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8 Abstract: Nitrate is rich in Mars sediments owing to long-term atmospheric photolysis, oxidation,

9 and deposition coupled with a lack of leaching via rainfall. The Atacama Desert in Chile, which is
10 similarly dry and rich in nitrate deposits, is used as a Mars analog in this study to explore the
11 potential effects of high nitrate levels on microbial growth. Seven study sites sampled across an
12 aridity gradient in the Atacama Desert were categorized into 3 clusters — hyperarid, intermediate,
13 and arid sites, as defined by major elements in the regolith, associated biomass, and precipitation.
14 Intriguingly, the distribution of nitrate concentrations in the shallow subsurface suggests that the
15 buildup of nitrate is not solely controlled by precipitation. Correlations of nitrate with SiO2/Al20s
16 and grain sizes suggest that sedimentation rates are also important in controlling nitrate
17 distribution. At arid sites receiving more than 10 mm/yr precipitation, rainfall shows a stronger
18 impact on biomass than nitrate does. However, high nitrate to organic carbon ratios are generally
19 beneficial to N assimilation as evidenced both by soil geochemistry and enriched culturing
20 experiments. This study suggests that even in the absence of precipitation on contemporary Mars,
21 the nitrate levels are sufficiently high to benefit potentially extant Martian microorganisms.
22 Keywords: nitrate; Mars; Atacama Desert; sedimentation rates; biomass preservation;

23 extremophiles
24

25 1. Introduction

26 Nitrogen (N) is one of the essential elements in amino acids and nucleic acids, which are
27  fundamental building blocks for terrestrial life. Nitrogen constitutes only 2.6% of the Martian
28  atmosphere [1], which is much lower than the 78% of nitrogen on Earth, and therefore might be
29  considered as limiting to (past or present) Martian life [2]. Additionally, N2 is a fairly inert molecule,
30  and it is uncertain if other biospheres would necessarily have developed the ability to enzymatically
31 convert it into bioavailable forms. However, nitrate salts, which form an abundant component of
32 Martian sediments [3], could provide the dominant N source to potential Martian life.

33 The Atacama Desert has been used as a terrestrial Mars analog for exoplanet studies since 2003
34 [4] due to its extreme dryness and high UV flux. The Atacama Desert occupies around 105,000 km? of
35  northern Chile, and is enclosed by two mountain rain shadows (the Coastal Cordillera and
36  Altiplano/Andes Mountains) [5]. Due to this unique geographic location, the Humboldt current and
37  the Pacific anticyclone [6], the Atacama has remained dry for the past 150 Myr [7] and extremely dry
38 (with annual precipitation at the low elevation hyperarid core less than 2 mm [8]) for more than 10
39 Myr [9]. Within the hyperarid core, Yungay region is studied the most as a dry limit of life with the
40  mean annual precipitation as low as 0.7 mm during typical dry years (1994-1998) [6]. In addition,
41  both the high and low altitude Atacama Deserts are exposed to extreme surficial UV irradiation as
42 high as ~150 kWh/m? in the UV-A (315-400 nm) and ~5 kWh/m? in the UV-B (280-315 nm), more
43  than 40% greater than the average UV-B intensity in northern Africa [10]. UV irradiation in these
44 bands can both destroy organic matter [11,12] and photochemically produce oxyanions such as
45  nitrate [4,13].
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46 Nitrate was recently detected in mudstone deposits at Gale Crater on Mars at levels of 70 to
47 1,100 ppm by the Mars Science Laboratory [3]. Similar nitrate levels were determined in Martian
48  meteorites such as EETA79001 [14] and Tissint [15]. These levels are very close to nitrate levels
49  measured in Atacama sediments during previous studies [13,16-18]. The large repositories of nitrate
50  in the Atacama Desert are a product of atmospheric photolytic reactions, as indicated by the
51  anomalous A”O signals in Atacama salts [13,16]. Analogous processes are hypothesized to occur on
52 Mars [19], although it is difficult to match the inferred NOs/ClOs ratios using purely gas-phase
53  chemistry [20]. Since rainfall is extremely limited in the Atacama Desert, atmospherically-produced
54 salts are not solubilized as elsewhere on Earth, and can build up to very high levels [21,22]. We
55 propose that the high levels of nitrate that build up under these hyperarid conditions could provide
56  the dominant source of bioavailable N for local microbial communities, both in surface regolith and
57  atdepth.

58 Nitrate acts not only as a source of N for biomass production, but also an energy source for life
59  in chemotrophic metabolisms. Being an oxidizing agent, nitrate is an important electron acceptor in
60  nature [23]. Nitrate (or nitrite) can be used in chemotrophic metabolisms such as denitrification,
61 dissimilatory reduction of nitrate to ammonium (DNRA), and anaerobic ammonium oxidation
62  [24,25]. Therefore, beyond its universal importance in biomass production, nitrate can further
63  stimulate the growth of microorganisms that utilize these chemotrophic metabolisms.

64 Previous workers have identified a wide range of microorganisms persisting in Atacama Desert
65  soils, even within the hyperarid setting. Actinobacteria are generally the predominant bacterial
66  phylum in the hyperaird core of the Atacama Desert [26-30], with most of the detected species
67  belonging to the genus Frankia [26]. Other common dominant bacteria are from Chloroflexi [31],
68 Gemmatimonadetes,  Planctomycetes  [32],  Proteobacteria, — Firmicutes [33], Aquificae, and
69  Deinococcus-Thermus [28]. Cyanobacteria, especially those from genus Chroococcidiopsis, have been
70  identified in both hypolithic [34-36] and endolithic environments [37,38]. Prokaryotic species found
71 in the surface layer of the Atacama Desert include more irradiation-tolerant bacteria, such as
72 Geodermatophilaceae and Rubrobacter, while more halophilic or halotolerant bacteria (e.g.,
73 Comamonadaceae, Bacillaceae, and Alicyclobacillaceae) and archaea (e.g., Halobacteria) were usually
74 detected at depths of 20 to 100 cm [39]. Many of these taxa can perform denitrification, assimilatory
75 and dissimilatory nitrate reduction (Kyoto Encyclopedia of Genes and Genomes, [40]). However, the
76  activity of microbial nitrate reducers is generally inhibited when the nitrate pool increases up to
77 thousands of parts per million [17,41], like in some regions in the Atacama Desert.

78 Previous studies suggest that microbial metabolic activity fluctuates episodically with relative
79  soil humidity [39]. Because of low organic C/N ratios, the Atacama soils are assumed to be C-limited
80  with very slow carbon cycling [42]. Microbial C mineralization remains at low levels even with
81  enhanced moisture input. Compared to less arid regions, the microbial communities from the
82  hyperarid core usually have higher exogenous organic C uptake activities [43]. Ancient aquatic
83 species-related [44] microbial biofilms [45] and UV-resistant microorganisms [46,47] are discovered
84  from the Atacama Desert. These organic sources should persist for a long time [48]. With little
85  external input, leaching and subsurface decomposition [42], organic C in Atacama soils should
86  mostly derive in situ. Thus, organic C contents can directly reflect the active biomass of native
87  microbial communities.

88 The majority of previous investigations into microbial N cycling have focused on marine or
89 terrestrial environments, where liquid water is abundant or non-limiting and nitrate is aqueous or
90 easily solubilized [49,50]. Here we investigate the effects of nitrate on microbial growth in a
91  hyperarid-arid Mars analog environment, to investigate how microorganisms survive in a
92  water-limited, oligotrophic environment with high levels of nitrate [16]. We combine a number of
93  geochemical and microbiological methods to study how nitrate accumulation as a result of rain
94  limitation and long-term atmospheric deposition impacts the microbial abundance and growth rates
95  in these soils.

96 2. Materials and Methods
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97 2.1. Study sites

98 Seven sites were sampled in the Atacama Desert, on a latitudinal gradient from 22°S to 29°S

99  (Figure 1), between the 30 Nov and 6t Dec of 2017, half a year after an unprecedented rainfall event
100  (centered on the region of Yungay, during 5% to 8t Jun of 2017) [17]. From the hyperarid north to the
101  arid south, the sites are Marfa Elena South (MES), Point of No Return Dos (PONR-2), Yungay,
102 Transition Zone 0 (TZ-0), Transition Zone 4 (TZ-4), Transition Zone 5 (TZ-5), and Transition Zone 6
103 (TZ-6). In each site, 3 pits were dug to 20 cm depth for sampling. Samples for geochemical analyses
104  were sampled from homogenized 10 to 20 cm depth with non-sterilized spades and collected in
105 clean plastic bags. Samples for cell spreading experiments were sampled at one sampling pit at each
106  site with ethanol-sprayed spades and collected in sterile Whirl-Pak® bags (Nasco, Fort Atkinson,

107 USA).
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108 Figure 1. Seven study sites (MES, PONR-2, Yungay, TZ-0, TZ-4, TZ-5, and TZ-6) from the Atacama
109 Desert, northern Chile.
110 Rainfall was the most important environmental variable we chose for site characterization.

111  Annual precipitation information (Table 1) for each sampling site was determined from the nearest
112 rain gauge(s) between the years of 1940 and 2017 (the sampling date) from Explorador Climéatico,
113 Center for Climate and Resilience Research (http://explorador.cr2.cl/). Daily precipitation during the
114  unprecedented rainfall event (5-8 Jun 2017) was also recorded, although we acknowledge that the
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115  gauging station data are quite sparse in the hyperarid core of the desert, and there may be local
116  heterogeneity in rainfall distribution.

117
118 Table 1. Site characterization (showing terrestrial coordinates, altitude, estimated annual
119 precipitation, grain size (mean + SD), SiO2/Al20s ratios, pH, and electrical conductivity).
. Lati- Longi- Alti- Pre?ipi- Precipitation Co.m.iuc- Gl:ain Si0y/ NO TOC TN
Site tude tude tude tation (mm/day) pH tivity size ALOs  (ppm) (ppm) (ppm)
(m) (mm/yr)  (5-8 Jun 2017) (mS/cm) (um)
MES S22° W 69° 1493 0.7 0.4 9.5 6.6 5204325  4.47 110 59 29
15' 43'
50.7" 27.3"
PONR- S523° W 69° 1493 1.1 2.9 9.2 19 564+438  3.96 220 94 61
2 04' 35'
21.3" 21.1"
Yungay S24° W 69° 1007 2 5.3 9.1 18 5724563  3.96 20 76 42
05' 59'
18.4" 40.1"
TZ-0 S 26° W 70° 1106 10 1.7 10.5 0.94 561+379  3.94 1.9 120 42
19' 00'
19.9" 46.2"
TZ-4 S27° W 69° 1658 15 29 9.2 19 324+155  3.66 5000 210 88
03' 55'
23.4" 22.0"
TZ-5 S27° W 70° 588 20 2.1 10.1 8.4 4374335  4.47 10 790 89
36' 26'
18.4" 449"
TZ-6 S 28° W 70° 658 30 0.6 10.1 8.0 503+342  4.30 78 1400 170
24/ 43'
36.0" 37.3"

120  2.2. Soil characterization

121 The pH of soils was measured in triplicate by FiveGo pH meter F2 (Mettler Toledo, Columbus,
122 Ohio, USA) and the electrical conductivity was measured in triplicate by HI-98129 Pocket EC/TDS
123 meter (Hanna Instruments Ltd, Leighton Buzzard, England) (Table 1).

124 X-ray fluorescence (XRF) was conducted for major element determination. For XRF analysis,
125  soil samples were crushed using a Planetary Micro Mill PULVERISETTE (FRITSCH, Germany) and
126  sieved through a 355 um sieve. The sieved samples were first combusted to eliminate all organics,
127  sulfur, water and other volatiles. Ashed samples were fused with Lithiumtetraborate 50% /
128 Lithiummetaborate 50% (T50/M50) (FLUXANA, Scientific & Medical Products Ltd, Stockport,
129  England). Major elements were determined on fused pellets using a SPECTRO XEPOS XRF
130  Spectrometer (SPECTRO Analytical Instruments, Kleve, Germany). Counting errors were
131 determined in comparison with the errors in the calibration. The deviations on the BR, GSP-2, and
132 NIST SRM 2711 standards [51] were used for accuracy and precision assessments.

133 High-resolution pictures of soils that were washed to clear the dust coverage were taken under
134 a VHX-2000 Digital Microscope (KEYENCE UK & Ireland) (Figure Sla, ¢, €, g, i, k & m). Four view
135 fields were randomly chosen from each soil sample. Diameters of fifty particles were measured from
136  each view field. In total, 200 particle diameters from each site were measured as a reference of grain
137  size (Figure S1b, d, f, h, j, | & n).

138  2.3. Nitrate measurements

139 Soil samples for nitrate concentration measurements were sieved with a 1.4 mm stainless steel
140  sieve. To extract the nitrate, sieved samples were suspended and mixed well in 18.2 MQ/cm
141  resistance ultrapure water (Merck Millipore, Burlington, Massachusetts, USA) using a 10:1 dilution
142  factor, and shaken for 45 minutes at 200 rpm at 40°C. After centrifugation at 4,000 rpm for 10 min,
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143  the supernatant of the soil suspension was filtered through a 0.20-micron filter. All implements that
144 touched samples were triple rinsed in ultrapure water prior to contact. Nitrate concentrations were
145  measured in triplicate on this filtered solution by Ion Chromatography via a Metrohm 930/889
146  IC/Autosampler (Metrohm AG, Switzerland), with a 150 mm Metrosep A Supp 5 separation column
147 (4 mm bore) using 3.1 mM Na2COs/ 1 mM NaHCO: eluent at a flow rate of 0.7 mL/min. Peak areas
148  were calibrated for nitrate concentrations with nine standards prepared in laboratory and measured
149  in triplicate by the same Ion Chromatography method.

150  2.4. Total organic carbon (TOC) and total nitrogen (TN)

151 For TOC and TN analyses, finely-ground soil samples were decarbonated by adding 2 M HCI
152  and sonicating for 30 min. Extra HCI was removed by washing three times with ultrapure water. All
153  soluble salts, including nitrate, were similarly washed away after decarbonation. Hence our TN
154  measurements do not include nitrate but only organic- and clay-bound nitrogen. TOC and TN were
155 measured in an elemental analyzer (EA) Isolink coupled to a MAT253 isotope ratio mass
156  spectrometer (IRMS) via a Conflo IV (Thermo Fischer Scientific, Bremen, Germany) in triplicate.
157  Peak areas were calibrated for C and N abundances with multiple aliquots of the international
158  reference material USGS-41. Isotopes will not be reported in this study.

159  2.5. Nitrate amendments and colony forming units (CFUs)

160 About 10 g of our sterilely-collected soil from each sampling site was amended with 4.5 mL of
161 sterilized 10% sodium nitrate and 4.5 mL of sterilized ultrapure water (as a control) and left for 4
162  days at 21°C. Soils were then refrigerated at 4°C. Duplicate amended soils and original soils without
163  amendments were suspended in sterilized ultrapure water by an applicable dilution factor and
164  spread on ultrapure agarose (15 g/L Agarose), Luria-Bertani agar (15 g/L Agar, 10 g/L Tryptone, 5
165  g/L Yeast Extract, 5 g/L. NaCl), and plate count agar (9 g/L Agar, 1 g/L Dextrose, 5 g/L Tryptone, 2.5
166  g/L Yeast Extract) plates, sealed, and left at 21°C. Colonies were counted after 20 days of growth [27].
167  CFUs were calculated by multiplying the number of colonies formed on agar plates by the
168  corresponding dilution factor, and a factor 1.45 to account for the addition of 4.5 mL of solution to 10
169 g of soil. The relative microbial growth rate is defined as the difference of CFUs between samples
170  inoculated with nitrate amendments and those treated with water only (controls) on a logarithmic

171  scale.

172 2.6. Principal component and multiple regression analyses

173 Data from sampling sites were analyzed using the OriginPro 2018 software [52] by principal
174 component analysis (PCA) using XRF results (Table S1), TOC, TN, and mean annual precipitation as
175  primary environmental variables. Since the annual precipitation only has one column input to the
176  PCA analysis but it is the most fundamental variable in this study, we used the two principal
177  components that assign the highest weight to precipitation for site clustering.

178 Multiple regressive analyses were run using IBM SPSS Statistics 25 software [53] to examine
179  statistical bases for the following: (1) how mean annual precipitation, grain size, and quartz to clay
180  ratios affect nitrate distribution across a humidity gradient; and (2) how rain and nitrate affect TOC
181  or culturable cell counts.

182  2.7. Path analyses

183 In addition to measurable variables, countless latent variables exist. We therefore applied path
184  analysis to our data, which can provide a more unbiased summary analysis covering
185  variance-covariance, correlation, and regression, usually used in social sciences [54], biological
186  sciences [55], and medical sciences [56]. Path analysis can elucidate complex dependency or
187  codependency in a structural diagram, and provides a useful tool to help avoid false collinearity and
188  model oversimplification [57].
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189 In this study, path analyses were conducted in the IBM SPSS Amos 25 Graphics software [58]. In
190 the resulting plots, measured (observed) variables are represented by rectangles, while latent
191  (unobserved) variables are represented by round shapes. Latent variables are potential unknown
192 factors that could affect their targeted dependent variables and are referred to as “other” followed
193 by an ordered number. Single-headed arrows point from independent variables to the dependent
194  variable of regression analyses. The numbers on arrows indicate their regression weight; the
195  regression weights of latent variables were assigned to 1 at the beginning for standardization.

196 For the path analysis including CFUs, rain, nitrate and culturable cell counts, measured
197  variables were transformed with a logarithmic function. Path analysis was conducted for estimating
198  variances and regression weights of annual precipitation, native nitrate, and TOC on the relative
199  growth rate of the soil microorganisms on cell culture plates amended with excessive nitrate.

200 Annual precipitation may affect all the other variables, including native nitrate concentrations,
201  culturable microbes, and the response pattern of microbes to excessive nitrate amendments. Native
202  nitrate levels may also affect the culturable microbes and microbial response pattern to nitrate
203  amendments. Original culturable biomass may affect the response of the relative growth rates to
204  nitrate amendments. Single-headed arrows were drawn to illustrate these potential paths of
205  interdependence; their regression weights are marked with * symbol when the relationship is
206  statistically significant at a= 0.05 level, ** when statistically significant at a= 0.01 level, and *** when
207  statistically significant at a= 0.001 level.

208 Each measured variable is associated with one latent independent variable for detecting any
209  unknown factors that may directly affect the analyses. For example, “other1” refers to any errors that
210  are associated with rainfall data recorded by the closest climate station, “other2” to “other6” refer to
211  the unknown environmental factors (e.g., cation availability and many more) that may affect nitrate
212 concentration, biomass cultured on agar plates, and microbial relative growth rate to nitrate
213  amendments, respectively. The number listed beside each of the round shapes is the greatest
214 variance of the latent variable that allows them to have a 0.083 significance level, which is deemed
215  not too significant to overwhelm the effects of measured variables.

216 An additional path analysis was conducted in the same manner to summarize the dependency
217 relationships among annual precipitation, sedimentation rates, native nitrate concentrations, TOC,
218 and TN.

219  3.Results

220 3.1. Physical and chemical properties of the soils

221 Bulk physical and chemical properties of the Atacama soils at 10-20 cm depth are listed in Table
222 1. The measured pH in our study sites was between 9 and 10.5, and electrical conductivity varied
223  from 0.9 to 20 mS/cm. Mean grain size varied from 324 um in TZ-4 to 572 pm in Yungay. The
224 standard deviation in grain size is the lowest in TZ-4 and highest in Yungay.

225 On average, the sampled soils were composed of about 54.0% silicon (5i), 13.2% aluminium
226  (Al), 7.9% calcium (Ca), 5.4% iron (Fe), 3.1% sodium (Na), 2.3% magnesium (Mg), 2.3% potassium
227  (K), 0.65% titanium (Ti), 0.22% phosphorus (P), and 0.11% manganese (Mn) (Table S1). The
228  SiO/Al:O:s ratios varied from 3.5 (TZ-4) to 4.5 (MES and TZ-5) (Table 1).

229 Nitrate concentrations were highly variable, ranging from 2 ppm (at TZ-0) to 5,000 ppm (at
230  TZ-4) (Table 1). Nitrate distribution varied amongst the individual sites, but did not show any
231  significant correlation with both mean annual precipitation and the recent heavy rainfall (Figure 2).
232  Site TZ-4 in particular has an extremely high nitrate concentration. TOC and TN concentrations
233 ranged from 50 to 1,500 ppm and from 20 to 200 ppm, respectively (Table 1).
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234 Figure 2. The distribution pattern of nitrate as a function of (a) mean annual precipitation (1940-2017) and (b)
235 daily precipitation (5-8 Jun 2017) in the Atacama Desert.

236 3.2. Site categorization

237 Principal components 1 and 3 assign the highest weight to rain (0.89 and 0.37, respectively), so
238  we used these two components to cluster the 7 sampling sites. Following this method, 3 clusters
239  emerge: (1) sites with high Si, Al, Ca, Na but low annual precipitation (sites MES, PONR-2, and
240  Yungay); (2) sites with slightly more mafic minerals characterized by slightly elevated levels of Fe,
241 Mg, Mn, Ti, loss on ignition (LOI) and intermediate annual precipitation (sites TZ-0 and TZ-4); and
242  (3) sites with high K, P, TOC, TN, and annual precipitation (sites TZ-5 and TZ-6) (Figure 3). We
243 therefore refer to MES, PONR-2, and Yungay as “hyperarid” sites; TZ-0 and TZ-4 as “intermediate”
244 sites; and TZ-5 and TZ-6 as “arid” sites, which broadly captures the changes evident within other
245  aridity indexes such as the evaporation/precipitation ratios.

-0.5 0.0 0.5
24 404
—_ 402
=
N
T o0 0.0
™
[&]
o 4-0.2
2 404
4-0.6
-4 L] T L]
4 2 0 2 4
PC1 (33.8%)
246 Figure 3. Principal component analysis of sites based on major elements in the regolith, total organic
247 carbon (TOC), total nitrogen (TN), and annual precipitation. Principal components 1 and 3 assign the
248 highest weights to annual precipitation. We refer to the 3 sampling pits from MES as M1, M2, M3; PONR-2
249 as P1, P2, P3; Yungay as Y1, Y2, Y3; TZ-0 as T01, T02, T03; TZ-4 as T41, T42, T43; TZ-5 as T51, T52, T53;
250 TZ-6 as T61, T62, T63.
251  3.3. Cell counts on agar plates
252 Results of CFU counts are shown in Table 2. On ultrapure agarose plates, CFU counts ranged

253 from 0 to 1.62x10° without any amendments, from 0 to 3.57x10% on water control, and from 2 to
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3.15x10% with nitrate amendments. On Luria-Bertani agar plates, CFUs ranged from 17 to 2.39x105
without amendments, from 7 to 1.23x10¢ on water control, and from 0 to 3.27x105 with nitrate
amendments. Growth occurred on all plate count agar plates, with CFUs ranging from 167 to
2.90x106 without amendments, from 1.36x102 to 1.33x107 on water control, and from 15 to 2.47x10¢

d0i:10.20944/preprints201907.0292.v1

with nitrate amendments.

Table 2. Colony forming units (CFUs) on ultrapure agarose, Luria-Bertani agar, and plate count agar

plates without amendments, amended with water only, and amended with 10% sodium nitrate.

Typeof ) endment MES PONR-2 Yungay TZ-0  TZ-4  TZ5  TZ-6
culture plate
Ultrasus No 0 17 13 93 1.62x10° 80  1.42x10°
arpue Water 0 15 106 111 357x10° 87 667
agarose Nitrate 2 2 7 1.33x10° 3.15x10° 1.62x10° 2.93x103
L urinBertani No 17 28 33 91  239x105 2.95x10° 5.41x104
Water 7 7.08x10° 3.71x10° 491  1.23x106 1.17x10° 1.54x105
agat Nitrate 0 9.43x10° 197 290 4.88x10° 1.00x10¢ 3.27x105
No 167 190  5.17x10° 353  2.90x105 6.00x10° 2.72x105
Plate count
) Water 136x10° 856x10* 6.96x10¢ 638  1.33x107 1.25x105 4.12x10°
asa Nitrate 15 44 29 343 247x10° 6.96x10¢ 5.22x105

4. Discussion

4.1. Nitrate distribution and effects on microbial N assimilation

Soil samples of this study are collected at a depth of about 10 to 20 cm. This depth is not as
sensitive as the surface to geochemical input and output processes. Biosignatures are relatively
preservative at the shallow subsurface, as it is not easily transportable by wind and not directly
exposed to the extreme UV stress [28,30,33,39,59,60].

We characterized the 7 study sites into 3 clusters, based on the geochemical trends described
above: the hyperarid sites, including MES, PONR-2, and Yungay; the mafic intermediate sites,
including TZ-0 and TZ-4; and the arid sites, including TZ-5 and TZ-6 (Figure 3). The hyperarid core
of the Atacama Desert can be described as an analog to the late Hesperian/Amazonian Periods [61]
on Mars [4], with low humidity and large nitrate reservoirs. The arid and transitional sites, on the
other hand, are more analogous to regions of Mars where humidity or organic C levels might be
slightly elevated, perhaps analogous to a Noachian Mars [61]. Therefore, comparisons between the
hyperarid sites and arid/transitional sites provides insight into the strategies that potentially extant
microorganisms on Mars might use to respond to changes in humidity and nitrogen input.

Nitrate concentrations in our samples do not directly scale with precipitation estimates, as
might be expected (Figure 2). The massive rainfall events ~6 months prior to our sampling would
presumably have leached away the majority of nitrate in the shallow subsurface of the affected sites,
contributing to the high variability in the distribution of nitrate across our sampling sites (Figure 2b).
It is certainly possible that the massive rainfalls did not efficiently affect site TZ-4, although dead
brush and presence of small desiccated roots hint that a desert bloom (desierto florido) may have
occurred at the site prior to our sampling, which may have affected near-surface nitrate levels.

However, additional physicochemical factors could also account for this seemingly random
nitrate distribution. The inferred more humid intermediate site TZ-4 has ten to one hundred times
higher nitrate concentrations than the other sampled Atacama sites, but it also has smaller average
grain sizes and lower SiO2/ALOs ratios (Table 1). Sedimentation rates, which in this case mostly
reflect the influx of wind-blown dust as indicated by the moderate roundedness and frosting of the
grains (Figure S1), can be inferred from grain size distribution and SiO2/Al:0s (approximating quartz
to clay) ratios in these soils: quartz is heavier (~2.65 g/cm? compared to clay density ~1.33 g/cm?3) and
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thus less likely to be deposited in a low-energy environment where only small particles are
transportable. This comparison therefore suggests that site TZ-4 has a significantly lower
sedimentation rate than other sites sampled. Lower sedimentation rates would mean corresponding
less dilution of atmospheric nitrate by terrigenous input, and correlatively higher nitrate levels.
Multiple regression analyses suggest that grain size (Figure S1 & Table 1) (standardized coefficient=
-0.77***, p= 0.000) and SiO2/Al2Os (standardized coefficient= -0.42**, p= 0.001) are more directly
correlated with nitrate concentrations at all sampling sites compared to annual precipitation
(standardized coefficient= -0.16, p= 0.207). Therefore, we speculate that in addition to annual
precipitation, other physical factors such as sedimentation rates can also significantly influence the
nitrate distribution in Atacama, and by proxy Martian, soils.

The distribution of TOC, as an approximate quantification of biomass, increases along with
annual precipitation (Figure 4a) as long-term biomass preservation, indicating that water is a
limiting factor for microbial growth, as expected. Total nitrogen (TN) is positively correlated with
TOC with a small intercept of 40 ppm on the TN-axis (Figure 4b), indicating that the majority of
nitrogen in these soils is organic-bound rather than substituting for potassium in detrital clay
minerals. The small fraction of 40 ppm clay-bound N may be derived from in-situ degradation of
biomass, analogous to processes described from marine sediments [62,63]. This interpretation is
validated by a lack of correlation between TN and potassium (Figure S2). We can therefore refer to
the non-soluble N in our soils as total organic nitrogen (TON).
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Figure 4. (a) TOC versus inferred annual precipitation; (b) TOC versus TN; (c) TOC versus
SiO2/Al:0s (approximating quartz/clay) ratio in the core Atacama Desert; (d) Annual precipitation
versus TOC/nitrate ratios.

Furthermore, an anti-correlation between quartz to clay ratios and TOC in the core of the
Atacama Desert (Figure 4c) suggests that lower quartz/clay ratios lead to less dilution of the soil
TOC contents produced by microbial communities in sifu. Given the potential dilution effect of
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sedimentation rates on nitrate concentrations discussed above, these results suggest that a greater
proportion of clays (i.e., lower quartz/clay ratios) in hyperarid sediments could also enhance

biomass preservation, consistent with previous studies suggesting that clay minerals could

constitute a microniche suitable for the preservation of biochemical materials [64-66].

In order to access nitrate, microorganisms generally need water to dissolve and solubilize
nitrate salts and other bioessential molecules in the soil. In more humid environments, nitrate
availability to organisms generally scales with nitrate richness, leading to higher microbial
abundance at higher nitrate levels. At the hyperarid core of the Atacama Desert where rainfall is
almost absent, TOC (approximating biomass) positively correlates with both annual precipitation
(standardized coefficient= 0.65*, p= 0.019) and nitrate concentrations (standardized coefficient=
0.98**, p= 0.003). These trends suggest that nitrate concentrations remain as important as rainfall for
microbial abundance in the most Mars-analogous environments. On the other hand, when annual
precipitation exceeds 10 mm, the positive effect of nitrate on microbial abundance declines (Figure
4d). In spite of the strong rainfall control on microbial metabolic activities, nitrate to TOC ratios (as a
representative of the probability for microbes to encounter nitrate) are positively associated with
TON in all the hyperarid, intermediate, and arid sites of the Atacama Desert (Figure 5). This suggests
that microbial communities with a higher probability to contact nitrate can assimilate nitrate more
quickly for metabolism and biomass production, regardless of precipitation.
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Figure 5. The effect of nitrate to organic C ratio on N assimilation at the (a) hyperarid, (b)

intermediate, and (c) arid sites.

In summary, both the mean annual precipitation (as a long-term regulator of both nitrate and
biomass) and sedimentation rates negatively control nitrate concentration. Sedimentation rates
additionally can dilute TOC. The significant positive correlation between the indigenous nitrate
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339  concentrations and TON contents indicates that nitrate is likely used by microorganisms for
340  assimilation (Figure 6).

341 Figure 6. Path diagram of the variances and regression weights of rain, sedimentation rates (silicon to
342 aluminium ratios as a quantitation), nitrate, and TOC, and TN (or TON) in the hyperarid sites.

343 4.2. Growth of cell cultures with nitrate amendments

344 We tested the interpretations above with laboratory experiments designed to investigate the
345  importance of these variables on microbial growth as estimated from CFUs inoculated from
346  Atacama soils. Discussions of the effects of water amendments on microbial growth are beyond the
347  scope of this paper, but we will examine them in future work. Overall, mean annual precipitation
348  and local nitrate concentrations are both positively correlated with CFUs on all ultrapure agarose
349 (standardized coefficient of rain= 0.59%, p= 0.042, standardized coefficient of NOs= 0.62%, p= 0.036),
350 Luria-Bertani agar (standardized coefficient of rain= 0.19%, p=0.034, standardized coefficient of NOs=
351  0.95** p= 0.000), and plate count agar plates (standardized coefficient of rain= 0.08*, p= 0.034,
352  standardized coefficient of NOs= 0.98***, p= 0.000).

353 However, the distribution of cultivable heterotrophic CFUs illustrates that no microbial
354  communities show a significant preference for excessive nitrate amendments, if more than one order
355  of magnitude change is defined to be significant. In comparison to the arid sites and TZ-0, nitrate
356  amendments have a more negative effect on the relative microbial growth rate at the hyperarid sites
357 and TZ-4 (Table S2). These results seem to confirm that in wetter sites with relatively low nitrate
358  levels, native microbial communities generally prefer higher nitrate inputs and have a higher nitrate
359 tolerance; while in drier sites, extreme excess nitrate may cause damage to microorganisms due to its
360  oxidative activity and osmotic stress [67-69]. Thus, the significant correlation between annual
361  precipitation and total CFUs as well as the microbial response pattern to nitrate amendments (Figure
362  7)is presumably a result of nitrate bioavailability enhanced by solubilization during precipitation.
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363 Figure 7. Path diagram of the variances and regression weights of rain, nitrate, and original biomass on
364 agar plates and the relative microbial growth rate on agar plates with excessive nitrate amendments. All
365 variables are scaled by using logarithmic transformation. (CFUs_UA, colony forming units counted on
366 ultrapure agarose plates; CFUs_PCA, colony forming units counted on plate count agar plates;
367 relative_CFUs_UA_NO3, the relative colony forming units on nitrate-amended ultrapure agarose plates;
368 relative_CFUs_PCA_NOB3, relative colony forming units on nitrate-amended plate count agar plates).
369 *p<0.05, **p<0.01, ***p<0.001
370 4.3. Relevance for past and present life on Mars
371 Approximately 4.1 to 3.0 billion years ago (Noachian and early Hesperian Periods) [70,71], the

372  existence of ancient Martian deltas, paleolake basins, and carved outflow channels suggests that
373  Mars was a more humid planet potentially even supporting oceans [72,73], rivers, lakes [74,75], and
374 possibly rainfall [76]. Given the importance of water for biochemical functions, life presumably
375  could have evolved and thrived during that period. If so, during the transition to an extremely
376  hyperarid planet, Martian life could have been faced with harsh conditions similar to those
377  experienced by microbial communities in the Atacama Desert for more than hundreds of millions of
378  years. In such a dry, oligotrophic environment, only extremophilic life that is tolerant of desiccation,
379  irradiation, and high salinity could potentially survive and even reproduce [77]. To achieve this,
380  extremophiles would have needed to develop strategies to take advantage of ambient N sources,
381  such as atmospherically-derived nitrate salts.

382 Our results from Atacama soils suggest that potentially extant Martian life could survive under
383  the high levels of nitrate availability [3,14,15]. On Mars, the concentrations of nitrate and TOC
384  should be even more tightly regulated by local sedimentation rates, since modern Mars does not
385  have detectable rainfall. Without rainwater to solubilize nitrate, any organisms present near the
386  surface on Mars should not be experiencing the high nitrate stress suggested by our culturing
387  experiments, because the nitrate availability remains nearly stable. We suggest that sustained high
388 nitrate availability in Martian sediments could potentially provide a sufficient nutrient source to
389  support life over geological timescales spanning the decline of the wet early Mars to modern
390  hyperarid Mars.

391 5. Conclusions

392 Here we present a pioneering study to investigate the effects of atmospherically-derived nitrate
393  on biomass and microbial growth in an infertile Mars analog environment (the Atacama Desert)
394 with extremely low humidity, high UV irradiation, and large nitrate reservoirs. It is intriguing to
395  discover that higher nitrate to biomass ratios seem more beneficial to microbial growth and N
396  assimilation within all sites sampled (Figure 6). Both precipitation and dilution of nitrate with
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397  terrigenous sediments seem to be important controls on nitrate concentrations in arid regions. On
398  Mars, nitrate should be primarily regulated by sedimentation and act as the only N source to
399  microorganisms (probably irradiation-resistant and halophilic prokaryotes [39]). Higher nitrate
400  levels are a sign of habitability, which might be a useful guide for future life detection on Mars.

401 Supplementary Materials: The follow
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are available online at www.mdpi.com/xxx/s1.

MES

2123.766
Count: 200 Min: 105,787
Mean; 520.457 Max: 2123.766
StdDev: 324787 Mode: 247.046 (10)
Bins: 100 Bin Width: 20180
(b)
| PONR-2
B 20000 |
71.706 3582.914
Count: 200 Min: 71.706
Mean: 564 409 Max: 3582.914
StdDev: 437.578 Mode: 352603 (18)
Bins: 100 Bin Width: 35.112
(d)
| | Yungay
B 200000 ]
§3.655 4578.051
Count: 200 Min: 83.655
Mean; 572.140 Max: 4578.051
StdDev: 562.6582 Mode: 93.655 (14)
Bins: 100 Bin Width: 44.844

(f)



https://doi.org/10.20944/preprints201907.0292.v1
https://doi.org/10.3390/life9040079

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2019 d0i:10.20944/preprints201907.0292.v1

14 of 21
TZ-0
75.585 3122895
Count; 200 Min: 75.585
Mean: 561.054 Max; 3122805
StdDev: 378.763 Mode: 349843 (16)
Bins: 100 Bin Width: 30.473

(h)

B6.180 9598.213
Count: 200 Min: 86.180
Mean; 324,443 Max; 998.213
StdDev: 154 8987 Mode: 186.504 (8)
Bins: 100 Bin Width: 9.120
)]
TZ-5
B 200000 |
106.787 2725.285
Count: 200 Min: 105.787
Mean: 436.537 Max: 2726285
StdDev: 334.8492 Mode: 210567 (17)
Bins: 100 Bin Width: 26.1495
0
TZ-6
B 200000
: 2540917
Count: 200 Min: 86.180
Mean: 502.814 Max: 2540917
StdDev: 342 211 Mode: 233 464 (14)
Bins: 100 Bin Width: 24.547

(n)



https://doi.org/10.20944/preprints201907.0292.v1
https://doi.org/10.3390/life9040079

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2019

402
403

404
405

406
407
408

409
410
411
412
413

d0i:10.20944/preprints201907.0292.v1

15 of 21

Figure S1. Microscopic visualization and grain size distribution of (a & b) MES, (c & d) PONR-2, (e & f)
Yungay, (g & h) TZ-0, (i & j) TZ-4, (k & 1) TZ-5, and (m & n) TZ-6.
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Figure S2. No correlation between TN and potassium, indicating TN is not clay-bound. Since ammonium

is usually trapped by clay along with potassium, clay-independent TN suggests this TN is mostly organic.

Table S1. Detailed major element components of sampling pits. We refer to the 3 sampling pits from MES
as M1, M2, M3; PONR-2 as P1, P2, P3; Yungayt as Y1, Y2, Y3; TZ-0 as T01, T02, T03; TZ-4 as T41, T42, T43;
TZ-5 as T51, T52, T53; TZ-6 as T61, T62, T63. (LOL, loss on ignition)

Pit SiO: TiO: ALlOs Fe:0s MnO MgO CaO Na2O K:0 P05 LOI
name % % % % % % % % % % %

M1 69.05 039 14.84 2.92 0.05 1.27 3.31 419 222 013 143
M2 6248 0.68 14.95 5.29 0.09 2.22 4.56 355 212 0.16 3.49
M3 6794 036 14.81 2.81 0.05 1.34 3.79 394 216 0.12 238
P1 64.05 0.74 15.23 4.44 0.08 1.27 3.8 293 274 026 3.86
P2 5148 0.6 13.37  4.26 0.07 1.65 8.57 241 234 02 1311
P3 33.78 0.52 8.8 3.29 0.06 1.03 1691 169 131 0.11 17.36
Y1 47.01 0.67 12.14 3.68 0.06 1.21 11.83 331 227 0.08 1041
Y2 4788 048 12.08 2.88 0.06 1.09 11.24 2.9 223 0.09 14.65
Y3 5245 0.78 12.93 4.23 0.07 0.99 9.57 3.48 22 011 796
T01 53.32 098 13.62 6.63 0.24 3.43 6.72 329 196 023 934
T02 49.66 0.79 12.02 8.17 0.23 4.81 7.99 3.05 136 0.18 11.52
TO03 5348 0.78 14.2 6.75 0.23 3.71 6.29 3.79 175 0.17 8.59
T41 57.88 0.65 15.4 5.39 0.13 2.78 3.54 254 271 038 8.38
T42 53.33 058 15.02 5.18 0.14 3.21 5.28 209 268 044 118
T43 54.01 071 14.76 6.6 0.15 3.3 4.05 3.01 352 035 92

T51 55.99 055 1247 5.49 0.08 1.92 1092 346 156 034 6.93
T52 55.79 0.63 1257 5.84 0.09 2.06 9.67 3.96 14 036 7.37
T53 4437 049 9.92 5.21 0.07 2.7 1726 3.03 119 037 14.75
T61 5735 0.86 13.56 9.47 0.17 2.86 3.34 312 359 022 517
T62 50.1 0.71 11.5 8.02 0.13 2.52 9.38 3.66 334 0.14 10.18
T63 5225 076 12.09 7.7 0.13 2.62 8.48 2.7 311 02 9.65

Table S2. Results of cell culture on ultrapure agarose, Luria-Bertani agar, and plate count agar plates with
or without excessive nitrate amendments, illustrating relative microbial growth rate with nitrate
amendments (all variables are scaled by logarithmic transformation). Negative effect of nitrate on
microbial growth more than one order of magnitude is marked as bold. In general, microbial community
from arid sites has a higher tolerance or preference for nitrate addition.
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Precipitation NOs  CFUs with NOs CFUs with NO:s CFUs with NO:s
(mm/yr) (ppm) amendmentson amendments on amendments on
ultrapure Luria-Bertani agar  plate count agar
agarose plates plates plates
0.7 52 0.38 -0.86 -1.97
1.1 160 -0.78 0.07 -3.29
2 16 -1.17 -1.28 -3.38
10 2.5 1.08 -0.23 -0.27
15 4500 -0.05 -2.40 -0.73
20 21 1.27 0.93 -0.25
30 82 0.64 0.33 -0.90
414
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