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Halophyte shrubs, prevalent in arid regions globally, create saline fertile islands under their canopy.
This study investigates the soil microbial communities and their energy utilization strategies
associated with tamarisk shrubs in arid ecosystems. Shotgun sequencing revealed that high salinity in
tamarisk islands reduces functional gene alpha-diversity and relative abundance compared to bare
soils. However, organic matter accumulation within islands fosters key halophilic archaea taxa such as
Halalkalicoccus, Halogeometricum, and Natronorubrum, linked to processes like organic carbon
oxidation, nitrous oxide reduction, and sulfur oxidation, potentially strengthening the coupling of
nutrient cycles. In contrast, bare soils harbor salt-tolerant microbes with genes for autotrophic energy
acquisition, including carbon fixation, H, or CH4 consumption, and anammox. Additionally, isotope
analysis shows higher microbial carbon use efficiency, N mineralization, and denitrification activity in

tamarisk islands. Our findings demonstrate that halophyte shrubs serve as hotspots for halophilic
microbes, enhancing microbial nutrient transformation in saline soils.

In arid ecosystems, soil microbiomes play a pivotal role in steering soil
nutrient biogeochemical cycling'. However, microbial life contends with
mutable challenges, including nutrient limitations, aridity, and salinity’. The
presence of scattered plants in arid ecosystems prompts the redistribution of
soil resources from bare soil interspaces to beneath shrub canopies, resulting
in the formation ‘fertile islands’ which provide a refugium for microbiomes.
These islands host diverse microbiomes that significantly contribute to soil
nutrient cycling in hyper-arid environments™.

Halophytes, renowned for their salt and drought tolerance, are wide-
spread in global arid regions. Taking tamarisk (commonly known as salt
cedar) as an illustration, the majority of Tamarix species originate in Eur-
asia, with at least five species proving invasive and densely distributed in
drylands spanning the Midwest of the USA, Northern and Southern Africa,
Central Asia, and Northern China (Global Biodiversity Information Facility,
http://www.gbif.org)". The exudates and leaf litter of these plants elevate soil
salinity under the plant canopy’*, giving rise to what are termed ‘saline fertile

islands’ in arid landscapes’. It is crucial to recognize that salinity is a key
factor shaping microbial communities and can impede various microbial
activities'”"”. In the case of halophytes, their presence generates unique
niches for microbial communities, which, in turn, exert complex and
uncertain effects on microbially mediated nutrient cycling within arid
ecosystems. Therefore, understanding the microbial characteristics below
ground associated with halophytes is indispensable for formulating strate-
gies to manage crucial soil functions and preserve the services provided by
these fragile environmental systems.

Microorganisms represent the biochemical engines of global element
cycles". Within this complex interplay, functional genes encoding
enzymes specific to redox reactions hold the potential to unveil underlying
biogeochemical processes and the microbial agents orchestrating them'.
For instance, researchers have utilized bipartite function-taxon networks
derived from metagenomic contigs to identify microbes that act as lynch-
pins in linking nutrient cycles within forest soils in eastern China,
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emphasizing the sensitivity of functional gene composition and diversity to
soil pH'. In a recent metagenomic investigation, it was revealed that shrub-
induced ‘fertile islands’ in desert ecosystems provoke shifts in soil microbial
energy use strategies, favoring the proliferation of copiotrophic microbes
and microbes that cannot use atmospheric trace gases to support their
activity, compared to bare soils’. However, metagenomic studies examining
microbial patterns in arid ecosystems, especially those focusing on the
community’s biogeochemistry in saline soils, are still limited. Specific
questions persist regarding whether the drivers of microbial diversity and
the sensitivity of functional gene composition in halophyte-induced islands
differ from their surrounding bare saline soils. Additionally, it remains
unclear whether the concentration of salt in the islands reduces diversity of
microbial functional genes, and if microbial taxa and genes are selectively
enriched in these islands, playing a pivotal role in driving specific biogeo-
chemical cycles.

This study employs tamarisk islands as a model to unveil soil microbial
functional profiles and their ability to process biogeochemical reactions
within and beyond halophyte islands. Our dataset encompassed soils from
three distinct arid ecosystems near the Taklimakan Desert, China. Using
cultivation-independent metagenomic sequencing, we linked biomarker
genes for soil biogeochemical cycles with their respective microbial taxa.
Additionally, stable isotope tracing enabled us to delineate distinct microbial
carbon and nitrogen processing intensities in soils beneath shrub canopies
and in bare soils. We hypothesized that the heterogeneity of soil properties
induced by halophyte favors specific microbial taxa and enhances microbial
metabolic efficiency, subsequently fortifying soil biogeochemical processes.
This exploration can offer valuable insights into the intricate relationship
between halophyte islands and microbial-driven biogeochemical cycles in
arid ecosystems.

Results
Linking soil chemistry to functional gene composition and
diversity
We observed the soil variables, including salinity, SOM (soil organic mat-
ter), TN (total nitrogen), and NH,"-N, were significantly higher in soils
under shrubland (inner) compared to bare areas (outer) across three arid
ecosystems (Fig. 1B; Fig. S1). KEGG annotation results revealed that, except
for the bare soil in tamarisk shrubland, other soils did not show significant
variation in the proportion of unannotated genes, which ranged from 44%
to 47% across samples (Fig. S2). Metagenomic profiling indicated that the
most abundant community members were archaea from the Euryarchaeota
phylum, ranging from 48.2% to 89.5% (Fig. S3). In the inner soils, Halo-
bacteria were particularly dominant, comprising 76.8% to 89.2%. In the
outer soils, Halobacteria (46.5% to 59.1%), Gemmatimonadetes (6.6% to
8.9%), and Actinobacteria (2.9% to 4.0%) were found in abundance (Fig. S3).
Salinity was identified as the primary driver of soil community, and it
showed a negative correlation with functional gene richness index
(r=-0.54, P<0.001) and Shannon index (r=-0.36, P <0.001) (Fig. 1C;
Fig. S4). The functional gene composition was roughly divided into two
groups (Supplementary Data 1), inner and outer, along the salinity gradient
based on PCoA analysis (Fig. 1D; Fig. S5). The variation of soil metagen-
omes in the outer group was mainly determined by salinity and AK
(available potassium), whereas in the inner group, it was mainly determined
by NO; -N and SOM (Fig. 1E; Fig. S6).

Microbial genes related to soil C, N, and S biogeochemical cycles
There were significant changes in the abundance of genes associated with
carbon (C), nitrogen (N), and sulfur (S) cycles in arid ecosystems (Sup-
plementary Data 2). Specifically, we found that soils beneath tamarisk
canopies contained a significant higher abundance of genes involved in
carbohydrate metabolism. Microbial genes associated with pectin metabo-
lism increased in inner soils from MS to SD. For example, the relative
abundance of genes responsible for the conversion of rhamnogalacturonan
to RG-oligosaccharides exhibited a 2.2-fold increase. In contrast, genes
related to hemicellulose metabolism decreased in inner soils. Specifically, the

relative abundance of genes responsible for the conversion of xyloglucan to
xylo-gluco-oligosaccharide decreased by 76.5% (Fig. S7). Among the
carbon-cycling biomarker genes, organic carbon oxidation (C-S-01) and
anaerobic fermentation (C-S-06) were the dominant processes, comprising
79% and 6% of all contigs, respectively (Fig. 2; Supplementary Data 3).
Notably, organic carbon oxidation and fermentation were more prominent
in inner soils compared to outer soils, and showed a negative correlation
with soil salinity. The genes for aerobic respiration processes, including
methanotrophy, H, oxidation, and acetate oxidation, all had their highest
abundance in the outer soils. Euryarchaeota were the main contributors to
both organic carbon oxidation and anaerobic fermentation, as revealed by
identifiable taxa (Fig. S8; Supplementary Data 4).

In terms of nitrogen cycling, the dominant biomarker genes were
associated with nitrite reduction (N-S-05) and nitric oxide reduction (N-S-
06), and their abundance was higher in inner soils compared to outer soils
(Fig. 3). Nitrite oxidation (N-S-03), nitrite reduction (N-S-05), and nitrous
oxide reduction (N-S-07) showed a positive correlation with soil salinity,
and Euryarchaeota were the most frequently assigned taxa and played a
dominant role in these pathways (Fig. S8). Interestingly, the gene abundance
for anammox (anaerobic ammonium oxidation) (N-S-09), which is asso-
ciated with autotrophic nutrition, was over twice as high as that in the outer
soils (Fig. 3; Supplementary Data 5).

Sulfur cycling biomarker genes were dominated by sulfur oxidation (S-
$-03) and sulfite oxidation (S-S-04)/sulfate reduction (S-S-05), comprising
1.7% and 1.5% of all contigs, respectively (Fig. 4). Compared to inner soils,
outer soils had a higher gene abundance in sulfur oxidation (S-S-03) and
sulfite oxidation (S-S-04)/sulfate reduction, and showed an increasing trend,
negatively correlated with salinity. Euryarchaeota played a dominant role in
sulfur oxidation (S-S-03), whereas Cyanobacteria contributed to substrate
sulfite oxidation (S-S-04) (Fig. S8; Supplementary Data 6).

Linking biogeochemical processes to microbial taxa using a
function-taxa bipartite network

The results demonstrate that nutrient cycling in the outer soils is pri-
marily driven by taxa such as Gemmatimonas and halophilic archaea,
which including Haloarcula, Halococcus, Haloferax, Halosimplex, and
Haloterrigena (Fig. S9). In contrast, inner soils harbor a more diverse
community of halophilic archaea taxa, including Halobacterium,
Halalkalicoccus, Halomicrobium, Halogeometricum, Halorubrum, among
others. Function-taxa bipartite network analysis revealed the formation
of six clusters in outer soils, each consisting of genes associated with
biogeochemical processes and their corresponding taxa (Fig. 5). In inner
soils, four clusters were observed. Within each cluster, both biogeo-
chemical processes and coupling processes appeared to be potentially
driven by taxa requiring similar redox states.

In outer soils, two clusters were associated with the potential cou-
pled carbon-nitrogen (C-N) cycle (Fig. 5). The first cluster was domi-
nated by Euryarchaeota, such as Halomicrobium, Halapricum, and
unclassified Halobacteriales, and contained genes involved in five path-
ways. The second cluster was dominated by Salinarchaeum and Rho-
dothermus and contained genes involved in two pathways, ie.,
methanotrophy (C-S-08) and nitrous oxide reduction (N-S-07). Addi-
tionally, two clusters related to carbon and sulfur cycling were present.
The first cluster was driven by Natrinema and Haloterrigena, while the
second cluster was driven by Gemmatimonas.

In contrast, inner soils exhibited a stronger statistical potential coupling
of the C-N cycles, characterized by a higher number of nodes and links. This
complex interaction formed an independent cluster comprising eight
pathways (Fig. 5). This cluster was driven by multiple genera of halophilic
archaea, including Halalkalicoccus, Halorubrum, Halogeometricum, Halo-
bacterium, and Halomicrobium. Additionally, a distinct cluster encom-
passing N-S-coupled pathways, specifically nitrous oxide reduction and
sulfur oxidation, was identified in the inner soils, whereas it was notably
absent in the outer soils. Natronorubrum and Salinibacter were primarily
associated with these processes within this cluster (Fig. 5). These findings
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Fig. 1 | Correlation between soil properties and microbial communities. Three

arid ecosystems (A): “meadow with tamarisk shrubs (MS)
(SH)”, and “ tamarisk shrub duneland (SD) “. Comparison of soil properties among
different treatments. Significant differences (LSD test, p-value < 0.05) are denoted by

» o«
>

tamarisk shrubland

distinct lowercase letters. SOM soil organic matter; TN soil total nitrogen, TP soil
total phosphorus, TK soil total potassium, AP available phosphorus, AK available

potassium (B). The influence of salinity on functional alpha-diversity (C). Principal

Mantel statistic Mantel statistic

coordinates analysis (PCoA) illustrating beta-diversity between different treatments.
Hollow points correspond to samples under tamarisk shrubs (inner), while solid
points represent samples from the surrounding bare land (outer). The point size
represents soil soluble salt content (D). Mantel correlation coefficients showing the
functional beta diversity correlation with different soil properties. Red indicates p-
value < 0.01, green indicates p-value < 0.05, and grey indicates no significant dif-
ference (E). The error bars display the standard deviation.
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Fig. 2 | Carbon biogeochemical cycle. Line thickness represents the proportion of
biomarker genes for the corresponding pathway. Dashed lines indicate proportions
lower than 0.1%. Bar plots display the relative abundance of biomarker genes for
each pathway (A). Spearman’s correlations between pathways in the carbon bio-
geochemical cycle and soil soluble salt content (B). The error bars display the
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standard deviation. MS denotes meadow with tamarisk shrubs, SH denotes
tamarisk shrubland, and SD denotes tamarisk shrub duneland. “I” represents soil
under tamarisk shrubs (inner), while “O” represents the soil surrounding bare
land (outer).

highlight the potential interactions between different biogeochemical cycles
and their corresponding taxa in the process of land desertification.

Microbial element-use efficiencies

We conducted tests to assess microbial element-use efficiencies, pro-
viding valuable insights into how microbial processes impact miner-
alization and assimilation across various soil regions. The evaluation of
microbial CUE, mineralization, and potential denitrification rates sup-
ported our metagenomic findings, indicating elevated activities of carbon
and nitrogen cycles within the inner soils (Fig. 6). Microbial CUE and
growth rate reached their highest values in the tamarisk shrubland.
Notably, microbial CUE and growth rate were significantly lower in the
outer soils compared to the inner soils (p < 0.001), while respiratory rates
were significantly higher in the outer soils than in the inner soils
(p <0.001) (Fig. 6). Throughout the three arid ecosystems, it became
evident that N mineralization and potential denitrification rates were
significantly reduced in the tamarisk shrub duneland compared to the
other two ecosystems. Although nitrification showed no significant dif-
ferences between the inner and outer soils, N mineralization (p < 0.05)
and denitrification (p < 0.01) exhibited marked reductions in the outer
soils when compared to the inner soils.

Discussion
Saline terrestrial environments are known for hosting a diverse array of salt-
tolerant bacteria and halophilic archaea (haloarchaea), characterized by
their unique metabolic diversity, minimal nutritional requirements, and
adaptability to saline conditions. Halophytes, prevalent in saline lands,
significantly contribute to the elevation of salinity and nutrient levels
beneath their canopies, potentially creating a heterogeneous distribution of
microorganisms thriving in saline soils. In this study, we pioneered the use
of marker genes and isotopic analysis to evaluate microbial ecology patterns
and related biochemical processes, providing empirical evidence on soil
nutrient cycling in saline environments. Our findings suggests that halo-
phytes may indeed play a pivotal role in regulating soil halophiles and
promoting nutrient cycling across distinct arid ecosystems (Fig. 7).
Numerous arid deserts around the world harbor diverse microbial
communities, including Actinobacteria, Chloroflexi, Proteobacteria, and
Bacteroidete”. In these arid environments, where clear organic carbon
sources are absent, particular members of the Actinobacteriota and Gem-
matimonadota can utilize trace gases as vital energy sources'*"”. Our current
study finds that Euryarchaeota (Fig. S3), particularly Halobacteria, pre-
dominate in soils, likely in response to the prevalent salt stress in three arid
ecosystems. Both Actinobacteriota and Gemmatimonadota were also
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Fig. 3 | Nitrogen biogeochemical cycle. Line thickness indicates the proportion of
biomarker genes for each pathway. Dashed lines represent proportions lower than 0.1%.
Bar plots depict the relative abundance of biomarker genes for corresponding pathways
(A). Spearman’s correlations between pathways in the nitrogen biogeochemical cycle
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and soil soluble salt content (B). The error bars display the standard deviation. MS
represents meadow with tamarisk shrubs, SH represents tamarisk shrubland, and SD
represents tamarisk shrub duneland. “I” represents the soil under tamarisk shrubs
(inner), and “O” represents the soil surrounding bare land (outer).

commonly found in bare soils (Fig. S3), suggesting that these microbes may
employ similar strategies to conserve energy under oligotrophic conditions.

The presence of halophyte-induced saline fertile islands significantly
influences composition of soil microbial community and functional genes.
Previous studies have underscored the preference of specific taxa, such as
Proteobacteria and Actinobacteria, for soils within plant fertile islands in
dryland ecosystem™”. In these saline fertile islands, haloarchaea exhibit
heightened abundance, and organic matter plays a pivotal role in shaping
microbial communities. This finding diverges from earlier studies sug-
gesting that elevated soil salinity may mitigate the impact of soil organic
matter on microbiomes™**, and that soil pH serves as a reliable indicator for
functional gene composition'.

The observed differences in results may be attributed to the ability of
halophiles to actively growth in extreme saline environments, adapting to a
wide range of pH conditions from slightly acidic to alkaline®. Haloarchaea
use the ‘salt-in” strategy to maintain osmotic balance, and their enzymes
demonstrate remarkable tolerance and higher efficiency in the presence of
elevated salt concentrations compared to enzymes of regular
microorganisms™”’. Additionally, halophilic taxa with a preference for
organotrophy may flexibly utilize organic carbon as an energy resource,
contributing to their abundance in saline fertile islands. In contrast, halo-
tolerant microbes widely adopt a ‘compatible solute strategy’ to balance
osmotic pressure. This strategy involves maintaining high ATP production

to power transmembrane transporters and synthesizing compatible solutes
within the cytoplasm—an energetically expensive process””". These
microbes may need to allocate more energy to maintain the physico-
chemical integrity of their cells in response to changes in salinity, rendering
them more sensitive to salinity in bare soils.

The comparison between bare soils and soils beneath the shrub reveals
significant disparities in gene abundance and functional potential. In par-
ticular, the organic-rich inner soils exhibited higher levels of genes asso-
ciated with organic carbon oxidation (Fig. 2). This observation aligns with
the previous indicating that the greater carbon input can accelerate
microbial growth and enzyme activities, ultimately enhancing soil
respiration”. Among the genes involved in carbon metabolism, those
related to pectin metabolism display the most substantial variation in
abundance between the bare soils and the inner soils (Fig. S7; Supplemen-
tary Data 3). Pectin, a complex polysaccharide found in plant cell walls, is
more readily degraded than cellulose™. This makes tamarisk litter a readily
accessible energy source for heterotrophic microorganisms.

In contrast, resource-poor bare soils exhibit elevated gene levels asso-
ciated with carbon fixation, H, oxidation, methanotrophy, and anammox
(Figs. 2, 3). Microbes in such harsh environments have adapted to a low-
energy-cost lifestyle, a trait commonly observed in resource-limited settings
including carbon-limited bare areas alternating with vegetation patches in
drylands™”'. These microbes exhibit remarkable efficiency in oxidizing
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meadow with tamarisk shrubs, SH represents tamarisk shrubland, and SD represents
tamarisk shrub duneland. “T” represents the soil under tamarisk shrubs (inner), while
“O” represents the soil surrounding bare land (outer).

atmospheric trace gases, a vital adaptation for their survival ", For instance,
desert microbes demonstrate the capacity to utilize H, as a resource for CO,
fixation'>”. High-affinity methanotrophs, widely distributed across global
drylands and inversely correlated with soil organic carbon levels, can
effectively utilize atmospheric CH, as a carbon source™. Additionally,
chemolithoautotrophic anammox bacteria have been identified as nitrogen
consumers in upland arable soil’**’. Anammox bacteria generally exhibit
salt tolerance, enabling them to thrive in saline environments”’. This tol-
erance may explain the presence of anammox genes in the saline arid
ecosystems. In light of these findings, our results suggest that mixotrophic
taxa, including autotrophic taxa, are more prevalent in the resource-limited
bare soils compared to the resource-abundant shrub islands.

The analysis of function-taxa bipartite networks has revealed asso-
ciations within nutrients biogeochemical cycles, with the most prominent
connections observed between nitrogen and carbon in soils (Fig. 5).
Importantly, our results have unveiled those soils in tamarisk islands
exhibited a stronger potential carbon-nitrogen cycle compared to bare soils.
One compelling example of this enhanced cycle is the observed potential
coupling relationship between nitrite or nitric oxide reduction and
methanotrophy in inner soils, with such connections being absent in the
outer soils. The interconnection between methanotrophy and nitrate
reduction has been documented in arid soils, as both processes rely on
electron acceptors to sustain microbial metabolism™. The decomposition of
plant carbon inputs (e.g., litter and dead roots) in desert soils fosters
microaerobic conditions or hotspots/hot moments™ ™, while Type I

methanotrophs, which thrive near oxic-anoxic interfaces, are prevalent”. In
this context, the saline fertile islands not only offer essential nutrients for
heterotrophic halophilic microbes but also providing an ideal habitat for
specific methanotrophic species. This intricate interplay likely contributes to
reinforcing the coupling between methanotrophy and nitrite or nitric oxide
reduction within the Tamarisk islands.

Furthermore, we observed a distinct interconnection between
nitrogen and sulfur cycling in inner soils—an interaction that is absent in
the bare soil (Fig. 5). This potential coupling finds its origins in the
presence of specific taxa of Natronorubrum (as illustrated in Fig. 5),
known for their adeptness in utilizing an array of sulfur-containing
compounds, including sulfate and sulfide, as potent energy sources for
biosynthesis*. Such particular taxa potentially serve as the foundational
basis for the linkage between nitrogen and sulfur cycling in the islands.
Moreover, the soils within these islands exhibited a marked abundance of
denitrifying genes compared to the bare soils. Notably, the autotrophic
nature of certain denitrifying bacteria, which are endowed with the
capability to efficiently exploit thiosulfate as an energy source and nitrate
as a terminal electron acceptor™. This capacity provides a partial expla-
nation for the intriguing interplay observed between the constituents of
nitrogen and sulfur. It is important to note that the potential biogeo-
chemical couplings were inferred from network analysis. To corroborate
these findings, additional evidence is necessary, including analyses of
metagenome-assembled genomes, complemented by ex-situ measure-
ments of oxidation rates and specific radiolabeled incubation assays.
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denote taxa associated with those pathways, and the size of each circle corresponds to
relative abundance.

While the predicted potential biogeochemical processes based on
metagenomics analysis lack experimental validation, we conducted addi-
tional incubation experiments to assess certain processes involved in carbon
and nitrogen transformation. Our results unequivocally demonstrated higher

microbial carbon use efficiency and growth rate in soils beneath the shrub
canopy compared to bare soils (Fig. 6). This increased growth can be
attributed to the influx of plant-derived carbon from the shrub, which alle-
viates resource limitations on microbial growth and creates a positive
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Significant differences (LSD test, p-value < 0.05) are indicated by distinct lowercase
letters. All measures show significant differences between the two groups based on
Student’s ¢-test, as indicated by asterisks (*p < 0.05; **p < 0.01, ***p < 0.001).

feedback loop that improves microbial growth efficiency”. Consequently, the
abundant soil organic matter content enhances microbial metabolic pro-
cesses, thereby intensifying carbon cycling in saline fertile islands. In contrast,
microbes in bare soils exhibit limited control over the carbon cycle process, as
indicated by their low growth rate. The observed low growth efficiency
suggests that microbes allocate a significant portion of their resources and
energy toward non-growth maintenance activities”’. These findings support
the theory of physiological trade-offs, which posits that microbial main-
tenance energy requirements increase in soils depleted of organic resources,
resulting in reduced growth efficiency”. However, soil microorganisms in
bare soils continue to respire, potentially utilizing non-plant carbon sources,
such as direct carbon fixation". This finding is consistent with our obser-
vation of a higher abundance of carbon fixation genes in bare soils (Fig. 2).

In terms of the nitrogen transformation, we observed a significantly
higher rate of N mineralization under shrubs compared to the bare soils
(Fig. 6). This heightened mineralization can be attributed to labile carbon
inputs from plants, such as leaf litter, which have been shown to stimulate
microbial N-mining in subarctic soils*. When the stoichiometry of plant
inputs closely matches microbial N demand, the surplus N is more likely to
undergo mineralization®.

Our results also indicate higher potential denitrification rates and
more pronounced denitrification-derived N,O production in soils under
the shrub canopy (Fig. 6). Previous study suggest that a significant pro-
portion of denitrifying archaea are organotrophic halophiles™. Soils with
cover crops exhibit elevated denitrifier activity, and specific carbon sub-
strates such as proteins, amino acids, and organic acids can significantly
enhance denitrification®’. Moreover, the application of crop residues with
KNOj; has been found to significantly increase N,O fluxes compared to
other forms of nitrogen™. Halophyte-induced saline fertile islands not only
have relatively abundant carbon substrates but are also rich in nitrate and
potassium ions (Fig. 2). Therefore, we infer that saline-fertile islands create
a favorable chemical environment for efficient microbial denitrification,
especially for halophilic archaea, which emerging as primary participants
in the denitrification process. It should be noted that certain microbiome,
such as anammox, participate in denitrification under anaerobic condi-
tions. The increase in soil moisture, potentially due to extreme precipita-
tion, could revive anammox bacteria in arid soils™*. Recent trends have
shown increased extreme precipitation events and wetting in the Takla-
makan and Gobi Deserts®, which could boost anammox metabolism in
these arid soils. Further studies are necessary to conduct in situ
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energy strategies influenced by the presence of saline fertile islands created by

halophyte shrubs. The rise in soil salinity and organic C levels, attributed to halo-
phyte shrubs, trigger a shift in microbial groups from halotolerant autotrophic taxa
to halophilic heterotrophic taxa. As a result, saline soils within these islands exhibit
heightened nutrient cycling compared to bare saline soils.

measurements of denitrification, such as using static chambers, in these
arid ecosystems.

Through the isotopic data combined with metagenomic analysis, it
unequivocally reveals a substantial enhancement in specific microbial bio-
chemical processes within the saline fertile islands. Notably, numerous
microbial processes, such as carbon use efficiency and denitrification,
exhibit a pronounced response to variations in climatic factors, thereby
influencing the dynamics of soil carbon and nitrogen pools**** ™. The
extensive presence of halophytes and their induced islands in arid ecosys-
tems, exemplified by the expansive tamarisk-covered area around Takla-
makan exceeding one million hectares®, underscores the substantial
influence of microbiomes in halophyte islands on soil nutrient flows. Sub-
sequent research could unravel the intricate dynamics of halophytes and
their associated soil microbiomes, particularly in relation to the storage and
stability of soil nutrient pools, against the backdrop of global climate change.

In the saline soils of arid ecosystems, halophyte-induced saline fertile
islands significantly contribute to the observed spatial heterogeneity within
soil microbial communities. While these saline islands exhibit a reduction in
both functional gene alpha-diversity and the relative abundance of most
functional genes, they uniquely support specific halophilic microbes with an
extensive repertoire of genes associated with carbohydrate, nitrogen, and
sulfur utilization. This influence enhances the capacity of halophilic
microbes to interconnect essential elements in potential coupling biogeo-
chemical cycles. Conversely, in the bare soils, microorganisms with salt-
tolerant adaptations possess an abundance of genes related to carbon fixa-
tion, H, or CH, oxidation, and anaerobic ammonium oxidation. They

predominantly rely on autotrophic pathways to thrive in nutrient-poor
conditions. These flexible metabolic adaptations allow these microbes to
effectively adapt to the highly variable soil conditions, including fluctuations
in salinity and nutrient availability. Additionally, in response to nutrient
inputs, microbial communities within the islands demonstrate higher car-
bon use efficiency and enhanced nitrogen translation, signifying their
superior ability to efficiently drive nutrient cycling processes. In summary,
our findings underscore the central role of halophyte shrubs in shaping
biogeochemical dynamics through their profound influence on soil
microbial communities in extreme ecosystems.

Methods

Study site description

The study was conducted in September 2021 in three isolated regions
located on the alluvial plain in the north marginal zone of the Taklimakan
Desert, China. The study sites included three different tamarisk shrub
categories: ‘meadow with tamarisk shrubs (MS)’, ‘tamarisk shrubland (SHY’,
and ‘tamarisk shrub duneland (SD)’. Comprehensive information about
these categories is provided in Fig. S1. All study sites share the same climate
conditions, characterized by extremely low precipitation, with mean annual
precipitation varying from 53.3 to 77.5 mm, and very high evaporation, with
mean annual potential evaporation varying from 2750 to 3532 mm’.

Soil sampling
To ensure a comprehensive assessment of the soil microbiome in the study
area, a total of 30 plots (120 x 120 m) were established, with ten plots for
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each site (Fig. S1). From each plot, ten living tamarisk shrubs were selected,
and ten soil cores (0-20 cm) beneath each canopy were collected and mixed
to obtain one composite sample. To serve as controls, three soil cores
(0-20 cm) were harvested from the bare land around each canopy in each
plot, and 30 cores were mixed to obtain one composite sample in each plot,
following Yin’s protocol’. In total, 60 soil samples were collected, repre-
senting the microbiome of the soil under tamarisk shrubs (inner), and the
surrounding bare land (outer). The composited soil samples were sieved
through a 2 mm mesh to remove plant residues and stones. A portion of
each soil sample was placed in a sealed plastic bag, immediately transferred
to the laboratory using a cooler box, and stored at —80 °C until soil DNA
extraction was carried out. The remaining soils were tested for their phy-
sicochemical properties.

Soil physicochemical property determination

The edaphic variables were measured following the methods previously
described”'. To provide a brief overview, the soil soluble salt content of the
soil samples was determined by measuring the residue post-drying. Avail-
able phosphorus was quantified employing a spectrophotometer (UVmini-
1240, Shimadzu, Japan), while available potassium was measured using an
atomic absorption spectrum analyzer (240-AA, Agilent, USA). Soil pH was
measured using a pH meter after shaking a soil/water suspension (1:5, w/v).
Soil organic matter was ascertained through colorimetry subsequent to
oxidation with a potassium dichromate and sulfuric acid mixture. Con-
centrations of total, NH, " -N and NO; " -N were determined using a Kjeldahl
nitrogen analyzer (Kjeltec 8460, Foss, USA). Ion concentrations were
detected using inductively coupled plasma mass spectrometry (ELAN 9000/
DRC-e, PerkinElmer, USA). The physicochemical properties of all the soil
samples are shown in Supplementary Data 7.

Incubation experiment

For microbial basal respiration measurements, an aliquot (5 g) of the field-
moist soil was placed into a 50 mL glass vial and incubated overnight in the
dark at room temperature (24 °C) without manipulating the moisture levels.
Respired CO, collected in the headspace was measured using a gas chro-
matography isotope ratio mass spectrometer (GC-IRMS, Delta-V, Thermo
Fisher Scientific, Germany). Following the procedure, vials with soils were
opened and incubated in the dark for 8 h before adding 100 pL of *C-labeled
DOC solution (0.13 mg C). The filter-sterilized solution was prepared from
“C-labeled powdered Maize (Zea mays) leaf (97 atom% "“C), containing a
range of compounds varying in their decomposability (Shanghai ZZBIO
Co., Ltd., China). Respiration measurements were repeated following the
same incubation procedure as mentioned above to obtain the proportion of
DO"C in respired CO,.

Soil DNA extraction was carried out on a soil aliquot of 0.25 g using
DNA isolation kit. Since soil microbial DNA is a strong indicator of soil
microbial biomass carbon in arid ecosystems”, in this study we estimated
soil microbial biomass carbon using soil microbial DNA without applying
any correction between them. Another set of identical DNA extraction was
performed following addition of 50 pL. of DOC solution and overnight
incubation in the dark at field moisture capacity. Both extracts were ana-
lyzed in the HPLC system coupled to a Delta - V IRMS. This allowed us to
obtain the DNA-C content and the proportion of DO*C in microbial DNA
from soils with and without substrate addition. Microbial carbon utilization
efficiency (CUE) was estimated as DNA-"C/ (DNA-"C + >.CO,-"C),
where >.CO,-"C is the cumulative DO"C lost during respiration®.
Microbial growth rate was calculated as DNA- "> C/DNA-C.

Soil microbial gross N mineralization was estimated using modified
N isotope dilution methods described by Hart et al. *’. Duplicate of 20 g
moist soil samples were added into 200 mL glass cups covered with pierced
Para-film and pre-incubated at 24 °C for 24 h, then evenly dropwise labeled
with 1 ml "NH,CI (10 atom% "°N), and the cups were incubated at 24 °C.
For the determination of NH,"-N, soils were extracted immediately, as well
as 2 days and 7 days after labeling, by suspension in 100 mL of 2 M KCl
solution for 1 h on a shaker. The NH,"-N content was then measured using

a continuous flow analyzer. Subsequently, the N isotope ratio of NH,"-N
was measured using the ammonium diffusion method and analyzed with a
Delta-V IRMS. The gross rates were calculated using the equation developed
by Kirkham and Bartholomew.

The soil nitrification potential was determined following the protocol
described by Drury et al. **. In brief; a total of 10 grams of freshly sieved soil
(mesh size: 4 mm) was weighed into a 250 mL Schott bottle. Subsequently,
100 mL of a freshly prepared NH," nutrient solution with a pH of 7.2
(containing 1.5 mM NH," and 1 mM PO,*") was added to the soil. The
samples were then shaken at 130 rpm under 24 °C. At designated time
points (2, 4, 24,48, and 72 h), 10 mL of the solution was collected from each
replicate to measure the rate of potential nitrification. The collected solution
was centrifuged at 4600 rpm for 10 min and subsequently filtered using a
0.45 pum syringe filter. The supernatant samples were immediately stored at
-20°C until analysis. Concentrations of NH,"-N and NO; -N were
determined using Continuous Flow Analyzer (AA3, Seal, Germany).

Potential denitrification activity was performed as a proxy of con-
centration of denitrifying enzymes in a soil sample”. Two assays were
conducted for each soil sample: one with acetylene to measure the overall
denitrification potential, and one without acetylene to measure N,O for-
mation. For both assays, 20 grams of moist soil were immersed in 30 mL of
solution containing 1 mM KNOs3, 0.5 mM glucose, 0.5 mM sodium acetate
and 0.5 mM sodium succinate in 100 mL glass bottle with rubber stopper.
The bottle was flushed with N, for 3 min and then was vented to reach
atmospheric pressure. After 15 mL of acetylene was added, the bottles were
shaken at 100 rpm for three hours and gas samples was collected at 60, 90,
120, 180 min. Gas samples were analyzed using a Gas Chromatograph
(6890 N, Agilent Technologies, USA) equipped with an electron capture
detector. Rates of denitrification potential and N,O formation were calcu-
lated using the slope of the linear regression model based on the four time
points for each set of samples.

DNA extraction and metagenomic sequencing

Soil DNA was extracted using FastDNA® SPIN Kit for Soil (MP Biomedicals,
USA). The quantity of the DNA was measured by a Qubit 4.0 fluorometer
(Invitrogen, USA). The soil DNA purity was performed by absorption ratio
of A260/280 using a NanoDrop 2000 spectrophotometer (Thermo Scien-
tific, USA). Soil DNA was fragmented to an average length of approximately
300 bp with Covaris M220 following the recommended instructions, to
construct a PE library with a read length of 150 bp. The PE sequencing was
performed on the Illumina Hiseq X ten system (Illumina Inc., San Diego,
CA, USA) at Shanghai Majorbio Bio-pharm Technology Co., Ltd., using
HiSeq 3000/4000 PE Cluster Kit and SBS Kits.

The metagenomic data analysis was conducted using previously
described methods*, and the basic metagenomic sequencing information is
shown in Supplementary Data 8. Briefly, the quality control of the paired-
end reads was processed with Fastp (ver. 0.20.0, https:/github.com/
OpenGene/fastp), to remove the adapter sequences. Low-quality reads with
sequence length <100bp, an average quality score <20, and having
ambiguous N bases, were filtered with Sickle software version 1.33 (https://
github.com/najoshi/sickle). Clean reads were assembled into contigs (a total
of 62,358,190 contigs with an N50 value of 770 bp) using Megahit v1.1.2
(http://www.13-bioinfo.com/products/megahithtml). After the quality
control, shotgun sequencing generated 84.8 +7.8 million sequences, or
12.6 + 1.2 Gbps of sequencing effort, and 83.8+7.7 million sequences
remained for downstream analysis.

Gene prediction, taxonomy and functional annotation

The open reading frames (ORFs) of contigs were predicted for gene pre-
diction using MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/). The ORFs
were used to construct a non-redundant gene catalog with CD-HIT,
applying criteria of 95% sequence identity and 90% coverage. For com-
munity profiling, ribosomal RNAs (rRNAs) were identified using the
nhmmer function, part of HMMERS3, from Barrnap (v0.9) (https://github.
com/tseemann/barrnap). The options ‘-reject 0.01 -e-value le-3’ and
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“-kingdom bac/arc’ were used for bacteria (5S, 23S, and 16S rRNA genes)
and archaea (58, 5.8S, 23S, and 16S rRNA genes), respectively. For gene
taxonomic annotation, the non-redundant gene catalog was searched
against the NR (Non-Redundant Protein Sequence) database using Dia-
mond with the best-hit method and an e-value threshold of 1e-5. For gene
functional annotation, the predicted ORFs were analyzed by Diamond
against the KEGG (Kyoto Encyclopedia of Genes and Genomes) database,
also using the best-hit method with an e-value threshold of le-5.

We specifically annotated genes associated with the carbon (C), nitrogen
(N), and sulfur (S) cycles using the METABOLIC tool. Read counts of func-
tional genes in each sample were mapped to the gene catalog using SOAPa-
ligner v2.2.1 (http://soap.genomics.org.cn/soapaligner.html), and the number
of reads corresponding to functional genes in each sample was calculated.
Information on the selected functional genes is provided in Supplementary
Data 2. The relative abundance of taxon and functional genes was calculated by
summing the number of reads assigned to that taxon/function, and then
divided the corresponding read counts by the total read count of the subject. In
addition, the coverage profiles of each sample were merged into an abundance
matrix for a corresponding CPM (Counts Per Million-normalized) using a
TMM (Trimmed Mean of M values) method®, which takes into account both
relative size of metagenomes and library sizes.

Statistics and reproducibility

Differences in soil characteristics, N cycling rates, Potential denitrification
activity, N,O formation, respiration and the relative abundance of func-
tional genes involved in C, N, P, and S cycling between treatments were
evaluated by the Wilcoxon rank-sum test with 95% confidence intervals,
and a p-value lower than 0.05 was considered to be significant.

The library was rarefied to match the smallest sample size. For each
sample, the proportion of unannotated genes was determined by dividing the
number of genes without KEGG annotations by the total number of genes.
Functional gene diversity was assessed using the Shannon-Weiner diversity
index ‘H’, and gene richness was measured using the number of functional
genes found in corresponding samples. Functional composition dissimilarity
was analyzed using Bray-Curtis dissimilarity and visualized using principal
coordinate analysis (PCoA), and distance-based redundancy analysis (dbRDA)
were conducted using the R ‘vegan’ package®”’. PERMANOVA (Permutational
Multivariate Analysis of Variance), as described by Anderson in 2017%, was
employed to assess the impact of soil variables on the composition of functional
genes. To evaluate the correlations between soil physicochemical properties and
functional gene compositions, we conducted a Mantel test.

We constructed a Spearman’s correlation matrix to analyze the rela-
tionships among functional genes based on their relative abundances in each
soil sample. To reduce potential bias in correlation coefficients, we utilized
the functional gene abundance matrix in Counts Per Million and retained
only those functional genes present in more than half (>50%) of all soil
samples, following the approach outlined by Liu et al. in 2023"". Subse-
quently, we conducted function-taxon bipartite network analysis to inves-
tigate the associations between biomarker functional genes and their
corresponding microbial taxa. This analysis integrated the functional pro-
files and taxonomy of contigs assembled from the metagenomes using the
‘ggraph’ package. In the resulting network, individual nodes represented
functional genes, while edges represented significant correlations, char-
acterized by robust Spearman’s coefficients (rho) exceeding 0.6 and FDR-
corrected p-values less than 0.01, as detailed by Ma et al. 9,

Data availability

The metagenomic sequencing dataset that support the findings of this study
are openly available in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database with accession number
PRJNA1035643 at https://www.ncbi.nlm.nih.gov/sra. The source data for
Fig. 1 is available in Supplementary Data 7 and Supplementary Data 9. The
relative abundance of biomarker genes underlying Figs. 2, 3, and 4 is pro-
vided in Supplementary Data 10. The source data for the graphs in Fig. 5 can
be found in Supplementary Data 11, while all source data for Fig. 6 is

included in Supplementary Data 12. Any additional data from this study are
available upon request.
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