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Hydrogen Peroxide Cycling in
High-Temperature Acidic Geothermal
Springs and Potential Implications
for Oxidative Stress Response

Margaux M. Meslé *, Jacob P. Beam ', Zackary J. Jay T, Brynna Bodle, Eric Bogenschutz *
and William P. Inskeep *

Department of Land Resources and Environmental Sciences, and Thermal Biology Institute, Montana State University,
Bozeman, MT, USA

Hydrogen peroxide (H20.), superoxide (O3 ), and hydroxyl radicals (OH*) are produced
in natural waters via ultraviolet (UV) light-induced reactions between dissolved oxygen
(Oo) and organic carbon, and further reaction of HoO» and Fe(ll) (i.e., Fenton chemistry).
The temporal and spatial dynamics of HoO» and other dissolved compounds [Fe(ll), Fe(lll),
H»S, O»] were measured during a diel cycle (dark/light) in surface waters of three acidic
geothermal springs (Beowulf Spring, One Hundred Springs Plain, and Echinus Geyser
Spring; pH = 3-3.5, T = 68-80°C) in Norris Geyser Basin, Yellowstone National Park.
In situ analyses showed that H,O» concentrations were lowest (ca. 1 wM) in geothermal
source waters containing high dissolved sulfide (and where oxygen was below detection)
and increased by 2-fold (ca. 2-3 wM) in oxygenated waters corresponding to Fe(lll)-oxide
mat formation down the water channel. Small increases in dissolved oxygen and HoO»
were observed during peak photon flux, but not consistently across all springs sampled.
Iron-oxide microbial mats were sampled for molecular analysis of ROS gene expression
in two primary autotrophs of acidic Fe(lll)-oxide mat ecosystems: Metallosphaera
yellowstonensis (Archaea) and Hydrogenobaculum sp. (Bacteria). Expression (RT-gPCR)
assays of specific stress-response genes (e.g., superoxide dismutase, peroxidases)
of the primary autotrophs were used to evaluate possible changes in transcription
across temporal, spatial, and/or seasonal samples. Data presented here documented
the presence of H,O» and general correlation with dissolved oxygen. Moreover, two
dominant microbial populations expressed ROS response genes throughout the day,
but showed less expression of key genes during peak sunlight. Oxidative stress response
genes (especially external peroxidases) were highly-expressed in microorganisms within
Fe(lll)-oxide mat communities, suggesting a significant role for these proteins during
survival and growth in situ.

Keywords: hydrogen peroxide, acidic geothermal springs, iron-oxide microbial mats, oxidative stress, autotrophs,
diel cycle
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INTRODUCTION

Hydrogen peroxide (H,0O,) is a central reactive oxygen species
(ROS) in the global cycle of oxygen (O3), and is thought to have
been a precursor to O, via abiotic reactions in early Earth (Slesak
et al., 2012). ROS such as H,O, and superoxide (O5) may be
produced in natural waters via UV (hv)-induced photochemical
reactions between dissolved O, and organic carbon (Wilson et al.,
2000a,b). The absorption of light by appropriate chromophore(s)
of DOC results in an excited-state intermediate (DOC™*), which
transfers electrons to O, to form the superoxide radical O3~
(Equation 1), followed by disproportionation of HOS to form
H,0; (Equation 2, Wilson et al., 2000a,b).

DOC + hv + 0, = DOC** + 03~ (1)
2HOS = H,0, + O, )

The production of superoxide and hydrogen peroxide from
photochemical reactions has important implications for the
cycling of dissolved iron (Fe) and other trace elements adsorbed
to Fe-oxide solid phases. Several studies have documented diel
changes (i.e., changes with light intensity) in the concentrations
of dissolved trace elements in stream water containing Fe
and DOC (Wilson et al., 2000a,b; Miller et al., 2009). Once
hydrogen peroxide is formed, hydroxyl radicals (OH®) are
also produced via the reaction of H,O, and ferrous iron
[Fe(ID)], (i.e., Fenton reaction, Equation 3), which can lead
to the precipitation of highly-insoluble ferric iron [Fe(III)]-
oxyhydroxides (Winterbourn, 1995; Wilson et al., 2000a; Kocar
and Inskeep, 2003).

H,0; + Fe** = Fe** + HO™ + HO® (3)
Fe’t + 05 2 Fe*™ 4+ 0, (4)

Fe(II) can then quickly react with superoxide to form Fe(II),
creating a fast ROS turnover (Equation 4, Wilson et al., 2000a;
Kocar and Inskeep, 2003). Fenton chemistry can also lead to
the chemical decay of hydrogen peroxide and superoxide via
the iron-catalyzed Haber-Weiss reaction (Equation 5), producing
hydroxyl radicals in the presence of Fe(III) (Kehrer, 2000). In
sulfide-rich waters, hydrogen peroxide reacts with hydrogen
sulfide (H,S) to form elemental sulfur at low pH (Equation 6,
Hoffmann, 1977).

H,O, + O;_ - 0, + HO™ + HO® (5)
H,0, + H,S=> S+ 2H,0 (6)

Free radical reactions, whether abiotic (e.g., Fenton chemistry)
or biochemical (e.g., aerobic metabolism), are important sources
of internal ROS production in living organisms (Cannio et al.,
2000), and these compounds can play important roles in
DNA damage, cell signaling, and homeostasis (D’autréaux and
Toledano, 2007; Galaris and Pantopoulos, 2008; Cornelis et al.,
2011). Organisms of all domains of life (Archaea, Bacteria,
and Eukarya) possess defense mechanisms against intra- and
extracellular ROS. These detoxification enzymes participate
directly in H,O, and Fe cycling (Table 1), and are thought to

work in concert to avoid oxidative stress (Pedone et al., 2004;
Maaty et al., 2009). Metagenomes of Fe(III)-oxide microbial
communities collected in high-temperature acidic geothermal
springs of Yellowstone National Park (YNP, Wyoming, USA)
have identified chemolithoautotrophic organisms contributing
to the early development and production of these microbial
mats (Inskeep et al., 2010, 2013; Kozubal et al., 2012; Beam
et al, 2016). Curated sequences indicate the presence of
numerous oxidative stress response genes (including those
listed in Table1) in two major populations. The rod-shaped
bacteria Hydrogenobaculum spp. initiate biofilm attachment,
and the iron-oxidizing archaea Metallosphaera yellowstonensis
(strain MK1) are responsible for the oxidation of Fe(II) and
subsequent accretion of Fe(IlI)-oxides (Macur et al., 2004;
Kozubal et al., 2008; Takacs-Vesbach et al., 2013; Jennings
et al,, 2014; Beam et al,, 2016). Oxygen is a key driver of
microbial growth and subsequent mat morphology (Kempes
et al., 2014), and its diffusion into the mat is the rate-limiting
factor for Fe(Ill)-oxide mat formation (Beam et al, 2016).
Microelectrode measurements of oxygen diffusion into the
Fe(III)-oxide mats have revealed steep gradients of O, (50-0 LM)
from the aqueous-mat interface to ~1 mm depth (Bernstein et al.,
2013). The top zone (~1 mm) of the Fe(IlI)-oxide microbial
biofilms, which is in direct contact with the overlaying spring
water, thus provides an excellent target microenvironment to
study possible changes in ROS stress-related gene expression
levels.

The primary goals of this study were to evaluate changes in
H,0O, concentrations in Fe(III)-oxide mat environments as a
function of light intensity (diel cycle) and record the associated
microbial response to oxidative stress based on the activity of key
genes involved in H,O; cycling. Specific objectives were to (i)
measure H,O, concentrations in the outflow channels of acidic
geothermal springs as a function of photon flux, (ii) determine
the spatiotemporal dynamics of dissolved H,O,, Fe(II), Fe(III),
O,, and total sulfide (TS) concentrations occurring within the
outflow channels of Fe(IlI)-oxide springs, and (iii) investigate

TABLE 1 | Enzymes involved in the microbial cycling of hydrogen peroxide
and iron.

Protein Chemical reaction Equation
Superoxide 05°" — > Hy09 + Oy (7)
dismutase (SOD)

External Cys-SH + HpO05 < — > Cys-SOxH + HyO 8)
peroxiredoxin

(PRX ext)

Internal Cys-SH 4+ Hp02 < — > Cys-SOxH + HyO (8)
peroxiredoxin

(PRX int)

Glutaredoxin 2-Cys-SH + Hp05 < — > Cys-S-S-Cys + 2H,0 9)
(GRX)

Thioredoxin (TRX) ~ Trx-(SH)2 + HoOg < — > Trx-Sp + 2H,O (10)
Rubrerythrin (RBR) 2Fe?t + HpOp + 2H1 < — > 2FeSt 4 2H,0 (1)

Ferredoxin (FDX) ~ 2Fe?t + Op + 2HT < — > 2Fe3t + Hy,0 (12)

Cys, peroxidatic cysteine.
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the expression of key genes known to be involved in oxidative
stress response in two of the primary autotrophic populations
important in Fe(III)-oxide mat ecosystems. The concentrations
of dissolved compounds were measured at different times (diel
and seasonal), and at various transect positions within the
outflow channels of several Fe(IlI)-oxide depositing springs in
YNP. These geochemical measurements were complemented
with in situ expression profiles of oxidative stress response genes
in M. yellowstonensis strain MK1 and Hydrogenobaculum spp.

MATERIALS AND METHODS
Sampling Sites

Three high-temperature acidic geothermal springs located in
Norris Geyser Basin (NGB, YNP) were selected for this study
due to their comparable water temperature and pH values
(Figure 1, Table 2). Beowulf East Spring (BE, pH 3-3.1) and
One Hundred Springs Plain (OSP, pH 3.4-3.7) were sampled on
May 13 and July 23 2014, while Echinus Geyser Spring (ECH,
pH 3.7-3.8) was sampled on April 10 2015. Aqueous pH was
obtained on site using an Accumet™ AP85 portable pH and
conductivity meter (ThermoFisher Scientific) and a single-point
4.01 buffer calibrated at spring temperatures. Temperature was
measured using a thermocouple (Fluke). Geochemical analyses
of spring water were performed at selected sampling points
down the discharge channels: BE_a-e, OSP_a-c, ECH_a-c
(Figure 1). Measurements of dissolved species were coupled with
the collection of Fe(III)-oxide microbial mat samples at specific
time points (before sunrise to after sunset) in BE, (6:15 a.m.,
10 am.,, 2 p.m., 5:30 p.m., and 8:45 p.m.) and ECH (7 am., 1
p.m., and 6:30 p.m.) (Figure 1). Photon flux (juEinstein m~2 s~ 1)
was measured over time using a portable light meter. All three
geothermal source waters exhibited comparable pH (3-3.8) and
temperature (74-86°C) values.

Aqueous Geochemistry of Geothermal
Springs

Several redox sensitive species were analyzed on site using
sterile plastic syringes to sample the spring water along channel
transects (Table 2). Concentrations of dissolved oxygen (M)

were measured using a modified version of the Winkler method
(Macur et al, 2013). Briefly, a 60-mL syringe filled with
geothermal spring water was capped immediately with a septum
(zero headspace) to avoid ingassing of atmospheric O, then
treated with appropriate reagents and titrated against Na,$,03.
Ferrous and ferric iron were measured on site using a modified
version of the Ferrozine method (To et al.,, 1999) employing a
5mL filtered (0.2 pwm) sample. Briefly, Ferrozine solution (1g
L~!) was added to replicate subsamples in the absence (Fe(II)
only) and presence (total Fe) of excess hydroxylamine (0.25M
stock), which reduces all Fe(III) to Fe(II) prior to complexation
with ferrozine. After addition of pH buffer (NHy4 acetate, pH 7),
colorimetric analyses were performed by measuring absorbance
values at 562 nm. Ferric iron concentrations were then calculated
as the difference between total soluble iron and ferrous iron. Total
dissolved sulfide (TS) was assessed using the amine sulfuric acid
method (APHA, 1998; Macur et al., 2013; Jay et al., 2014) with
7.5 mL of unfiltered samples [to avoid rapid degassing of H,S(aq)
upon filtration].

Hydrogen Peroxide Analysis Using
Acridinium Ester-Chemiluminescence
(AE-CL)

A flow-injection analysis instrument [FeLume(II)] with
chemiluminescence (CL) detection (Waterville Analytical,
Waterville, ME) was used in the field for the determination
of H,O, concentrations in geothermal waters as described
in prior reports (Miller et al., 2005; King et al., 2007). The
CL detector was a Hamamatsu HC-135 photon counting
PMT (Hamamatsu Corp., Bridgewater NJ) operated at the
manufacturer’s recommended voltage (700 V) for optimal
signal/noise ratio for LM concentrations of hydrogen peroxide
to avoid PMT saturation. Reagent solutions [i.e., 0.1 M sodium
carbonate pH 11.3 and 0.5 M acridinium ester (AE) phosphate-
buffered to pH 3] were prepared with MilliQ water treated with
3mg L catalase (Sigma). H,O; standards (1, 3, 6, and 10 wM)
were prepared from a 30% H,O, stock solution (Sigma) diluted
in catalase-treated MilliQ water. The standard curve included a
0 wM value obtained from catalase-treated MilliQ water only. A
fresh working stock solution of H,O, was prepared for each field

E)

Echinus Geyser Spring (ECH)
b

FIGURE 1 | Site images and geochemical characteristics of Beowulf Spring East, One Hundred Springs Plain Spring, and Echinus Geyser Spring (all
located in Norris Geyser Basin, Yellowstone National Park, WY, USA). a, source; b—e, other transect sampling points down channel. z, altitude. The dotted
arrows indicate the direction of water flow along transect. *, Location of the Fe(lll)-oxide mat samples collected for molecular studies.

Frontiers in Marine Science | www.frontiersin.org

May 2017 | Volume 4 | Article 130


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Meslé et al.

HoO» Cycling and Oxidative Stress

- ™~
T S
- N oo~ o o _.
< - - ~ ® 9
o «© =
.E = -
S =3
] [1]
f [ ™D < O ™
[ S 3 o o
2 10 G
3 S HHHH| 5 C
(4} ® © © v | T
® a S o <
S
£
S © ~
w W O O H <
o N N5 I e
g N
=
= K3
1 w 0 - o
~ _ © S o - Qg
2 o H HHAH| Q=
< > 0O 9O O
= A ® ®
3
B
<]
Y ~ © <
> - - -
] © © T O
2 85 2
g = e
—
(2]
3 ]
1
2 ® o @
= - - o
= T O T O
° ji:‘)_o_o o g
% © AN
=
c
(=] o v < N
c . - - .-
£ s
s 4 H H H 4
o 2L 5 00| °w
" AN~ D [eV)
o
N
f=
£ o
& [SURNOVIRNS
ha T 9 83
f=
©
o
£ Do I A o B o T BV )
s S o © o o o o
@ HHHHH | HAH
17 0 ® N © | N Q
S ~| © 0 [SaY - -
E3 o
=] N
3 I
<] N N N A § =
:ﬂa o O O O O o O
- HHHHAH | HAH
° NN QY @
% o - ol - -
f=
[=
2
- - © 0
; (')m @ ™ ® ™
[} I
£ [
3 o S T R e
Py @ M M O ™ @D ™
=
=
£
— O N N~ <t o O
g‘ o N ~ ©O W o N~
(2]
£ -
[
< 0 ©O© M O v @ <
[3} M~ N~ N~ N~ O o M~
S
2
[ *
E T O O T o T QO
©
£
c
] kS
e o
o o o2 2
32| 5| € =
=> | 0 o} %
% 8 %) @
£8 7 3
P i S
S = 5
4« 3 I
m S % ©
=
< O o) c
= - m O

n.a. 125 n.a. b.d. b.d. 17.7 n.a. 3.6 n.a.

1.6 £0.2

3.4

77 815

65

n.a.

5.6+ 2.3
5.2+ 32
4.7 +£24

n.a.

26 £ 6
25+ 6
283+ 5

n.a.

n.a. b.d.

42 £12
94 £ 17
118 £ 17

n.a.

74 n.a. 3.8 n.a. 24 +1
3.7

68
61

Echinus Geyser Spring

n.a.

n.a.

n.a.

b.d.

n.a.

n.a.

27 +£141
27 +£141

n.a. n.a.

b

n.a.

n.a.

n.a.

b.d.

n.a.

n.a.

n.a.

3.7

n.a.

Concentrations of dissolved (<0.2 um) hydrogen peroxide, oxygen, total sulfide, ferrous and ferric iron, are expressed in uM. a (source), b, ¢, d, and e represent the transect points from which geothermal water samples were collected.

T, water temperature (in °C). b.d., below detection; n.a., not analyzed. +Standard deviation values indicate diel variations at the transect points over at least 3 time series. *Transect points from which Fe(lll)-oxide mat samples were

collected for molecular studies.

campaign; the “lot analysis” guarantees a confidence ranging
from 28 to 32% for 2 years (Sigma Chem. Co.). Standards ran
as samples at different time intervals provided consistent results
indicating an absence of significant decay during the course of
the experiment. Triplicate spring water samples, collected with
a clean syringe, were filtered (0.2 pm Millipore) into falcon
tubes wrapped in Al-foil, and directly injected in the FeLume(II)
instrument, which was operated in the field using a generator.

Iron-Oxide Mat Samples and Total RNA

Extraction

The top ~1 mm of the Fe(Ill)-oxide mats was collected in
Beowulf (BE_d) and Echinus (ECH_b and ECH_c) springs
over time. The mat was removed from the spring channel
using a sterile scalpel and flash-frozen with liquid nitrogen
in a 50mL falcon tube (in triplicate), then stored at —80°C.
Total RNA extraction was performed on 1-2 g frozen iron mat.
After homogenization and centrifugation at 5,000 g for 5min
at 4°C, 1 mL of RNApro™ Soil Lysis Solution from the Fast
RNA Pro™ Soil-Direct kit (MP Biomedicals) was added to the
pellet, gently mixed, and incubated at room temperature for
5min. After centrifugation at 10,000g for 10 min at 4°C, the
supernatant was transferred to a new 15mL tube, and 1 mL of
TRI Reagent® (Sigma-Aldrich) was added. The homogenate was
incubated for 5 min at room temperature and directly treated
with Direct-zol™ RNA MiniPrep Kit (Zymo Research) following
the manufacturer’ instructions. The absence of DNA was verified
by PCR on the RNA samples, targeting both bacterial and
archaeal 16S rRNA genes. When necessary, DNase (Promega)
treatment of RNA was performed for 30 min at 37°C, and
overnight precipitation with 0.2 volumes of LiCl and 2.5 volumes
of 100% ethanol. After centrifugation at 12,000 g for 15 min at
4°C, the pellet was washed with 70% ethanol, air dried, and
re-suspended in Tris-EDTA buffer or RNase-free water before
storage at —80°C. RNA quality and quantity was assessed with
the Nanodrop ND-1000 Spectrophotometer (Thermo Scientific)
and the RNA HS Assay Kit for the Qubit® Fluorometer (Life
Technologies), respectively.

Primer Design for Oxidative Stress

Response Genes

To investigate the expression of specific ROS stress response
genes (Table1, Equations 7-12) in organisms known to
be important colonizers within active Fe-mat environments
(Beam et al.,, 2016), primers were designed based on genome
sequences of Metallosphaera yellowstonensis str. MK1 and
Hydrogenobaculum spp. available in the Integrated Microbial
Genomes and Microbiomes (IMG/M: https://img.jgi.doe.gov/
cgi-bin/m/main.cgi) database (Table S1). Corresponding gene
sequences from all available metagenome assemblies were
aligned using Clustal W (EMBL-EDI) and Mega 6.06 (www.
megasoftware.net), and primers were designed with the Primer-
BLAST tool (NCBI, www.ncbi.nlm.nih.gov/tools/primer-blast),
then tested with the OligoAnalyzer tool and synthesized
(Integrated DNA Technologies).
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cDNA Synthesis and Quantitative PCR
(RT-qPCR)

Complementary DNA (cDNA) synthesis by reverse-transcription
(RT) was performed following the iScript™ cDNA synthesis
protocol (BIO-RAD) in a 20 L reaction volume, using 5 L of
extracted RNA. cDNA was quantified with the Qubit® ssDNA
Assay kit (Life Technologies). The 20 pL qPCR reaction was
prepared with the SsoFast™ EvaGreen® Supermix (BIO-RAD)
using 1 pL of cDNA and 500 nM primers. Amplification was
achieved on a the Rotor-Gene 3000™ (Corbett Research) with
the following program: hold 7 min at 95°C; 45 cycles of 10s
at 95°C, 30s at the specific primer hybridization temperature
(Table S1), and 30s at 72°C; hold 5min at 72°C. Melt curve
analysis to detect the presence of primer dimers was performed
after the final cycle by increasing the temperature from the
hybridization temperature to 95° in 0.5°C increments every 10
s. Triplicate reactions were performed for each sample, as well
as for the no-template control (nuclease-free water), a negative
control (DNA from Pyrobaculum yellowstonensis strain WP30),
and a positive control (DNA from Metallosphaera yellowstonensis
strain MK1 isolated from YNP, and DNA previously extracted
from YNP (Beam et al, 2016) containing Hydrogenobaculum
spp. sequences). Absolute gene quantification was obtained
against a standard curve prepared with direct 10-fold serial
dilutions (10-10% copies/|LL) of a specific cloned reference
for each target gene. The PCR product was purified with
the GenElute™ PCR Clean-up Kit (Sigma Aldrich) and
integrated into a TOPO TA cloning vector (ThermoFisher
Scientific). Absolute values were expressed as gene transcript
number per ng of RNA extracted, and gene expression was
then normalized to transcript numbers per cell, using the
number of 16S rRNA copies detected for Metallosphaera and
Hydrogenobaculum.

Statistical Analysis

Chemistry, light, and gene expression data were analyzed using
analysis of variance (Two-Way ANOVA, General Linear Model)
processed with the software Minitab 17 (PA, USA). p-values were
obtained using o values of 0.05.

RESULTS

Temporal and Spatial Hydrogen Peroxide
Measurements in Acidic Geothermal
Springs

Dissolved concentrations of H,O, were measured at different
times (from before sunrise to after sunset) within the outflow
channels of three acidic, Fe(IlI)-oxide depositing geothermal
springs in YNP. Beowulf and One Hundred Springs Plain (OSP)
waters were sampled during clear days in May and July 2014,
where photon flux (PF) ranged from near zero to 1,700-1,900 pE
m~2 s (Figure 2). As expected, the peak PF was higher in
July (ca. 1,900 wE m~2 s7!) than in May (ca. 1,700 nE m~2
s71). Samples from the outflow channel at Echinus Geyser were
collected during a partially cloudy day with higher variations in

PE which peaked near 2,000 .E m~2 s~ ! in the middle of the day
(Figure 3).

In situ analyses of Beowulf spring waters showed that H,O,
concentrations ranged from 0.5 to 1.2 wM at transect positions
a and b, which contained high levels of dissolved sulfide
(~60-100 wM) (Table 2). Results indicate significantly higher
H,0O;concentrations in BE_b across the diel cycle compared to
BE_a. Concentrations of H,O, increased by nearly 3-fold (2-
3 £ 0.5 uM) in aqueous samples taken down-channel (i.e.,
transect positions BE_d-e), which corresponded to increases in
dissolved oxygen; this statistically different trend was observed
during both sampling periods (Figures 2A,B). Small increases
in H,O, were also observed during peak photon flux in July
at transect positions BE_c to BE_e, which are located down
gradient from geothermal source waters (i.e., BE_a) where H,0,
levels remained constant over time. Statistical analyses (two-way
ANOVA) indicated significant H,O, variations with light and
with channel location (p < 0.05).

Concentrations of HyO, in the shorter outflow channel of
100 Springs Plain were nearly constant (1.2-1.6 £+ 0.2 pM)
across all sampling times (Figures 2C,D). However, these results
indicated statistically different levels in OSP_a and OSP_b across
the diel cycle in July 2015. No obvious differences in H,0,
concentrations were observed between May and July sampling
dates in either BE or OSP (Figure 2).

Concentrations of HyO; in samples from the Echinus Geyser
outflow channel were similar at all transect positions (a-c),
although small increases were noted down gradient (Figure 3).
However, H,O; levels dropped from 3 to 4 pM in the
morning to values ranging from ~1 to 2 M in the evening
(Figure 3). As observed in Beowulf spring, statistical analyses
(two-way ANOVA) of Echinus samples indicated significant
H, 0, variations with light and with transect location (p < 0.05).

Temporal and Spatial Changes in Dissolved

Oxygen

No dissolved O, was detected in the presence of high sulfide
at Beowulf transect positions BE_a and BE_b (Figure 4A).
Dissolved O, concentrations increased significantly as a function
of distance from geothermal discharge, ranging from ~30 (£10)
WM at BE_c to ~100 (£25) uM at BE_e (Table 2). Moreover,
small increases in dissolved O, at transect positions BE_c-e
were also observed with increasing photon flux, prior to a slow
decrease until evening. Statistical analyses (two-way ANOVA)
confirmed a significant effect of light and transect position on O,
variation in the channel (p < 0.05).

Dissolved O, levels in 100 Springs Plain were also below
detection at discharge (OSP_a) and reached ~ 25 (£12) pM in
OSP_b (Figure 4B, Table 2). Dissolved O, (DO) concentrations
at OSP_b also increased with increased photon flux, prior to
a slow decrease until evening, similar to observations in down
channel positions of Beowulf Spring (Figures 2A,B).

Geothermal source waters of Echinus Geyser (ECH_a) were
already oxygenated (~42 £ 12 wM), but DO still increased down
channel to reach ~94 (£17) and 118 (+17) uM DO at ECH_b
and ECH_c, respectively (Figure4C and Table 2). Statistical
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FIGURE 2 | Hydrogen peroxide concentration over a diel cycle in Beowulf (A,B) and 100 Springs Plain (C,D). The error bars represent standard deviation
values from the triplicate water analysis. a (=), b (), ¢ (=), d (-=-), and e (-<-) indicate the transect points from which geothermal water samples were collected.
PF: photon flux (--o-) expressed in microEinstein (WE) per square meter per second. The error bars represent standard deviation values from triplicate water analyses
(July data only), and they are sometimes within the symbols. The arrows represent the temporal Fe(lll)-oxide mat samples (BE_d only) for molecular study.

analyses (two-way ANOVA) indicated a significant difference in
O, concentration at different transect locations (p < 0.05), but no
positive correlation with light (p > 0.05).

Transcriptional Response to ROS Stress in
Fe(lll)-Oxide Microbial Mats

To evaluate possible microbial responses to oxidative stress in
the oxygenated zone (top 1 mm) of iron oxide mats, expression
analyses (RT-qPCR) were performed on specific genes involved
in H,O; cycling (Figures 5, 6). 16S rRNA gene copy numbers
for both M. yellowstonensis and Hydrogenobaculum were higher
in Fe-oxide mats from Beowulf (BE_d) during peak photon
flux (near 2 p.m.). Metallosphaera populations increased by two
orders of magnitude between 6 a.m. and 2 p.m. (~10°-10” 16S
rRNA copies/ng RNA), then decreased back to ~10° copies/ng
RNA by 6-9 p.m. (Figure 5A). 165 rRNA gene copy numbers for
Hydrogenobaculum did not fluctuate as much over the same time
period averaging ~10° copies/ng RNA. Genes coding for external
PRX, RBR, and SOD exhibited the highest expression levels in M.
yellowstonensis, while genes coding TRX, internal PRX, and FDX
were the least expressed (Figure 6A). In Hydrogenobaculum,
genes coding for SOD, RBR, and internal PRX were the three
most expressed while TRX, FDX, and external PRX were the
three least expressed (Figure 6B). While glutaredoxin transcript

levels varied over the course of the day in Metallosphaera, they
were stable in Hydrogenobaculum. Statistical analyses (two-way
ANOVA) indicated significant differences in expression between
genes and between species, as well as over time (p < 0.05) in
BE_d.

M. yellowstonensis str. MK1 activity was higher in Echinus
than in Beowulf iron mats averaging nearly 108 16S rRNA
gene copies ng~! RNA; population numbers were stable across
the three temporal samplings at ECH_c, but declined to ~10°
copies ng~! RNA in ECH_b (Figures 5B,C). Hydrogenobaculum
spp. activity remained nearly stable throughout the day near
10° transcripts ng~! RNA, but was always lower than M.
yellowstonensis activity. Only small changes in the expression of
ROS stress response genes (less than one order of magnitude)
were observed in Echinus Fe-oxide mats across time points from
7 a.m. to 6:30 p.m. (Figures 6C-F). Hydrogenobaculum exhibited
a similar stress response pattern in ECH_b and ECH_c iron
mats: genes coding SOD, external and internal PRX were the
three most expressed, followed by RBR and FDX, while those
coding TRX and GRX were the least expressed (Figures 6D,F).
In M. yellowstonensis, the external PRX gene was also the most
expressed at both sampling points, and FDX was the least
expressed (Figures 6C,E). Genes coding SOD, internal PRX,
GRX, TRX, and RBR were expressed at similar intermediate
levels (ratio of ca. 107°) at both ECH_b and ECH_c. Statistical
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across the three sites [e.g., Fe(II) ~30-40 pM, pH ~3-3.5,
T ~68-80°C]. The observed range in H,O, values in acidic
geothermal systems is higher than previously observed in a
limited set of thermal systems supporting phototrophic activity
(<300 nM; Wilson et al., 2000a), and fall within values observed
in rainwater (~6 wM; King et al., 2007), freshwater (~300 nM;
King et al.,, 2007) or coastal waters (50-150 nM; Miller et al.,
2005), but are considerably higher than values in the open
ocean (~0.7 nM; King et al., 2007). The Fe-oxide mat systems
sampled in the current study do not contain phototrophic
organisms, although small increases in DO during peak photon
flux may in part, be due to inputs from adjacent phototrophic
systems.

Dissolved sulfide also plays an important role regulating
concentrations of H,0O, in geothermal springs. Acidic
geothermal springs often contain variable amounts of dissolved

sulfide originating from hydrothermal source waters. The
majority of dissolved sulfide at low pH is H)S(aq), which
degasses rapidly as the outflow channel equilibrates with
atmospheric Oy (Inskeep et al., 2005; Nordstrom et al., 2005).
Dissolved H,S can react with H,O, (Equation 6; Hoffmann,
1977) so it is expected that high sulfide waters will have lower
H,0; levels. For example, the source waters of Beowulf Spring
were highly sulfidic (60-100 pM dissolved sulfide), while no
sulfide was detected at the discharge of OSP Spring and Echinus
Geyser Spring (Table2). Dissolved sulfide concentrations
declined considerably from 64 to 3 pM (May sampling) and
from ~100 to 7 pM (July sampling) along the transect points
BE_a to BE_c. Hydrogen peroxide levels were consistently
lower (~1 pM) in the presence of high sulfide (e.g., BE_a, b),
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FIGURE 5 | Absolute 16S rRNA gene expression in M. yellowstonensis
str. MK1 (M.y.) and Hydrogenobaculum spp. (Hy.) over a diel cycle in
the BE_D (A), ECH_B (B), and ECH_C (C) Fe(lll)-oxide mats. The error bars
represent standard deviation values from triplicate gPCR reactions and they
are sometimes within the symbols.

suggesting that high sulfide likely acts to minimize observed
aqueous concentrations of H,O; in acid-sulfate-chloride
geothermal springs.

High levels of Fe(II) near 30-40 wM in all sites (one order
of magnitude higher than observed H,O, concentrations) may
also regulate levels of H,O, via abiotic reactions. In Fe-mats

from Beowulf spring, diel data suggest that the Fenton reaction
(Equation 3) may contribute to small increases in Fe(III)
observed during peak photon flux. In many cases, increases
in dissolved H,O, were correlated with increases in O,. For
example, dissolved O, and H,O; both increase down gradient
in thermal outflow channels, and might indicate a common
mechanism. Peak O, concentrations occurring at peak photon
flux also correlated with small increases in H,O,, which suggests
that photochemical reactions (e.g., Equations 1, 2) may occur in
these geothermal waters to generate greater amounts of H,O.
Small increases in HyO, were indeed noted in the Beowulf and
100 Springs Plain outflow channels with increasing photon flux,
yet in the oxygenated Echinus channel, higher concentrations of
H, 0, were observed at dawn.

Increases in dissolved O, down channel result from ingassing
of atmospheric O, over the Fe(Ill)-oxide mats (Bernstein et al.,
2013; Beam et al, 2016). However, daytime increases of O;
(and H,0O;) at peak photon flux may also suggest possible
inputs from adjacent phototrophic systems into the flow channel.
Similarly, the increase in O, concentrations over the day
down the Echinus (ECH_b and ECH_c) and 100 Springs Plain
(OSP_b) channels could be explained by oxygen inputs from
adjacent phototrophic algal communities (containing members
of the Cyanidiales; Castenholz and McDermott, 2010; Reeb
and Bhattacharya, 2010), which exist across temperature ranges
from ~38 to 56°C, but are not present in sampling positions
BE_a-e. Thus, despite a constant input of surface water from
the landscape across a diel cycle, these inputs may contain
more Oy during daytime hours as a result of phototrophic
metabolism.

Increases in O, during the day may in part be responsible
for increases in microbial growth of M. yellowstonensis and
Hydrogenobaculum, which are both aerobic (Kozubal et al,
2008; Takacs-Vesbach et al., 2013; Jennings et al., 2014). Higher
16S rRNA gene expression levels of Metallosphaera compared
to Hydrogenobaculum in both environments (Figure5) were
consistent with higher relative abundances of Metallosphaera
observed previously in the upper ~1 mm of mature Fe(III)-oxide
mats, which also corresponds to the active O;-consuming layer
(Beam et al., 2016). Given the large changes in ROS that may
be expected in natural environments as a function of photon
flux, it is highly likely that microorganisms vary the production
of enzymes known to react with these highly labile redox-active
species across a diel cycle. Reactions involving ROS and Fe can
represent an environmental stress for both aerobic and anaerobic
organisms, leading to oxidative damage of DNA, RNA, proteins,
lipids, and cofactors (Henle and Linn, 1997; Cabiscol et al., 2000;
Green and Paget, 2004; Maaty et al., 2009).

Normalized expression levels of genes potentially involved in
oxidative stress exhibited very few consistent trends for a given
organism across sites or temporal sampling, and/or between
the two different autotrophs (Figure 6). For example, in Fe-mat
samples from BE-d, Metallosphaera exhibited higher relative
expression levels of ROS-related genes, and both organisms
showed a significant decrease in expression levels during peak
photon flux (~2 p.m.). However, results from Fe-mats sampled
at ECH_b (or c) behaved differently where Hydrogenobaculum
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FIGURE 6 | Oxidative stress response over a diel cycle of M. yellowstonensis str. MK1 (A,C,E) and Hydrogenobaculum spp. (B,D,F) in the BE_d (July 2014),
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deviation values from triplicate gPCR reactions and they are sometimes within the symbols.

exhibited higher normalized expression for the majority of  changes in normalized expression occurred for Metallosphaera
ROS-related genes than Metallosphaera (Figure 6). Moreover, and Hydrogenobaculum across the three sampling times in
no major changes in expression levels for either organism were = ECH_c, but the responses were not consistent between the two
observed over time in Fe-mats from Echinus Geyser. Small  autotrophs.
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Interestingly, both populations appeared to exhibit less
oxidative stress during peak photon flux: normalized levels of
all oxidative stress transcripts were lower at the 2 p.m. sampling
time, although this was not consistent in Beowulf and Echinus
outflow channels. In Beowulf Spring, photochemical reactions
and subsequent Fenton chemistry may thus be responsible for
H,0, formation and decay during peak photon flux, while
microbially mediated H,O, cycling may occur in morning
and evenings. More replication and experimentation including
nightly sampling will be necessary to develop a mechanistic
understanding of the relative roles of abiotic photochemical
reactions versus microbial activity in the cycling of ROS
in these geothermal environments. Expression analyses of
specific ROS genes indicated that M. yellowstonensis exhibits
more oxidative stress response than Hydrogenobaculum
in Beowulf (Figures6A,B), but the opposite trend was
observed in Fe mats from Echinus Geyser (Figures 6C-F).
Although the Metallosphaera population was found to be
the most active in ECH_b and c¢ Fe(III)-oxide mats (see 16S
transcripts levels in Figures 6B,C), the Hydrogenobaculum
population exhibited higher levels of normalized ROS gene
expression.

The gene coding for external PRX (Equation 8) was the most
expressed in Metallosphaera at all sites and in Hydrogenobaculum
in ECH, which suggests that extracellular H,O, is an important
source of oxidative stress over a diel cycle in these Fe(III)-oxide
mats. Relative expression data show similar transcript levels
of SOD (Equation 7) and internal PRX (Equation 8) in both
organisms at all sites, which may indicate co-expression of these
two genes to coordinate the removal of ROS inside the cell, as
previously observed in the archaeon Sulfolobus solfataricus where
they form an enzymatic complex (Maaty et al., 2009). Normalized
expression of these two genes is higher in M. yellowstonensis
than in Hydrogenobaculum in BE_d, ECH_b, and ECH_c Fe(III)-
oxide mats, which may reflect a higher level of internal oxidative
stress in the bacterial population, and thus a higher cellular
response to mitigate ROS. Higher FDX gene transcripts detected
in Hydrogenobaculum at all sites also support this hypothesis,
as ferredoxin is involved in maintaining intracellular redox
potentials (Maaty et al, 2009). In Hydrogenobaculum spp.,
both rubrerythrin (11) and ferredoxin (Equation 12) enzymes
(Weinberg et al., 2004) may participate equally in Fe cycling,
as indicated by comparable expression levels at all sites. The
very low normalized gene expression of FDX gene (ratio of ca.
107%) compared to RBR gene in M. yellowstonensis str. MK1
at all sites (Figure 6), suggests that ferredoxin is not the main
enzyme responsible for iron homeostasis in this organism. The
very similar expression levels of genes coding for GRX and
TRX in both microbial populations at all sites is not surprising,
as the TRX/GRX multidomain protein is an ubiquitous thiol
redox system in nature (Pedone et al, 2004; Reott et al,
2009).

This is the first study to report on the concentrations of H,O,
in acidic geothermal springs of YNP, and only one study has

reported on peroxide levels in other high-temperature systems
(Wilson et al., 2000a,b). Clearly, additional experimentation
will be necessary to develop a mechanistic understanding of
factors controlling H,O, levels in geothermal waters of high
Fe systems and the implications of spatiotemporal changes
in H,O;, for other ROS such as the hydroxyl radical and
superoxide. This study is also the first to report expression
analyses of several oxidative stress response genes in situ, and
has documented the expression of specific genes known to
be involved in regulation of H,O, and Fe species in two
primary chemolithoautotrophs important in the formation of
high-temperature Fe(III)-oxide mats. Several of the ROS stress
response genes tested have been shown to be upregulated under
high H,O, levels (~30 pM) in controlled conditions using a
Sulfolobus sp. (Maaty et al., 2009), however, the H,O, values
observed in acidic Fe-oxide environments were 10-fold lower,
thus difficult to compare. Regarding the widespread genetic
machinery across the three domains of life to cope with oxidative
stress (Pedone et al., 2004; Maaty et al, 2009), our gene
expression results might suggest a more constitutive response to
ROS in Fe-mat populations, and more generally during aerobic
metabolism.
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