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 20 
Figure S1: Field areas in this study. (A) Map of the western United States, with varnish sampling 21 

locations indicated. (B) Field area metadata. Average temperature and rainfall from nearest 22 

weather station on US Climate Data. (C-I) Context photos showing varnish from Barstow (C), 23 

Babbitt Ranch (D), Black Canyon (E), Mesa Prieta (F), White Rock (G), Green River (H), and 24 

Basin (I) sampling locations.  25 

 26 
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29 
Figure S2: Extended SEM and synchrotron data. (A-D) Additional examples of SEM images 30 



showing accretionary laminations with stromatolitic textures and manganese K-edge maps 31 

showing manganese distribution and redox heterogeneity in varnish thin sections. (A) Rhyolite 32 

from Black Canyon, NM. (B) Sandstone from Babbitt Ranch, AZ. (C) Rhyolite from Black 33 

Canyon, NM. (D) Basalt from Mesa Prieta, NM. (E) Manganese K-edge XANES spectra. For 34 

standards we employed spectra from spessartine for Mn2+, both feitknechtite (β-MnOOH) and 35 

Mn2O3 as options for Mn3+, and an internal endmember for Mn4+. The two varnish spectra shown 36 

here plotted on top of each other represent the first and third quartile of our varnish dataset, with 37 

average oxidation states of 3.6 and 3.8 respectively. The desert dust spectra demonstrate the 38 

presence of manganese oxides in addition to trace igneous Mn2+ in surrounding dust that supplies 39 

the source of the material for varnish formation. (F) Histogram showing distribution of 40 

manganese redox states of all varnish spectra collected, including basalt, rhyolite, and sandstone 41 

samples.  42 
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 48 
Figure S3: Backscatter SEM images with EDS chemical maps showing the distribution of major 49 

elements in varnish and underlying rock. (A) A mafic example, basalt from Babbitt Ranch, AZ; 50 

the sample shown in Fig. 1. (B) A felsic example, rhyolite from Black Canyon, NM; the sample 51 

shown in Fig. S2A. Varnish is comprised primarily of manganese and iron oxides (reflected in 52 

the Mn and Fe channels, respectively) and clay minerals (reflected in the Si, Al, and Mg 53 

channels). Detrital grains are embedded in the laminated cement. The high manganese content 54 

occurs in the cement itself, not the detrital grains.  55 
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 59 
Figure S4: Sulfur distribution and speciation as a biosignature in varnish. (A) NanoSIMS images 60 

of the sample shown in Figs. S2A and S3B, to visualize the distribution of lighter elements 61 

indicative of biomass. Of the major biological elements, carbon and nitrogen signals are 62 

overwhelmed by background resin, but the resin is extremely poor in sulfur content; that, plus 63 

the high ion-yield of organic matter enables 32S ion images to provide a measure of organic 64 

matter native to the varnish. (B) Sulfur K-edge XANES spectra from two varnish thin sections. 65 

These spectra demonstrate complex sulfur speciation in varnish, with both oxidized and reduced 66 

organic species that are consistent with biological material, in addition to sulfate salts. (C) Sulfur 67 

K-edge spectra taken on Chroococcidiopsis cells, representing the dominant source of biomass in 68 

varnish, exhibit the same organic sulfur moieties we observed in varnish. 69 
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 73 
Figure S5: Nonmetric multidimentional scaling (NMDS) ordination analyses of 16S rRNA gene 74 

amplicon data to visualize variance. Each point represents the microbial community recovered 75 

from a sample; relative proximity between points indicates their similarity. (A) The varnish 76 

microbial community is distinct from that in surrounding soils, regardless of sample location or 77 

rock type. Rinsing the varnished rocks with sterile water to remove surficial dust further 78 

increased NMDS separation between varnish and soils. Thus, the remainder of our DNA 79 

analyses focused on washed varnish samples, to more accurately target taxa endemic to varnish. 80 

The analysis of similarities (ANOSIM) statistic R for soil vs. unwashed varnish = 0.4265, p = 81 

0.001; and soil vs. washed varnish = 0.5442, p = 0.001. (B) Washed varnish and surrounding soil 82 

samples colored by sample location. (C) Washed varnish samples alone, colored by rock type. 83 

Among varnish samples, we observed some higher order clustering based on rock type and 84 

location.  85 
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 89 
Figure S6: Phylum level community composition of (A) varnish 16S rRNA gene amplicon 90 

reads, (B) surrounding desert soil 16S rRNA gene amplicon reads, and (C) varnish shotgun 91 

metagenome reads. The varnish community is dominated by bacteria, with eukaryotes 92 

comprising 2.4% and 30.5%, and archaea comprising <0.5% of metagenome reads.  93 
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 97 
Figure S7: Major families characterizing the varnish microbial community. (A-B) The most 98 

abundant families (average relative abundance > 0.5%) identified in 16S rRNA gene amplicon 99 

reads from varnish (A) and surrounding desert soils (B). (C) Linear discriminant analysis effect 100 

size (LEfSe) identifying families that contributed most strongly to the distinction between the 101 

microbial communities of varnish vs. soil. The family Xenococcaceae was a major constituent of 102 

the varnish microbial community across all rock types and locations examined, and was the 103 

strongest contributor identified by LEfSe as characterizing varnish relative to soil.  104 
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 108 
Figure S8: Metagenomic insights into varnish ecology. (A) We recovered 38 high quality MAGs 109 

from varnish shotgun metagenomes, 6 of which belonged to the Chroococcidiopsidaceae. Genes 110 

indicative of autotrophy are highlighted in green, showing that the Chroococcidiopsidaceae are 111 

the main primary producers and therefore keystone members of the ecosystem. Genes indicative 112 

of interactions with O2 and reactive oxygen species (heme-copper O2 reductase and/or bd O2 113 

reductases, catalase, and superoxide dismutase) are highlighted in yellow, demonstrating the 114 

strikingly aerobic nature of this ecosystem. Genes implicated in metal cycling processes, 115 

including MHC-porin complexes (B), Cyc2 homologs (C), high-potential MCOs (D), putative 116 

MCO-porin complexes (E), the COG2165 pilin system (F), and photosystem II (G), were also 117 

catalogued, along with counts of total cytochromes, largest MHC, and total MCOs in each 118 

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

study. Tree includes cultured strains we used to investigate intracellular manganese accumulation 125 

and speciation (model organism Synechocystis sp. PCC 6803, Chroococcidiopsis strains Ryu 1-3 126 

and PCC 7433, and the deep branching Gloeobacter violaceous PCC 7421), along with the most 127 

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

respectively). 129 
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 133 
Figure S10: Additional paramagnetic resonance data. (A-B) Absorption display CW EPR 134 

spectra. The frozen solution EPR spectra of Mn-(H2O)6, Mn-HCO3, Mn-Pi, and Mn-polyP are 135 

representative exemplars for H-Mn2+ complexes with six sharp peaks (Mn2+ hyperfine lines) 136 

riding on a ~4 kG ‘skirt’. Both Deinococcus radiodurans and all of our cyanobacterial strains 137 

(Synechocystis included as representative example) displayed cellular Mn EPR spectra indicative 138 

of this type of manganese speciation. In contrast, L-Mn2+, including strongly chelated (e.g. Mn-139 

EDTA) and protein-bound (e.g. MnSOD) Mn2+ display spectra which go well beyond the “H” 4 140 

kG skirt, both at low and high magnetic fields. In Escherichia coli, the much broader skirt 141 

around the Mn2+ hyperfine lines relative to Deinococcus and Synechocystis indicates 142 

significantly more manganese bound to strongly chelating ligands or proteins. (C) 3-pulse 143 

ESEEM timewaves, which show modulations arising from 14N hyperfine coupling, as observed 144 

in a frozen solution of Mn-imidazole. None of the cyanobacterial strains examined here 145 

displayed 14N modulation, indicating a negligible population of nitrogenous ligands in the 146 

manganese environment. (D) 13C Mims ENDOR, characterizing Mn-13C coupling in 13C-labelled 147 

Synechocystis. The region centered around the 13C Larmor frequency shown with two gray 148 

stripes (denoted as “13C bound”) is similar to that observed for standard Mn2+ complexes with 149 
13C-labelled bicarbonates and organic molecules, and is indicative of manganese bound to 150 



carboxylate ligands. The high central peak at the 13C Larmor frequency (denoted “13C nearby, 151 

not bound”) arises from the nearby 13C nuclei that are not coordinated to manganese, suggesting 152 

that these ligands might be multi-C molecules such as small organic acids. 153 

 154 
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Supplemental Text 158 

A. Building on previous hypotheses of varnish formation 159 

Varnish genesis is the topic of a substantial body of previous work, which has shed 160 

important light on a wide range of sedimentary, geochemical, and biological factors. Analyses of 161 

accretionary microtextures (1–3) and trace element and isotopic compositions (4–7) 162 

demonstrated that the material comprising varnish originates from dust external to the host rock, 163 

mediated by atmospheric precipitation. Other studies examined the importance of silica in the 164 

varnish material, proposing processes of silica dissolution, gelling, condensing, and hardening as 165 

controlling the development of such rock coatings (8, 9). The presence of biology in varnish has 166 

been documented by various techniques including culturing (10, 11), DNA analyses (10, 12–16), 167 

and SEM imaging of filamentous and coccoidal forms (2, 10, 17); and a role for microbes in 168 

binding together the oxides and clay minerals that comprise varnish has been suggested (18). 169 

Several different mechanisms for the enrichment and oxidation of manganese have been 170 

proposed; this includes both biological and abiotic processes. Hypotheses attributing the 171 

manganese in varnish to biological activity generally invoke microbial manganese oxidation (10, 172 

11, 19–22). Model organisms like Bacillus sp. SG-1 and Pseudomonas putida MnB-1 strains are 173 

known to oxidize Mn2+ extracellularly (Fig. S8E)—generating manganese oxides that 174 

accumulate on their exosporia or glycocalyx, respectively (23). Previous studies have isolated 175 

similar bacteria from varnish (10, 11), and suggested that manganese oxide encrusted microbes 176 

could provide the manganese source for the varnish cement (18). Fungi are also known to 177 

oxidize manganese (24, 25), and have similarly been implicated in varnish (20, 26). In contrast, 178 

abiotic models of varnish formation have advocated thermodynamic arguments for the 179 

preferential mobility of manganese at certain pH regimes, enabling the enrichment of manganese 180 



from dust deposited on the rock surface through water leaching (7). The abiotic oxidation of 181 

manganese can be catalyzed by either mineral surface coordination (27) or photochemistry (28), 182 

both of which have been invoked in varnish hypotheses. Many of these processes could 183 

contribute to varnish accretion and manganese oxidation, however, none of them entirely explain 184 

the high concentrations and specific enrichment of manganese in this material. 185 

It has been argued that the very slow rate of varnish formation rules out mechanisms 186 

based on biological processes that are known from laboratory experiments to proceed at more 187 

rapid rates (7, 18, 29). However, it is important to note that rates of microbial activities under 188 

idealized laboratory conditions are not necessarily representative of the natural environment (30). 189 

Most cells in the environment are not actively growing exponentially most of the time. 190 

Especially in harsh environments, such as those relevant to varnish formation. In this context 191 

microbial growth can be very slow, and limited by water availability or nutrient availability, or 192 

inhibited by excessive heat or radiation. The relatively rapid growth rates we can sometimes 193 

achieve in the laboratory enable us to study processes that might otherwise happen too slowly to 194 

capture on experimental timescales—but this has very little bearing on how quickly such 195 

processes might be occurring in the environment.  196 

 197 

B. Genomic insights into manganese cycling in the varnish ecosystem 198 

Our synchrotron data indicated that manganese redox cycling (both oxidation and 199 

reduction) not only contributes to the formation of varnish, it continues in well-developed 200 

varnish—hinting that the varnish is characterized by unique opportunities for biology to interface 201 

with manganese redox cycling. Biological processes can catalyze both reductions and oxidations 202 

of manganese. In order to better understand which manganese redox reactions might be mediated 203 



by varnish community members, we searched for genomic hallmarks of known biological metal 204 

cycling processes in our varnish metagenomic datasets. This included both reactions that could 205 

be directly coupled to cellular energy conservation, and reactions catalyzed by enzymes but not 206 

directly involved in energy metabolism.  207 

Coupling metabolic processes to redox reactions of insoluble, extracellular metal oxides 208 

requires the ability to transport electrons into or out of cells. This process has been best studied 209 

in the model systems for dissimilatory metal oxide reduction—Shewanella and Geobacter, that 210 

use large multiheme cytochromes (MHC) embedded in outer membrane beta barrel porins as 211 

conduits between their electron transport chains and extracellular electron acceptors (Fig. S8B) 212 

(31). A similar biochemical strategy for extracellular electron transfer (EET) has been identified 213 

in organisms with metabolisms based on both iron and manganese oxidation (32, 33). None of 214 

our varnish MAGs were phylogenetically associated with known EET capable organisms, 215 

however this trait is broadly distributed throughout many bacterial phyla. Therefore, we used a 216 

gene-centric method to assess EET capability—an approach similar to the strategy employed in a 217 

recent survey of neutrophilic iron oxidizer genomes (32). We specifically screened for the porin 218 

proteins from known MHC-porin complexes MtrB (Shewanella oneidensis) (34), MtoB 219 

(Sideroxydans lithotrophicus) (35), and PioB (Rhodopseudomonas palustrus) (36), along with 220 

PCC3 and PCC4, hypothetical porin-cytochrome complex gene clusters from other known iron 221 

oxidizers (32). We also screened more generally for any MHCs by counting the occurrence of 222 

heme binding domains (CxxCH motifs), and determined whether or not these fell within gene 223 

clusters that also contained predicted beta barrel porins. Notably, we did not detect any MHCs 224 

with greater than 10 hemes—a characteristic of many organisms capable of EET—and none of 225 

our predicted MHCs resided in porin-MHC gene clusters. This suggested that microbial 226 



metabolisms based on EET via large MHCs are uncommon in varnish—far rarer than in soils 227 

and sediments. 228 

The dearth of organisms exploiting the oxides in varnish for dissimilatory metal reduction 229 

is understandable given that varnish appears to be a thoroughly aerobic environment—O2 will 230 

always be a better electron acceptor for respiration. Unlike the anaerobic sediment environments 231 

wherein dissimilatory metal reduction is an important biogeochemical process, varnish may 232 

present a habitat with different opportunities for metal cycling. In this setting, biological 233 

manganese reduction might be more likely to occur via processes aimed at mobilizing and 234 

assimilating manganese rather than for core energy metabolism. 235 

Pili have been implicated in metal reduction in Geobacter (Fig. S8D), and a pilin system 236 

in Cyanobacteria—homologous to the one from Geobacter—has been proposed to allow 237 

Synechocystis sp. PCC 6803 to grow on manganese oxides as their sole manganese source, 238 

presumably via reductive dissolution (37). While the role of pili in metal reduction has been the 239 

topic of some controversy (38), it is worth noting the presence of these pilin proteins (COG2165) 240 

in several of our varnish MAGs, including 5 of the 6 Chroococcidiopsiaceae MAGs.   241 

Not all known iron oxidizing organisms use large MHCs—another strategy for EET 242 

involves an outer membrane cytochrome with a single heme bound in the center of a beta barrel 243 

porin that transfers electrons from iron to other small periplasmic cytochromes (Fig. S8C). In 244 

principle, an analogous system can be imagined for manganese, though one has not as yet been 245 

identified. We used BLAST to search for the outer membrane cytochromes Cyc2 246 

(Acidothiobacillus ferrooxidans) (39), Cyt572 (Leptospirillum spp.) (40), and Cyc2PV-1 247 

(Mariprofundus ferrooxydans PV-1) (41), all distant homologs broadly found in iron oxidizers. 248 

No significant hits for these proteins were identified in any of our MAGs.  249 



We also counted total putative c-type cytochrome encoding genes in each MAG, because 250 

it has been observed that organisms involved in metal redox cycling tend to have an abundance 251 

of these genes (e.g. 111 in Geobacter sulfurreducens and 42 in Shewanella oneidensis) (42, 43). 252 

Some of our MAGs were comparably rich in c-type cytochromes, including some MHCs with up 253 

to 7 CxxCH motifs. One MAG of the Chitinophagaceae had 52 cytochromes, the largest with 7 254 

heme binding domains; and one MAG of the Armatimonadota had 48 cytochromes, the largest 255 

with 5 heme binding domains. Our Chroococcidiopsiaceae MAGs were fairly rich in 256 

cytochromes as well—the 4 Chroococcidiopsiaceae MAGs with > 93% completeness had 32, 32, 257 

41, and 44 cytochrome genes, respectively.  258 

Other known modes of microbial manganese oxidation use extracellular or outer 259 

membrane multicopper oxidase (MCO) enzymes to catalyze manganese oxidation (Fig. S8E) 260 

(44). This reaction is not coupled to metabolic energy conservation, and therefore does not 261 

require a mechanism of EET. A hypothetical porin-MCO complex has been proposed, suggested 262 

to function similarly to the porin-MHC complexes known to engage in EET, but currently lacks 263 

experimental support (Fig. S8F) (32). This hypothetical system is homologous to PcoAB, a 264 

periplasmic copper detoxification system. We specifically screened for MnxG (Pseudomonas 265 

putida GB-1) (45), CotA (Bacillus pumilus WH4) (46), MoxA (Pedomicrobium sp. ACM 3067) 266 

(47), McoA (Pseudomonas putida GB-1) (45), and MofA (Leptothrix discophora, with high 267 

homology to OmpB from Geobacter sulfurreducens), as MCOs implicated in manganese 268 

oxidation, along with PcoAB; we also screened for MCOs more generally, as determined by 269 

cupredoxin domains annotated in KBase. We identified MoxA, a protein known to exhibit 270 

manganese oxidation and laccase activity, in 5 of our MAGs, and PcoAB in two of them. Other 271 

MCOs are present in many of our MAGs (including 5 of the 6 Chroococcidiopsiaceae MAGs), 272 



but given the catalytic breadth of this diverse family of enzymes, we hesitated to draw definitive 273 

conclusions about their specific functions based on genomic data alone.  274 

The Cyanobacteria provide an additional mechanism for manganese oxidation that has 275 

not previously been discussed in the context of varnish—photosystem II oxidizes manganese 276 

(Fig. S8G), as exemplified by the photoassembly of the Mn4CaO5 cluster that enables water 277 

oxidation (48). There are several lines of evidence that oxygenic photosynthesis evolved in the 278 

ancestors of the Cyanobacteria from a version of anoxygenic photosynthesis based on manganese 279 

oxidation (49, 50), and it is possible this metabolism still exists in their modern decedents. 280 

Oxygenic phototrophs are often thought of as having an unlimited electron donor for 281 

photosynthesis, but under arid conditions water is scarce, and maintaining the ability to use 282 

manganese as an alternative electron donor might be useful. Thus, we propose an additional 283 

potential function for cyanobacterial manganese accumulation, particularly in the extremophilic, 284 

desiccation-resistant Chroococcidiopsis: these taxa might stockpile an electron reservoir to 285 

enable photosynthetic electron transport without using up water. This, along with the 286 

observations of a H-Mn2+ antioxidant system, suggests two potential physiological reasons that 287 

extreme manganese accumulation could be a useful ecological strategy for cyanobacterial 288 

survival in the arid, oxidizing environments where varnish forms.  289 

 290 

C. Mn2+ speciation probed by paramagnetic resonance techniques 291 

The EPR spectra of H-Mn2+ complexes discussed here are characteristic of an S = 5/2 ion 292 

with small zero-field splitting (ZFS), with the principal ZFS parameter, D, much less than the 293 

microwave quantum (hν) (51). Such spectra show a central 55Mn (I = 5/2) sextet arising from 294 

hyperfine interactions, A ∼ 90 G, that is associated with transitions between the ms = +1/2 and 295 



−1/2 electron-spin substates. These features ride on, and are flanked by, significantly broader 296 

wings—signals from the four satellite transitions involving the other electron-spin substates (ms 297 

±5/2 ⇔ ±3/2; ±3/2 ⇔ ±1/2). The net absorption spectrum is the sum of the five envelopes of 298 

these five transitions among substates. The cellular Mn2+ EPR spectra of all Cyanobacteria 299 

showed a resolved six-line 55Mn hyperfine pattern centered at g-2 (~12 kG) riding on relatively 300 

narrow wings extending to both high and low magnetic field with a total field span of 4 kG, 301 

features which are suppressed in the derivative-mode CW EPR spectra (Fig. 3B). Frozen 302 

standard solutions of Mn2+ complexed with orthophosphate, polyphosphate, and bicarbonate 303 

show similar high-symmetry EPR spectra with relatively narrow wings (Fig. S10A). Much 304 

broader wings are seen in low-symmetry complexes with chelating ligands (such as EDTA) and 305 

proteins (such as MnSOD) (Fig. S10A-B).  306 

The frozen solution ENDOR spectrum of an I = 1/2 nucleus, such as 31P, 13C, 1H, coupled 307 

to S = 5/2 Mn2+ comprises a set of doublets centered at the nuclear Larmor frequency, each split 308 

by a multiple of the electron-nuclear hyperfine coupling (A). The primary doublet is associated 309 

with the ms = ±1/2 electron spin sublevels of Mn2+ and is split by A; weaker satellite doublets 310 

associated with the ms = ±3/2 and ±5/2 sublevels are split by 3A and 5A. All spectra in this study 311 

displayed 1H signals that could be assigned to the protons of bound water (Fig. 3C). For a 312 

phosphate moiety bound to a Mn2+ center we focused on the sharp ms = ±1/2 31P doublet. The 313 

relative intensities of 31P and 1H signals provided a means of assessing Mn2+ speciation (52). 314 

A 14N nucleus (I = 1) directly coordinated with Mn2+ creates modulation in the electron spin echo 315 

decay, which is dominated by 14N hyperfine interaction (53). To quantitate 14N ESEEM 316 

responses from cellular Mn2+, we chose as a standard the 14N response from the Mn-imidazole 317 

complex, which binds one imidazole and (presumably) five waters. Mn-imidazole showed a 318 



strong time dependent modulation signal; no such signal was observed in any of the 319 

cyanobacterial samples (Fig. S10C). The absence of such a signal indicated that manganese 320 

resides in locations without a significant pool of nitrogenous ligands. 321 

 322 

D. Cell biological insights suggest the cyanobacterial Mn2+ pool is periplasmic 323 

The massive pool of manganese that we observed to accumulate in cyanobacterial cells is 324 

unlikely to be either cytoplasmic or extracellular. In the cytoplasm, where the cyanobacterial 325 

carbon concentrating mechanism accumulates substantial HCO3
- (54), such a high abundance of 326 

Mn2+ would precipitate MnCO3 minerals. Furthermore, the cytoplasm contains polyphosphate 327 

granules, which have a high affinity for Mn2+ (55–58). We did not observe such minerals, nor 328 

any manganese complexed by phosphates, in any of the cyanobacterial strains we examined. The 329 

manganese speciation that we did see— manganese complexed by small organic acids—is 330 

unlikely to be extracellular. Thus, we concluded that this manganese pool is most likely 331 

periplasmic.  332 

Building on this is another line of evidence; this manganese pool cannot be disrupted by a 333 

vigorous water wash, supporting the interpretation that it is intra rather than extracellular. 334 

However, ~80% of it can be extracted with an EDTA wash, which is consistent with a 335 

periplasmic pool but not a cytoplasmic pool (59). Furthermore, a transporter that keeps 336 

manganese in the periplasm rather than the cytoplasm is known to be an essential aspect of 337 

manganese homeostasis in Cyanobacteria (60). 338 

 339 

E. Relevance to Mars and astrobiological implications 340 



Many previous studies have highlighted the resemblance of varnish to phenomena 341 

observed on Mars (9, 17). However, while many dark, shiny rocks have been observed on Mars, 342 

these are largely ventifacted rather than coated. Varnish itself (defined as a mixture of 343 

manganese and iron oxides and clay minerals) has not been definitively identified on Mars, and 344 

indeed only one instance of a potentially high- manganese surface coating has been found (61). 345 

The definitive manganese oxide phases that have been discovered on Mars do not appear to be 346 

associated with surface exposures, rather they precipitated in the subsurface (62). Therefore, we 347 

hesitate to assert any strong astrobiological interpretations for biological processes underpinning 348 

terrestrial varnish.  349 

 350 
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