end of growth, chemical data were collected to measure the change in

components of the growth medium. Sulfate concentrations were determined through Hach

TNTplus R©. spectrophotometric sulfate test vials, pH was measured with a combination

microelectrode (Microelectrodes, Inc.) calibrated daily with four NIST standards, and dis-

solved oxygen was measured with a Unisense Clark-type dissolved oxygen microsensor. Both

pH and dissolved oxygen measurements were taken at 76◦C due to their sensitivity to tem-

perature. Slides for cell counts were prepared using a polycarbonate 0.2 µm filter membrane

with SYBR Green I dye following the procedure of Lunau et al. [100] and examined with

appropriate filters on a Zeiss Axiostar Plus microscope.

2.2.5 Overall growth modeling

Equations reported by Heijnen and Kleerebezem [68] (Equations 2.2-2.7 below) were applied

to model the overall energetics using simplified macrochemical equations. The equations

are based on biosynthesis of one carbon-mole (C-mol) of generic biomass represented by the

formula CH1.8O0.5N0.2 [34, 63, 94, 162, 68]. The biomass formula is comprised of the four

major elements of cellular material and has a molar mass of 24.6 g/C-mol. Autotrophic

organisms like A. ambivalens synthesize biomass during the anabolic reaction represented
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by Equation 2.2.

a · e− donor + b · N source + c ·H+ + d ·H2O + e · CO2

+f · oxidized e− donor + CH1.4O0.4N0.2 = 0
(2.2)

The Gibbs energy necessary to drive anabolism is generated through redox reactions during

catabolism. A generic catabolic reaction is shown in Equation 2.3.

g · e− donor + h · e− acceptor + i · oxidized e− donor

+ j · reduced e− acceptor = 0
(2.3)

Metabolic coefficients a through j were determined by solving a series of linear equations to

satisfy mass, charge, and degree of reduction balances (Supplementary material). Reactants

consumed during growth result in negative coefficients while products result in positive co-

efficients. For aerobic growth on sulfur, the derived anabolic reaction to produce 1 C-mol of

generic biomass for A. ambivalens becomes Equation 2.4:

−0.7S◦ − 1CO2− 0.2NH+
4 − 1.3H2O + 0.7SO2−

4 + 1.6H+ + 1CH1.8O0.5N0.2 = 0 (2.4)

The catabolic reaction for sulfur oxidation to sulfuric acid results in the following reaction

displayed in Equation 2.5

−1S◦ − 1.5O2 − 1H2O + 2H+ + 1SO2−
4 = 0 (2.5)

The catabolic multiplicative factor (fcat, Equation 2.6) represents the number of times

the catabolic reaction is performed in relation to the anabolic reaction to produce 1 C-mol

of biomass. The catabolic factor is calculated from experimental data, using the amount of

biomass yield (YX/D, defined as C-mol of biomass produced per mole electron donor con-

sumed) and the anabolic coefficient of the electron donor (Y an
D , or coefficient g in Equation

2.2). Biomass produced in C-mol was calculated by converting the number of cells to moles

of carbon using the value 2.5 fmol-C/cell, the average carbon content per cell for A. am-

bivalens performing sulfur reduction with hydrogen reported by Amenabar et al. [4] via 13C

assimilation.

fcat =
−1

YX/D

+ Y an
D (2.6)
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The overall growth reaction coefficients are determined by combining fcat (Equation 2.6),

anabolic coefficients (Equation 2.2), and the catabolic coefficients (Equation 2.3), as shown

in Equation 2.7.

Overallgrowthreaction = Anabolism+ fcat × Catabolism (2.7)

The microbial growth model established by Heijnen and Kleerebezem [68] was applied to

growth of A. ambivalens. Catabolic factors were calculated for each experiment by using the

biomass yield and stoichiometric coefficient of sulfur in the anabolic reaction (Equations 2.6

and 2.4) to produce overall growth reactions (Equation 2.7) for each experimental replicate.

The overall growth reactions were used for further thermodynamic calculations.

2.2.6 Gibbs energy consumption

Gibbs energy consumed during growth (∆G) was calculated for each experiment based on the

activities (α) of all the chemical species in the overall growth reaction and the stoichiometric

coefficients of the overall growth reaction determined by the biomass yield in each replicate

(see above). The standard state Gibbs energies of formation (∆G◦
f ) for the chemical species

in the growth reaction were calculated at the experimental temperature with the revised

Helgeson-Kirkham-Flowers (HKF) equations of state [72, 71] using SUPCRT92 [139, 83]. For

biomass, ∆G◦
f = -67 kJ/mol was used for all growth experiments [69]. Standard state Gibbs

energies of reactions (∆G◦
r) of the overall growth reaction determined for each experiment

were calculated using Equation 2.8, where ∆G◦
f,products and ∆G◦

f,reactants are the standard

state Gibbs energies of formation for the products and reactants of the growth reaction,

respectively.

∆G◦
r = Σ∆G◦

f,products − Σ∆G◦
f,reactants (2.8)

Gibbs energy available for growth (∆Gr) is defined by Equation 2.9, where ∆G◦
r is modified

with the concentration-dependent reaction quotient (Q).

∆Gr = ∆G◦
r + 2.3026×R× T × logQ (2.9)
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The reaction quotient, Q, is calculated with the activities of the products and reactants

involved in the overall growth equation and is shown in Equation 2.10, where aY
ogr

i denotes

thermodynamic activity of the ith chemical species and Y ogr represents the stoichiometric

reaction coefficient of the ith species in the overall growth reaction (Equation 2.7).

Q = ΠaY
ogr

i (2.10)

Activities of the aqueous species were calculated using PHREEQC [119] and sulfur was

assumed to have an activity of 1. Activity of biomass in solution was converted from molality

(C-mol/kg solvent) assuming an activity coefficient of 1. Overall Gibbs energy consumed

(∆G) during growth for each experiment was calculated with Equation 2.11 as the difference

between initial ∆Gr available, calculated from the initial chemical composition of the medium

solution and biomass, and final ∆Gr available, calculated from the final chemical composition

of the medium solution and biomass.

∆G = ∆Gr,initial −∆Gr,final (2.11)

Microbial growth was ultimately evaluated in terms of ∆G consumed and ∆H produced,

both in kJ/C-mol biomass.

2.3 Results

2.3.1 Calorimetric results

A. ambivalens produced clear heat flow signals during growth in all three oxygen conditions

tested (see Supplementary Material). A typical heat flow signal over time for each oxygen

regime is depicted in Figure 2.1. The heat flow signal paralleled the growth phase of the

culture with lag, exponential, and stationary phase corresponding with the initial baseline,

exponential increase and peak heat flow signal, and return to baseline respectively as shown

in the example in Figure 2.2. RG produced the largest heat flow signals with a lag phase of

approximately 67 hours before spending 53 hours in exponential phase. The peak heat flows

reached 33-48 µW after approximately 113 hours of growth and returned to baseline after
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Figure 2.1: Example heat curves produced by the calorimeter during microbial growth for
each of the three experimental conditions in terms of µwatts of heat over time in hours. Total
heat produced during growth, in joules, was calculated by integrating the area under each
heat flow curve (µWatts) over time (in seconds). Recommended growth conditions produced
the largest heat signals (red dotted line), followed by oxygen-limited (blue dashed line), and
the lowest heat signals were produced in the oxygen- and carbon-limited replicates (green
solid line).
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Figure 2.2: (A) Typical heat curve for A. ambivalens displaying heat (µW) over growth time
(hours) recorded by the calorimeter. (B) Growth curve from external cultures monitored in
tandem to calorimeter culture example depicting concentration of cells (cells/mL) over the
course of growth, in hours. Heat flow increases during exponential growth of the culture
and returns to baseline as the culture reaches stationary phase. Different symbols in growth
curve represent cell counts from different replicates.
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119 hours. OL growth conditions produced the second largest average heat signal. The

lag phase was shorter than RG, with an approximate duration of 30 hours, followed by 40

hours of exponential growth. Peak heat flows ranged from 4.3 to 15.5 µW and occurred after

about 52 hours of growth before returning to baseline after 70 hours. OCL experiments were

the lowest heat signals but were similar to OL experiments in lag phase and total growth

duration. Lag phase occurred for 30 hours, followed by 40 hours of exponential growth. After

approximately 59 hours, peak heat flow occurred and reached 2-4.5 µW. Heat flow returned

to baseline after approximately 72 hours.

2.3.2 Culture growth results

Data from each replicate of the experimental conditions are summarized in Table 2.1. Cul-

tures grown under RG conditions consumed an average of 10 µmol of sulfur during growth.

These conditions resulted in the most total biomass production, approximately 2-fold greater

than either oxygen-limited conditions. The average biomass was calculated to be 1.18×10−8

C-mol and the biomass yield ranged from 0.0006 to 0.0017 C-mol/S-mol. OL growth con-

ditions consumed much less sulfur, with an average of 1.5 µmol consumed during growth.

The average total biomass production was 6.93 × 10−9 C-mol and yields were higher than

RG, with a range of 0.0023 to 0.0132 C-mol/S-mol. Similar sulfur consumption and total

biomass values were produced in OCL experiments as OL conditions. The average sulfur

consumption was 1.8 µmol in OCL experiments and average total biomass produced was

5.61× 10−9 C-mol. Biomass yields ranged from 0.0014 to 0.0099 C-mol/S-mol.

Cell morphology remained consistent between the different growth experiments; there

was no apparent expression of appendages or other changes to the cell surface across all

replicates. Cell diameters of the coccus cells were statistically similar across the different

oxygen treatments (P > 0.1 for all t-tests). The mean for RG (N=69) cells were 1.06

±0.26µm, OL (N=52) cell diameters were 1.01 ±0.19µm, and OCL (N=52) cell diameter

mean was 1.04 ±0.18µm.
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2.3.3 Thermodynamic components of growth

Modeling overall growth to determine biomass yield, ∆G consumed, and ∆H produced allows

one to interpret energy efficiency and usage by microbes in a thermodynamic framework.

Biomass yield is a good indication of how closely the catabolic reaction is coupled to the

anabolic reaction [133, 68]. A relatively higher biomass yield indicates more catabolic energy

is conserved as new biomass as opposed to other cellular processes or non-growth reactions.

∆G and ∆H, both normalized to the amount of C-mol produced, can determine how much

Gibbs energy is necessary for growth and the extent of Gibbs energy dissipation as enthalpy

[64, 147]. By measuring both, we can see more detailed changes in energetics across the

tested oxygen regimes.

Total heat produced during growth was determined for each replicate by integrating the

heat flow curve obtained via calorimetry. -∆Hof growth was calculated by taking the quotient

of total heat and biomass produced for a final, normalized value in kJ/C-mol. The total heat

produced during growth decreased across the tested oxygen regimes. RG, with the highest

amount of dissolved oxygen available (∼ 190µM), released the largest amount of enthalpy

during growth ranging from 3.59 × 105 to 7.02 × 105 kJ/C-mol. OL conditions (∼ 110µM

O2) produced less heat, with -∆H values between 5.89× 104 to 1.62× 105 kJ/C-mol. OCL

conditions (∼ 56µM O2) produced the lowest amount of heat, with -∆H values ranging from

3.02× 104 to 5.77× 104 kJ/C-mol.

Gibbs energy consumed (-∆G) followed the same trend as -∆H across the different oxygen

conditions. -∆G calculations ranged from 1 × 104 to 3.04 × 104 for RG growth conditions,

5.94× 102 to 2.66× 103 for OL conditions, and 2.25× 102 to 1.65× 103 for OCL conditions.

These results are portrayed in Figure 2.3 as a function of biomass yield for each individual

experiment. Both -∆H and -∆G for RG conditions were very large but resulted in the lowest

biomass yield. The two oxygen limited conditions generally followed the same negatively

correlated trend between -∆H, -∆G, and biomass yield but resulted in greater biomass

yields than RG experiments.
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Table 2.1: Summary of data collected calculated for each replicate of the three tested oxygen regimes
for Acidianus ambivalens.

Biomass S◦ Yield Initial O2 Initial CO2 −∆G −∆H Energetic yield

(C-nmol) (µmoles) c-mol/S (µM) (mM) (kJ/C-mol) (kJ/C-mol) (fmol/µJ)

Recommended growth

14 8.4 0.0017 182 0.9 1.00×104 3.65×105 100

16 10.2 0.0015 182 0.9 1.21×104 3.62×105 83

14 10.8 0.0013 192 0.9 1.42×104 3.59×105 71

6 9.8 0.0006 192 0.9 3.04×104 7.02×105 33

11 10.3 0.0011 198 0.9 1.44×104 5.03×105 69

10 11.0 0.0009 198 0.9 2.16×104 5.35×105 46

Avg 12 10.1 0.0012 191 0.9 1.71×104 4.71×105 67

Oxygen-limited

6.4 1.6 0.0039 123 13.7 1.70×103 6.43×104 592

6.8 1.4 0.0049 123 13.7 6.79×102 7.99×104 1493

8.1 1.0 0.0081 107 13.7 8.72×102 1.62×105 1153

4.0 1.8 0.0023 107 13.7 2.16×103 1.55×105 464

6.5 2.3 0.0029 100 13.7 2.66×103 1.44×105 377

9.9 0.8 0.0132 100 13.7 5.94×102 5.89×104 1709

Avg 6.9 1.5 0.0059 110 13.7 1.44×103 1.11×105 964

Oxygen- and carbon-limited

6.2 2.5 0.0025 28 0.9 2.63×102 3.02×104 3930

2.5 1.8 0.0014 28 0.9 2.25×102 3.17×104 4564

3.6 0.8 0.0048 63 0.9 1.65×103 3.49×104 605

8.0 3.0 0.0027 63 0.9 1.60×103 5.77×104 625

6.2 2.2 0.0028 78 0.9 2.83×102 5.59×104 513

7.2 0.7 0.0099 78 0.9 5.15×102 5.51×104 1021

Avg 5.6 1.8 0.0040 56 0.9 7.57×102 4.43×104 1876
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Figure 2.3: Measured enthalpies of growth (-∆H) and calculated Gibbs energy consumed (-
∆G) for the replicates in the three experimental growth conditions on a log scale in relation
to the corresponding biomass yield. Filled symbols represent measured enthalpy values
(upper half) and corresponding open symbols show Gibbs energy consumed (lower half;
Recommended growth = red circles; O2-limited = blue squares; O2 and CO2-limited = green
triangles). Each symbol represents one replicate in the designated growth condition and
error bars are included for all measurements.
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Figure 2.4: Black curves represent standard enthalpy (-∆H◦
r, solid line) and Gibbs energy

(-∆G◦
r, dashed line) for the overall growth reaction for A. ambivalens as it relates to biomass

yield. Standard state values for the overall growth reaction were calculated for 1 molal of
pure reactants and products at 76◦. The standard state curves act as theoretical results
for how microbial growth will behave at different biomass yields. Plotted on top of the
standard state curves are actual growth data; each symbol represents one replicate in the
designated growth condition. The filled symbols represent measured enthalpies of growth
(-∆H) determined via calorimetry and open symbols represent Gibbs energy consumed (-
∆G) calculated from chemical data for all three growth conditions (recommend growth: red
circles; O2-limited: blue squares; O2- and CO2-limited: green triangles). The measured
enthalpies of growth fall along or close to the theoretical enthalpy of growth (solid line). All
-∆G values were greater than zero, but much smaller than the theoretical Gibbs energy of
growth (dashed line). Error bars are included for all measurements.
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When standard state values of −∆G◦
r and −∆H◦

r of the modeled overall growth reac-

tion for A. ambivalens were compared, −∆H◦
r was always greater than −∆G◦

r across the

biomass yield values, with the difference between the lines representing entropic thermal en-

ergy (T∆S◦
r, [150, 164]) as shown in Figure 2.4. Therefore, enthalpy released during growth

must be large to compensate for an unfavorable change in T∆S◦
r that would otherwise hin-

der microbial growth. The behavior of the standard state values predicts the primary mode

of Gibbs energy dissipation will be through the release of heat and growth will be highly

exothermic. This prediction held true for all experiments (-∆H > −∆G) and measured -∆H

fell along or near −∆H◦
r modeled with the exception of some OCL replicates. Calculated

-∆G, however, was considerably less than −∆G◦
r modeled for all three growth scenarios.

Though Gibbs energy was primarily dissipated as enthalpy (-∆H > -∆G), the results sug-

gest that a substantial portion of Gibbs energy is dissipated as T∆S. In all experiments, -∆G

was smaller than the amount of enthalpy produced (-∆H > -∆G) following standard state

predictions; however, the standard state values did not accurately predict T∆S or -∆G.

2.3.4 Response to carbon and oxygen availability

To evaluate the energetics of growth in response to oxygen and inorganic carbon availabil-

ity, both initial dissolved oxygen activity and initial CO2 activity were plotted against -∆G

(Figure 2.5 and 2.6, respectively). Two sample t-tests showed oxygen values for each growth

condition were statistically different from each other (P < 0.05 for all three tests). ANOVA

and post analysis Tukey tests revealed RG -∆G values were statistically different from OL

and OCL data (0.05 confidence level), but OL and OCL were statistically indistinguishable.

ANOVA and Tukey tests were conducted for initial CO2 and showed OL contained signif-

icantly more inorganic carbon, while RG and OCL were the same. There were significant

differences in initial activity of CO2 between OL and OCL experiments, but insignificant dif-

ferences in -∆G during growth. This suggests the differences in Gibbs energy consumption

and enthalpy across the three tested conditions were directly related to the initial dissolved

oxygen activity in the medium while initial CO2 activity had no measurable effect.
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Figure 2.5: Gibbs energy consumed per C-mol biomass produced for the tested oxygen treat-
ments. All three oxygen treatments had significantly different beginning dissolved oxygen
concentrations (P << 0.001). Gibbs energy consumed during growth significantly decreased
between the fully aerobic recommended growth (RG, red circles) conditions and the two
microaerophilic conditions, oxygen-limited (green triangles) and O2- and CO2-limited condi-
tions (blue squares).
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Figure 2.6: Gibbs energy consumed (kJ/C-mol biomass) and initial dissolved CO2 activity
(mM). Recommended growth (red circles) and O2- and CO2-limited conditions (OCL; green
triangles) had the same initial dissolved CO2 activities (P = 0.9). Gibbs energy consumed
during growth was significantly different between the fully aerobic recommended growth
conditions and OCL conditions. The two microaerophilic conditions (OCL and oxygen-
limited conditions, blue squares) had significantly different inorganic carbon available, but
Gibbs energy consumed during growth was statistically the same.
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2.4 Discussion

2.4.1 Energetic costs for life

A. ambivalens shows an increase in growth efficiency as oxygen availability decreases in the

form of higher yields, lower heat production, and lower chemical energy consumption, but

the mechanism(s) responsible for the change are not clear. The energy gained via catabolism

drives many cellular processes besides anabolism. Energy is also partitioned for maintenance

reactions, or the energy required for non-growth processes such as motility, turnover of

macromolecules (e.g. proteins), and re-establishing chemical gradients across the cellular

membrane [132].

The near-saturated oxygen concentrations in RG conditions may be more detrimental

than advantageous, causing oxidative stress, leading to a greater maintenance energy de-

mand and thus increasing overall energetic demands. Reactive oxygen species (ROS) are

generated in several ways, including incomplete oxygen reduction during metabolism or in-

creased partial pressure of oxygen. ROS are chemically damaging to all life by reacting with

DNA, RNA, protein, lipids, and cofactors [11, 49]. ROS may be responsible for the increased

maintenance energy demand in A. ambivalens by attacking the carbon fixation cycle. A

key enzyme used in carbon fixation, 4-hydroxybutyrl-CoA dehydratase, is slowly inactivated

by oxygen, though the enzyme can maintain sufficient activity within the protective, lower-

oxygen environment of the cell [22]. Responses to oxidative and other environmental stresses

have been researched in the archaea Sulfolobus solfataricus (S. solfataricus), a related sulfur-

oxidizing thermoacidophile. Oxidative stress has been shown to result in a number of gene

regulations [101], including a substantial upregulation in a Dps-like protein (DNA-binding

protein from starved cells) known to act as an antioxidant [173] and increases in superoxide

dismutase and peroxiredoxin.

As cell maintenance reactions are driven by energy gained through catabolism, an in-

crease in maintenance energy demands may be accompanied by an increase in the catabolic

reaction products. Continued use of the catabolic reaction by A. ambivalens and production
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of sulfuric acid could further exacerbate the issue of increased maintenance energy. RG ex-

periments consumed a greater amount of sulfur than the microaerophilic experiments, which

lead to a greater production of sulfuric acid and a larger change in pH (∼0.25 decrease) in

the growth medium. McCarthy et al. [107] showed an increase in oxidative stress in S. solfa-

taricus as pH decreased. These authors found genes consisting of membrane lipid biogenesis

proteins were upregulated as a response to stress that likely aid in membrane repair due to

oxidative damage. This indicates there may be further energy demands in order to regu-

late intracellular pH and re-establish proton gradients across the membrane in recommended

growth experiments with A. ambivalens as pH decreases. Both microaerophilic experiments,

conversely, produced significantly less sulfuric acid and resulted in a smaller change in pH in

the growth medium (∼0.1 to negligible change).

Although oxygen can be destructive in the cell in the form of ROS, oxygen is a necessary

terminal electron acceptor for A. ambivalens under aerobic growth conditions. In looking

at the summary of overall energetics in Figure 2.3, it seems as though some OCL replicates

may have been under greater stress due to too little oxygen than other the replicates based

on their deviation from the trend. Most data follow the simple trend of decreasing -∆H

and -∆G as biomass yield increases in the shape of the standard state curves for the overall

growth reaction (Figure 2.4). Two -∆H and -∆G points from OCL growth conditions fall

below the rest. These replications had lower initial oxygen concentrations (28 muM; refer

to Table 1). A. ambivalens requires O2 for anabolism as the final electron acceptor in the

respiratory chain [174].

It is unlikely that energetic differences across the tested oxygen regimes were due to

substantial differences in the anabolic energy costs, such as producing an alternate cellu-

lar composition (C:N:P ratios). In natural environments, in situ microorganisms living in

extreme conditions in YNP can acclimate to nitrogen or phosphate limitations by altering

cell composition in terms of nitrogen, phosphorous, or carbon [114]. Concentrations of key

nutrients such as nitrogen and phosphorus were abundant and consistent across all tested

growth conditions. Studying anabolic nutrient limitation was not the goal of the current
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work and we assumed cell composition remained the same in all experiments.

2.4.2 Energetic demands in aerobic and microaerobic conditions

In addition to indirectly measuring a change in maintenance energy demands, quantifying

microbial energetics has also been used as a predictor for preferential growth conditions.

Despite the common belief that microbes will preferentially grow on the most energetically

favorable substrate, some energetic studies have shown this is not always the case [66, 4].

Laboratory studies with pure cultures under substrate-limited or substrate-competitive con-

ditions can be conducted to test this.

A recent study isolated a native strain of A. ambivalens from YNP and characterized

Gibbs energy demand for growth by measuring the change in catabolic chemical species [4].

Catabolic ∆G consumed was calculated for various anaerobic metabolisms: H2 oxidation with

sulfur, H2 oxidation with Fe3+, and sulfur oxidation with Fe3+. The authors found growth to

be most efficient on H2/S0 (∆G◦
r = -47.74 kJ/mol at 85◦C; [9]), resulting in energetic yields

(C-mol biomass produced per joule Gibbs energy consumed) averaging around 267 fmol-

C/µJ. Both Fe3+ metabolisms were less efficient, averaging around 32 fmol-C/µJ, despite

the greater energetic potential of the S0/Fe3+ redox reaction (∆G◦
r = -302.94 kJ/mol at 85◦C;

[9]). Competition experiments containing H2/S0/Fe3+ indicated preferential growth on H2/S0

over the other redox couples, suggesting substrate preference is dictated by energetic demand

of the organism (highest energetic yield) as opposed to energetic potential (most negative

∆G◦
r).

While our findings with A. ambivalens are not directly comparable to Amenabar et al.

[4] due to considerable differences (experimental methods and culture vials, growth temper-

atures, native A. ambivalens strain as opposed to ATCC strain), we can use this approach

to understand preferential growth conditions. Fully aerobic recommended growth conditions

yielded mean energetic yields of 67 /pm 24 fmol-C/µJ, calculated using only the catabolic

chemical species. In the microaerophilic growth conditions, the overall energetic yields of

both OL and OCL conditions were much higher but highly variable, with a mean of 855 /pm
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464 fmol-C/µJ. The increase in energetic yield in OL and OCL conditions may indicate a

preference for microaerophilic conditions over fully aerobic conditions. These results mirror

those found by Simon et al. [143] with S. solfataricus. Microaerophilic conditions resulted in

higher biomass yields and more efficient use of oxygen. At oxygen concentrations higher than

atmospheric levels (35%), no growth was observed, indicating toxic levels. The preference

for microaerophilic growth conditions demonstrated by A. ambivalens, S. solfataricus, and

other thermophiles [76, 137, 149] could be the result of evolving in hot spring environments

where concentrations of oxygen are naturally lower due to lower solubility as temperature

increases.

2.4.3 Thermodynamics of microbial growth

This is not the first study to report an increased growth efficiency in response to substrate lim-

itation, but it is one of the few studies to characterize chemolithoautotrophic growth in ther-

modynamic terms. Several studies have investigated substrate limitations in heterotrophs,

especially in moderate growth temperatures and circum-neutral pH (e.g. [133, 39, 52]),

fewer have focused on extreme chemolithotrophs (e.g. [96, 89, 143, 36]), and even less have

quantified growth efficiency in terms of ∆G consumed [147, 4]. Using calorimetry to mea-

sure microbial growth has also proved useful for determining enthalpies of growth [64, 131],

though very few studies have incorporated both ∆G and ∆H in microbial energetics studies

[163, 135, 164].

As shown with A. ambivalens, incorporating calorimetric results with ∆G consumption

results in many orders of magnitude difference between the Gibbs energy consumed and

enthalpy of growth during sulfur oxidation. The results were not accurately represented by

∆G◦
r and, primarily in microaerophilic conditions, ∆H◦

r (refer to Figure 2.4). It is clear by

looking at the difference between ∆H and ∆G in all growth conditions oxidizing sulfur is

highly exothermic. Irreversible reactions, such as cell growth and maintenance reactions,

are accompanied with the production of entropy [162, 150]. To overcome internal entropy

production, microorganisms must consume Gibbs energy and dissipate it as heat and/or
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producing highly entropic products relative to the entropy of the nutrients (∆S > 0). The

primary mode of Gibbs energy dissipation is another approach to characterize how microbial

life grows from a thermodynamic perspective. Microbial growth of A. ambivalens by sulfur

oxidation is an excellent example of enthalpy-driven growth (∆H << 0). Additional studies

characterizing both ∆G and ∆H to determine mode of Gibbs energy dissipation will provide

a more complete energetic description of microbial growth that can be compared between

many species.

2.5 Conclusion

In this study, we have provided an energetic characterization of microbial growth for the

thermoacidophilic sulfur-oxidizer A. ambivalens in response to oxygen availability. A. am-

bivalens produced the highest amount of biomass when oxygen concentrations were higher,

but growth progressed very inefficiently with large chemical energy consumption (-∆G), large

enthalpy produced (-∆H), and low biomass yield in moles of carbon produced per mole of

sulfur used. When oxygen was limited, growth experiments resulted in less overall biomass,

but the energy required for growth was significantly reduced and growth was more efficient

in terms of ∆G, ∆H produced, and biomass yield. We propose that the increase in overall

efficiency from high oxygen to limited oxygen is due to the removal of oxidative stress on

the organism. By limiting oxygen and oxidative stresses, the maintenance energy demand

decreases and allows more catabolic energy to be partitioned into biomass production. This

indicates a preference for growth under microaerophilic conditions in natural environments.

There are interesting implications for by continued research in the field of bioenergetics

and understanding overall energy demand (and, indirectly, maintenance energy requirements)

under different environmental conditions. The composition of chemotrophic communities in

high-temperature environments is affected primarily by temperature and pH, but secondary

controls involve the availability of dissolved nutrients. To further understand the heterogene-

ity we find in the biosphere of natural environments, we need a firmer grasp on energetics of

individual species and metabolisms, in what way geochemical factors such as changes to en-
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ergy source availability alter energetics, and what factors can measurably affect maintenance

energy demands.
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Chapter 3

ENERGETICS OF A. AMBIVALENS DURING ANAEROBIC
SULFUR REDUCTION AND EFFECTS OF OXIDATION

STATE ON GROWTH

This manuscript will be submitted to the journal Geomicrobiology.

Co-authored by Chloe E. Hart, Drew Gorman-Lewis

3.1 Introduction

The energetic demands of microbial growth can be affected by a number of chemical and

physical changes. Fluctuations in energy sources [39, 143, 52, 36], key nutrients [95, 19], tem-

perature [92], and environmental stresses [127] can change the overall energy requirements

and efficiency of microbial growth and, thus, affect microbial activity in the environment.

In high-temperature environments, above the photosynthesis temperature limit of approxi-

mately 72◦C [87, 169, 2], chemolithoautotrophic organisms play a vital role in geochemical

cycles by metabolizing inorganic substrates and assimilating CO2 to produce new cell mate-

rial [130, 146, 24, 93]. Biosynthetic reactions, or the anabolic portion of metabolism, is most

impacted by the oxidation state of the environment [108]. To understand how changes in

oxidation state affect anabolism and overall microbial energetics, microbial growth energetics

were determined for Acidianus ambivalens under anaerobic conditions and compared to fully

aerobic and microaerobic growth conditions.

In volcanically-driven hot spring regions, such as Yellowstone National Park, geochem-

ical fluctuations can occur within a geothermal region and within a single hot spring (e.g.

[8, 35, 116, 23, 33]). The changes in geochemistry can be a result of abiotic processes relat-

ing to the reduced, thermal waters reaching the surface or due to microbial activity altering
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the chemistry during growth (e.g. [176, 48, 23, 33]). Despite the extreme conditions of

hot springs and fluctuations in chemistry, these regions support a wealth of microbial ac-

tivity and metabolisms, with hydrogen- and oxygen-consuming metabolisms having high

metabolic energy potentials (e.g. [8, 148, 109, 140, 33]). In situ data collected from hot

springs have shown there can be micro-environments with gradients in O2 and H2S due to

microbial activity on µm-mm scales [129, 106, 23]. Microorganisms that are able to grow

under these different redox conditions may experience changes in energetic demands as the

cost of biosynthesis varies [108].

Acidianus ambivalens (A. ambivalens) is the ideal microorganism to study to understand

the energetic responses to environmental oxidation state. A. ambivalens is a thermoaci-

dophilic Archaea that grows optimally in temperatures around 75-85◦C and pH around 2-3

[180, 181, 51]. A. ambivalens is a facultative anaerobe and metabolically flexible; A. am-

bivalens is able to grow in aerobic conditions by oxidizing sulfur with O2 or in anaerobic

conditions through sulfur oxidation with Fe3+, H2 oxidation with sulfur, or H2 oxidation

with Fe3+ [180, 181, 4]. A. ambivalens is also distributed globally in different geothermal

settings [181, 8, 4].

Energetics of growth have been previously determined for A. ambivalens during sulfur

oxidation under fully aerobic (100% O2 saturation) and microaerobic (50% O2 saturation)

growth conditions (Chapter 2; [67]). The results showed an increase in biomass yield and a

decrease in overall energetic demand as the availability of oxygen decreased. As a facultative

anaerobe, growth should preferentially occur in aerobic conditions, indicated as the highest

energetic yield (biomass produced per joule energy consumed; e.g. [4]). However, it is

not known how lower energetic costs of anabolism in anaerobic conditions affects overall

growth energetics. To address this gap in our knowledge, we characterized microbial growth

in thermodynamic terms for A. ambivalens during anaerobic growth on H2 and elemental

sulfur (S◦). The overall Gibbs energy consumed, enthalpies of growth, and biomass yields

were compared to previously determined results under aerobic and microaerobic growth

conditions.
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3.2 Methods

3.2.1 Culture maintenance

A. ambivalens (ATCC 49204) was maintained according to anaerobic growth conditions

described by Zillig et al. [181], using Brocks basal salt medium containing the following (per

liter): 1.3 g (NH4)2SO4, 0.28 g KH2PO4, 0.25 g MgSO4 · 7 H2O, 0.07 g CaCl2 · 2 H2O, 0.02

g FeCl3 · 6 H2O, 1.8 mg MnCl2 · 4 H2O, 4.5 mg Na2B4O7 · 10 H2O, 0.22 mg ZnSO4 · 7 H2O,

0.05mg CuCl2 · 2 H2O, 0.03 mg NaMoO4 · 2 H2O, 0.03 mg VOSO4 · 2 H2O, 0.01 mg CoSO4

[26] supplemented with additional KH2PO4 (0.02 M) and adjusted to pH 2.8 with H2SO4.

After autoclaving, the medium was brought into an an anaerobic hood under an N2 / H2

atmosphere to equilibrate for at least 48 hours.

Maintenance cultures were aseptically prepared in 100 mL septa vials with 50 mL growth

medium, 2 g/L sterile sulfur powder, and 1 mL inoculum. Once sealed, vials were pressurized

to 150 kPa with H2 / CO2 gas (80:20) and incubated at 76◦C for 6-7 days.

3.2.2 Cell growth

Growth experiments were prepared identically to maintenance cultures according to the

procedures described above. Cultures were aseptically prepared in an anaerobic chamber

under an atmosphere of N2 / H2. Experiments contained 2 mL of medium in in 3.2 mL glass

calorimetric vials containing 2 g/L sterile sulfur and 2% inoculum. The calorimetric vials

were sealed with butyl rubber stoppers, crimped with aluminum caps, and pressurized to 1.5

kPa with H2 / CO2 gas (80:20).

3.2.3 Calorimetric procedures

Enthalpies of growth were measured with a TA Instruments TAM III Nanocalorimeter that

measures heat flow between a reaction vial and a cell-free reference vial [80, 165]. The

calorimeter heat flow response was calibrated by an electrical heating procedure verified by

measuring the heat of protonation of trishydroxymethylaminomethane [61].
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All calorimetric cells contained 2 mL total culture and 2 g/L sterile sulfur. Both reaction

and reference glass cells were filled with identical media and headspace constituents. The

reaction cell contained an aliquot of A. ambivalens with an initial cell density of 105 cells/mL

and the reference cell was kept sterile. The heat flow of the samples was monitored over

time. After the signal returned to baseline, integration of the signal after baseline correction

resulted in the total heat produced during growth. The total heat produced was normalized

to the total amount of cell material produced to calculate enthalpy.

3.2.4 Chemical measurements

At the beginning and end of growth, chemical data were collected to measure the change

in components of the growth medium. Sulfide concentrations were measured using a sulfide

spectroscopic analysis [32], pH was measured with a combination microelectrode (Micro-

electrodes, Inc.) calibrated daily with four NIST standards, and dissolved hydrogen was

measured with a Unisense Clark-type H2 microsensor. Slides for cell counts were prepared

using a polycarbonate 0.2 m filter membrane with SYBR Green I dye following the proce-

dure of Lunau et al. [100] and examined with appropriate filters on a Zeiss Axiostar Plus

microscope. Cell counts were converted to C-mol based on the average value of 2.5 fmol-C

per cell reported by Amenabar et al. [4].

3.2.5 Overall growth modeling

To model overall metabolism in simplified macrochemical equations, equations reported by

Heijnen and Kleerebezem [68] were applied to A. ambivalens growth. The equations are

based on biosynthesis of one carbon-mole (C-mol) of generic biomass represented by the

formula CH1.8O0.5N0.2 [63, 94, 162, 68]. The biomass formula is comprised of only the four

major elements of cellular material and has a molar mass of 24.6 g/C-mol. A. ambivalens

produces biomass during the anabolic reaction represented by Equation 3.1.
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a · e− donor + b · N source + c ·H+ + d ·H2O + e · CO2

+f · oxidized e− donor + CH1.8O0.5N0.2 = 0
(3.1)

The Gibbs energy necessary to drive anabolism is generated through redox reactions

during catabolism. A generic catabolic reaction is shown in Equation 3.2.

g · e− donor + h · e− acceptor + i · oxidized e− donor

+ j · reduced e− acceptor = 0
(3.2)

Metabolic coefficients a through j were determined by solving a series of linear equations to

satisfy mass, charge, and degree of reduction balances, with positive coefficients for products

and negative coefficients for reactants.

The energy gained through the catabolic reaction drives other cell reactions as well;

therefore, catabolism and anabolism are not performed in equal quantities. The catabolic

multiplicative factor (fcat) represents the number of times the catabolic reaction is performed

to produce 1 C-mol biomass and is calculated using the amount of biomass yield (YX/D, de-

fined as C-mol of biomass produced per mole electron donor consumed) and the anabolic

coefficient of the electron donor (Y D
an, Equation 3.3). Biomass produced in C-mol was calcu-

lated by converting grams of biomass to C-mol using the molar mass of the generic biomass

formula (24.6 g/C-mol).

fcat =
−1

YX/D

+ Y an
D (3.3)

The overall growth coefficients are determined by combining fcat (Equation 3.3), catabolic

coefficients (Equation 3.2), and the anabolic coefficients (Equation 3.1), as shown in Equation

3.4.

Overall growth reaction = Anabolism + fcat · Catabolism (3.4)
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Individual catabolic factors (Equation 3.3) and overall growth reactions (Equation 3.4)

were calculated for each experiment replicate based on the resulting biomass yield. Overall

growth reactions for each experiment were used for further thermodynamic calculations.

3.2.6 Gibbs energy consumption

Gibbs energy consumed during growth (∆G) was calculated for each experiment based on

the change in available Gibbs energy, based on both the chemical species involved and sto-

ichiometric coefficients of the overall growth reaction. The standard state Gibbs energies

of formation (∆G◦
f ) for the chemical species in the growth reaction were calculated to at

the experiment temperature with the revised Helgeson-Kirkham-Flowers (HKF) equations

of state [72, 71] using SUPCRT92 [139, 83, 138, 141]. Standard states include unit activity

of pure solid, unit activity of aqueous species in a hypothetical 1 molal solution to infinite

dilution, and unit fugacity of a pure gas at 1 bar at any temperature and pressure. For

biomass, ∆G◦
f = -67 kJ/mol was used for all growth experiments [69]. Standard state Gibbs

energies of reactions (∆G◦
r) of the overall growth reaction determined for each experiment

were calculated using Equation 3.5, based on the Gibbs energy of formation of the products

(∆G◦
f,products) and of the reactants (∆G◦

f,reactants) of the overall growth reaction.

∆G◦
r = ∆G◦

f,products −∆G◦
f,reactants (3.5)

Available Gibbs energy in the medium (∆Gr) was calculated for the given growth reaction

as demonstrated in Equation 3.6, using standard state Gibbs energies of reactions (∆G◦
r)

determined for each experiment from Equation 3.5, the universal gas constant (R), absolute

temperature (T ), and the reaction quotient (Qr).

∆Gr = ∆G◦
r +RT × ln(Qr) (3.6)

The reaction quotient, Qr, was using in Equation 3.7, where aY
ogr

i denotes thermodynamic

activity of the ith chemical species and Y ogr represents the stoichiometric reaction coefficient



36

of the ith species in the overall growth reaction (Equation 3.4).

Qr =
∏

aY
ogr

i (3.7)

Activities of the aqueous species were calculated using PHREEQC [119] and solid sulfur

was assumed to have an activity of 1. Biomass in solution, assuming an activity coefficient of

1, and was converted from molality (C-mol/kg solvent) to activity. Gibbs energy consumed

for growth was calculated as the difference between initial (Gr,initial) and final (Gr,final)

available Gibbs energy (Equation 3.8).

∆G = ∆Gr,initial −∆Gr,final (3.8)

3.3 Results

3.3.1 Calorimetry results

Calorimetric experiments produced exothermic heat signals. In all replicaties, microbial

growth produced distinct heat flow curves that paralleled the growth phase of the culture.

Lag, exponential, and stationary phase corresponded to the initial baseline, exponential

increase and peak heat flow signal, and return to baseline, respectively, as shown in Figure

3.1. Exponential growth began after approximately 39 hours of growth. The peak heat signal

was 1.5 µW and occurred at about 58 hours. After 34 hours of exponential growth, the heat

signal returned to baseline, resulting in 73 total hours of growth.
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Figure 3.1: Calorimetric heat flow curves, in µW vs hours, for all Acidianus ambivalens repli-
cates during microbial growth with H2 / S. Positive values indicates growth was exothermic
(∆H < 0).
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3.3.2 Thermodynamic Description of Growth

Table 3.1 contains a summary of growth and energetics data collected from each replicate.

The average biomass produced during growth was 35 nmol-C and consumed approximately

5.6 µmoles sulfur, leading to a biomass yield of 0.0064 C-mol/S.

Energetics of growth were normalized to the amount of biomass produced. Total heat

produced during growth was determined for each replicate by integrating calorimetric heat

flow curves. Enthalpy (-∆H) of growth, shown in Table 3.1, had an average value of 3021

kJ/C-mol. -∆H generally approached zero as growth efficiency increased in terms of biomass

yield (Figure 3.2). Total -∆G consumed during growth had an average value of 2116 kJ/C-

mol and was generally less negative or similar to -∆H (Table 3.1). Figure 3.2 shows -∆G of

growth followed a similar trend as -∆H and approached zero as biomass yield increased.

Standard state values of −∆G◦ and −∆H◦ of the modeled overall growth reaction for

A. ambivalens were compared to measured -∆H and -∆G values, depicted in Figure 3.2.

Standard states represent the theoretical energetics of growth for the overall growth reactions,

based on pure substances at 1 molal, as a function of biomass yield. The standard state

values for −∆G◦ and −∆H◦ predict Gibbs energy consumed and enthalpy produced during

growth should be similar values, with -∆H resulting in slightly more negative values. Both

−∆G◦ and −∆H◦ also approach zero as biomass yields increase. Though standard states

and calculated -∆G and -∆H follow similar patters, -∆H and -∆G fell substantially lower

(less negative) than standard states predict.
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Table 3.1: Acidianus ambivalens growth with H2 / S◦

Biomass S2− Yield −∆H −∆G Energy budget

(nmol-C) (µmoles) (C-mol/S) (kJ/C-mol) (kJ/e-mol) (kJ/C-mol) (kJ/e-mol) (kJ/C-mol)

26 7.4 0.0036 4896 2448 3360 1680 3360

29 5.9 0.0049 1360 680 2657 1328 2657

55 7.5 0.0073 583 292 1769 885 1769

54 5.2 0.0102 787 393 1066 533 1057

20 4.6 0.0044 3548 1774 1985 993 1985

24 3.3 0.0072 2731 1366 1156 578 1156

38 6.4 0.0060 3832 1916 2627 1314 2627

53 7.8 0.0067 1627 814 2159 1080 2148

19 4.6 0.0041 8499 4249 3028 1514 3028

35 3.5 0.0100 2351 1175 1355 678 1347

Avg 35±14 5.6 ±1.6 0.0064±0.0023 3021±2372 1511±1190 2116±794 1058±397 2113±796
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Figure 3.2: Gibbs energy (∆G) consumed and enthalpies (∆H) of growth for A. ambivalens
growth on H2 / S. Filled diamonds indicate measured enthalpies by calorimetry and open
diamonds are calculated Gibbs energy consumed for all replicates. Solid and dashed lines
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r and -∆H◦
r, respectively, calculated at 76◦C based on 1 molal of pure reactants

and products.
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3.4 Discussion

3.4.1 Anaerobic and Aerobic Growth Energetics

In order to compare microbial energetics involving different catabolic reactions to gain energy,

the number of electrons transferred per mole of substrate should be taken into consideration.

During aerobic sulfur oxidation, A. ambivalens transfers six moles of electrons per mol-S to

produce sulfuric acid, while anaerobic sulfur reduction involves two moles of electrons per

mol-S to produce H2S. Therefore, energetics of growth (-∆G and -∆H) were converted to

kJ C-mol−1 e-mol−1 using the moles of substrate used and number of electrons per substrate

(recorded in Table 3.1). The average growth and energetics data collected under aerobic and

microaerobic conditions during sulfur oxidation are summarized in Table 3.2 and anaerobic

data is compiled in Table 3.1.

Figure 3.3 shows previously determined energetics and biomass yield results for A. am-

bivalens during sulfur oxidation under fully aerobic and microaerobic growth conditions

(Chapter 2, [67]) and the anaerobic sulfur reduction results from this study, normalized

per mole electron transferred. Biomass yields for all three growth conditions were statis-

tically distinct, with anaerobic growth producing higher yields than microaerobic growth

(two-sample t-test, P < 0.05) followed by aerobic growth (two-sample t-test, P < 0.05).

Enthalpies of growth (kJ C-mol−1 e-mol−1) decreased as biomass yield increased and were

also statistically distinct (P < 0.05 for all two-sample t-tests). -∆H follows this trend due

to the exothermic natures of the catabolic reactions. Sulfur oxidation is very exothermic;

-∆H◦
r of the catabolic reaction alone is approximately 639 kJ/mol-S◦ at 76◦C [83]. The

amount of catabolism during growth is affected by the overall energetic demands of growth.

In the aerobic growth experiments, energy demands were higher, likely due to an increase

in maintenance energy demand due to oxidative stress (Chapter 2, [101, 107]). This led to

an increase in catabolism and higher growth enthalpies as a result. In microaerobic growth

conditions, the amount of catabolism decreased, likely due to the decrease in oxidative stress,

resulting in lower growth enthalpies and higher biomass yields.
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Table 3.2: Average growth data and energetic results for Acidianus ambivalens under aerobic and microaerobic conditions with
S◦ / O2 (Chapter 2, [67]).

Biomass S◦ Yield −∆H −∆G Energy budget

Treatment (nmol-C) (µmoles) (C-mol/S) (kJ/C-mol) (kJ/e-mol) (kJ/C-mol) (kJ/e-mol) (kJ/C-mol)

Aerobic 12 ± 4 10.1 ± 0.9 0.0012 ± 0.0004 4.71×105 ± 1.37×105 78498 ± 22841 17121 ± 7585 2853 ± 1264 17121 ± 7585

Microaerobic 7 ± 2 1.5 ± 0.5 0.0059 ± 0.0041 1.11×105± 4.80×104 18462 ± 8004 1444 ± 859 241 ± 143 1444 ± 859
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The reaction to reduce sulfur, however, is far less exothermic than sulfur oxidation. -∆H◦
r

of the catabolic reaction is ∼ 34 kJ/mol-S◦ at 76◦C [83]. This is demonstrated in the signif-

icantly lower enthalpies of growth measured for anaerobic sulfur reduction. -∆G however,

followed a different trend. Aerobic growth consumed the most energy, followed by anaer-

obic growth (P = 0.02, two-sample t-test), and, lastly, microaerobic growth (P << 0.05,

two-sample t-test). The large Gibbs energy requirements during fully aerobic growth further

supports the suggestion that high oxygen concentrations can cause stresses detrimental to

growth (Chapter 2, [11, 101, 107]). The lower -∆G consumed in microaerobic growth, as

previously discussed, probably reflects the decrease in oxidative stress. Despite the signifi-

cantly higher biomass yields produced under anaerobic conditions (P= 0.0003, two-sample

t-test), the amount of -∆G consumed during growth is larger than microaerobic conditions.

Facultative anaerobes, such as A. ambivalens, tend to preferentially grow with oxygen due

to the higher energetic potential oxygen-consuming reactions produce. In the case of A.

ambivalens, the anaerobic catabolic reaction with H2 and sulfur is endergonic with -∆G◦
r ∼

48 kJ/mol-S◦ at 76◦C, [83], but aerobic sulfur oxidation is far more energetic (-∆G◦
r ∼ 520

kJ/mol-S◦ at 76◦C, [83]). The lower overall -∆G— consumed during growth in microaero-

bic conditions compared to anaerobic conditions suggests A. ambivalens conserves a higher

amount energy during sulfur oxidation with O2 than metabolizing H2 and sulfur for ATP

synthesis [156].



44

10-4 10-3 10-2

Biomass yield (C-mol / e-mol)

101

102

103

104

105

106

-
G

 / 
e-

m
ol

  o
r 

 -
H

 / 
e-

m
ol

aerobic S°

oxidation

microaerophilic

S° oxidation
anaerobic S°

reduction

Figure 3.3: Energetics of aerobic, microaerobic, and anaerobic growth normalized to moles
of electrons transferred (kJ C-mol−1 e-mol−1). Aerobic growth with sulfur and Oa2 is repre-
sented by blue circles, microaerobic growth is represented by light blue triangles, and anaer-
obic growth with H2 and sulfur is denoted with green diamonds. All filled symbols indicate
measured -∆H of growth and open symbols are -∆G consumed during growth. Aerobic and
microaerobic data retrieved from [67] (Chapter 2).
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3.4.2 Power Consumption and Energy Budgets

Microorganisms must consume energy over the duration of growth to drive processes such

as cellular maintenance reactions, motility, and biosynthetic reactions [132, 86]. Using the

amount of Gibbs energy consumed and the total growth time for each replicate, the power

consumption was calculated in watts for all three redox conditions. Comparing the amount of

biomass produced as a function of power consumption also considers rate of growth between

redox treatments that may play a role in overall growth efficiency and energetics [57].

Figure 3.4 shows growth efficiency in terms of biomass produced versus power consumed

[147]. Contour lines have been added to depict similar values of efficiency, calculated as

log fmol-C/W. Microaerobic growth was slightly more efficient than anaerobic growth and

had an average value of 2.01 × 1014 fmol-C/W. Although more overall biomass was pro-

duced under anaerobic conditions, the average efficiency was 1.38× 1014 fmol-C/W and was

statistically similar to microaerobic results (P = 0.13, two-sample t-test). Aerobic growth

was significantly less efficient and had an average efficiency of 2.13 × 1013 fmol-C/W (P

<< 0.05, two-sample t-test), about 10-fold lower than microaerobic and anaerobic growth

results. Though the aerobic growth conditions produced more overall biomass than microaer-

obic growth on average, the stress of high-oxygen concentrations required substantially more

power during growth.
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[67] (Chapter 2).
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3.4.3 Energetic Costs for A. ambivalens

The geochemistry of an environment plays an important role in microbial activity and en-

ergetics. The effects of temperature and energy source availability have been previously ex-

plored, but laboratory studies isolating the energetic response to oxidation state are lacking.

McCollom and Amend [108] conducted a thorough computational analysis of the theoretical

cost of biomass production in oxic (microaerobic) and anoxic environments for chemolithoau-

totrophs. Their analysis was based on the cellular composition of Escherichia coli biomass

and the respective ∆G◦
f for the different biomolecules at standard temperature and pressure

(25◦C and 1 atm). They reported a substantial difference in energy requirements between the

two environments, with aerobic chemolithotrophs requiring 18.4 kJ/g biomass and anaerobes

requiring much less at 1.4 kJ/g biomass. The approximate 10-fold difference in anabolic costs

is a substantial energetic difference, though anabolism may only make up a small portion of

the overall energetic budget for growth (∼5-10%, [108]).

The difference in anabolic energetics did not cause a significant difference in overall en-

ergetic demands in microaerobic and anaerobic growth of A. ambivalens ; the average energy

budget for anaerobic growth was ∼2110 kJ/C-mol (Table 3.1) and ∼1440 kJ/C-mol for mi-

croaerobic growth (Table 3.2, P = 0.15, two-sample t-test). However, the anabolic energy

differences may explain the larger amount of biomass produced under anaerobic growth con-

ditions (refer to Figure 3.4). There was about a 10-fold increase in energy budget for fully

aerobic sulfur oxidation growth (∼17100 kJ/C-mol) compared to microaerobic or anaero-

bic growth conditions. The large energetic demand in fully aerobic conditions has been

attributed to higher maintenance energy demands [101, 107], though differences in anabolic

costs could likely play a small role in the observed energetic differences as well [108].

Overall, changes in oxidation state between microaerobic and anaerobic conditions did not

significantly impact A. ambivalens growth in terms of growth efficiency (biomass produced

per W power) or in the energy budget for growth (kJ per C-mol biomass). -∆G consumed

during growth (kJ C-mol−1 e-mol−1) was lower in microaerobic conditions than anaerobic
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conditions, suggesting a slight preference for growth using O2 as the terminal electron ac-

ceptor. The high energetic potential of the reaction with sulfur and oxygen may result in

higher energy conservation as ATP [156]. In natural environments, hot springs supporting A.

ambivalens growth typically have low oxygen concentrations due to the decrease in solubility

at high temperatures, allowing redox gradients to develop in micro-environments (µm-mm’s,

[129, 106, 23]). In these situations, A. ambivalens will likely grow preferentially on sulfur and

O2 under microaerobic conditions compared to fully aerobic or anaerobic conditions with H2

and sulfur due to the lower overall -∆G requirements for growth. However, the similarities

in growth efficiency and energy budgets under microaerobic and anaerobic conditions may

allow A. ambivalens to be competitive with either catabolic reaction.

3.5 Conclusion

Gibbs energies and enthalpies of growth were determined for A. ambivalens under anaerobic

conditions with H2 oxidation with elemental sulfur serving the energy yielding reaction. En-

ergetics of growth were compared to sulfur-oxidizing growth under aerobic and microaerobic

growth to determine the effects of oxidation state on overall energetic requirements. Despite

the higher anabolic costs of creating biomass under aerobic conditions, growth under anaer-

obic and microaerobic conditions had very similar energy budgets and growth efficiencies,

though fully aerobic growth was highly inefficient evidently due to oxidative stress. Overall

Gibbs energy consumed during growth was lowest in microaerobic conditions, suggesting

a slight preference for sulfur and O2 as energy sources in low-O2 environments. However,

the similarities in growth efficiency and energy budgets under microaerobic and anaerobic

conditions may allow A. ambivalens to be competitive in natural environments with either

catabolic reaction.
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Chapter 4

ENERGETICS OF ACIDITHIOBACILLUS SPP. DURING
SULFUR AND IRON(II) OXIDATION

This manuscript will be submitted to the journal Geochimica et Cosmochimica Acta.

Co-authored by Chloe E. Hart, Drew Gorman-Lewis

4.1 Introduction

Acidithiobacillus spp. are chemolithoautotrophic gammaproteobacteria that dominate in

both anthropogenic and naturally occurring acidic environments (pH < 3, [47, 134, 152]).

They can metabolize iron and reduced inorganic sulfur compounds (RISCs), including iron

sulfide minerals such as pyrite (FeS2), chalcopyrite (CuFeS2), and sphalerite ([Zn, Fe]S), mak-

ing these species key players in iron and sulfur biogeochemical cycles in acidic waters. As

these acidophiles grow and metabolize, they change the environment around them; the oxi-

dation of RISCs and sulfide-rich rocks ultimately leads to the production of sulfuric acid and

acid rock/mine drainage (AMD/ARD). Acid production and dissolution of sulfide-bearing

rocks release metals (e.g. Zn, Cu, As) found in these ores and abandoned mining regions, pro-

ducing metal-rich acid waters and contaminated drinking water (e.g. [53, 42]). Consequently,

understanding the metabolism of Acidithiobacillus spp. from a thermodynamic perspective

is essential for determining the impact on the surrounding environment by microbial activity.

A. ferrooxidans (formerly Thiobacillus ferrooxidans, [85]), one of the most abundant

species found in AMD [82, 54, 134], is known for its ability to adapt to different environ-

mental conditions, mainly different growth substrates and heavy metal concentrations. A.

ferrooxidans can metabolize Fe2+, elemnetal sulfur, and Fe2+ contained in iron sulfide miner-

als such as pyrite [153]. A. ferrooxidans has been shown to regulate different sets of proteins
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based on the substrate on which it is growing [126]. A. ferrooxidans upregulates a different

set of proteins during growth on sulfur and iron, while both sets are upregulated when grown

on pyrite. At some AMD sites, both Fe2+ and elemental sulfur are available as substrates

for A. ferrooxidans to metabolize. A. thiooxidans (formerly Thiobacillus thiooxidans, [85])

is also a prominent species in AMD regions. A. thiooxidans displays metabolic flexibility as

well and is able to oxidize different RISCs, primarily thiosulfate and elemental sulfur, leading

to sulfuric acid production. A. thiooxidans is unable to oxidize Fe2+, but can couple sulfur

oxidation to dissimilatory iron reduction [98]. Both A. ferrooxidans and A. thiooxidans have

a high tolerance to heavy metals (e.g. [159, 40]) and the ability to recover valuable met-

als (e.g. copper, chromium) from solution, leading to the extensive use of these species in

industrial bioleaching operations [168, 160, 167].

The environmental impacts due to metabolism, the significant influences on iron and

sulfur cycling, and their extensive use in industrial bioleaching have prompted a wealth of

research on A. ferrooxidans and A. thiooxidans, but we lack a complete quantification of their

bioenergetics during growth. In this work, we describe microbial activity in thermodynamic

terms for A. ferrooxidans and A. thiooxidans. We quantified biomass yields, Gibbs energy

consumption, and enthalpies of growth for A. ferrooxidans during sulfur and iron oxidation

and for A. thiooxidans during sulfur oxidation. Sulfur oxidation experiments were conducted

under two different growth conditions to understand nutrient-limiting effects on biomass

yields and how energetics change as a result. These results were used to infer preferential

substrates for A. ferrooxidans growth. Ultimately, the sulfur energetics reported here will

help predict energetics, such as heat production, for other sulfur-oxidizers based on growth

yields, a useful tool for bioleaching operational designs [31].
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4.2 Methods

4.2.1 Culture maintenance

All Acidithiobacillus cultures were purchased from ATCC and maintenance media followed

ATCC reccomendations as described below.

A. ferrooxidans (ATCC 23270) was maintained on different substrates prior to experimen-

tation. Cultures performing sulfur oxidation were grown in ATCC Medium 2039 containing

the following (g/L): (NH4)2SO4 (0.8), MgSO4 · 7 H2O (2.0), K2HPO4 (0.4), and 0.5% (v/v)

Wolfe’s mineral solution. This medium was adjusted to pH 2.3 with H2SO4 and autoclaved.

Sulfur was sterilized through three successive autoclave steam cycles at 100◦C for 30 min-

utes (ATCC Medium 125 protocol). Sulfur powder was aseptically added to cultures to a

concentration of 2 g/L. Cultures were transferred every week with a 5% inoculum.

Iron oxidation cultures of A. ferrooxidans were maintained in the same ATCC medium

2039 with the addition of a filter sterilized iron solution (FeSO4 · 7 H2O, 20.0 g/L). Cultures

were transferred every week with a 5% inoculum.

A. thiooxidans (ATCC 19377) was maintained in ATCC Medium 125 that contained

the following (g/L): (NH4)2SO4 (0.2), MgSO4 · 7 H2O (0.5), CaCl2 · 2 H2O (0.33), K2HPO4

(3.0), FeSO4 · 7 H2O (9.0 mg/L), and 0.5% (v/v) Wolfe’s mineral solution. The medium was

adjusted to pH 2.1 with H2SO4 and autoclaved. Sulfur powder was aseptically added to

cultures for a final concentration of 2 g/L. Cultures were transferred every four weeks with

a 5% inoculum.

All maintenance cultures were aseptically prepared in 500 ml Erlenmeyer flasks containing

100 ml medium and grown at 30◦C without agitation.

4.2.2 Calorimetric experiments

All experimental cultures were inoculated from maintenance cultures grown on the same

substrate. With the medium described above, iron-oxidizing cultures with A. ferrooxidans

were prepared with 1 mL medium in 4 mL Hastelloy calorimeter vials. The calorimeter vials
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were attached to open titration shafts covered with foil to allow a small degree of atmosphere

exchange but prevent debris from entering.

Both A. ferrooxidans and A. thiooxidans sulfur-oxidizing cultures were grown in the

same ”open system” manner, with 1 mL of their respective medium and 2 g/L sulfur in 4

mL Hastelloy vials attached to open titration shafts. Additionally, A. ferrooxidans and A.

thiooxidans were grown in ”closed system” experiments to measure energetics over different

growth yields. Closed system experiments were prepared with 2 mL medium, 2 g/L sulfur,

and prepared in 3.2 mL glass vials sealed with butyl rubber stoppers and aluminum seals.

Closed system experiments did not allow atmospheric exchange in order to limit growth.

Enthalpies of growth were measured with a TA Instruments TAM III Nanocalorimeter

that measures heat flow between a reaction vial containing the growth experiment and a refer-

ence vial [80, 165]. The calorimeter heat flow response was calibrated by an electrical heating

procedure verified by measuring the heat of protonation of trishydroxymethylaminomethane

[61].

Experimental and reference vials were filled with identical media and atmospheric con-

stituents. The experimental vial contained an aliquot from the appropriate maintenance

culture to provide an initial cell density of 106 cells/ml and the reference vial was kept sterile

and void of cells. The heat flow of the samples was monitored over time. After the signal

returned to baseline, the signal was integrated after baseline correction to determine the

total heat produced during growth. The total heat produced was normalized to the change

in total cell material produced to calculate enthalpy (kJ/C-mol).

4.2.3 Chemical measurements

At the beginning and end of growth, chemical data was collected to measure the change

in components of the growth medium. Sulfate concentrations were determined through

Hach TNTplus spectrophotometric sulfate test vials, pH was measured with a combination

microelectrode (Microelectrodes, Inc.) calibrated daily with four NIST standards, dissolved

oxygen was measured with a Unisense Clark-type D.O. microsensor, and Fe(II) and Fe(III)



53

concentrations were measured using the ferrozine analysis [161]. Slides for cell counts were

prepared using a polycarbonate 0.2 µm filter membrane with SYBR Green I dye following

the procedure of Lunau et al. [100] and examine with appropriate filters on a Zeiss Axiostar

Plus microscope. The total grams of protein per cell was determined according to Lowry et

al. [99] by colorimetric assay. Cell counts were converted to grams of biomass by doubling

the determined grams of protein per cell, assuming total protein comprises 50% of cell mass,

and multiplying it by the total cell count [144].

4.2.4 Overall growth modeling

Overall metabolism was modeled as macrochemical equations following equations reported

by Heijnen and Kleerebezem [68]. The basis of the equations is the biosynthesis of one

carbon-mole (C-mol) of biomass, represented by the formula CH1.4O0.4N0.2 reported for A.

ferrooxidans [88]. The formula for biomass includes only the four major elements of cellular

material and has a molar mass of 22.6 g/C-mol. As autotrophic organisms, A. ferrooxi-

dans and A. thiooxidans synthesize biomass through the anabolic reaction, represented by

Equation 4.1.

a · e− donor + b · N source + c ·H+ + d ·H2O + e · CO2

+f · oxidized e− donor + CH1.4O0.4N0.2 = 0
(4.1)

Biosynthesis is an endergonic reaction (∆G> 0) or slightly exergonic (∆G≤ 0) [150]. There-

fore, the reaction requires energy to proceed. Catabolism generates the Gibbs energy through

redox reactions and drives anabolism. A generic catabolic reaction is shown in Equation 4.2.

g · e− donor + h · e− acceptor + i · oxidized e− donor

+ j · reduced e− acceptor = 0
(4.2)

Metabolic coefficients a through j were determined by solving a series of linear equations to

satisfy mass, charge, and degree of reduction balances. Reactants consumed during growth
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result in negative coefficients while products result in positive coefficients.

The energy gained through catabolism is also used for reactions such as protein turnover

and cellular maintenance reactions [133], thus the anabolism and catabolism do not occur

in a 1:1 ratio. The catabolic multiplicative factor (fcat) represents the number of times the

catabolic reaction is performed to produce 1 C-mol biomass. fcat is calculated with Equation

4.3 using the biomass yield (YX/D, defined as C-mol of biomass produced per mole electron

donor consumed) and the anabolic coefficient of the electron donor (Y D
an, or coefficient a in

Equation 4.1). The total biomass produced in C-mol was calculated by converting grams of

biomass to C-mol using the molar mass of the biomass formula (22.6 g/C-mol).

fcat =
−1

YX/D

+ Y an
D (4.3)

The overall growth coefficients are determined by combining fcat (Equation 4.3), catabolic

coefficients (Equation 4.2), and the anabolic coefficients (Equation 4.1), as shown in Equation

4.4.

Overall growth reaction = Anabolism + fcat · Catabolism (4.4)

Individual fcat values and overall growth reactions were calculated for each experimental

replicate based on the resulting biomass yield. Overall growth reactions for each experimental

were used for further thermodynamic calculations.

4.2.5 Gibbs energy consumption

Gibbs energy consumed (∆G) during growth was calculated for each experiment as the

change of the amount of Gibbs energy available before and after growth, based on the the

respective growth reaction derived. Calculating available Gibbs energy requires the use of

activities of all the chemical species in the overall growth reaction. While the chemical species

involved in all the growth reactions remain constant across all experiments, the stoichiometric

coefficients vary as they are dependent on the biomass yield produced in each experiment
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replicate. Thus, available Gibbs energy must be calculated for each experiment as it relies

on both the species involved and the stoichiometric coefficients.

The standard state Gibbs energies of formation (∆G◦
f ) for the chemical species in the

growth reaction were calculated at the experiment temperature with the revised Helgeson-

Kirkham-Flowers (HKF) equations of state [72, 71] using SUPCRT92 [139, 83, 138, 141].

Standard states include unit activity of pure solid, unit activity of aqueous species in a

hypothetical 1 molal solution to infinite dilution, and unit fugacity of a pure gas at 1 bar

at any temperature and pressure. For biomass, ∆G◦
f = -67 kJ/mol was used for all growth

experiments [69]. Standard state Gibbs energies of reactions (∆G◦
r) of the overall growth

reaction determined for each experiment were calculated using Equation 4.5, based on the

Gibbs energy of formation of the products (∆G◦
f,products) and of the reactants (∆G◦

f,reactants)

of the overall growth reaction.

∆G◦
r =

∑
∆G◦

f,products −
∑

∆G◦
f,reactants (4.5)

Available Gibbs energy in the medium (∆Gr) was calculated for the given growth reaction

as demonstrated in Equation 4.6, using standard state Gibbs energies of reactions (∆G◦
r)

determined for each experiment from Equation 4.5, the universal gas constant (R), absolute

temperature (T ), and the reaction quotient (Qr).

∆Gr = ∆G◦
r +RT × ln(Qr) (4.6)

The reaction quotient, Qr, was calculated with the activities of the products and reactants

involved in the overall growth equation and is shown in Equation 4.7, where aY
ogr

i denotes

thermodynamic activity of the ith chemical species and Y ogr represents the stoichiometric

reaction coefficient of the ith species in the overall growth reaction (Equation 4.4).

Qr =
∏

aY
ogr

i (4.7)

Activities of the aqueous species were calculated using PHREEQC [119] and solid sulfur
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was assumed to have an activity of 1. Biomass in solution, assuming an activity coefficient

of 1, was converted from molality (C-mol/kg solvent) to activity. Gibbs energy consumed for

growth was calculated as the difference between initial (Gr,initial) and final (Gr,final) available

Gibbs energy (Equation 4.8).

∆G = ∆Gr,initial −∆Gr,final (4.8)

4.3 Results

4.3.1 A. ferrooxidans – Fe(II) oxidation

Calorimetry captured clear heat signals for all replicates during growth. The heat flow

curve paralleled the growth phase of the culture with lag, exponential, and stationary phase

corresponding to the initial baseline, exponential increase and peak heat flow signal, and

return to baseline, respectively, as shown in Figure 4.1 with A. ferrooxidans growth on Fe2+.

Exponential growth began after approximately 29 hours of growth. Peak heat signal was 22

µW at about 62 hours. After 54 hours of exponential growth, the heat signal returned to

baseline after a total of 83 hours for growth.

Protein colorimetric assays resulted in a calculated cell mass of 2.19 ×10−13 g/cell. This

value, along with a biomass molar mass of 22.6 g/C-mol, was used to convert all cell counts to

C-mol biomass. Growth data collected from each A. ferrooxidans replicate are summarized

in Table 4.1. Cultures typically oxidized 70 µmoles of Fe2+, with visible iron precipitation

in culture vials after growth. An average biomass of 0.34 µmol-C was produced, resulting in

a biomass yield of 0.0048 C-mol/Fe-mol.
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Figure 4.1: A) Example of a heat flow curve for Acidithiobacillus ferrooxidans during iron
oxidation. B) Growth curve of A. ferrooxidans during iron oxidation, shown as percent Fe2+

of total iron (Fe2+ and Fe3+) over time. The heat flow and growth curves show cultures
reach stationary phase around 100 hours.
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Enthalpies of growth, or total heat produced per C-mol biomass produced, were deter-

mined for each replicate by integrating calorimetric heat flow curves. Due to iron precipi-

tation, heat production due to microbial growth had to be corrected. PHREEQC chemical

output showed goethite (α-FeOOH) was supersaturated in solution, suggesting this was the

iron mineral precipitating in the culture vials. Goethite precipitation is described by Equa-

tion 4.9.

Table 4.1: Acidithiobacillus ferrooxidans growth on Fe(II) / O2

Biomass Fe(II) Yield −∆Hcorr −∆G

(C-mol) (µmol) C-mol/Fe (kJ/C-mol) (kJ/C-mol)

3.99× 10−7 52.9 0.0058 7341 5494± 1114

4.06× 10−7 51.1 0.0059 9004 5408

3.32× 10−7 55.0 0.0043 13316 11040

3.72× 10−7 55.0 0.0048 10395 9864

2.95× 10−7 55.1 0.0047 13009 5353

3.37× 10−7 56.6 0.0054 6466 4767

Avg 3.41× 10−7 70.7 0.0052 9921 6988

Fe3+ + 2 H2O −−→ FeOOH + 3 H+ (4.9)

Goethite precipitation is an endothermic reaction (∆H◦
r = 58.8 kJ/mol, [83]) and thus can

dampen the heat signal produced by A. ferrooxidans growth. To correct for this, moles of

total iron (Fe2+ and Fe3+) after growth were compared to total iron at the beginning of the

experiment. The number of moles missing from solution was assumed to be representative

of the precipitated goethite in the vials. Moles of goethite were converted to enthalpies

using the previously mentioned ∆H◦
r and added to the total growth heat prior to calculating

growth enthalpies. This is discussed in more detail below.
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Figure 4.2: Energetics of Acidithiobacillus ferrooxidans during iron(II) oxidation compared
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r and ∆H◦
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mol/Fe2+-mol). Standard states for the overall growth reaction were calculated for 1 molal
of pure reactants and products at 30◦C. The standard state curves act as theoretical results
for how microbial growth will behave at different biomass yields. Asterisks (∗) represent
measured ∆H and crosses (×) represent calculated ∆G for each replicate.
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The ∆G and ∆H values determined for each A. ferrooxidans replicate were similar to

the hypothetical standard state values, shown in Figure 4.2. The average corrected value for

-∆H was 9920 kJ/C-mol and the -∆G consumed was slightly lower at 6990 kJ/C-mol (Table

4.1). As standard state calculations predict, Gibbs energy of the overall growth reaction was

primarily dissipated as enthalpy for growth on Fe2+ depicted as more negative ∆H values

than ∆G.

4.3.2 A. ferrooxidans – S◦ oxidation

A. ferrooxidans produced distinct heat curve signals during growth on sulfur in all replicates

(Appendix Figure A.5) and were different from growth on Fe2+. In the open system setup,

exponential growth began after approximately 32 hours of growth. Peak heat signal was

23 µW and occurred about 68 hours into the experiments. After 86 hours of exponential

growth, the heat signal returned to baseline, with total growth lasting for about 118 hours.

In the closed system experiments, growth was did not last as long and produced a smaller

signal. Exponential growth began after approximately 7 hours of growth. The peak heat

signal reached 9 µW after about 15 hours. After 41 hours of exponential growth, the heat

signal returned to baseline after a total growth time of 48 hours.

Growth data collected from all open and closed system replicates are summarized in

Table 4.2. Open system experiments yielded more biomass than closed experiments, with

an average of 2.2 µmol-C. The average number of sulfur moles oxidized was 18.5 µmoles,

resulting in an biomass yield of 0.1227 C-mol/S-mol. In the closed system experiments,

the average amount of biomass was 0.17 µmol-C. The amount of sulfur oxidized was 7.3

µmoles, resulting in a lower biomass yield than open experiments, with an average of 0.0270

C-mol/S-mol.

Enthalpies of growth and ∆G consumed per C-mol biomass produced were determined

for each replicate (Table 4.2). The average -∆G consumed for the open experiments was 125

kJ/C-mol and 760 kJ/C-mol for closed experiments. The average -∆H values were substan-

tially higher at 1450 kJ/C-mol and 5080 kJ/C-mol for open and closed system experiments,
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respectively. When -∆G and -∆H were plotted with standard state values as a function of

biomass yield, both -∆G and -∆H were much lower than -∆G◦
r and -∆H◦

r . Standard state

conditions did

Table 4.2: Acidithiobacillus ferrooxidans growth on S / O2

Biomass S◦ used C-mol/S −∆H −∆G

(C-mol) (µmol) (kJ/C-mol) (kJ/e-mol) (kJ/C-mol) (kJ/e-mol)

Open system

1.88× 10−6 14.9 0.1260 1842 307 95 16

3.28× 10−6 17.7 0.1855 1070 178 81 13

1.64× 10−6 15.9 0.1027 1830 305 113 19

1.69× 10−6 13.1 0.1290 1595 266 77 13

2.56× 10−6 20.0 0.1280 1145 191 135 23

1.91× 10−6 29.3 0.0651 1219 20. 251 42

Avg 2.16× 10−6 18.5 0.1227 1450 242 125 21

Closed system

3.26× 10−7 6.4 0.0509 2054 342 204 34

1.76× 10−7 4.6 0.0353 3150 525 224 37

8.92× 10−8 8.6 0.0104 6347 1058 1345 224

7.95× 10−8 9.6 0.0083 8775 1463 1269 211

Avg 1.68× 10−7 7.3 0.0270 5082 847 760 127



62

10-3 10-2 10-1 100

Biomass yield (C-mol / S-mol)

101

102

103

104

105

106

-
G

  o
r 

 -
H

 (
kJ

 / 
C

-m
ol

)

A. ferrooxidans

- H°
r

- G°
r

open system

closed system

- H

- G

Figure 4.3: Energetics of Acidithiobacillus ferrooxidans oxidizing sulfur and standard state
∆G◦

r and ∆H◦
r (kJ/C-mol) for given biomass yields (C-mol/S◦-mol). Standard states for

the overall growth reaction were calculated for 1 molal of pure reactants and products at
30◦C. Standard state curves act as theoretical results for microbial growth energetics as they
relate to biomass yield. Filled symbols represent ∆H measured by calorimetry and open
symbols represent calculated ∆G for each replicate. Closed and open system experiments
are designated by stars (G) and circles (•), respectively.
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not accurately represent A. ferrooxidans growth during sulfur oxidation for a given biomass

yield, but did accurately predict the highly exothermic nature of growth (∆H more negative

than ∆G). Both -∆G and -∆H increased as biomass yield decreases, which followed the same

trend as the standard state values.

4.3.3 A. thiooxidans – S◦ oxidation

A. thiooxidans produced very distinct heat curve signals during growth on sulfur in all repli-

cates and produced the largest heat signals across all the tested growth conditions (Figure

A.6). In the open system experiments, exponential growth began after approximately 9

hours. The peak heat signal reached 91 µW around 64 hours of growth. After 225 hours

of exponential growth, the heat signal returned to baseline, totaling 234 hours of growth.

In the closed system experiments, exponential growth began after approximately 2 hours of

growth. The peak heat signal was lower, approximately 8 µW, at 12 hours into the exper-

iment. Exponential growth lasted for 43 hours before the heat signal returned to baseline,

totaling 45 hours of growth.

Table 4.3 contains a summary of growth data collected from each A. thiooxidans replicate.

In the open system experiments, the average amount of biomass produced was 1.5 µmol-C,

with an average moles of sulfur oxidized of 179 µmoles. This resulted in an average biomass

yield of 0.0092 C-mol/S-mol. Closed experiments did not grow as well, with an average

amount of biomass production of 0.04 µmol-C. The average amount of sulfur oxidized was

also much lower, at 15 µmoles. This led to an average biomass yield of 0.0028 C-mol/S-mol.
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Table 4.3: Acidithiobacillus thiooxidans growth on S / O2

Biomass S◦ used C-mol/S −∆H −∆G

(C-mol) (µmol) (kJ/C-mol) (kJ/e-mol) (kJ/C-mol) (kJ/e-mol)

Open system

1.40× 10−6 106 0.0132 20516 3419 1121 187

1.04× 10−6 257 0.0041 50572 8429 5025 837

1.84× 10−6 200 0.0084 23673 3946 2243 374

7.13× 10−7 155 0.0046 48010 8002 3891 648

2.45× 10−6 157 0.0156 15659 2610 1104 184

Avg 1.49× 10−6 179 0.0092 31686 6150 2677 630

Closed system

4.28× 10−8 10 0.0043 13285 2214 1860 310

2.56× 10−8 10 0.0025 22832 3805 3582 597

4.96× 10−8 21 0.0024 9401 1567 6322 1054

3.95× 10−8 20 0.0020 12391 2065 7296 1216

Avg 3.94× 10−8 15 0.0028 14477 2413 4765 794
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Enthalpies of growth and Gibbs energy consumed were determined for each replicate

given their respective overall growth reactions and then normalized to biomass produced.

As shown in Table 4.3, average -∆G consumed for open experiments was 2680 kJ/C-mol and

4770 kJ/C-mol for closed experiments. Average -∆H were substantially higher at 3.17 ×104

kJ/C-mol and 1.45 ×104 kJ/C-mol for open and closed system experiments, respectively.

Compared to standard state -∆G◦
r and -∆H◦

r as a function of biomass yield, -∆G and -∆H

were much lower. Like A. ferrooxidans on sulfur, the standard state values of the overall

growth reaction did not accurately represent experimental growth, but did predict enthalpy

as the primary mode of Gibbs energy dissipation (more negative ∆H than ∆G). Growth in

both closed and open experiments was very exothermic. Both -∆G and -∆H for the open

system replicates increased as biomass yield decreased, following the same trend as standard

state values, but the closed system replicates did not. At the lower biomass yields recorded

for the closed system experiments, -∆H began to decrease while -∆G consumption increased

slightly, roughly following the trend of the open system replicates.
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Figure 4.4: Energetics of growth (kJ/C-mol) for Acidithiobacillus thiooxidans during sulfur
oxidation compared to theoretical standard state values for a range of biomass yields (C-
mol/S-mol). -∆G◦

r (dashed line) and -∆H◦
r (solid line) were calculated for 1 molal of pure

reactants and products at 30◦C. Squares (g) represent replicates from open system experi-

ments, diamonds (p) represent closed system experiments, filled symbols are measured -∆H
from calorimetry, and open symbols are calculated -∆G for all replicates.
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4.4 Discussion

4.4.1 Iron oxidation by A. ferrooxidans

Precipitation of iron minerals from the growth medium affected ∆G, ∆H, and biomass yield

calculations for A. ferrooxidans despite analyzing abiotic controls. In correcting enthalpies

of growth, the only data necessary were the type of iron mineral that precipitated and

amount of total iron missing from solution. Using the ∆H◦
r of the precipitation reaction,

the heat production more accurately represents enthalpy due to growth. It is not necessary

to know whether the Fe3+ in the mineral precipitate was oxidized due to biotic or abiotic

processes. However, this is not the case in calculating biomass yields and ∆G consumed

during growth. Abiotic oxidation of Fe2+ leads to a larger change in available Gibbs energy

in the medium after growth, making ∆G consumption appear larger and biomass yield

appear lower than their true values. Although control vials (without biomass) were prepared

to measure abiotic oxidation of Fe2+, the abiotic controls do not truly mimic experimental

conditions in characteristics such as chemistry changes in the medium as biomass increases,

changes in dissolved oxygen due to metabolism, and interactions with cell surfaces. Due

to these complications, calorimetry data is more reliable for describing energetics of iron-

oxidizing organisms like A. ferrooxidans.

4.4.2 Substrate utilization—A. ferrooxidans

In AMD environments, both sulfur and Fe2+ can be available as energy sources for A. fer-

rooxidans to metabolize. Regions containing pyrite tend to be popular research locations to

study AMD ecology and microbial diversity due to the prevalence of pyrite on Earth. How-

ever, pyrite dissolution at ambient temperatures does not lead to a large supply of elemental

sulfur (Nordstrom and Southam, 1997). At elevated temperatures, elemental sulfur and

other RISCs can form, but the higher temperatures do not support A. ferrooxidans growth.

A study by Schrenk et al. (1998) demonstrated that A. ferrooxidans was not responsible for

acid production at the AMD site at Iron Mountain, CA, and instead was metabolizing Fe2+
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over sulfur. The microorganism Leptospirillum ferrooxidans (L. ferrooxidans), a moderate

thermophile, was found closer to the pyritic ore metabolizing RISCs where temperatures

reached 50◦C. Regions containing other iron sulfides, such as chalcopyrite (CuFeS2), do lead

to a measurable production of elemental sulfur at temperatures favorable for A. ferrooxi-

dans growth (near 30◦C), providing A. ferrooxidans with two different electron donors to

metabolize [118, 136].

It is widely thought that growth will likely occur preferentially on the substrate that

releases the most energy (most negative ∆G◦
r). However, Amenabar et al. [4] presented

a case where growth preferentially occurred on the substrate that generated the greatest

energetic yield (C-mol/µJ) over the substrate that had the most energetic potential. Under

the conditions tested in this investigation, A. ferrooxidans growth on elemental sulfur both

maximized energetic yield (C-mol/µJ) and produced the largest growth yield (C-mol/mol

substrate). As shown in Figure 4.5, normalized to the moles of electrons transferred, growth

on iron (1 e−-mol/Fe-mol), consumed significantly more substrate, and ∆G as a result, while

producing less biomass per mole of electrons transferred than growth on sulfur (6 e−-mol/S-

mol). When comparing growth on different substrates, it is also important to look at the

power consumption, or rate of Gibbs energy consumed over time. Figure 4.6 shows the

power consumed, calculated as joules of Gibbs energy consumed per second of growth, and

the number of cells produced per ml for all open system growth experiments. These results

are consistent with other research on iron-oxidizing microbes; iron oxidation is known to

yield low levels of energy [142, 118]. Following this argument, A. ferrooxidans should grow

preferentially on elemental sulfur over Fe2+ in environments favorable for growth where both

substrates are present.
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Figure 4.5: Combined energetics data and biomass yields from Acidithiobacillus ferrooxidans
with sulfur (A.f.—S◦, •, G) , Acidithiobacillus thiooxidans with sulfur (A.t.—S◦, g, p)
and Acidithiobacillus ferrooxidans during iron oxidation (A.f.—Fe(II), ∗, ×), normalized to
moles of electrons transferred. Filled symbols and asterisks represent -∆H and open and
cross symbols represent -∆G.
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Figure 4.6: Total cells produced (cells/ml) and power consumed (µW) for all open growth
results. Results for Acidithiobacillus ferrooxidans with sulfur (A.f.—S◦, •), Acidithiobacillus

thiooxidans with sulfur (A.t.—S◦, g) and Acidithiobacillus ferrooxidans during iron oxida-
tion (A.f.—Fe(II), ×) are calculated as ∆G consumed per seconds of growth, taking into
account the different growth times. A. ferrooxidans growth on iron(II) consumed more power,
but produced less cells compared to A. ferrooxidans and A. thiooxidans grown on sulfur.
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4.4.3 Open and closed system growth

Open and closed system experiments yielded very different results. Both in A. thiooxidans

and A. ferrooxidans cultures, the closed system experiments produced significantly lower

biomass yields than the open systems. In A. ferrooxidans sulfur-oxidizing experiments,

lower yields were accompanied by higher -∆G consumption and higher dissipation of energy

as -∆H (refer to Figure 4.3). These increases paralleled standard state curves for -∆G◦
r and

-∆H◦
r. In A. thiooxidans cultures, the closed system led to lower than expected -∆H values,

based on hypothetical values demonstrated by ∆H◦
r, and similar -∆G values to the open

system experiments (refer to Figure 4.4).

The response in growth efficiency was to be expected. Closed system experiments were

completely sealed off from the atmosphere after inoculation. Unlike in the open system de-

sign, availability of both carbon source (CO2) and energy source (O2) were limited, leading

to a depletion of nutrients as growth progressed without replenishment. A similar change in

biomass yield was demonstrated in L. ferrooxidans, another prevalent acidophile in AMD en-

vironments, in response to energy source and CO2 limitations [19]. Under conditions limiting

either CO2 or energy source (characterized as low Fe2+ in [19]), biomass yield (measured as

g-protein/g-Fe2+) increased 2- to nearly 4-fold compared to yields under double limitation.

Under the open system design with no CO2 added to the headspace [73, 17], A. ferrooxi-

dans and A. thiooxidans growth was only limited by CO2, leading to an approximate 4-fold

increase in yield for A. ferrooxidans and 3-fold increase for A. thiooxidans.

The change in energetics and biomass yield between open and closed system growth

conditions may, in part, be due to genes responsible for carbon assimilation. It has been

proposed that these species are capable of dealing with fluctuations in O2, CO2, and other

environmental conditions becuase their genomes contain copies of different forms of RuBisCO

[14, 43], the main enzyme that catalyzes the CO2 fixation reaction in the Calvin-Bassham-

Benson (CBB) pathway. Of the four known types of RuBisCO, both A. ferrooxidans and A.

thiooxidans contain two copies of RuBisCO form I [70, 44] and one copy of RuBisCO form II
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[43, 179]. L. ferrooxidans also contains copies of form I and form II RuBisCO. The change in

energetics and biomass yield between the open and closed experimental designs could partly

be due to a change in the type of RuBisCO being used for growth.

4.4.4 Sulfur oxidation energetics

Despite the similarities between A. thiooxidans and A. ferrooxidans, there are genetic differ-

ences between the two species that may play a role in the energetic differences and biomass

yields demonstrated here. A prominent difference is the enzymatic pathway responsible for

sulfur oxidation. A. thiooxidans contains a cluster of genes belonging to the well-studied SOX

system, or sulfur oxidases [160, 50]. A. ferrooxidans, however, evolved different mechanisms

for sulfur oxidation and lacks all sox genes. Instead, A. ferrooxidans has genes encoding

sulfide quinone oxidoreductases (SQR) [178].

Outside of the Acidithiobacillus genus, other prokaryotes have evolved different mech-

anisms to oxidize RISCs [50, 55]. In the Archaea domain, some organisms in the order

Sulfolobales are also capble of metabolizing elemental sulfur and oxygen in acidic environ-

ments. Acidianus ambivalens (A. ambivalens) is a thermoacidophile found in geothermal

regions such as Yellowstone National Park, growing at temperatures between 70 − 85◦C

[180, 181, 51]. A. ambivalens uses sulfur oxygenase-reductase (SOR) to oxidize sulfur in the

presence of oxygen, producing sulfite, thiosulfate, and hydrogen sulfide ([90, 91]). Previous

work by Hart and Gorman-Lewis (in prep) quantified the bioenergetics for A. ambivalens

both for fully aerobic growth conditions (near 100% O2 saturation) and microaerophilic

conditions (50% O2 saturation). The combined energetics data from A. thiooxidans, A.

ferrooxidans, and A. ambivalens are shown in Figure 4.7.
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Figure 4.7: Combined energetics data from mesophilic Bacteria Acidithiobacillus ferrooxidans
(open system — •, closed system — G) and Acidithiobacillus thiooxidans (open system —

g, closed system — p), and the thermoacidophilic Archaea Acidianus ambivalens (50%

O2 saturation — ', 100% O2 saturation — n). Filled purple symbols represent ∆H and
open green symbols represent ∆G of growth. Despite the vast differences in biochemistry
and growth temperatures, the three species produced a significant correlation between ∆G,
∆H, and biomass yields. Linear regressions are shown for both ∆G (R2 = 0.94) and ∆H
(R2 = 0.80).
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It is interesting to find correlating energetics between these three species given the extreme

temperature and biochemical differences between the mesophilic Bacteria investigated in this

study and A. ambivalens, a thermophilic Archaea. These three organisms also use different

enzymes to oxidize sulfur. This suggests ∆G and ∆H of microbial growth is influenced

more by the aqueous chemistry of the catabolic reaction than biochemical differences of the

microorganisms in question. Bioenergetic trends of the sulfur oxidizers in this study may

also hold true for other sulfur-oxidizing species and could help predict growth energetics for

species not yet studied.

4.5 Conclusion

This is the first full thermodynamic characterization of microbial growth for A. ferrooxi-

dans and A. thiooxidans. A. ferrooxidans grew more efficiently on sulfur, both in energetic

yield and substrate yield, than on Fe2+. Sulfur growth also produced significantly more cells

per watt of power consumed. Closed system experiments (CO2/O2 limited) with A. ferrooxi-

dans and A. thiooxidans during sulfur oxidation led to inefficient growth represented as lower

biomass yield and higher Gibbs energy consumed compared to open system experiments. All

the sulfur oxidation results recorded for A. ferrooxidans and A. thiooxidans correlated with

a high temperature Archaea, Acidianus ambivalens, in terms of growth energetics (∆G and

∆H) and biomass yields despite extreme differences in biochemistry and growth tempera-

tures. This suggests that the changes in aqueous chemistry due to the catabolic reaction sur-

pass biochemical differences between organisms when determining microbial energetics. The

sulfur oxidation results presented here may help predict energetics with respect to biomass

yield for other sulfur oxidizers.
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Chapter 5

THERMODYNAMIC CHARACTERIZATION OF CADMIUM
ADSORPTION ONTO CELLS OF THE

THERMOACIDOPHILE SULFOLOBUS ACIDOCALDARIUS

This manuscript will be submitted to Chemical Geology.

Co-authored by Chloe E. Hart, Drew Gorman-Lewis

5.1 Introduction

Heavy metal contaminants enter the biosphere through natural processes and as a result

of anthropogenic influences. Acidic environments in particular host high concentrations of

toxic metals such as cadmium, copper, and zinc due to their increased solubility at low pH

[30, 117, 42]. Adsorption to cell surfaces and organic ligands can control the bioavailability

and mobility of metals in aqueous environments (e.g. [112, 166, 27, 177, 59, 58]). Therefore,

quantifying the extent of metal accumulation on the surface of acidophiles is necessary to

understand how their cell surfaces can impact metal partitioning in these systems.

Acidic systems are generated primarily through biological or geophysical/geochemical

processes. Some biologically driven systems begin as the result of exposure of sulfidic ores

to atmospheric oxygen, either through mining or natural weathering. Sulfide-bearing rocks

oxidize abiotically when exposed to oxygen and biotically due to microbial activity, leading

to the production of acidic waters best known as acid mine drainage [81]. In environments

with geophysical and geochemical drivers, volcanic systems produce vapors (i.e. H2S, CO2)

as hydrothermal waters boil in response to pressure/temperature changes. As the sulfide-

bearing vapors condense, abiotic and biotic oxidation produces sulfuric acid, leading to the

formation of acidic hot springs at the surface, such as the sulfuric acid-rich features in
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Yellowstone National Park [176]. Hot springs within the same geothermal system can have

a range of pH values, from < 2 to near neutral [124, 151].

Microorganisms found in these extreme environments not only thrive in the low pH con-

ditions, but grow despite the presence of toxic metals. Acidophiles display high tolerances for

heavy metals compared to neutrophilic organisms [40, 128, 41, 172], leading to their use in

industrial bioleaching and remediation research. Studies have been conducted to understand

metal sorption to the cell surfaces of acidophiles, though bacterial species are typically the

focus [170, 29, 56]. Of the acidophilic Archaea isolated in pure culture, Sulfolobus acidocal-

darius (S. acidocaldarius) has one the highest tolerances for cadmium. S. acidocaldarius,

first isolated from Yellowstone National Park, is a thermoacidophile that grows optimally

at temperatures between 70-75◦C and pH around 3, but can withstand a pH range of 0.9

to 5.8 [26, 47]. S. acidocaldarius can grow in the presence of Cd despite its toxicity [13],

withstanding concentrations up to 10 mM (∼ 1,000 ppm) before metabolic activity ceases

[62, 110].

The high tolerance for Cd in metal-rich acidic environments makes S. acidocaldarius an

excellent candidate for research on Cd complexation research by cell surfaces. Ideally, we

want to understand Cd surface complexation at high temperatures to accurately represent

environments that support S. acidocaldarius. However, conducting metal adsorption exper-

iments at higher temperatures is difficult to accomplish [56]. To rectify the temperature

discrepancy between experiments and thermophilic environments where S. acidocaldarius is

found, temperature-dependent stability constants can be extrapolated to higher tempera-

tures using the Van’t Hoff equation.

In this investigation, we measured Cd adsorption onto S. acidocaldarius cells as a function

of pH, ranging from 3-8, and two biomass concentrations. Adsorption results, combined with

surface complexation modeling of S. acidocaldarius cells, were used to determine site-specific

enthalpies of Cd adsorption through isothermal calorimetry.
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5.2 Materials and Methods

5.2.1 Cell Growth

S. acidocaldarius was grown in liquid medium containing 1 g/L tryptone, 0.05 g/L yeast

extract, 10 mM (NH4)2SO4, 1 mM MgSO4•7H2O, 5 mM CaCl2•2H2O, 2 mM KH2PO4, 22

µM Na2B4O7, 75 µM FeCl3•6H2O, 124 nm NaMoO4, 120 nm MnCl2, 66 nm CoSO4, 150

nM VOSO4•2H2O, 77 µM ZnSO4•7H2O, and 8 nm CuCl2•2H2O. The medium was adjusted

to pH 3 with H2SO4 and cultures were grown at 70 ◦C. Cultures were transferred (10%

inoculum size) to fresh medium after 6 to 7 days.

Biomass for experiments was harvested from culture via centrifugation when cells reached

stationary phase. Cells were washed three times, which involved suspending the biomass in

0.1 M NaClO4 and vortexing for 15 seconds. Cells were reharvested via centrifugation and

the supernatant decanted and replaced with fresh 0.1 M NaClO4. The process was repeated

two additional times.

5.2.2 Adsorption Experiments

All adsorption experiments conditions were performed with S. acidocaldarius suspended in

0.1 M NaClO4 in Nalgene Oak Ridge FEP centrifuge tubes. Two biomass concentrations were

used, deemed low biomass (0.18 g/L dry weight) and high biomass (0.68 g/L dry weight).

Cd added to the biomass suspension to create a solution with a final Cd concentration of

4.4 × 10−5 M. The Cd-containing suspension was separated into reaction vessels and the

pH adjusted to between 3 and 8 using small volumes of concentrated NaOH and HClO4.

Reaction vessels were slowly agitated end over end for 45 min and the equilibrium pH was

measured. The supernatant was filtered through a 0.22 µm polycarbonate membrane fil-

ter. Cd in the supernatant was analyzed spectrophotometrically by its color reaction with

2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (5-BrPADAP) following procedures by [74]

adapted for Cd instead of Zn, without the preconcentration step and demasking steps as

these were unnecessary. The analytical uncertainty of this procedure was 3%. By subtract-
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ing the aqueous metal concentration in the supernatant from the initial concentration, the

concentration of metal bound to cells was determined. Cell-free, Cd control experiments were

performed in the same manner to ensure that Cd did not adsorb onto the polycarbonate filter

membrane or other experimental apparatus.

5.2.3 Desorption Experiments

Desorption experiments were conducted to determine the reversibility of the Cd-cell adsorp-

tion reaction. Cd-bearing cell suspensions in 0.1 M NaClO4 were adjusted to approximately

pH 7.4 and 6.3, agitated for 45 min, and adsorbed Cd was determined on an aliquot of the

sample using procedures describe above. The remaining suspensions were adjusted to pH

3.0 and agitated for an additional 45 min before remeasuring adsorbed Cd.

5.2.4 Calorimetric Experiments

Calorimetric experiments involved titrating a cadmium-bearing solution with a computer

controlled Lund pump with a syringe and cannula into the reaction cell at a nearly constant

pH. The reaction and reference cells were filled with 1 ml of microbial suspension in 0.1 M

NaClO4. Cell-bearing suspensions were adjusted to pH 5.4 and 5.0. The pH of the suspension

was adjusted to the appropriate pH by the addition of HClO4 or NaOH prior to the titration.

The titrant composition was 4.2 mM Cd(ClO4)2 in 0.1 M NaClO4 with the pH adjusted to

match that of the bacterial suspension. Sequential 12 µL doses of titrant were added to the

reaction cell followed by an 8 min period of monitoring heat flow.

Experimental heats associated with metal-adsorption reactions on the cell wall for the ith

addition of titrant (Qcorr
i ) requires a background correction to subtract heats associated with

the reactions intrinsic to the titration process. Background heats (Qbkg
i ) were measured by

titrating the same Cd-bearing solution into a cell-free solution of 0.1 M NaClO4. Corrected

heats are produced by subtracting background heats from the experimentally measured heat

(Qexp
i ) as described by Equation 5.1.
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Qcorr
i = Qexp

i −Qbkg
i (5.1)

5.2.5 Derivation of model parameters

Surface complexation models

We modeled the adsorption data with a surface complexation model to quantify metal ad-

sorption. The non-electrostatic model of [60] describes the proton-active sites on the surface

of S. acidocaldarius (Table 5.1). Proton binding is ascribed to distinct reactions of the

following stoichiometry:

R-LiH
o ↔ R-L−

i +H+ (5.2)

where R is a bacterial cell to which a proton-active functional group, Li, is attached.

Table 5.1: Sulfolobus acidocaldarius

Parametera S. acidocaldarius

pKa 3.6 ± 0.1 4.6 ± 0.1 6.6 ± 0.1 9.9 ± 0.2

[Sites](µmol/g)b 363 ± 10 389 ± 10 1380 ± 10 1995 ± 10

∆G(kJ/mol) -20.5 ± 0.6 -26.1 ± 0.7 -37.9 ± 0.9 -56.5 ± 1.0

∆H(kJ/mol) -7.3 ± 2.6 -6.2 ± 2.3 -15.8 ± 0.3 -24.6 ± 0.4

∆S(J/molK) 44 ± 9 67 ± 8 74 ± 3 107 ± 4

a According to the reaction R-L−
i + H+ ↔ R-LiH

o for ionic strength

of 0.1 M with 1 σ errors reported.

b Normalized to dry weight.
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Electric double layer interactions were not taken into account in the models of proton

adsorption due to the lack of consensus on how to model electrostatic effects on bacterial

surfaces [38, 46, 45, 65, 105, 115, 125]. A generic metal adsorption reaction can be represented

with the balanced chemical equation:

Mm+ +R-LiH
z−1
z ↔ R-Li-HzM

z−1+m (5.3)

where Li represents one of the five surface functional groups present on the bacterial surface,

and z can equal 0 or 1. A range of possible reaction stoichiometries were tested and derived

each proposed stability constant as defined by Equation 5.4:

K =
[R-Li-HzM

z−1+m]

aMm+ [R-LiHz−1
z ]

(5.4)

where a represents the aqueous activity of the subscripted species with activity coefficients

calculated by FITEQL using the Davies equation [171], and the brackets represent surface

site concentrations in moles per kilogram of solution.

Surface complexation reactions were modeled using FITEQL [171]. The general strategy

started with modeling the data gathered as a function of pH with a one-site model involving

monodentate complexation and adding additional reactions as necessary to achieve reason-

able fits to the dataset. VY values are indicative of how well models fit the data. These values

are calculated from the sum of squares difference between the experimental and calculated

total concentrations of the metal investigated weighted according to the error estimated in

the extent of adsorbed metal [171]. Reasonable model fits are typically those that produced

VY values less than 20. In addition to reasonable VY values, the log Kvalues for each biomass

concentration needed to be within 1 log unit of each other to consider the model as reasonably

representing the data. The average of the formation constants that described the datasets

produced the overall log Kvalues for the final model. Errors for the formation constants

were calculated by propagating uncertainties produced by FITEQL from the inverse of the

covariance matrix for each biomass concentration, based on analytical uncertainties of metal
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analysis and pH measurements, through the averaging calculation and generating 2σ errors

for the formation constants of the final models.

Derivation of enthalpies of Cd adsorption

Equation 5.5 describes the relationship between the corrected heats of metal adsorption

(Qcorr
i ) and the site-specific enthalpies of proton (∆HHLy) and metal adsorption (∆HMLy).

The change in the number of moles of the protonated sites (δni
HLy

) and surface-complexed

metal ion (δni
MLy

) caused by the ith addition of titrant, relate the enthalpies of protonation

and metal adsorption to the corrected heats (Qcorr
i ).

−
∑

Qcorr
i =

∑
∆HMLy ×

∑
δni

MLy
+
∑

∆HHLy ×
∑

δni
HLy

(5.5)

The δni values —a function of pH, Ky, site concentrations, metal concentration, and

volume— and site-specific enthalpies of protonation and metal adsorption determine the

total heat produced with each addition of metal. The volume of metal solution added and

pH were treated as independent variables to calculate δni values and subsequently derive site-

specific enthalpies through optimization by minimizing the sum-of-squares difference between

the measured experimental heats (Qcorr
i ) and the model derived heats (Qcalc

i ). Enthalpies of

metal adsorption were only derived for the best-fit models that adequately represented the

pH adsorption edges. Uncertainties in model parameters are given at the 2σ confidence level

and are calculated from the inverse covariance matrix of a given fit. Gibbs energy and the

entropy of reaction were calculated using Equation 5.6 and Equation 5.7 with propagated

errors representing 2σ.

∆G = −2.3026RT logK (5.6)

∆G = ∆H − T∆S (5.7)
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5.3 Results and Discussion

5.3.1 Cd Adsorption

Cd adsorption onto to S. acidocaldarius is depicted in Figure 5.1. In the low biomass system,

Cd adsorption was near 0% up to pH 5 then adsorption increased substantially as pH in-

creased with an average maximum adsorption of approximately 13% above pH 6. Increasing

the biomass concentration approximately 4 times increased the extent of adsorption above

pH 4 with a maximum extent of adsorption of approximately 70 – 75% around pH 7. Below

pH 4 Cd adsorption was between 0 – 5%. Desorption experiments with initial samples at pH

6.3 and 7.4 adsorbed 10 – 28% Cd. Upon decreasing the pH to 3, Cd adsorption decreased

to nearly 0%.

5.3.2 Surface Complexation Modeling

Multiple surface complexation models of Cd adsorption onto S. acidocaldarius produced

reasonable fits. All reasonable models included 2 reactions either involving sites 1 and 3 or

2 and 3. Monodentate models with Cd adsorbing onto sites 1 and 3 or 2 and 3 produced

log K values between 2.9 – 3.4. Multiple models involving a combination of monodentate

and bidentate binding also produced reasonable fits to the adsorption data. Similar to

the monodentate models, these models all involved reactions onto either sites 1 and 3 or

2 and 3. Bidentate binding of Cd approximately doubled the monodentate log K values

resulting in values between 6.5 – 7. Only one model involving two bidentate reactions with

sites 2 and 3 fit the data. These models are described in Table 5.2, while all attempted

models are described in the Supplemental Section. All reasonable models within each biomass

concentration produced VY values that were statistically similar.
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Figure 5.1: Cd adsorption by S. acidocaldarius (•) as a function of pH for 0.68 g/L biomass
(top) and 0.18 g/L biomass (bottom). Reversibility experiments are indicated with open
red squares. Solid and dashed lines represent the surface complexation models involving
monodentate sites L1 and L3 and monodentate sites L2 and L3, described in Table 5.2.
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Table 5.2: Model Parameters

Reaction Log K ∆G ∆H (kJ/mol) ∆S (J/molK) Log K (75◦C)

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.1 −18± 0.4 11± 4.2 +97± 14 3.4

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.2 −18± 0.3 −31± 2.2 −43± 7 2.4

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 7.2 −41± 0.4 20± 8.7 +205± 29 7.7

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.1 −18± 0.3 −27± 1.7 −31± 6 2.4

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.3 −19± 0.2 −13± 6.0 +19± 20 3.0

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.8 −39± 0.3 −34± 0.6 +16± 2 5.9

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 7.3 −42± 0.2 −4± 2.1 +127± 7 7.2

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.7 −38± 0.4 −35± 0.5 +10± 2 5.8

R− L1 + Cd2+ ↔ R− L1 − Cd+ 2.9 −16± 0.4 14± 4.3 +102± 14 3.3

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.3 −18± 0.2 −31± 2.2 −42± 7 2.5

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ 6.9 −39± 0.4 47± 15.1 +289± 51 8.1

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.3 −18± 0.2 −32± 3.0 −46± 10 2.5

R− L1 + Cd2+ ↔ R− L1 − Cd+ 3.1 −17± 0.2 −3± 2.1 +48± 7 3.0

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.8 −39± 0.2 −35± 0.5 +13± 2 5.9
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5.3.3 Enthalpies of Cd Adsorption

Figure 5.2 depicts cumulative corrected heats of Cd adsorption. These heats are exothermic

and become more exothermic with increasing Cd. This is particularly pronounced at pH 5

where the cumulative corrected heats are 1 – 1.4 mJ after approximately 300 µmole Cd was

added. At pH 5.6, after the same amount of Cd was added, the cumulative corrected heats

are only 0.3 – 0.5 mJ. Heats do not plateau at either pH value. These heats represent those

from adsorption of Cd onto the S. acidocaldarius surface as well as heats resulting from a

redistribution of protons on the surface. To deconvolve these contributions to the corrected

heats, a surface complexation model must be applied to the data to speciate the system.

Therefore, site-specific enthalpies of Cd adsorption are model dependent.

The surface complexation models for the reactions in Table 5.2 were used to calculate

δni
HLy

and δni
MLy

values along with the previously determined enthalpies of protonation

(∆HHLy) necessary to apply Equation 5.5 to the data. Curves in Figure 5.2 represent the

fit of Equation 5.5 to the calorimetric data and the enthalpies of Cd adsorption are reported

in Table 5.2. Enthalpies of Cd adsorption are interpreted based on their equivalent aqueous

reaction with organic ligands. This is a common framework for understanding the reactivity

of bacterial surfaces due to their surface functional groups reacting similarly with equivalent

aqueous organic ligands [125, 46, 115, 59, 28, 157].

The surface complexation models in Table 5.2 describing monodentate complexation onto

sites 1 and 2 produced consistently mild exothermic to endothermic enthalpies of Cd adsorp-

tion. Calculated entropies of complexation (reported in Table 5.2) for these reactions were

large and positive. Considering these enthalpy and calculated entropy values in conjunction

with the electronic structure of donor and metal ions along with other ligand properties

like denticity, steric constraints, etc. allows us to interpret the results in terms of aqueous

complexation selectivity. Gorman-Lewis [60] suggested the identities of sites 1 and 2 were

likely anionic oxygen ligands. In terms of the “hard” and “soft” classification scheme of

atoms, anionic oxygen ligands are “hard”, and therefore, less polarizable. The driving force
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for complexation with “hard” ligands comes from a large, positive entropic contribution re-

sulting from the dehydration of the 1◦ and 2◦ hydration spheres of the metal ion and ligand

[1, 21, 104, 120, 121]. Breaking the H2O-metal and H2O-ligands bonds results in the pro-

duction of mildly exothermic to endothermic enthalpies of complexation. This is observed

for a variety of anionic oxygen ligands complexing Cd [12, 103, 122]. Interpretation of mon-

odentate enthalpies and entropies of Cd complexation onto sites 1 and 2 give results which

are consistent with Cd complexation by an anionic oxygen ligand.

Bidentate complexation by anionic oxygen ligands should produce differences in the en-

thalpies of and entropies of complexation. With the increase in dehydration of the additional

ligand, one would expect an increase in the endothermicity of complexation as well as a pos-

itive increase in the entropy of complexation. This is observed for two of the three models

involving bidentate complexation with site 1 or 2. The model with bidentate complexation

onto both sites 2 and 3 did not produce enthalpies and entropies with these trends; conse-

quently, this model is not considered to produce reasonable thermodynamic parameters.

Gorman-Lewis [60] suggested site 3 was likely a “soft” ligand such as the N-containing

compounds found in imidazole or histidine. Donors classified as “soft” are more polarizable

than anionic oxygen ligands and create largely covalent bonds with donors “soft” metal

ions such as Cd. These “soft-soft” complexes typically include some degree of back-bonding

between d orbitals of the metal ion and vacant d or π∗ orbitals of the ligand. The covalent

nature of these complexes causes their complexation reactions to be exothermic. The drive to

break the metal-H2O bonds comes from the formation of new covalent metal-ligand bonds. In

all models, Cd complexation by site 3 produced exothermic enthalpies and small positive or

negative entropies of complexation both consistent with Cd complexation by imidazole [10,

37, 145, 122]. The effect of bidentate complexation on the enthalpies of Cd complexation by

N-ligands lacks definite trends as previous studies has shown that the enthalpies may become

more or less exothermic. However, there is a definite trend in the entropies of complexation

as monodentate binding produces negative values and bidentate binding produces slightly

positive values. Negative values suggest the formation of outer sphere surface complexes,
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and small positive values may reflect some dehydration as the Cd is bound more strongly in

a bidentate manner.

5.3.4 Temperature Dependence

The previously discussed results shows that the S. acidocaldarius surface has an affinity for

Cd at 25◦C; however, we are ultimately interested in its behavior at higher temperatures.

Using the enthalpies of Cd adsorption and stability constants determined at 25◦C, in con-

junction with the Van’t Hoff equation, allows us to predict the stability constants at higher

temperature. These predictions assume the relative heat capacities of the products and of

the reactants (∆CP ) are zero for the reaction, which is a reasonable assumption over small

(i.e., ≤ 75◦) temperature changes.

The general endothermicity of reactions onto sites 1 and 2 suggest the most potential

for stability constants to increase with an increase in temperature. As shown in Table 5.2,

these reactions with endothermic enthalpies have increases in their stability constant of 0.3

– 1 near the optimal growth temperature of S. acidocaldarius of 75◦C. Cd adsorption onto

site 3 being exothermic had a decrease in its stability constant of approximately 0.8 when

predicted at 75◦C. To better understand how this temperature increase might affect the

extent of Cd adsorption under similar conditions as the adsorption experiments, we used the

predicted stability constants and those determined at 25◦C to predict adsorption as depicted

in Figure 5.3. With an increase in temperature a larger fraction of Cd is partitioned onto

site 2, which also increases the total fraction of adsorbed Cd below pH 5.
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5.4 Conclusions

The S. acidocaldarius surface readily adsorbs Cd, which can impact Cd partitioning. Surface

complexation modeling of Cd adsorption revealed that multiple surface sites are involved in

the complexation reactions. Combining the surface complexation models with isothermal

calorimetric measurements allowed us to determined enthalpies and entropies of adsorption.

The thermodynamic parameters describing Cd adsorption are consistent with surface sites

1 and 2 being anionic oxygen ligands and surface site 3 being a N-containing ligand con-

sistent with imidazole. Predicting the temperature dependence of the adsorption reactions

by using the Van’t Hoff equation and enthalpies of adsorption revealed that as temperature

increases the influence of sites 1 or 2 on the total Cd partitioning increases, which increases

the potential for adsorption at lower pH. This type of thermodynamic predictive modeling

is possible through our approach combining calorimetric measurements and surface com-

plexation modeling to provide the first thermodynamic description of Cd adsorption onto S.

acidocaldarius.
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Chapter 6

CONCLUSIONS

Characterizing microbial growth of acidophiles in thermodynamic terms has the poten-

tial to improve our understanding of the distribution and abundances of microorganisms in

extreme environments, determine the effects that environmental factors have on microbial

activity, and help guide our search for life elsewhere by improving the quantification of energy

budgets and growth efficiencies. The need to acquire energy to drive reactions such as main-

tenance, biosynthesis, and motility is a universal characteristic of all living organisms. Micro-

bial growth can be modeled using macrochemical equations to describe overall metabolism

and determine the amount of Gibbs energy consumed from the environment. With the ad-

dition of calorimetry, overall growth can be characterized in thermodynamic terms. This

combined geochemical and thermodynamic framework was applied to the growth of three

acidophiles in different growth conditions to understand how environmental factors can in-

fluence microbial efficiency and overall energetic requirements. The cell surface of a fourth

acidophile was characterized in thermodynamic terms in order to understand interactions

with heavy metals in extreme environments.

6.0.1 Summary of work

Chapter 2 Energetics of growth were determined for the thermoacidophilic sulfur-oxidizer

Acidianus ambivalens (A. ambivalens) under conditions designed to maximize biomass pro-

duction and two different conditions of oxygen limitation to determine the effects of energy

source availability on energy usage. In all experiments, Gibbs energy was primarily dissi-

pated through the release of heat. In oxygen-limited conditions, growth was significantly

more efficient and resulted in a tighter coupling of energy consumption to biomass pro-
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duction (biomass yield, C-mol/S) and lower overall Gibbs energy consumption for growth.

High-oxygen experiments resulted in decoupling between catabolic and anabolic reactions,

indicated by low biomass yield values. The increase in Gibbs energy consumption observed

in high-oxygen conditions likely reflects larger maintenance energy demand as a result of

oxidative stress. Continued research investigating microbial bioenergetics will improve our

understanding of maintenance energy requirements in extreme environments and aid in quan-

tifying energy budgets for microbial growth and cell maintenance.

Chapter 3 Microbial activity can be affected by a number of physical and chemical changes

in the environment, but the effects of environmental oxidation state on overall energetics

is not fully understood. Energetics of growth were determined for A. ambivalens during

anaerobic sulfur reduction with hydrogen. Gibbs energy consumed, enthalpy of growth, and

growth efficiency under anaerobic conditions were compared to growth via sulfur oxidation

in aerobic and microaerobic conditions. Despite higher energetic costs to create biomass

under oxic conditions, microaerobic growth with sulfur and O2 required the least amount

of Gibbs energy for growth. Growth efficiencies and energy budgets between microaerobic

and anaerobic growth conditions were statistically similar, however, suggesting only a slight

preference for growth with S◦/O2 in microaerobic environments.

Chapter 4 Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans are prevalent

species in acid mine drainage areas. Their metabolisms drive acid production and heavy

metal leaching through the oxidation of elemental sulfur and Fe2+. To further understand

growth efficiency and energetic demands, energetics of growth were determind for A. fer-

rooxidans during iron and sulfur oxidation and for A. thiooxidans during sulfur oxidation.

A. ferrooxidans growth was more efficient on elemental sulfur than Fe2+, producing higher

biomass yields and consuming less power per cell produced, suggesting growth preferentially

occurs on elemental sulfur with O2 as opposed to Fe2+. A. thiooxidans and A. ferrooxidans

energetics, in terms of Gibbs energy consumed and enthalpy of growth, produced correlating

results with biomass yield. Energetics of Acidianus ambivalens during sulfur oxidation was

combined with Acidithiobacillus species and resulted in significant linear regression trends
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between -∆G and -∆H with biomass yield, suggesting Gibbs energy consumption and heat

production can be predicted for other sulfur-oxidizing organisms based on their biomass

yields.

Chapter 5 Acidic environments can contain high toxic metal concentrations due to their

increased solubility at low pH. Acidophiles display high tolerances to a number of these

metals and thrive in such environments despite high levels of heavy metals. Sulfolobus aci-

docaldarius, a thermoacidophilic Archaea, is known to have a high tolerance to cadmium, a

metal that is toxic to all life. Understanding metal adsorption by acidophile cell surfaces is

important because microbial surfaces play an important role regulating bioavailability and

mobility of metals in the environment. Therefore, I measured cadmium adsorption by S.

acidocaldarius cell surfaces as a function of pH and concentration of biomass. With surface

complexation models and isothermal calorimetry, I determined Gibbs energies, enthalpies,

and entropies of Cd adsorption onto cell surfaces, providing the first thermodynamic char-

acterization of S. acidocaldarius with Cd.
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[57] R. González-Cabaleiro, I. D. Ofieru, J. M. Lema, and J. Rodŕıguez. Microbial catabolic
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[77] M. Hügler, H. Huber, K. O. Stetter, and G. Fuchs. Autotrophic CO2 fixation pathways
in archaea (Crenarchaeota). Archives of Microbiology, 179(3):160–173, 2003.

[78] F. Inagaki, K.-U. Hinrichs, Y. Kubo, M. W. Bowles, V. B. Heuer, W.-L. Hong,
T. Hoshino, A. Ijiri, H. Imachi, M. Ito, M. Kaneko, M. A. Lever, Y.-S. Lin, B. A.
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Appendix A

SUPPLEMENTARY MATERIALS

A.1 Chapter 2

The anabolism reaction of microbial growth is derived using the following reaction:

a · e− donor + b · N source + c ·H+ + d ·H2O + e · CO2

+f · oxidized e− donor + CH1.4O0.4N0.2 = 0
(A.1)

Each coefficient, a-f , can be solved using the following linear equations to balance mass,

charge, and degree of reduction:

C conservation : f + 1 = 0

H conservation : 4 · b+ c+ 2 · d+ 1.8 = 0

O conservation : 2 · f + d+ 4 · e+ 0.5 = 0

N conservation : b+ 0.2 = 0

S conservation : a+ e = 0

Charge conservation : f + b+ c− 2 · e = 0

(A.2)
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Figure A.1: Summary of heat flow curves produced by Acidianus ambivalens during sulfur
oxidation under recommended growth conditions.
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Figure A.2: Summary of heat flow curves produced by Acidianus ambivalens during sulfur
oxidation under oxygen-limited growth conditions.
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Figure A.3: Summary of heat flow curves produced by Acidianus ambivalens during sulfur
oxidation under oxygen- and carbon-limited growth conditions.



116

A.2 Chapter 4
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Figure A.4: Summary of heat flows recorded by the nanocalorimeter in µW versus time in
hours produced by Acidithiobacillus ferrooxidans during iron oxidation. Average peak heat
signal was 22 µW and microbial growth took approximately 83 hours.
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Figure A.5: Calorimetric heat flow, in µW versus time in hours, for replicates of
Acidithiobacillus ferrooxidans during sulfur oxidation. The average peak heat signal was
23 µW and growth took approximately 118 hours in the open sytsem experiments.
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Figure A.6: Heat flow, in µW versus time in hours, recorded by calorimetry for Acidithiobacil-
lus thiooxidans during sulfur oxidation. Peak heat signal in the open design averaged 91 µW
and total growth took approximately 234 hours.
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A.3 Chapter 5

Table A.1: 0.18 g/L Biomass

Reaction log K VY

R− L1 + Cd2+ ↔ R− L1 − Cd+ 3.291 8.455

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.341 5.900

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.126 4.353

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 7.62 7.62

R− L1 + Cd2+ ↔ R− L1 − Cd+ DNC

R− L2 + Cd2+ ↔ R− L2 − Cd+

R− L2 + Cd2+ ↔ R− L2 − Cd+ 2.973 3.271

R− L3 + Cd2+ ↔ R− L3 − Cd+ 2.928

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 7.285 3.103

R− L3 + Cd2+ ↔ R− L3 − Cd+ 2.874

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.135 3.446

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.598

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 7.436 3.083

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.539

R− L1 + Cd2+ ↔ R− L1 − Cd+ 2.832 3.592

R− L3 + Cd2+ ↔ R− L3 − Cd+ 2.996

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ 7.097 3.538

R− L3 + Cd2+ ↔ R− L3 − Cd+ 2.983

R− L1 + Cd2+ ↔ R− L1 − Cd+ 3.036 4.294

Continued on next page
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Table A.1 – continued from previous page

Reaction log K VY

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.68

R− L1 + Cd2+ ↔ R− L1 − Cd+ 7.315 4.122

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.668

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ DNC

R− L2 + Cd2+ ↔ R− L2 − Cd+

R− L3 + Cd2+ ↔ R− L3 − Cd+

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ DNC

R− L2 + Cd2+ ↔ R− L2 − Cd+

R− L3 + Cd2+ ↔ R− L3 − Cd+

R− L1 + Cd2+ ↔ R− L1 − Cd+ DNC

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦

R− L3 + Cd2+ ↔ R− L3 − Cd+

R− L1 + Cd2+ ↔ R− L1 − Cd+ DNC

R− L2 + Cd2+ ↔ R− L2 − Cd+

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ DNC

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦
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Table A.2: 0.61g/L Biomass

Reaction log K VY

R− L1 + Cd2+ ↔ R− L1 − Cd+ 3.375 38.54

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.514 19.2

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.806 25.12

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 7.389 55.44

R− L1 + Cd2+ ↔ R− L1 − Cd+ DNC

R− L2 + Cd2+ ↔ R− L2 − Cd+

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.268 8.267

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.429

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 7.136 10.36

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.297

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.357 7.897

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.943

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 7.209 9.38

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.794

R− L1 + Cd2+ ↔ R− L1 − Cd+ 2.943 8.539

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.449

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ 6.623 8.444

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.416

R− L1 + Cd2+ ↔ R− L1 − Cd+ 3.067 11.62

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.892

Continued on next page
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Table A.2 – continued from previous page

Reaction log K VY

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ 6.751 10.29

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.851

R− L1 + Cd2+ ↔ R− L1 − Cd+ 2.706 8.581

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.007

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.482

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ 6.236 8.976

R− L2 + Cd2+ ↔ R− L2 − Cd+ 2.922

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.359

R− L1 + Cd2+ ↔ R− L1 − Cd+ 2.862 8.258

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 6.703

R− L3 + Cd2+ ↔ R− L3 − Cd+ 3.438

R− L1 + Cd2+ ↔ R− L1 − Cd+ 2.218 8.654

R− L2 + Cd2+ ↔ R− L2 − Cd+ 3.193

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.759

2R− L1 + Cd2+ ↔ (R− L1)2 − Cd◦ 6.411 8.41

2R− L2 + Cd2+ ↔ (R− L2)2 − Cd◦ 6.706

2R− L3 + Cd2+ ↔ (R− L3)2 − Cd◦ 6.705
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