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Abstract

Water is essential for life on Earth, and an important medium for microbial energy and metabolism. Dormancy is a state of
low metabolic activity upon unfavorable conditions. Many microorganisms can switch to a metabolically inactive state after
water shortage, and recover once the environmental conditions become favorable again. Here, we resuscitated dormant
anammox bacteria from dry terrestrial ecosystems after a resting period of >10ka by addition of water without any other
substrates. Isotopic-tracer analysis showed that water induced nitrate reduction yielding sufficient nitrite as substrate and
energy for activating anammox bacteria. Subsequently, dissimilatory nitrate reduction to ammonium (DNRA) provided the
substrate ammonium for anammox bacteria. The ammonium and nitrite formed were used to produce dinitrogen gas. High
throughput sequencing and network analysis identified Brocadia as the dominant anammox species and a Jettenia species
seemed to connect the other community members. Under global climate change, increasing precipitation and soil moisture

may revive dormant anammox bacteria in arid soils and thereby impact global nitrogen and carbon cycles.
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Introduction

Anammox bacteria inhabit oxygen-limited marine, fresh-
water, wetland, and flooded soils systems, where they
contribute significantly to the global nitrogen cycle [1-3].
Environmental and climate change may alter suitable
microbial ecotones into dryland with water shortage forcing
anammox bacteria into dormancy. Such dormancy may
enable the anammox bacteria to survive in dry or cold
environments [4]. In addition, their unique properties
including a separate anammoxosome and protective lad-
derane lipids may support to maintain water and nutrients,
and thus may further help to survive under adverse condi-
tions [5, 6]. Beside oxygen-limited aquatic environments,
anammox bacteria may also inhabit dry terrestrial environ-
ments [7, 8]. So far, endospores or/and cysts have not been
reported for anammox bacteria. Anammox biomass from
bioreactors has been reactivated after 6 months of resting
[9], however the upper time limit for dormancy was not well
explored.

Therefore, the objectives of this study were (i) to explore
whether anammox bacteria can be revived from dry ter-
restrial environments after a longtime dormancy; and (ii) to
elucidate the underlying metabolic mechanism using iso-
topic tracing techniques, functional gene expression, and
high-throughput sequencing analyses. In order to verify our
hypothesis, we chose very old soils from a dry arid
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environment (0—63 m) with minimal human perturbation in
Kalgoorlie Western Australia for the laboratory incubation
experiments with water.

Materials and methods
Soil/regolith samples collection and incubation

A typical dryland soil/regolith succession (63 m depth) was
selected as sampling site (6617774N, 330210E) at Mt.
Pleasant near Kalgoorlie (Goldfields Esperance region,
Western Australia) where an average annual rainfall of 260
mm, indicative of arid climate conditions prevails. The
Western part of Australia has a long geological history of
4.4 billion years, with most sediments formed in shallow
marine environments. In geologic history uplifting, plate
contraction and collision lead to the development of ter-
restrial environments and soil formation. Rocks in the
Kalgoorlie region started to develop about 2.6-2.7 billion
years ago (Supplementary document 1) and formed mainly
intrusives, volcanics, and volcaniclastics, with only minor
sediment deposition. The first regolith, i.e., deep weathering
zone, may have started to form in the Paleozoic but
unconsolidated regolith material was eroded and removed
upon uplift during rifting between Australia and Antarctica
commencing in the Early to Middle Tertiary. Weathering
processes then started again on freshly denuded landforms
and reached a depth of >150 m over the Late Miocene to
Pliocene, when climate became more arid. An overall uplift
of Southern Australia in excess of 200 m over the Neogene
prevented marine incursions and in combination with
increasing aridity lead to the formation of soil substrate
formed from old Proterozoic bedrocks. In the study area at
Mt. Pleasant regolith development evolved from mafic to
ultramafic and therefore easily weathering volcanics. Post-
glacial aridity preventing microbial colonization from the
surface lasted for more than 10,000 years (Supplementary
Table S1) as evidenced by *C dating of organic residues. In
the following these parent materials evolved into primitive
soil horizons by the actions of soil biota including micro-
organisms and lower plants, which then developed mature
surface soil horizons under the comprehensive effects of
biology, climate, landform, and time. The soil/regolith
succession studied had developed mature soil layers, com-
prising the upper humus Ay, layer, the (eluvation) A horizon
(about 0-3 m) to the lower (illuvation) B horizon (about 3—
33 m) and parent regolith bedrock layer (about 36-63 m),
with soil/regolith colors transitioning from reddish-brown to
gray.

Given the high heterogeneity of soil parent material,
organic matter, and genetic classification, a total of 21 tri-
plicate soil/regolith samples were collected from different

depths. The soil/regolith samples collected were stored in
sterile plastic bags, then sealed and transported on ice to the
laboratory. Four soil/regolith samples at the depths of 6-9,
18-21, 45-48, and 51-54 m were chosen for incubation.
The former two represent reddish brown illuvium layers and
the latter two grey regolith layers developed from the parent
bedrock. Using accelerator mass spectrometry (AMS), five
1C radiocarbon dates derived from soil/regolith samples
yielded ages between 15,675 and 10,245 years before pre-
sent (Beta Analytic radiocarbon dating service sample
number 418750-418753, 418756, Supplementary docu-
ment 2). The spoons, tweezers, bottles, and sealing stoppers
that were used in soil treatment and incubation experiments
of soil samples were sterilized by autoclaving, and each
sample was handled with a separate spoon and tweezers to
avoid cross-contamination. During experiments the opera-
tor’s gloves were sterilized by 75% ethanol. All operations
were carried out in a super clean workbench. Before
experiments, 75% ethanol was used to wipe the table and an
ultraviolet lamp was used to sterilize for 20 min. Subse-
quently, in the super clean workbench, the triplicate fresh
soil/regolith samples from each depth were mixed with a
spoon to form one composite sample, whereby visible roots
and residues were removed with tweezers before homo-
genizing the soil/regolith fraction of each subsample. All
composite samples were divided into two groups, a positive
experiment with addition of sterile water and a negative
control experiment without water addition. Each group
consists of on average 7 portions, corresponding with 7 time
points for incubation, i.e., from the starting point to the sixth
month, one point per month. Negative control experiments
were applied on 4 soil/regolith samples, respectively,
employing identical procedures as in positive experiments.
The resurrection of dormant anammox bacteria from ancient
samples provides an opportunity to explore the evolution of
the structure and function of the community.

Both fresh homogenized soil/regolith and media water
were flushed with high-purity He (99.9%) for about 3 x 15
min to remove oxygen. Subsequently, the media water and
glass serum bottles (300 mL) were sterilized by high pres-
sure autoclaving at 121°C for 20 min. Thereafter, the
oxygen-free soil/regolith (about 50 g) and sterilized media
water (about 50 mL) were transferred and completely mixed
into sterilized glass serum bottles (300 mL). The resulting
slurries were flushed with He (99.9%) three times for about
15 min, again to remove residual oxygen. The glass serum
bottles were sealed with butyl rubber plug and pressed with
aluminum cover. Then these bottles were placed into
shaking incubator at 150 rpm at 25 °C in a dark anaerobic
chamber system (Thermo, USA) filled with high-purity Ar
(99.999%). Liquid paraffin was applied to the syringe seal
once a week to prevent leakage. Gas samples (CO,, CHy,
and N,O) were determined based on six parallel bottles at
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times of 1, 2, 3, 4, 5, and 6 months by replacing the gas
sample by an equal volume of high-purity He (99.9%).
Thereafter, destructive sampling was carried out for sub-
sequent analysis in an anaerobic chamber system. The
freshly collected samples were immediately sieved through
a 2.0mm mesh and divided into three subsamples: one
subsample was used for the analysis of physico-chemical
properties, the second subsample was incubated to deter-
mine various microbial N-cycle process activities, and the
third subsample was frozen at —80 °C for molecular ana-
lysis. The details of each analysis were included in the
special chapters below.

DNA extraction, (q) PCR and the related growth rate
calculation

DNA was extracted from 0.33 g of freeze-dried soil/regolith
using the FastDNA SPIN Kit for Soil (MP Biomedical,
USA) with a beating time of 45 s and speed setting of 5.5.
The extracted DNA was checked on 1% agarose gel and the
concentration was quantified with Nanodrop ND-2000
ultraviolet—visible spectrophotometry (Thermo Scientific,
USA).

The abundance of anammox bacteria was determined
targeting hzsB gene using primer pairs HSBeta396F and
HSBeta742R [10] by the fluorescent dye SYBR-Green
approach on an ABI Prism 7500 Sequence Detection Sys-
tem (Applied Biosystems, USA). The (q)PCR assays were
carried out in a volume of 20 uL, containing 10 uL SYBR
Premix Ex Tag™ (TAKARA, Dalian, China), 4 pmol of
each primer and 2 pL of 10-fold diluted DNA template. The
following protocol steps were set: 3 min at 95 °C, followed
by 40 cycles of 30 s at 95 °C, 30 s at 59 °C, and 30 s at 72 °
C [10]. Ten-fold serial dilutions of a known copy number of
the plasmid DNA were subjected to real-time qPCR in tri-
plicate to generate an external standard curve. Melting
curves were generated after each assay to check the speci-
ficity of amplification. The amplification efficiencies were
90-103% (average 92%) and only the results with correla-
tion coefficient (R?) above 0.98 were employed. All tests
were performed in triplicate. The growth rate of each ana-
mmox taxa was defined as the abundance fluctuation along
the incubation time. Calculation was based on the variation
of the abundance divided by the corresponding incubation
days.

lllumina sequencing and network analysis

A nest-PCR was conducted to amplify hzsB gene using the
primer set of HSB396F (ARGGHTGGGGHAGYTGGA
AG)-HSB742R (TCGGCAGTYCCHACRTCATGVGTC
TG) and barcoded primer sets HSB449F (CCDCCSTTY
MGDCATGARGG)-HSB742R on a C1000 Thermal
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Cycler (Bio-Rad, USA) [10, 11]. The amplification mixture
(50 uL) contained: 5 uL of 10x buffer, 4 pL. of dNTP (2.5
mM), 1 uL of each primer (10 uM), 0.5 uL. of BSA, 0.25 uLL
of Taq (2.5U), 2uL of DNA and was topped up with
ddH,0O to a total volume of 50puL. The PCR operation
conditions consisted of an initial 95 °C for 10 min, 35 cycles
of 95 °C for 60 s, 59 °C for 60 s, and a final extension at 72 °
C for 455 [10, 11]. High-throughput sequencing of hzsB
gene amplification was carried out on a Hiseq 2500 plat-
form (Illumina, San Diego, CA, USA).

Sequencing reads were assigned to each sample
according to the unique 6-bp barcode of each sample. Raw
sequences from original DNA fragments were merged using
FLASH [12] and filtered (i.e., with a quality score <25 and
read length <200 bp filtered using the split_libraries com-
mand) using the QIIME software package [13]. Then the
chimeric sequences were removed using UCHIME [14].
The FrameBot tool was used to accurately detect and correct
frameshifts caused by indel sequencing errors [15]. Briefly,
only the sequences containing no ambiguous bases (N),
without any barcode or primer mismatches, and with the
corrected frameshifts and length (about 292bp) were
included into the downstream analysis. The unique
sequences from the remaining high-quality nucleic acid
sequences were obtained by Mothur [16] and then translated
to protein sequences. Preprocessed sequences were clus-
tered into operational taxonomic units (OTUs) based on
their sequence similarity using UCLUST (identity = 0.97)
[17]. A representative sequence for each OTUs was finally
aligned using the MUSCLE program [18]. A local align-
ment search was conducted with hzsB protein sequences
using Basic Local Alignment Search Tool (BLAST).

Singletons were excluded and resampling according to
the minimum sequence numbers across all samples was
performed before calculation. A variety of alpha diversity
indices including Chaol, Shannon, and Simpson were cal-
culated by applying Mothur software [16]. In this study,
beta diversity was determined by weighted and unweighted
UniFrac [19]. The comparison between anammox bacterial
community compositions was visualized using a principal
coordinate analysis (PCoA) of the pairwise Bray—Curtis
dissimilarity matrices of OTUs similarity across the differ-
ent samples.

Bacterial and archaeal 16S rRNA genes were PCR-
amplified with primer pairs, with 341F (5'-CCTAYGGG
RBGCASCAG-3’) and 806R (5'-GGACTACHVGGGTW
TCTAAT-3’) at the V3-V4 region for bacteria [20], 519F
(5'-CAGCCGCCGCGGTAA-3") and 915R (5'-GTGCTC
CCCCGCCAATTCCT-3") at V4 region for archaea [21].
The PCR was conducted on an ABI GeneAmp 9700 (ABI,
USA) in replicate. The mixed PCR product was screened
using 2% agarose gel electrophoresis, and purified using an
AxyPrep Gel Extraction Kit (AXYGEN, USA). Sequencing
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of positive amplicons from sludge samples was carried out
on Illumina Miseq PE250 platform. The efficient readings
were selected by removing low-quality sequences (dere-
plication and discarding singletons) and chimeras using
Trimmomatic and FLASH software. The effective sequen-
ces obtained were normalized and the trimmed sequences
were grouped into OTUs using 97% identity thresholds by
the Usearch software program. Rarefaction curves and
Shannon—Wiener were generated with Mothur software.
The alpha diversity indices were calculated applying the
mother software. Taxonomy was assigned via the RDP
classifier with the Silva databases. The specific sequencing
and analysis above were carried out by NovoGene (Beijing,
China).

The phylogenetic molecular ecological networks
(pPMEN5s) analysis was carried out using the OTU matrix of
all the samples [22, 23]. In the network, the nodes in the
peripherals may ecologically represent specialists, whereas,
module hubs and connectors refer to the generalists, while
the network hubs as super-generalists [24, 25].

The accelerator mass spectrometry method of direct
'C isotope counting for soil dating

Using the AMS method to measure the '*C concentrations
or residual radioactivity of soil/regolith samples, the count
rate or number of decay events per gram C was obtained.
The soil/regolith dating was achieved by comparing this
with modern levels of activity and using the measured
half-life. Brief procedures were as follows: the sample's
organic carbon was chemically separated from the sedi-
ment matrix, converted to graphite, pressed into a cathode
(sample target holder) where if formed a solid graphite
plug or layer and then placed into a sputter ion source of an
accelerator. The CO, produced from carbonaceous raw
materials was cryogenically purified (separated from non-
CO, gases) and reduced to solid graphite for measurement
in an AMS [26-28]. The measurement was performed at
Beta Analytic Radiocarbon Dating Laboratory (Miami, FL,
USA).

Analyzing physicochemical properties of the
incubation slurry

The pH-value of the slurry was determined with a DELTA
320 pH Analyzer (Mettler Toledo, USA) in a mixture of 5 g
of sieved dry soil/regolith sample and 25 mL of ddH,O (a
dry soil/water ratio of 1:5). The slurry NH,", NO,~, and
NO;~ were extracted from 10g of sieved dry slurry by
shaking for 1h at room temperature with 50 mL 2 M KClI,
and then measured by a Continuous Flow Analyzer (SAN
plus, The Netherlands) with detection limits of 0.015 mg kg
“10.015mgkg™!, and 0.03mgkg™!, respectively. All

analyses were performed on triplicate samples for quality
assurance/quality control (QA/QC).

Rate measurements of anammox, denitrification,
NH," oxidation (NH,” — NO, ), NO,  oxidation
(NO,” — NO; ), NO; reduction (NO;~ — NO, ), and
NO,~ reduction (NO,~ — NH,") by "N-tracer
technique

Different '’N-amended substrates were added to determine
the activities of the various N cycle processes. The incu-
bated and homogenized soil/regolith samples (about 3.3 g)
together with He-purged deionized water were transferred
to 12.0-mL glass vials (Exetainer, Labco, UK) for incuba-
tion at 25 °C. In this study, 0.1 mL of stock solution for
each isotopic mixture ("NO;~ [°N at%: 99.19], "NH,"
[N at%: 99.16], SNO,™ [°N at%: 98.17] or N, pur-
chased from Shanghai Research Institute of Chemical
Industry) of 20mmol L™' was added to the glass vial
according to the specific treatment. This afforded a final
concentration of 0.17 mmol L™' °N (ISNO{, 15NH4+, and
5NO,") in fresh soil/regolith. All samples were purged
with high-purity He (99.99%) for 15 min, three times before
incubation, to reduce O, concentrations [8].

To determine the anammox and denitrification activities,
the resulting slurries first needed to be pre-incubated under
anoxic conditions to deplete residual NO,~ and O, in the
soil/regolith and incubation media [8, 29, 30]. Subse-
quently, 100 pL of high-purity He-purged stock solution for
each isotopic mixture with three treatments, i.e., (1) "NH,
*(2) PNH, + NO;™ and (3) “NH," + "NO;~, were
used to calculate the combined activities of both anammox
and denitrification. The incubations were stopped at defined
intervals (0, 3, 6, 12, and 24 h) by injection of 100 uL. of
saturated mercuric chloride solution, respectively. In cases
of the slurries amended with '"’NH," only, no significant
accumulation of '*N-labeled gas (¥N, and/or **N,) could
be observed in any sample, indicating that all ambient
“NO,~ had been depleted during the pre-incubations.
When both ''NH,* and '*NO;~ were added, *°N, accu-
mulated in each soil/regolith sample without any accumu-
lation of *°N,. This pattern was reproducible and the results
showed that the anammox process was detectable in all of
the examined soil/regolith samples. The slurries amended
solely with '"NO;~ showed anammox and denitrification
rates. The potential rate and contribution to N, production
of anammox and denitrification were calculated using the
produced N, and *°N,, as described by Thamdrup and
Dalsgaard [31].

Ammonia oxidation activities were measured as the
production rate of '’NO,~ from incubations with >NH,".
First, 100 uL of N,-purged ""NH, " isotopic stock solution
was added, and incubation of the slurries was terminated at
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defined intervals (0, 3, 6, 12, and 24 h) by injecting 100 uL
of saturated mercuric chloride solution. To assess the N-
isotopic ratio of ’NO,~, 16.5 mM (final concentration) of
sulfamic acid was added to reduce 15NO{ to 29N2 [8, 32,
33]. The incubation time with the sulfamic acid exceeded
12 h to ensure sufficient conversion.

Nitrite oxidation activities were detected as the produc-
tion rate of >NO;~ from *NO,". Following injecting 100
pL of saturated mercuric chloride solution after defined
intervals (0, 3, 6, 12, and 24 h), about 1.0 g sponge cad-
mium was added under alkaline (pH = 7.0-8.0) conditions
to convert the "NO;~ produced to SNO,™. Thereafter,
16.5 mM (final concentration) of sulfamic acid was added to
the incubation for longer than 12 h to reduce BNO,™ to N,
completely [8, 32, 33].

Nitrate reduction to nitrite rates were detected as the
production rate of >NO,~ from reduced ""NO;~. 100 uL of
SNO; ™ isotopic stock solution was added first, followed by
injection of 100 uL of saturated mercuric chloride as an
inhibitor to terminate biological activity after defined
intervals (0, 3, 6, 12, and 24 h). Next, 16.5mM (final
concentration) of sulfamic acid was added and incubated for
more than 12 h to reduce ISNO[ to N , completely [8, 32,
33].

To assess the nitrite reduction rates, 100 uLL of N,-purged
SN0, isotopic stock solution was added. After defined
intervals (0, 3, 6, 12, and 24 h), the reaction was stopped by
injecting 100 uL of saturated mercuric chloride solution.
Subsequently, hypobromite was added and incubation for
longer than 12h converted the '>NH," produced to *N,
completely [8, 32, 33]. The final concentration of hypo-
bromite was equal to the concentration of added "NO,".

To assess the DNRA rates, 100 uL of diluted ISNOZ’
isotopic stock solution was added. After defined intervals,
the reaction was stopped and hypobromite was added and
incubated for more than 12 h to convert produced "NH, " to
N, completely. The final concentration of hypobromite
was equal to the concentration of added ISNO[ [8, 32, 33].

The produced N, or *°N, in the above processes were
measured by IRMS (MAT253 with Gasbench II, Bremen,
Germany). The minimum detectable rate in this study was
calculated to 0.001 nmolNg 'h™!. The measurements
were done at the Key Laboratory of Tibetan Environment
Changes and Land Surface Processes, Institute of Tibetan
Plateau Research, Chinese Academy of Sciences.

The measurements of carbon dioxide, methane, and
nitrous oxide gas emission

Gas chromatography (GC) with electron capture detector

(ECD) and flame ionization detector (FID) at a detection
limit of 1 ppb were used to measure the concentration of
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CO,, CHy, and N,O, respectively. All analyses were per-
formed on triplicate samples for QA/QC.

Statistical analysis

The basic data management and arrangement was per-
formed in Microsoft Excel. Means comparison was
expressed as mean + standard deviation (S.D.) unless spe-
cified. General statistical analysis was conducted under the
statistical product and service solutions 18.0 software
(SPSS Inc., USA). Pearson correlation was used to evaluate
the correlation relationships between variables. In this
study, all the data below detection limits were considered to
be zero in the statistical analysis, and all the statistical dif-
ferences were set at the a=0.05 significance level (p <
0.05) unless specified. Graphing was achieved using Origin
8.0 software.

Results
Age of sampled soils

The Kalgoorlie soils studied from the surface to 63 below
showed a marked profile and development (Fig. 1). The five
AMS 'C radiocarbon dates determined on the soil/regolith
samples ranged between 15,675 and 10,245 Cal. yr B.P.
(Beta Analytic radiocarbon dating service sample number
418750-418753, 418756, supplementary documents 1). In
order to experimentally test the revival of anammox bacteria
after a dormancy of >10 ka, we collected dry soil/regolith
samples under sterile conditions (Table S1) from different
depths (69 m, illuvium; 18-21 m, illuvium; 45-48 m, soil
parent material, and 51-54 m, soil parent material).

Abundance and activity of anammox bacteria

As a precaution we only added sterile Milli-Q water con-
taining no further chemicals (such as anammox substrates
NH,4*, NO,™, and NOj3") to the regolith samples (in a 1:1
vol/wt water:fresh soil ratio). After 2 months of incubation,
real-time quantitative PCR (qPCR) showed that anammox
bacterial counts were still below the limit of detection (LoD
=10%copiesg™") in all samples (Fig. 1). Nevertheless,
microbial activity had already been initiated and the onset of
respiratory metabolism was detected by significant CO,
production (p <0.05; Table S2). After 3 months, the 16S
rRNA and hzsB genes of anammox bacteria were detected
in all samples, at an abundance level well over 10° copies g
~! dry soil. All anammox species detected showed high
similarities to Candidatus Jettenia and Brocadia. The
abundance of anammox bacteria at 45-48 m was the highest
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The activity of anammox bacteria in the incubations was
determined by the 'N-tracing techniques including negative
controls (Fig. 1). In the third month, anammox activity (0.11
+0.01 nmol N g ' h™") could be detected in the sample from
45 to 48 m where the anammox bacteria abundance was (5.3
+0.4) x 10° copies g ! dry soil (approximately 58.6 copies g
“'d™". In contrast, anammox activity could not yet be
detected in the other incubations, although the abundance of
anammox was well over 10°copiesg™!' dry soil. In the
fourth month of incubation, anammox activity (0.26 +0.01
nmol N g~ ' h™!) was detectable in every sample where the
abundance was over 10* copies g~! dry soil. Throughout the
5 months, no anammox bacterial abundance nor activity was
detected in the negative controls.

Anammox bacterial community

High-throughput sequencing analysis of anammox bacterial
hzsB gene showed that the diversity of anammox bacterial
decreased with time (Fig. 1, Fig. S1). The anammox com-
munity shifted from multiple Candidatus Jettenia, Candidatus
Brocadia, and Candidatus Anammoxoglobus to a single spe-
cies of Candidatus Brocadia fulgida within 4 months (Figs. 1
and 2, Fig. S1 S2). However, amongst the anammox species
the growth rate of the genus Jettenia was most consistent with
the overall anammox rate (r=20.55, p =0.012, n =20) and
abundance (r=0914, p<0.001, n=20; Table S3,
Fig. S3 S4). Nitrate content had a positive relation with overall
anammox bacterial growth, as well as a close relation with the
growth of genus Candidatus Brocadia and Jettenia.

The co-occurrence network analysis of the anammox
community clustered to two significant modules with an
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) Brocadia anammoxidans
& Brocadia fulgida

B Scalindua
Unclassified anammox

average clustering coefficient (avgCC) of 0.639 (p <0.01)
(Fig. 2b, Fig. S5). A total of 52 nodes showed 47.9%
positive and 52.1% negative interactions within total 628
interaction links. Given that nodes with higher connectivity
are usually regarded as the central nodes in the network
structure [34], we looked at the nodes (anammox bacterial
OTUs) with high connectivity. The maximum degree of
connection was found in OTU41, which was phylogeneti-
cally affiliated to Candidatus Jettenia. Amongst the Can-
didatus Jettenia links 67.5% (27/40) revealed positive
interactions, in which 88.9% were interactions with Can-
didatus Brocadia anammoxidans. Thus although Candida-
tus Brocadia was the most dominant species, it was not the
key connector.

Diversity of archaeal and bacterial community

The relative abundance and microbial community structure
comprising bacterial/archaeal co-occurrence with anammox
bacteria was investigated by high-throughput sequencing of
16S rRNA genes derived from this extreme environment
(Fig. 3). Over the entire incubation period, the bacterial
community showed no significant change (Fig. 3a;
Table S4), and the facultative anaerobic Proteobacteria
(81.9-95.6%) dominated, of which the majority families
were Halomonadaceae (50.6-57.2%, affiliated with Ocea-
nospirillales) and Shewanellaceae (22.4-29.9% affiliated
with Alteromonadales), both favoring salty marine envir-
onments [35, 36]. Further representatives of nitrite-
oxidizing bacteria Nitrospira also increased from 0.05%
(third month) to 0.32% (fifth month). The archaeal abun-
dance exhibited a community shift from the Crenarchaeal
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group (83.2%) plus Candidatus Nitrososphaera (14.3%) in
the third month to multiple Methanococcus (61.3%), Cre-
narchaeal group (20.5%), and Candidatus Nitrosoarch-
aeum (153%) in the fourth month and finally to
Crenarchaeal groups (29.9%) combined with typical ther-
mophilic Methanococcus (66.1%) (Fig. 3b).

For the co-occurring network of archaea, bacteria, and
anammox bacteria, there was only one module (Fig. 3c,
Fig. S6). This is interpreted to indicate a strong symbiosis or
competition within the entire microbial community. In this
module, a total of 53 nodes gave 746 interaction links in
which there were 42.8% positive and 57.2% negative

Time (months)
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@ g_Jettenia

© g_Kuenenia

Positive interaction
Negative interaction

interactions. For the archaeal genus Candidatus Nitroso-
sphaera, all links revealed interaction with the anammox
community, and 68.8% (11/16) of the links were positive
interactions. By contrast, there were only 64.7% (22/34)
links of Bacteroidetes to anammox, while 58.8% (20/34) of
links were negative interactions.

Interaction of anammox with other N cycling
process

NO," is the key intermediate in microbial N-cycling pro-
cesses and the preferred electron acceptor of anammox
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Fig. 4 Temporal change of N-cycle microbial activity and community
in soil/regolith sample under sterilized media water incubation. (I)
Rates and proportions of anammox and related N cycles. The single

bacteria. Hence, we determined the NO, ™ conversion rate of
several possible N cycle processes [anammox, denitrifica-
tion, NO,  oxidation and dissimilatory NO3; ™~ reduction to
NH,+ (DNRA)] and the NO, ™ production rate [NH," oxi-
dation and NO;~ reduction] via the >N isotopic-pairing
technique (Fig. 4). Initially, only NO3 ™~ reduction to NO,™
(0.23+0.02nmolNg 'h™!) and denitrification (0.04 +
0.004 nmol N g 'h™") were detected. After 3 months of
incubation, NH,t oxidation (0.19 +0.02 nmol N g’1 h™h,
DNRA (0.19 +0.02 nmol N g "' h™") and anammox (0.11 +
0.01 nmol N g_l h™!) were also detectable. As NO, ™ sink,
DNRA became dominant (52.4%) over anammox and
denitrification, and for N-loss anammox exceeded deni-
trification (0.07 +0.008 nmolNg*1 h™!). It was noted that
the potential anammox rates are probably underestimated
because DNRA would lead to production of '>'NH," from
15N03’ (or 15NO[) and as a consequence anammox may
produce N, (NH, + NO,7) and this signal may be
interpreted as canonical denitrification. The prominent role
of NH," oxidation as NO, source in the third month
shifted to NO5; ™~ reduction in the fourth month. The rate of
anammox (0.26 0.3 nmol N g~' h™1), denitrification (0.13
+0.009 nmol N g 'h™!) and DNRA (0.34 +0.03 nmol N g
~'h™!) also significantly increased and the DNRA remained
the dominant pathway in NO,  consumption. After
5 months of incubation, rates of anammox (0.05 +0.005
nmol N g¢"'h™!) and DNRA (0.036 +0.005nmol Ng~'h™)
decreased, but the rate of denitrification continued to
increase (0.16 £0.2 nmolNg_l h™!) and became the most
significant N-loss (75.7%) and NO, ™ sink (36.6%) pathway.

Residual oxygen of the original soil aggregates or
regolith may have been responsible for NH," to nitrite
oxidation and thus may have diminished NH," to very
low levels when anammox was detected in the third
month. However, we found the coupling of anammox to
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DNRA to last over the entire incubation period with
DNRA most probably providing NH," to anammox
bacteria. In the fourth month, when DNRA rate reached
the highest value (0.34 +0.03 nmol-N g~ ' h™!), the ana-
mmox rate maximized as well (0.26 +0.03 nmolNg~'h
~1). Comparably, when after 4 months DNRA
diminished, the anammox rate declined in parallel. The
decline in DNRA rate led to decreased NH," that was
apparently insufficient to support the growth of ana-
mmox bacteria. Comparable observations have been
made in substrate-limited marine oxygen minimum zone
(OMZ) [37].

NO;™ is the next preferred terminal electron acceptor
after O,. In the oxygen-depleted incubations, NO3 ™ not only
participated in the supply of nitrite, but also constituted a
key role as the main electron acceptor for respiration.
During the 5 months incubation, NO3;~ reduction rates
continuously stayed at relatively high levels (0.11-0.38
nmol-N g~'h~!). With the relatively high background of
0.44mgkg~!, NO;~ reduction may have been the respira-
tory process in the soil and regolith during the first
4 months, which could supply NO,  for the growth of
anammox bacteria. Following the increase of abundance
and activity of anammox bacteria the first 4 months, the rate
of NO,  oxidation to NO3™~ significantly increased from
0.02 (in the fourth month) to 0.19 nmol-N g~ 'h~! (in the
fitth month) and became the major pathway of NO,~
transformation even at nanomolar oxygen levels, which is in
accordance with observation in the OMZs [38]. The high-
throughput sequencing results further illustrated the possi-
bility of NO, oxidation within the Nitrospira class
(0.32%) detected. Consequently, the inner NO,  sink
switched from DNRA to NO,  oxidation after 4 months
and the latter could supply the NO;™ to maintain the energy
cycle.
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Discussion

Water is the main component of all living cells, and the
ability to absorb and release water is a basic property [39].
However, dryland soils are an environment with very low
water content. At low soil water matrix potential, the
available substrate is limited, which causes dormancy and/
or death of microorganisms [40]. However, it is fascinating
that dormant anammox bacteria residing in dry soils of
>10,000 years old were able to be revived by water addi-
tion. This demonstrates a dormancy capacity of anammox
bacteria approaching that of Actinobacteria, Bacteroides
and Firmicutes in dry Antarctic soils, which was reported to
be 26.5ka [41, 42] but not yet the millennia equivalents
reported for endospores of clostridia or millions of years
proposed for halophilic microorganisms [43, 44]. It also
suggested that anammox bacteria may be able to tolerate
low matric potential in the soil environment. The strong
tolerance to adverse environments is a favorable condition
for the wider ecological niche of anammox bacteria and
contribution in terrestrial ecosystems.

During incubation experiments, we aimed to create
anoxic environment for anammox bacteria by making the
incubations anoxic by flushing with high-purity He gas. But
as previously reported, residual oxygen will still be retained
in soil aggregates [45]. The dominant Ca. “Brocadia ful-
gida” species in our incubations was reported to tolerate
oxygen levels up to 70 uM [46]. Hence, the trace residual
oxygen did not seem to affect the growth of anammox
bacteria. On the other side, water addition could also sti-
mulate other aerobic microorganisms to consume residual
oxygen. As a result the observed ammonium oxidation rate
driven by thaumarchaeal ammonium-oxidizers was very
low (~0.003 nmol N g’lhfl), and even several methano-
gens (Methanococci (67.2%) and Methanobacteria (4.0%))
appeared in the later stages of the incubations The two
methanogens, Methanococci and  Methanobacteria,
emerged after 3 months and may have consumed undesir-
able organic compounds that can interfere with growth of
anammox bacteria. The Methanococcus and Methanolobus
belong to typical thermophilic organism which evolved
from ancient marine environments [35, 36, 47], such
detection may reflect the historical mark of the soil habitats.
The presence of more extremophilic microorganisms
probably represent the intense desiccation of the ecosystem,
a process known to favor dormancy of adaptive organisms
[42, 43, 48]. This study further showed that the residual
oxygen may have been consumed by the growth of aerobic
microorganisms after addition of water. Low soil water
content might have limited microbial activity as diffusion
and supply of substrate was hindered [49] Therefore, the
addition of water could change the mass-transfer of ana-
mmox substrates from soils (high heterogeneity) to slurry

and water column (more homogeneous), which would sig-
nificantly increase the substrate availability for anammox
bacteria. It is speculated that the moisture content of soil is a
key environmental factor for anammox bacteria rather than
oxygen.

The interaction of the anammox bacterial community
with other bacterial/archaeal community members was
investigated by network analysis. The analysis indicated
that Jettenia was the keystone genus, rather than the
abundant Brocadia. This was also in accordance with pre-
vious studies in wetlands sediments [50], and might also be
due to the mixotrophic lifestyle of the genus Jettenia [51].
Furthermore, the archaeal ammonium-oxidizer Candidatus
Nitrososphaera showed over 99% positive links with ana-
mmox bacteria, indicating a potential synergy in the supply
of NO, to anammox. Similar results were also reported in
paddy fields [3], oceanic OMZs [52, 53], and unconfined
aquifer soils [54]. In contrast, most of the negative links
were shown for the Bacteroidetes that are heterotrophs
frequently found on macroscopic organic matter particles,
representing a significant part of free-living microbial
assemblages in nutrient-rich microenvironments [55].

Nitrite, rather than nitrate, is the preferred electron donor
for anammox bacteria [56]. In nature, nitrite does not
accumulate and mainly derives from NH,' oxidation in
aerobic environments and from partial NO;~ reduction
under anoxic ones [57]. In most previous studies, NO,
mainly originated from oxidation of NH," in surface wet-
land sediments and soils as deduced from the rate of
ammonia oxidation versus nitrate reduction [2, 3, 8, 58]. In
this study the NH," oxidation rate could only be measured
at the beginning of the experiments, but ammonium could
no longer be detected in the later stages, indicating that then
NO,  may preferentially originate from NO;3;~ reduction
under more anoxic conditions. Moreover, the anammox rate
increased parallel to the NO; ™~ reduction rate. This indicated
that anammox bacteria responded positively to the NO;3~
reduction. In soil, ammonium maybe a limiting factor for
anammox bacteria because NH," is bound to soil colloids
with negative electrical charges and can be oxidized by
ammonia oxidizing archaea and bacteria [59-61]. In con-
trast, nitrate can more easily diffuse and can be leached
from surface soil down to deep soils. Nitrate reduction
under oxygen-limited conditions may be the largest
respiratory process, and will produce NO,~ and NH,* by
DNRA bacteria as substrate of anammox bacteria [62, 63].
Indeed in our present study, DNRA seemed to supply NH,*
for growth of anammox bacteria as has been observed in
marine ecosystems, where the coupled anammox and
DNRA processes play a significant role in N loss in
OMZs [33, 37, 64]. Therefore, we suggest that anammox
bacteria not only inhabit water saturated soils or marine,
liminic and riparian sediments but also occur, though at low
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metabolic rate, often approaching dormancy, in dryland
soils.

This study provided experimental proof and new insight
into the potential revitalization of dormant bacteria from
previous and currently arid regions that account for about
40% of the global pedosphere by increasing soil moisture in
the wake of global climate change. Even >10,000 years old
soil, regolith, and sediment harbor dormant bacterial resting
stages, which upon intensification of the hydrological cycle
and higher soil moisture will have the potential to resusci-
tate. Although water addition is a very simple process and it
will occur with rainfall in nature, it will obviously awaken a
variety of microorganisms and accelerate the biogeochem-
ical cycle process. The perspective that present climate
change may potentially initiate dormant bacteria reactiva-
tion on a large (global) scale is presently not accounted for
and its consequences on the nitrogen and carbon cycle are
not yet explored.
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