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Abstract

Neutrophilic microaerobic iron-oxidizing bacteria (FeOB) obtain energy by using
reduced Fe(II) as an electron donor with oxygen as their electron acceptor. Much is still
unknown about FeOB, however, despite their importance to the cycling of iron, a nutrient that is
essential to life on Earth and limiting in many marine environments. In this dissertation I studied
pure cultures of two marine hydrothermal vent iron-oxidizing Zetaproteobacteria,
Mariprofundus ferrooxydans PV-1 and Ghiorsea bivora TAG-1, to further our understanding of
FeOB physiology and the implications this has for their ecology. In Chapter 1 I use oxygen
consumption measurements as a proxy for iron oxidation rates to show that, contrary to
conventional wisdom, M. ferrooxydans PV-1 inhibits the dissolution of iron minerals it is
growing on, while G. bivora TAG-1 is capable of both increasing and decreasing iron mineral
dissolution rates. In Chapter 2, I explore how G. bivora TAG-1 contends with changes in
environmental pH through examining its transcriptomic responses to both acute and chronic
exposure to acidic and alkaline pH, representing increased proportions of hydrothermal vent
fluid or seawater, respectively. I find that G. bivora TAG-1 is better suited to respond to a short-
term decrease in pH, while increases in pH elicit a greater transcriptomic response as well as
stress responses. I also show that responses to longer-term changes in pH are consistent with the
differences in chemistry between seawater and vent fluid. Finally, in Chapter 3 I examine pH
around individual M. ferrooxydans PV-1 cells and confirm that they establish low-pH

microenvironments proximal to the cell. I then use geochemical modeling to show how this may
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aid the cell in fixing carbon as well as in producing its twisted iron stalk. Altogether, the data
presented here provide insights into the ecophysiology of a group of bacteria that are

increasingly recognized as having a major role in iron cycling.
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Introduction



Iron is vital to all organisms on Earth, yet is limiting in much of Earth’s oceans. This is
because life evolved in ferruginous oceans; for billions of years Earth’s oceans were at least in
part replete with dissolved Fe(II) (1, 2). This changed with the evolution of oxygenic
photosynthesis and the gradual oxygenation of the oceans. Fe(II) reacts rapidly with oxygen at
neutral pH to form Fe(III), which is poorly soluble at neutral and alkaline pH (3). So as the
oceans became more oxygenated, Fe(Il) was gradually oxidized to Fe(IIl) and precipitated as
iron oxyhydroxides (iron oxides) forming what we now know as banded iron formations (1, 4,
5). Thus, though life began in an environment where iron was plentiful and cells evolved to take
advantage of its chemistry, bioavailable iron is relatively rare in modern oceans. The need for
iron, however, remains as a remnant of its ubiquity.

In addition to catalysis and oxygen binding, many microbes have also evolved to use iron
as a source of energy. One such group of microbes is the iron oxidizing bacteria, organisms that
use reduced Fe(II) as an electron donor (3). This is a loose group based only on the use of Fe(II)
as an electron donor, however, and these organisms are diverse phylogenetically,
physiologically, and metabolically. The ability to oxidize Fe(Il) for energy is widespread,
particularly among the Proteobacteria, with representatives from the Alpha-, Beta-, Gamma- ,
and Zetaproteobacteria, classes, as well as the Acidithiobacillia class (1, 4, 6-8). These include
anoxygenic phototrophs like the Alphaproteobacterium Rhodopseudomonas palustris that use
light energy to excite relatively low-energy electrons from Fe(II) for photosynthesis and
acidophilic aerobes like Acidithiobacillus ferrooxidans, a member of the Acidithiobacillia, which
live at extremely low pH (9, 10). For both of these organisms, the reactivity of Fe(Il) with

oxygen at neutral pH does not present any particular problems because Fe(II) is stable at



circumneutral pH in the absence of oxygen (as for R. palustris) and in the presence of oxygen at
low pH (as for 4. ferrooxidans) (11-15).

The work presented in this thesis focuses on yet another group of iron oxidizers, the
neutrophilic microaerobic iron oxidizing bacteria (FeOB). These organisms are mostly found
within the Beta- and Zetaproteobacteria, though representatives from the Gammaproteobacteria
have also been isolated (3, 16—19). Interestingly, freshwater FeOB are generally members of the
Betaproteobacteria (e.g. Gallionella spp., Sideroxydans spp.) while marine FeOB and those
found in terrestrial saltwater environments are usually Zetaproteobacteria (e.g. Mariprofundus
spp., Ghiorsea spp.) (3, 17, 20-22). It should also be noted that all currently known
Zetaproteobacteria are capable of oxidizing iron for energy and they are thus far only found in
iron-rich environments. This and genomic evidence suggests that Zetaproteobacteria may
therefore have evolved as specialists for iron oxidation (22).

FeOB live at circumneutral pH, obtaining energy by using Fe(Il) as an electron donor
with oxygen as their electron acceptor via the reaction Fe?* + 0.25 O> + H" — Fe** + 0.5 H,O (4,
8, 23, 24). The aforementioned reactivity of Fe(Il) with oxygen has a number of implications for
their physiology and ecology, however. First, oxygen and Fe(II) react quickly abiotically at
neutral pH — the half life of Fe(II) in fully oxygenated water is around 12 to 15 minutes (25).
FeOB circumvent this issue by living in environments with very low oxygen content, which
keeps abiotic reaction rates slow and allows them to better compete with abiotic oxidation (26,
27). Indeed, at oxygen concentrations of ~10 pM FeOB have been shown to be responsible for
upwards of 90% of iron oxidation (22, 23). FeOB are therefore usually found where anoxic
ferruginous waters meet oxygenated water, where abiotic oxidation can remove much of the

oxygen from the environment forming opposing gradients of Fe** and O,. Freshwater FeOB have



long been observed in terrestrial streams, iron seeps in wetlands, mines, and in association with
plant roots (28—32). In marine environments, FeOB are present at areas of hydrothermal venting
and on Fe(II)-containing basaltic minerals (33—38). Though habitats meeting the criteria FeOB
require were thought to be relatively rare, recent research has shown that FeOB are far more
widespread than was once believed, appearing on continental margins away from any
hydrothermal influence, in coastal sediments, and in stratified pelagic environments (39—41). It is
therefore believed that FeOB have a large influence on global iron cycling.

Another issue posed by oxidizing iron at circumneutral pH is that the waste product of
this metabolism, Fe(IIl), is unstable at neutral pH and precipitates almost immediately as solid
iron oxides via the reaction Fe** + 0.25 O, + 2.5 H,O — Fe(OH); +2 H" (3). This necessitates
that Fe(II) oxidation is carried out extracellularly, with cytochromes in the outer membrane
accepting electrons from Fe(II) and passing them through the periplasm to the inner membrane
where they are then passed to oxygen (42, 43). Furthermore, these iron oxides are autocatalytic
for further iron oxidation, so FeOB must not only compete with the abiotic reaction of Fe(II)
with O», but also with their waste products for both their electron donor and electron acceptor
(27).

Even oxidizing iron on the outer membrane carries some risk for FeOB, namely that this
would make it possible for them to become encrusted or even entombed in precipitated iron
oxides, which could inhibit the acquisition of essential nutrients (16, 44). Though some FeOB do
indeed encrust in iron oxides, many arrange their iron oxide waste products into highly ordered
structures, for example twisted iron stalks, sheathes, and “dreads,” though some organisms
simply produce amorphous iron oxides (39, 45, 46). Of these iron oxide structures, twisted stalks

have been most extensively studied and there has been much research into how and why FeOB



make their stalks, as well as for the use of stalks as a biosignature for past iron oxidation (47,
48).

Stalk-forming FeOB are usually bean- or “C”-shaped cells that form stalks by attaching
to a surface in suitable chemical conditions (i.e. low pO2 with Fe(II) present) and beginning to
oxidize iron (47). They produce acidic polysaccharides as they oxidize iron that bind Fe(III)
before it precipitates as iron oxide in multiple fibrils, which make up the “ribbon” of the stalk
(44). As the cell continues to oxidize iron, it continues to excrete its stalk, which pushes the cell
away from the substrate the stalk is attached to. The cell rotates as it produces the stalk, resulting
in its characteristic twisted ribbon morphology, though it is unclear what makes the cell turn
during this process. Once the cell has moved far enough that the chemical conditions are no
longer suitable, it produces flagella, detaches itself from the stalk, and swims off to start the
process again, perhaps attaching to a previously produced stalk (45). As cells make stalks and
other cells attach to these stalks and make their own in turn, stalk-forming FeOB can develop
thick flocculent iron mats that can in some cases be meters thick and stretch for hundreds of
square meters (3, 5, 49). Additionally, by affecting flow regimes these iron mats allow stalk-
formers to act as “ecosystem engineers” that are able to modify the environment around them on
much larger scales than that of bacterial cells (45).

Though FeOB are involved in the cycling of iron, a nutrient that is vital to life and
limiting in much of the ocean, they remain relatively poorly understood. Iron oxidation has a low
free energy yield (AG® = -29 kj mol™! Fe(II), actual AG = -90 kj mol™! Fe(II) due to precipitation
of waste products and low pO2) and FeOB grow relatively slowly (Mariprofundus ferrooxydans
PV-1 generation time = 12 hr, Ghiorsea bivora TAG-1 generation time ~ 22 hr when grown on

Fe?"), making the production of large amounts of biomass time consuming (3, 29, 37, 46). This is



in addition to the presence of large amounts of iron oxides that can interfere with standard
molecular biology techniques (50). They are also currently unable to be grown as single colonies
on solid media, making genetic manipulations difficult, and as of this time there are no
genetically tractable representatives. To this end, this thesis furthers our understanding of FeOB
physiology by using pure cultures to examine how FeOB affect iron oxidation rates in
association with iron minerals (Chapter 1), how FeOB respond to changes in environmental pH
(Chapter 2), and whether FeOB form pH microenvironments around their cells and the
implications this has for biomineralization (Chapter 3).

The work comprising this thesis was done on two FeOB isolates, Mariprofundus
ferrooxydans PV-1 and Ghiorsea bivora TAG-1. Both are members of the Zetaproteobacteria
and both were isolated from deep-sea hydrothermal vents. There are some key differences
between these bacteria, however, that allowed me to make comparisons to better understand
FeOB physiology.

M. ferrooxydans PV-1 was isolated from Pele’s Vents at Lo’ihi seamount off the coast of
Hawai’i, a low-temperature (~30°C) hydrothermal system with high iron content (up to ~1 mM)
and little sulfide (up to 56 uM measured, but usually lower than 20 uM) in comparison to other
vent systems (37, 51, 52). PV-1 was one of the first isolated Zetaproteobacteria and, as an
obligate iron oxidizer, serves as a model organism for studying marine microaerobic iron
oxidation. It is also a model for studying the twisted iron stalks, with multiple studies focused on
the structure and production of its stalks (37, 47, 48, 53).

Ghiorsea bivora TAG-1, on the other hand, was isolated from the Trans-Atlantic
Geotraverse (TAG) vent field in the Mid Atlantic Ridge, a high temperature (290-321°C)

hydrothermal system that also has very high iron content (1640 uM), though TAG-1 was isolated



from a diffuse flow with a temperature measured to be 5°C (46, 54). Interestingly, TAG-1 does
not make structured iron oxides. Instead it produces amorphous oxides, and these oxides are
often covered in cells when viewed under a microscope. It is unclear why many FeOB produce
highly ordered structures when some do not, though one hypothesis for why FeOB form stalks
postulates that doing so helps prevent encrustation by iron oxides (47). It has been proposed that
TAG-1 may produce a different exopolysaccharide instead of that used by stalk formers that it
simply sheds when iron oxides precipitate on and bind to it. It should also be noted that TAG-1 is
one of two known FeOB that can use H as an electron donor in addition to Fe(Il) (46).

There has been much interest in measuring rates of FeOB iron oxidation, as they act to
prevent dissolved reduced iron from reaching the overlying water column. Previous studies have
mostly been conducted over short time scales (minutes to hours) using voltammetric
measurements of dissolved iron (23). In doing so investigators have demonstrated that FeOB do
compete with abiotic reactions and oxidize iron more quickly than killed controls at low oxygen
concentrations (<25 uM O2) (22, 23). Though these studies have provided valuable insight to
FeOB physiology, they do not take into account the fact that FeOB exist in their environments
for much longer periods of time.

I address this in Chapter 1 by examining iron oxidation rates of M. ferrooxydans PV-1
and G. bivora TAG-1 over day to week time scales using oxygen measurements as a proxy for
iron oxidation. I also explore how each strain affects iron mineral dissolution by using zero-
valent iron (ZVI) and pyrrhotite (Fei«xS, x =0 — 0.17) powders as solid iron sources, rather than
dissolved Fe(Il). I show that both strains are capable of decreasing net iron oxidation rates by

inhibiting mineral dissolution when grown on ZVI. I also show that PV-1 is capable of



decreasing net iron oxidation rates when grown on pyrrhotite while TAG-1, in contrast, increases
iron oxidation rates when using pyrrhotite as its iron source.

Interestingly, many marine FeOB preferentially grow at pH levels well below the average
of seawater (~pH 8.1) (22, 36, 37, 46, 55). In fact, many will not grow at pH 8.0 or above, only
surviving in the range of 5.5 to ~7.5. Hydrothermal vents are dynamic systems, though, with
frequent changes in flow regimes and thus shifts in the proportion of a given cell’s environment
that is composed of acidic vent fluid (as low as pH 3) or of seawater (56, 57). In Chapter 2, |
provide insights as to how FeOB that live at hydrothermal vents contend with changes in
extracellular pH through studying the transcriptomic responses of TAG-1 and inferring what this
means for its physiology. I test both short- and long-term exposure to acidic and alkaline pH in
cultures grown on ZVI by extracting RNA from these cultures and sequencing the resulting
transcriptomes. | find that TAG-1 seems to be better suited to short exposures to more acidic
(and thus more vent-influenced) conditions, increasing the expression of genes related to
translation, inorganic ion transport, and energy metabolism in comparison to the control. Acute
exposure to more alkaline pH, however, elicits a stress response from TAG-1, where it decreases
the expression of genes related to translation while increasing the expression of those related to
signal transduction and motility, as well as integrases.

Chronic exposure to pH conditions outside its optimum, on the other hand, can be linked
back to the challenges imposed by greater exposure to vent fluid or seawater. Under long-term
exposure to a more acidic pH, TAG-1 increases expression of genes related to motility, as well as
phosphate acquisition and heavy metal resistance when compared to the control. It also increases
expression of many energy metabolism related genes. Long-term growth under alkaline

conditions, however, revealed that TAG-1 decreases many of the same energy metabolism-



related genes that were higher in expression under acidic conditions. Similarly, genes related to
phosphate acquisition and heavy metal resistance were also less expressed than the control.
Integrases were still mostly expressed to a higher degree than in the control, indicating that
alkaline conditions are still provoking a stress response even after multiple days of exposure
(58).

pH also affects some important aspects of iron oxidation as a lifestyle; in particular the
energy yield of iron oxidation decreases with decreasing pH and the Fe*" waste products of
FeOB are more soluble at lower pH (1). It has been previously demonstrated that phototrophic
iron oxidizers escape encrustation by the iron oxides they produce by generating a low pH
microenvironment around their cells, but it was unknown whether FeOB were even capable of a
similar phenotype (59). In Chapter 3, I use a pH sensitive fluorescent dye in combination with
confocal microscopy to image “pH landscapes” around PV-1 cells and demonstrate that they do
indeed actively mediate the establishment of an acidic microenvironment around themselves.
Furthermore, I use geochemical modeling to show that in exchange for a modest loss in energetic
yield for iron oxidation, PV-1 may benefit from increased availability of carbon dioxide. I also
show that establishing a low pH microenvironment may aid PV-1 in the production of its twisted
iron stalk.

The data presented in this thesis comprise significant advances in FeOB physiology. By
taking advantage of a number of techniques, I was able to add to our understanding of this
relatively understudied group of organisms that are involved in cycling one of the most important
nutrients to life on Earth. Though the experiments I preformed were done with pure cultures, I

also recognize and expound upon the importance of linking laboratory studies back to how these



organisms exist in nature. It is my hope that my work can be used further to examine more

aspects of FeOB physiology and better study them.
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Chapter 1

Diverse iron-oxidizing Zetaproteobacteria exert differential controls on mineral dissolution



Abstract

Iron-oxidizing bacteria (FeOB) must compete with abiotic reactions for their electron donors and
electron acceptors. Many studies have shown that FeOB catalyze Fe(II) oxidation faster than
abiotic rates at low pO2, thereby outcompeting these abiotic reactions. FeOB have also been
implicated in increasing mineral dissolution rates. Here, we present evidence that neither of these
is always the case. We used a non-invasive optical oxygen sensor to monitor oxygen
consumption as a proxy for iron oxidation in incubations of two diverse FeOB, Mariprofundus
ferrooxydans PV-1 and Ghiorsea bivora TAG-1, grown on solid iron sources over timescales of
days to weeks. We show that both FeOB have the capacity to decrease net iron oxidation rates
when grown on zero-valent iron powder, and M. ferrooxydans PV-1 is able to do the same when
grown on pyrrhotite, a natural iron mineral. Furthermore, we show that this decrease in net iron
oxidation rate is due to inhibition of mineral dissolution, likely as a result of cells and
extracellular polysaccharide covering mineral grains. This effect remains even if the FeOB that
produced this EPS are no longer metabolically active. Altogether, the data presented here have
implications for how we understand iron cycling, as we can no longer assume that FeOB will

invariably increase net iron oxidation and mineral dissolution rates.

Introduction

Iron-oxidizing bacteria (FeOB) are microorganisms that catalyze the oxidation of Fe(Il)
to Fe(III) for energy. FeOB are phylogenetically diverse, as with representatives within the a, 8,
v , and ( classes of Proteobacteria, as well as the Firmicutes, Nitrospirae, and Actinobacteria (1—
4). FeOB flourish in aqueous systems characterized generally by low pO> and elevated levels of

Fe?* (5-8), such as freshwater aquifers, regions of acidic discharge, acidic natural and
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anthropogenic estuarine sediments, and deep-ocean habitats, including hydrothermal vents and
fractured basalts (9—12).

Notably, neutrophilic FeOB (i.e., those that live at circumneutral pH) must contend with
the reactivity of Fe*" and O, which rapidly react to form iron oxyhydroxide precipitates,
including ferrihydrite and trace amounts of lepidocrocite and goethite (1, 13). The resulting iron
oxyhydroxides are also autocatalytic, further accelerating abiotic iron oxidation (4, 14-16). In
addition to the presence and persistence of abiotically-formed oxyhyrdoxides, many FeOB
organize their iron oxide waste products into structures including twisted stalks, sheaths, and
“dreads.” (17—19). These structures do not form abiotically, thus they are considered diagnostic
features of neutrophilic FeOB (4, 17-20). Stalk-forming FeOB in particular are known to
produce flocculent iron oxide mats, which can be meters thick and cover hundreds of square
meters, as is the case at Lo’thi Seamount (11, 17). Fe(II) and O, gradients have been shown to
converge sharply near mat surfaces and the architecture of iron mats suggests that these mats
change flow regimes around them (18, 21).

Neutrophilic FeOB experience constant competition for their electron donor from both
their electron acceptor and the waste products of their metabolism. As such, neutrophilic FeOB
in particular are most abundant in environments with opposing gradients of Fe(II) and O», such
as the iron-rich vents at the Loihi seamounts, where pO: values are low enough for them to
compete with abiotic reactions (12, 15, 16, 22, 23). While such environments were once thought
to be relatively uncommon, recent studies have shown that FeOB are much more widespread
than previously expected, having been found in coastal sediments and on continental margins

(17, 24).
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To examine the rates of biotic iron oxidation by neutrophilic FeOB, previous lab-based
studies have generally documented biotic oxidation rates by measuring the changes in dissolved
Fe(IT) via A) cyclic voltammetry over short time periods (20-70 minutes;(16, 25)); or B) changes
in the total iron content in live cultures vs controls over several days (19). In the voltammetric
studies, the authors benefitted from measuring [Fe?'] in real time, compensating for the
confounding factors of abiotic oxidation and -more importantly- the rapid abiotic autocatalysis
that occurs after the formation of oxyhyrdoxides. In longer-term studies with total iron sampling,
the authors were able to look at net iron oxidation over time, but with limited ability to resolve
biotic and abiotic oxidation rates.

However, FeOB live in dynamic environments, and of course flourish for more than a
mere few hours. This begs the question as to how FeOB contend with the abiotic processes with
which they compete over longer time scales. The null state would be that they do not, and if that
is the case the abiotic autocatalytic iron oxidation may ultimately govern the density and
distribution in natural settings. On the other hand, FeOB are recognized as ecosystem engineers
that can modify the their environments (18), which poses the question of whether FeOB are able
to influence their environment sufficiently to mitigate the abiotic processes.

In this study we examined the oxidation rates of two Zetaproteobacteria from two
genera, Mariprofundus ferrooxydans PV-1 and Gheorsia bivora TAG-1 when grown on iron
minerals over several days (with zero valent iron) to three weeks (with (Fei«S, x =0 — 0.17) ite).
To that end, we designed an experimental setup that allowed us to conduct four parallel
incubations in gastight microcosms. We employed an optical oxygen sensor, or optode, to
continuously and non-invasively monitor oxygen concentrations in FeOB cultures over the

course of the incubation. Solid phase, zero-valent iron (ZVI), which releases Fe(II) over time
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through dissolution, as well as pyrrhotite (Fe1-xS, x =0 — 0.17), were used as sources of iron.
These data reveal that FeOB grow and flourish over the times course of these experiments.
Notably, reactors containing live FeOB exhibited net rates that were slower than the abiotic
controls. Thus, FeOB are capable of moderating abiotic iron oxidation rates. Through another
series of experiments, we tested how FeOB achieve this, with our data being most consistent
with the hypothesis that FeOB inhibit the abiotic interaction of the solid-phase iron with
dissolved oxygen. This phenotype can be present in both stalk- and non-stalk-forming FeOB, and
can occur at both lower (e.g., ~25 uM) and higher (e.g., ~110 uM) oxygen concentrations.
Dissolution inhibition also appears to be dependent on the mineral being colonized. While both
FeOB used in this study decreased dissolution rates of ZVI and M. ferrooxydans PV-1 also
decreased dissolution of pyrrhotite, G. bivora TAG-1 was able to increase the iron oxidation rate
of pyrrhotite. The results and discussion below elaborate on these observations, and present a
model of how FeOB have the capacity to manage their environment to favor their metabolic

activity in lieu of the autocatalytic abiotic iron oxidation.

Methods
Culturing

Two strains of Zetaproteobacteria, Mariprofundus ferrooxydans PV-1 and Ghiorsea
bivora TAG-1, were cultured in artificial seawater-zero valent iron (ASW-ZVI) plates as
previously described in the National Center for Marine Algae and Microbiota culturing
guidelines for Mariprofundus ferrooxydans PV-1. Specifically, petri dishes were filled with 20
ml of artificial seawater (pH ~6.4), to which approximately 100 mg of -200 mesh zero valent

iron (ZVI, Alfa Aesar Inc.) was added as a source of Fe(II). To reduce the risk of contamination,
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the ZVI was sterilized prior to use by exposure to 24 hours of gamma irradiation from a '*’Cs
source at 200 rademin’!. Next, plates were placed in sealed gas-tight jars designed for anaerobic
culture, which were equipped with valves allowing the air inside to be removed via vacuum and
replaced with a gas mix of 8% 02/10% CO2/82% N,. Jars were incubated at laboratory

temperature (~24° C). Separate jars were used for each strain.

Cell counts

Cells were quantified by direct count as in Emerson and Moyer 2002 (11). Slides
inscribed with 1 cm diameter circles (Electron Microscopy Sciences) were coated in 1% agarose,
and 10 pl of sample to be counted was spread evenly within each circle. Slides were air dried and
then stained with 10 pul of 1 mM SYTO 13 nucleic acid dye (Thermo Fisher Inc.). Fluorescent
cells were counted on an Axio Scope.al microscope (Zeiss) equipped with a counting grid of
area 0.01 mm? at 1000x magnification, as well as a 470 nm LED and FITC filter set. Fifteen
grids were counted per circle and three circles per sample. Cell concentrations were calculated

using the formula:

Cell concentration(cells e ml™') = (Average total cells counted for sample =+

15 fields) X (Area of circle + area of grid) x 100 X dilution factor.

Measurements of rates of oxygen consumption by PV-1 and TAG-1
Cell suspension preparation: Because iron oxides are autocatalytic for further iron
oxidation (16), which could contribute significantly to abiotic oxygen consumption early on in

the treatments and confound our determination of biological oxygen consumption, we removed
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the majority of the iron oxides present in FeOB cultures prior to inoculation. This was done by
using serological pipettes to gently mix then harvest 12 ml of cell culture from ASW-ZVI plates.
This aliquot was transferred to a 15 ml tube (VWR), then vortexed vigorously to dislodge cells
from stalks and other iron oxide aggregates. M. ferrooxydans PV-1 tubes were then centrifuged
at 19xG in a Sorvall Legend RT centrifuge (Thermo Fisher Inc.) for 1 min. As the iron oxide
particles produced by TAG-1 are smaller than those produced by PV-1, TAG-1 tubes were
centrifuged at 215xG for 1 minute to achieve comparable results as determined by cell counts. In
both cases, a 6 ml aliquot of supernatant was then transferred to a new tube and cell
concentrations were determined as described above. An 0.5 ml aliquot of supernatant was also

removed and placed on a heat block at 100°C for 5 minutes to serve as a killed control.

Oxygen concentration measurements: Oxygen concentrations over time were recorded
using a non-invasive optical oxygen probe (optode). The optode uses fiber optic cables to read
light reflected from oxygen sensor spots inside sealed containers. The amount of light reflected
changes based on the concentration of oxygen around the spot, allowing the optode to determine
the oxygen concentration inside sealed vessels.

Pst3 optode sensor spots (PreSens Precision Sensing GmbH) were affixed to the inner
walls of 100 ml glass serum vials (Wheaton) with silicone adhesive. After the adhesive set,
sensor spots were calibrated using air-saturated water and 100% N> gas according to the
manufacturer’s instructions. Vials were washed with 3% oxalic acid to remove any iron residue
and sterilized in a bath of 10% HCI and rinsed with ultrapure water prior to use.

For these experiments, four glass vials with sensor spots were filled with 6 ml ASW.

Oxygen concentrations were measured in the headspace, so it was left large in relation to the
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amount of media added in order to minimize the effects of diffusion of oxygen in water. 30 mg
ZV1, pre-sterilized via 24 hours of gamma irradiation from a *’Cs source at 200 rademin™!, was
added to each vial. Three vials were inoculated from prepared cell suspension aliquots to a final
cell concentration of approximately 3.5¢10° cellssml!. The remaining vial was inoculated with
an equivalent volume of heat-killed cell suspension. This was done to help differentiate between
biological iron oxidation and abiotic iron oxidation catalyzed by the added iron oxides and dead
bacterial cells acting as nucleating agents. Vials were then sealed with butyl rubber stoppers and
their headspaces were replaced with gas mixes of either 8% 02/10% CO2/82% N2 (“8% 0"
experiments) or 2% 02/10% CO2/88% Nz (“2% O, experiments) to ambient pressure. The gas
mix for 2% O experiments was mixed using mass flow controllers (Omega Technologies) and
stock gas tanks of 10% 02/90% N, 100% CO», and 100% No.

An optode fiber optic cable was then attached to each vial and vials were incubated in a
temperature-controlled room at 20°C on a rocker, again to minimize the effects of diffusion. The
oxygen concentration inside the vials was read every 5 minutes by an OXY-4 SMA optode
(PreSens Precision Sensing GmbH). After 3 days (for 8% O experiments) or 5 days (for 2% O-
experiments) the headspace was again replaced with the original gas mix and oxygen

concentrations were read every 5 minutes for an additional 3 days.

Sampling: Vials were removed, vortexed vigorously to dislodge the iron mats that were
formed, and decanted into 15 ml tubes. 1 ml aliquots were taken from each tube and immediately
used to determine final ferrous iron concentrations by ferrozine assay (26). 0.5 ml aliquots were

removed for cell counts and fixed by mixing 1:1 with a 5% glutaraldehyde in ASW solution
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(2.5% final glutaraldehyde concentration). Samples were fixed overnight at 4°C and final cell

concentrations were determined by direct count as described above.

Measurements of rates of oxygen consumption by PV-1 and TAG-1 at 5°C
Oxygen consumption rates at 5°C were conducted using an optode to measure headspace
oxygen concentrations as the experiments using the 8% 02/10% CO2/82% N> gas mix detailed

above, except these experiments were conducted in a temperature controlled room set to 5°C.

Iron concentration measurements

All Fe(IT) concentrations were measured using the ferrozine assay. 1 ml aliquots were
centrifuged at 13000 rpm and 20 ul sample supernatant added to 980 pl ferrozine solution (2 mM
ferrozine in 50 mM HEPES, pH 7.0) in a 1 ml cuvette and vortexed to mix. Absorbances were
read at 562 nm on a Cary 100 UV-Vis Spectrophotometer (Agilent Technologies) and all

measurements were done in triplicate.

Oxygen consumption rate measurements with HgCl, addition

Oxygen measurement experiments including HgCl, were initially set up the same way as
8% O» experiments. After 3 days, however, the media in the vials was removed via pipetting and
replaced with ASW containing 1 mM HgCl. This was done carefully to not disturb the iron mat
that had formed over the ZVI, allowing the demonstration of the effects of the mat on ZVI
dissolution without living cells present. The Fe*" concentration of the removed ASW was

determined by ferrozine assay.
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Headspaces were then replaced with 8% 02/10% CO2/82% N>, optode cables were
reattached, and the oxygen concentration was measured every 5 minutes for 3 days. Fe(I)

concentrations were then checked daily by ferrozine assay.

Imaging of iron mat formation

To observe mat formation for the duration of the experiments detailed above, cells were
cultured for confocal microscopy in 60 mm petri dishes. These plates were used as they are
approximately the same diameter as the 100 ml serum vials used for oxygen consumption
experiments. Six plates were prepared for each strain and each plate contained 6 ml ASW and
30 mg gamma-sterilized ZVI and was inoculated to a final cell concentration of 3.5+ x 10°
cellssml™!. These plates were placed in gas-tight jars, the jars were filled with a gas mix of 8% O
2/10% CO2/82% N> and placed on a rocker in a temperature controlled room set to 20°C.

One plate per strain was removed for imaging each day and jars were refilled with the
same gas mix. Cells were visualized by staining with 1 pl/ml SYTO 13 nucleic acid dye
(Thermo-Fischer). Polysaccharides were visualized by staining with 1 pl/ml rhodamine-
conjugated Ricinus communis agglutinin 1 (RCA1, Vector Laboratories). Plates were incubated
in the dark for 20 minutes after stain additions. Plates were then imaged on a Zeiss LSM 880
confocal microscope equipped with a dipping objective. Each stain was imaged using
appropriate laser excitation wavelengths and ZVI particles were imaged using reflected light.

Image stacks were made into 3D projections using Fiji (27).
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Oxygen consumption rate measurements of FeOB grown on pyrrhotite

Experiments using pyrrhotite as an iron source were initially set up in the same manner as
other oxygen consumption experiments, except instead of ZVI, 200 mg gamma-sterilized
pyrrhotite powder was used as an iron source. This powder was made of commercially available
pyrrhotite (Fei-x)2, x = 0 to 0.2; Ward’s Science) which was milled using a disk mill and sieved
to -200 mesh (<74 pm, the same size as the ZVI powder used in other experiments). Vials were
sealed with butyl rubber stoppers and their headspaces were replaced with 8% O2/10% CO2/82%
N». Vials were then placed on a rocker at 20°C and optode fiber optic cables were attached.
Oxygen concentrations were measured every 5 minutes.

After two weeks, vials were removed and their headspaces were refreshed with the
starting gas mix. They were placed back on the rocker and optode and their oxygen
concentrations were again measured every 5 minutes for an additional week. Vials were then

taken down and sampled for Fe(II) concentration via ferrozine assay.

Results
Biotic and Abiotic Oxygen and Iron consumption during FeOB Incubations on Fe(0)

When grown on ZVI at 20°C, M. ferrooxydans PV-1 consistently consumed oxygen more
slowly than heat-killed controls. Slower oxygen consumption was apparent after just 24 hours
and persisted after vial headspaces were refreshed with the same gas mix. This was true for

oxygen concentrations of both 2% and 8%. (Fig. 1.1)
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Figure 1.1) Oxygen consumption over time by M. ferrooxydans PV-1 in sealed vials. A) Vials containing 8% O»
headspace, growth media and zero-valent Iron were inoculated (control was inoculated with heat-killed culture
including oxides) and oxygen was monitored non-invasively for three days. Dashed line represents where headspace
was replenished. B) Same treatment, except for the use of 2% O, in the headspace.

G. bivora TAG-1, on the other hand, initially consumed oxygen more quickly than
controls. Oxygen consumption began to slow after 2 (for 8% O>) or 3 (for 2% O>) days, however,
and after vial headspaces were refreshed TAG-1 clearly consumed oxygen more slowly than
controls. This occurred at both oxygen concentrations tested, but was more apparent at 8% O:.
Some 2% O> vials consumed oxygen at nearly the same rate as controls after the headspace

refresh, but this was still slower than their oxygen consumption rates 24 hours post-inoculation.

(Fig. 1.2)
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Figure 1.2) Oxygen consumption over time by G. bivora TAG-1 in sealed vials. A) Vials containing 8% O,
headspace, growth media and zero-valent iron were inoculated (control was inoculated with heat-killed culture
including oxides) and oxygen was monitored non-invasively for three days. Dashed line represents where headspace
was replenished. B) Same treatment, except for the use of 2% O, in the headspace.

When grown on ZVI at 5°C and 8% O», PV-1 did not show a consistent pattern, with
different vials consuming both less and more oxygen than the control both before and after their
headspaces were refreshed. TAG-1, however, initially consumed oxygen more slowly than the
control. This rate increased after headspaces were refreshed, and TAG-1 then consumed oxygen

at approximately the same rate as the control. (Fig. 1.3A & 1.3B)
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Figure 1.3) Oxygen concentration measurements over time and end of experiment ferrous iron concentrations
for incubations done at 5°C. A) and B) are oxygen concentration measurements over time for PV-1 and TAG-1
cultures, respectively. Dashed lines mark when vial headspace were refreshed with starting gas mix. C) and D) are
concentrations of ferrous iron in each vial at the end of the experiment for PV-1 and TAG-1 respectively. (* =
P<0.05, *** =P<0.001)

In incubations at 20°C, vials with live cells consistently had far lower Fe(II)
concentrations at the end of each experiment than heat-killed controls. At 2% O», both PV-1 and
TAG-1 live vials had <250 uM Fe(Il), while controls contained close to 1 mM Fe(II). For
incubations done at 8% O., Fe(Il) concentrations in life cells were close to 0 and often
undetectable. As in the 2% O experiments, controls at 8% O had far higher Fe(II)

concentrations at approximately 500 uM. (Fig. 1.4)
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Figure 1.4) Final ferrous iron concentrations measured in two strains of aerobic iron oxidizing bacterial
cultures. PV-1 and TAG-1 were grown on zero-valent iron in gastight vials. After six days, aliquots were recovered
for ferrous iron quantification in vials with living cells, as well as those with dead cells. (*** = P<0.001)

This pattern did not hold true for incubations done at 5°C, however. At lower
temperatures, PV-1 Fe(Il) concentrations ranged from ~566 uM to ~2.18 mM in live vials and
was ~865 puM in the killed control. TAG-1 Fe(II) were similarly high in live vials, in the range of
1.26 - 1.54mM. Here the killed control actually had lower a Fe(II) concentration of 539uM. (Fig.

1.3C & 1.3D)

Biotic and Abiotic Oxygen and Iron consumption during FeOB Incubations on Pyrrhotite
When grown at 20°C with pyrrhotite as their iron source, M. ferrooxydans PV-1 initially

appeared to consume oxygen at the same rate as the killed control. The oxygen consumption rate
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then increased and PV-1 cultures consumed oxygen more quickly than the control, starting at
around 72 hours. After about 300 hours the oxygen consumption rate began to slow. Vials with
live cells then consumed oxygen at approximately the same rate as the control after headspaces
were refreshed. (Fig. 1.5A)

G. bivora TAG-1, on the other hand, always consumed oxygen more quickly than the
killed control. This rate also slowed over the course of the experiment, but oxygen consumption

rates in live vials were still faster than the control even after vial headspaces were refreshed.

(Fig. 1.5B)
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Figure 1.5) Oxygen concentration measurements over time and end of experiment ferrous iron concentrations
for incubations with pyrrhotite as iron source. A and B) Oxygen concentration measurements over time for PV-1
and TAG-1 respectively. Dashed lines mark when vial headspace were refreshed with starting gas mix. C and D)
Ferrous iron concentrations in each vial at the end of the experiment for PV-1 and TAG-1 respectively. Note the Y-
axis is much smaller than other similar figures presented in this chapter. (¥ = P<0.05, ** = P<0.01, *** = P<0.001)
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Vials with live PV-1 cells had low but detectable levels of Fe(II) at the conclusion of the
experiment, in the range of ~13 uM —~30 uM Fe(II). The killed control had significantly more
dissolved iron at ~50 uM Fe(II) (P<0.05), likely the result of pyrrhotite dissolving more slowly
than ZVI. (Fig. 1.5C)

Vials with live TAG-1 cells similarly had low levels of Fe(II) that were still within
detection range. Fe(II) concentrations in these vials varied less than those of PV-1 vials, ending
the experiment at ~15 pM. The control again had significantly more dissolved iron at ~40 uM

(P<0.05). (Fig. 1.5D)

Biotic and Abiotic Oxygen consumption in FeOB Incubations poisoned with HgCl,

As in the initial oxygen consumption experiments, M. ferrooxydans PV-1 consumed
oxygen more slowly than the control. After culture media was replaced with fresh ASW
containing HgCl, and headspaces were refreshed, vials that had live cells in them continued to
consume oxygen more slowly than the control. Notably the rate of oxygen consumption in the
control began to slow as well towards the end of the experiment. We think that this is an effect of

the HgCl» addition and its interactions with oxygen. (Fig. 1.6A)
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Figure 1.6) Oxygen and ferrous iron time courses for FeOB incubations killed with HgCl.. A) and B) are
oxygen measurements over time for M. ferrooxydans PV-1 and G. bivora TAG-1 respectively. C) and D) are ferrous
iron concentrations over time M. ferrooxydans PV-1 and G. bivora TAG-1 respectively, determined by ferrozine
assay. Dashed lines indicate where culture media was replaced by new media containing HgCl, and vial headspaces
were refreshed with the starting gas mix.

Daily measurements of Fe(Il) concentrations showed that vials with live PV-1 cells have
lower Fe(Il) concentrations than the control after just 24 hours (~600 uM vs 1.2 mM). Both
decreased after 48 hours to approximately 800 uM in the control and nearly undetectable levels
in vials with live cells. After the media exchange and headspace refresh, vials that had live cells
increased in Fe(II) concentration to ~350 uM, while the control increased to ~500 pM. These
values continued to decrease, until the Fe(I) concentration in the control was only slightly
higher than in vials that had live cells (both ~225 uM; Fig. 1.6C).

Ghiorsea bivora TAG-1 consumed oxygen at approximately the same rate as the control
at the start of the experiment. After media was replaced with ASW containing HgCl> and the

headspaces were refreshed, vials with live TAG-1 cells consumed oxygen slightly more slowly
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than controls, with one vial consuming oxygen at approximately the same rate as the control.
Again the oxygen consumption rate of the control slowed towards the end of the experiment due
to the addition of the HgCl. (Fig. 1.6B)

After 24 hours, Fe(Il) concentrations were approximately the same between vials with
live TAG-1 cells and the control, with two of three live vials actually having more dissolved
iron. Live vials again had undetectable amounts of Fe(II) after 48 hours, while the control
decreased to ~500 uM. This remained the case until the media and headspaces were exchanged.
After the addition of ASW containing HgCl,, Fe(II) concentrations remained extremely low in
vials that had live TAG-1 cells. There was, however, a slight increase in dissolved iron 72 hours
after the media was exchanged. Fe(I) in the control remained high 24 hours post-media
exchange, at about 400 uM, decreasing slowly over time to about 150 uM at the conclusion of

the experiment. (Fig. 1.6D)

Confocal microscopy time course of active FeOB mats

Confocal microscopy showed that after 1 day M. ferrooxydans PV-1 cells began to attach
to ZVI granules and produce stalks, visible as aggregates of polysaccharide (Fig 1.7). After 2
days, attached cells are more numerous and by 3 days post-inoculation many ZVI granules are
almost completely covered by cells. Additionally, stalk production had covered many ZVI
granules. By day 4 few ZVI granules were visible, as they were mostly covered by stalks with
cells interspersed throughout. After day 5 the iron mat had increased in thickness, and flocs
covered all ZVI granules, leaving none visible. By day 6 these mats were up to 300 uM thick in

Some arcas.
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Figure 1.7) Visualization of M. ferrooxydans PV-1 growth on zero-valent iron over time. Cyan: cells stained
with SYTO 13 DNA stain, magenta: polysaccharide stained with rhodamine-conjugated Ricinus communis
agglutinin, and white: reflected light.

G. bivora TAG-1 cells had also begun to attach to ZVI granules after 1 day with some
polysaccharide production (Fig 1.8). By day 2, there were already large clumps of cells in some
areas. By day 3 cells covered the majority of ZVI granules, though with less polysaccharide
present than in PV-1 cultures. This remained the case for the remainder of the experiment.
Though much of the ZVI was covered by polysaccharide, most ZVI was covered only by cells.
There were still ZVI particles visible by day 6, however. This is in contrast to PV-1 cultures,
which completely covered the ZVI by day 5. TAG-1 mats also thickened over the course of the

experiment, generally to about 100 uM by day 6.
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Figure 1.8) Visualization of growth of G. bivora TAG-1 on zero-valent iron over time. Cyan: cells stained with
SYTO 13 DNA stain, magenta: polysaccharide stained with thodamine-conjugated Ricinus communis agglutinin,
and white: reflected light.

Discussion
FeOB consume oxygen more slowly than Killed controls when grown on solid zero-valent
iron

In this study, we show that iron-oxidizing bacteria are capable of decreasing iron
oxidation rates when grown on iron minerals at 20°C. In addition, vials in which live cells grew
have very low final dissolved Fe(Il) concentrations in comparison to killed controls. If this were
simply a matter of the FeOB keeping Fe(II) levels low by consuming it more quickly than it
could be replenished through dissolution of ZVI, we would expect to see an increase in oxygen

consumption rates. On the other hand, if FeOB were slowing oxygen consumption rates by
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decreasing the oxidation of dissolved Fe(II) (e.g., by reducing the autocatalytic capacity of the
iron oxides they generate), we would expect higher Fe(II) concentrations in controls. Taken
together, these data therefore point towards a decrease in mineral dissolution.

This is in contrast to previous studies where FeOB have only been implicated in
increasing weathering rates (28, 29). This observation made sense in the past, as one can usually
safely assume that microbially catalyzed reactions will proceed at an increased rate relative to
abiotic systems. Indeed, this is even true for FeOB when they are provided with dissolved Fe**
(12, 15, 16, 25). When given a solid iron source, however, it seems that the story is not so
simple. Indeed, even the two FeOB studied here behaved differently from one another, with PV-
1 slowing oxygen consumption rates both before and after vial headspaces were refreshed while
TAG-1 only appeared to reduce oxygen consumption rates after vial headspaces were refreshed.
This may be related to the fact that PV-1 is a stalk forming FeOB, which allows them to form
very thick iron mats compared to sheath- and amorphous oxide-forming organisms (11, 17, 18,
30). It is well known that microbial mats are able to influence the chemistry of their
surroundings, and the iron mats of FeOB are no exception (18, 31). We hypothesize that these
mats slow diffusion around minerals, preventing contact with fresh seawater and thereby
inhibiting dissolution.

It is important to note that this affects the net iron oxidation rate. FeOB must still
compete with abiotic Fe(II) oxidation for their electron donors and acceptors (15, 16, 25). Both
PV-1 and TAG-1 are most likely oxidizing iron faster than the abiotic rate in the
microenvironment around the ZVI on which they are growing. However, this is probably slower

than the abiotic rate of oxidation around the ZVI in vials that never had live cells.
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These patterns do not hold true, however, at temperatures that are more representative of
the majority of the seafloor, here represented by incubations conducted at 5°C. In fact, there was
no discernable pattern for PV-1 when it was grown at this temperature, with different vials
consuming oxygen both faster and slower than the control. Final dissolved iron concentrations
also are also difficult to interpret, as of the three vials inoculated with live PV-1, one had a
higher Fe(Il) concentration than the control, one lower, and one only slightly higher.

TAG-1 also showed different results than at 20°C. Here vials inoculated with live cells
consumed slightly less oxygen than the control before their headspaces were refreshed. After the
refresh, however, all vials consumed oxygen at approximately the same rate. Additionally, all
three vials inoculated with live TAG-1 cells had much higher final Fe(II) concentrations
compared with the control.

We hypothesize that in these experiments, FeOB growth was slow to non-existent. This is
consistent with both strains being found in warmer waters around hydrothermal vents and having
optimal growth temperatures of 30°C (PV-1) and 20°C (TAG-1) (2, 32). We were also unable to
observe cells or stalks (in the case of PV-1) via microscopy post-incubation. It is therefore likely
that variations in oxygen consumption and final Fe(Il) concentrations were due to heterogeneity
in the way that the ZVI lay in the vials (i.e. some ZVI powder may have been more clumped than

in other vials, leading to less contact with media and therefore less dissolution).

FeOB are also capable of affecting dissolution rates of natural iron sulfide minerals
To demonstrate how FeOB affect dissolution of naturally occurring minerals, we
incubated both strains with pyrrhotite, a known iron source for FeOB (33). Because pyrrhotite

does not dissolve as readily as ZVI it was necessary to use more of it for each culture and
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incubate these cultures for a longer duration. The resulting changes in oxygen concentration were
not as large. However, there were still clear differences between strains and between each strain
and their respective controls.

Mariprofundus ferrooxydans PV-1 initially consumed oxygen more quickly than the
control. This is in contrast to experiments where it was grown on ZVI, where it started to slow
oxygen consumption almost immediately. When grown on pyrrhotite, oxygen consumption did
not begin to slow until approximately 275 hours. After the headspace in each vial was refreshed,
the oxygen consumption rate had slowed to be approximately the same as the control.
Additionally, at the end of the experiment there was significantly more dissolved Fe(II) in the
control. This indicates that, although it seems to increase dissolution rates initially, PV-1 is likely
to affect pyrrhotite in the same way as it does ZVI over longer time periods. We think that this is
due to the much slower dissolution rate of pyrrhotite compared to ZVI making these growth
conditions less favorable for PV-1, increasing the amount of time needed for PV-1 to grow to
cover mineral grains and thus inhibit mineral dissolution.

Ghiorsea bivora TAG-1, on the other hand, consumed oxygen more quickly than the
control for the entire length of the experiment, including after headspaces had been refreshed.
The control also had a significantly higher dissolved iron concentration at the end of the
experiment than vials that contained live cells. The difference in phenotypes between when
TAG-1 is grown on ZVI and when it is grown on pyrrhotite could again be due to the differences
in dissolution rates between ZVI and pyrrhotite. It may be that TAG-1 is only able to decrease
iron mineral dissolution when the mineral it is growing on dissolves quickly. This would allow
for faster growth and the ability to cover more of each mineral grain. It should also be noted that

ZVI oxidation can evolve hydrogen, which TAG-1 can use as an electron donor (32).
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Additionally, ZVI must first be oxidized to Fe?* before FeOB can utilize it. Pyrrhotite already
contains Fe?*, so TAG-1 could be able to oxidize it directly without an initial oxidation step,
increasing dissolution rates.

Alternatively, different FeOB may inhibit mineral dissolution rates in different ways. In
this case PV-1 could use a strategy that works on more mineral types than TAG-1. It is unclear
whether this phenomenon is an adaptation to growing on iron minerals or simply an emergent
property of forming a thick iron mat. Because FeOB must compete with abiotic reactions for
their electron donors and acceptors, mat production might be conducive to growth on minerals. It
could allow more dissolved Fe?" to reach stalked cells that have grown away from their iron
source by inhibiting diffusion of oxygen towards the iron mineral substrate thereby reducing
abiotic oxidation reaction rates. If this is the case, FeOB that do not form thick iron mats like

TAG-1 would be less able to slow these abiotic rates and could simply have to outcompete them.

Minerals exposed to FeOB continue to dissolve more slowly after FeOB are killed

We have demonstrated that FeOB are able to inhibit the dissolution of iron minerals, but
it was unclear whether this was due to an alteration of the minerals themselves or if FeOB simply
change the environment around the minerals they grow on. For example, do live cells simply
consume O; to such low levels that it slows the dissolution of ZVI, which requires O2 to dissolve
at an appreciable rate? We examined which was the case by growing FeOB on ZVI powder for
before replacing their growth media with fresh ASW containing HgCl», which would kill any
live cells.

Oxygen concentrations for the first 72 hours of each incubation were as expected, with

M. ferrooxydans PV-1 consuming oxygen more slowly than the control and G. bivora TAG-1
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consuming oxygen at approximately the same rate. After the media was replaced with HgCl,-
containing ASW and vial headspaces had been refreshed, however, both strains consumed
oxygen more slowly than the control despite the cells being killed.

In addition, vials with live cells always had lower dissolved Fe(II) concentrations than the
control, which were mostly around the detection limit for the ferrozine assay. Even after the
media in each vial was replaced, vials that had live cells had lower Fe(II) concentrations than
vials which never had live cells growing in them. Because the new media did not contain any
Fe(II) to start with, this means that the ZVI in vials that had living cells dissolved more slowly
than in the control despite those cells now being dead.

These data suggest that FeOB do not have to be present after they have inhibited the
dissolution of iron minerals for inhibition to continue. They may be altering the surface structure
or inhibiting diffusion around the mineral surface and thereby reducing dissolution rates. FeOB
have in the past been recognized as “ecological engineers,” and this is another example of how
they could modify their environment to suit their needs (18). Additionally, the fact that TAG-1
inhibited new dissolution to a much greater degree than PV-1 also suggests that there may be

different mechanisms for dissolution inhibition among diverse FeOB.

Iron mats grow to cover mineral grains

We examined how each FeOB strain grows on ZVI over time using confocal microscopy.
This revealed that though both strains grew over the ZVI, they did so in different ways. PV-1
grew in thick mats, covering ZVI particles in cells at first, but also with a large amount of
polysaccharide. In most places, we were unable to find exposed ZVI — it was entirely obscured

by the formation of iron mats, around 300 um thick at times. TAG-1, in contrast, had far greater
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amounts of cells visible. Though it did produce polysaccharide, most of what could be seen
obscuring the ZVI particles were large numbers of cells. TAG-1 also made a much thinner mat,
around 100 pm in thickness, leaving some ZVI exposed even after six days.

Again, this suggests that there may be different strategies used by FeOB to inhibit
mineral dissolution. It should also be noted that after 48 hours, when dissolved Fe(II) levels
should be extremely low, there is still ZVI left exposed. Additionally, cell numbers continue to
increase after this, indicating that dissolved iron is still available to growing cells despite there

being very little present in the bulk media.

Conclusion

The data presented here clearly demonstrate that FeOB have the capacity to reduce, as well as
increase, the dissolution of iron minerals. This has far-reaching implications for our
understanding of iron cycling in Earth’s oceans. Much of the oceanic crust is composed of iron-
rich basalt as well as iron sulfides near regions of hydrothermal venting, both of which have been
shown to be potential iron sources for the growth of FeOB (28, 33-35). Until now it was
assumed that the presence of FeOB or FeOB biosignatures like twisted iron stalks meant that
these organisms would be increasing the dissolution rates of these iron minerals. This study
shows that this assumption is not always correct. Indeed, the effects of mineral colonization by
FeOB should be assessed on a more case-by-case basis, as different FeOB are capable of

affecting mineral dissolution rates in different ways.
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Chapter 2

Transcriptomic response of the iron oxidizing bacterium Ghiorsea bivora TAG-1 to acute and
chronic changes in pH reveals how it survives in hydrothermal vent environments



Abstract

Iron oxidizing bacteria (FeOB) are often found in hydrothermal vent habitats, where they must
contend with rapid changes in extracellular chemistry due to turbulent mixing of cold, alkaline
seawater with hot, acidic vent fluid. This presents a number of issues for any microbe residing in
such an environment, but FeOB in particular will experience shifts in electron donor and
acceptor availability with changes in pH. We studied how one such organism, Ghiorsea bivora
TAG-1, responds to both acute and chronic exposure to pH outside its optimum by examining its
transcriptional response as a proxy for physiological change. We show that acute exposure to a
more acidic environmental (pH = 5.5) results in differential expression of genes, including those
related to translation under acute exposure, motility under chronic exposure, and inorganic ion
transport in both. We also demonstrate that subjecting TAG-1 to more alkaline environment (pH
=7.5) induces a greater transcriptional response, including greatly increased expression of
motility and signal transduction related genes during acute exposure and decreases in expression
of genes related to energy metabolism and inorganic ion transport after chronic exposure. The
data presented here are among the first to explore how FeOB contend with changes in

environmental pH, and provide insight as to how they might survive at hydrothermal vents.

Introduction

Deep-sea hydrothermal vents are dynamic ecosystems due to the mixing of two
chemically distinct endmember fluids: seawater and vent fluid. Seawater at the ocean floor is
cold (typically around 2-4°C), alkaline (pH ~8), has low metal content (<0.001 uM iron), and has
high concentrations of oxygen (~100 mM around vent fields) and sulfate (~28 mM) (1, 2). Vent

fluid, in contrast, is hot (reaching up to 400°C), acidic (as low as pH ~3), rich in heavy metals,
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and chemically reducing with concentrations of sulfide, hydrogen, and ferrous iron in the
hundreds of micromolar to millimolar range (1-4). Microorganisms in vent fields often take
advantage of these differences in chemical concentrations, living along steep gradients generated
by this mixing, with electron donors plentiful in reduced vent fluid and electron acceptors
abundant in seawater (5). These gradients are spatially and temporally variable, however, and
organisms that reside in such dynamic environments must be able to contend with sudden
changes in the chemical conditions of their habitat (6, 7).

Neutrophilic iron-oxidizing bacteria (FeOB) are chemolithoautotrophs that use reduced
iron (Fe?") as an electron donor and oxygen as their electron acceptor (8—10). At circumneutral
pH, however, oxygen and Fe*" rapidly react to form Fe**, which then precipitates as iron
oxyhydroxides (11, 12). For this reason, FeOB generally live in opposing gradients of oxygen
and Fe?" where abiotic reactions are slower and FeOB can better compete with abiotic oxidation
for their electron donors (9, 10, 13). The chemical gradients established by hydrothermal venting
provide an ideal environment for this metabolism, where ferruginous vent fluid comes into
contact with oxygenated seawater, establishing zones of low oxygen and high Fe**, which is
replenished by rapid mixing due to advective flow from vents (9, 14—18). Interestingly, pH also
affects the stability of dissolved iron, with abiotic oxidation of Fe** proceeding more slowly at
lower pH (19). Environments that are more acidic, therefore, tend to have more iron available for
oxidation by FeOB. As most FeOB isolates tested to date grow best at pH around 6.5, it is likely
that iron oxidation as a lifestyle is facilitated by the increased Fe?" stability afforded by lower pH
(20). Vent fluid in combination with the oxygen provided by seawater may therefore provide an

ideal environment for FeOB.
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Ghiorsea bivora TAG-1, one such FeOB, is a member of the Zetaproteobacteria, a
bacterial clade comprised exclusively of FeOB (17, 20, 21). Originally isolated from an iron-rich
mat at the Trans-Atlantic Geotraverse vent site in the Mid Atlantic Ridge, TAG-1 is capable of
oxidizing both Fe?* and H, found in vent fluid, with O as its sole electron acceptor (17). Like
many vent organisms, TAG-1 grows best at intermediate conditions between vent fluid and
seawater. As such, it prefers mesophilic temperatures (~20°C), low concentrations of O, and a
circumneutral, albeit slightly acidic pH of around 6.5 (17, 20).

The gradients within which TAG-1 thrives can shift over short time scales due to the
turbulent mixing of seawater and vent fluid (6). One environmental factor that these microbes
likely experience are changes in pH. Extracellular pH is a major factor governing physiology and
biochemistry of bacteria in many environments, and in most environments — especially at
hydrothermal vents — pH changes are necessarily coupled with other changes in ambient
chemistry (22-24). For example, a decrease in pH resulting from greater vent fluid influence is
accompanied by an increase in availability of reduced electron donors as well as more heavy
metals such as cadmium, cobalt, copper, and lead, which may be poisonous to bacteria (1, 2).
This includes iron, which at sufficiently high concentrations is toxic even to FeOB (19). In
contrast, an increase in pH from an influx of seawater brings with it an increase in O», less
bioavailability of many metals that form insoluble oxides, and greater oxidative stress (1, 4).

At the diffuse hydrothermal vent flows within which TAG-1 is found, it is likely not
always residing in its pH optimum. In these environments, acidic vent fluids mix with more
alkaline seawater in a turbulent manner and this venting is not constant. Flow regimes can be
altered on short time scales, increasing or decreasing the proportion of vent fluid making up the

environment with a corresponding change in the proportion of seawater present (4, 5). This may
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be especially relevant to FeOB because of their metabolism. While greater hydrothermal
influence increases availability of Fe?*, it also increases the stability of Fe**, decreasing its
precipitation rate and slowing the removal of one of the reaction end products, thereby
decreasing the energetic yield of iron oxidation (12, 25). Additionally, an increase in seawater
influence would have a compounding effect on iron availability by decreasing the total amount
of dissolved iron present, decreasing the stability of Fe?*, and increasing pO; leading to further
oxidation.

TAG-1 lives in a mixture of these two endmember fluids, and must contend with these
temporal changes in conditions that will result in a variety of challenges. These challenges
include episodic scarcity of electron acceptors (when their surroundings are more hydrothermal
fluid dominated), episodic scarcity of electron donors (when their surrounding are more
seawater-dominant), potential metal toxicity, potential oxidative stress, and even intercellular
acid-base regulatory stress. Indeed, the chemical differences between hydrothermal vent fluid
and seawater pose a number of challenges for microbes living in vent environments, but the
physiological responses of FeOB in general, and TAG-1 specifically, remain unknown.

In this study, we explored how TAG-1 responds to vent system dynamics, using
transcriptional abundance analysis as a proxy for its physiological response to changing pH. We
conducted a series of treatments examining TAG-1’s response to acute changes in pH (pH 5.5
and 7.5, which are near the extremes of its pH tolerance). We also conducted a series of
treatments examining its response to chronic exposure to pH 5.5 and 7.5. We then compared its
responses to the transcriptional state of TAG-1 grown at pH 6.5, which has been shown to be its
pH growth optimum, and is a pH typical of diffuse vents (17, 20, 26, 27). We also tested TAG-

1’s acute response to a pH of 8.0, to represent exposure to pure seawater (1). Interestingly, TAG-
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1 cannot grow at pH 8.0, raising the question of how an organism that lives in the ocean but
cannot grow at seawater pH reacts to an influx of pure seawater (17, 20).

We found that TAG-1 is likely better able to contend with acute exposure to acidic
conditions than to alkaline pH. We saw relatively small transcriptomic changes under acute
exposure to pH 5.5 with, for instance, some genes related to translation being found in higher
abundance relative to controls grown at pH 6.5. This was in contrast to TAG-1’s acute response
to alkaline conditions, where many more genes related to translation were much less expressed,
with multiple ribosomal and tRNA-related genes affected. Motility-related genes, however, were
greatly more expressed under alkaline conditions, including many genes related to flagellar
structure and the flagellar motor.

When allowed to acclimate to its pH extremes, we found that TAG-1 differentially
expressed a number of genes that can be related to the chemical differences between vent fluid
and seawater. This included many genes related to inorganic ion transport and metabolism,
including genes involved in phosphate transport and heavy metal resistance, the genes for which
were more highly expressed under low pH conditions compared to the control and less expressed
under alkaline conditions. We also observed differences in genes related to energy metabolism,
particularly genes related to hydrogen metabolism, which were slightly more highly expressed at

pH 5.5, but much less expressed under chronic exposure to pH 7.5.

Methods
Cultivation conditions
Ghiorsea bivora TAG-1 was cultured in artificial seawater-ZVI plates, according to the

National Center for Marine Algae and Microbiota culturing guidelines for cultivating marine
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iron-oxidizing bacteria. Petri dishes were filled with 20 ml artificial seawater (ASW, pH ~6.4),
with 100 mg —200 mesh zero-valent iron (ZVI) powder (Alfa Aesar Inc.), sterilized via gamma
irradiation, added as an Fe(II) source. Plates were incubated in gas-tight jars with valves that

allowed the jar headspace to be replaced with a gas mix of 8% O2/10% CO2/82% No. Jars were

incubated at ambient temperature (~24°C).

Growth conditions under differing pH regimes for transcriptome analysis
Growth conditions for acute pH exposure

G. bivora TAG-1 was inoculated to a concentration of 5¢10° cellssml™! in 12 ASW-ZVI
plates as described above. Plates were incubated in a gas mix of 8% 02/10% CO2/82% N> at
20°C. When cells had grown to late log phase, determined to be after 4 days by direct cell count
after Emerson and Moyer 2002, plates were removed and amended with buffers to bring them to
the pH levels of interest (16). This was done by adding 1 ml 1M stock of MES (pH 5.5, Amresco
Inc.), PIPES (pH 6.5, Sigma-Aldrich), HEPES (pH 7.5, EMD Millipore), or Tris-HCI (pH 8.0,
Corning Inc.) to bring the final buffer concentration in each plate to 50 mM. A total of 3 plates
were amended for each pH. Plates were then incubated again at 20°C with the original gas mix
headspace for 30 min prior to RNA extraction.
Growth conditions for chronic pH exposure

G. bivora TAG-1 was again inoculated to a concentration of 510° cellssml™ in 9 ASW-
ZVI plates as described above with the exception that these plates contained 19 ml ASW and 1
ml 1M buffer stock of MES (pH 5.5), PIPES (pH 6.5), or HEPES (pH 7.5), yielding a final
concentration of 50 mM buffer, with 3 plates amended to each pH. Cells used for inoculating

chronic exposure plates were cultivated at their respective pH using the appropriate buffer
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previous to inoculation to reduce any lag in growth due to acclimation. Plates were also prepared
at pH 8.0 buffered with Tris-HCI, but TAG-1 was unable to grow at pH 8.0.

In addition, 3 “dummy” plates were made for pH 7.5, again with 50 mM HEPES. This
was done because the pH of the plates to be extracted did not remain at 7.5 over time, with pH
slowly decreasing, presumably due to iron oxidation. To account for this, a dummy plate was
removed from the jar each day and its pH measured. Then the volume of 1 M sterile filtered
NaOH required to bring the pH back to 7.5 was determined. An equal volume of sterile 1 M
NaOH was added to all pH 7.5 plates, which were then gently mixed and returned to the jar for
further incubation. All plates were harvested for RNA extraction when cells were in late log

phase at 4 days based on previous cell growth rate measurements.

RNA extraction, concentration, and sequencing

Each late log phase plate was mixed by pipetting, then its contents were transferred to a
50 ml tube (VWR). Tubes were then centrifuged at 2500xG in a Sorvall Legend RT centrifuge
(Thermo Fisher Inc.) for 10 min. The liquid supernatant was discarded and the pellet was
resuspended in 2.5 ml PowerBead Solution from the RNeasy PowerSoil Total RNA Kit
(QIAGEN). This was then transferred to a PowerBead Tube and the RNeasy PowerSoil protocol
was followed to manufacturer specification, with the exception of step 17, where RNA was
allowed to precipitate at -20°C for 45 minutes instead of 10 minutes, as this was found to
increase RNA yields.

Purified RNA was then concentrated using an RNA Clean and Concentrator kite (Zymo
Research) and quantified using a Qubit fluorometer (Thermo Fisher Inc.). RNA samples were

then diluted to 33 ngepl™ in a 96-well plate and 1 pl SUPERase-IN RNase inhibitor (Thermo
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Fisher Inc.) was added to each sample. The 96-well plate was then sealed and sent to the Broad

Institute Microbial ‘Omics Core for library preparation and sequencing via NovaSeq (Illumina).

Analysis of NovaSeq sequencing data

NovaSeq FASTQ files were first quality checked using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Any overrepresented reads were
then removed with a custom Python script provided by the Harvard FAS Informatics and
Scientific Applications Group. Remaining adapter sequences were removed using Trim Galore!
(http://www .bioinformatics.babraham.ac.uk/projects/trim_galore/) and again quality checked
using FastQC.

Quality checked reads were aligned to a reference transcriptome for G. bivora TAG-1
and quantified to transcripts per million (TPM) using kallisto (28). Kallisto results were then
analyzed for differential expression using the sleuth R package (29). Briefly, acute pH exposures
at pH 5.5, 7.5, and 8.0 were compared to acute exposure pH 6.5 as a control. This allowed us to
obtain beta values (biased estimates for fold change) for each transcript and determine which
were significantly differentially expressed. The same process was then done for chronic pH
exposures (i.e., chronic pH 5.5 and 7.5 reads were compared to chronic pH 6.5 as a control).
COG (Collections of Orthologous Groups) functional group identifiers were then assigned to

each transcript using eggNOG-mapper (30, 31).
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Results
Gene expression changes after acute exposure to pH 5.5

After TAG-1 was exposed to pH 5.5 for 30 minutes, 146 genes were significantly
differentially expressed, the lowest number of any treatment (n = 3). Of these, 77 were more
highly expressed when compared to cells grown at pH 6.5 and then exposed to added buffer at
pH 6.5 (the control, which represents TAG-1’s growth under optimum pH conditions).
Moreover, 69 genes were lower in expression when compared to cells grown at pH 6.5 (Figure

2.1).
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Figure 2.9) Number of genes differentially expressed in each COG functional category. Bars above zero
indicate how many genes were greater in abundance than pH 6.5 controls while bars below zero indicate how many
genes were lesser in abundance for A) acute pH treatments and B) chronic pH treatments. COG functional category
designations are as follows: C) Energy production and conversion, D) Cell cycle control and mitosis, E)Amino Acid
metabolism and transport, F)Nucleotide metabolism and transport, G) Carbohydrate metabolism and transport, H)
Coenzyme metabolism, I) Lipid metabolism, J) Translation, K) Transcription, L) Replication and repair, M) Cell
wall/membrane/envelop biogenesis, N) Cell motility, O)Post-translational modification, protein turnover, chaperone
functions, P) Inorganic ion transport and metabolism, Q) Secondary Structure, S)Function Unknown, T) Signal
Transduction, U) Intracellular trafficking and secretion.
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In terms of COG functional groups, the strongest response was in translation, where 18
genes were more highly expressed while only 2 were expressed at a lower level compared to pH
6.5. Genes that were more highly expressed in this category are mainly related to ribosomal
structure, for example 50S ribosomal proteins L23, L5, and L2 (Table 2.1) and 30S ribosomal

proteins S17, S3, and S8.

Table 2.1 Selected genes that were found to be differentially expressed under acute
exposure to pH 5.5 compared to pH 6.5 controls

Gene Description Accession B Value'
Translation
50S ribosomal protein L23 WP _038248598.1 0.38
508 ribosomal protein L5 WP _038248618.1 0.34
50S ribosomal protein L2 WP _038248600.1 0.32
30S ribosomal protein S17 WP _038248609.1 0.33
30S ribosomal protein S3 WP _038248603.1 0.31
30S ribosomal protein S8 WP 038248623.1 0.29
Inorganic ion transport and metabolism
Phosphate transport system regulatory protein PhoU WP 038248274.1 0.29
Phosphate ABC transporter ATP-binding protein WP 038248272.1 0.26
Energy production and conversion
Cytochrome b WP_038250724.1 0.76
Cytochrome ¢ WP_038247745.1 -0.50

T B values are a biased estimate of log» fold change.

Inorganic ion transport and metabolism also had a relatively strong response, with 6
genes more highly expressed and 2 lower in expression compared to cells grown at pH 6.5.
Interestingly, 2 of the 6 more highly expressed genes were related to phosphate acquisition.
These were the phosphate transport system regulatory protein PhoU and phosphate ABC

transporter ATP-binding protein (32, 33).
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It should also be noted that 2 of the top 10 differentially expressed genes were
cytochromes. A b-type cytochrome was more highly expressed while a c-type cytochrome was
lower in expression. Overall, however, there was not a strong signal for energy production and
conversion, with 4 genes in this functional group being lower in expression compared to pH 6.5

and 7 higher in expression.

Gene expression changes after acute exposure to pH 7.5

After acute exposure to pH 7.5, 930 genes were differentially expressed when compared
to the pH 6.5 control, the most of any treatment. Overall, 468 genes were more highly expressed
in the when compared to pH 6.5, whereas 462 genes were lower in expression (n= 3; Figure 2.1).

Among COG functional groups with known functions, signal transduction had the most
genes that were higher in expression at 55, as well as 16 genes that were lower in expression.
Here many of the more highly expressed genes are related to the signaling molecule cyclic-di-
GMP (34, 35). This includes a diguanylate cyclase response regulator and multiple GGDEF-
domain containing proteins which act to synthesize cyclic-di-GMP (Table 2.2) (36, 37). Under
these conditions, however, some of the genes that experienced the most decrease in expression

belong to this functional group such as RNA polymerase-binding protein DksA.
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Table 2.2 Selected genes that were found to be differentially expressed under acute

exposure to pH 7.5 compared to pH 6.5 controls

Accession/

Gene Description Locus Tag'" f Value
Signal transduction
Diguanylate cyclase response regulator WP_051938008.1 0.54
GGDEF domain-containing protein WP _051938033.1 0.49
GGDEF domain-containing protein WP _051938303.1 0.45
RNA polymerase-binding protein DksA WP _038250478.1 -0.78
Motility
Flagellar protein WP _038246668.1 0.69
Flagellar protein WP _038249280.1 0.65
Flagellar hook-length control protein FliK WP _038249484.1 0.59
Flagellar hook-associated protein WP 038249282.1 0.58
Flagellar hook-basal body protein WP 038248753.1 0.56
Flagellar motor protein WP _038247009.1 0.23
Translation
508 ribosomal protein L25 WP _038250792.1 -0.99
50S ribosomal protein L36 WP 081881118.1 -0.92
508 ribosomal protein L13 WP _038250764.1 -0.90
30S ribosomal protein S12 WP _038246681.1 -0.90
30S ribosomal protein S16 WP _038250342.1 -0.72
30S ribosomal protein S10 WP 038248590.1 -0.71
16S rRNA processing protein RimM WP 038250340.1 -0.82
Aminoacyl-tRNA hydrolase WP 038250789.1 -0.73
Threonine--tRNA ligase WP _038246478.1 -0.65
Other genes of interest
Integron integrase WP _081881045.1 0.79
Integrase DMO09 RS01235 0.42
Integrase WP 038246874.1 0.18

""Locus tags are listed for genes that do not have an assigned accession number.

59



The COG functional group with the next most genes that were higher in expression is
motility. Here, 37 genes were more highly expressed, with only 1 lower in expression. This
includes many flagellar proteins, flegellar hook associated proteins, and proteins related to the
flagellar motor.

Translation, on the other hand, had many genes lower in expression after acute exposure
to pH 7.5, with only 14 genes more highly expressed and 84 expressed at lower levels than the
pH 6.5 control. In contrast to acute exposure to pH 5.5, here many of the most differentially
expressed genes are ribosome related. This includes 50S ribosomal proteins L25, 136, and L13,
30S ribosomal proteins S12, S16, and S10, and 16S rRNA processing protein RimM. Genes
related to protein and tRNA synthesis are also included in this category, such as aminoacyl-
tRNA hydrolase and threonine-tRNA ligase.

Additionally, an integron integrase is among the most highly expressed genes compared
to the pH 6.5 control. A putative integrase and another integrase are also significantly more

highly expressed at this pH.

Gene expression changes after acute exposure to pH 8.0

A total of 483 genes were significantly differentially expressed when TAG-1 under pH
8.0 acute response conditions, with 246 more highly expressed and 237 expressed less than in the
pH 6.5 control (n = 3). Overall, pH 8.0 acute response was very similar to that of pH 7.5 acute,
though fewer genes were affected (Figure 2.1). Here the greatest number of genes that were more
highly expressed compared to pH 6.5 was in motility, with 31 genes expressed at greater

abundance than the pH 6.5 control and 5 expressed at lower levels. As in pH 7.5 acute response,
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many of the same flagellar and flagellar hook proteins were more highly expressed, though

flagellar motor proteins were not. In fact the most highly expressed motility gene was flagellar

basal-body rod protein FlgG (Table 2.3).

Table 2.3 Selected genes that were found to be differentially expressed under acute

exposure to pH 8.0 compared to pH 6.5 controls

Gene Description Accession f Value
Motility
Flagellar basal-body rod protein FlgG WP _038248751.1 0.74
Flagellar protein WP _038246668.1 0.46
Flagellar protein WP _038249280.1 0.59
Flagellar hook-length control protein FliK WP 038249484.1 0.39
Flagellar hook-associated protein WP 038249282.1 0.39
Flagellar hook-basal body protein WP 038248753.1 0.59
Flagellar motor protein WP _038247009.1 0.46
Signal transduction
Diguanylate cyclase response regulator WP _051938008.1 0.71
HDOD domain-containing protein WP _051938358.1 0.83
GGDEF domain-containing protein WP _051938033.1 0.30
RNA polymerase-binding protein DksA WP _038250478.1 -1.18
Translation
Ribonuclease P protein component WP 051937888.1 -1.07
50S ribosomal protein L25 WP_038250792.1 -0.62
308 ribosomal protein S12 WP _038246681.1 -0.67
Aminoacyl-tRNA hydrolase WP 038250789.1 -0.45
Threonine--tRNA ligase WP _038246478.1 -0.40
Other genes of interest
Integrase WP 038246874.1 1.95
Integron integrase WP _081881045.1 0.80

The next highest number of genes expressed at greater abundance than the control were
in signal transduction (28 more highly expressed and 13 lower in expression). The same
diguanylate cyclase response regulator that was higher in expression at pH 7.5 was also higher in

expression at pH 8.0, as well as one GGDEF-domain containing protein and RNA polymerase-
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binding protein DksA. An HDOD-domain containing protein was also more highly expressed.
Proteins with this domain have been shown to be involved with c-di-GMP signaling as well as
control of flagellar synthesis (38).

As in pH 7.5 acute, translation was generally lower in expression, with 7 genes more
highly expressed and 23 expressed at lower levels than the pH 6.5 control. Again this included
ribosomal proteins as well as tRNA-related proteins. Here the gene that was lowest in abundance
compared to the control was a ribonuclease P protein component (WP_051937888.1).

Notably, the second most differentially expressed gene at pH 8.0 was an integrase
(WP _038246874.1), which was very highly expressed at B = 1.95. This integrase was also higher
in expression at pH 7.5, though not nearly as much (f = 0.18). The same integrase that was
higher in expression at pH 7.5 (WP_081881045.1) than the control was also higher in expression

to approximately the same degree at pH 8.0 with = 0.80.

Gene expression changes after chronic exposure to pH 5.5

When grown at a constant pH of 5.5, TAG-1 differentially expressed 309 genes, with 194
more highly expressed compared to cultures grown at pH 6.5 and 115 expressed at a lower level
(n = 3; Figure 2.1). Interestingly, the COG functional group with the highest number of genes
that were expressed at a higher level than at pH 6.5 that are of a known function was motility.
Here 20 genes were more highly expressed while only 3 were lower in abundance. This is in
contrast to the pH 5.5 acute response where fewer motility related genes were as highly
expressed. In fact the most highly expressed gene at this treatment was a flagellar protein (Table
2.4), though this is listed in the transcriptome as a pseudogene. Other more highly expressed

motility related genes are also flagellar proteins. Genes related to twitching motility are also
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higher in abundance at this pH than at pH 6.5, with type IV pili twitching motility protein PilT

and twitching motility protein PilT among the most highly expressed genes. (Table 2.4)

Table 2.4 Selected genes that were found to be differentially expressed under chronic
exposure to pH 5.5 compared to pH 6.5 controls

oo Accession/
Gene Description Locus Tag f Value
Motility
Flagellar protein DM09 RS09225 5.08
Flagellar hook protein FIgE WP 038249488.1 0.64
Flagellar hook-length control protein FliK WP 038249484.1 0.54
Flagellar hook-basal body protein WP _038248753.1 0.40
Type IV pili twitching motility protein PilT WP _038250446.1 0.73
Twitching motility protein PilT WP _038250445.1 0.63
Inorganic ion transport and metabolism
[ron permease WP _038247652.1 -0.98
Phosphate-binding protein WP_038248266.1 0.97

Phosphate transport system regulatory protein PhoU WP _038248274.1 0.48
Phosphate ABC transporter, permease protein PstA WP _038248270.1 0.44

Phosphate ABC transporter ATP-binding protein WP _038248272.1 0.33
Copper-translocating P-type ATPase WP 038247225.1 0.57
CusA/CzcA family heavy metal efflux RND

transporter WP _051937923.1 0.52
CusA/CzcA family heavy metal efflux RND

transporter WP _038247213.1 0.31

Energy production and conversion

FMN-binding domain-containing protein WP 038249330.1 -0.96
Alcohol dehydrogenase WP 038247650.1 -0.92
Cytochrome ¢ WP_038249325.1 0.80
Cytochrome c WP 051937832.1 0.51
Cytochrome cbb3 WP _038247221.1 0.58
Uptake hydrogenase small subunit WP 038247362.1 0.38
Nickel-dependent hydrogenase large subunit WP_038246869.1 0.29

Response of inorganic ion transport genes, on the other hand, was similar to pH 5.5 acute
response, with 11 genes more highly expressed and 2 expressed at lower levels than the pH 6.5

control. The 9" most differentially expressed gene was one of these less expressed genes, an iron

63



permease. Also as in pH 5.5 acute response, many phosphate acquisition genes were more highly
expressed. These include a phosphate-binding protein (WP_038248266.1), phosphate transport
system regulatory protein PhoU, and two phosphate ABC transporter proteins. Interestingly,
other genes in this functional group seem to be related to heavy metal transport. A copper-
translocating P-type ATPase and two CusA/CzcA family heavy metal efflux RND transporters
were all more highly expressed than at pH 6.5.

There were also changes to energy production and conversion, with 13 genes expressed at
greater abundance and 15 expressed at lower levels than the control. In the top 20 differentially
expressed genes, both an FMN-binding domain-containing protein and an alcohol dehydrogenase
were expressed at much lower levels. Many of the other genes in this category are cytochrome
related. Two c-type cytochromes as well as a chb3-type cytochrome were all more highly
expressed. It should also be noted that hydrogenase related genes were slightly more highly
expressed as well, for example an uptake hydrogenase small subunit gene and a nickel-dependent

hydrogenase large subunit gene.

Gene expression changes after chronic exposure to pH 7.5

When TAG-1 was grown at a constant pH of 7.5, it differentially expressed 870 genes,
with 401 expressed more highly and 469 less expressed compared to pH 6.5 controls (n = 2;
Figure 2.1). Here genes related to energy production and conversion are mostly lower in
abundance, with 56 genes less expressed and 28 more highly expressed compared to when TAG-
1 is grown at pH 6.5. In fact, 14 of the top 20 differentially expressed genes belong to this
functional group and all are expressed at lower levels than the control. In contrast to pH 5.5

chronic response, the two most differentially expressed genes expressed at lower levels are a
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Ni/Fe-hydrogenase, b-type cytochrome subunit and a nickel-dependent hydrogenase large
subunit (Table 2.5). An uptake hydrogenase small subunit, as well as the [NiFe]-hydrogenase
assembly, chaperone, HybE were also expressed much less than in the pH 6.5 control. Subunits I
and II of a cbb3-type cytochrome-c oxidase were expressed at lower levels as well. Additionally,
multiple FOF1 ATP synthase related genes were lower in abundance and in the top 20 most

differentially expressed genes. (Table 2.5)
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Table 2.5 Selected genes that were found to be differentially expressed under chronic
exposure to pH 7.5 compared to pH 6.5 controls

e Accession/
Gene Description Locus Tag f Value
Energy production and conversion
Ni/Fe-hydrogenase, b-type cytochrome subunit WP _051937872.1 -2.58
Nickel-dependent hydrogenase large subunit WP _038246869.1 -2.31
Uptake hydrogenase small subunit WP _038247362.1 -1.73
[NiFe]-hydrogenase assembly, chaperone, HybE WP _051937869.1 -1.70
Cytochrome-c oxidase, cbb3-type subunit I WP _038249038.1 -2.19
Cytochrome-c oxidase, cbb3-type subunit I1 WP _038249221.1 -2.13
FOF1 ATP synthase subunit gamma WP 038248672.1 -1.97
FOF1 ATP synthase subunit beta WP _038248675.1 -1.89
FOF1 ATP synthase subunit epsilon WP 038248679.1 -1.81
FOF1 ATP synthase subunit alpha WP _038248670.1 -1.75
FOF1 ATP synthase subunit B WP 038248666.1 -1.70
Motility
Flagellar protein WP _038246668.1 -0.29
Flagellar hook-associated protein WP 038249282.1 -0.60
Flagellar motor protein WP _038247009.1 0.49
Inorganic ion transport and metabolism

[ron permease WP _038247652.1 0.98
Phosphate-binding protein WP 038248266.1 -1.26
Phosphate transport system regulatory protein PhoU ~ WP 051938184.1 -0.57
Copper-translocating P-type ATPase WP 038247225.1 -0.54
Copper-translocating P-type ATPase WP 038249028.1 -0.24
Copper resistance protein B WP 038247227.1 -0.68
CusA/CzcA family heavy metal efflux RND

transporter WP_051937923.1 0.44
CusA/CzcA family heavy metal efflux RND

transporter WP _038247213.1 -0.35

Other genes of interest

Integrase DMO09 RS01235 0.59
Integron integrase WP 081881045.1 0.35
Integrase WP _038246874.1 -0.81

Inorganic ion transport and metabolism related genes were also mostly lower in
expression compared to the control, with 8 genes more highly expressed and 26 expressed at

lower levels. The same iron permease that was less expressed under chronic pH 5.5 conditions
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was expressed at higher levels here. In contrast to pH 5.5 chronic, many phosphate acquisition
genes were expressed to a lesser degree as well (e.g., a phosphate-binding protein and phosphate
transport system regulatory protein PhoU). Metal resistance genes also show opposite patterns
from pH 5.5 chronic response, with lower expression levels of 2 copper-translocating P-type
ATPase genes and a copper resistance protein B gene in comparison to the pH 6.5 control.
Interestingly, of the two CusA/CzcA family heavy metal efflux RND transporters that were more
highly expressed under chronic pH 5.5 conditions, one was still more highly expressed at pH 7.5
but one was lower in expression levels.

In contrast to acute alkaline response, motility expression under chronic pH 7.5
conditions had no clear pattern. Here 13 genes were more highly expressed and 22 were lower in
abundance. Many of the genes that were higher in expression when TAG-1 was exposed to pH
7.5 for only a short time were not significantly differently expressed when it was grown at pH
7.5. Furthermore, of those that were significantly differentially expressed, not all of them were
higher in expression. Multiple flagellar proteins were instead less expressed, while a flagellar
motor protein was still more highly expressed than the control.

As in both acute alkaline responses, multiple integrases were higher in expression under
chronic exposure to pH 7.5. The third integrase that was more highly expressed under acute

alkaline conditions was less expressed here, however.
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Discussion

The experiments presented herein describe the transcriptional responses of the FeOB G.
bivora TAG-1 to acute and chronic pH changes it would likely be exposed to in a hydrothermal
vent environment. It is important to note that TAG-1 was isolated from diffuse hydrothermal
vents along the Mid-Atlantic ridge (17). Such diffuse vents are an admixture of vent effluent and
ambient seawater, and are characterized by their spatial and temporal variability, in particular
rapid temporal changes in temperature, pH, oxygen, and dissolved metals including iron.
Typically, diffuse vents at the Mid-Atlantic ridge exhibit a pH of 6.5, though pH can swing from
5 to greater than 7 over short time scales (minutes to hours) (7, 26, 27, 39). Also, as a vent field
ages, its pH typically becomes more alkaline, until there is a cessation of vent flow. We designed
these experiments to better understand how TAG-1 responds to changes in environmental pH
that result when the proportion of vent and ambient seawater changes: more acidic conditions
arise when there is a greater proportion of vent effluent, and more alkaline conditions arise when
there is a greater proportion of seawater. Here, we present global transcriptional changes in
TAG-1 cultures as they contend with short-lived exposure to changes in pH (i.e. the “acute”
treatments), as well as how it might acclimate to prolonged exposure to said changes in pH (i.e.

the “chronic” treatments).

Response to acute changes in environmental pH

G. bivora TAG-1’s response to short term exposure to acidic pH was the least
pronounced of any treatment, with fewer genes differentially expressed compared to other
experiments. It is plausible that this modest response in gene expression change (relative to the

control pH of 6.5, which has been experimentally verified to be TAG-1’s pH growth optimum)
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(17, 20) implies that TAG-1 is well poised to contend with short-lived decreases in pH,
requiring only small adjustments in protein synthesis. Here we present evidence that supports the
hypothesis that TAG-1 is physiologically poised to cope with short-term decreases in
environmental pH, while short term increases in environmental pH require a greater
physiological response.

First, acute exposure to pH 5.5 was the only treatment where more genes related to
translation were more highly expressed than were lower in expression compared to pH 6.5
controls. The fact that ribosomal protein genes were expressed at higher levels in this treatment
implies an increase in the potential for TAG-1 to produce new proteins. We infer that this
indicates that TAG-1 is poised to cope with more acidic pH levels by constitutively expressing
genes involved in pH response even when growing at pH 6.5 and regulating this response
primarily at the translational level.

This is in contrast to TAG-1’s response to acute exposure to pH 7.5 and pH 8.0, where
6.4-fold and 3.3-fold more genes were differentially expressed compared to pH 5.5 acute
exposure, respectively. Indeed, genes related to translation were found at much lower abundance
in both acute alkaline pH treatments. This may be a strategy to conserve energy in response to
lower availability of reduced electron donors present in an environment with a greater proportion
of seawater (40). Protein synthesis is energetically expensive and cells often respond to stress by
reducing expression of translation related genes, shunting the energy saved to other systems, as
has been demonstrated previously in Shewanella oneidensis (22).

Interestingly, while all acute responses included changes in the expression of genes
related to translation, there was no clear expression pattern in genes related to transcription. In all

three treatments there were approximately as many genes that increased in expression level as
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decreased, despite the close link between transcription and translation. While we assume this to
be a real result, we do not know why this would occur and cannot rule out the possibility that
differences in mRNA decay rates are responsible for this discrepancy. It has been shown that
different mRNAs decay at different rates depending on a number of factors (41-—43). It may be
that these differences in decay rate are responsible for there appearing to be no pattern in genes
related to transcription while, for example, there are a large number of translation related
transcripts that were lower in abundance under alkaline conditions compared to the control.

Acute exposure to pH 5.5 also resulted in the least differential expression of motility-
related genes of any treatment, with only 5 genes more highly expressed than the control and 3
less expressed. This suggests that motility is not an important response to short-term exposure to
low pH. TAG-1 is therefore unlikely to be trying to “escape” environments that experience a
sudden drop in pH and return to more optimal conditions. This again supports our hypothesis that
TAG-1 contends well with acute exposure to acidic conditions.

Many motility-related genes were more highly expressed at both pH 7.5 and 8.0, on the
other hand, indicating that motility is an important factor in contending with increases in
environmental pH. This would require both the production of flagella and the powering of the
flagellar motor, and genes involved in both of these processes are found in much higher
abundance than the control in both acute pH 7.5 and pH 8.0 treatments. This suggests that TAG-
1 does attempt to return to more acidic surroundings when it encounters a more alkaline
environment.

Expression of genes related to signal transduction also supports our hypothesis of TAG-1
being better poised to respond to acidic pH than alkaline. Few of these genes are differentially

expressed under acute exposure to pH 5.5 (4 of higher abundance and 6 of lower abundance). At
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alkaline pH, though, many more are expressed at a higher level compared to the pH 6.5 control
than are less expressed. This includes many genes related to cyclic di-GMP synthesis and
response. Cyclic di-GMP is an important signaling molecule in many diverse bacteria and has
been shown to increase in concentration in response to various stressors (34, 35). Interestingly,
RNA polymerase-binding protein DksA, a transcription factor that is partially responsible for
initiating the stress response in E. coli, is found at much lower abundance at alkaline pH.
Canonically, this transcription factor is responsible for inhibiting expression of rRNA (44).
Given that RNA related proteins are far less expressed at higher pH, it seems likely that TAG-1
would reduce expression of rRNA as well, and so may be doing so through a different stress
response than that found in E. coli.

Integrases, too, are more highly expressed at both pH 7.5 and 8.0. Integrases catalyze
gene cassette insertion through recombination, and similar integrase expression patterns have
been observed in a number of bacteria during the SOS response (45, 46). Though this has usually
been reported on as a response to antimicrobial agents, it is possible that TAG-1 initiates
integrase expression to recombine with genetic material present in seawater in efforts to survive
at higher pH. This further supports the hypothesis that TAG-1 much prefers more vent-
influenced environments than seawater-influenced, as incorporating random pieces of genetic
material is likely to produce detrimental effects but TAG-1 is still attempting to do so when
exposed to pH levels similar to seawater.

Inorganic ion transport and metabolism at pH 5.5, on the other hand, reflects a response
to an environment more influenced by hydrothermal venting. Multiple phosphate-acquisition
genes in this functional group are expressed more highly than in the pH 6.5 control. The proteins

these genes encode for are involved in active transport of phosphate from the environment.
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Notably, hydrothermal vent fluid is generally low in phosphate, which has been scavenged by
water-rock interactions (47). Expression patterns at low pH are consistent with phosphate
scarcity resulting from this scavenging, as TAG-1 would require more and/or higher affinity
phosphate transporters to cope with decreased concentrations of phosphate in a more vent fluid
influenced environment.

Patterns in genes related to energy metabolism at pH 5.5 are consistent with TAG-1
making only slight adjustments to its physiology as well, with only 4 genes higher in expression
than the pH 6.5 control and 7 less expressed. We think these genes are likely involved in
metabolizing iron. Notably, two of the genes with the largest f-values at pH 5.5 are cytochromes,
though one is more highly expressed (a b-type cytochrome) and the other less expressed (a c-
type cytochrome). We hypothesize this to be TAG-1 responding to the potential of the Fe?"/Fe**
couple as the midpoint potential of this reaction changes with pH (19, 48). Additionally, the
midpoint potentials of bacterial cytochromes are known to change with pH (49). Because the
energetic yield of iron oxidation decreases with decreasing pH and it is already a rather low
energy metabolism (12), TAG-1 likely must change between cytochromes to maintain energy
reserves at acidic pH.

Meanwhile far more energy metabolism related genes are lower in abundance at both pH
7.5 and 8.0 indicating more substantive changes in attempts to deal with alkaline pH. At high pH,
TAG-1 likely relies on energy stores to provide it the energy it needs to power motility to return
to a more optimum pH since, as previously mentioned, a greater seawater influence has a
compounding effect on available electron donors for TAG-1, decreasing both the concentration

of Fe** and H» as well as the stability of Fe?* due to increased pH. Other Zetaproteobacteria are
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known to produce polyphosphate granules for energy storage (50), so this seems a likely

candidate for energy storage and could be looked for more closely in TAG-1 in future studies.

Acclimation to pH outside of TAG-1’s optimum

Transcriptomic response of TAG-1 acclimated to pH conditions at the limits of its range
for growth corresponds well with the chemical conditions of the endmember fluids that those pH
extremes represent. This is perhaps most apparent in gene expression related to energy
metabolism as at pH 5.5, TAG-1 increases the expression of cytochrome- and hydrogenase-
related genes. This is likely a response to higher concentrations of reduced electron donors (i.e.,
Fe?" and H.) that would result from a more vent fluid influenced environment. Vent fluid is often
rich in both iron and hydrogen (1, 2), so we hypothesize that TAG-1 tries to take advantage of
that by increasing its ability to metabolize both. It is unclear what exactly the function of the
FMN-domain containing transcript that was so much less abundant is, but the alcohol
dehydrogenase likely aids in fermenting stored carbohydrates when energy sources are scarce
(51). Therefore it makes sense that it would be expressed to a lesser degree when TAG-1 has an
ample supply of electron donors from vent fluid, as well as CO», and thus would not need to
regenerate more NAD(P)".

Energy metabolism expression at pH 7.5, however, represents increased exposure to
seawater, which is poor in both dissolved Fe?" and hydrogen (1). TAG-1 responds to this by
reducing expression of a large number of genes related to energy conservation. The same
hydrogenase subunit genes that were found at higher abundance at pH 5.5 are among the most
differentially expressed at pH 7.5 and all were less expressed than the pH 6.5 control. Additional

hydrogenase genes, as well as cytochrome c-oxidase and ATPase genes are much less expressed
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as well. Though these genes are still expressed at some level, it seems that TAG-1 would
conserve energy at a lower rate at high pH, consistent with there being very low concentrations
of electron donors in seawater.

Acclimation to pH as a response to vent fluid or seawater is also apparent in inorganic ion
transport and metabolism. Vent fluid is rich in dissolved metals, including iron and copper, and
while Fe?* serves as an electron donor for TAG-1, it still requires iron as a cofactor in many
enzymes (e.g., NiFe-hydrogenase and Fe-S clusters) (1, 2, 17). As a consequence, when grown at
pH 5.5 we hypothesize that TAG-1 decreases expression of an iron permease as high availability
of iron makes iron uptake easier. Copper and other heavy metals, however, are toxic to bacteria,
and thus TAG-1 increased expression of genes related to heavy metal efflux, in particular those
involved in copper efflux make sense (23, 52). Similar to acute exposure to low pH, phosphate
acquisition genes are also more highly expressed at chronic pH 5.5 conditions. Again, this is
likely a response to phosphate scarcity in vent fluid due to water-rock interactions scavenging
phosphate (47).

Expression patterns related to inorganic ions are nearly opposite when TAG-1 is grown at
pH 7.5. Low dissolved metal content in seawater necessitates increased effort dedicated to iron
uptake, hence the same iron permease that was less expressed at pH 5.5 is at higher abundance at
pH 7.5 than at pH 6.5 (1). Copper and other heavy metal efflux genes are also consequently
found at lower expression levels at high pH, though one heavy metal efflux pump is still more
highly expressed than the control, but not to the same degree as at pH 5.5 (f = 0.44 vs = 0.52).
Genes related to phosphate uptake are less abundant at pH 7.5 as well, though phosphate is still

only present at low concentrations in seawater (53, 54). This may be a response to TAG-1
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anticipating low amounts of electron donors and thus a low growth rate and demand for
phosphate.

A number of genes related to motility are found at higher abundance than the control
when TAG-1 has acclimated to pH 5.5, including a flagellar protein that was the most
differentially expressed gene out of any treatment in this study. We hypothesize this to be a
response to plentiful Fe** and H, providing ample energy, which would allow TAG-1 to search
for more optimal conditions via chemotaxis. That is to say, TAG-1 would still be under added
stress (e.g., from heavy metals) in an environment with greater hydrothermal vent fluid influence
than is ideal. It may therefore use the extra energy afforded by ample amounts of electron donors
to try to return to a more suitable mix of vent fluid and seawater. Twitching motility also seems
to be important at low pH, given the higher expression levels of a number of PilT genes, which
are involved in twitching motility over surfaces as well as biofilm formation in Pseudomonas
aeruginosa (55-58). TAG-1 may therefore increase biofilm formation at low pH. One
explanation for this behavior may be increased flow rates closer to sites of hydrothermal venting
necessitate better attachment to remain in contact with electron donor rich vent fluid.

Motility related gene expression patterns are less clear under chronic high pH conditions.
In contrast to acute exposure to high pH, some flagellar genes are more highly expressed than the
pH 6.5 control when TAG-1 is grown at pH 7.5 while others are expressed at lower levels. This
may be due to trade offs between saving energy and attempting to move to a more suitable
environment. In seawater, TAG-1 would not have access to much of the electron donors it
requires and thus would not be able to conserve as much energy. It would, however, likely still

be beneficial to the cell to get closer to vent fluid, bringing it back to a more suitable pH and
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making nutrients more available. So some genes may be more highly expressed and some less
expressed in a balancing act to deal with these two opposing issues.

Interestingly, two of the three integrases that are more highly expressed under acute
alkaline conditions are also found at higher abundance than the control under chronic alkaline
growth. The third, however, is less abundant. This indicates that TAG-1 cells are still under

stress despite being acclimated to a high pH environment.

Conclusion

It has long been questioned how bacteria are able to persist in their environment and
contend with changes in their extracellular chemistry. This study provides some of the first
experimental glimpses into how an iron-oxidizing bacterial strain - Ghiorsea bivora TAG-1-
responds to environmentally relevant changes in pH. Many of the observed changes in gene
expression, such as increases in signal transduction and integrase expression, are commonly
observed among a diversity of bacteria that are subject to changes in pH (22, 23). Heavy metal
efflux pumps, too, have been observed to increase in expression in other bacteria, though this is
especially relevant to TAG-1. In other studies of e.g., soil bacteria, acidic conditions trigger an
increase in gene expression related to resistance of metals such as cadmium, zinc, and cobalt,
which has been attributed to an increase in metal solubility at low pH (23). A decrease in pH for
TAG-1, however, would be due to increased vent fluid influence and would coincide with a
dramatic increase in metal concentrations (1, 2, 39). This would explain why metal resistance
genes that increase in expression in TAG-1 at more acidic conditions seem to mostly be related

to copper resistance.
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In addition to these differences in expression that one might expect to occur in response
to changes in pH, TAG-1 also displays some that were unexpected. In particular, increased
expression of motility-related genes under acute exposure to alkaline pH is contrary to the
response of other Proteobacteria, which have been observed to increase motility in response to
more acidic pH and become less motile under more acidic conditions (24). TAG-1’s expression
patterns, however, are consistent with the hypothesis that alkaline pH poses physiological
problems for FeOB. This is further evident from TAG-1’s response to acute exposure to pH 8.0,
where, likely due to physiological dysfunction, we saw similar responses in all COG functional
categories to acute exposure to pH 7.5, but lower in magnitude in nearly all cases. In nature these
challenges to TAG-1’s survival include lower availability of electron donors and increased
oxidative stress from higher oxygen concentrations, in addition to the more canonical issues that
many other microbes would experience from changes in pH. In fact, it seems that these stressors

may be too great for TAG-1 to overcome, as it is unable to grow at seawater pH (17, 20).
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Chapter 3

A low pH microenvironment surrounds Mariprofundus ferrooxydans PV-1 cells: implications for
biomineralization



Abstract

Diverse microorganisms, from photosynthetic cyanobacteria to deep sea sulfur-oxidizing
bacteria, are known to influence mineral dissolution and precipitation by altering the pH around
them. With respect to stalk-forming iron oxidizing bacteria (FeOB), this has been postulated as
one mechanism that could aid in directing the mineralization of their stalks. However, key
questions remain as to whether and how FeOB could localize such pH alterations, and whether it
can be correlated to stalk formation. Here we measured the “pH landscapes” surrounding cells of
the model marine FeOB Mariprofundus ferrooxydans PV-1 using pH sensitive fluorescent dyes
and confocal microscopy in a series of experimental treatments aimed at testing the efficacy of
site-specific extracellular pH manipulation. We confirmed for the first time that M. ferrooxydans
PV-1 cells do indeed establish low pH microenvironments around themselves and that these
microenvironments are, in part, actively mediated by cellular activity. We then used geochemical
modeling to examine the effect these pH microenvironments would have on iron oxidation
energetics, dissolved inorganic carbon (DIC) speciation, and Fe*" solubility. We found only
modest decreases in energetic yield for iron oxidation of 4.3 + 1.7%, though significantly more
DIC was found to be present as carbon dioxide around the cell, potentially allowing for greater
passive diffusion of DIC instead of active transport. We also showed that solubility of Fe**
increases by 32.5 + 15.8% in the area immediately surrounding the cell, likely aiding the cell in
directing iron precipitation towards its stalk, though future work is needed to address how the

directionality of stalk formation is maintained by the organism.
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Introduction

Diverse bacteria often modulate extracellular pH, which can have effects on the solubility
of various mineral phases (1, 2). For instance, heterotrophic bacteria in dental biofilms consume
sugars and other organic carbon sources and produce organic acids, lowering their local pH (3,
4). This increases the solubility of hydroxyapatite, the primary mineral component of tooth
enamel, causing demineralization of the area on the tooth where the biofilm has formed,
eventually leading to tooth decay and dental caries (5). Autotrophic organisms can also cause
shifts in extracellular pH, often making their surroundings more alkaline through the
consumption of protons and CO> during carbon fixation. Cyanobacteria, for example, have been
shown to create microenvironments of alkaline pH proximal to their cells (6). When large
numbers of cyanobacteria form biofilms, these local alkaline conditions can influence the
saturation conditions of calcium carbonate, leading to calcification even when precipitation of
calcium minerals would not be predicted based on the pH of the overlying water column (7).

Extracellular pH is of particular importance to microbes that oxidize iron for energy, due
to the increasing stability of Fe* under oxic conditions with decreasing pH, as well as the
increased solubility of Fe** under more acidic conditions (8). At neutral pH, however, Fe*" is not
stable in solution and almost entirely precipitates immediately as iron oxyhydroxides (9). This
poses a problem for bacteria that oxidize iron at circumneutral pH: they must have strategies for
dealing with possible encrustation by iron minerals that, if allowed to precipitate on the cell
membrane, could limit diffusion of nutrients to the cell (10). Phototrophic iron oxidizing bacteria
(photoferrotrophs) have been shown to avoid mineral encrustation by reducing local pH (11).
This increases the solubility of Fe** around the cell, allowing dissolved Fe(III) to diffuse away to

a region of higher pH where it then precipitates, thereby allowing the cell to escape encrustation.
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Neutrophilic microaerobic iron oxidizing bacteria (FeOB), chemotrophic organisms that
catalyze the oxidation of Fe?* to Fe*" with oxygen as their electron acceptor, must also contend
with iron oxide precipitation and possible encrustation. This could be an issue for FeOB perhaps
to an even greater extent than photoferrotrophs due to the rapid abiotic oxidation of Fe** to Fe**
by oxygen and subsequent precipitation (12, 13). FeOB generally live in opposing gradients of
dissolved Fe(Il) and oxygen, though, where abiotic oxidation rates are slow and FeOB can
compete more easily — in some cases biological activity is responsible for up to 99% of iron
oxidation (10, 12—15). It is thought that FeOB avoid becoming encrusted by their iron oxide
waste products both by oxidizing Fe?" on the outer membrane of the cell, thus preventing the
formation of iron minerals within the cell itself, and by the production of structures from these
mineral waste products (16—20). FeOB-produced structures include twisted iron stalks, sheaths,
and “dreads,” though amorphous oxides are also produced by some species (14, 21, 22). Of these
structures, twisted iron stalks have been extensively studied, but how exactly these structures
form remains somewhat of a mystery.

FeOB that produce twisted iron stalks attach to a surface and then excrete acidic
polysaccharides that are hypothesized to bind the Fe** that results from Fe?* oxidation (16, 17,
20). As Fe(IIl) minerals precipitate in these polysaccharides, they form fibrils of iron oxides,
which make up the structural component of the stalk. The cell continues to excrete
polysaccharide and produce its stalk, turning as stalk formation propels it away from its point of
attachment, leading to the characteristic twisted ribbon shape of the stalk. Over time the buildup
of these stalks leads to the formation of flocculent iron mats, which can alter flow regimes on
larger scales and so further affect chemical regimes within the mat and at its surface (14). How

exactly oxidized Fe*" gets from the cell to the polysaccharides that bind it is unclear, however.
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Localized acidification has been proposed as one mechanism that could aid in stalk formation,
though it was until now unknown whether FeOB establish pH microenvironments around
themselves, and indeed it was even questioned whether such a phenomenon was possible for
these organisms (11, 16).

To test whether FeOB form pH microenvironments around their cells and what effect, if
any, this might have on mineral solubility and thus stalk formation we studied the model FeOB
Mariprofundus ferrooxydans PV-1, a member of the Zetaproteobacteria and an obligate iron
oxidizer and chemolithoautotroph that fixes carbon via the Calvin-Benson-Bassham pathway
(23). It was originally isolated from Lo’1hi Seamount, a hydrothermal system off the coast of
Hawai’i characterized by low temperature (~30°C) diffuse venting with high Fe?" concentrations
(up to ~1 mM) (24, 25). FeOB like PV-1 thrive in these conditions and vast areas of Lo’ihi vent
fields have been seen covered with the iron mats these organisms produce (26). The fluid from
these vents is also lower in pH than the surrounding seawater (seawater pH = ~8.1), with values
of 4.5-6.0 reported (24, 25). PV-1, like many marine FeOB isolates, grows preferentially at pH
close to this range, with an optimum of 6.2-6.5 (15, 23).

In this study, we used confocal microscopy and the pH sensitive fluorescent dye
seminaphtharhodafluor-4F-5-(and-6)-carboxylic acid (SNARF) to image living M. ferrooxydans
PV-1 cells grown in gradient slides. SNAREF is a single excitation, dual emission dye; it is
excited with one wavelength of laser light and its emission is collected at two different
wavelengths corresponding to the protonated and deprotonated forms of the dye (27). Since the
protonated and deprotonated forms of the dye exist in equilibrium that is dependent on pH
(SNAREF pK, = 6.4), the ratio of the intensities of these emission spectra can be used to

determine the pH in specific areas of the image in a process known as ratiometric imaging (3, 4,
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28). This allowed us to visualize the pH landscape around each cell and examine how cells
affected their environmental pH. We also used the protonophore carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), which neutralizes membrane potentials, to determine whether
the establishment of pH microenvironments was due to cellular activity (11). Furthermore, we
used geochemical modeling to assess the consequences of an acidic microenvironment for PV-1
in terms of energetics of iron oxidation and solubility of waste Fe(III). Notably, fluid from Lo ihi
vent fields is generally high in carbon dioxide (values up to 418 mM reported) as well and
alteration of extracellular pH would change the equilibrium of which dissolved inorganic carbon
(DIC) species are present in solution around the cell, with CO> dominating at more acidic
conditions and HCOs™ at higher concentrations under more neutral conditions (29, 30). We
therefore also modeled availability of DIC for PV-1 based on any pH microenvironments that
were seen.

We found that PV-1 cells do have a low-pH microenvironment around themselves and
that these microenvironments are at least partially actively maintained by cellular activity.
Geochemical modeling revealed that the energetic cost to living at lower pH is minimal, while
availability of CO, would be significantly increased. We also speculate how the increased
solubility of Fe(III) due to the decreased pH in these microenvironments may aid in the direction

of iron oxide precipitation for stalk formation.

Methods
Cultivation conditions
Mariprofundus ferrooxydans PV-1 was cultured in artificial seawater-ZVI plates,

according to the National Center for Marine Algae and Microbiota culturing guidelines for
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cultivating marine iron-oxidizing bacteria. Petri dishes were filled with 20 ml artificial seawater
(ASW, pH ~6.4), with 100 mg -200 mesh zero-valent iron (ZVI) powder (Alfa Aesar Inc.),
sterilized via gamma irradiation, added as an Fe(II) source. Plates were incubated in gas-tight
jars with valves that allowed the jar headspace to be replaced with a gas mix of 8% 02/10%

CO2/82% Na. Jars were incubated at ambient temperature (~24°C).

Gradient slide construction and inoculation

Slides were constructed to allow M. ferrooxydans PV-1 to grow in a gradient of Fe** and
O and then be imaged in situ. (Figure 3.1) These slides consisted of a standard 25 x 75 mm
microscope slide (VWR) with a #1.5 22 x 50 mm coverglass (Electron Microscopy Sciences)
held above it using 4 1.5 x 2 mm Viton o-rings (McMaster-Carr) as spacers. Three edges of this

assembly were then sealed with Epoxy Resin 105 (West System) and allowed to set overnight.

= s LA

Figure 3.10) Diagram of inoculated gradient slide. Sample gradient slide that was inoculated with M.
ferrooxydans PV-1 and incubated for 48 h at room temperature. Similar gradient slides were constructed with added
SNARF dye and used to visualize pH landscapes around living PV-1 cells A) #1.5 coverglass, B) Viton o-rings, C)
epoxy resin, D) zero-valent iron (ZVI) powder, E) iron oxides from initial inoculum, F) band of growing PV-1 cells

For growing live PV-1 cells, enough ZVI powder was added to each gradient slide to just

cover the bottom of the slide. 500 ul ASW containing 20 pM SNARF-4F-5-(and-6)-carboxylic
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acid (Thermo Fisher Inc.) and 10 mM PIPES pH 6.5 was then added to each slide. PV-1 cells
were inoculated from late log phase cultures grown in ZVI plates by drawing cells from a ZVI
plate into a syringe with attached needle, then inserting the needle to the bottom of the gradient
slide and drawing it up as the plunger of the syringe was depressed. This was done to ensure
cells were present at their optimal location for growth in the Fe?*/O» gradient formed by ZVI
dissolving at the bottom of the slide and O> diffusing from the top.

Inoculated slides were placed in petri dishes with a wet laboratory wipe (VWR) to
prevent evaporation. Petri dishes were then wrapped in tin foil to protect them from light and
placed in the same gas tight jar used for routine culturing. The headspace in the jar was replaced
with the same gas mix used for routine culturing (8% O2/10% CO2/82% N) and slides were

incubated at ambient temperature (24°C).

Construction of SNARF standard curve

SNAREF standards were prepared in a 96-well plate with a glass bottom that was
equivalent in thickness to a #1.5 coverglass (Thomas Scientific). 196 ul 50 mM Bis-Tris adjusted
to pH values from 5.0 to 7.5 in 0.1 pH increments were then added to wells in the plate (total of
26 standards) and 4 ul ImM SNARF-4F-5-(and-6)-carboxylic acid was added to each well for a
final SNARF concentration of 20 pM. Standards were made at the same time that gradient slides
were inoculated, then incubated at ambient temperature for 48 hours prior to imaging. This was
done to control for any changes the SNARF may have experienced in the gradient slides while
incubating, though no differences were detected between fresh and 48-hour-old standards.

Each well was imaged on an LSM 880 confocal microscope (Zeiss) with a 63X/1.4 oil

immersion objective. SNARF was excited at 488 nm and fluorescence was collected at 550-600
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nm (channel 1) and 625-675 nm (channel 2). The resulting images were analyzed in FIJI using a
custom macro to measure the mean intensities of each channel for each pH standard (31). The
mean intensity of channel 2 was then divided by that of channel 1. The resulting ratios were

plotted against their respective pH and a best-fit line was determined to use as a standard curve.

Imaging of gradient slides

One hour prior to imaging, slides were removed from their petri dishes and stained for
imaging. All slides were stained for DNA using 0.03 mg/ml Hoechst 34580 (VWR) and iron
stalks were stained using 0.04 mg/ml soybean agglutinin (SBA) conjugated Alexa Fluor 647
(Thermo Fisher Inc.) To determine whether pH microenvironments around cells were due to
cellular activity, half of the gradient slides also had the protonophore carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) dissolved in ethanol added to a final concentration of 10 uM.
CCCEP disrupts proton gradients and would eliminate any pH microenvironment that cells were
establishing through active transport of protons across the cell membrane (11).

Slides were also imaged on an LSM 880 confocal microscope equipped with a 63X/1.4
oil immersion objective, in addition to an Airyscan superresolution detector. SNARF was imaged
as described for pH standards above. Cells were visualized using Hoechst DNA stain, which was
excited at 405 nm and collected in the blue channel of the Airyscan detector. Stalks were
visualized using SBA conjugated Alexa Fluor 647, which was excited at 633 nm and collected in
the far-red channel of the Airyscan detector. A total of 10 cells attached to stalks were imaged

each for live cells and CCCP-treated controls.
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Generation of pH maps and determination of extracellular pH

Images of cells attached to stalks were imported into FIJI for image analysis using a
custom macro. This was done by first dividing the channel 2 SNARF fluorescence intensity by
the channel 1 SNARF intensity. Minimum and maximum brightness were set on the resulting
image according to the highest and lowest value resulting from the standard curve. The image
was then denoised using a Median filter with a 3 pixel area. A custom lookup table was then
created based on the total pH range measured to display pH microenvironments in the image.

The macro also determined cell location by automatically thresholding the DNA stain
channel using the Otsu method and creating a custom selection around the resulting area where
each cell was located. This selection was then used to create a second selection for the area
immediately around the cell, i.e,. a ring around the cell 0.1 um in thickness. The mean intensity
of this selection was measured and used to determine the average pH immediately surrounding
each cell. A larger area away from any iron oxides was also selected and analyzed for average
pH in each image to serve as a background.

To account for the buffering capacity of the media, the significance of the difference in
pH change between live and CCCP-treated cells was determined based on the number of protons
required to shift the background pH to match that of the area immediately surrounding the cells.
This was done by assuming an average cell volume equal to that of a cylinder with length 1 uM
and diameter 0.5 uM, which was based on measurements taken in FIJI. We then calculated the
total number of protons needed to change the pH of a 0.1 uM thick envelope around each cell
from the measured background pH to the measured pH immediately surrounding the cell using

the Henderson-Hasselbalch equation (32). These differences between cell and background for
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both live and CCCP-treated cells were then compared using Welch’s t-test to determine if there

was a significant difference.

Modeling of free energy yield change based on pH

The free energy yield (AG) of iron oxidation was determined over the pH range 6.0-7.0
using the Rxn module of Geochemist’s Workbench 12.0 (Aqueous Solutions LLC). We assumed
a starting oxygen concentration of 10 uM, as this is the oxygen concentration at which PV-1 has
been shown to be responsible for >90% of iron oxidation (15). We also assumed an initial Fe**
concentration of 200 uM, based on a previous study using similar gradient slides, where PV-1
stalks were found in a region of the slide that contained ~200 uM Fe?* (33). The activity of
Fe(OH)3ppy) was set to 1.0 by convention.

As >99% of Fe*" resulting from the oxidation of Fe** precipitates as oxyhydroxides, the
reaction was balanced in terms of Fe(OH)3(pt) With an overall reaction formula of Fe** + 2.5 H,O
+0.25 O2(aq) =2 Fe(OH)3ppy) + 2 H'. We then varied the pH of the reaction from 6.0 to 7.0 in 0.1
pH unit increments, which encompassed the entire pH range observed using the SNARF dye.
The resulting AG values were then plotted against pH and the equation from this line was used to
determine the average difference in AG that would result from iron oxidation occurring at live

PV-1 cell surfaces or in the bulk media.
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Modeling of dissolved inorganic carbon speciation based on pH

Speciation of dissolved inorganic carbon (DIC) between COx.q) and HCO3™ was
calculated for all live cell and live background measurements using the Henderson-Hasselbalch
Equation and the pK, of 6.35 for carbon dioxide (32, 34). All conjugate acid was assumed to be
present as COx(aq) as the ratio COz(aq):H2CO3 in solution is approximately 840 at ~20°C (35). This
was then used to determine the average difference in CO»@q) concentration between the area

immediately surrounding live cells and the bulk media.

Modeling of Fe(III) solubility based on pH

Total soluble Fe(Ill) (Fe(Ill)@q)) was calculated for a pH range of 6.0-7.0 in the React
module of Geochemist’s Workbench 12.0 after Hegler et al. 2010 (11). This was done by
defining a basis within Geochemist’s Workbench with the same constituents as the artificial
seawater used for growing PV-1 cells and again assuming an initial oxygen concentration of 10
uM. The starting concentration of Fe*" was determined by assuming the complete oxidation of
Fe?* from the previous model to Fe**. We thus used a starting concentration of 200 uM Fe**. The
Fe?"/Fe** redox couple was then decoupled to prevent any Fe** from being re-reduced.

We assumed, given the short time period for which gradient slides were incubated, that
the only iron mineral to precipitate would be ferrihydrite ((Fe*"),03+0.5H>0). We therefore
suppressed the precipitation of other iron minerals that would likely form if slides were
incubated for longer (e.g., goethite (a-FeO(OH)) and hematite (a-Fe>03)). The React module was
then set to model the speciation of these constituents from pH 6.0 to 7.0 in 0.1 pH unit

increments. Fe(Ill)@q) was then plotted against pH to determine the solubility of Fe(IIl) at a given
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pH and the resulting equation from this plot was used to determine the average solubility of

Fe(III) near the surface of live cells and in the bulk media.

Results
Low pH microenvironments exist around live and CCCP-treated PV-1 cells

We used ratiometric imaging with SNARF dye to observe pH landscapes around live and
CCCP-treated PV-1 cells that were attached to iron stalks. These images revealed that both live
and CCCP-treated cells had pH microenvironments localized around the entire circumference of
each cell, as shown in a representative image in Figure 3.2. These microenvironments were
significantly lower in pH than the background for both live and CCCP-treated cells. (Figure 3.3)

pH7.5
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Figure 3.11) pH landscapes of PV-1 cells attached to iron stalks. False color has been added to show the pH
microenvironments surrounding A) living PV-1 cells and B) CCCP-treated cells. Warmer colors indicate decreasing
pH, which is generally located proximal to cells. Note that background pH is lower in frame B due to the addition of
CCCEP dissolved in ethanol. Cells are indicated with arrows, while other black patches are biogenic iron oxide
identified by binding of rhodamine-conjugated Ricinus communis agglutinin.
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Figure 12.3) pH of cell surroundings and background for live and CCCP-treated slides. Background pH was
determined by measuring an area away from cells and oxides in each of 10 images, while cell surroundings were
measured in a 0.1 pm ring around each cell for the same 10 images. Cell surroundings were each significantly lower
than the respective background pH. (*** = P<0.001) Note that CCCP-treated background pH is lower due to the
addition of ethanol used to dissolve CCCP.

We then sought to determine whether the establishment of these pH microenvironments
was mediated by cellular activity. Because the media these cells were grown in was well
buffered, we determined the total number of protons that would be necessary to shift the pH
around each cell to tell if live cells were having a greater effect on pH than CCCP-treated cells.
Living cells did require the addition of significantly more protons proximal to the cell to shift the

pH of their bulk media to the measured pH immediately surrounding them. (Figure 3.4)
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Figure 3.13) Number of H" ions needed to decrease the pH immediately surrounding live and CCCP-treated
cells. Live cells required significantly more H" ions to decrease the pH of their surroundings. (* = P<0.05)

Free energy yield in low pH microenvironments around live PV-1 cells decreases slightly
compared to bulk media

The Fe**/Fe** redox couple changes with pH, as does the solubility and stability of both
Fe(Il) and Fe(III) (36), so it was likely that actively metabolizing PV-1 cells would experience a
change in the energetic yield of iron oxidation. We used geochemical modeling to demonstrate
that the AG of iron oxidation increases (i.e. its energy yield decreases) with decreasing pH PV-1
cells establishing a low pH microenvironment would therefore actually be losing some energy
per reaction compared to if they were oxidizing iron at the pH of the bulk media. (Figure 3.5)
This energy loss was relatively small, however, with living cells obtaining a calculated average
of -70.45 £ 1.59 kJemol™! of Fe(II) oxidized while iron oxidation in the bulk media would yield

an average of -73.62 + 1.56 kJemol™!. The average reduction in free energy yield for live cells
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compared to the bulk media is thus approximately 3.17 kJemol! £ 1.26 kJsmol™' or about 4.3 +

1.7%.
_66 -
_68 .
I
S ~70-
-
X —72 -
©)
<
_74 -
_76 -
6.0 6.2 6.4 6.6 6.8 7.0
pH

Figure 3.14) Change in free energy yield of the oxidation of Fe?* to Fe(OH)s as a function of pH. Free energy
yield increases linearly with increasing pH. Total change in AG over the pH range 6.0 to 7.0 is modest, however.

More DIC is present as COz(q) in the pH microenvironment surrounding live cells than in
bulk media

Changing pH also changes the CO2(q) = HCOs3" equilibrium of seawater, which could
affect how much CO; is available for PV-1 via passive diffusion versus the active transport of
HCOs". Given that the pH around each cell was lower than the bulk media and this pH was
around the pKa of CO2@q) = HCO3™ (pKa = 6.35)(34), we expected there to be a large increase in

the amount of COz(q) present. We used the Henderson-Hasselbalch equation to model the shift in
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this equilibrium and determine whether there was actually more COxq) present in solution.
Though COxq) exists in equilibrium with H2COj in water, the ratio COz(aq):H2CO3 in solution is
approximately 840 at the temperatures PV-1 thrives at, so all conjugate acid was assumed to be
COxz(aq) for the purposes of this model. We determined that significantly more DIC would be
present as COx(q) in the low pH microenvironment surrounding live PV-1 cells than in the bulk

media. (Figure 3.6)
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Figure 3.15) Amount of dissolved inorganic carbon present as CO2(q) in pH microenvironment immediately
surrounding live cells and at their background pH. Live cells have a significantly greater concentration of DIC
present as COx(aq) than the background. (*** = P<0.001)
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Solubility of Fe(IIl) is greater in low pH microenvironments surrounding live PV-1 cells
compared to bulk media

It is well known that Fe(III) is more soluble at lower pH, which would in turn affect how
quickly it would precipitate as iron oxides (11). We used geochemical modeling to determine
how much more soluble Fe(IIl) would be in the microenvironment surrounding PV-1 cells
compared to in the bulk media. Our model, assuming an initial Fe(IlI) concentration of 200 uM
and an initial oxygen concentration of 10 pM, shows that Fe(Ill)q) does indeed increase as pH
decreases, i.e. Fe(IIl) is more soluble at lower pH. (Figure 3.7) The media in the
microenvironment around live PV-1 cells would, according to this model, have an average
Fe(I1)(aq) concentration 1.71¢1077 + 4.39¢10° molL"!, while the bulk media would have only
1.14¢107 £ 2.67¢10°® moleL! Fe(Ill)q). Live cells therefore have 5.65¢10°% +£2.70¢10° mol-L!
more Fe(Ill)q) surrounding them compared to the bulk media, a difference of approximately

32.5+ 15.8%.

100



3x1077 4

moleL"1)

< 2x1077 -

Fe(lll)ag

1x10~7 -~

6.0 6.2 6.4 6.6 6.8 7.0
pH

Figure 3.16) Change in solubility of Fe(III) species as a function of pH. Increasing pH leads to lower solubility
for Fe(IlI), with >3 fold more dissolved Fe(III) in solution at pH 6.0 compared to pH 7.0.

Discussion

Regulation of pH is important for all cells for a number of reasons, including energy
conservation and maintenance of proper protein folding (37). Bacteria have been shown to be
capable of modulating their intracellular pH to maintain a proton-motive force, where a
difference in pH across a membrane promotes the movement of protons through ATP synthase,
allowing the cell to store energy (38, 39). Many cells have been shown to have an effect on the
pH of their surroundings as well, usually as a consequence of their metabolism. Heterotrophic
bacteria are known to acidify their surroundings, creating low pH microenvironments around
themselves and in biofilms, mostly through production of organic acids (3, 4). Cyanobacteria
have also been shown to establish microenvironments of pH around their cells, though these

microenvironments are often higher in pH due to the consumption of protons and CO2 by Calvin-
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Benson-Bassham Cycle autotrophy (6, 7). In contrast to this, photoautotrophic iron oxidizing
bacteria also establish pH microenvironments, though in this case the cells acidify their
surroundings although they are also photoautotrophic (11). It was until now, however, unknown
how neutrophilic microaerobic FeOB affect the extracellular pH proximal to their cells. It has
even in the past been doubted that FeOB would form localized pH microenvironments, given the
fact that iron oxidation is a low energy metabolism and microaerophilic FeOB are unable to rely
on light energy to pump protons (11).

Through ratiometric confocal imaging using the pH sensitive fluorescent dye SNARF-4F-
5-(and-6)-carboxylic acid we have confirmed for the first time that Mariprofundus ferrooxydans
PV-1 does indeed establish an acidic microenvironment around the entirety of the cell.
Additionally, the magnitude of the difference in pH between the area immediately surrounding
the cell and the bulk media is decreased when PV-1 is treated with the protonophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), which disrupts the cell’s membrane potential,
indicating that the ApH these cells create is in part an active process. Cells that were treated with
CCCP still had microenvironments around them that were significantly more acidic than the
background, however. This is in contrast to what is known about phototrophic iron oxidizers,
where CCCP completely eliminated any ApH between cells and their environment (11). We
hypothesize that PV-1 may use passive processes to circumvent its energy limitations, not
needing to expend energy for part of this ApH, perhaps relying on the hydrolysis of water by Fe*"
to a greater extent than phototrophic iron oxidizers. The mechanism by which it does this was
not determined as part of this study, however, and presents an interesting avenue for further

research.

102



These acidic microenvironments present a number of consequences for PV-1, the first of
which is the energetics of iron oxidation. As pH decreases, the redox potential of the Fe**/Fe**
couple increases and, in addition, the solubility of Fe*" ions in solution increases, causing the
buildup of one of the endproducts of PV-1’s metabolism that would otherwise precipitate and be
removed solution, thus decreasing the favorability of iron oxidation (36). It is possible that this
would pose an issue for PV-1, as the energetic yield of iron oxidation is low compared to other
lithtrophic metabolisms (10). Our modeling shows that PV-1 would experience a modest
decrease in energy yield as a result of living at the pH levels we measured. In spite of this energy
loss, however, PV-1 still actively mediates the production of a ApH. Thus, although decreasing
local pH incurs a cost beyond only the energy expended to establish these microenvironments,
the detrimental effects must be outweighed by the benefits conferred to an organism that makes a
living by oxidizing iron.

One possible benefit is an increased proportion of dissolved inorganic carbon being
present as carbon dioxide. In carbonate buffered systems like seawater, dissolved carbon dioxide
exists at equilibrium with bicarbonate, with the bicarbonate form dominant in seawater at a pH of
close to 8.0 (34). PV-1, however, was isolated from regions of diffuse hydrothermal venting at
Lo’1hi Seamount that are lower in pH, generally between 6.0 and 7.0, and has a pH optimum of
6.2-6.5 (15, 23, 40).

This range includes the pK. of carbon dioxide (pKa = 6.35), around which small changes
in pH would result in large shifts in the CO2@q) = HCO;3™ equilibrium (34, 41). This is relevant to
PV-1 because uncharged COxq) can passively diffuse across the cell membrane, while charged
HCO3™ must be actively transported, though PV-1 does possess genes for bicarbonate uptake

(42). It may be that by changing the pH around its cells PV-1 increases the concentration of
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available COz(q) that can then diffuse into the cell in addition to the bicarbonate it actively
transports. This could be particularly important because PV-1 does not produce carboxysomes or
other carbon concentrating mechanisms, nor does it have the genetic potential to do so (42).
Carboxysomes are found in many bacteria that use RubisCO to fix carbon, functioning to reduce
respiratory loss from RubisCO binding to oxygen instead of carbon dioxide by increasing local
concentrations of carbon dioxide (43). Vent fluid at Lo’1hi is highly enriched in carbon dioxide
(up to 418 mM), however, and PV-1 allowing a greater proportion of COxq) to diffuse into its
cells could function as an analogue to carbon concentration mechanisms found in other
microaerobic chemoautotrophs that rely on the Calvin-Benson-Bassham pathway for carbon
fixation (30, 44). PV-1 may therefore be able to circumvent the need for carboxysomes to
maintain high [CO;] around RubisCO despite its metabolic requirement for oxygen.

Uniquely, microbes that oxidize iron at circumneutral pH must contend with precipitation
of their waste Fe’" as iron oxyhydroxides. Iron oxidation is therefore carried out on the
extracellular membrane to prevent precipitation inside the cell, but there is still the issue of
encrustation by iron oxides that could eventually lead to entombment. It has long been postulated
that stalk-forming FeOB like PV-1 construct their stalks in part to avoid encrustation, and
localized acidification has been implicated as a possible aid in this as well (16). Indeed, though
the exact mechanisms of stalk formation remain somewhat of a mystery, the acidic
microenvironments established by PV-1 cells may help explain how FeOB direct iron oxide
precipitation at the site of stalk formation because of the aforementioned increased solubility of
Fe*" ions at lower pH. By increasing the solubility of Fe**, PV-1 would inhibit the precipitation
of Fe(IIl) minerals relative to its environment. It is also known that PV-1 produces iron-binding

acidic extracellular polysaccharides that coordinate oxide precipitation for stalk formation (16,
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17, 20). We hypothesize that these polysaccharides act as a “trap” for iron oxidation, presenting
conditions that are more conducive to iron oxide precipitation than the rest of the cell
surroundings. Iron oxide precipitation would then decrease the relative concentration of Fe*
surrounding the stalk, causing more Fe*" to diffuse towards the stalk, which would then
precipitate driving the process further.

Thus a combination of low pH and site-specific nucleation may be an effective method of
directing precipitation in a manner that is advantageous to the cell. The data presented here, as
well as the observation that PV-1 cells do not encrust in iron minerals neither confirm nor refute
this hypothesis but they are consistent with it. Additionally, it would help explain why the only
precipitation around cells that is seen is in the form of iron stalks. We would expect to see
precipitation in other areas nearby PV-1 cells if, similar to phototrophic iron oxidizers, the low
pH microenvironment simply allowed Fe** to diffuse away from the cell before precipitating.
Instead, the only region near the cell where we see precipitation is at the site of stalk formation
which is within the low pH microenvironment, the opposite of what would be expected based
purely on our thermodynamic model of differences in Fe** solubility due to pH.

It should also be noted that, to our knowledge, iron oxide precipitation is not seen near
PV-1 cells except for in the stalk. This may mean that PV-1 only metabolizes iron at the site of
stalk formation. If instead PV-1 could oxidize iron at any point on its surface we would expect to
see more iron oxides surrounding its cells, which would form after Fe** diffuses away into
regions away from the cell that have much lower Fe*" concentrations due to greater precipitation
resulting from higher pH. What we do see, however, is the precipitation of iron oxides proximal
to the cell but only in the stalk, where we would also expect higher Fe** concentrations. This

implies that Fe** is only produced in the site of stalk formation. Having the low pH
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microenvironment all around its cells would still likely be beneficial to PV-1, however, as this

would prevent any abiotic oxidation from encrusting the cell.

Conclusion

The establishment of a low pH microenvironment around its cells presents a number of
possible advantages for M. ferrooxydans PV-1 for relatively little cost. The loss in energetic
yield of iron oxidation is small, the ApH that we have seen seems to only partially be dependent
on cellular activity, and the actively produced portion could simply be a byproduct of iron
oxidation due to hydrolysis from Fe*" waste products. In return, PV-1 may be able to increase the
concentration of carbon dioxide inside its cells, allowing for increased efficiency of carbon
fixation through reducing the likelihood that RubisCO binds oxygen instead of carbon dioxide.

In addition, the demonstration that these microenvironments exist may provide new
insights into the formation of twisted iron stalks. It is still unknown how exactly stalk-forming
FeOB control the mineralization of their stalks, but modulating local pH may aid them in
directing precipitation towards the EPS they produce, preventing haphazard precipitation and
encrustation. Further, we think that iron oxide precipitation occurring only in the stalk despite the
existence of these microenvironments surrounding the entire cell supports the hypothesis that
PV-1 only oxidizes iron at the site of stalk formation. This would mean that the cell is possibly
losing out on the potential to metabolize a greater amount of iron by using its entire surface area
in addition to the likely high energy expenditure necessary to make a highly ordered structure
such as an iron stalk. Taken together, this could make stalk production a significant energy sink

for PV-1, yet it still makes a stalk, underscoring its importance to an iron-oxidizing lifestyle.
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