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Abstract

pH influences the occurrence and distribution of microorganisms. Microbes typically live
over a range of 3 to 4 pH units and are described as acidophiles, neutrophiles, and alkaliphiles,
depending on the optimal pH for growth. Their growth rates vary with pH along bell- or triangle-
shaped curve, which reflects pH limits of cell structure integrity and the interference of pH with
cell metabolism. We propose that pH can also affect the thermodynamics and kinetics of
microbial respiration, which then help shape the composition and function of microbial
communities. Here we use geochemical reaction modeling to examine how environmental pH
controls the energy yields of common redox reactions in anoxic environments, including
syntrophic oxidation, iron reduction, sulfate reduction, and methanogenesis. The results reveal
that environmental pH changes the energy yields both directly and indirectly. The direct change
applies to the reactions that consume or produce protons whereas the indirect effect, which
applies to all redox reactions, comes from the regulation of chemical speciation by pH. The
results also show that the energy yields respond strongly to pH variation, which may modulate
microbial interactions and help give rise to the pH limits of microbial metabolisms. These results
underscore the importance of pH as a control on microbial metabolisms and provide insight into
potential impacts of pH variation on the composition and activity of microbial communities. In a
companion paper, we continue to explore how the kinetics of microbial metabolisms responds to
pH variations, and how these responses control the outcome of microbial interactions, including
the activity and membership of microbial consortia.

Keywords: geochemical reaction modeling, available energy, thermodynamic drive, syntrophic
oxidation, iron reduction, sulfate reduction, methanogenesis

1. Introduction

Microorganisms are widespread in natural environments, from hot springs to deep
aquifers, and to ocean floors (Chapelle et al., 1995; Edwards et al., 2012; Ward et al., 1998).
They drive a series of biogeochemical processes, from redox reactions, to weathering, and to the
biogeochemical cycling of carbon and other elements (Falkowski et al., 2008). In return, their
metabolisms are controlled by a wide range of environmental variables, including pH,
temperature, salinity, nutrient availability, and geographic locations (Amend et al., 2013; Lennon
and Jones, 2011). Among these factors, pH emerges as a primary control (Bethke et al., 2011;
Chen et al., 2004; Kemmitt et al., 2006; Zhalnina et al., 2015). pH correlates strongly with
microbial communities across a wide range of biogeochemical conditions (Thompson et al.,
2017). In addition, variations in environmental pH also induce significant responses of metabolic
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activities of natural communities (Kotsyurbenko et al., 2004; Ye et al., 2012).

pH shapes microbial metabolisms in different ways. First, it affects the environmental
conditions that are relevant to microbial growth and survival. pH describes the chemical activity
of the proton, a key player in redox reactions, mineral dissolution and precipitation, surface
complexation, and other geochemical reactions (Bethke et al., 2011; Stumm and Morgan, 1996).
These reactions determine the salinity and composition of aqueous solutions and control the
bioavailability of nutrients and trace elements. In addition, pH also affects the activities of
extracellular enzymes, and the reactivity of natural organic matter (Leprince and Quiquampoix,
1996; Paul et al., 2006). In this way, pH becomes an indicator of overall environmental settings
that shape the composition and activity of microbial communities (Lauber et al., 2009).

Second, pH may interfere with microbial metabolisms. Most laboratory cultures live
within a pH range of 3 to 4 units — that is 3 to 4 orders of magnitude difference in the chemical
activity of protons (Rosso et al., 1995). The pH of maximum growth rate is called the optimal
growth pH. Based on optimal growth pH, microbes can be separated into three groups:
acidophiles grow best at pH less than 5, neutrophiles grow optimally at pH between 5 and 9, and
alkaliphiles grow fastest above pH 9 (Baker-Austin and Dopson, 2007; Horikoshi, 1999). Where
environmental pH deviates from optimal pH levels, microbial growth rates decrease (Rosso et al.,
1995). For a microbe with a pH range spanning 4 pH units, assuming that its optimal pH is near
the middle point of the pH range, a deviation of one unit from this pH optimal can reduce its
growth rate by about 50% (see Maestrojuan and Boone, 1991; O'Flaherty et al., 1998, and others).
In natural environments, decreasing or increasing the environmental pH by one unit can also
lower the metabolic activity of microbial communities by up to 50% (Fernandez-Calvifio and
Bééth, 2010; Kotsyurbenko et al., 2004).

pH may also affect microbial metabolisms and hence microbial community structures by
modulating the thermodynamics and kinetics of redox reactions. Microbial respiration catalyze
redox reactions in order to synthesize ATPs. Respiration rates thus depend on thermodynamic
drives, the differences between the energy available from redox reactions and the energy
conserved by respiration (Jin and Bethke, 2002; 2003). Many redox reactions produce or
consume protons, and thus, their free energy yields vary with pH (Bethke et al., 2011). Where
the available energies equal or fall below the conserved energies, respiration reactions become
thermodynamic unfavorable (Jin and Bethke, 2005; 2007; 2009). In this way, environmental pH
helps control the progress of microbial respiration and growth, which in turn shapes the
community composition.

The goal of this study is to illustrate how environmental pH influences the
thermodynamics of redox reactions, and how these influences may shape microbial metabolisms
and interactions. We focus on syntrophic oxidation, iron reduction, sulfate reduction, and
methanogenesis, common microbial redox reactions in anoxic environments (Bethke et al., 2011;
Lovley and Chapelle, 1995). We evaluate their thermodynamic responses to environmental pH
using geochemical reaction modeling. In a companion paper (Jin and Kirk, in review), we
continue to explore how the pH-induced thermodynamic responses affect the kinetics of
microbial metabolisms and the outcome of microbial interactions.
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2. Methods

Microbes catalyze different redox reactions and, accordingly, can be separated into
fermenters and respirers (Jin and Roden, 2011). Fermenting microbes degrade natural organic
matter to a series of products, including short-chain fatty acids (e.g., acetate, lactate, and
propionate), and primary alcohols (e.g., methanol and ethanol) (Schink and Stams, 2013). Some
respirers oxidize short-chain fatty acids and primary alcohols to acetate and CO», and transfer the
released electrons to the reduction of protons to dihydrogen (Hz). Others oxidize the products of
organic matter degradation, and transfer the released electrons to the reduction of O», ferric
minerals, sulfate, bicarbonate, and other electron acceptors.

Table 1 lists the stoichiometric equations for microbial redox reactions commonly found
in anoxic environments. Following standard practice in biochemistry and low-temperature
geochemistry, we write these reactions using dominant chemical species at neutral pH. For
example, at pH 7, short-chain fatty acids occur mainly as their conjugate bases, and most
dissolved inorganic carbon (DIC) appears as bicarbonate (fig 1). In contrast, sulfide occurs in
nearly equal proportions as dihydrogen sulfide (H2S) and monohydrogen sulfide (HS™). We
choose dihydrogen sulfide, instead of both dihydrogen sulfide and monohydrogen sulfide in
writing the equations for sulfate reduction (reaction 14 to 20 in table 1). Following previous
practice (Bethke et al., 2011; Jin, 2012), we write reaction equations that transfer 8 electrons, or
the consumption of one acetate or four dihydrogen molecules.

Energy available from a redox reaction, AGa [J-(mol reaction)~!, or J-mol~'], is calculated
as the negative of its Gibbs free energy change,

AG, =—AG° —Rr{ln(nap j—ln[Hags H (1)

where AG° is the standard Gibbs free energy change, ap and as are the activities of products and
reactants, respectively, v and s are the stoichiometric coefficients, R is the gas constant
(J-mol~1-K~1), and T is the temperature in kelvin (K). Chemical activity is calculated as the
product of activity coefficients (M~') and molal concentrations of chemical species. The activity
coefficients are calculated according to an extended form of the Debye-Hiickel equation
(Helgeson, 1969). Table 1 lists the available energy calculated under the biochemical standard
conditions of pH 7, 25 °C, 1 atm, and chemical activities of unity.

We compute available energies AGa for a hypothetical solution in contact with goethite.
The composition of the solution is consistent with dilute groundwater. The solution has 1 atm
pressure and a temperature of 25 °C and contains 10 mM Na®, 10 mM CI-, 2.0 mM Ca?*, and 3
mM dissolved inorganic carbon (DIC). The solution also contains 1 mM sulfate, 10 uM acetate,
lactate, propionate, butyrate, methanol, ethanol, and ferrous iron, 1 uM sulfide and methane, and
0.1 uM Ho.

Chemical compounds dissolved in water may react with water molecules, acquire or give
up protons and hydroxide, and combine with other molecules and ions. As a result, they appear
in different forms or chemical species — a process called chemical speciation. To calculate
available energies, we simulate the speciation of dissolved chemical compounds and compute the
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activities of chemical species using the program React of the software package Geochemist’s
Workbench version 9.0 (Bethke, 2008). The simulation assumes that chemical speciation is at
thermodynamic equilibrium, and describes these reactions on the basis of the updated LLNL
Thermodynamic Database (Delany and Lundeen, 1990). The simulation also assumes that
goethite dissolution ( Goethite+3H" = 2H,0 ) is at equilibrium. We added into the

thermodynamic database the entries for natural goethite and ferrihydrite (Bigham et al., 1996;
Lindsay, 1979). The input script and the modeling output are available in the Supplementary
Information.

To investigate the impact of pH, we take the available energies at pH 7 as references, and
compute the changes in the available energies at pH ranging from 1 to 14. We consider changes
in available energies, rather than absolute values, in order to highlight the relative responses of
different microbial redox reactions to pH variations. This approach also simplifies the discussion
of ferric mineral reduction. Different ferric minerals, such as ferrihydrite, goethite, hematite, and
lepidocrocite, have different chemical potentials (Cornell and Schwertmann, 2003), but their
potentials respond in the same fashion to pH, because the reduction of these ferric minerals
consumes the same number of protons per electron. Here we take goethite as an example, but the
results are applicable to ferrihydrite, hematite, and lepidocrocite.

We use the thermodynamic potential factor F to quantify the control of the available
energy on the rate of microbial respiration,

Cexp| -
F. =1 exp[ )(RTJ’ (2)

where fis the thermodynamic drive (J-mol™'), and y is the average stoichiometric number (Jin
and Bethke, 2007; 2009). The y value is 8 per reaction for syntrophic oxidation of organic
compounds and the reduction of goethite (reaction 1 to 13 in table 1), 6 per reaction for the
reduction of sulfate (reaction 14 to 20), and 2 per reaction for methanogenesis (reaction 21 and
22) (Jin and Bethke, 2005; Jin and Roden, 2011). The thermodynamic drive is

f=AG, -AG, 3)
the difference between the energy AGa available in the environment and the energy AGc
conserved by respiration (Jin and Bethke, 2002; 2003). For microbial iron reduction, sulfate
reduction, and methanogenesis, we calculate the conserved energy,

AG. =v, -AG,, 4)
as the product of the ATP yield v» — the number of ATPs synthesized per reaction — and the
phosphorylation energy AGp — the energy required by ATP synthesis from ADP and phosphate in
the cytoplasm. Based on Jin (2012), we take the AGp value as 45 kJ-(mol ATP)"!, and the ATP
yields w as 1, 0.75, and 0.5 ATPs per 8§ electron transfer (or per acetate or 4 Hy) for iron reducers,
sulfate reducers, and methanogens, respectively.

3. Results
Respiring microbes harvest energy from a wide range of redox reactions. Here we focus

on the electron donors generated from organic matter degradation, including dihydrogen (Hz),
acetate, lactate, propionate, butyrate, methanol, and ethanol, and consider the common electron
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acceptors in anoxic environments, such as goethite, sulfate, bicarbonate, and protons (Bethke et
al., 2011; Lovley and Chapelle, 1995).

3.1. Available energy

Table 1 lists the energies available from different redox reactions in the assumed
freshwater environment. Among the different redox reactions, goethite reduction provides the
largest available energies, followed by sulfate reduction, methanogenesis, and syntrophic
oxidation of organic compounds. This order in energy yield follows the well-known redox tower
in microbiology (Bethke et al., 2011). Under acidic or alkaline conditions, however, the redox
tower is not applicable anymore because pH affects the available energies of different redox
reactions to different extents, as described in the subsections that follow.

3.1.1. Proton reaction

Most redox reactions in table 1 consume or produce protons. Therefore, pH variations, or
in other words, changes in the chemical activity of protons, affect the energy yields of the
reactions. The slope L of the change in available energy depends on how many protons
participate in the reaction,

L=RTn(10)-v,,. (5)

Here vy is the stoichiometric coefficient for protons in the reaction, which is positive where
protons are produced.

Equation 5 predicts that energy available from syntrophic oxidation reactions increases
linearly with pH because syntrophic reactions generate protons (fig 2). For reactions that
consume protons, their energies decrease linearly with increasing pH. These reactions include
iron reduction, hydrogenotrophic methanogenesis, and sulfate reduction by oxidizing Ha, acetate,
propionate, and methanol (fig 3, 4A to C, and 5A). No proton appears in acetoclastic
methanogenesis or sulfate reduction by oxidizing lactate, butyrate, and ethanol. As such, pH
variation does not directly influence their energy yields (fig 4D and 5B).

3.1.2. Chemical speciation

We also compute available energies at different pHs using the results of geochemical
reaction modeling. Figures 2 to 5 compare the simulation results to those predicted by equation 5.
For most microbial redox reactions, the modeling results overlap with the equation predictions
only over a limited range around neutral pH. The differences between the two predictions arise
from the speciation of dissolved mass, which determines the activities of chemical species and
hence the energy available from redox reactions.

Figure 1 shows, according to the simulation results, how the concentrations of different
chemical species change with pH. Specifically, short-chain fatty acids occur in the solution as
both acids and their conjugate bases (fig 1A). The relative abundances of the two chemical
species depend on acidity constants. Lactate has the smallest logarithmic acidity constant (pKa)
of 3.9, and acetate, propionate, and butyrate have pKa values of 4.8 to 4.9 (Lide, 2003). Where
pH is smaller than the pKa values, the acids are dominant. At pH greater than the pKa values, the
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conjugate bases take over.

DIC occurs mainly as carbonic acid, bicarbonate, and carbonate (fig 1B). At pH between
6 and 10.5, bicarbonate dominates. Carbonic acid and carbonate are the main forms at pH below
6 and above 10.5, respectively. Dissolved sulfide also has three main species — dihydrogen
sulfide, monohydrogen sulfide, and sulfide (S*-), which appear as the dominant species at pH
less than 7, between 7 and 13.5, and above 13.5, respectively (fig 1C). Sulfate occurs mainly as
sulfate anion at pH greater than 2.5, and as ferric iron/sulfate-complex at lower pH (fig 1D). We
assume that the hypothetical solution is in contact with goethite and as such, ferric iron in the
sulfate complex species comes from the dissolution of goethite.

Ferrous iron occurs as a free cation (Fe?*) and two hydroxide-complexes (fig 1E). The
free cation dominates the solution at pH below 9. At pH around 11, ferrous monohydroxide
Fe(OH)" is the main species whereas at pH above 13, ferrous trihydroxide Fe(OH); becomes

dominant.
3.1.3. Syntrophic oxidation

Syntrophic oxidation reactions can be separated into two groups, depending on whether
bicarbonate is produced (reaction 1 to 6 in table 1). The group that produces bicarbonate includes
the oxidations of acetate, lactate, propionate, and methanol. Figure 2A, B, and C show according
to the modeling results how the energies available from these reactions respond to pH variations.
Below pH 6, available energies remain roughly constant. Above pH 7, the energies increase with
pH with the highest rate of increase above pH 10.

This variation in available energy reflects changes in DIC speciation. Below pH 6,
bicarbonate concentration declines with decreasing pH, which works to raise available energies
(fig 1B). At the same time, however, decreasing pH works to reduce available energies because
the reactions generate protons. The thermodynamic effects of DIC speciation and proton
generation cancel each other and, as a result, the available energies remain relatively constant.
pH also affects the speciation of acetate, lactate, and propionate (fig 1A), but the concentrations
of these chemical species co-vary with pH, and their thermodynamic effects are either balanced
by each other (such as in the oxidation of lactate and propionate) or by the speciation of DIC
(acetate oxidation).

Between pH 7 and 10, bicarbonate concentration varies relatively little with pH (fig 1B).
As such, the thermodynamic effect of DIC speciation dissipates, and the thermodynamic effect
of proton production causes energies to rise with increasing pH. Above pH 10, bicarbonate
concentration falls with increasing pH, which further raises the available energies.

Reactions that do not generate bicarbonate include the oxidations of butyrate and ethanol.
Their available energies depend on pH and the speciation of acetate — a product of the two
reactions. Below pH 4, acetate concentration falls with decreasing pH (fig 1A). While pH
decreases work to lower the available energies, falling acetate concentration works to raise the
available energies. The two effects balance each other, and hold the available energies constant.
At pH above 5, the available energies depend primarily on pH, and increase linearly with
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increasing pH.
3.1.4. Iron reduction

The available energies of iron reduction respond strongly to changes in pH (fig 3).
Between pH 1 and 9, the available energies fall almost linearly with rising pH. The slopes of the
fall depend on the number of protons consumed in the reactions, and range from 72 to 91
kJ-mol~! per pH unit (reaction 7 to 13 in table 1). Speciation of short-chain fatty acids and DIC
also responds to pH (fig 1A and B). However, their thermodynamic effects are relatively
insignificant compared to the energy variations induced directly by proton consumption.

Between pH 9 and 12, the available energies continue to decline with increasing pH but
the slopes of the decline are smaller than those between pH 1 and 9. Here, the speciation of
ferrous iron starts to take effect — ferrous iron concentration drops with increasing pH, due to the
formation of ferrous iron/hydroxide-complexes (fig 1E). The diminished concentration works to
raise the available energies, which counteracts the thermodynamic effect of proton consumption.
Ultimately, above pH 12, the speciation effect becomes dominant, leading to the rising available
energies with increasing pH.

3.1.5. Sulfate reduction

The response of sulfate reduction to pH varies between reactions. For hydrogenotrophic
sulfate reduction (reaction 14 in table 1), available energy declines at varying rates with
increasing pH (fig 4A). The energy change reflects proton consumption by the reaction but other
factors also contribute. For example, at pH less than 2, the sulfate ion is a secondary species of
dissolved sulfate, and its concentration rises with increasing pH (fig 1D), which partially
counteracts the thermodynamic effect of proton consumption and slows down the decline in the
available energy. At pH greater than 7, dihydrogen sulfide concentration starts to fall with
increasing pH (fig 1C), which also slows down the energy decline.

For sulfate reduction by the oxidation of acetate, propionate, and methanol (reaction 15,
17, and 19), energy variations separate into two phases (fig 4B and C). Below pH 7, available
energies largely fall with increasing pH, reflecting proton consumption and bicarbonate
production by the reactions. Above pH 7, available energies rise with increasing pH, because the
thermodynamic effect of proton consumption is counteracted by those of the speciation of DIC
and sulfide. As pH increases, bicarbonate and dihydrogen sulfide concentrations diminish (fig 1B
and C).

For sulfate reductions by the oxidation of lactate, butyrate, and ethanol (reaction 16, 18,
and 20), equation 5 predicts that pH variations have no impact on the available energies, because
no protons participate in the reactions. But the modeling results show that the available energies
do respond considerably to pH changes (fig 4D). These responses reflect variation with pH in the
speciation of acetate, bicarbonate, sulfate, and sulfide (fig 1). Between pH 1 and 7, an increase in
pH raises the concentrations of acetate and bicarbonate, thereby lowering the available energies.
In contrast, above pH 7, an increase in pH lowers the concentrations of bicarbonate and
dihydrogen sulfide, which raises the available energies.
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3.1.6. Methanogenesis

Hydrogenotrophic and acetoclastic methanogenesis respond differently to pH variation
(fig 5). Hydrogenotrophic pathway consumes proton and bicarbonate (reaction 21 in table 1).
Below pH 6, its available energy remains largely unchanged because the thermodynamic effects
of proton consumption and DIC speciation counteract each other (see fig 1B). Above pH 6,
increases in pH cause available energy to decline because of proton consumption by the reaction.
Above pH 9, the slope of the decrease becomes steeper because pH increases also lower the
concentration of bicarbonate.

For acetoclastic methanogenesis (reaction 22), equation 5 predicts no response in the
available energy with pH. However, the simulation results show that this prediction only applies
between pH 7 and 9. Above pH 9, pH increases raise the available energy by lowering
bicarbonate concentrations. Below pH 7, a decrease in pH also decreases bicarbonate
concentration and hence raises available energy. Below pH 4, however, acetate concentration
begins to decrease with decreasing pH, which counteracts the thermodynamic effect of
decreasing bicarbonate concentration. Hence, the available energy varies little below pH 4.

3.2. Thermodynamic drive

Microbes conserve a part of the energy available in the environment by making ATP, and
spend the other part to drive respiration reactions. By changing the energy available in the
environment, pH also changes the thermodynamic drive, which in turn changes the rate of
respiration (eqs 2 and 3).

For the purpose of this analysis, we focus on syntrophic oxidation of butyrate, and
acetotrophic and hydrogenotrophic iron reduction, sulfate reduction, and methanogenesis, and
compute how their thermodynamic drives respond to pH in the assumed environment. Butyrate is
a key product of organic matter degradation, and acetate and H» are major end-products of
organic matter fermentation and common electron donors in subsurface environments
(Monokova, 1975; Molongoski and Klug, 1980; Lovley and Klug, 1982).

3.2.1. Environmental conditions

Like energy availability, microbial energy conservation also depends on environmental
conditions. For example, the amount of energy conserved by syntrophs depends on hydrogen
partial pressures of the environment. Jin (2007) constructed a kinetic model for syntrophic
butyrate oxidation. This model considers reverse electron transfer, a key step in the pathway of
syntrophic oxidation (Schink, 1992), and describes the energy conserved by microbes, AGc
[J-(mol butyrate)~'], as a function of molal concentration of dissolved dihydrogen my_

AG, =-3.55x10" —RT -In(m,_). (6)

According to this model, the conserved energy equals 15.8 kI-mol~! at 1 nM H» and decreases
with increasing H» concentration. In the assumed environment, the conserved energy takes a
value of 4.5 kJ-(mol butyrate)~!. At H, concentration of more than 0.6 uM, the conserved energy
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decreases to 0.

pH also affects microbial energy conservation. Respiring microbes conserve energy by
translocating protons across their cytoplasmic membrane to create proton motive force. Proton
motive force includes electrical potential difference and the gradient in proton activity across the
membrane. Changes in environmental pH directly affect the proton gradient as well as the
electrical potential difference across the membrane (Sprott et al., 1985). In addition, microbes
also respond to pH changes by changing the number of protons translocated across the
membrane (Steigmiller et al., 2008).

Currently, no model is available to quantitatively predict how conserved energy changes
with pH. Thus the impact of pH on conserved energies cannot be evaluated as rigorously as we
have done for energy availability. For this reason, we follow the current practice, and calculate
the conserved energy of syntrophic butyrate oxidizers according to equation 6. For iron reducers,
sulfate reducers, and methanogens, we calculate the conserved energies using equation 4.

3.2.2. Thermodynamic control

Figure 6 shows how thermodynamic drives respond to changes in pH. By fixing
conserved energies, variations in thermodynamic drives follow the same patterns of the energies
available in the environment. In the assumed environment, the thermodynamic drive of butyrate
syntrophic oxidation is 14.3 kJ-mol~! at pH 7 and decreases with decreasing pH. Below pH 5.7,
the drive becomes negative, and thus butyrate syntrophic oxidation becomes thermodynamically
unfavorable. Hydrogenotrophic and acetotrophic iron reducers have a thermodynamic drive of
125 and 111 kJ-mol™!, respectively, at pH 7. Their thermodynamic drives decrease with
increasing pH and become negative above pH 8.3.

In the assumed environment, hydrogenotrophic and acetotrophic sulfate reducers have
positive thermodynamic drives over the pH range of 1 to 14. Acetoclastic methanogen also has
positive thermodynamic drives over the entire pH range but its thermodynamic drive is close to 0
around pH 7. On the other hand, hydrogenotrophic methanogens have a relatively large drive at
low pH. Above pH 6, the thermodynamic drive begins to decrease and becomes negative above
10.9.

Figure 7 shows how the thermodynamic potential factors Fr vary with pH. The
thermodynamic potential factor quantifies the significance of thermodynamic limitation on
respiration rate. This factor approaches unity where available energy is much larger than
conserved energy. In this case, thermodynamic control is considered insignificant; respiration
rate is relatively large, and varies little with the thermodynamic drive. However, where available
energy approaches conserved energy, the thermodynamic drive and hence the thermodynamic
potential factor approach zero. Under this condition, respiration rate increases linearly with the
thermodynamic drive, and the thermodynamic control is significant. Where the thermodynamic
drive is negative, microbial respiration reaction is thermodynamically unfavorable. Here,
respiration reaction ceases and the thermodynamic potential factor is set to 0.

In the assumed environment, the thermodynamic factors of different microbial respiration
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reactions respond differently to pH. For syntrophic butyrate oxidation, the thermodynamic factor
is positive above pH 5.7 and increases nonlinearly with pH. At pH above 9.8, the thermodynamic
factor increases to over 0.9.

The thermodynamic factors of hydrogenotrophic and acetotrophic iron reduction remain
close to unity below pH 7.8. Above pH 7.8, increases in pH decrease sharply the thermodynamic
factors for both reactions. At a pH of 8.3, the factors decrease to 0.

The thermodynamic factor of hydrogenotrophic sulfate reduction stays close to unity at
pH less than 5.0. Above pH 5.0, increases in pH gradually decrease the thermodynamic factor to
a value of 0.48 at pH 14. The thermodynamic factor of acetotrophic sulfate reduction remains
relatively large over the entire pH range, with a minimum of 0.88 at pH 8.3.

The thermodynamic factor of hydrogenotrophic methanogenesis stay close to unity below
pH 9.7. Above that level, the thermodynamic factor decreases sharply to 0 at pH 10.9. The
thermodynamic factor of acetoclastic methanogenesis is positive across the entire pH range with
a minimum of 0.92 at pH 8.1. Taking together the variations of the thermodynamic potential
factors, we see that pH variations are capable of modifying the thermodynamic states of
respiration reactions between favorable and unfavorable, and regulating the progress of the
reactions, from relatively fast pace to complete rest.

4. Discussion

We used geochemical reaction modeling and analyzed the thermodynamic and kinetic
responses of microbial redox reactions to environmental pH. The results illustrate how pH can
act as a key controlling parameter on microbial activities and interactions.

4.1. Thermodynamic response

We first analyzed how the thermodynamics of microbial redox reactions respond to pH
variations. Bethke et al. (2011) analyzed how the energy available from acetotrophic and
hydrogenotrophic iron reduction, sulfate reduction, and methanogenesis respond to variation in
pH between 4 and 10. We expand their analyses by varying pH from 1 to 14 and by including
additional microbial redox reactions involved in the degradation of natural organic matter. These
reactions include the oxidation of short-chain fatty acids and primary alcohols by proton
reduction, iron reduction, and sulfate reduction. Our analyses confirm the previous conclusion
that changes in environmental pH directly alter energy available from redox reactions that
produce or consume protons, and the significances of the changes depend on the numbers of
protons produced or consumed (Bethke et al., 2011).

Our simulation results also resonate with the previous studies that emphasize the indirect
thermodynamic role of pH — pH affects chemical energies in the environment indirectly by
affecting chemical speciation and thereby the concentrations of chemical species involved in
microbial redox reactions (Dolfing et al., 2010; Hedrich et al., 2011; Johnson et al., 2012; Shock
et al., 2010; Windman et al., 2007). We often write stoichiometric reaction equations and
compute their Gibbs free energy changes using the main chemical species at pH 7 (table 1 and eq

10



455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

1). By doing so, we implicitly account for the speciation effect at pH 7.

But chemical speciation depends on pH, which impacts chemical reactions and their
energies in two ways. First, chemical species participating in protonation and deprotonation have
different concentrations at different pHs. As a result, the main chemical species of pH 7 may
give way to alternative forms at other pHs. Second, the stoichiometries of proton consumption
and production are not fixed, but vary with pH. At a given pH, proton consumption and
production depend on the relative significances of acids and their conjugate bases. In response to
pH variations, the concentrations of acids and their conjugate bases also change (fig 1), so do the
stoichiometries of proton reactions. Consequently, for reactions that include proton consumption
and production, the direct pH effect is not set but varies in magnitude with pH.

The indirect thermodynamic impact of pH is most notable for sulfate reduction by the
oxidation of lactate, butyrate, and ethanol, and for acetoclastic methanogenesis (reaction 16, 18,
20, and 22 in table 1). At pH 7, no proton would be produced or consumed by these reactions,
and the available energies are not affected directly by pH. But according to the simulation results,
their available energies vary significantly with the pH of the environment (fig 4D and 5B). We
account for the variations using pH-dependent chemical speciation — these reactions involve
bicarbonate, sulfide, and other chemical species, whose concentrations vary significantly with
pH.

Figures 2 to 5 compare the direct and the total thermodynamic impacts of pH (the dashed
and solid lines, respectively). The differences between the two lines highlight the indirect energy
contribution by chemical speciation. Two patterns arise from these figures.

First, microbial thermodynamic responses are not uniform. The available energies of
syntrophic oxidation reactions increase with increasing pH. For hydrogenotrophic sulfate
reduction and methanogenesis, their available energies decrease with increasing pH. For other
microbial redox reactions, in response to pH increases, available energies first decrease and then,
after reaching minimum values, begin to increase.

These heterogeneous responses arise in part from the indirect speciation impact of pH.
The speciation impact is not consistent throughout the entire pH range of 1 to 14. For example,
for redox reactions that produce bicarbonate, energy available always increases as pH moves
away from 7, regardless of whether pH is increasing or decreasing. As a second example, the
speciation of ferrous iron only affects notably the available energy of iron reduction at pH above
9. At lower pHs, the speciation impact is negligible.

Second, microbial iron reduction stands out from the other reactions in its strong response
to pH. Energy available from the reduction of iron oxides and hydroxides depends significantly
on pH. This sensitivity reflects consumption of relatively large numbers of protons, from 12.7 to
16 protons per reaction (8 electron transfer). As a result, a one-unit change in pH can lead to a
change of 72 to 91 kJ-(mol reaction)™! in the available energy. In comparison, thermodynamic
responses are relatively modest for other microbial redox reactions — a one-unit change in pH can
lead to up to 20 kJ-(mol reaction)™! of change in the available energies of these reactions.
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4.2. Kinetic response

Microbial thermodynamic responses to pH lead to a cascade of metabolic effects,
including the thermodynamic drives of respiration. We took butyrate syntrophic oxidation, and
acetotrophic and hydrogenotrophic iron reduction, sulfate reduction, and methanogenesis as
examples, and analyzed how environmental pH controls the thermodynamic drives and hence the
rates of these reactions in the assumed freshwater environment.

Like the energies available in the environment, the thermodynamic drives of different
microbial respiration reactions respond differently to the changes in pH. Specifically, a pH
increase from 1 to 14 raises the thermodynamic drive of syntrophic butyrate oxidation from
negative to positive and hence moves the reaction from thermodynamically unfavorable to
favorable. On the other hand, increasing pH changes iron reduction and hydrogenotrophic
methanogenesis from thermodynamically favorable to unfavorable. pH variation can also push
hydrogenotrophic sulfate reduction and acetoclastic methanogenesis close to thermodynamic
equilibrium but these two reactions always remain thermodynamically favorable in the assumed
environment across the pH range considered.

It should be made clear that our thermodynamic drive calculations are specific for the
assumed environment. In an environment of different geochemical conditions, thermodynamic
drives may be different, and hence pH variations may modify respiration rates to different
extents. For example, if we raise methane concentration in the hypothetical solution to 1 mM, we
would decrease the thermodynamic drive of acetoclastic methanogenesis. At pH between 5.7 and
10.6, the thermodynamic drive becomes negative, and methanogenesis stops (fig 6D and 7D).
But the patterns in the responses of the thermodynamic drive should be similar, regardless of the
concentration of methane or other chemical compounds. As shown in figure 6D, the
thermodynamic drive always increases as pH moves away from 7. Where pH increases above
10.6 or decreases below 5.7, the thermodynamic drive becomes positive.

4.3. Microbial pH response

The pH limits of microbial metabolisms are a classical physiological parameter. Previous
studies have attributed these pH limits to different physiological mechanisms, including cellular
structures and metabolisms. First, both acidophiles and alkaliphiles need to employ unique
surface structures to develop acid or alkaline tolerance. For example, the cell walls of
alkaliphiles have acidic polymers, which may protect cells from hydroxide ions (Horikoshi,
1999). Acidophiles, such as the members of Ferroplasma, mix caldarchaetidylglycerol tetracther
lipids into their membranes to make a barrier to protons in the environment (Golyshina and
Timmis, 2005).

Acidic or alkaline conditions also present a challenge to cell metabolism. For both
acidophiles and alkaliphiles, cytoplasmic pH is often closer to neutral pH than the environments
(Lowe et al., 1993). Maintaining a pH gradient across the membrane consumes energy (Booth,
1985). In addition, under acidic conditions, conjugate acids become significant in the
environment, and diffuse through the cell membrane, which destabilizes the membrane and
dissipates proton motive force (Russell, 1992). Very low or high pH levels also interfere with
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solute transport across the membrane and energy conservation by respiration (Krulwich et al.,
1998; Matin, 1990).

Our thermodynamic analyses show that environmental pH affects the thermodynamics of
microbial redox reactions, and determines whether microbial respiration reactions are
thermodynamically favorable or not. Therefore, in addition to microbial physiology, the pH
limits may arise, at least in part, from the response of reaction thermodynamics to pH.

For example, reaction thermodynamics sets the lower pH limit for syntrophic butyrate
oxidizers. In the assumed environment, syntrophic butyrate oxidation becomes
thermodynamically unfavorable and thus stops at pH below 5.7. In laboratory experiments, both
butyrate and acetate have relatively large concentrations (Dwyer et al., 1988; Schmidt and
Ahring, 1993). We repeat the calculation by taking their concentrations as 5 mM, and setting H»
partial pressures at 10~* atm (or dissolved Hz at 77 nM), and find that butyrate oxidation would
stop at pH less than 6.3.

The predicted pH limits are consistent with previous laboratory observations. For
example, S. wolfei is one of the first isolates that can grow syntrophically on butyrate, and it can
grow at pH above 6.5 (Wu et al., 2007). Its close relatives, including S. bryantii, also have pH
limit above 6.0 (Zhang et al., 2004, 2005).

As a second example, the thermodynamics of iron reduction sets the upper limit for
microbes reducing ferric oxides and oxyhydroxides. In the assumed environment, at pH above
8.3, both hydrogenotrophic and acetotrophic reduction of goethite become thermodynamically
unfavorable. In laboratory reactors, H», acetate, and ferrous iron often have concentrations orders
magnitude above the concentrations in the assumed environment. If we take acetate
concentration at 5 mM, H» partial pressure at 10~? atm, and ferrous iron at 1 mM, the reduction
of goethite would remain thermodynamically favorable only at pH less than 8.0.

The upper pH limit for iron reduction depends on ferric minerals (Postma and Jakobsen,
1996). For example, if we choose natural ferrihydrite as an electron acceptor, the reduction of
ferrihydrite becomes thermodynamically unfavorable at pH 8.6. This upper limit is consistent
with the value determined using laboratory experiments. Straub et al. (1998) reported that by
reducing ferrihydrite, two Geobacter strains grow optimally at pH around 7, and can grow at pH
up to 7.5.

4.4. Implications for environmental microbiology

By promoting or inhibiting microbial redox reactions, environmental pH is capable of
shaping the interactions between microbial groups. For example, previous studies of microbial
syntrophy have emphasized the importance of H; levels of the environment — a key parameter
that dictates the thermodynamics and occurrence of syntrophic degradation (Schink, 1997). The
above results show that like H» levels, pH can change the thermodynamic status and rates of
syntrohic oxidation of short-chain fatty acids and primary alcohols, and hence determine the
occurrence and significance of these processes in the environment.

13



593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638

By promoting or inhibiting microbial respiration, environmental pH is also capable of
shaping microbial community composition. Microbial iron reduction and sulfate reduction, for
example, occur widely in subsurface environments and competing against each other for the
common electron donors of H> and acetate. The current paradigm describing their interactions
follows the tragedy of commons and assumes that iron reducers hold either thermodynamic or
kinetic advantage and as a result, always win the competition against sulfate reducers (Bethke et
al., 2008; Chapelle and Lovley, 1992).

Our modeling results show that the competitive advantage of iron reducers is pH
dependent. Specifically, the thermodynamic drive of microbial iron reduction responds
significantly to pH. In the assumed environment, that response lowers iron reduction rates from
maximum values to 0 over a narrow pH range of 1 unit. In comparison, sulfate reduction
responds relatively modestly to pH and stays thermodynamically favorable over the entire pH
range between 1 and 14. These results suggest iron reducers can win the competition against
sulfate reducers under acidic conditions but might lose the competition under alkaline conditions.
Thus, changes in pH have the potential to alter the proportions of iron reducers relative to sulfate
reducers in an environment.

Results of laboratory experiments by Kirk et al. (2013) are consistent with this possibility.
In their study, microbial consortia from a freshwater aquifer grew on acetate under two different
pHs, 7.2 and 5.7, and the microbial community that developed in each reactor was sampled at the
end of the study and analyzed by sequencing 16S rRNA gene amplicons. The relative abundance
of sequences that grouped within Geobacteraceae and Myxococcaceae was twice as high in pH
5.7 reactors than pH 7.2 reactors. Members of Geobacteraceae and Myxococcaceae, such as
Geobacter and Anaeromyxobacter, are capble of iron reduction (Lonergan et al., 1996; Treude et
al., 2003). Conversely, sequences that grouped within taxa commonly associated with sulfate
reduction, such as Desulfobulbaceae, Desulfovibrionaceae, Desulfuromonadaceae, and
Desulfobacteraceae, were primarly only present in pH 7.2 reactors.

These differences in relative abundance are consistent with contributions of iron
reduction and sulfate reduction to acetate oxidation evaluated using mass-balance calculations.
According to their results, in pH 7.2 reactors, sulfate reduction overwhelmed iron reduction;
sulfate reduction consumed 85% of acetate, and the rest is accounted for by iron reduction. At
pH 5.7, iron reduction consumed at least 90% of acetate while sulfate reduction consumed a
negligible amount (<1%). In agreement with these findings, furthermore, Kirk et al. (2016) found
that broad-scale patterns in groundwater geochemistry in U.S. aquifers are also consistent with
an increase in the significance of iron reduction relative to sulfate reduction as pH decreases.

4.5. Concluding comments

We applied geochemical reaction modeling, and explored the thermodynamic responses
of microbial redox reactions to environmental pH. Our modeling focused on the energy yields of
redox reactions, and neglected other impacts brought upon cell metabolisms by pH. For example,
low pH conditions promotes the diffusion of formic acid, acetic acid, and other short-chain fatty
acids across the membrane, which dissipates proton motive force across the membrane and
inhibits microbial growth (Russell, 1992). Low pH also helps dissolve ferric and ferrous minerals,
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which makes available ferric iron to iron reducers and ferrous iron to iron oxidizers, and
promotes the biogeochemical cycling of iron (Coupland and Johnson, 2008; Emerson et al.,
2010).

Our work represents a step forward towards a mechanistic view of the pH control on
microbial metabolisms and community structures. Current studies rely on phenomenological
models to describe the apparent microbial responses to pH. Here we focused on microbial
respiration, and illustrated that environmental pH influences the thermodynamics of microbial
redox reactions and that this influence can be strong enough to cause significant changes in
respiration kinetics.

The simulation results illustrate that environmental pH can impact the energies of
microbial redox reactions in two ways. Chemical energies are a direct function of pH — the
chemical activity of protons — for reactions that consume and produce protons. In addition, pH
also controls the speciation and concentrations of electron donors, acceptors, and reaction
products, which in turn determine the energy yields of redox reactions. For microbial reduction
of goethite and other ferric oxyhydroxides, the effect of proton consumption is dominant. For
other reactions, the indirect speciation effect is of similar magnitude as the proton activity effect.
These thermodynamic responses are strong enough that they can switch the thermodynamic
states of microbial respiration between favorable and unfavorable and change microbial rates
from 0 to their maximum values. Thermodynamic responses also help give rise to the lower or
upper pH limits of microbial respiration reactions and pH-dependent changes in microbial
community composition. By changing the thermodynamics of individual microbial redox
reactions, pH variations are capable of shifting microbial community structures and modulating
the interactions among microbes.

Taken together, our results provide a mechanistic understanding of how environmental
pH regulates microbial respiration and affects the community composition of natural microbes.
They expand our view on the evaluation of microbial processes using routine environmental
parameters, such as pH and chemical energies. In addition to microbial respiration, microbial
growth and maintenance are also influenced by environmental pH (Russell and Dombrowski,
1980). Future efforts should explore the pH impact on growth and maintenance in order to
achieve a holistic view of microbial response to environmental pH.
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852  Table 1. Redox reactions, standard available energy AGS , and the energy AG, available in the assumed environment.

853
o’ (a) AG. ®
Redox reaction AGy A |
(kJ-mol ™) (kJ-mol™)
Syntrophic oxidation
1. Acetatet4H,0 & q)+2HCO; +H" -175.25 ~13.89
2. 2Lactate+4H,0 =2 ite +4H, (aq)+2HCO; +2H" -52.65 68.81
3. gPropionate+4H20 =g ate+4H, (aq)JrgHCO;JrgH+ —175.58 3.37
4. 2Butyrate+4H,0 =2 ite+4H, (aq)+2H" —170.90 23.31
5. ?MethanolJrgHzO - :1)+§HCO3 + ?H* —-102.24 35.51
6. 2Ethanol+2H,0 =& ite +4H, (aq)+2H" —-89.42 29.84
Goethite reduction
7. 4H,(aq) +8Goethite+16H" = H+8Fe™* 89.90 169.78
8. Acetate+8Goethite+15H" = J+12H,0 +8Fe** ~85.35 155.88
9. 2Lactate+8Goethite+14H" = ite-+2HCO; +12H,0 +8Fe™* 37.25 307.40
10. g Propionate+8Goethite+ 3—38 H & :ate+§ HCO; +12H,0 +8Fe** —85.68 174.26
11. 2Butyrate+8Goethite+14H" = ite+12H,0 + 8Fe™* —81.00 216.41
12. § Methanol+8Goethite+% H & ); +8Fe” +? H,O —-12.34 209.54
13. 2Ethanol+8Goethitet14H" = ite + 8Fe’ +14H,0 0.48 240.80
Sulfate reduction
14. 4H,(aq)+SO; 2H" =2 ‘H,0 223.23 80.68
15. Acetate+SO; +H" = ;+H,S 47.97 66.79
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16. 2Lactate+SO; = 1te-++2HCO; +H.,S 170.57 218.30

17. gPropionateﬂLSOi"ﬁL% H' = :ate+§ HCO; +H,S 47.64 85.16
18. 2Butyrate+SO; = ite+H,S 52.33 127.31
19. gMethanOHSOﬁvL%H* F=g ;1H2O+§HCO3 120.98 120.44
20. 2Ethanol+SO; 2 ite+ H,S+2H,0 133.80 151.70
Methanogenesis
21. 4H,(aq)+H"+HCO; =& q)+3H,0 190.33 49.56
22. Acetate+H,O0 =2 +CH,(aq) 15.07 35.67
854
855
856 (a) AG;’ is calculated as the negative of the Gibbs free energy at 25°C, pH 7, 1 atm pressure, and chemical activities of unity.
857 (b) AG, is calculated according to equation 1 and the assumed environmental conditions for the hypothetical freshwater
858 environment.
859
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Figure Caption

Figure 1. Variations with pH in the concentrations of short-chain fatty acids and their conjugate
bases (A), dissolved inorganic carbon (carbonic acid H2COs, bicarbonate HCO; , and carbonate

CO:", B), sulfide (dihydrogen sulfide H>S, monohydrogen sulfide HS™, and sulfide S*-, C),

sulfate (ferric iron-sulfate complex FeSO] , hydrogen sulfate HSO;, and sulfate SO; ", D), and
ferrous iron (ferrous iron Fe**, E) in the assumed environment.

Figure 2. Variations with pH in the energy available from syntrophic oxidation of acetate (A),
lactate (B), propionate, methanol (C), butyrate, and ethanol (D) in the assumed environment.
Solid lines are results of biogeochemical modeling, and dashed lines are calculated according to
equation 5.

Figure 3. Variations with pH in the energy available from the reduction of goethite coupled to
the oxidation of H (A), acetate (B), lactate, butyrate, ethanol (C), propionate (D), and methanol
(E) in the assumed environment. Solid lines are results of biogeochemical modeling, and dashed
lines are calculated according to equation 5.

Figure 4. Variations with pH in the energy available from the reduction of sulfate coupled to the
oxidation of Hz (A), acetate (B), propionate, methanol (C), lactate, butyrate, and ethanol (D) in
the assumed environment. Solid lines are results of biogeochemical modeling, and dashed lines
are calculated according to equation 5.

Figure 5. Variations with pH in the energy available from hydrogentrophic (A) and acetoclastic
methanogenesis (B) in the assumed environment. Solid lines are results of biogeochemical
modeling, and dashed lines are calculated according to equation 5.

Figure 6. Variations with pH in the thermodynamic drives of syntrophic butyrate oxidation (A),
hydrogenotrophic and acetotrophic goethite reduction (B), sulfate reduction (C), and
methanogenesis (D) in the assumed environment.

Figure 7. Variations with pH in the thermodynamic factors of syntrophic butyrate oxidation (A),

hydrogenotrophic and acetotrophic goethite reduction (B), sulfate reduction (C), and
methanogenesis (D) in the assumed environment.
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