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Abstract

The hyperarid soils of the Atacama Desert, Chitntain the largest known nitrate
deposits in the world. They also represent onenefrhost hostile environments for
microbial life anywhere in the terrestrial biosplhebDespite known for its extreme
dryness, several heavy rainfall events causinglitszh flash flooding have struck
Atacama Desert core regions during the last fivergelt remains unclear, however,
whether these soils can support microbial dersatfon. To answer this, we sampled
soils along a hyperaridity gradient in the AtacaDesert and conducted incubation
experiments using a robotized continuous flow systender a He/© atmosphere.
The impacts of four successive extreme weathertevam soil-borne BO and N
emissions were investigated, i) water additionNiQ)s" addition, iii) labile carbon (C)
addition, and iv) oxygen depletion. Th&N-N,O site-preference (SP) approach was
further used to examine the source gONproduced. Extremely low 0 fluxes were
detected shortly after water and N@ddition, whereas pronouncedN and N
emissions were recorded after labile-C (glucoseradment in all soils. Under anoxia,
N, emissions increased drastically whileONemissions decreased concomitantly,
indicating the potential for complete denitrificati at all sites. Although increasing
aridity significantly reduced soil bacterial riclsse microbial potential for
denitrification and associated gene abundance (ia@A narG, nirS, nirK, cnorB
gnorB andnosZ was not affected. TheJ® *°N site preference values based on two
end-member model suggested that fungal and bdatlemétrification co-contributed
to N>O production in less arid sites, whereas bacteeaitrification dominated with
increasing aridity. We conclude that soil denitafiion functionality is preserved
even with lowered microbial richness in the extrehyperarid Atacama Desert.

Future changes in land-use or extreme climate evitr@refore have a potential to
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destabilize the immense reserves of nitrate andcedignificant NO losses in the
region.
Keywords: Denitification; Greenhouse gasebtitrogen cycling; Moisture status;

Xerophile

1. Introduction

The Atacama Desert represents one of the mosténesivironments for microbial
life on Earth due to its hyperarid moisture reginteermal extremes, high
concentrations of salt in the soil, and intense tAdiation at the soil surface
(Armando Azua-Bustos et al., 2012; Calderdén et2814). This makes the Atacama
Desert an ideal location to study the potentiallfier to exist on other planets, e.g.
Mars, which are thought to possess similar soilpproes (McKay et al., 2003;
Valdivia-Silva et al., 2012). Nevertheless, thedstima Desert is not totally devoid of
life. Short term water inputs caused by fog or reamfall events may provide
temporary favourable conditions for microorganisang plants (i.e. “desert blooms”;
Orlando et al., 2010). Recent studies have shoatntiicrobial communities in these
soils respond rapidly to the addition of availatéebon (C) when moisture limitation
is removed (Jones et al., 2018). Conversely, thigiad of water has also been shown
to compromise organisms adapted to a xerophikstyfie (Azua-Bustos et al., 2018).

Biological denitrification, which is the major rafgen (N) loss mechanism in
terrestrial ecosystems, occurs via the sequemthlation of N@Q to NGO, , NO, N,O
and N (Firestone, 1982). Denitrification was generalbysidered to be a prokaryotic
process for a century, while it becomes clear nayadhat both bacteria and fungi
possess the ability to produce,ON during denitrification (Philippot et al., 2007,

Laughlin and Stevens, 2002). Nevertheless, theivelaontribution of fungi to soil

4



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

N.O production remains poorly understood, especially natural ecosystems
(Senbayram et al., 2018; Xu et al., 2019). Althotlghoccurrence of denitrification is
widespread in moist soils, its functional significa in hyperarid ecosystem remains
unknown. In the last five years, several extremaefalh events occurred in the
Atacama Desert, causing localised flash floodingl€@¥ et al., 2016; Azua-Bustos et
al.,, 2018; Schulze-Makuch et al., 2018). Since Mtacama Desert contains the
largest known nitrate deposits in the world, thecsptibility of these reserves to
denitrification after land-use change or extremenate events remains unclear
(Michalski et al.,, 2004; Walvoord et al.,, 2003). dpee the fact that microbial
communities in the Atacama Desert are of low abnodand low diversity, recently
denitrification—related genes were detected (Keiedl., 2020; Orlando et al., 2012).
Nevertheless, it is still not clear whether theimmmental conditions in the Atacama
Desert can support denitrifier activity, or whetlleose denitrification—related genes
were introduced by atmospheric long-distance trarispnd deposition of bacterial
cells (Mayol et al.,, 2017). In this study, we hypedized that i) soils along a
hyperarid gradient in the Atacama region will diffen microbial community
composition, driven by differences in moisture &lality; (ii) the capacity for
complete denitrification will be preserved in thteaéama Desert soils but will decline
with increasing aridity; ii) the response of dafitation-derived NO and N
emissions to highly ephemeral weather eventsr@iafall) will be slow and that this
response will be bacterially driven.

The combination of &°0 and site preferencé'{N®?) approach has been widely
used during the last decade to distinguish theswfft sources of XD production
pathways [+34%0 to +40%o for nitrification (Ni) andrigal denitrification (fD), -9%o

to +9%o for bacterial denitrification (bD)] (Decocknd Six, 2013; Toyoda et al.,
5
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2017). In this study we combined this isotopic magpapproach with gPCR and
high-throughput 16S rRNA gene sequencing to (ingbarates of denitrification in a
contrasting range of hyperarid soils, (i) meastire abundance of functional genes
involved in denitrification, (iii) determine whethdenitrification could be attributed
to fungi or bacteria, (iv) identify key abiotic tacs that may limit denitrification, and
(v) evaluate the theoretical potential for micrdlsreediated loss of nitrate reserves in

the Atacama region.

2. Materials and methods
2.1. Soll

Field sampling was undertaken in the Paposo tramelce Atacama Desert, Chile,
in October, 2016 (Jones et al., 2018). The transex$ses a fog-nourished zone
(Loma) at the coast before expanding into the hayoetrcore of the desert at higher
altitudes. Soil samples (0-10 cm) were collectednffive sites under different levels
of hyperaridity along an altitudinal transect nd&poso, Chile (Table 1). Mean
annual temperature (MAT) ranges from 16.7 to 1& hAd mean annual precipitation
(MAP) from 0 to 6.7 mm (Quade et al., 2007). Thengkes from all sites had a low
intrinsic moisture content at the time of colleati(?0.4 + 4.1 mg ). Considering
the spatial heterogeneity of the individual sitesjls were sampled from three
independent spots located at least 20 m aparts#ihples were homogenised by
sieving (<2 mm) and stored in sealed sterile tubes/oid contamination prior to use.
Based on their moisture regime, the sites weredddiiinto three levels of aridity,
namely, semi-arid/arid (A1042), arid (A1243 and AQY and hyperarid (A2029 and

A2116).
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2.2. Automated soil incubation experiment and trgag measurements

The incubation experiment was carried out at Thuhestitute Braunschweig,
Germany, in a ROFLOW system using a He&@mosphere. The system and setup
have been described previously (Senbayram et @ll8)2and thus only a brief
overview will be given here. For each sample, 46G6f gry soil was packed into an
acrylic glass vessel (140 mm diameter and 150 mightje All the vessels and
operational tools were ethanol-sterilized. Fourcessive events were simulated: i)
water addition, which can be induced by occasidogland/or rare rainfall events
(Uritskiy et al., 2019); ii) N@ addition, which can be induced by atmospheric
deposition (Reich and Bao, 2018); iii) availableboa (C) addition, which can be
induced by the wind-blown deposition of plant resisl and then-situ death of
microbial cells (Jones et al., 2018); iv) oxygermpld&gon, which may occur shortly
after extreme rainfall events.

The repacked soil core was submerged from the inottbthe vessel with sterile
water and drained tca 23.0% gravimetric water content by applying a wanuo the
ceramic plate (pore size 0.16 um) at the baseeottine. The incubation vessels were
then sealed and the atmospheric air in the vessegseplaced by pure He99.999%
He) via applying vacuum from the top and filling tivi He in three cycles.
Subsequently, the vessel headspace was continutusgd with a He and £§80:20
v/v) mixture at a flow rate of ca. 25 mL minAt day 34 and day 37, 20 mL of KNO
solution (equivalent to 6 mg N Kgdry soil) and 5 mL of glucose solution (equivalent
to 500 mg C kg dry soil) was added, respectively, from the botwminthe vessel to
simulate N and C addition scenarios. At day 54 gtineospheric @concentration was
adjusted to zero to create anoxic incubation cadit The temperature of the

incubation room was set at 20 °C. The gas condamg(NO, N, CO, and Q) in
7
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each vessel were analysed online via directingthiet of each vessel sequentially to
a gas chromatograph by two multi-positional valjd&€1, Houston, USA).
2.3. Soil sample collection and mineral N analyses

Soil samples of about 15 g were collected from aedsel at the beginning and the
end of the incubation period. The soil samples wemnediately frozen in liquid
nitrogen and stored at -80°C. For mineral N analytee soil samples were extracted
with 2 M KCI (1:5 w/v) by shaking for 1 h. The eatts were then filtered through
Whatman 602 filter papers and stored at -20°C amdlysis. The concentrations of
NH," and NQ" in the soil extracts were measured using a coatisdflow analyser

(Smartchem 200S/N1104238, Westco, France).

2.4. Isotope analysis and@® source partitioning

Additional gas samples for isotopic analyses weaildeen from each incubation
vessel by attaching 120-mL serum bottles to thdetsitinflow-through mode for
around 2 h (Wu et al., 2017). The@ >N §°N® and§*®O isotope signatures
were then determined by analysimgz 44, 45, and 46 of intact " molecular ions,
andm/z30 and 31 of NOfragment ions (Toyoda and Yoshida, 1999) on atojs®
ratio mass spectrometer (Thermo Fisher ScientBiemen, Germany) at Thinen
Institute Braunschweig, Germany (Kdster et al.,50The initial substrate (gPwas
calculated using a Rayleigh-type mode for sampftesvhich both NO and N
concentrations were determined, assuming that psotalynamics followed
closed-system behaviour (Lewicka-Szczebak et @l14p For samples where the
N2O/(N2O+Ny) product ratio could not be determined (whencddncentrations were
lower than detection limit (ca. 5 ppm)),6&N°*?/8*¥0 mapping model was used to

calculate the SRWu et al., 2019Distinguishing the NO produced by nitrification
8
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and fungal denitrification based on SP values jzassible because of the overlapping
SP signature from those pathways (Frame and Cas@010; Toyoda et al., 2017).
Therefore, for source partitioning the endmembedehavas defined as 37%o for
nitrification/fungal denitrification, and —5%. foraoterial denitrification (Toyoda et al.,

2017) (see Supplementary material for further tketdithe calculation).

2.5. High-throughput sequencing of 16S rRNA gengliaons

Genomic DNA was extracted from 0.5 g of soil ussngastDNA SPIN Kit for soll
(MP Biomedicals, Santa Ana, CA). Negative contnekre conducted by replacing
soil samples with 0.5 g of water. The extracted DiWAs dissolved in 50 uL TE
buffer, evaluated using a NanoDrop 2000 (Therma#isbdSA) and stored at -20°C
until further use.

High-throughput sequencing of 16S rRNA genes wasopred to analyse the
bacterial community composition. PCR amplificatisas conducted for bacteria with
primer set 519F/907R. The 5-bp barcoded oligonticles were fused to the forward
primer. PCR was carried out in a pD-reaction mixture, containing deoxynucleoside
triphosphates at a concentration of 1y#4, 2 uL (15 uM) forward and reverse
primers, 2 U of Tag DNA polymerase (TaKaRa, Japan}l each reaction mixture
received 2uL of genomic DNA as a template. PCR reactions weeeformed
according to the following program: 94 °C for 5 ma® cycles (94 °C for 30 s, 55 °C
for 30 s, 72 °C for 45 s), and a final extensio@afC for 10 min. Reaction products
for each soil sample were purified using the QlA§UPCR Purification kit (Qiagen,
Hilden, Germany), and quantified using a NanoDrdp-2000. The bar-coded PCR
products from all samples were pooled at equimatancentrations before

sequencing.
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High-throughput sequencing was performed usingllithenina Miseq sequencing
platform (lllumina Inc., San Diego, CA) (Feng et,&018). After sequencing, 16S
rRNA gene sequence data were processed using tlaati@tive Insights Into
Microbial Ecology (QIIME) data pipeline (Caporasbat., 2010). Sequences with a
quality score below 25 and the length fewer thaf Bp were trimmed and then
assigned to soil samples based on the unique besc&kquences were binned into
OTUs using a 97% identity threshold, and the mdasindant sequence from each
OTU was selected as a representative sequencendimyowas then assigned to
OTUs with reference to a subset of the SILVA 119 tabase

(http://www.arb-silva.de/download/archive/qgiimefll samples were then rarefied to

150,000 sequences per sample to evaluate bactieveisity, which allowed us to

compare general diversity patterns among treatments

2.6. High-throughput quantitative PCR

The abundance of functional genes involved in theydle were estimated by
high-throughput quantitative PCR (HT-gPCR, SmarnCReal-time PCR system,
WaferGen Biosystems Inc., Fremont, USA), adaptednfizhu et al. (2017) and
Zheng et al. (2018). A total of 36 primer sets wesed including the 16S rRNA gene
(F519/R907) as a reference gene. According to tlamufacturer’s instructions
(SmartChip™ MyDesign Kit User Manual; Takara Bio USA Inc., Muain View,
CA), PCR primers and DNA samples were loaded int@ tsubarrays with
corresponding reagents, respectively. The thermadjram consisted of an initial
denaturation at 95 °C for 10 min, followed by 4Zleg of denaturation at 95 °C for
34 s and annealing at 55 °C for 1 min. Absoluteegewpy numbers were determined

by the standard curve of 16S rRNA gene copy numbesingle clone containing the
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correct insert was grown in LB media and plasmidADMas then extracted, purified
and quantified. A 10-fold series of dilution of tpeasmid DNA was then carried out
to generate a standard curve covering six ordersagfitude from 10to 1¢ copies

of the template in the assay (Jing et al., 201#)gRCRs were performed in technical
duplicates. Blanks were always run with water iadtef DNA extract. The final gene
copy numbers were obtained by calibrating agawtsi DNA content extracted from
the soil. Seven genes involved in the denitrif@matprocessnapA narG, nirS, nirk,

cnorB, gnorBandnosZ)are included in this study (Table S1).

2.7. Calculations and statistical analysis

The cumulative gas emissions were calculated bgaflinnterpolation between
measured fluxes. Emission rates were expressedridsnetic means of three
replicates. Significance statistics were perforrhgdrukey's HSD test, following the
homogeneity of variance, the tests of assumptibm®wonal distribution and one-way
ANOVA. Statistical analyses were done using R (eers3.6.1), withP < 0.05 used

as the criterion for statistical significance.

2.8. Data availability
All sequencing data associated with this study hasen deposited at the NCBI

Sequence Read Archive (SRA) under project accessiotber SRR12394466.

3. Results
3.1. Emissions of JO and N
General properties of the soils and sampling infdrom is provided in Table 1.

The initial soil nitrate concentrations ranged frdm to 55.8 mg Kg, while at sites

11
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A1042 (arid/semi-arid) and A2029 (hyperarid) then@entrations of nitrate were
significantly higher than at the other sites (Tallle In comparison, the initial
ammonium concentrations were extremely low atigss(0.04-0.5 mg kg soil). At

the end of the incubation cycle, the N©@oncentrations in soil had decreased, while
the NH;" concentrations showed an increase at all siteth, wai significant difference
observed among the sitd3 ¥ 0.05; Table 2).

The gas concentrations of all treatments were goatisly monitored during the 60
days incubation experiment and the cumulatiy® Mnd N emissions are shown in
Fig. S1. The daily average,® and N flux rates were characterized by four phases
based on the different amendments (Fig. 1), i.e¢emwaddition phase (day 0-34),
nitrate addition phase (day 34-37), glucose addipbase (day 37-54) and anoxic
phase (day 54-60). During the water addition phaseNO fluxes ranged from 3.3
to 15.3ug N,O-N kg* d in soils from all sites, with the highest fluxeateen in soils
from site A1700, and the lowest from A2029. TheONfluxes remained low
throughout the nitrate addition period (1.2-4@N,O-N kg* d*%), with no significant
differences observed among the different locati®ienounced pD emissions were
observed after glucose addition in all locationgy.(Ra), with significantly higher
N2O fluxes observed in soils from the A2029 site cared to those from the other
sites. During the anoxic phase, thegONfluxes declined again in soils from all sites
and ranged from 0.15 to 7.8 NoO-N kg* d™.

N, emissions were below the detection limit during thater addition and nitrate
addition phases, while pronounced &missions were detected in soils from all sites
during the glucose addition phase (Fig. 1b). Dutimg anoxic phase, Nemissions
sharply increased to about 1500 pgNNkg™ d*and remained high until the end of

the incubation. These emissions were ca. 5 timgisehithan the highest.® losses
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seen after glucose addition. Similag Msponses were observed in samples from all

sites.

3.2. NO SR values and source partitioning

The SR values for each of the measured points are prdvideTable S3. The
measured™N** and §'0 values of MO are presented in Figure 2a. The values for
mixing endmembers between nitrification/fungal deincation and bacterial
denitrification yield thed'®N%5'°0 slope for the mixing line, while the values for
reduction isotope effects yield th&°N>"/5'%0 slope for the reduction line (Yu et al.,
2020). The proportions of @ derived from bacterial denitrification were shown
based on the two end-member model of the@&Rie (Fig. 2b). In soils from the less
arid sites (A1042 and A1700), a much lower contrdouof bacterial denitrification
was observed compared to the more arid sites (A2029A2116). Glucose addition
appears to cause a significargNreduction to Meffect in soils from all sites (Fig.
2a). Due to the extremely low,@ concentrations (<200 ppb) measured for the
hyperarid samples (A2029 and A2116), the S&ues could not be determined prior
to glucose addition. Upon glucose addition, baatetenitrification contributed more
than 90% of the PO emission in soils from these two sites. Intenggdyi, in soils
from the A1700 site, a clear increase of bactekealitrification-derived MO (from ca.

50% to ca. 80%) was observed after glucose addition

3.3. Microbial community composition and denit@tiion gene abundance
The DNA contents of soils before incubation were@xely low and ranged from
4.5 to 12.7 nquL™ (Table S2). These low DNA yields prevented theegation of

high-quality PCR products. In contrast, at the ehthe incubation, the DNA contents
13
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of the soils had increased by 3~6 times and rafiged 18.4 to 36.5 ngL™ (Table
S2). Rarefaction curves of assigned OTUs as a iamcof sequenced reads
approached a plateau for most samples (Fig. S@atng that sufficient reads were
obtained to cover most of diversity in the incublasoils. This is confirmed by
Good’s coverage values (at 97% similarity levelhick were greater than 0.983 for
all samples.

A diverse array of bacteria was observed in thebated soils across the aridity
gradient, categorized into 11 dominant phyla (RY. They wereProteobacteria
(28.1-79.5%), Actinobacteria (6.1-26.8%), Firmicutes (4.2-27.5%), Bacteroidetes
(4.8-9.1%), Acidobacteria (0.57-3.57%), Armatimonadetes (0.03-1.37%),
Planctomycetes (0.25-1.03%), Verrucomicrobia (0.13-0.93%), Chloroflexi
(0.09-0.54%), Nitrospirae (0.02-0.17%) and Cyanobacteria (0.03-0.13%),
contributing to more than 96% of all OTUs.

Bacterial richness in the incubated soils cleadgrdased with increasing aridity,
as all three richness indices (PD, Chaol and OTdé¢syeased with increasing
elevation along the transect (Table 3). The Shammaex also showed this decreasing
trend with increasing aridity, but differences wapa statistically significant (Table 3).
Similarly, soils from a higher elevation had a leweimber of taxa at class, order,
family and OTU level resolution than soils fromoaver elevation, while phylum and
genus level data did not show differences. Moreifipally, the number of classes,
orders and families at A2029 and A2116 were obskteebe ca. 20% lower than
those at A1042 and A1243 (Table 3).

Genes involved in the entire denitrification presevere detected by gPCR in all
incubated soils at the end of the incubation peniecludingnapA narG, nirS, nirK,

cnorB, gnorBandnosZ(Fig. 4). Location along the aridity gradient haalimpact on

14



326 the abundance of these genes.

327

328 4. Discussion

329 4.1. Denitrification potential in soils from theastama Desert

330 Overall, there is a paucity of research on theifistion of denitrifying organisms
331  and their contribution to denitrification in desedosystems. This is surprising given
332 the estimate that up to 30% ok st from terrestrial ecosystems originates from
333 deserts (Bowden, 1986). These losses have beeargyimttributed to denitrification
334 (Orlando et al., 2012). Although denitrification e¢@mmonly believed to occur in
335 moist soil, denitrifying organisms are able to tlrieven in extreme environments
336 (Glass and Silverstein, 1999). In soils of the Ataa Desert, denitrification-related
337 genes have been detected, however, measurementisstfate-induced denitrification
338 activity remained below the limit of detection (&mto et al., 2012). Therefore, it has
339 remained an unresolved question as to whether origanisms recovered from most
340 arid environments on Earth actually thrive undeshsextreme conditions or whether
341 they are just dead or dying vestiges of viable scdbrtuitously deposited by
342  atmospheric processes. In our study, the DNA cametine unamended soils was too
343 low to be amplified; however, after incubation betsoils with water, nitrate and
344  glucose-C, DNA recovery was much greater indicaangelatively rapid growth of
345 the microorganisms. In addition, a full complemenhtdenitrification-related genes
346 capable of transforming NQall the way to N were detected in all our incubated
347 soils (Fig. 4). Their functional significance issal confirmed by the observed
348 measurements of X and N production. These facts indicated that the Atacama
349 Desert can indeed provide a temporary, time-coimgda habitat for denitrifying

350 Dbacteria to thrive, possibly after transient fogsawe rainfall events (Schulze-Makuch
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et al., 2018Meseguer-Ruiz et al., 2020). The denitrificatiortgmdial in the Atacama
soils (1420-1748g N kg* d*) was lower than reported denitrification potentites
for cropland and grassland ecosystems (4800-2609 kg d!) (Attard et al., 2011),
but higher than in other desert ecosystems (OB kg d™) (Billings et al., 2002;
McKeon et al., 2005; Orlando et al., 2012). It ddobe noted that most of the
previous studies employed the acetylene inhibitemhnique for measuring the rate of
soil denitrification potential, which may undereséite total soil denitrification
(Nadeem et al., 2013). No clear trend was obseveéerms of increasing aridity vs
N.O emission rates, possibly due to large differeimcesoil properties among the
different sites. This indicates that other soilnfiang factors (e.g. parent material)

rather that moisture may be driving denitrifier abance in soil.

4.2. Relative contribution of fungal denitrificati@nd bacterial denitrification

The contribution of fungi to pO emissions can vary widely from 17 to 89% (Xu et
al., 2019). Using SP values and the two end-memapproach enabled us to estimate
the relative contributions of fungal and bactedehitrification to NO emissions.
However, this relies on the assumptions that i)Nb® reduction fractionation effect
on SP values can be corrected, and @PNlerived from nitrification and nitrifier
denitrification is negligible (Senbayram et al. 18D With respect to the first point,
we calculated the SRusingeither a direct measurement of, ldroduction or a
§°N°5%0 mapping model by considering theON reduction fractionation effect
(Lewicka-Szczebak et al., 2017). With regard togbeond assumption, the extremely
low NH;" concentrations in our soils are unlikely to supplrge amounts of
nitrification. We attribute these low concentrasamot to biotic conversion of NfAto

NOs by nitrifiers but to abiotic losses of NHas NH due to the alkaline nature of
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the soils (Jones et al., 2018). This suggestsNh@ emissions via nitrification are
likely to be negligible, especially during the ghse addition phase. Thirdly, as
shown in Figure 2a, most of the pre-glucose addittamples plotted near the
bacterial denitrification-fungal denitrification wing line. Therefore, based on our
N,O isotopomer data we estimate that about half efMfO production originated
from fungal denitrification at the less arid sif@sl042 and A1700) before glucose
addition, while bacterial denitrification dominated the more arid sites (also for
A1700 after glucose addition). Many fungal spe@es known to have denitrifying
systems, of whichCylindrocarpon tonkinenseTrichoderma spp. andFusarium
oxysporumare deemed to be globally important (Shoun et28l12; Maeda et al.,
2015). The latter has recently been detected irhilzsphere and Llamara mats of
the Atacama Desert (Gonzalez-Teuber et al., 20Bnti&o et al., 2018). The
contribution of bacterial denitrification to ;8 emission appears to increase with
increasing aridity, contributing up to 90% of totdhO production at the most
hyperarid sites. This is possibly due to greatanpetition from xerophilic fungi,
which do not possess denitrification genes (Ochoasd et al., 2018). It has been
shown that fungal communities show a stronger tia@ste to aridity than bacteria,
while bacterial communities often display more Iresce upon rewetting than fungal
communities (Barnard et al., 2013). Furthermore), Isacterial networks may link
more strongly to soil functioning during recovehaih fungal communities (de Vries
et al., 2018). The dominance of bacterial dendaiion-derived MO revealed that
bacterial communities dominate,® production upon rewetting of arid soils. Our
results support the view that bacteria may play @aemimportant role in soll
functioning resilience than the fungal communityaim extreme environment, at least

for N cycling.
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4.3. Soil microbial diversity and functionality desert soils

A loss of microbial biomass, reduction in biodiversand simplification of soil
food webs can impair multiple ecosystem functiongluding plant diversity,
decomposition, nutrient retention, and nutrientliogc (Wagg et al., 2014). Our
results show that increasing aridity reduces mialdobiversity, consistent with
previous studies (Knief et al., 2020; Maestre et 2015). Further, the bacterial
richness and diversity in our soils was much lotiran seen in other desert systems
(Zhang et al., 2019), croplands (Yao et al., 202@) grassland (Raut et al., 2018)
(Table 3). The reduced bacterial richness in thac#&ia soils, however, had no
impact on the capacity of the community to undegtdkll denitrification or on
potential denitrification rates (Fig. 1). There at least two implications of this
finding. First, soil microbial function can be rdfyi awakened even in extreme hostile
environments (Jones et al.,, 2018). Generally, ttivea microbial biomass only
constitutes about 0.1-2% of the total microbialnbass in soils where microbial
growth is constrained by a lack of water or avddab (Blagodatskaya and Kuzyakov,
2013). This ratio is expected to be much lowehm Atacama Desert where extreme
temperatures and low levels of available C and medastrain metabolic activity.
Most microbes exist in a dormant state and candlapiecover with response to
substrate and moisture input (Jones and Murphy/R20Becondly, a fundamental
guestion of soil microbiology is to disentangle gmsitional versus environmental
effects on ecosystem function (Graham et al., 2008 main message is that for
nutrient cycling, diversity effects are of most ionfance at the low end of the
diversity spectrum (Bardgett and van der Puttet420Since common bacteria phyla,

Proteobacteria  Actinobacteria Firmicutes Bacteroidetes Acidobacteria

18



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

Verrucomicrobiaetc. appeared in our soils after substrate ineubbgfig. 3), our
results further support the tenet that microbiahposition is not the factor regulating
function, rather it is the prevailing environmentbnditions, more exactly the
presence of substrate. Therefore, functional redmicyl of microbial communities
could be even larger than originally thought foedé types of extreme environments
(Wall and Virginia, 1999). This view is consistentith hyper-cold desert
environments (Wei et al., 2016). A meta-analysi¢f experiments suggests that the
most species-rich polyculture tends to be no dfferfunctionally from that of the
single most productive species (Cardinale et 8062, which suggests that ecosystem

function may ultimately just be determined by cier{@ingle) productive species.

4.4. Implications for significant D losses in the Atacama Desert

The Atacama Desert currently holds about 250 Mhithte deposits, hosted by a
complex mineral layer of 0.2-3 m thick (Reich arabB2018). This is about twice the
global amount of N used annually for fertiliser Bpgtion (Oyarzun and Oyarzun,
2007). Based on new evidence from mass-indepemggen isotopic compositions,
the huge nitrate deposit in some parts of the AtacBesert is found to be the result
of the absence of N loss processes and atmosptepasition of particles produced
by gas to particle conversion, with minor but vagyiamounts from sea spray and
local terrestrial sources, while the major nitrdéposits could have accumulated from
atmospheric deposition in a period of 200,000 t 2. years (Bull et al., 2016;
Michalski et al., 2004). Despite Atacama’s extremgness, several extreme
precipitation events have struck regions of thecAtaa Desert core during the last
five years, causing local flash flooding eventsIfdk et al., 2016; Azua-Bustos et al.,

2018; Schulze-Makuch et al., 2018). Since the darlitrification functionality in the
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Atacama Desert soil is able to recover shortlyraftater and C addition, the large
reserves of nitrate stored in this desert ecosystautd potentially lead to significant
N.O emissions, resulting in a positive feedback tonale warming under those
extreme meteorological events or land-use changeasio,while N, dominance is

unlikely to occur due to the high nitrate contemd gow C status of the soil (Firestone

and Davidson, 1989; Senbayram et al., 2018).
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Table 1. Properties of the soils along the elevational grigradient in the Atacama Desert.

Site name A1042 A1243 A1700 A2029 A2116
Longitude 70°23'37.78"W70°22'11.65"W 70°18'47.65"W 70°18'45.46"W 70°15'18.02"W
Latitude 25°00'46.67"S 25°01'19.23"S 24°59'18.32"#1°56'59.45"S  25°02'38.01"S
Sand (%) 70.2 81.4 69 69.1 72.7
Silt (%) 24.3 15.6 25.4 10.1 19.5
Clay (%) 4.7 5.0 4.8 19.7 5.0
Distance to coast (km) 7.6 10.1 16.2 20.3 22.9
Elevation (m) 1042 1243 1703 2029 2116
pH 7.91 7.85 7.28 7.23 7.29
MAP (mm) 2 0 0 0 0

MAT () 18.0 17.6 16.7 16.7 16.7
TOC (%) 0.0#0.01 0.0#0.01 0.04+0.00 0.04+0.00 0.04+0.00
Total C (%) 0.85:0.39 0.66t0.27 0.06t0.00 0.06t0.00 0.110.02
NOs (mg kg?) 17.9:3.7 4.240.8 1.3:0.6 55.8:20.4 3.9+0.7
NH," (mg kg?) 0.3+0.0 0.1+0.0 0.04:0.0 0.5:0.0 0.2:0.0
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699 MAP, mean annual precipitation; MAT, mean annuaigerature; TOC, total organic C. The soil texts@l pH and distance to coast (km) is from
700  (Morchen et al., 2019); MAP and MAT is from Quadele (2007) and Hoffmeister (2018). Data of TO@at C, NQ and NH" are means of three

701  replicates with standard error.
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702  Table 2. Soil nitrate (NQ) and ammonium (NK) concentrations at the end of the incubation erpesnt.

Site NOs NH."

(mg kg™ dry soil) (mg kg’ dry oil)
A1042 0.34+0.06 2.33+0.22
A1243 0.31+0.06 0.66+0.04
A1700 0.05+0.03 0.47+0.04
A2029 2.68+2.64 1.29+0.82
A2116 0.13+0.04 0.52+0.15

703 Data are means of three replicates with standaod. er

704

705

706
707
708

709
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710

Table 3. Bacterial richness in soils from different elewat along the transect after incubation

Diversity indices

Observed number

Site Rarefied to | Ref.

PD Chaol OTUs Shannon Phylum Class Order Family u&en
A1042 48.96 a 925.2 a 692.7 a 433 a 20.0 a 50.3a75.3 a 1323 a 217.3 a
A1243 45.52 ab 877.9a 623.3 ab 3.96 p 19.0a alB.7 733a 130.0 a 217.7 a4
A1700 38.21 ab 744.2 ab 508.7 bc 3.89p 19.3 a a0 65.3ab 116.7 ab 185.3]a 15000 Current study
A2029 35.12 Db 733.8 ab 467.3 c 3.70 a 17.0a 41.3b61.7b 110.7b 187.7 g
A2116 35.25b 682.7 b 452.7 c 3.624 193 a 443 al7.0ab 120.0ab 192.0a
Desert 147~91 / 3750~2000 / / / / / 27000 Zhang et al. (2019)
Cropland / 2954 / 4.94 / / / / / 10000 Yao et 2040)
Grassland 190~285 / / 6.5~7.5% 47 141 222 259 / @000 |Raut et al. (2018)




711 All samples were rarefied to 15000 sequences pepleato evaluate the diversity indices. PD, Phyfmgie diversity index; Chao 1, Chaol richness index
712  OTUs, observed OTUs; Shannon, Shannon index. Cégdenymbers of taxonomic categories were counteardit to the taxonomic assignment of OTUs.

713  Different letters in the same column denote sigaiiit differences among samples from the five difieelevations (p<0.05, ANOVA-Tukey's HSD).
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Figure captions
Fig. 1. Soil mean daily MO (a) and N (b) emissions for 5 sites along a hyperaridity
gradient in the Atacama Desert. The aridity graidians from left to right for the 5 sites

(A1042-> A2116). Error bars show the standard error of égedtmentr = 3).

Fig. 2. (a) NO isotope data of incubation experiments in SP/Q Meesented with
literature endmember median values and theoreticahg and reduction lines (Yu et
al., 2020).8'0 values of mixing endmembers bacterial denitrifaza and fungal
denitrification are presented in relation to theameneasured ambient watér®0 of
-6.4%0). Ranges of endmember values (standard ad@viaf mean values) are shown as
boxes; (b) The proportion of bacterial denitrifioat derived NO based on pO **N site
preference value in different phases. Note, parthef data is missing due to the
extremely low NO concentrations (<200 ppb) where they, SRlues could not be

accurately determined.

Fig. 3. Relative abundance of the dominant bacterialtaruac groups for 5 sites along
a hyperaridity gradient in the Atacama Desert. Comity structure was analyzed at the
end of the incubation study. The aridity gradiems from left to right for the 5 sites

(A1042-> A2116). Data are means of three replicates.

Fig. 4. Abundance of genes involved in denitrification tosites along a hyperaridity

gradient in the Atacama Desert. Gene abundance meesured at the end of the
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736  incubation study. The aridity gradient runs frorft te right for the 5 sites (A1042

737  A2116). Gene abundance data are means of threeate| with standard deviation.
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Denitrification related gene copies (g™t dry soil logig scale)

M napA-3F/napA- 3R

M narG1960f/ narG2650r
® nirSC3F/ nirSC3R

M cnorB2F/cnorB6R

M gnorB2F/gnorB5R

M nosZ2F/nosZ2R

M FlaCu/R3Cu

A1042 Al1243 A1700 A2029 A2116



Highlights

i) Denitrification was shown to occur in the hyperarid Atacama Desert.

i) Denitrification potential and associated gene abundance was not affected by
aridity.

ili) Increasing aridity reduced soil bacterial richness.

iv) Fungal and bacterial denitrification co-contributed to N>O production.

v) Bacterial denitrification dominated N>O production with increasing hyperaridity.
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