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ABSTRACT

On the Archean Earth (4.0-2.5 Ga) the lack of a protective ozone layer meant that harmful
ultraviolet radiation (UVR) reached the surface almost unattenuated. For survival, primitive
photosynthetic bacteria would have required strategies preventing UV-induced damage to
their DNA. At that time, a fraction of the planktonic cells were likely anoxygenic photosyn-
thesizers that oxidized dissolved Fe(II) to Fe(III) during their metabolism. The result of their
metabolism was most likely the ferric mineral precursors for the deposition of banded iron
formations. Although Fe(III) (oxyhydr)oxide minerals absorb UV radiation while still trans-
mitting higher wavelengths, it is unknown whether minerals produced by Fe(II) oxidizers
could have acted as an in situ UVR sunscreen. Here we demonstrate that the anoxygenic pho-
totrophic Fe(Il) oxidizers Rhodopseudomonas palustris strain TIE-1 and Rhodobacter ferrooxi-
dans strain SW2 form nanometer-sized grains of ferrihydrite that are loosely attached to the
cell surfaces. These biogenic Fe(III) minerals were shown to protect the bacteria from UV-C
irradiation, while cells grown in the absence of Fe(II) displayed diminished cell viability as a
consequence of damage to their DNA. Importantly, this study implies that primitive Fe(II)-
oxidizing bacteria would have been able to produce their own UV screen, enabling them to live

in the shallow photic zone of ancient oceans.

INTRODUCTION

It is widely accepted that photosynthetic
bacteria could have played a crucial role in
Fe(Il) oxidation and the precipitation of banded
iron formations (BIFs) during the late Archean—
early Paleoproterozoic (2.7-2.4 Ga) (Posth et
al., 2013). It is less clear whether bacteria simi-
larly caused the deposition of the oldest BIF at
ca. 3.85 Ga (Mloszewska et al., 2012). Current
constraints place the existence of cyanobacteria
in the oceans by 3.0 Ga (Crowe et al., 2013;
Planavsky et al., 2014), and perhaps even ear-
lier (Stiieken et al., 2015). As an alternative to
O,-producing cyanobacteria, in particular dur-
ing Eoarchean (4.0-3.6 Ga) and Paleoarchean
(3.6-3.2 Ga) BIF deposition for which no direct
evidence for the participation of cyanobacteria
exists, anoxygenic photosynthetic bacteria, so-
called photoferrotrophs, could have contributed
to Fe(IlI) mineral deposition (Craddock and
Dauphas, 2011; Czaja et al., 2013; Kappler et
al., 2005; Pecoits et al., 2015). These bacteria
use Fe(Il) as electron donor and light as energy
source, producing biomass and Fe(IlI) minerals
(Widdel et al., 1993). Their presence in the early
Archean has recently been supported by stud-
ies suggesting that cyanobacteria would have
been phosphorous starved (Jones et al., 2015)
and that ferruginous seawater would have been
toxic to cyanobacteria (Swanner et al., 2015a);
both would have favored photoferrotrophy and
explain BIF deposition at that time.
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In the absence of an ozone (O,) layer, plank-
ton would have been subject to higher levels
of ultraviolet radiation (UVR), in particular
UV-C (100-280 nm) (Cockell, 2000). Because
DNA strongly absorbs at 254 nm, UV-C causes
DNA strand breakage (Sinha and Héder, 2002)
and the formation of photoproducts, such as
cyclobutane pyrimidine dimers (CPD), that in-
hibit transcription and replication of the chro-
mosome and cause mutations (Pfeifer, 1997).
Hence, in order to survive, these early plankton
must have used strategies to contend with detri-
mental UVR by developing protective pigments
(Dillon and Castenholz, 1999) and UV damage
repair systems (Hader and Sinha, 2005; Sinha
and Hider, 2002). However, it is also possible
that before these biological responses evolved,
primitive plankton produced an external sun-
screen from the solutes readily available to them
(Bishop et al., 2006; Cleaves and Miller, 1998;
Cockell, 2000; Phoenix et al., 2001). Due to the
micrometer size of cells, such an effective exter-
nal screen could consist of nanoparticular min-
eral particles that were available in proximity to
the cell’s surface.

Archean oceans were characterized by high
concentrations of dissolved Fe(II) (Holland,
1973). In the presence of UVR or photosyn-
thetically active radiation (PAR; 400-1000 nm),
Fe(Il) would have been abiologically (Cairns-
Smith, 1978) or biologically oxidized (Posth
et al., 2013), leading to the formation of Fe(III)
(oxyhydr)oxides such as ferrihydrite, Fe(OH),.
Ferrihydrite is an effective absorber of UV light

(<400 nm), while higher wavelengths are re-
flected, scattered, and transmitted and are thus
still available for photosynthesis (Bishop et al.,
2006; Phoenix et al., 2001). Therefore, it is pos-
sible that ancient photoferrotrophs would have
been able to produce their own inorganic UV
shield in form of Fe(IlI) minerals (Bishop et al.,
2006; Pierson et al., 1993). Here we determined
to what extent the phototrophic Fe(II) oxidizers
Rhodopseudomonas palustris strain TIE-1 and
Rhodobacter ferrooxidans strain SW2 are pro-
tected from UVR in the presence and absence of
Fe(IIl) minerals.

MATERIALS AND METHODS

UV treatment was carried out in an anoxic
chamber where a UV lamp (8 W, S/L; Herolab,
Germany) was used to irradiate the bacterial
cultures with 254 nm UV-C. Cultures grown
without (no UV shield present) or with 4 or 8
mM Fe(Il) [biogenic Fe(Ill) minerals present
as UV shield], respectively, were split to ensure
same cell numbers and health state in both non-
treated and UV-treated cultures. Cultures were
poured into sterile petri dishes to a liquid layer
thickness of <0.3 cm, and UV-C radiation (254
nm) was applied from the top for varying time
spans. Non-irradiated controls were treated the
same, but covered with aluminum foil to avoid
UVR. The irradiated and non-irradiated cultures
were then used either to inoculate new Fe(Il)-
free or Fe(Il)-containing medium, to perform
growth experiments, or for DNA damage analy-
sis. Full details of growth conditions, analytical
methods, and enzyme-linked immunosorbent
assay (ELISA) for DNA damage determination
in the form of CPD photoproducts are provided
in the GSA Data Repository'.

RESULTS AND DISCUSSION

Photoferrotrophic Biomineralization
Neutrophilic Fe(Il)-oxidizing bacteria pro-
duce Fe(Ill) minerals that bind at negatively
charged nucleation sites, e.g., extracellular
polymeric substances or the cell wall. For pho-
totrophic Fe(Il)-oxidizing bacteria, it was previ-

!GSA Data Repository item 2015355, methods, is
available online at www.geosociety.org/pubs/ft2015
.htm, or on request from editing@geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301, USA.
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ously shown that most strains are able to prevent
precipitation of Fe(IIl) minerals on their cell
surfaces, but that the cells are closely associated
with the minerals (Hegler et al., 2010; Schédler
et al., 2009; Wu et al., 2014). Our study shows
that cells of the phototrophic Fe(Il)-oxidizing
strain Rhodobacter ferrooxidans SW?2 are in
close proximity to the produced nanoparticu-
lar minerals, although the cell surfaces remain
mostly free from precipitates (Fig. 1). A similar
loose association of cells with Fe(IIl) minerals
was shown for Rhodopseudomonas palustris
TIE-1 (Jiao et al., 2005). Characterization of the
minerals produced during Fe(II) oxidation by X-
ray diffraction (XRD) analysis revealed poorly
crystalline ferrihydrite as the dominating min-
eral (Jiao et al., 2005), but also nanoparticular
goethite and lepidocrocite (Posth et al., 2010).

Cell Viability after UV-C Irradiation

To evaluate the potential protective effect
of these biogenic minerals formed by photo-
ferrotrophs against UVR, bacterial growth on
acetate determined by means of the optical den-

sity (OD) at 600 nm was compared for cultures
inoculated with UV-treated and non-U V-treated
cultures grown with or without Fe(Il), i.e., in
the presence or absence of a UV shield. Rhodo-
bacter ferrooxidans SW?2 showed no increase in
ODy, v 1-€-, N0 growth, within 10 d, in cultures
containing an inoculum from a culture grown
without Fe(Il) and treated with UV light for 5
or 10 min. This suggests that the UV treatment
killed or inactivated most cells in the cultures
that were used as inoculum. By contrast, acetate
cultures inoculated with non-UV-treated in-
oculum from an acetate culture showed a mean
absorption of 0.789 after 6 d (Fig. 2A). Simi-
larly, a culture inoculated with inoculum from
a healthy, non-UV-treated Fe(Il)-grown culture
grew with acetate to a mean OD, of 0.797

after 6 d. Surprisingly, cultures inoculated with
inoculum from a UV-treated Fe(II)-grown cul-
ture showed high OD values of 0.773 (inoculum
with 5 min UV treatment) and 0.688 (inoculum
with 10 min UV treatment) (Fig. 2B), clearly
suggesting that the Fe(Ill) minerals present
during UV treatment protected the cells from

Figure 1. Scanning electron micrographs of phototrophic Fe(ll)-oxidizing bacterium Rhodo-
bacter ferrooxidans strain SW2 grown in presence of 4 mM Fe(ll). Samples were taken at late
exponential growth phase when almost all Fe(ll) was oxidized and biogenic Fe(lll) minerals
were formed. Cells are loosely associated with Fe(lll) minerals. Images were taken with in-
lens detectors at acceleration voltages of 1 kV (A) or 2 kV (B).
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damage because the growth was similar to that
obtained in cultures inoculated with non-UV-
treated samples.

Cultures of Rhodopseudomonas palustris
TIE-1 showed the same trend in OD as the
cultures of Rhodobacter ferrooxidans SW?2.
Cultures inoculated with a non-UV-treated in-
oculum from a culture that was grown without
Fe(II) reached an OD of 1.541 after 3 d. In con-
trast, cultures inoculated with UV-treated cells
grown without Fe(Il) (no UV screen) showed
no change in OD after 10 d of incubation, sug-
gesting much less, if any, viable cells (Fig. 2C).
Similar to SW2, TIE-1 cultures inoculated with
samples from Fe(Il)-grown cultures were able to
grow to an OD, of 1.502 after 4 d (inoculum
from non-UV-treated culture), 1.342 (inoculum
with 5 min UV treatment), and 1.487 (inoculum
with 10 min UV) after 6 d (Fig. 2D). These re-
sults show that Fe(IIl) minerals present during
UV treatment function as screen against harm-
ful UVR and protect the cells from damage.

Damage of Cell DNA during UV-C
Irradiation

In addition to monitoring OD in cultures in-
oculated with UV-treated cells, we also quanti-
fied the direct effect of UVR on DNA (Fig. 3)
by determining relative CPD production. UV-
induced damage to the DNA was indicated by
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Figure 3. Influence of UV treatment on DNA
damage quantified as cyclobutane pyrimi-
dine dimer photoproducts (CPD prod.) for
photoferrotrophic strains of bacteria Rho-
dopseudomonas palustris TIE-1 (A) and
Rhodobacter ferrooxidans SW2 (B). Rela-
tive production of CPD in DNA extracts of
cultures grown without Fe(ll) (gray) or with
Fe(ll) (black) and with (filled bars) or without
(open bars) 30 min of UV treatment is shown.
Error bars indicate standard deviation calcu-
lated from triplicate measurements.
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an increase in CPD in DNA for both photoferro-
trophic strains. In both Fe(Il)-oxidizing cultures,
the Fe(III) minerals provided a protective effect
of the DNA. Specifically, absorption values at
490 nm in the ELISA assay with DNA extracted
for non-UV-treated Rhodopseudomonas palus-
tris TIE-1 cultures were 0.046 = 0.002 when
grown without Fe(Il) and 0.044 + 0.001 when
grown with Fe(I). This suggests no effect by
the Fe(Il) itself on the DNA (Fig. 3A). By com-
parison, in DNA extracts from UV-treated cul-
tures, values of 0.193 + 0.023 [grown without
Fe(I)] and 0.111 £ 0.004 [grown with Fe(Il)]
were observed, suggesting more DNA damage
by UVR in the absence of the Fe(Ill) minerals.
Similar effects were observed for Rhodobacter
ferrooxidans SW2: for non-UV-treated cultures,
absorption values of 0.047 + 0.002 [no Fe(ID)]
and 0.042 + 0.001 [with Fe(Il)] were deter-
mined. After UV treatment, the values increased
to 0.207 = 0.010 [no Fe(II)] and 0.138 = 0.004
[with Fe(Il)] (Fig. 3B).

IMPLICATIONS FOR
PHOTOFERROTROPHS ON EARLY
EARTH

A number of arguments have recently been
made in support of photoferrotrophy being re-
sponsible for the precipitation of BIFs before the
evolution of cyanobacteria (Crowe et al., 2013;
Planavsky et al., 2014). This includes studies
that have suggested that Fe(Il) UV photooxida-
tion (Konhauser et al., 2007) and oxidation by
hydrogen peroxide (Pecoits et al., 2015) were
unlikely to have been significant compared to
photoferrotrophy; iron isotope studies that have
suggested that the values in the 3.8 Ga Isua su-
pracrustal belt (Greenland) were best explained
by biological oxidation (Craddock and Dau-
phas, 2011; Czaja et al., 2013; Swanner et al.,
2015b); molecular studies that have suggested
an early evolutionary role of anoxygenic photo-
trophs (Xiong et al., 2000), possibly with Fe(II)
as one of the first available electron donors (Ol-
son, 2001) that could have been used even in
the presence of high dissolved H, (Croal et al.,
2009); and modeling studies that have suggested
that photoferrotrophs would have fared better
than cyanobacteria given early seawater chem-
istry (Kappler et al., 2005; Jones et al., 2015).

However, without stratospheric ozone, UVR
was attenuated much less than today [UVR
fluxes estimated for the late Archean ocean from
Cockell (2000, his figure 3a) to be ~0.01 pmol
photons/(m? s nm) for 254 nm in 1 m depth,
while for modern oceans it is calculated (see the
Data Repository) to be 5.0 x 10~ umol photons/
(m? s nm)]. It was suggested that at 5 m depth,
the potential DNA damage may have been two
orders of magnitude higher than in present-day
oceans, and an order of magnitude higher at 15
m depth (Cockell, 2000). Exposure to hazard-
ous UVR would have been a substantial burden

and especially affected life in shallow water or
microbial mats. The question then is: Did mi-
crobes inhabit the uppermost oceans during
the Eoarchean and Paleoarchean? Certainly the
presence of purported stromatolites in the 3.49
Ga Dresser Formation, northwestern Australia
(Walter et al., 1980), and the presence of carbo-
naceous matter with carbon isotopes consistent
with autotrophy in the 3.42 Ga Buck Reef Chert
in the Barberton greenstone belt, South Africa
(Tice and Lowe, 2004), suggest that phototrophs
did indeed inhabit the upper euphotic zone early
in Earth’s history.

To survive in proximity to the ocean’s sur-
face where solar radiation enabled photosynthe-
sis and where nearness to land provided better
access to nutrients, microbes would have used
different strategies to avoid or decrease UV-
induced damage. Although modern planktonic
organisms are equipped with protective cellu-
lar components, e.g., pigments (Garcia-Pichel,
1994), and they possess UV repair mechanisms,
for example photoreactivation by the enzyme
photolyase or nucleotide excision repair (Hider
and Sinha, 2005; Sinha and Hider, 2002), it
is unclear whether these mechanisms were
in place during the early Archean. The influ-
ence of indirect effects of UV radiation that
are mostly mediated by means of production of
reactive oxygen species (ROS) that react with
proteins, lipids, and DNA and subsequently in-
duce oxidative damage that leads to increased
membrane porosity (Chamberlain and Moss,
1987; Pattison and Davies, 2006) in anoxic
Archean oceans is difficult to estimate as well.
Inorganic substances might have protected mi-
croorganisms from UVR, e.g., iron, silica, or
sulfur (Bishop et al., 2006; Gémez et al., 2007;
Phoenix et al., 2001; Pierson et al., 1993), and
in environments where Fe(Il) was abundant, the
production of Fe(IlI) minerals may have con-
stituted an early survival strategy. Properties of
such Fe(IIl) minerals include the absorption of
light in the low UV range (<400 nm), although
visible light (~390-700 nm) is still transmitted.
Depending on the mineral structure and identity,
the transmission of light in the blue and violet
range (400-500 nm) varies (Bishop et al., 2006).
Nanoparticular Fe(IIT) minerals which are pro-
duced by phototrophic Fe(Il)-oxidizing bacteria
enable good penetration of a broader wavelength
range of visible and near-infrared light (Bishop
et al., 2006). Accessory pigments, for instance
carotenoids, absorb light between 400 nm and
550 nm. Protein complexes containing chloro-
phyll a and b (used in oxygenic photosynthesis)
show absorption maxima at ~400—480 nm and
~650-700 nm, respectively. However, solar ra-
diation used by protein complexes containing
bacteriochlorophylls that are involved in anoxy-
genic photosynthesis ranges from 715 to 1035
nm (Fuchs et al., 2006). Hence, Fe(III) minerals
produced by Fe(Il)-oxidizing bacteria absorb
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radiation exactly in those wavelength ranges
that cause damage to DNA (<320 nm) while
still transmitting radiation that is necessary for
photosynthesis (~400-550 and 620-1100 nm).

Our findings suggest that ancient Fe(I)-ox-
idizing microorganisms would have grown by
Fe(Il) oxidation and at the same time produced
their own effective UV shield in form of Fe(III)
minerals. In our experiments, the UVR intensity
was ~0.31 umol photons/(m? s nm) for 254 nm
(for calculation see the Data Repository) and
thus ~30x higher than estimated for a depth of 1
m in the Archean ocean (see calculation above),
and we also used 4-8 mM Fe concentrations
that were probably higher than concentrations in
the ancient ocean (up to 0.5 mM; Morris, 1993).
Therefore, the actual extent of UV shielding at
lower Fe concentrations in the ancient ocean
is difficult to predict. This is true in particular
because not only Fe(Il) concentrations but also
continuous flux of Fe(Ill) from hydrothermal
sources has to be considered. Ultimately, in
order to function as an effective UV shield, it
is necessary that the flux of Fe(Il) and the pre-
cipitation of Fe(III) minerals in proximity to the
cells is sufficiently rapid to shield the bulk of the
microbial community from damaging radiation.

Nevertheless, we show here that this Fe min-
eral UV shield can protect microorganisms from
UV-induced damage, particularly on the DNA
level, as seen in the decrease in CPD production
in the presence of biogenic Fe(I1l) minerals. This
decrease in CPD would still allow mutations in
DNA of microorganisms, but to a much lesser
extent. As mutation is one of the main drivers of
evolution (Sagan, 1973), the lower CPD load in
the protected microorganisms would have still
enabled UV-induced early evolution, however
possibly with less lethal outcomes.

ACKNOWLEDGMENTS

This work was supported by the German Research
Foundation (DFG)-funded RTG 1708 “Molecular
Principles of Bacterial Survival Strategies.” Kon-
hauser was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC).
We thank S. Grond for providing a UV lamp, Y.
Wang for the ELISA protocol, S. Schédler for SEM
work, and M. Halama for u-XRD analysis. We thank
Sean Crowe and Chris Reinhard for their construc-
tive and helpful reviews.

REFERENCES CITED

Bishop, J.L., Louris, S.K., Rogoff, D.A., and Roth-
schild, L.J., 2006, Nanophase iron oxides as a key
ultraviolet sunscreen for ancient photosynthetic
microbes: International Journal of Astrobiology,
v. 5, p. 1-12, doi:10.1017/S1473550406002886.

Cairns-Smith, A., 1978, Precambrian solution photo-
chemistry, inverse segregation, and banded iron
formations: Nature, v. 276, p. 807-808, doi:
10.1038/276807a0.

Chamberlain, J., and Moss, S., 1987, Lipid peroxida-
tion and other membrane damage produced in
Escherichia coli K1060 by near-UV radiation
and deuterium oxide: Photochemistry and Pho-
tobiology, v. 45, p. 625-630, doi:10.1111/j.1751
-1097.1987.tb07389.x.

1069


http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on November 18, 2015

Cleaves, H.J., and Miller, S.L., 1998, Oceanic pro-
tection of prebiotic organic compounds from
UV radiation: Proceedings of the National
Academy of Sciences of the United States of
America, v. 95, p. 7260-7263, doi:10.1073/pnas
.95.13.7260.

Cockell, C.S., 2000, Ultraviolet radiation and the
photobiology of Earth’s early oceans: Origins
of Life and Evolution of the Biosphere, v. 30,
p. 467-500, doi:10.1023/A:1006765405786.

Craddock, P.R., and Dauphas, N., 2011, Iron and car-
bon isotope evidence for microbial iron respi-
ration throughout the Archean: Earth and Plan-
etary Science Letters, v. 303, p. 121-132, doi:
10.1016/j.epsl.2010.12.045.

Croal, L.R., Jiao, Y., Kappler, A., and Newman, D.K.,
2009, Phototrophic Fe(II) oxidation in an atmo-
sphere of H,: Implications for Archean banded
iron formations: Geobiology, v. 7, p. 21-24,
doi:10.1111/j.1472-4669.2008.00185.x.

Crowe, S.A., Dgssing, L.N., Beukes, N.J., Bau, M.,
Kruger, S.J., Frei, R., and Canfield, D.E., 2013,
Atmospheric oxygenation three billion years
ago: Nature, v. 501, p. 535-538, doi:10.1038
/nature12426.

Czaja, A.D., Johnson, C.M., Beard, B.L., Roden,
E.E., Li, W., and Moorbath, S., 2013, Biologi-
cal Fe oxidation controlled deposition of banded
iron formation in the ca. 3770 Ma Isua Supra-
crustal Belt (West Greenland): Earth and Plan-
etary Science Letters, v. 363, p. 192-203, doi:
10.1016/j.epsl.2012.12.025.

Dillon, J.G., and Castenholz, R.W., 1999, Scytonemin,
a cyanobacterial sheath pigment, protects against
UVC radiation: Implications for early photosyn-
thetic life: Journal of Phycology, v. 35, p. 673—
681, doi:10.1046/j.1529-8817.1999.3540673 x.

Fuchs, G., Eitinger, T., and Schlegel, H.G., 2006,
Phototrophe Lebensweise, in Fuchs, G., ed.,
Allgemeine Mikrobiologie, Volume 8: Stuttgart,
Germany, Georg Thieme Verlag, p. 420-438.

Garcia-Pichel, E., 1994, A model for internal self-
shading in planktonic organisms and its impli-
cations for the usefulness of ultraviolet sun-
screens: Limnology and Oceanography, v. 39,
p. 1704-1717, doi:10.4319/10.1994.39.7.1704.

Goémez, F., Aguilera, A., and Amils, R., 2007, Sol-
uble ferric iron as an effective protective agent
against UV radiation: Implications for early life:
Icarus, v. 191, p. 352-359, doi:10.1016/j.icarus
.2007.04.008.

Hider, D.-P., and Sinha, R.P., 2005, Solar ultravio-
let radiation-induced DNA damage in aquatic
organisms: Potential environmental impact:
Mutation Research: Fundamental and Molecu-
lar Mechanisms of Mutagenesis, v. 571, p. 221-
233, doi:10.1016/j.mrfmmm.2004.11.017.

Hegler, F., Schmidt, C., Schwarz, H., and Kappler,
A., 2010, Does a low-pH microenvironment
around phototrophic Fe(II)-oxidizing bacteria
prevent cell encrustation by Fe(III) minerals?:
FEMS Microbiology Ecology, v. 74, p. 592—
600, doi:10.1111/j.1574-6941.2010.00975 .x.

Holland, H.D., 1973, The oceans: A possible source
of iron in iron-formations: Economic Geology
and the Bulletin of the Society of Economic
Geologists, v. 68, p. 1169-1172, doi:10.2113
/gsecongeo.68.7.1169.

Jiao, Y.Y.Q., Kappler, A., Croal, L.R., and Newman,
D.K., 2005, Isolation and characterization of a
genetically tractable photo autotrophic Fe(II)-
oxidizing bacterium, Rhodopseudomonas palus-

1070

tris strain TIE-1: Applied and Environmental
Microbiology, v. 71, p. 4487-4496, doi:10.1128
/AEM.71.8.4487-4496.2005.

Jones, C., Nomosatryo, S., Crowe, S., Bjerrum, C., and
Canfield, D., 2015, Iron oxides, divalent cations,
silica, and the early earth phosphorus crisis: Ge-
ology, v. 43, p. 135-138, doi:10.1130/G36044.1.

Kappler, A., Pasquero, C., Konhauser, K.O., and
Newman, D.K., 2005, Deposition of banded
iron formations by anoxygenic phototrophic
Fe(Il)-oxidizing bacteria: Geology, v. 33,
p- 865-868, doi:10.1130/G21658.1.

Konhauser, K.O., Amskold, L., Lalonde, S.V., Posth,
N.R., Kappler, A., and Anbar, A., 2007, Decou-
pling photochemical Fe(II) oxidation from shal-
low-water BIF deposition: Earth and Planetary
Science Letters, v. 258, p. 87-100, doi:10.1016
/j.epsl.2007.03.026.

Mloszewska, A.M., Pecoits, E., Cates, N.L., Mojzsis,
S.J., O’Neil, J., Robbins, L.J., and Konhauser,
K.O., 2012, The composition of Earth’s oldest
iron formations: The Nuvvuagittuq Supracrustal
Belt (Québec, Canada): Earth and Planetary Sci-
ence Letters, v. 317, p. 331-342, doi:10.1016/j
.epsl.2011.11.020.

Morris, R.C., 1993, Genetic modelling for banded
iron-formation of the Hamersley Group, Pil-
bara Craton, Western Australia: Precambrian
Research, v. 60, p. 243-286, doi:10.1016/0301
-9268(93)90051-3.

Olson, J.M., 2001, ‘Evolution of Photosynthesis’
(1970), re-examined thirty years later: Photo-
synthesis Research, v. 68, p. 95-112, doi:
10.1023/A:1011807229154.

Pattison, D.I., and Davies, M.J., 2006, Actions of ul-
traviolet light on cellular structures, in Bignold,
L.P, ed., Cancer: Cell Structures, Carcinogens
and Genomic Instability: Basel, Switzerland,
Birkhiuser, Experientia Supplementum, v. 96,
p- 131-157, doi:10.1007/3-7643-7378-4_6.

Pecoits, E., Smith, M., Catling, D., Philippot, P.,
Kappler, A., and Konhauser, K., 2015, Atmo-
spheric hydrogen peroxide and Eoarchean iron
formations: Geobiology, v. 13, p. 1-14, doi:
10.1111/gbi.12116.

Pfeifer, G.P., 1997, Formation and processing of UV
photoproducts: Effects of DNA sequence and
chromatin environment: Photochemistry and
Photobiology, v. 65, p. 270-283, doi:10.1111/j
.1751-1097.1997.tb08560.x.

Phoenix, V.R., Konhauser, K.O., Adams, D.G., and
Bottrell, S.H., 2001, Role of biomineraliza-
tion as an ultraviolet shield: Implications for
Archean life: Geology, v. 29, p. 823-826, doi:
10.1130/0091-7613(2001)029<0823:ROBAAU
>2.0.CO;2.

Pierson, B.K., Mitchell, HK., and Ruff-Roberts,
A.L., 1993, Chloroflexus aurantiacus and ul-
traviolet radiation: Implications for Archean
shallow-water stromatolites: Origins of Life and
Evolution of the Biosphere, v. 23, p. 243-260,
doi:10.1007/BF01581902.

Planavsky, N.J., Asael, D., Hofmann, A., Reinhard,
C.T., Lalonde, S.V., Knudsen, A., Wang, X.,
Ossa, F.O., Pecoits, E., and Smith, A.J., 2014,
Evidence for oxygenic photosynthesis half a bil-
lion years before the Great Oxidation Event: Na-
ture Geoscience, v. 7, p. 283-286, doi:10.1038
/ngeo2122.

Posth, N.R., Huelin, S., Konhauser, K.O., and Kap-
pler, A., 2010, Size, density and composition of
cell-mineral aggregates formed during anoxy-

genic phototrophic Fe(II) oxidation: Impact on
modern and ancient environments: Geochimica
et Cosmochimica Acta, v. 74, p. 3476-3493,
doi:10.1016/j.gca.2010.02.036.

Posth, N.R., Konhauser, K.O., and Kappler, A.,
2013, Microbiological processes in banded iron
formation deposition: Sedimentology, v. 60,
p- 1733-1754, doi:10.1111/sed.12051.

Sagan, C., 1973, Ultraviolet selection pressure on the
earliest organisms: Journal of Theoretical Biol-
ogy, v. 39, p. 195-200, doi:10.1016/0022-5193
(73)90216-6.

Schédler, S., Burkhardt, C., Hegler, F, Straub, K.L.,
Miot, J., Benzerara, K., and Kappler, A., 2009,
Formation of cell-iron-mineral aggregates by pho-
totrophic and nitrate-reducing anaerobic Fe(II)-ox-
idizing bacteria: Geomicrobiology Journal, v. 26,
p- 93-103, doi: 10.1080/01490450802660573.

Sinha, R.P., and Hider, D.-P., 2002, UV-induced
DNA damage and repair: A review: Photochem-
ical & Photobiological Sciences, v. 1, p. 225—
236, doi:10.1039/b201230h.

Stiieken, E.E., Buick, R., and Anbar, A.D., 2015, Se-
lenium isotopes support free O, in the latest Ar-
chean: Geology, v. 43, p. 259-262, doi:10.1130
/G36218.1.

Swanner, E.D., Mloszewska, A.M., Cirpka, O.A.,
Schoenberg, R., Konhauser, K.O., and Kappler,
A., 2015a, Modulation of oxygen production in
Archaean oceans by episodes of Fe(I) toxic-
ity: Nature Geoscience, v. 8, p. 126-130, doi:
10.1038/nge02327.

Swanner, E.D., Wu, W., Schoenberg, R., Byrne, J.,
Michel, EM., Pan, Y., and Kappler, A., 2015b,
Fractionation of Fe isotopes during Fe(II) oxi-
dation by a marine photoferrotroph is controlled
by the formation of organic Fe-complexes and
colloidal Fe fractions: Geochimica et Cosmo-
chimica Acta, v. 165, p. 44-61, doi:10.1016/j
.gca.2015.05.024.

Tice, M.M., and Lowe, D.R., 2004, Photosyn-
thetic microbial mats in the 3,416-Myr-old
ocean: Nature, v. 431, p. 549-552, doi:10.1038
/mature(02888.

Walter, M.R., Buick, R., and Dunlop, J.S.R., 1980,
Stromatolites 3,400-3,500 Myr old from the
North Pole area, Western Australia: Nature,
v. 284, p. 443445, doi:10.1038/284443a0.

Widdel, F., Schnell, S., Heising, S., Ehrenreich, A.,
Assmus, B., and Schink, B., 1993, Ferrous iron
oxidation by anoxygenic phototrophic bacte-
ria: Nature, v. 362, p. 834-836, doi:10.1038
/362834a0.

Wu, W., Swanner, E.D., Hao, L., Zeitvogel, F., Obst,
M., Pan, Y., and Kappler, A., 2014, Character-
ization of the physiology and cell-mineral inter-
actions of the marine anoxygenic phototrophic
Fe(I) oxidizer Rhodovulum iodosum: Implica-
tions for Precambrian Fe(IT) oxidation: FEMS
Microbiology Ecology, v. 88, p. 503-515, doi:
10.1111/1574-6941.12315.

Xiong, J., Fischer, WM., Inoue, K., Nakahara, M.,
and Bauer, C.E., 2000, Molecular evidence for
the early evolution of photosynthesis: Science,
v. 289, p. 1724-1730, doi:10.1126/science.289
.5485.1724.

Manuscript received 23 June 2015
Revised manuscript received 4 October 2015

Manuscript accepted 5 October 2015

Printed in USA

www.gsapubs.org | Volume 43 | Number 12 | GEOLOGY


http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on November 18, 2015

Geology

Protection of phototrophic iron(ll)-oxidizing bacteria from UV irradiation by
biogenic iron(lll) minerals: Implications for early Archean banded iron
formation

Tina Gauger, Kurt Konhauser and Andreas Kappler

Geology 2015;43;1067-1070
doi: 10.1130/G37095.1

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new
articles cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Geology

Permission request click http://www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of
their employment. Individual scientists are hereby granted permission, without fees or further
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms
to further education and science. This file may not be posted to any Web site, but authors may post
the abstracts only of their articles on their own or their organization's Web site providing the posting
includes a reference to the article's full citation. GSA provides this and other forums for the
presentation of diverse opinions and positions by scientists worldwide, regardless of their race,
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
official positions of the Society.

Notes

© 2015 Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA


http://geology.gsapubs.org/cgi/alerts
http://geology.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://geology.gsapubs.org/

