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Desert varnish is a dark rock coating that forms in arid environments
worldwide. It is highly and selectively enriched in manganese, the
mechanism for which has been a long-standing geological mystery.
We collected varnish samples from diverse sites across the western
United States, examined them in petrographic thin section using
microscale chemical imaging techniques, and investigated the asso-
ciated microbial communities using 16S amplicon and shotgun
metagenomic DNA sequencing. Our analyses described a mate-
rial governed by sunlight, water, and manganese redox cycling that
hosts an unusually aerobic microbial ecosystem characterized by a
remarkable abundance of photosynthetic Cyanobacteria in the ge-
nus Chroococcidiopsis as the major autotrophic constituent. We
then showed that diverse Cyanobacteria, including the relevant
Chroococcidiopsis taxon, accumulate extraordinary amounts of in-
tracellular manganese—over two orders of magnitude higher man-
ganese content than other cells. The speciation of this manganese
determined by advanced paramagnetic resonance techniques sug-
gested that the Cyanobacteria use it as a catalytic antioxidant—a
valuable adaptation for coping with the substantial oxidative stress
present in this environment. Taken together, these results indicated
that the manganese enrichment in varnish is related to its specific
uptake and use by likely founding members of varnish microbial
communities.
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ock varnish (also called desert varnish) is a thin, dark coating

found on exposed surfaces of rocks in arid environments that
is composed primarily of clay minerals and manganese and iron
oxides (1-3). It has long been recognized as a geochemical puzzle
(4-6) and has received considerable scientific and popular interest
due to its widespread occurrence (7), association with archaeo-
logical petroglyphs (8-10), use in age dating (11-17), potential as a
paleoclimate proxy (16, 18-20), and comparisons to rock coatings
on Mars (21-24). However, many interpretations and applications
of varnish hinge on understanding the mechanism of its formation,
which remains unknown.

The most perplexing aspect of varnish is its extremely high en-
richment in manganese. Varnish characteristically contains 10-30
wt% MnO—two to three orders of magnitude higher manganese
content than typical underlying rocks or the surrounding dust from
which much of the mass comprising varnish originates (2, 3, 25).
Other major elements including iron, silicon, aluminum, magne-
sium, sodium, and titanium, although abundant, are not enriched.

Diverse microorganisms are known to be associated with varnish,
but whether or not they play a role in its origin has been fiercely
debated (26). Numerous processes, both abiotic (e.g., dust deposition,
water leaching, photochemical manganese oxidation) and biological
(e.g., microbial mediation of binding and cementation, microbial
manganese oxidation), have been proposed to contribute (summa-
rized in ST Appendix, Text), but since varnish grows very slowly—at
most tens of microns over a thousand years (27)—empirical dem-
onstration has not been attainable. While many of these processes
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may be relevant to varnish formation, none of them satisfactorily
explains the highly and selectively enriched manganese content
in varnish.

In this paper, we stepped back from the various paradigms that
have been previously proposed and considered varnish formation
from a holistic perspective. Synthesizing results from physical,
chemical, and biological analyses, we reevaluated the relationship
between varnish microflora and their environment and developed
a hypothesis linking specific manganese accumulation to envi-
ronmental adaptations of major members of the varnish microbial
community.

Results

Varnish Is Governed by Sunlight, Water, and Manganese Redox Cycling.
We collected varnish on a range of rock types from seven field areas
across the western United States (SI Appendix, Fig. S1). Varnish
occurs on diverse lithologies in different settings, yet there are some
common developmental patterns. A close relationship between
varnish and sunlight has been established—varnish develops
preferentially on lit rather than shaded surfaces (28-30). Although
found in arid environments, therein varnish develops preferentially
with the availability of water, such as in shallow depressions on rock
surfaces where dew accumulates (31) and along runoff streaks down
cliff faces (32). These observations provided circumstantial evidence
that light and water play important roles in varnish formation.
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Rock varnish is a prominent feature of desert landscapes and the
canvas for many prehistoric petroglyphs. How it forms—and, in
particular, the basis for its extremely high manganese content—
has been an enduring mystery. The work presented here es-
tablishes a biological mechanism for this manganese enrichment,
underpinned by an apparent antioxidant strategy that enables
microbes to survive in the harsh environments where varnish
forms. The understanding that varnish is the residue of life using
manganese to thrive in the desert illustrates that, even in ex-
tremely stark environments, the imprint of life is omnipresent on
the landscape.
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To understand better the physical processes controlling varnish
development, we examined depositional textures in petrographic
thin sections using backscatter scanning electron microscopy
(SEM). Varnish cross-sections revealed micrometer-scale, sub-
horizontal laminations that reflect its accretionary mode of growth
(Fig. 1B and SI Appendix, Fig. S2) (3). In all varnish samples ex-
amined, we observed laminae with crinkly to columnar or domal
textures that mark an emergent topography similar to that of
stromatolites—macroscopic sedimentary structures commonly
understood as mineralized residue of ancient microbial mats (33).
In certain stromatolites, these textures have been interpreted in
terms of light-dependent growth, models of which come from
studies of coral growth (34). On a topographically irregular surface,
relative highs receive more light while relative lows get shaded; thus,
the highs grow higher forming columnar features. In varnish, these
microtextures supported the relationship with sunlight that has been
documented with macroscale field observations and strengthened
the evidence for a role for light in varnish genesis.

Textural data also supported the previously documented rela-
tionship with water by suggesting that varnish formation involves
manganese redox cycling through a soluble phase. Desert dust
samples that we collected at varnish sites contained manganese as
both trace Mn*" in igneous minerals and manganese oxide particles
(SI Appendix, Fig. S2E). We observed detrital particles embedded in
varnish, but high-resolution chemical imaging by energy dispersive
spectroscopy (EDS) and nanoscale secondary ion mass spectrometry

Mn(lll)

Mn(IV)

(NanoSIMS) showed that these particles are largely silicate minerals,
while the manganese-rich oxide material that characterizes var-
nish is in the laminated cement itself (SI Appendix, Figs. S3 and
S4). Since manganese is water soluble in its divalent form but not
as higher-valent oxides, redox cycling is required to mobilize and
reprecipitate the manganese oxide in dust to form the accreting
oxide cements.

The manganese oxide mineral phase in varnish has been described
as poorly crystalline birnessite (2)—a phase composed of manganese
octahedra organized in layers (35); it is formally Mn**O,, but can
incorporate a substantial fraction of Mn** instead of Mn** when
accompanied by charge balance with heteroatoms (Na*, K*, Ba*",
etc.) between the layers (36). Using synchrotron X-ray absorption
near-edge structure (XANES) spectroscopy and multiple-energy
“redox” mapping at the manganese K-edge, we found that var-
nish birnessite is not homogenous in its redox properties. Although
predominantly Mn**, it contains common discrete microscale do-
mains with variable and considerable mixtures of Mn** (Fig. 1 C-E
and SI Appendix, Fig. S2). This heterogeneity is consistent with the
view that manganese redox cycling occurs within varnish, and the
distribution of these domains indicates that such cycling is not re-
stricted to surficial processes contributing to the ongoing accretion
of varnish, but rather also characterizes the ecosystem that exists
within well-developed varnish.

Numerous manganese redox cycling processes occur in Earth
surface environments. Manganese oxidation with atmospheric O,

Mn(lil)
1 51.78% | 48.21%
2 45.09% | 54.9%
3 39.16% | 60.82%
4 30.65% | 69.34%
Mn(ll) 6545 8550 5555 6560 6565
E (eV)

Fig. 1. Stromatolitic microtextures and manganese redox states in varnish developed on a basalt flow at Babbitt Ranch, AZ. (A) Photograph of varnished
surface with a freshly broken face revealing underlying rock. (B) SEM image of a cross-section through the varnish-rock interface showing accretionary
laminations that establish stromatolitic columns and domes. (C) Synchrotron X-ray microprobe map showing manganese distribution. Varnish is massively
enriched in manganese relative to underlying rock. (D) Manganese redox map. Manganese in basalt is entirely Mn*, while varnish is predominantly Mn**
with spatially varying domains richer in Mn3*. (E) Point spectra taken across a manganese redox gradient. Inset table shows least-squares fits quantifying the

components of each spectrum.
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is thermodynamically favorable and can be catalyzed by metal
oxide surfaces or bacterial and fungal enzymes (37-40). Manga-
nese reduction can also be catalyzed by microbial processes, no-
tably anaerobic respiration (41), and with an appropriate electron
donor present (e.g., organic carbon) photochemical reduction of
manganese oxides occurs readily even in aerobic settings (42—44).
While any of these processes might contribute to varnish devel-
opment and the manganese redox heterogeneity we observed,
the relationship between varnish and sunlight raised the hypoth-
esis that photochemistry—and perhaps photobiology—might play
particularly important roles.

To visualize organic matter in varnish, we used NanoSIMS imaging
of sulfur. **S appeared throughout varnish, notably concentrated
in micrometer-scale particles that sit along varnish laminations
and are distinct from detrital grains observed in the 23Si and *>"Fe
mass channels (S Appendix, Fig. S44). To confirm that this sulfur
reflects organics rather than just sulfur-bearing mineral phases, we
used XANES spectroscopy to assess electronic structure at the
sulfur K-edge. The sulfur in varnish displayed complex speciation;
sulfur is present in organic forms observed in biological material
(variable mixtures of thiols with disulfides, sulfoxides, and sulfo-
nates) as well as sulfate salts (S Appendix, Fig. S4B). The fact that
varnish is rich in organics and exposed to light—conditions that
promote manganese photoreduction—and yet the manganese is
maintained largely as Mn** oxides supports the view that dynamic
redox cycling occurs within varnish.

The Varnish Microbial Community Is Characterized by Cyanobacteria.
To investigate the microbial diversity in varnish, we extracted DNA
from varnish samples along with samples of surrounding surface
soils for comparison. 16S rRNA gene amplicon sequencing revealed
a varnish-specific microbial community that is distinct from sur-
rounding soils, but common among varnishes from different rock
types and locations (SI Appendix, Figs. S5-S7). The taxa we recovered
are consistent with previous studies of varnish microbiology (45-48),
with the bacterial families Xenococcaceae, Rubrobacteraceae,
Acetobacteraceae, Sporichthyaceae, and Gemmatimonadaceae
distinguishing the varnish community.

The most striking observation from our community analyses
was the high abundance of Cyanobacteria associated with var-
nish, specifically members of Chroococcidiopsis—a genus of the
family Xenococcaceae noted for its ability to live in extreme
environments, with high tolerance for radiation and desiccation
(49-52) (Fig. 2). 16S sequences assigned to the Xenococcaceae
(either Chroococcidiopsis or unassigned below the family level)
were recovered from 48 out of 49 varnish samples and accounted
for 25.9% of all sequence reads and 98.7% of cyanobacterial reads
recovered from varnish. In contrast, the Xenococcaceae repre-
sented only 0.06% of all reads and 1.4% of cyanobacterial reads
from soil. The single most abundant unique Chroococcidiopsis
sequence variant accounted for 8% of all reads from varnish and
was completely absent from soil samples. Top BLAST hits for this
sequence in the National Center for Biotechnology Information
(NCBI) nr database included a remarkable representation of hits
from previous varnish studies, and 99.6% identity with isolate Ryu
1-3 from the University of the Ryukyus in Okinawa, Japan (53),
which we obtained for further study. Additionally, epifluorescence
microscopy on varnish flakes revealed sarcinoid clusters of cells that
are morphologically characteristic of baeocystous Chroococcidiopsis
cells (Fig. 2D).

Shotgun metagenomic sequencing of select samples further em-
phasized the importance of these Cyanobacteria in the varnish
community. In total, 21.9% of raw metagenome reads were assigned
to Cyanobacteria, corroborating their high abundances in the 16S
amplicon data (SI Appendix, Fig. S6C). We recovered six high-quality
cyanobacterial metagenome-assembled genomes (MAGsS), all be-
longing to members of the Chroococcidiopsidaceae (SI Appendix,
Fig. S8). These Cyanobacteria appeared to be the main primary

Lingappa et al.
An ecophysiological explanation for manganese enrichment in rock varnish

Actinobacteria m
Cyanobacteria m
Alphaprotecbacteria m
Chloroflexi
Acidobacteria
Bacteroidetes m
Gemmatimonadetes |
Deinococcus-Thermus m

other

B 10 C 10 ——

0 O basalt & 09 *

| A rhyolite 5 : g
v 0871 X tuff _ 5 08
o 49 ©
S o7l $ sandstone 2 g7
= : [=] 3
= Vv conglomerate c
T 061 C 086
8 &)
g 05 Tg 0.5
8 041 3 04
o 3
£ 031 u S 03
2 n=19 *x¥ g
O 02 2 02

A 2 *
0.1 ﬁ X 01
X
' _ o
soil varnish soil varnish

Fig. 2. Cyanobacteria of the family Xenococcaceae are a major and specific
constituent of the varnish microbial community. (A) Average taxonomic
composition of varnish communities by 16S rRNA gene amplicon sequencing.
(B and C) Box-and-whisker plots showing the abundance of Cyanobacteria
(B) and family Xenococcaceae within the Cyanobacteria (C) in 16S reads from
varnish vs. neighboring soil samples. The filled circles indicate fraction of all
reads, asterisks indicate average relative abundance of all samples, and
other shapes indicate average relative abundance of each varnished rock
type. (D) Fluorescence microscopy highlighting cells with the characteristic
sarcinoid morphology of Chroococcidiopsis in varnish.

producers of the varnish community—of nine MAGs containing
genes for the Calvin—-Benson-Bassham cycle, six were Cyanobac-
teria, with three others representing considerably less abundant taxa
(of Armatimonadota, Rhodobacteraceae, and Beijerinckiaceae).
No MAGs appeared to encode alternative carbon fixation path-
ways. Furthermore, we only recovered one additional MAG with
phototrophic reaction center genes (an aerobic photoheterotroph
of the Acetobacteraceae), indicating that the Cyanobacteria are
the only taxa in varnish capable of using light as an energy source
for autotrophic growth. Sulfur K-edge spectra of Chroococcidiopsis
cells were similar to the organic content we observed within varnish
(SI Appendix, Fig. S4), supporting the interpretation that these taxa
are the main primary producers of the ecosystem.

By both abundance and function, we concluded that Chroo-
coccidiopsis are extremely important taxa in varnish and are likely
founding autotrophic members of the community. When consid-
ered in this context, the physical evidence that sunlight and water
play important roles in varnish development can be interpreted to
suggest that these Cyanobacteria, which grow with light and water,
might be involved in the formation of varnish itself.

Metagenomic data also revealed that the varnish microbial
communities mark a highly aerobic ecosystem, far more so than
typical sediments or soils. No obligate anaerobic metabolisms
were represented by the gene content of our MAGs—consistent
with the known physiologies of the major taxa identified in our
16S analysis. Indeed, nearly all MAGs contained high-potential
bioenergetic systems utilized in aerobic respiration as well as
reactive oxygen species detoxification systems. Of the 38 MAGs
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we recovered from varnish samples, we observed heme-copper
O, reductase and/or bd O, reductase complexes in 37 of them, a
superoxide dismutase in 34 of them, and a catalase in 24 of them.
These aerobic adaptations are unsurprising considering the prox-
imity of this community to atmospheric O, and exposure to solar
irradiation; they are biochemical attestations to the high degrees
of oxidative stress encountered in this harsh environment.

Cyanobacteria Accumulate Manganese Likely as a Nonenzymatic
Antioxidant System. The significance of cyanobacterial taxa as
abundant keystone members of the varnish ecosystem suggested
to us a previously unexplored connection between the microbial
community and the manganese content of varnish. The model
freshwater cyanobacterium Synechocystis sp. PCC 6803 has been
shown to accumulate a massive pool of intracellular Mn**, up to
10® atoms per cell, which when averaged over cell volume is the
equivalent concentration of 100 mM manganese—four orders of
magnitude higher than their growth medium (54). We hypothe-
sized that if this hyperaccumulation of manganese occurs broadly
in the Cyanobacteria—particularly those taxa that are dominant
members of the varnish community—then this physiological pe-
culiarity might underpin varnish development.

We examined two strains of Chroococcidiopsis (PCC 7433 and
Ryu 1-3, the closest cultured relative to the varnish sequences),
Synechocystis sp. PCC 6803, and Gloeobacter violaceous PCC 7421,
a very deep branching member of the photosynthetic Cyanobacteria
(SI Appendix, Fig. S9), along with noncyanobacterial model or-
ganisms Escherichia coli K12 and Shewanella oneidensis MR-1 for
comparison. Using inductively coupled plasma mass spectrometry
(ICP-MS) to measure total cellular manganese, we observed
dramatic manganese accumulation in all cyanobacterial strains;
the highest values were seen in Ryu 1-3, with over two orders of
magnitude greater manganese content than that seen in E. coli or
S. oneidensis (Fig. 34).

To probe the speciation of this copious intracellular manganese,
we combined electron paramagnetic resonance (EPR), electron
nuclear double resonance (ENDOR), and electron spin echo en-
velope modulation (ESEEM) spectroscopies. The EPR spectra of
all Cyanobacteria examined showed that the majority of the Mn**
pool exists in soluble high-symmetry complexes with low—molecular-
weight ligands (denoted H-Mn**) and not in low-symmetry com-
plexes with strongly chelating ligands or bound to proteins (denoted
L-Mn*") (Fig. 3B and SI Appendix, Fig. S10 A and B). *'P, '"H
ENDOR, and N ESEEM measurements along with *C ENDOR
on labeled cells further revealed that this manganese binds unde-
tectably low amounts of phosphate and nitrogenous ligands, and
is instead predominantly bound to carboxylato ligands (Fig. 3C
and SI Appendix, Fig. S10 C and D and Text). Notably, previously
studied organisms with abundant cellular H-Mn?* exhibited sig-
nificant contributions from phosphate and nitrogenous ligands
(55, 56); this difference makes the Mn** pool in Cyanobacteria
distinct.

This speciation data implied the functional role for Mn** in
cyanobacterial physiology as a small-molecule antioxidant sys-
tem. Certain H-Mn>* complexes are known to act as effective
catalytic antioxidants of superoxide and peroxide (57, 58), and
accumulation of H-Mn?* has been shown to predict oxidative
stress resistance (55, 59). This physiology is well documented in
radiation-resistant taxa such as Deinococcus radiodurans (60, 61),
but was not previously known in Cyanobacteria. The H-Mn>*
accumulation shown here helps explain how the Cyanobacteria
in varnish cope with the extremely aerobic, arid, and irradiated
environments where varnish is found. Taken together with the
high abundance of cyanobacterial taxa associated with varnish,
the establishment of this cyanobacterial manganese-based anti-
oxidant system provides an adaptive biological mechanism be-
hind the enrichment of manganese in rock varnish.
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Fig. 3. Cyanobacteria accumulate substantial intracellular Mn?*, predomi-
nantly coordinated by small-molecule carboxylato ligands. (A) Cellular
manganese abundance measured by ICP-MS, reported as a ratio to sulfur as
a proxy for normalizing to biomass, and to iron—a metric commonly asso-
ciated with oxidative stress tolerance. Results are means of measurements
from three independent cultures; error bars reflect SE. (B) Absorption-
display 35-GHz 2 K CW EPR spectra showing that >95% of cyanobacterial
Mn?* exists as H-Mn?* complexes. (C) The 35-GHz 2 K 3'P/"H Davies pulsed
ENDOR spectra of Cyanobacteria and Mn?* standards. Braces represent spans
of 3'P and "H ENDOR responses; 3'P% and "H% represent absolute ENDOR
responses (gray highlight). The negligible 3'P% ENDOR signals and dimin-
ished '"H% ENDOR responses of Cyanobacteria vs. hexaquo Mn?* indicate
that >90% of the cyanobacterial Mn* is bound to ENDOR-silent carboxylato
ligands (represented by Mn-HCO3 standard), which was confirmed by ENDOR
measurements of '*C-labeled cells (S/ Appendix, Fig. S10D).

Discussion

Varnish develops in environments that are extremely harsh,
where protective strategies against irradiation and oxidative
stress are essential for life to survive. The presence of the varnish
microbial community has been noted in such terms; for example,
varnish provides a habitat for microbial life shielded by oxide
minerals that absorb UV radiation (62). However, up until now,
how and why the varnish—with its high and specific enrichment
in manganese—got there in the first place was a mystery. Based
on the data presented here, we propose that varnish itself is a
hallmark of life prevailing in these extreme environments.

We showed that Cyanobacteria of the genus Chroococcidiopsis
are intimately and abundantly associated with varnish. Moreover,
being the main primary producers of the ecosystem, these or-
ganisms must establish prior to heterotrophic taxa that depend
upon them for organic substrates, implicating them as likely founding
members of the microbial community. Evidence tying sunlight and
water to varnish development provided further, albeit circum-
stantial, evidence that photosynthetic Cyanobacteria play a fun-
damental role. We then demonstrated that diverse Cyanobacteria,
including Chroococcidiopsis, accumulate substantial quantities of
H-Mn?*. This phenomenon is well established as an antioxidant
strategy that enables tremendous oxidative stress resistance (58,
59, 63); indeed, there is no other known physiological purpose
for such elevated manganese concentrations. The cyanobacterial
H-Mn** pool that we observed is comparable in magnitude to
the most radiation-resistant organisms known (60).
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Many previous studies have focused on a mechanism of man-
ganese oxidation as the key to varnish formation. However, in such
aerobic environments, manganese oxidation may proceed through
numerous pathways with both biological (SI Appendix, Text and
Fig. S8) and abiotic (including photochemical and autocatalytic)
mechanisms. Rather than oxidation, we argue that it is the selective
enrichment of manganese that represents a process of singular
importance to the development of varnish. The manganese
hyperaccumulation that we observed in Chroococcidiopsis provides
a simple and effective, ecologically relevant, physiological expla-
nation for this manganese enrichment.

Thus, we propose a hypothesis for varnish formation (Fig. 4).
These Cyanobacteria grow on sunlit rock surfaces with intermit-
tent access to water, sequestering high concentrations of manga-
nese in their cells and exploiting the unique redox chemistry of
manganese complexes as a catalytic antioxidant system that en-
ables their survival in such a harsh environment. When they die,
the residue from their biomass provides an enriched manganese
source that is ultimately oxidized to form the oxide mineral ce-
ments that comprise varnish. Since varnish forms over timescales
of millennia, a well-developed varnish sample represents the time
integrated manganese accumulation of many, many generations of
cells, which are sparsely distributed at any given time. This was
demonstrated in our analyses of varnish samples in petrographic
thin section—the Mn?>* content of any living cells is negligible
next to thousands of years of accumulated Mn®>*/Mn** mineral. In
addition to solving the mystery of manganese enrichment, cya-
nobacterial exudates and necromass also supply fresh organic
carbon to the varnish ecosystem. This provides a growth substrate
for the heterotrophic microbes that inhabit varnish, as well as an
effective electron donor for photochemical manganese reduction.
Taken together, our results place the activity of extremophilic
Cyanobacteria as a key driver of both the physical and biological
development of varnish ecosystems.

ook
surface

Fig. 4. Natural history of varnish. (A) Manganese is delivered largely as
oxide particles in windborne dust, reduced by either photochemical or bio-
logical processes, and taken up by Chroococcidiopsis cells for use as a cata-
lytic antioxidant. (B) Chroococcidiopsis grows with light and water, fixing
carbon and trapping accumulated manganese. (C) Dust material not ad-
hered to the rock surface is removed by wind or precipitation. (D) When
Chroococcidiopsis cells die, the manganese-rich residue left behind by their
biomass is oxidized to generate the manganese oxides that comprise var-
nish. This oxidation could be biologically catalyzed and/or abiotic. (E)
Products from cyanobacterial photosynthesis serve as substrates for het-
erotrophic community members. (F and G) Manganese redox cycling con-
tinues in developed varnish, with abundant O, as an electron acceptor (F)
and organic matter as an electron donor (G).
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Methods

Study Locations and Sampling. Samples were taken from seven field locations
across the southwestern United States, ranging from arid to semiarid climates,
corresponding to rock varnish Type | and Type Il designated by Macholdt et al.
(64) (SI Appendix, Fig. S1). Underlying lithologies including mafic, felsic, and
sedimentary rocks. Varnished rocks were collected with ethanol-sterilized
gloves into Whirl-Pak sample bags, and surface soil samples were collected
using sterile spatulas into falcon tubes. Ultrathin sections cut orthogonal to the
varnished surface were prepared by David Mann at High Mesa Petrographics
(Los Alamos, NM). The thin sections revealed varnishes ranging in thickness
from ~5 to ~100 pm, likely representing hundreds to thousands of years of
development (27). For DNA sampling, varnished rocks were returned to the
laboratory, gently rinsed with sterile nanopure water using a 50-mL syringe
and 16-gauge needle, and allowed to dry. For DNA extraction, varnish was
removed from rock surfaces by scraping with flame-sterilized steel brushes,
spatulas, and dental picks, and collected in a weigh boat. Each varnish sample
was obtained from a separate rock. Dust analysis was conducted on a fine
grained (clay-silt sized) fraction of surface soil from the Barstow field location.

SEM/EDS/NanoSIMS. SEM and EDS analyses were conducted in the Caltech
Geological and Planetary Sciences Division Analytical Facility on a ZEISS 1550VP
Field Emission SEM, with a Robinson-type backscatter electron detector and an
Oxford X-Max SDD X-ray EDS system. Varnish was imaged at 10-20 kV with
working distances of 7-10 mm and magnifications of 500-4,500x. NanoSIMS
analyses were conducted in the Caltech Microanalysis Center, on a Cameca
NanoSIMS 50L using a Cs* primary ion beam with 50-nm resolution, primary
ion current of 1 pA, and dwell time of 3.5 ms/pixel. The masses of '2C, 12C'*N,
325, 31p 180, 2&si >Mn'®0, and °’Fe'®O were collected. Petrographic thin
sections were coated with 20-nm graphite using a Turbo carbon evaporator
for SEM/EDS, and with 40-nm gold using a Cressington HR metal sputtering
coater for NanoSIMS. EDS and NanoSIMS images were examined using ImageJ.

Synchrotron X-Ray Spectroscopy. Synchrotron analyses were conducted at the
Stanford Synchrotron Radiation Lightsource, on X-ray microprobes at beam-
lines 2-3 for the manganese K-edge and 14-3 for the sulfur K-edge. The 2-3
beam was energy calibrated using the pre-edge feature of KMnO, at 6,543.34
eV, and 14-3 was calibrated using the pre-edge feature of Na,S,03 at 2472.02
eV. Multiple energy maps for producing images of manganese redox state
were collected at 6,553, 6,557, 6,559, 6,562, and 6,570 eV, with 3-um resolu-
tion. For both spectra and maps, least-squares fitting was done using a spes-
sartine standard spectrum (65) representative of igneous Mn?*, manganic
oxide (65), and feitknechtite (66) standard spectra as two different Mn3*-
bearing phases, and an internal endmember spectrum for Mn**O,. Spectra
and maps were reduced and fit using the SIXPACK (67) and SMAK (68) soft-
ware packages, respectively (https://www.sams-xrays.com/). Colormaps were
converted to viridis using fixthejet (https:/fixthejet.ecrlife.org/).

DNA Extraction and Sequencing. Genomic DNA was extracted from 10 to
50 mg varnish scrapings or soil using the FastDNA SPIN kit for soil (MP Bio-
medicals). DNA yields were quantified using a Qubit 2.0 fluorometer with the
HS dsDNA assay kit (Thermo Fisher Scientific).

To generate 16S rRNA gene libraries, the V3-V4 hypervariable region of
the 16S gene was amplified using degenerate primers (341-806 pair) from
~12.5 ng of genomic DNA with KAPA HiFi HotStart ReadyMix (denaturation
at 95 °C for 3 min, 20 cycles of 95 °C for 30's, 55 °C for 30's, and 72 °Cfor 30s,
and a final extension of 72 °C for 5 min before holding at 4 °C). A second
round of PCR added Nextera XT v2 indexes (Illumina) (denaturation at 95 °C
for 3 min, 8 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s and a
final extension of 72 °C for 5 min before holding at 4 °C). The amplicons
were cleaned up using AMPure XP beads (Beckman Coulter). A no-template
control was processed and did not show a band in the amplicon region. The
amplicons were pooled and sequenced on the Illumina MiSeq platform
generating paired end 301-bp reads using the MiSeq reagent kit v3 (600
cycles) (Illumina).

Two representative varnish DNA samples (sample 24, sandstone from
Babbitt Ranch, AZ, and sample 41, basalt from Mesa Prieta, NM) were selected
for metagenomic sequencing. These samples were selected based on 16S
amplicon data as likely candidates to recover high-quality genomes for the
major taxa in the varnish community. No aspects of the communities in these
two samples were outliers, and together they represent samples from two
different locations and very different rock types.

Illumina shotgun libraries were prepared using the Next Ultra DNA I [i-
brary preparation kit (New England Biolabs). DNA was fragmented using a
Covaris E220; the ends were made blunt and adapters and indexes added
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onto the fragments to generate Illumina libraries, which were eluted in DNA
elution buffer (Zymo). Libraries were quantified using the KAPA Illumina/
Universal library quantification kit, normalized based on gPCR results, and
sequenced on the lllumina NextSeq platform generating paired end 151-bp
reads using the NextSeq 500/550 high output kit v2.5 (300 cycles) (lllumina).

16S Data Processing. 165 amplicon sequence reads from 61 varnish samples
and 19 soil samples were processed using QIIME2 (69) to generate feature
tables containing the frequencies of each unique sequence variant per sample.
Quiality filtering, denoising, merging of paired end reads, and chimera removal
were done using DADA2 (70). The QIIME2 qg2-feature-classifier plugin was used
to align the sequences against the Greengenes 13.8 database (71) and assign
taxonomy. One sample that returned <2,000 total reads was omitted from
downstream analyses. NMDS and ANOSIM analyses were done by calculating a
Bray dissimilarity matrix using the vegan ecology package in R (72). LEfSe
analysis was done using the Microbiome Analyst tool (73) with default set-
tings. For the phylogenetic tree presented in this paper, sequences were
aligned with the SINA aligner (74) and converted from fasta format to phylip
format with SEAVIEW (75). The phylogenetic tree was constructed using
PhyML (76) implemented on the website www.atgc-montpellier.fr/jphyml/ with
default settings, and the resulting tree was visualized using FigTree.

Metagenomic Data Processing. Taxonomic assignments of raw metagenome
reads were done using the MG-RAST analysis platform (77). Metagenome
sequence read quality control, de novo assembly, and binning of MAGs was
performed largely on the KBase platform (78). Combinations of read
preprocessing, assembly, and binning methods were tested and evalu-
ated based on the quality and quantity of final MAGs. Read preprocessing
included no processing (raw reads), Bloom Filter Read Error Correction (79) v.
r181 (drop_unique_kmer_reads = 1, kmer_size = 33), Trimmomatic (80) v.
0.38 (LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:125), and BBMap
(81) v37.93 (bbduk.sh -Xmx1g, k = 15, mink = 10, ktrim = r, tbo). Processed
reads were assembled with MEGAHIT (82) v2.4.2 (metalarge), MetaSPAdes (83)
v1.2.4 (K-mer sizes 33, 55, 77, 99, and 127), or IDBA-UD (84) v1.0.4. Assemblies
were performed with minimum contig size of 2,000 bp. MAGs were con-
structed with two automated binning tools, MaxBin2 (85) v2.2.4 and Meta-
BAT2 (86) v1.7 with default settings except for minimum contig lengths of
2,500 bp. All MAGs from combinations of the above setting were evaluated
for quality using the CheckM software v1.0.18 on KBase with default settings.
Sufficiently high-quality bins were defined using the Parks et al. (87) cutoff of
completeness—5*contamination > 50. Bin taxonomy was assigned using
GTDB-Tk v0.3.2 using gtdbtk release 89 (88). The number of bins passing this
cutoff and their phylogenetic affiliations were used to compare between the
different parameters described above. The greatest number of quality bins
was achieved with Trimmomatic, MetaSPAdes, and MetaBAT2 for sample 41,
and Trimmomatic + BBmap mink, MetaSPAdes, and MetaBAT2 for sample 24.
Other combinations of parameters produced a subset of less complete versions
of the final bins, not completely different MAGs. Genome annotation was
conducted using the RASTtk algorithm (89) v.0.1.1 in KBase, as well as a local
implementation of the KOfamScan (90) software for the KEGG database. The
canonical metabolic pathways encoded by these genomes were parsed using
KEGG-decoder (91), and additional analyses of genes of interest, including
MCOs and pili, were done using local BLAST searches for known systems
(SI Appendix, Supplementary Material). Cytochromes ¢ were identified by
counting heme-binding domains (CxxCH motifs), and beta barrels were
predicted using the PRED-TMBB tool (92).

Fluorescence Microscopy. Fluorescence microscopy was performed at the
Center of Integrated Nanotechnologies at Los Alamos National Laboratory.
Cavity well microscope slides (Globe Scientific) were used to mount varnish
flakes and fitted with #1.5 coverslips. Imaging was conducted on a Zeiss Axio
Observer D1 inverted microscope equipped with a 100x, 1.3 N.A. oil-immersion
objective and a BP 640/30 excitation and BP 690/50 emission filter set to
observe chlorophyll autofluorescence.

Culture Conditions. Synechocystis sp. PCC 6803 (obtained from Richard Debus,
University of California, Riverside, CA), Gloeobacter violaceous PCC 7421
(obtained from ATCC), Chroococcidiopsis cubana PCC 7433 (obtained from
ATCC), and Ryu 1-3 (obtained from Shoichiro Suda, University of the Ryu-
kyus), were grown in liquid BG11 medium (93), which contains 9 uM MnCl,.
The 6803 and Ryu 1-3 were kept in a 30 °C shaking incubator under white
fluorescent lights, and 7421 and 7433 were kept at room temperature with
natural light on a windowsill. E. coli and S. oneidensis were grown in liquid
LB medium, in a 30 °C shaking incubator. Cells were harvested after 24-h
growth for E. coli and S. oneidensis, ~1 wk for 6803, and ~1 mo for 7421 and
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7433. Ryu 1-3 was sufficiently slow growing that, once a month, all biomass
in the culture was transferred to fresh medium.

ICP-MS. Harvested cells were washed in sterile nanopure water to remove
residual media and any extracellular material, and then frozen at —80 °C.
Frozen cells were lyophilized in a SpeedVac vacuum concentrator, and the
dried cell pellet was transferred to a 50-mL DigiTUBE (SCP Science). The dry
cell pellet was digested for 2 h at 95 °C in 3 mL of concentrated (70%) nitric
acid purified by distillation at Caltech. The digested cell pellet was then di-
luted to 50 mL with nanopure water. ICP-MS analysis was conducted in the
Caltech Environmental Analysis Center on an Agilent 8800 ICP-MS Triple
Quad using a collision/reaction cell with O, as the reaction gas. Sulfur was
analyzed as 32S'°0 (mass 48). Measurements were calibrated using a multi-
element standard (Inorganic Ventures; IV-ICPMS-71A; Lot M2-MEB658498).
Due to the extremely clumpy phenotype of the Chroococcidiopsis cells hin-
dering accurate cell counts, manganese content was reported as a ratio to
sulfur content as a proxy for normalizing to biomass. Cell-specific manga-
nese abundance was determined for Synechocystis by cell counts in a Petroff
Hausser counting chamber (Hausser Scientific).

EPR/ENDOR/ESEEM Spectroscopy. Concentrated cell suspensions in 40% glyc-
erol were loaded into custom-made quartz EPR tubes, and then flash-frozen
in liquid N,. Paramagnetic resonance spectroscopy was conducted in the
Hoffman Laboratory at Northwestern University. The 35-GHz continuous-
wave (CW) EPR spectra were recorded using a laboratory-built EPR spec-
trometer (94). Absorption-display EPR spectra of frozen cells and manganese
standards were collected in the “rapid passage” mode at 2 K as previously
described (56, 59) (microwave [MW] frequency, 34.9 GHz; MW power, 1 mW;
temperature, 2 K; modulation amplitude, 1 G; time constant, 64 ms; scan
rate, 1 kG/min).

Pulsed ENDOR/ESEEM spectra were recorded using a laboratory-built
35-GHz pulsed EPR spectrometer (95). All spectra were recorded at 2 K us-
ing an immersion helium cryostat. 3'P, 'H Davies ENDOR spectra were
recorded using the pulse sequence n — T,s — ©/2 — T — = — = — echo, where T¢
is the time interval for the radiofrequency (RF) pulse, which is randomly
hopped (96) (MW frequency, 34.8 GHz; temperature, 2 K; magnetic field,
~12.5 kG; ty2 = 60 ns; © = 400 ns; T,s = 160 ps; repetition time, 10 ms). The
ENDOR response is enhanced by broadening the frequency-bandwidth of
the RF pulse using a 100-kHz white noise source (97). 3C Mims ENDOR
spectra were recorded using the pulse sequence ©/2 — 1 — /2 - Ty¢ — W/2 —
t — echo (MW frequency, 34.8 GHz; temperature, 2 K; magnetic field,
~12.5 kG; t,2 = 50 ns; T = 400 ns; T,s = 20 ps; repetition time, 10 ms). Three-
pulse ESEEM spectra were recorded using the pulse sequence, /2 — t —
n/2 — T — n/2 — © — echo, where T is the time varied between second and
third MW pulses, with four-step phase cycling to suppress unwanted Hahn
and refocused echoes (96) (MW frequency, 34.8 GHz; temperature, 2 K;
magnetic field, ~12.5 kG; t,» = 30 ns; T = 400 ns; T = 1 ps with 20-ns step
size, repetition time of 10 ms).

Data Availability. Sequence data have been deposited as FASTQ files on the
Sequence Read Archive (SRA) (BioProject ID PRINA630476) (98). Binned ge-
nomes from samples 24 and 41 are available at CaltechDATA, https:/dx.doi.
0rg/10.22002/D1.1960 (99).
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Figure S1: Field areas in this study. (A) Map of the western United States, with varnish sampling
locations indicated. (B) Field area metadata. Average temperature and rainfall from nearest

weather station on US Climate Data. (C-1) Context photos showing varnish from Barstow (C),
Babbitt Ranch (D), Black Canyon (E), Mesa Prieta (F), White Rock (G), Green River (H), and

Basin () sampling locations.
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showing accretionary laminations with stromatolitic textures and manganese K-edge maps
showing manganese distribution and redox heterogeneity in varnish thin sections. (A) Rhyolite
from Black Canyon, NM. (B) Sandstone from Babbitt Ranch, AZ. (C) Rhyolite from Black
Canyon, NM. (D) Basalt from Mesa Prieta, NM. (E) Manganese K-edge XANES spectra. For
standards we employed spectra from spessartine for Mn?*, both feitknechtite (B-MnOOH) and
Mn20s3 as options for Mn®*, and an internal endmember for Mn**. The two varnish spectra shown
here plotted on top of each other represent the first and third quartile of our varnish dataset, with
average oxidation states of 3.6 and 3.8 respectively. The desert dust spectra demonstrate the
presence of manganese oxides in addition to trace igneous Mn?* in surrounding dust that supplies
the source of the material for varnish formation. (F) Histogram showing distribution of
manganese redox states of all varnish spectra collected, including basalt, rhyolite, and sandstone
samples.
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Figure S3: Backscatter SEM images with EDS chemical maps showing the distribution of major
elements in varnish and underlying rock. (A) A mafic example, basalt from Babbitt Ranch, AZ;
the sample shown in Fig. 1. (B) A felsic example, rhyolite from Black Canyon, NM; the sample
shown in Fig. S2A. Varnish is comprised primarily of manganese and iron oxides (reflected in
the Mn and Fe channels, respectively) and clay minerals (reflected in the Si, Al, and Mg
channels). Detrital grains are embedded in the laminated cement. The high manganese content
occurs in the cement itself, not the detrital grains.
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Figure S4: Sulfur distribution and speciation as a biosignature in varnish. (A) NanoSIMS images
of the sample shown in Figs. S2A and S3B, to visualize the distribution of lighter elements
indicative of biomass. Of the major biological elements, carbon and nitrogen signals are
overwhelmed by background resin, but the resin is extremely poor in sulfur content; that, plus
the high ion-yield of organic matter enables 32S ion images to provide a measure of organic
matter native to the varnish. (B) Sulfur K-edge XANES spectra from two varnish thin sections.
These spectra demonstrate complex sulfur speciation in varnish, with both oxidized and reduced
organic species that are consistent with biological material, in addition to sulfate salts. (C) Sulfur
K-edge spectra taken on Chroococcidiopsis cells, representing the dominant source of biomass in
varnish, exhibit the same organic sulfur moieties we observed in varnish.
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amplicon data to visualize variance. Each point represents the microbial community recovered
from a sample; relative proximity between points indicates their similarity. (A) The varnish
microbial community is distinct from that in surrounding soils, regardless of sample location or
rock type. Rinsing the varnished rocks with sterile water to remove surficial dust further
increased NMDS separation between varnish and soils. Thus, the remainder of our DNA
analyses focused on washed varnish samples, to more accurately target taxa endemic to varnish.
The analysis of similarities (ANOSIM) statistic R for soil vs. unwashed varnish = 0.4265, p =
0.001; and soil vs. washed varnish = 0.5442, p = 0.001. (B) Washed varnish and surrounding soil
samples colored by sample location. (C) Washed varnish samples alone, colored by rock type.
Among varnish samples, we observed some higher order clustering based on rock type and

location.
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bin.057.3 |94.3] 3.0 - - - + |+ | + - - - - Actinobacteriota, Actinobacteria, Propionibacteriales, Nocardioidaceae
bin.015.3 |§ .3| 0.4 - - + + - - - - - Actinobacteriota, Actinobacteria, Propionibacteriales, Propionibacteriaceae
bin.028.4 [71.2| 0.5 - - - - - - - - - - Actinobacteriota, Actinobacteria, Streptomycetales
bin.026.3 0 - - + - + - - [ - (m N Actinobacteriota, Rubrobacteria, Rubrobacterales, Rubrobacteraceae, Rubrobacfer A
bin.049.3 22 | - - - + + + - - | 1 - (m Actinobacteriota, Rubrobacteria, Rubrobacterales, Rubrobacteraceae, Rubrobacfer_A
bin.029.3 6 - - - + + + - L L L - = Actinobacteriota, Tk yphilia, Solirubrot Solirubrobacteraceae
bin.037 .4 39| | - - - + - + - |m | - = Actinobacteriota, Thermoleophilia, Solirubrobacterales, Solirubrobacteraceae
bin.045.3 - - - + - + - = |i - = | Armatimonadota, Abditibacteria, Abditibacteriales, Abditibacteriaceae
bin.039.3 |94.4| 0. - + - + + | + - - |— - = Armatimonadota, BOG-944, BOG-944
bin.040.3 |97.5] 1. - - - + - |+ - - - Bacteroidota, Bacteroidia, Chitinophagales, Chitinophagaceae
bin.086.3 |77.4| 4. -1 -1- + |+ | + - - Bacteroidota, Bacteroidia, Chitinophagales, Chitinophagaceae, Flavisolibacter_B
bin.067.3 |80.0] 0. -1 - + ] -1- -1 - Chloroflexota, Chloroflexia
bin.020.3 (77.3] 0. - - + -1+ - - - Chloroflexota, Chloroflexia, Chlorofliexales, Herpetosiphonaceae, JKG1
bin.016.3 |94.9] 1.4 - - + - + - - |MoxA| Chiloroflexota, Chlorcflexia, Thermomicrobiales, UBAG6265
bin.063.3 |96.2] 2. - - - + |+ | + - - MoxA Chloroflexota, Dehalococcoidia
bin.004.3 l@ 14 ] - + |+ |+ - - Cyanobacteria, Cyanobacteriia, Cyanobacteriales, Chroococcidiopsidaceae
bin.007.4 |66.5] 0. + [+ - + [+ ]+ Cyanobacteria, Cyanobacteriia, Cyanobacteriales, Chroococcidiopsidaceae
bin.028.3 |95.0] 2. + |+ - + -+ - - Cyanobacteria, Cyanobacteriia, Cyanobacteriales, Chroococcidiopsidaceae
bin.0084 615|098 | [ + | + | - + | -]+ - - - Cyanobacteria, Cyanobacteriia, Cyanobacteriales, Chry idiopsidaceae, Chroococcidiopsi:
bin.062.3 |84.5| 0. + |+ - + |+ |+ - - - Cyanobacteria, Cyanobacteriia, Cyanobacteriales, Chroococcidiopsidaceae, Chroococcidiopsis
bin.079.3 |93.9] 1. + |+ R I - Cyanobacteria, Cyanobacteriia, Cyanobacteriales, Chroococcidiopsidaceae, Chroococcidiopsis
bin.032.3 |86.3] 3. - - - + - + - - MoxA! Gemmatimonadota, Gemmatimonadetes, Gemmatimonadales, Gemmatimonadaceae
bin.084.3 |95.4| 0. + - - + + | + - - - Proteobacteria, Alphaproteobacteria, Acetobacterales, Acetobacteraceae, BOG-908
bin.009.4 [94.0] 0.9 = - + N[N - Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae
bin.023.3 (88. . - - + |+ | + - Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae
bin.075.3 |98.1] 1.4 -+ ] - + |+ |+ - Proteobacteria, Alphaproteobacteria, Rhizobiales, Beijerinckiaceae, Microvirga
bin.054.4 |80.7| 2.4 - + | - it -1+ - - Protecbacteria, Alphaproteabacteria, Rhodobacterales, Rhodobacteraceae, Rubellimicrobium
bin.017.3 |94.6] 1. - - + 1+ |+ - - Proteobacteria, Alphaproteobacteria, Sphingomonadales, Sphingomonadaceae
— ]
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109  Figure S8: Metagenomic insights into varnish ecology. (A) We recovered 38 high quality MAGs
110  from varnish shotgun metagenomes, 6 of which belonged to the Chroococcidiopsidaceae. Genes
111  indicative of autotrophy are highlighted in green, showing that the Chroococcidiopsidaceae are
112 the main primary producers and therefore keystone members of the ecosystem. Genes indicative
113 of interactions with O2 and reactive oxygen species (heme-copper Oz reductase and/or bd O2
114  reductases, catalase, and superoxide dismutase) are highlighted in yellow, demonstrating the
115  strikingly aerobic nature of this ecosystem. Genes implicated in metal cycling processes,

116  including MHC-porin complexes (B), Cyc2 homologs (C), high-potential MCQOs (D), putative
117  MCO-porin complexes (E), the COG2165 pilin system (F), and photosystem Il (G), were also
118  catalogued, along with counts of total cytochromes, largest MHC, and total MCOs in each

119  genome bin. Dashed red arrows indicate electron flow.
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123
124  Figure S9: Phylogenetic tree showing relationships between the Cyanobacteria examined in this

125  study. Tree includes cultured strains we used to investigate intracellular manganese accumulation
126 and speciation (model organism Synechocystis sp. PCC 6803, Chroococcidiopsis strains Ryu 1-3
127  and PCC 7433, and the deep branching Gloeobacter violaceous PCC 7421), along with the most

128  abundant 16S sequences recovered from varnish and soil (Xenococcaceae and Phormidium,

129  respectively).
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Figure S10: Additional paramagnetic resonance data. (A-B) Absorption display CW EPR
spectra. The frozen solution EPR spectra of Mn-(H20)s, Mn-HCOs, Mn-Pi, and Mn-polyP are
representative exemplars for H-Mn?* complexes with six sharp peaks (Mn?* hyperfine lines)
riding on a ~4 kG ‘skirt’. Both Deinococcus radiodurans and all of our cyanobacterial strains
(Synechocystis included as representative example) displayed cellular Mn EPR spectra indicative
of this type of manganese speciation. In contrast, L-Mn?*, including strongly chelated (e.g. Mn-
EDTA) and protein-bound (e.g. MnSOD) Mn?* display spectra which go well beyond the “H” 4
kG skirt, both at low and high magnetic fields. In Escherichia coli, the much broader skirt
around the Mn?* hyperfine lines relative to Deinococcus and Synechocystis indicates
significantly more manganese bound to strongly chelating ligands or proteins. (C) 3-pulse
ESEEM timewaves, which show modulations arising from *N hyperfine coupling, as observed
in a frozen solution of Mn-imidazole. None of the cyanobacterial strains examined here
displayed **N modulation, indicating a negligible population of nitrogenous ligands in the
manganese environment. (D) **C Mims ENDOR, characterizing Mn-3C coupling in *3C-labelled
Synechocystis. The region centered around the **C Larmor frequency shown with two gray
stripes (denoted as “3C bound”) is similar to that observed for standard Mn?* complexes with
13C-labelled bicarbonates and organic molecules, and is indicative of manganese bound to
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carboxylate ligands. The high central peak at the **C Larmor frequency (denoted “*3C nearby,
not bound”) arises from the nearby 3C nuclei that are not coordinated to manganese, suggesting
that these ligands might be multi-C molecules such as small organic acids.
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Supplemental Text

A. Building on previous hypotheses of varnish formation

Varnish genesis is the topic of a substantial body of previous work, which has shed
important light on a wide range of sedimentary, geochemical, and biological factors. Analyses of
accretionary microtextures (1-3) and trace element and isotopic compositions (4-7)
demonstrated that the material comprising varnish originates from dust external to the host rock,
mediated by atmospheric precipitation. Other studies examined the importance of silica in the
varnish material, proposing processes of silica dissolution, gelling, condensing, and hardening as
controlling the development of such rock coatings (8, 9). The presence of biology in varnish has
been documented by various techniques including culturing (10, 11), DNA analyses (10, 12-16),
and SEM imaging of filamentous and coccoidal forms (2, 10, 17); and a role for microbes in
binding together the oxides and clay minerals that comprise varnish has been suggested (18).

Several different mechanisms for the enrichment and oxidation of manganese have been
proposed; this includes both biological and abiotic processes. Hypotheses attributing the
manganese in varnish to biological activity generally invoke microbial manganese oxidation (10,
11, 19-22). Model organisms like Bacillus sp. SG-1 and Pseudomonas putida MnB-1 strains are
known to oxidize Mn?* extracellularly (Fig. S8E)—generating manganese oxides that
accumulate on their exosporia or glycocalyx, respectively (23). Previous studies have isolated
similar bacteria from varnish (10, 11), and suggested that manganese oxide encrusted microbes
could provide the manganese source for the varnish cement (18). Fungi are also known to
oxidize manganese (24, 25), and have similarly been implicated in varnish (20, 26). In contrast,
abiotic models of varnish formation have advocated thermodynamic arguments for the

preferential mobility of manganese at certain pH regimes, enabling the enrichment of manganese
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from dust deposited on the rock surface through water leaching (7). The abiotic oxidation of
manganese can be catalyzed by either mineral surface coordination (27) or photochemistry (28),
both of which have been invoked in varnish hypotheses. Many of these processes could
contribute to varnish accretion and manganese oxidation, however, none of them entirely explain
the high concentrations and specific enrichment of manganese in this material.

It has been argued that the very slow rate of varnish formation rules out mechanisms
based on biological processes that are known from laboratory experiments to proceed at more
rapid rates (7, 18, 29). However, it is important to note that rates of microbial activities under
idealized laboratory conditions are not necessarily representative of the natural environment (30).
Most cells in the environment are not actively growing exponentially most of the time.
Especially in harsh environments, such as those relevant to varnish formation. In this context
microbial growth can be very slow, and limited by water availability or nutrient availability, or
inhibited by excessive heat or radiation. The relatively rapid growth rates we can sometimes
achieve in the laboratory enable us to study processes that might otherwise happen too slowly to
capture on experimental timescales—but this has very little bearing on how quickly such

processes might be occurring in the environment.

B. Genomic insights into manganese cycling in the varnish ecosystem

Our synchrotron data indicated that manganese redox cycling (both oxidation and
reduction) not only contributes to the formation of varnish, it continues in well-developed
varnish—nhinting that the varnish is characterized by unique opportunities for biology to interface
with manganese redox cycling. Biological processes can catalyze both reductions and oxidations

of manganese. In order to better understand which manganese redox reactions might be mediated
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by varnish community members, we searched for genomic hallmarks of known biological metal
cycling processes in our varnish metagenomic datasets. This included both reactions that could

be directly coupled to cellular energy conservation, and reactions catalyzed by enzymes but not
directly involved in energy metabolism.

Coupling metabolic processes to redox reactions of insoluble, extracellular metal oxides
requires the ability to transport electrons into or out of cells. This process has been best studied
in the model systems for dissimilatory metal oxide reduction—Shewanella and Geobacter, that
use large multiheme cytochromes (MHC) embedded in outer membrane beta barrel porins as
conduits between their electron transport chains and extracellular electron acceptors (Fig. S8B)
(31). A similar biochemical strategy for extracellular electron transfer (EET) has been identified
in organisms with metabolisms based on both iron and manganese oxidation (32, 33). None of
our varnish MAGs were phylogenetically associated with known EET capable organisms,
however this trait is broadly distributed throughout many bacterial phyla. Therefore, we used a
gene-centric method to assess EET capability—an approach similar to the strategy employed in a
recent survey of neutrophilic iron oxidizer genomes (32). We specifically screened for the porin
proteins from known MHC-porin complexes MtrB (Shewanella oneidensis) (34), MtoB
(Sideroxydans lithotrophicus) (35), and PioB (Rhodopseudomonas palustrus) (36), along with
PCC3 and PCC4, hypothetical porin-cytochrome complex gene clusters from other known iron
oxidizers (32). We also screened more generally for any MHCs by counting the occurrence of
heme binding domains (CxxCH motifs), and determined whether or not these fell within gene
clusters that also contained predicted beta barrel porins. Notably, we did not detect any MHCs
with greater than 10 hemes—a characteristic of many organisms capable of EET—and none of

our predicted MHCs resided in porin-MHC gene clusters. This suggested that microbial
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metabolisms based on EET via large MHCs are uncommon in varnish—far rarer than in soils
and sediments.

The dearth of organisms exploiting the oxides in varnish for dissimilatory metal reduction
is understandable given that varnish appears to be a thoroughly aerobic environment—O2 will
always be a better electron acceptor for respiration. Unlike the anaerobic sediment environments
wherein dissimilatory metal reduction is an important biogeochemical process, varnish may
present a habitat with different opportunities for metal cycling. In this setting, biological
manganese reduction might be more likely to occur via processes aimed at mobilizing and
assimilating manganese rather than for core energy metabolism.

Pili have been implicated in metal reduction in Geobacter (Fig. S8D), and a pilin system
in Cyanobacteria—homologous to the one from Geobacter—has been proposed to allow
Synechocystis sp. PCC 6803 to grow on manganese oxides as their sole manganese source,
presumably via reductive dissolution (37). While the role of pili in metal reduction has been the
topic of some controversy (38), it is worth noting the presence of these pilin proteins (COG2165)
in several of our varnish MAGs, including 5 of the 6 Chroococcidiopsiaceae MAGs.

Not all known iron oxidizing organisms use large MHCs—another strategy for EET
involves an outer membrane cytochrome with a single heme bound in the center of a beta barrel
porin that transfers electrons from iron to other small periplasmic cytochromes (Fig. S8C). In
principle, an analogous system can be imagined for manganese, though one has not as yet been
identified. We used BLAST to search for the outer membrane cytochromes Cyc2
(Acidothiobacillus ferrooxidans) (39), Cyt572 (Leptospirillum spp.) (40), and Cyc2PV-1
(Mariprofundus ferrooxydans PV-1) (41), all distant homologs broadly found in iron oxidizers.

No significant hits for these proteins were identified in any of our MAGs.
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We also counted total putative c-type cytochrome encoding genes in each MAG, because
it has been observed that organisms involved in metal redox cycling tend to have an abundance
of these genes (e.g. 111 in Geobacter sulfurreducens and 42 in Shewanella oneidensis) (42, 43).
Some of our MAGs were comparably rich in c-type cytochromes, including some MHCs with up
to 7 CxxCH motifs. One MAG of the Chitinophagaceae had 52 cytochromes, the largest with 7
heme binding domains; and one MAG of the Armatimonadota had 48 cytochromes, the largest
with 5 heme binding domains. Our Chroococcidiopsiaceae MAGs were fairly rich in
cytochromes as well—the 4 Chroococcidiopsiaceae MAGs with > 93% completeness had 32, 32,
41, and 44 cytochrome genes, respectively.

Other known modes of microbial manganese oxidation use extracellular or outer
membrane multicopper oxidase (MCQO) enzymes to catalyze manganese oxidation (Fig. S8E)
(44). This reaction is not coupled to metabolic energy conservation, and therefore does not
require a mechanism of EET. A hypothetical porin-MCO complex has been proposed, suggested
to function similarly to the porin-MHC complexes known to engage in EET, but currently lacks
experimental support (Fig. S8F) (32). This hypothetical system is homologous to PCOAB, a
periplasmic copper detoxification system. We specifically screened for MnxG (Pseudomonas
putida GB-1) (45), CotA (Bacillus pumilus WH4) (46), MoxA (Pedomicrobium sp. ACM 3067)
(47), McoA (Pseudomonas putida GB-1) (45), and MofA (Leptothrix discophora, with high
homology to OmpB from Geobacter sulfurreducens), as MCOs implicated in manganese
oxidation, along with PcoAB; we also screened for MCOs more generally, as determined by
cupredoxin domains annotated in KBase. We identified MoxA, a protein known to exhibit
manganese oxidation and laccase activity, in 5 of our MAGs, and PcoAB in two of them. Other

MCOs are present in many of our MAGs (including 5 of the 6 Chroococcidiopsiaceae MAGS),
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but given the catalytic breadth of this diverse family of enzymes, we hesitated to draw definitive
conclusions about their specific functions based on genomic data alone.

The Cyanobacteria provide an additional mechanism for manganese oxidation that has
not previously been discussed in the context of varnish—photosystem Il oxidizes manganese
(Fig. S8G), as exemplified by the photoassembly of the MnsCaOs cluster that enables water
oxidation (48). There are several lines of evidence that oxygenic photosynthesis evolved in the
ancestors of the Cyanobacteria from a version of anoxygenic photosynthesis based on manganese
oxidation (49, 50), and it is possible this metabolism still exists in their modern decedents.
Oxygenic phototrophs are often thought of as having an unlimited electron donor for
photosynthesis, but under arid conditions water is scarce, and maintaining the ability to use
manganese as an alternative electron donor might be useful. Thus, we propose an additional
potential function for cyanobacterial manganese accumulation, particularly in the extremophilic,
desiccation-resistant Chroococcidiopsis: these taxa might stockpile an electron reservoir to
enable photosynthetic electron transport without using up water. This, along with the
observations of a H-Mn?* antioxidant system, suggests two potential physiological reasons that
extreme manganese accumulation could be a useful ecological strategy for cyanobacterial

survival in the arid, oxidizing environments where varnish forms.

C. Mn?* speciation probed by paramagnetic resonance techniques

The EPR spectra of H-Mn?* complexes discussed here are characteristic of an S = 5/2 ion
with small zero-field splitting (ZFS), with the principal ZFS parameter, D, much less than the
microwave quantum (hv) (51). Such spectra show a central >*Mn (I = 5/2) sextet arising from

hyperfine interactions, A ~ 90 G, that is associated with transitions between the ms = +1/2 and
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—1/2 electron-spin substates. These features ride on, and are flanked by, significantly broader
wings—signals from the four satellite transitions involving the other electron-spin substates (ms
15/2 & +3/2; +3/2 & £1/2). The net absorption spectrum is the sum of the five envelopes of
these five transitions among substates. The cellular Mn?* EPR spectra of all Cyanobacteria
showed a resolved six-line >*>*Mn hyperfine pattern centered at g-2 (~12 kG) riding on relatively
narrow wings extending to both high and low magnetic field with a total field span of 4 kG,
features which are suppressed in the derivative-mode CW EPR spectra (Fig. 3B). Frozen
standard solutions of Mn?* complexed with orthophosphate, polyphosphate, and bicarbonate
show similar high-symmetry EPR spectra with relatively narrow wings (Fig. S10A). Much
broader wings are seen in low-symmetry complexes with chelating ligands (such as EDTA) and
proteins (such as MnSOD) (Fig. S10A-B).

The frozen solution ENDOR spectrum of an | = 1/2 nucleus, such as 3P, *C, H, coupled
to S = 5/2 Mn?* comprises a set of doublets centered at the nuclear Larmor frequency, each split
by a multiple of the electron-nuclear hyperfine coupling (A). The primary doublet is associated
with the ms = £1/2 electron spin sublevels of Mn?* and is split by A; weaker satellite doublets
associated with the ms = £3/2 and £5/2 sublevels are split by 3A and 5A. All spectra in this study
displayed H signals that could be assigned to the protons of bound water (Fig. 3C). For a
phosphate moiety bound to a Mn?* center we focused on the sharp ms = +1/2 3P doublet. The
relative intensities of 3P and *H signals provided a means of assessing Mn?* speciation (52).

A N nucleus (1 = 1) directly coordinated with Mn?* creates modulation in the electron spin echo
decay, which is dominated by N hyperfine interaction (53). To quantitate *N ESEEM
responses from cellular Mn?*, we chose as a standard the *N response from the Mn-imidazole

complex, which binds one imidazole and (presumably) five waters. Mn-imidazole showed a
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strong time dependent modulation signal; no such signal was observed in any of the
cyanobacterial samples (Fig. S10C). The absence of such a signal indicated that manganese

resides in locations without a significant pool of nitrogenous ligands.

D. Cell biological insights suggest the cyanobacterial Mn?* pool is periplasmic

The massive pool of manganese that we observed to accumulate in cyanobacterial cells is
unlikely to be either cytoplasmic or extracellular. In the cytoplasm, where the cyanobacterial
carbon concentrating mechanism accumulates substantial HCOs™ (54), such a high abundance of
Mn?* would precipitate MnCOs minerals. Furthermore, the cytoplasm contains polyphosphate
granules, which have a high affinity for Mn?* (55-58). We did not observe such minerals, nor
any manganese complexed by phosphates, in any of the cyanobacterial strains we examined. The
manganese speciation that we did see— manganese complexed by small organic acids—is
unlikely to be extracellular. Thus, we concluded that this manganese pool is most likely
periplasmic.

Building on this is another line of evidence; this manganese pool cannot be disrupted by a
vigorous water wash, supporting the interpretation that it is intra rather than extracellular.
However, ~80% of it can be extracted with an EDTA wash, which is consistent with a
periplasmic pool but not a cytoplasmic pool (59). Furthermore, a transporter that keeps
manganese in the periplasm rather than the cytoplasm is known to be an essential aspect of

manganese homeostasis in Cyanobacteria (60).

E. Relevance to Mars and astrobiological implications
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Many previous studies have highlighted the resemblance of varnish to phenomena

observed on Mars (9, 17). However, while many dark, shiny rocks have been observed on Mars,

these are largely ventifacted rather than coated. Varnish itself (defined as a mixture of

manganese and iron oxides and clay minerals) has not been definitively identified on Mars, and

indeed only one instance of a potentially high- manganese surface coating has been found (61).

The definitive manganese oxide phases that have been discovered on Mars do not appear to be

associated with surface exposures, rather they precipitated in the subsurface (62). Therefore, we

hesitate to assert any strong astrobiological interpretations for biological processes underpinning

terrestrial varnish.
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