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ARTICLE INFO ABSTRACT

Handling Editor: Matthew Tighe Although soil and rhizosphere microbiomes in highly saline environments have been well-studied, the role of soil

salinity in the ecological processes affecting endophyte colonization and persistence remain largely unclear in

KeyWOf ds: halophytic plants. The present study sampled young and mature plants of the halophyte Suaeda salsa from 42

Bacteria sites in the Yellow River Delta, China that varied in soil salinity. Soil physicochemical properties, root and leaf

Eﬁdﬁwhﬁre microbiomes, phylogenetic variation among plant ecotypes, and leaf metabolites were analysed. In the roots of
yllosphere

both young and mature plants, soil salinity significantly influenced the composition of the endophytic microbiota
(r =0.29 ~ 0.45, P < 0.001), and negatively correlated with endophyte alpha-diversity (r = -0.75 ~ -0.78, P <
0.001). Leaf microbiome dissimilarity increased with geographic distance (r = 0.17 ~ 0.26, P < 0.001), based on
a distance-decay model, and was associated with plant phylogenetic variation (r = 0.15, P = 0.015 for young
plants only). Additionally, leaf microbiome diversity and composition were correlated with soil age, pH, P
content, and certain leaf metabolite compounds, but not with soil salinity. The dominant genera observed in
young roots were Mesorhizobium spp. and Rhodomicrobium spp., while Pelagibius spp. was dominant in mature
roots, and Pseudomonas spp. and Kushneria spp. were dominant in leaves. Soil salinity exerted a strong deter-
ministic effect on the diversity and composition of the root endophyte community, while the acquisition and
assembly of the leaf microbiome was affected by the dispersal effects, and the leaf metabolism of the host
halophyte.

Beneficial microbe
Plant-growth promoting bacteria

saline conditions, including the exclusion of salts from organs, osmotic
adjustment, and the isolation and storage of ions in specific organs

1. Introduction

Soil salinity affects over 6% of global terrestrial ecosystems (Munns,
2005), and can form an extreme environment that comprises unique
microbe-plant-soil relationships (Vimal et al., 2017). As the reservoir for
the microbes colonizing the plant root, and even the stems and leaves,
the soil bacterial community is structured by salinity to a greater extent
than by other physicochemical factors such as temperature and pH,
based on a survey of over 100 globally distributed natural environments
(Lozupone and Knight, 2007). Halophytes, plants that are able to grow
in saline soils, have developed mechanisms to enable survival under

(Hardoim et al., 2015). These mechanisms provide a different micro-
habitat for microbes to colonize compared with non-halophytes. Addi-
tionally, the association with microorganisms, such as bacteria, can
promote plant growth and adaptation to salinity (Kearl et al., 2019).
Therefore, halophyte-associated microbiomes and their assemblage
mechanisms under saline environmental conditions differ from plant
microbiomes found in benign habitats that are better understood.
Halophyte endophytic communities are characterised by halotoler-
ant bacteria with plant growth promoting capabilities in other plant

Abbreviations: YRD, Yellow River Delta; ASV, amplicon sequence variant; KEGG, Kyoto Encyclopedia of Genes and Genomes; MSTFA, N-methyl-N-trimethylsi-
lyltrifluoroacetamide; ML, maximum likelihood; NMDS, nonmetric multidimensional scaling; PERMANOVA, permutational multivariate analyses of variance; AIC,
Akaike Information Criteria; STAMP, Statistical Analysis of Metagenomic Profiles; MaAsLin2, Multivariate Association with Linear Models 2.
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species (Li et al., 2021). For example, Halomonas spp., Bacillus spp., and
Kushneria spp. were consistently isolated from the roots of three native
Utah halophytes and were able to improve the growth of alfalfa crops in
saline conditions (Kearl et al., 2019). Additionally, a Pseudomonas spp.
strain isolated from the Suaeda salsa rhizosphere was able to reduce
salinity stress in rice seedlings (Yuan et al., 2016). Halotolerant bacteria
can improve plant salt tolerance through osmolyte accumulation,
regulation of ion homeostasis, improved nutrient uptake, regulation of
plant hormone production, and induction of antioxidant-based defence
systems (Saghafi et al., 2019). A range of microbial species were iden-
tified as halotolerant endophytes, and their diversity was associated
with the halophytic plant species and the growing environment, which
suggests that microbe-host-environment specific interactions can oper-
ate under saline conditions (Kearl et al., 2019).

Recently, plant microbiota, including their community structure and
diversity in above- and belowground plant anatomical compartments,
have been investigated in model species (Bai et al., 2015; Bulgarelli
et al.,, 2012) and in economically important species (Cernava et al.,
2019; Grady et al., 2019; Sun et al., 2021; Zarraonaindia et al., 2015).
The assemblage of root microbiome was driven by the recruitment
process of host plant (Muller et al., 2016; Zhou et al., 2020), and extreme
environments may modulate the metabolism and growth of the host
plant and its selective effect on root-associated microbiota. For example,
host phylogeny was associated with root endophyte composition among
grass species (Naylor et al., 2017), while the correlation was weakened
by drought stress. Additionally, in the extreme environment of the
Namib Desert, root-associated microbial communities of different
speargrass species were not correlated with their phylogenetic turnover
(Marasco et al., 2018). Previous studies have also demonstrated that
salinity history and salinity concentration considerably altered the as-
sembly of root microbiomes in halophytes (Furtado et al., 2019;
Mukhtar et al., 2021; Rath et al., 2019; Szymanska et al., 2018; Zhao
et al., 2022). However, each of these studies was performed in only two
to three saline environments, which was not adequate to identify the
complexity of various environmental factors shaping endophyte com-
munities of the halophyte root.

The structure and diversity of the microbial community in the plant
leaf was influenced by environmental changes (e.g., fertilizer applica-
tion) to a lesser extent than the soil microbiome (Sun et al., 2021). Leaf
microbiome structure was highly associated with host evolutionary
relatedness among 57 neotropical forest tree species (Kembel et al.,
2014). In contrast, in a further study leaf microbial taxa were conserved
among three unrelated meadow plant species (Massoni et al., 2020).
Additionally, in some plant species, diverse metabolites accumulate in
leaves, and may exert a strong selection pressure on leaf microbiome
colonisation, e.g., the bioactive metabolites produced by Arugula leaves
were related to the enrichment of various members of the Enterobac-
teriaceae spp. characterised with antibiotic resistance compared with
belowground organs (Cernava et al., 2019). The leaves of S. salsa are
high in soluble sugars, organic acids and amino acids (Li and Song,
2019), and their concentrations are sensitive to soil salinity concentra-
tions (Zang et al., 2021). Therefore, soil salinity might shape the
microbiome by modulating metabolites in S. salsa leaves, although the
detailed processes have not been well studied.

The present study focused on the microbiome of S. salsa, a euhalo-
phyte native to the Yellow River Delta (YRD), China. The YRD is char-
acterized by extreme environments as a result of salt water
encroachment, and soil salinity patterns that vary independently of
geographic location. Here, we sampled 42 populations of S. salsa from
locations covering a large proportion of the YRD, with diverse soil
characteristics, particularly salinity concentrations. The objectives were
to evaluate the effects of soil properties, geographic location, plant ge-
netic variation, leaf metabolism and plant development on the assem-
blage of endophytic communities, and to determine the core root- and
leaf-associated microbiomes of this halophyte across different
geographic sites.
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2. Materials and methods
2.1. Sample collection, processing and storage

Samples for the present study were collected in the Yellow River
Delta (YRD). The Yellow River carries the highest sediment load in the
world, and the region is characterized by extensive soil salinization,
with high and variable severity, due to patterns of fresh water discharge
from the Yellow River and seawater intrusion (Guan et al., 2019).
Suaeda salsa (Amaranthaceae) is a pioneer species and the dominant
native halophyte in saline soil in the YRD, even occurring along the
coastal region of the YRD. Habitats with diverse soil salinity in the YRD
provide an opportunity to study the plant genetic diversity and associ-
ated microbiome diversity of S. salsa plants.

In October 2018, S. salsa plants were collected from 42 sites in the
YRD including three different ages of soils based on the historical
changes of coast lines (Fig. S1). At each site, a plot (10 m x 10 m) was
marked, and 10 young plants (8-10 cm shoot length, and no inflores-
cence observed), 10 mature plants (15-20 cm shoot length with inflo-
rescence in every leaf axil), and 10 bulk soil samples were collected,
including all the leaves, roots to 10 cm depth, and bulk soil next to the
plant (10 cm diameter x 10 cm depth). The 10 subsamples were mixed
into one sample per site for young leaf, young root, mature leaf, mature
root and bulk soil, respectively. Totally, 210 samples were collected in
the field, and then transported to the lab at 4 °C in a portable car fridge.

Plant tissue samples were processed to remove surface-attached
microbes (in the rhizosphere and phyllosphere) using a method modi-
fied from that of Bulgarelli et al. (2012). The sampled plant tissues were
transferred into 50 ml Falcon tubes with 30 ml sterile phosphate-
buffered saline (about 10 g sample per tube), and then placed on an
orbital shaker for 20 min at 180 rpm. Roots or leaves were picked up
using sterilised tweezers, transferred into new Falcon tubes, and the
procedure was repeated. Finally, the Falcon tubes containing plant tis-
sues were sonicated for 10 cycles of 30 s at 43 kHz and 120 W power
(model 160HD, Soniclean, Australia) with 30 s breaks. The washed root
and leaf samples were stored at —80 °C for the DNA extraction and
metabolite analysis. For the bulk soil samples, 10 g were stored at
—80 °C for the DNA extraction. The rest was air-dried, and then stored at
4 °C for analysing physical and chemical properties.

2.2. Microbiome analysis

Leaf and root tissues were ground in liquid nitrogen and subsampled
(0.5 g) to extract DNA using the PowerSoil DNA isolation kit (MoBio
Labroratories, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. Soil DNA extraction was conducted using the same kit from
0.5 g bulk soil per sample.

The V3-V4 region of the bacterial 16S rRNA gene was amplified
using the primers 341F (5'- CCTACGGGNGGCWGCAG —3') and 805R
(5'- GACTACHVGGGTATCTAATCC —3') (Thijs et al., 2017). PCR prod-
ucts were sequenced on the Illumina Miseq™ platform with 300 bp
length of PE reads. All of the sequence data generated in the present
study have been uploaded on National Center for Biotechnology Infor-
mation with the project ID: PRJINA853873. Quantitative Insights Into
Microbial Ecology 2 (QIIME2, vs. 2017.6.0) software was used to anal-
yse the sequences of 16S rRNA genes (Bolyen et al., 2019). Raw reads
were processed, including demultiplex by “q2-demux” in QIIMEZ2, and
quality control was assessed with “q2-cutadapt”. The DADA2 denoising
option (Callahan et al., 2016) was selected to pick up the representative
reads for generating an amplicon sequence variants (ASVs) table. ASVs
were assigned using the SILVA reference database vs. 132 (Quast et al.,
2013). The ASV table with taxonomic data was used to predict the
functional profiles of the microbial community by Tax4Fun package in R
(ABhauer et al., 2015). Microbial functions were annotated using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database, release
85.0, 2018 (Kanehisa and Goto, 2000). Relative abundance of level-2
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functional groups were compared between niches.
2.3. Leaf metabolite analysis

Leaf metabolite analysis was done according to a protocol modified
from Cohen et al. (2016) and Lu et al. (2019). Firstly, all the cleaned
leaves were processed by freeze-drying for 24 h, grinding in liquid ni-
trogen, and subsampling approximately 5 g for ultra-grinding (20 Hz for
5 min, model MM400, Retsch, Germany). Finally, 20 mg powder was
transferred into 2 ml tubes with 1 ml of 4 °C pre-cooled extraction buffer
(2.5:1:1 mixture by volume of HPLC-grade methanol, HPLC-grade
chloroform and HPLC grade water) containing a DL-norleucine inter-
nal standard. The tubes were vortexed for 2 min, and centrifuged at
10,000 g for 10 min at 4 °C. The supernatant was collected into fresh 2
ml tubes and 300 pl of HPLC-grade chloroform and 300 pl of HPLC-grade
water were added. The tubes were vortexed for 2 min and centrifuged at
10,000 g for 10 min at 4 °C, and then 300 pl aliquots from the super-
natant were transferred into a glass vial for vacuum-drying at room
temperature.

The dried aliquots were derivatized by (1) adding 40 pl of
methoxyamine hydrochloride solution into the vial, vortexing for 30 s
and reacting for 2 h at 37 °C, and then (2) adding 70 pl of N-methyl-N-
trimethylsilyltrifluoroacetamide (MSTFA) containing pre-mixed n-al-
kanes, and reacting for 1 h at 70 °C. Finally, derived samples were
cooled to room temperature.

Analyses were performed on a Gas chromatography-mass spec-
trometry (GC-MS) system (model 7890A, Agilent Technologies, Santa
Clara, CA, USA) equipped with a mass selective detector (model 5975c,
Agilent Technologies, Santa Clara, CA, USA) and a DB-5 capillary col-
umn (30 m x 0.25 mm x 0.25 pm, Agilent J&W Scientific, Folsom, CA,
USA). Firstly, 1 pl of the derivatized sample was injected into the GC
column using splitless mode, helium gas with a flow rate of 1 ml min_l,
and injection temperature of 260 °C. Then, mass spectra were collected
using a 70 eV electron beam, 30-600 m z! scanning range, and 20
spectrum s~ ' recording rate. One pooled sample was prepared as the
quality control.

The raw data from the GC-MS system was processed using Mass
Hunter software (version B.07.01, Agilent Technologies, Santa Clara,
CA, USA). Peak area integration was calculated and normalized across
different samples using the DL-norleucine internal standard signal.
Annotation was performed based on the public database MassBank
version 2020.10 (Horai et al., 2010) and KNApSAcK metabolite-species
database, version 1.200.03 (Afendi et al., 2012) with a 70% similarity
cut-off (Wang et al., 2015).

2.4. Plant phylogenetic and soil physicochemical analysis

Different leaves from one mature plant per site were used to extract
plant DNA using the CTAB method (Doyle and Doyle, 1990). A non-
coding region of chloroplast DNA, rpl32-trnL was amplified using PCR
(primer F: 5- CAGTTCCAAAAAAACGTACTTC -3; R: 5'-
CTGCTTCCTAAGAGCAGCGT-3' Shaw et al., 2007, with initial dena-
turation at 95 °C for 5 min, 30 amplification cycles comprising 95 °C for
1 min, 52 °C for 1 min, and 72 °C for 1 min, final extension at 72 °C for 7
min). Previous studies have demonstrated the effectiveness of rpl32-trnL
to identify the phylogenetic structure of Suaeda species (Park et al.,
2019; Shaw et al., 2007). The PCR product was sequenced on the ABI
3730 XL platform (Applied Biosystems, Foster City, CA). Bidirectional
sequences were assembled, aligned by MAFFT version 7 (Katoh et al.,
2017), and trimmed using Gblocks 0.91b (Castresana, 2000). Maximum
likelihood (ML) analyses were performed using raxmlGUI version 1.5b2
(Silvestro and Michalak, 2012) by selecting ML + bootstrap option using
500 replicates. Finally, phylogenetic distance between samples was
generated.

Soil physical and chemical properties including electrical conduc-
tivity (EC), pH, organic carbon, total N, total P, total K, and texture were
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analysed according to the protocol of Rayment and Lyons (2011) using
the bulk soils collected at each site.

2.5. Statistical analysis

Firstly, ASVs annotated as “Chloroplast” or “Mitochondria” were
removed from the analysis, as they were regarded as plant organellar
ASVs. Low frequency ASVs were also removed if there were<5 counts
across all the samples in the experiment. The filtered ASVs table was
normalized using the trimmed mean of M values method from the Bio-
Conductor EdgeR package version 2.9 in R version 3.3.3 (R Core Team,
2013).

Nonmetric multidimensional scaling (NMDS) analysis was conduct-
ed, and Bray-Curtis distances among paired samples were estimated
using the Vegan package version 2.4-5 (Oksanen et al., 2007). The ef-
fects of plant age (young and mature), organ (leaf and root) and their
interactions on microbial ASV composition were tested by permuta-
tional multivariate analyses of variance (PERMANOVA) using Bray-
Curtis distance (adonis function in the Vegan package). Analysis of
similarity (ANOSIM) based on the Bray-Curtis distance was used to
elucidate whether the microbial community structure was significantly
different between niches (anosim function in the Vegan package).

The distance matrices among the 42 samples for soil characteristics
(Euclidean distance), leaf metabolites (Euclidean distance), and geog-
raphy (geographic distance) were calculated, using Mantel analysis and
partial Mantel analysis, based on Pearson correlation with 999 permu-
tations, to test the association between distance matrices of microbiome
composition, soil properties, metabolite composition, geography, and
plant phylogenetic variation, using the Vegan package.

A distance-decay model was used to test the relationship between
microbiome similarity and geographic distance. The model is log1¢ (S) =
(-2z)*log10 (d) + b, where S is the community similarity matrix calcu-
lated as 1-Bray-Curtis distance, d is the geographic distance (m) matrix
between samples, and z is the turnover rate (Zhou et al., 2022). The
model fitness was tested for the microbiome in the leaf and root of young
and mature plants, and bulk soil, respectively.

The effects of different vectors indicating soil properties and plant
metabolism on microbiome composition were analysed by building up
multivariate models. Adding or removing a regressor was decided based
on the minimum values of the Akaike Information Criteria (AIC) using
the step function in the Vegan package in R. PERMANOVA was per-
formed based on the AIC-selected model using the adonis function.
Meanwhile, multiple regression analysis was conducted to test if Shan-
non index was correlated with the factors of soil property and plant
metabolism. A stepwise selection from both “forward” and “backward”
with AIC minimization was used from the stepAIC function in Vegan
package. Normal distribution was tested prior to multivariate analyses,
and logjo-transformation was applied to the variables that were not
normally distributed.

The core microbiomes present in each of the plant organs at both
plant ages across the sampled sites were established. Firstly, only the
highly abundant and ubiquitous ASVs were kept, using two criteria: (a)
the top 10% mean relative abundance of all samples and (b) those
present in > 80% of all samples (Delgado-Baquerizo et al., 2018; Jiao
et al., 2019). The selected ASVs were defined as coreASVs for each niche.
In addition, the unique ASVs (the ASV present in one site and absent in
the others) were also identified in each site for young and mature root
and leaf, respectively.

We examined the effects of plant age (young and mature), organ (leaf
and root), soil factors and leaf metabolites on the relative abundance of
microbial genera and functional categories. Firstly, an ANOVA test for
the effect of age and organ on relative abundance of each microbial
genus and functional group was performed using the Statistical Analysis
of Metagenomic Profiles (STAMP) package version 2.1.3 (Parks et al.,
2014). A Benjamini-Hochberg False Discovery Rate (FDR) test was
applied in STAMP to adjust P values. In addition, Multivariate
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Association with Linear Models 2 (MaAsLin2) package version 2.0 in R
(Mallick et al., 2021) was used to correlate the relative abundance of
microbial genera and functions with the environmental and metabolic
factors. The correlation coefficient (r) and the adjusted P value using the
Benjamini-Hochberg FDR method were calculated.

3. Results

3.1. Microbiome diversity of Suaeda salsa roots and leaves at different
developmental stages

In total, microbiomes of 210 samples were analysed, including bulk
soil, and S. salsa plant roots (young and mature) and leaves (young and
mature) from 42 sites. The sequence depth of all the samples was
170,806-265,840 (201,182 on average) PE reads with 300 bp length,
and the number of clean reads after quality control was 154,404 to
256,443 with average of 192,726 in 210 samples. Firstly, nonmetric
multidimensional scaling (NMDS) analysis was performed to evaluate
the differentiation of ASV composition between samples (beta-di-
versity). This revealed a clear separation between bulk soil, root and leaf
samples (Fig. 1a). The overlap between mature and young plants was
larger in the roots than in the leaves, based on 95% confidence to cover
all the samples in each niche (Fig. 1a). Further statistical testing of mi-
crobial ASV composition by permutational multivariate analysis of
variance (PERMANOVA) also showed a significant plant organ x plant
age interaction (P < 0.01, Table 1). In addition, analysis of similarity
(ANOSIM) test also indicated the significant effect of plant age and
organ on the microbial community structure (P < 0.01), and r value for
the plant age effect was higher than organ (0.869 vs 0.124, Table 1).

The Shannon index, that was calculated to indicate the alpha-
diversity of microbial communities, was lower in plant organs than in
bulk soil (4.1 vs 7.9, P < 0.05, Fig. 1b). No organ x plant age interaction
in Shannon index was detected (P > 0.05, Table 1), and the Shannon
index of the root microbiome was higher than in the leaf, and was higher
for older plants than for young plants (Fig. 1b).

3.2. Geographic effect, soil history, edaphic factors, and plant leaf
metabolites related to microbiome composition in S. Salsa roots and leaves
at different developmental stages

The geographic effect was tested using the distance-decay model. For
leaf endophytes in both young and mature plants, the similarity of
microbiome composition declined significantly with increased
geographic distance (P < 0.01, Fig. 2a), while no distance-decay pattern
was observed for the microbiomes in roots or bulk soil.

The influence of soil age, edaphic factors and plant metabolites in
shaping the composition of microbiome at different plant niches was
evaluated further by multiple stepwise regression analysis (Table 2). Soil
age was the key factor associated with microbiota structure in bulk soil.
Soil salinity (EC) contributed significantly to the root microbiota as-
sembly in both young and mature plants (P < 0.01, Table 2). Microbial
composition was correlated with soil age, pH and P content for mature
leaves, and soil age and pH for young leaves. Likewise, there was a
significant association between the increased dissimilarity of microbiota
composition and the enlarged difference in soil EC for the root micro-
biome, but not for the microbiomes in leaf and bulk soil (Fig. 2b).
Samples of bulk soil were separated by soil ages in the biplot of NMDS
analysis (Fig. S2). Among the leaf metabolites, tyrosine and gluconic
lactone were found to associate with microbiome structure in mature
leaves and young leaves, respectively (P < 0.01, Table 2).

Dissimilarity matrices were generated using all the measured traits
including geographic distance, soil properties, leaf metabolites, plant
phylogenetic variability, and plant microbiome composition, and a
correlation analysis (Mantel analysis) was run between the matrices.
Microbiome composition was highly correlated between the young and
mature plants in roots or leaves (P < 0.05, r = 0.50-0.81, Fig. S3).
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Significant correlations of geographic distance vs plant phylogenetic
distance were observed, and when geographic distance was controlled,
partial Mantel analysis showed that there was no correlation between
plant phylogenetic distance and microbiome (Fig. S3). Leaf metabolite
composition was not associated with leaf microbiome structure, and
edaphic distance were not associated with bulk soil microbiome
composition.

3.3. Soil history, edaphic factors and plant leaf metabolites related to
alpha diversity of S. Salsa root and leaf microbiomes at different
developmental stages

Microbiome alpha diversity was indicated by the Shannon index, and
multiple regression analysis showed that among all the measured soil
traits, only soil EC was associated with alpha diversity of the root
microbiomes for both young and mature roots (P < 0.05, Table 3).
Pearson correlation was performed to analyse the relationship between
soil EC and the alpha diversity of root microbiota, and a negative
regression relationship was detected (Fig. 3a and b). Alpha diversity of
the bulk soil microbiome significantly responded to soil age (P < 0.05,
Table 3), and the microbial community was less diverse in the youngest
soil (<90 yr) than in the older soils (90-170 yr and > 170 yr, Fig. S2).

In addition, soil age and pH were identified as significant predictors
of alpha diversity for mature leaf microbiomes from multiple regression
analysis of all the soil traits, and microbiome alpha diversity in young
leaves was significantly affected by soil age and P content (Table 3).
Individual regression analysis confirmed the significant negative rela-
tionship between soil pH and alpha diversity of mature leaf micro-
biomes, and the positive correlation between soil P content and alpha
diversity for young leaf microbiomes (Fig. 3 ¢ and d).

Five and fifteen metabolites were associated with microbiome alpha
diversity in mature and young leaves, respectively (Table 3). Three
metabolites, tartaric acid, citric acid and methionine, were correlated
with the microbial diversity of both young and mature leaves. In mature
leaves, 2-hydroxypyridine had the highest t-value to correlate with
alpha diversity (Table 3).

3.4. The core and unique microbes in S. Salsa roots and leaves at different
developmental stages

The number of coreASVs in bulk soil was the largest (552, Fig. 4a),
and the number decreased from root (23 to 70) to leaf (7 to 11). At least
threefold more coreASVs were found in mature roots than in young
roots, while the difference between young and mature leaves was less, at
11 vs 7 (Fig. 4a). Most of the bulk soil coreASVs (about 90%) were not
detected among plant coreASVs. There was a number of coreASVs
shared between mature and young plants. Out of 70 coreASVs in mature
roots, only 33 (about 47%) were found in bulk soil.

Annotation of coreASVs showed that at the phylum level, the number
of coreASVs belonging to Proteobacteria was larger than those of other
phyla in all of the soil and plant niches (Fig. 4b). The proportion of
Proteobacteria coreASVs increased from the soil microbiome to inner
endophytes communities, and was higher in the mature tissue than the
young tissue. At the genus level, there was a large number of young plant
coreASVs belonging to Mesorhizobium spp. and Rhodomicrobium spp., e.
g., > 25% of the total coreASVs number for young roots and > 50% for
young leaves (Fig. S4). Pseudomonas spp., Kushneria spp., Pantoea spp.
and Cryobacterium spp. accounted for a major proportion of coreASVs
(36%-57%) in the leaf microbiome, but were minor in root and bulk soil
microbial communities.

The richness of unique ASVs relative to the total ASVs was greater in
the young tissues than the mature tissues (Fig. S5a). The unique ASVs
richness in mature leaf was negatively correlated with soil P and K
content (Fig. S5b), and no other significant correlation was observed
between the richness of unique ASVs and soil properties in different
endophytic niches.
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Fig. 1. Composition and alpha diversity of microbial communities in plant-soil niches of Suaeda salsa Plant niches include roots and leaves of young and
mature Suaeda salsa plants sampled from 42 sites in the Yellow River Delta, China. (a) Biplot based on nonmetric multidimensional scaling (NMDS) analysis, ellipses
indicate 95% confidence level to cover all the samples in each niche. (b) Shannon index of microbiomes. The values for individual samples are presented in the
boxplot, the yellow triangle is the mean, and the box and central line represent first quartiles, medians, and third quartiles, respectively. The distribution of data
points along horizontal axis within each box is randomized. The same letters indicate no significant differences (P < 0.05) between niches based on Tukey HSD post-
hoc pairwise comparison testing.
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Table 1
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The effect of plant organ (root and leaf) and plant age (young and mature) on microbiome diversity of Suaeda salsa. Plants were collected from 42 sites (n =
42). Microbiome diversity includes beta-diversity described by Bray-Curtis distance and alpha-diversity indicated by Shannon index. Permutational multivariate
analyses of variance (PERMANOVA) and Analysis of similarities (ANOSIM) were performed to analyse Bray-Curtis distance.

PERMANOVA ANOSIM Shannon index
Degrees of Sum of F-value R? P-value r P-value P-value
Freedom Squares
Organ 1 11.51 36.37 0.17 < 0.01 0.869 < 0.01 < 0.01
Plant age 1 2.522 7.969 0.037 < 0.01 0.124 < 0.01 < 0.01
Organ x plant age 1 1.844 5.827 0.027 < 0.01 0.727
(a) Niche T P value (b) Niche r P value
=  Bulk soil -0.028 0.415ns = Bulk soil 0.057 0.093ns
— Root: young  0.061 0.075ns = Root: young -0.447  <0.001**
= Root: mature  -0.032 0.353ns = Root: mature  -0.288  <0.001**
== Leaf young -0.255 <0.001%* == Leaf: young 0.017 0.619ns
Leaf: mature  -0.170 <0.001%%* Leaf: mature  -0.005 0.888ns
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Fig. 2. The effects of (a) geographic distance and (b) soil salinity on microbial community composition in plant-soil niches of Suaeda salsa Plant niches
include roots and leaves of young and mature Suaeda salsa plants sampled from 42 sites in the Yellow River Delta, China. Microbiome similarity between samples was
calculated using (1 - Bray-Curtis distance). A distance-decay model was used to test the relationship between microbial community similarity and geographic dis-
tance. The r values are presented, and ns, * and ** indicate not significant, and significant at P < 0.05 and P < 0.01 for the correlation, respectively.

3.5. The dominant microbes in S. Salsa roots and leaves at different
developmental stages

In each niche of plant organ and plant age, the dominant genera were
defined as having > 3% average relative abundance and being present
in > 80% of all samples. The relative abundance of dominant genera was
compared between different niches across the 42 sampling sites (n =
42). The relative abundance of Mesorhizobium spp. and Rhodomicrobium
spp. in young roots was 14.6% and 26.8%, respectively, which was
significantly higher (adjusted P < 0.01) than in other microhabitats
(0.14% — 5.1%, Fig. 4c). The mature roots harboured more Pelagibius
spp. than other niches (5.5% vs 0.32%-2.1%, adjusted P < 0.01). Pseu-
domonas spp. and Kushneria spp. were more abundant in leaf micro-
biomes than in other niches. Young and mature leaves had similar
relative abundances of Pseudomonas spp., but more Kushneria spp. were
detected in mature leaves than in young leaves (12% vs 7.4%).

Associations between the abundance of microbial genera and soil—-
plant factors (soil properties and leaf metabolites) were analysed, and a
significant correlation (adjusted P < 0.05) was found only for Kushneria
spp. in the mature leaf microbiome. The increased relative abundance of
Kushneria spp. in the mature leaf was related to increased leaf metabolite

concentrations of fructose, D-arabitol, oxoproline, ornithine, proline,
3,4-dihydroxybenzoic acid, benzoic acid and naringenin (adjusted P <
0.01, Fig. S6).

3.6. The predicted functions of microbiomes in S. Salsa roots and leaves at
different developmental stages

The analysis of microbial potential functions showed that leaf
microbiomes had a higher relative abundance of carbohydrate meta-
bolism, especially for the mature plants, and lower relative abundance of
energy metabolism, metabolism of cofactors and vitamins, and lipid
metabolism than soil and root (adjusted P < 0.05, Fig. S7). The meta-
bolism of amino acids was highly enriched in bulk soil compared with
the plant niches. For microbial functions related to processing of envi-
ronmental information, membrane transport was more abundant in the
root microbiome, especially in the mature plant, than in other niches,
while the proportion of signal transduction activities was greater in the
leaf microbiome. Young roots were colonised by microbes with more
active functions in genetic information processing. The microbiome
function of cell motility decreased along the sequence from bulk soil to
root to leaf.
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Table 2

The effects of soil property and plant metabolism on microbiome compo-
sition in Suaeda salsa plant-soil niches. A multiple stepwise regression model
was used to select the vectors of soil traits and metabolites based on the mini-
mum values of the Akaike Information Criteria (AIC), and test the significance of
model fitness. Only the significant correlations (P < 0.05) were presented. The
selected factors were analysed by permutational multivariate analyses of vari-
ance (PERMANOVA). *: significant at P < 0.05, and **: significant at P < 0.01.

Niche Explanatory Multiple stepwise regression PERMANOVA
of factors model test
microbiome Model Significant (R? value)
fitness factors
Bulk soil Soil traits AIC = Soil age 0.076**
99.8
Mature root Soil traits AIC = EC 0.065%*
105.6
Young root Soil traits AIC = EC 0.063**
90.61
Mature leaf Soil traits AIC = Soil age 0.058%**
108.8
Soil P content 0.057%*
pH 0.049*
Young leaf Soil traits AIC = Soil age 0.057**
115.3
pH 0.027*
Mature leaf Metabolites AIC = Tyrosine 0.051*
(mature 109.2 (Amino acids)
leaf)
Young leaf Metabolites AIC = Gluconic 0.041*
(young leaf) 112.3 lactone
(Carboxylate)

The effect of soil salinity on the relative abundance of functional
groups in the various microbiomes was tested for every niche (Fig. 5).
Highly significant correlations with soil salinity (r > 0.05 and adjusted P

Table 3
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< 0.01) were found for energy metabolism activities in bulk soil,
metabolism of cofactors and vitamins in young root, and membrane
transport in mature roots. Furthermore, functional groups of root en-
dophytes actives were more sensitive to changes in soil salinity,
compared with bulk soil and leaf (especially mature leaf) microbiomes.

4. Discussion

Our study investigated the endophytic bacterial communities of leaf
and root in young and mature plants of the halophyte S. salsa across 42
saline environments in the Yellow River Delta. Salinity is considered to
be a key driver structuring microbial consortia based on a global soils
(Lozupone and Knight, 2007), and aquatic ecosystems (Herlemann et al.,
2011). Microbial communities in saline soil and in the rhizosphere soil
of halophytes have been explored at larger geographic scales to eluci-
date the effect of environmental factors on the development of micro-
biome structure and diversity (Guan et al., 2021; Liu et al., 2020a; Liu
et al., 2020b). However, the ecological processes that shape endophytic
colonization by microbes and their persistence in halophytic plants
remain largely unexplored and unresolved. Our results reveal that soil
salinity exerts a strong deterministic effect on the diversity and
composition of root endophytic communities, while the acquisition and
assembly of leaf microbiomes was influenced by the dispersal effect,
such as soil age and geographic distance, and the metabolism of the host
halophyte.

4.1. Microbiome assemblages differed between leaves and roots, and
between developmental stages of S. Salsa

In the present study, plant organ (leaf compared with root) played a
greater role in determining microbiome structure than developmental
stage. Roots and leaves are different ecological microhabitats, and are

Alpha-diversity of microbiome in Suaeda salsa plant-soil niches influenced by soil property and plant metabolism. Shannon index was used to indicate alpha-
diversity. Multiple regression analysis was conducted to test the correlation between Shannon index and the factors of soil property and plant metabolism. A stepwise
selection was used based on the minimum values of the Akaike Information Criteria (AIC) and the significance of model fitness. Only the significant correlations (P <

0.05) were presented. *: significant at P < 0.05, and **: significant at P < 0.01.

Niche of Model fitness Significant factors t value
microbiome Explanatory AIC R? p-value
factors
Bulk soil Soil traits -112.1 0.310 <0.01 Soil age 4.16%*
Mature root Soil traits —78.29 0.625 <0.01 EC —7.20%*
Young root Soil traits -74.30 0.656 <0.01 EC —8.61**
Mature leaf Soil traits —43.53 0.257 <0.01 Soil age 2.17*
pH —2.97%*
Young leaf Soil traits —47.05 0.276 <0.01 Soil age 2.06**
Soil P content —2.39%
Mature leaf Metabolites —85.28 0.532 0.032 Threitol (Alcohols) —3.42*
(mature leaf) Aspartic acid (Amino acids) —3.24*
Tartaric acid (Carboxylate) 3.09*
Citric acid (Carboxylate) 2.97*
Methionine (Amino acids) 2.71%
Young leaf Metabolites —221.1 0.958 0.039 2-hydroxypyridine (Others) 12.6*
(young leaf) Tyrosine (Amino acids) —7.82%
Tartaric acid (Carboxylate) —7.73*
Lysine (Amino acids) 7.41%
Serine (Amino acids) 6.73*
4-hydroxy-3-methoxybenzoic acid —6.23%
(Carboxylate)
Mannitol (Alcohols) —5.89*
Oxoproline (Amino acid derivatives) 5.89%
Threonine (Amino acids) 5.58*
Adenine (Others) 5.52%
Gallic acid (Carboxylate) 5.29%
Citric acid (Carboxylate) 5.22%
N-acetyl-L-glutamic acid —5.06*
(Amino acid derivatives)
Gluconic lactone (Carbohydrates) —4.78*

Methionine (Amino acids) 4.73%
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Fig. 3. The effects of edaphic factors on the diversity of endophytic communities in Suaeda salsa Endophytic communities include microbiome in roots and
leaves of young and mature Suaeda salsa plants sampled from 42 sites in the Yellow River Delta, China (n = 42). For each of the plant compartments, only the
significant regressions are shown. The r values are presented, and * and ** indicate significance at P < 0.05 and P < 0.01, respectively.

likely to host different microbial communities (Compant et al., 2019).
Similarly, in a perennial wild mustard, Boechera stricta, plant organs
played a greater role than plant age in determining microbiome
composition and diversity (Wagner et al., 2016). Roots are embedded in
soils where there is a rich diversity of bacteria, while leaves acquire
microbiota mainly from the root via the xylem, and also partly from the
airborne microbiome (Muller et al., 2016). This view is supported by our
finding of lower microbial diversity in leaves than in roots (Fig. 1b).
Significant correlations between the microbiome composition of
young and mature plants were found for both roots and leaves (Fig. S3).
Plant development from vegetative to reproductive growth is accom-
panied by changes in metabolism in both roots and leaves that influ-
enced the associated microbiomes, as previously observed in annual
species such as Arabidopsis (Chaparro et al., 2014), rice (Edwards et al.,
2018), and sorghum (Xu et al., 2018), while the dynamics of microbiome
in perennial plants showed no response to flowering (Dombrowski et al.,
2017) which is similar to our results here for S. salsa, a perennial species.

4.2. Soil salinity influenced the root microbiome of S. Salsa

Soil salinity played a crucial role in shaping the root microbiome
structure, and salinity was negatively associated with the alpha-
diversity of root-inhabiting microbiota (Table 3 and Fig. 3a and b).

Increased soil salinity leads to osmotic stress, ion toxicity, and less
available nutrients for both soil microbes and plants (Yan et al., 2015).
Soil salinity and pH have been identified as the key drivers modulating
soil microbiomes, especially in coastal sediments (Bahram et al., 2018;
Delgado-Baquerizo et al., 2018; Lozupone and Knight, 2007) that have
similar environmental features to the soils sampled in the present
research. However, our finding implies that soil salinity didn’t affect the
structure and diversity of the microbiome in bulk soil, but did influence
the microbiome present inside the root of the halophyte, although the
root microbiome mainly originated from the soil microbial pool
(Fig. 4a). Therefore, the selection force exerted by the halophyte root for
soil microbes is sensitive to variations in soil salinity. In addition, plant
age didn’t affect the responses of root microbiomes to soil salinity gra-
dients, possibly due to the close association between microbiome
structures of young and mature roots (Fig. S3).

A dispersal effect (indicated by the effect of geographical location
and soil age) on root microbiome composition or diversity was not
detected in our study (Fig. 2a), possibly because the S. salsa plants were
collected from highly saline environments (EC: 990 to 9800 uS cm™1),
which likely had a deterministic effect in influencing the root selectivity
for the soil microbiome that was greater than any dispersal effect. In
contrast, our previous study sampling Melilotus officinalis from the non-
saline or slightly saline soils (EC: 250 to 2100 pS cm™!) in the YRD
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Fig. 4. Core microbiomes present in bulk soil, roots and leaves of young and mature Suaeda salsa plants based on samples from 42 sites in the Yellow
River Delta, China. (a) Comparison of coreASVs present in five niches. coreASVs are defined as the ASVs with the top 10% mean relative abundance across all
samples and present in > 80% of all samples. (b) the taxonomic annotation of coreASVs at phylum level. (c) the relative abundance of dominant bacterial genera in
plant-soil niches of Suaeda salsa. Plant niches include roots and leaves of young and mature plants. In the boxplot, the values of individual samples are presented, the
yellow triangle is the mean, and the box and central line represent first quartiles, medians, and third quartiles, respectively. The distribution of data points along the

horizontal axis within each box is randomized. The same letters indicate no significant differences between niches based on the adjusted P < 0.05 using the
Benjamini-Hochberg FDR method.
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Fig. 5. Correlations between soil salinity and relative abundance of microbial functional groups in plant-soil niches of Suaeda salsa Plant niches include
roots and leaves of young and mature Suaeda salsa plants sampled from 42 sites in the Yellow River Delta, China (n = 42). The P values were adjusted using the
Benjamini-Hochberg FDR method. Significance levels are indicated by * and ** referring to the adjusted P < 0.05 and adjusted P < 0.01, respectively.
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showed that dissimilarity of endosphere microbiomes was associated
with geographic distance (Zhou et al., 2022). Therefore, the ecological
process shaping the root microbiome of this halophyte under highly
saline environments is different from the responses from a glycophyte or
crop plants.

4.3. Dispersal effects, edaphic factors, host genetic variation and leaf
metabolites influenced the structure and diversity of the S. Salsa leaf
microbiome

Unlike the root microbiome, the structure and diversity of leaf
microbiomes were not influenced by soil salinity, but were determined
by the dispersal effects e.g., geographic distance and soil age, and the
soil traits related to host plant growth (soil pH and total P). Compared
with the root habitat, the leaf ecosystem is more open and fluctuating,
being inherently and frequently disturbed by air movement, precipita-
tion, UV light, and animal vectors (Muller et al., 2016), which leads to a
more variable source of microbes across different locations. On the other
hand, successful colonization and diversification of leaf endophytes also
depends on leaf surface structure and leaf metabolites, and leaf struc-
tural and chemical heterogeneity is related to the plant genotype and
species (Chaudhry et al., 2021). A study of leaf microbiomes in 56 tree
species showed that there was a correlation between plant phylogeny
and leaf bacterial community composition (Redford et al., 2010). Bul-
garelli et al. (2013) summarised that leaf microbiome assemblies are
more defined by host plant genotype, while root-associated microbiota
are structured by soil properties, which is supported by our results.
While we found that leaf microbiome structure of halophyte ecotypes
was highly determined by the geographic effect, it was not related to
their phylogenetic variation when geographic effect was controlled as a
covariate (Fig S3).

In the present study, the leaf microbiome was not associated with the
root microbiome (Fig. S3), with respect to composition and diversity. A
strong overlap in taxonomic membership between leaf and root micro-
biota has been found in grapes and in Arabidopsis (Bai et al., 2015;
Zarraonaindia et al., 2015), while for halophytes growing in hypersaline
environments, the recruitment and diversification of leaf endophytes
may be explained by a metabolic model in which the leaf metabolome is
influenced by soil microbiomes, nutrients, and salinity stress (Badri
et al., 2013; Daleo et al., 2018; Fahimipour et al., 2017). In addition, we
observed a strong association between leaf microbiome diversity and the
abundance of specific metabolites produced in the leaf (Table 3), which
supports the metabolic model. Certain leaf metabolites that correlate
with leaf microbiome structure and diversity here are also involved in
plant signalling pathways that respond to salt stress, e.g., tyrosine (Xin
et al., 2021), or may act as precursors or substrates for the biosynthesis
of key compounds with diverse functions in plant growth and adaptation
to stress, e.g., gluconic lactone, threitol, aspartic acid, tartaric acid, and
pyridine derivatives (Burbidge et al., 2021; Cheng et al., 2022; Jia et al.,
2020; Li and Song, 2019).

4.4. Core, unique and dominant microbial taxa in S. Salsa roots and
leaves

Based on the microbiomes of S. salsa plant tissues from 42 different
growing environments, we established core microbiomes and identified
the dominant taxa present in roots and leaves. Interestingly, the domi-
nant bacterial groups in S. salsa endophytic communities differed from
those reported in studies of non-halophytic plants. The dominant taxa in
the present study were Mesorhizobium spp. and Rhodomicrobium spp. in
young roots, Pelagibius spp. in mature roots, and Pseudomonas spp. and
Kushneria spp. in leaves. In the leaves of Arabidopsis, soybean, clover,
and grapevine, the most abundant bacterial genera were Methyl-
obacterium spp., Pseudomonas spp. and Sphingomonas spp. (Delmotte
et al., 2009; Zarraonaindia et al., 2015). Except for Pseudomonas spp.,
the above-mentioned taxa were not detected as dominant bacteria in the
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core microbiomes of S. salsa.

Our results revealed that the enrichment of Pelagibius spp. and
Kushneria spp. occurred only in mature plants. A study on Jerusalem
artichoke (Helianthus tuberosus L.) found that Pelagibius spp. was more
abundant in the root endophytic community when soil salinity increased
(Yang et al., 2016). In addition, Kushneria spp. is considered as a typical
halotolerant microorganism with adaptation to > 1% NaCl concentra-
tion, about 10° uS em~! (Ventosa et al., 1998). In the Kushneria spp.
genome, a large number of genes involved in potassium movement and
osmoregulation were identified that influence salt tolerance (Yun and
Bae, 2018). In another halophytic plant, Salicornia europaea, Kushneria
spp. was the dominant bacterial genus in the shoot, but not in the root
(Furtado et al., 2019), which is in line with our results here. Pluchea
absinthioides, growing in the extreme environment of the Atacama
Desert, Chile, (the driest nonpolar location in the world), was also highly
colonised by Kushneria spp. in both the root and shoot (Zhang et al.,
2019). In addition, we have identified a group of primary metabolites
positively correlated with the relative abundance of Kushneria spp. in
mature leaves of S. salsa, including fructose, D-arabitol, ornithine, nar-
ingenin and proline, which have been widely detected in S. salsa leaves,
and were upregulated when plants were exposed to high salinity (Li and
Song, 2019; Wang et al., 2019; Wu et al., 2012; Yadav et al., 2021).

4.5. Soil microbiome was only influenced by soil age

Soil age had the greatest influence on the composition and diversity
of microbiota in bulk soil, but not the geographic distance or soil
edaphic factors e.g., salinity or pH, as reported in previous studies
(Herlemann et al., 2011; Horner-Devine et al., 2004; Lozupone and
Knight, 2007). The review by Hanson et al. (2012) highlighted that the
distance-decay relationship could be weak or non-existent where the
dispersal process becomes stronger. The YRD, where our soils were
sampled, is a highly mobile system of soil formation primarily driven by
sediment deposition of the Yellow River, so geographic distance and the
variability of typical soil salinity processes appear to be of lesser influ-
ence. The Yellow River, has the highest sediment load in the world, and
almost half of the transported sediment is deposited in the YRD, with
frequent channel migrations, which form about 9 km? new land every
year (Gao et al., 2018; Guan et al., 2019). Previous studies confirm that
soil chronosequence can drive the diversity of soil microbiomes over
time frames encompassing thousands to millions of years (Delgado-
Baquerizo et al., 2019; Teste et al., 2021). Our soils were collected from
young land, with the age differences of only 60-120 years, and the as-
sociation between soil age and microbiome diversity suggests that the
dispersal history of sediment deposition from the river is a key driver
determining the soil microbiome assembly.

4.6. Predicted functions of microbiome in S. Salsa roots and leaves

The predicted function profiles of microbiomes in the studied niches
imply that carbohydrate metabolism and signal transduction activities
were highly abundant in the leaf microbiota, possibly because S. salsa is
a euhalophytic herb with succulent leaves rich in carbohydrate to dilute
the salt (Song and Wang, 2015). This would also provide diverse carbon
sources for metabolism by leaf endophytes. Enriched signal transduction
pathways could improve the microbes’ ability to sense and respond to
environmental change (Lajoie et al., 2020), and the ability to adapt to
the special microhabitat of succulent leaves.

Microbiota in the root had a high level of membrane transport
functions, possibly because root-associated bacteria avoid the high salt
concentrations via specific membrane functions that aid in maintaining
cell wall structure, and/or via transporters exporting ions from the cell
(Ruppel et al., 2013). The salt avoidance strategy of microbes is also
supported by our finding that the relative abundance of membrane
transport functions was highly associated with soil salinity for the en-
dophytes in mature roots (Fig. 5). In addition, the root microbiomes
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were highly enriched in functions related to genetic information pro-
cessing, to a greater extent than carbohydrate and amino acid meta-
bolism functions, especially for the younger plants (Fig. S7). This
indicates that r-strategy bacteria may be promoted in roots by investing
the available resources into reproduction, to rapidly adapt to the change
in microhabitat from soil to root (Song et al., 2017).

5. Conclusions

By analysing 210 samples of soils and S. salsa roots and leaves from
42 different growing environments in the Yellow River Delta, we iden-
tified that there was a strong deterministic process of soil salinity on the
diversity and composition of the endophyte community in roots but not
leaves, and core microbes of S. salsa included Rhodomicrobium spp.,
Pelagibius spp., and Kushneria spp. which were not detected in other non-
halophytes before. Our finding provides an important cue for under-
standing the mechanisms for salt tolerance of halophytes in the aspect of
the hologenome.
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