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Featured Application: This research provides knowledge into the taxonomic and functional di-
versity of cultivable bacteria associated with the halophyte Salicornia ramosissima in different
types of soil, which need to be considered for the development of rhizosphere engineering tech-
nology for the salt tolerant sustainable crops in different environments.

Abstract: Root−associated microbial communities play important roles in the process of adaptation
of plant hosts to environment stressors, and in this perspective, the microbiome of halophytes repre-
sents a valuable model for understanding the contribution of microorganisms to plant tolerance to
salt. Although considered as the most promising halophyte candidate to crop cultivation, Salicornia
ramosissima is one of the least-studied species in terms of microbiome composition and the effect
of sediment properties on the diversity of plant-growth promoting bacteria associated with the
roots. In this work, we aimed at isolating and characterizing halotolerant bacteria associated with
the rhizosphere and root tissues of S. ramosissima, envisaging their application in saline agriculture.
Endophytic and rhizosphere bacteria were isolated from wild and crop cultivated plants, grow-
ing in different estuarine conditions. Isolates were identified based on 16S rRNA sequences and
screened for plant-growth promotion traits. The subsets of isolates from different sampling sites were
very different in terms of composition but consistent in terms of the plant-growth promoting traits
represented. Bacillus was the most represented genus and expressed the wider range of extracellu-
lar enzymatic activities. Halotolerant strains of Salinicola, Pseudomonas, Oceanobacillus, Halomonas,
Providencia, Bacillus, Psychrobacter and Brevibacterium also exhibited several plant-growth promotion
traits (e.g., 3-indole acetic acid (IAA), 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase,
siderophores, phosphate solubilization). Considering the taxonomic diversity and the plant-growth
promotion potential of the isolates, the collection represents a valuable resource that can be used
to optimize the crop cultivation of Salicornia under different environmental conditions and for the
attenuation of salt stress in non-halophytes, considering the global threat of arable soil salinization.

Keywords: halophytes; phytobiome; rhizosphere; endophytic bacteria; saline stress

1. Introduction

Soil salinity is an environmental problem that challenges agriculture worldwide
by imposing the threat of reduced crop productivity [1]. Some plants, designated as
halophytes, are adapted to grow and complete their life cycle in saline soils or sediments,
These plants are able to grow and reproduce under salinities >200 mM NaCl [2], whereas
most non-halophytes can withstand moderate salinities but begin to express stress signals
at salinities higher than 80 mM of NaCl [3]. The association with microorganisms has
been proven as directly and/or indirectly involved in the improvement of plant growth,
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nutrition and development, and in the overall adaption of halophytes to saline stress [4–8].
Bacterial communities living in the vicinity of plant roots (rhizosphere) and establishing
positive interactions with host plants are known as plant-growth promoting rhizobacteria
(PGPR). Activities of PGPR in general contribute to a more efficient acquisition of nutrients
by the plant through nitrogen fixation activity, increased availability of minerals (phosphate
solubilization) or production of siderophores (iron acquisition). In halophytes, rhizobacteria
increase the tolerance of plants growing in saline soils by regulating the concentration of
ethylene, via the enzyme ACC deaminase and the production of bacterial metabolites that
act as phyto-hormones (e.g., IAA (3-indole acetic acid), ABA (abscisic acid), GA3 (gibberellic
acid)) [9]. In comparison with rhizobacteria, bacteria colonizing root plant tissues, known
as endophytes, establish direct interactions with plant cells and have shown to stimulate
plant growth and/or natural resistance to stress in the same way as rhizobacteria [10,11].

Salicornia ramosissima J. Woods is an annual halophyte of the Chenopodiaceae family,
widely distributed in salt marshes of the Iberian Peninsula, Northwest Africa [12,13] and
the Mediterranean European coast [14,15]. S. ramosissima and the S. europaea aggregate
in which S. ramosissima is included [16] have been gaining economic value as gourmet
food products, fodder for animals, oil seeds and raw material for the extraction of dietary
fiber and high added-value metabolites [17–20]. However, information on the microbiome
of S. ramosissima and is still relatively scarce in comparison to other halophytes. Culture-
independent analyses indicate that there are significant differences in the structure of
bacterial communities associated with different organs and that, in general, diversity is
higher in the rhizosphere than among root endophytes [21] and higher in roots than in
shoot tissues [22]. Another interesting trait is that the fine structure of these communities
is distinctively imprinted by sediment properties [22], particularly salinity [23].

Culture-dependent approaches directed to Salicornia species provide PGPR that effec-
tively attenuates saline stress effects in halophytes [24–27] and non-halophyte crops [28,29].
Halotolerant Proteobacteria (Pseudomonas, Variovorax, Xanthomonas), Firmicutes (Bacillus,
Planococcus, Staphylococcus) and Actinobacteria (Arthrobacter, Curtobacterium, Microbac-
terium) exhibiting plant-growth promoting traits have been retrieved from the endosphere
or rhizosphere of S. ramosissima (or S. europaea) [24,25,28–30]. However, there is evidence
that salinity may impose a strong intraspecific variability on the composition and structure
of root-associated plant-growth promoting bacterial guilds, like diazotrophs [30]. Informa-
tion on the relation between salinity and other sediment properties and the diversity of
plant-growth promoting isolates associated with S. ramosissima is scarce. This knowledge
would not only expand our understanding of the contribution of particular root-associated
bacterial taxa to the adaptation of the S. ramosissima to stress but would also support the
tailored design of PGPR consortia to be applied in defined plant hosts and in particular
environmental contexts.

The objective of this work was to gather evidence of the effect of sediment geo-
chemistry on communities of PGPR associated with S. ramosissima. For this purpose, a
collection of halotolerant isolates obtained from the rhizosphere and root endosphere
of S. ramosissima populations in three different salt-marsh ecosystems in Portugal was
identified and characterized in terms of plant-growth promoting traits. The composition
and plant-growth promotion potential of different subsets of isolates was related with the
physico-chemical properties of the sediments in order to identify system-specific imprints
in root microbiomes, as depicted by a culture-dependent approach.

2. Materials and Methods
2.1. Sampling Sites

Plants and rhizosphere sediments were collected from three estuarine systems in
Portugal: Ria de Aveiro (Av) and Tagus estuary (Tg) on the west coast and Almargem (Al)
on the south coast of Algarve (Appendix A, Figure A1). At Ria de Aveiro, samples were
obtained from 3 sites, representing different environmental conditions: Av1 corresponds
to an intensive crop field of S. ramosissima, established at a former salt pan and operated
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by a private company (Horta dos Peixinhos); Av2 corresponds to active salt pans where
S. ramosissima grows spontaneously on the elevated borders of the tanks (Santiago da
Fonte); Av3 corresponds to a natural salt marsh in a low-salinity section of the estuarine
system (Boco), where different halophyte species are represented. For chemical analyses,
bulk sediments adjacent to the plants were collected with a hand spade, transferred to
sterile plastic bags, transported to the laboratory in cooled boxes and stored at 4 ◦C until
analyses. Interstitial (pore) water was collected at the corresponding sites using Rhizon
samplers (Rhizosphere Research Products, Wageningen, The Netherlands).

2.2. Physico-Chemical Parameters of Sediments and Pore Water

Sediment samples were oven-dried at 45 ◦C to remove residual moisture. Dry sedi-
ments were disaggregated and sieved, and the <2 mm fraction was used for further analyses.
Sediment organic matter (SOM) content was estimated using loss-on-ignition (LOI). The
SOM percent was calculated using the following equation: SOM = ((sediment weight after
combustion − oven-dry sediment weight)/oven-dry sediment weight) × 100 [31].

The pH of sediments was determined both in water and in CaCl2 suspensions (0.01 M),
based on the ISO 103090/2005 (ISO 2005) method. For sediments, the relation between mass
and volume of suspension was 1:5 (5 g of sediment and 25 mL of water or CaCl2 solution).
The suspensions were stirred for 10 min and then left resting for 24 h. The measurement was
conducted with a glass electrode and pH meter (Hanna HI 9025). To determine the electric
conductivity (EC), a mixture of 1:2 (10 g of sediment and 20 mL of water) was prepared
and stirred for 1 min. The mixture was left resting for 1 h before measurements were made
(Hanna Instruments HI 9033 Conductivity Meter). The pH and electrical conductivity
of pore water were determined directly in 30–40 mL aliquots. The exchangeable cations
sodium (Na+), calcium (Ca+2), magnesium (Mg+2) and potassium (K+) were determined
in ammonia acetate (1 M; pH = 7) sediment extracts using inductively coupled plasma–
mass spectrometry (ICP-MS). Sodium absorption ratio (SAR) and exchangeable sodium
percentage (ESP) were determined following the guideline for salinity assessment from
the Joint FAO/IAEA (Food and Agriculture Organization/International Atomic Energy
Agency) Program [32]. The EC of sediment saturation extract (ECe) was derived from EC
values, using the conversion factor described in Sonmez et al. [33] for Turkey clay soil.
Precision was estimated by the relative standard deviation (RSD) of triplicate samples and
was ≤10%.

2.3. Isolation of Halotolerant Rhizosphere and Endophytic Root Bacteria

Microorganisms were isolated from plant root tissues (endosphere) and from sedi-
ments directly contacting the roots (rhizosphere).

For the isolation of rhizosphere bacteria, freshly harvested S. ramosissima specimens
were manually shaken to remove loose sediment particles (bulk sediments). A pool of plant
roots with attached sediments (10 g) was separated from the aboveground plant biomass,
transferred to 50 mL falcon tubes containing 35 mL of sterile phosphate-buffered saline
buffer (PBS) supplemented with 0.01% Tween 80 and vortexed for 5 min [34]. The roots
were removed, and the suspension was serially diluted in ringer solution and pour-platted
in Tryptic Soy Agar (TSA; Liofilchem, Roseto degli Abruzzi) supplemented with 2.5% NaCl
(0.4 mM) in order to select for halotolerant bacteria [35]. For the isolation of endophytic
bacteria, roots were washed with sterile PBS and surface sterilized by immersion in 15%
hydrogen peroxide (H2O2) for 5 min, under shaking [36]. Roots were rinsed three times
with sterile PBS, and 100 µL aliquots of the last rinse were pour-platted to confirm the
efficiency of sterilization. Disinfected root samples were aseptically dried with sterile filter
paper under flow chamber and weighed. Approximately 0.3–0.5 g of roots were cut into
fragments (~30 cm) and homogenized with mortar and pestle with 10 mL sterile PBS. One
gram of the homogenate was used as a starting sample for the preparation of serial tenfold
dilutions in PBS [4], which were pour-plated in TSA supplemented with 2.5% NaCl.
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Cultures were incubated at 30 ± 2 ◦C for 7 days. Isolated colonies with different
macroscopic characteristics were selected for purification in saline TSA. The purity of the
cultures was assessed by visual inspection and Gram stain. Stock cultures in Tryptic Soy
Broth (TSB; Liofilchem, Roseto degli Abruzzi) were amended with 20% glycerol (v/v) and
stored at −80 ◦C.

2.4. Identification of Endophytic and Rhizosphere Bacterial Strains

Endophytic and rhizosphere bacterial strains were identified based on 16S rRNA gene
sequencing. Genomic DNA was isolated using the Higher PurityTM Bacterial Genomic
DNA isolation kit (Canvax). The 16S ribosomal RNA (rRNA) gene was amplified by PCR
using 27F (5′-AGA GTT TGA TCM TGG CTC AG-3′) and 1512R (5′-CGG CTA CCT TGT
TAC GAC TT-3′) [37]. The PCR was performed with the Taq PCR Master Mix (Thermo
Scientific, Bioportugal, Portugal). The PCR thermal cycling was conducted with an initial
denaturation at 94 ◦C for 5 min, followed by 30 cycles of denaturation (94 ◦C for 45 s),
annealing (56 ◦C for 45 s) and extension (72 ◦C for 1 min 30 s). The final extension phase was
conducted at 72 ◦C for 10 min. Amplification products were sequenced using Primer 27F in
a Sanger sequencing process at Eurofins (Germany). The obtained sequences were subjected
to chimera removal, alignment and clustering into operational taxonomic units (OTUs),
with a distance limit of 0.03 (97% similarity), following the tutorial for16S rRNA data of the
unsupervised method, available from the Ribosomal Database Project (RDP) [38]. An OTU
table was built with abundances for the five sampled sites. The taxonomic classification
of all the isolates as well as for a representative of each OTU was determined based on
the best matching 16S rRNA gene sequences of reference sequences from the National
Centre of Biotechnology Information website (NCBI), using blast against the Reference
RNA sequences Database (refseq_rna) [39] and the EzBioCloud server [40]. The nucleotide
sequence of the representative sequence of each OTU is available in the Genebank Database
under the accession numbers MT981726–MT981766.

2.5. Salinity Tolerance

The salt tolerance of bacterial isolates was evaluated as described in [41]. Bacteria
were grown in 96-well microtiter plates in TSB supplemented with 25, 50 and 100 g L−1

NaCl. Each well was inoculated with a fresh exponential phase culture (OD600 ~0.7).
A well containing non-inoculated medium was used as the control. The cultures were
incubated at 30 ± 2 ◦C for 2 days, and growth was assessed by OD600 read in a microplate
reader (Multiskan FC, Thermo Scientific, Bioportugal, Portugal). The maximum tolerated
concentration was considered to be the highest concentration of NaCl for which growth
was detected [41].

2.6. Screening for Extracellular Enzymatic Activity

Isolates (120) were individually screened, in triplicate, for amylolytic, cellulolytic
and proteolytic activity using solid medium (TSA) amended with the corresponding
substrates: 0.2% starch (Unilever, Viladecans, Spain), 0.5% carboxymethyl cellulose (Sigma-
Aldrich, St. Louis, MO, USA), 1% skim milk (Nestlé, Linda-a-Velha, Portugal). For the
assessment of lipolytic activity, TSA was cooled to 60 ◦C after autoclaving, amended with
pure olive oil (2.5% wt/vol) and 10 mL of a 0.001% (wt/vol) filter-sterilized solution of
Rhodamine B (Sigma-Aldrich, St. Louis, MO, USA) and vigorously stirred for 1 min [42].
The medium was allowed to stand for 10 min at 50 ◦C to reduce foaming before it was
poured into petri plates. For the assessment of chitinase activity, the isolates were inoculated
in solid minimal medium containing K2HPO4 (0.8 g L−1), KH2PO4 (0.2 g L−1), (NH4)2SO4
(0.5 g L−1), MgSO4·7H2O (0.2 g L−1), CaC12·2H2O (10 mg L−1), FeCl3·6H2O (10 mg L−1),
ZnSO4·7H2O (1 mg L−1), Casamino acids (2 g L−1), purified agar (15 g L−1) and an equal
volume of a 1% (w/v) colloidal chitin suspension prepared from commercial powdered
chitin (Sigma-Aldrich, St. Louis, MO, USA) [43].
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Cultures were incubated for 24–48 h at 30± 2 ◦C. Proteolytic and chitinolytic activities
were revealed by visualization of a clear halo against an opaque background. Amylolytic
and cellulolytic activities were revealed upon addition of Lugol solution to the culture plate.
Lipase production was detected as an orange fluorescent halo around colonies, visualized
under UV light.

2.7. Screening for Other Plant-Growth Promoting Traits

The production of IAA was analyzed colorimetrically [44]. In brief, 70 µL of super-
natant obtained from cultures grown in TSB supplemented with 1% L-tryptophan (Alfa
Aesar, Karlsruhe, Germany) was mixed with 140 µL of Salper solution (2 mL 0.5 M FeCl3 in
98 mL of 35% HCLO4) in microplate wells (4 replicates). The mixture was incubated in the
dark for 30 min for color development, and OD535 was determined. Standard solutions of
commercial IAA (Loba Chemie Pvt, Ltd.) were used to construct a calibration curve for
the interpolation of results. An environmental strain of Pseudomonas aeruginosa [45] was
included as positive control.

ACC-deaminase activity was determined as the ability to use ACC as a sole nitro-
gen source with production of α-ketobutyrate. Isolates grew in DF (Dworkin and Foster)
minimal salt medium, containing KH2PO4 (4 g L−1), Na2HPO4 (6 g L−1), MgSO4·7H2O
(0.2 g L−1), glucose (2 g L−1), FeSO4·7H2O (1 mg L−1), H3BO3 (10 µg L−1), MnSO4
(10 µg L−1), ZnSO4 (70 µg L−1), CuSO4 (50 µg L−1), MoO3 (10 µg L−1), and agar (15 g L−1),
with pH 7.2. This medium was supplemented with either (NH4)2SO4 (2 g L−1) or 3 mM
ACC (Alfa Aesar, Karlsruhe, Germany) or received no supplementation. Overnight cul-
tures in DF supplemented with (NH4)2SO4 were spotted on DF minimal salts agar, non-
supplemented or supplemented either nitrogen sources to determine presumptive positive
isolates. Cultures were incubated at 30 ± 2 ◦C for 3 days, and growth was checked daily
for detection of ACC deaminase activity. A colorimetrical method, using cultures grown in
liquid DF medium supplemented with 3 mM ACC, was used for the quantitative analyses
of ACC deaminase activity, expressed as the amount of α-ketobutyrate produced [46,47].
The OD540 of a sample was compared with that of a standard curve constructed with 0.1
to 1.0 mmol solutions of alpha-ketobutyrate (Sigma-Aldrich, St. Louis, MO, USA). DF
medium without supplementation was used as negative control. For each test, 3 replicates
were used.

Siderophore production was detected in TSA, deferrated by the addition of 50 µM 2-
2′dipyridil [48]. After incubation, the plates displaying bacterial growth were overlaid with
Chrome Azurol S reagent (CAS, MB Biomedicals, LLC) and incubated for 2 h. Siderophore
production was detected as a change of color of the overlay from blue to orange, yellow or
purple [49]. The test was conducted in triplicate.

Phosphate solubilization was detected by cultivation in SRSM1 broth [50]. Presump-
tive phosphate solubilization was inferred from the change of color of the medium from
purple to yellow, as the result of acidification. Positive results were confirmed by develop-
ment of a clear halo formed around colonies in Pikovskaya medium, after 24 h incubation
at 30 ◦C. Pseudomonas aeruginosa [51] and Bacillus cereus [52] were used as positive controls.
Two independent assays with 3 replicates each were conducted.

For the detection of nitrogen-fixation ability, isolates were inoculated in a semi-
solid medium containing glucose (10 g L−1), malate (10 g L−1), K2HPO4 (1 g L−1),
CaCl2 (0.1 g L−1), MgSO4·7H2O (0.2 g L−1), FeSO4·7H2O (0.01 g L−1), Na2MoO4·2H2O
(0.01 g L−1), MnSO4·5H2O (0.01 g L−1), NaCl (25 g L−1), agar (5 g L−1) and trace bromoth-
ymol blue [53]. Nitrogen fixation was presumptively detected by the change of color of the
medium from green to blue. Non-inoculated medium served as a negative control. Each
isolate was tested in triplicate.

Exopolysaccharide production, as an indicator of biofilm formation, was assessed by
the Crystal violet staining method [54]. Bacterial isolates were grown on TSB on 2 mL-
microtubes for 48 h at 30 ± 2 ◦C. After careful washing with Ringer solution, adherent
cells were stained with Crystal violet (Atom Scientific) for 5 min. Excess stain was gently
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removed and biofilm was air-dried. Glacial acetic acid 33% (v/v, Merk, Portugal) was
added to resolubilize the dye, and OD570 was determined. Each isolate was tested in
4 replicates. Pseudomonas aeruginosa was used as a positive control [55], and non-inoculated
medium as a negative control.

2.8. Statistics

The diversity analyses of the 16S rRNA gene sequences of isolates was performed
using R version 4.0.2 [56]. Diversity indices Shannon’s H’ and Pielou’s evenness of OTU
abundances were obtained using the vegan package [57] with functions diversity and
diversity/log (specnumber), respectively. To compare the variation of OTU composition
among the location sites, a dissimilarity matrix was built, based on Bray–Curtis distance,
using the OTU abundance table of untransformed data. Non-metric multidimensional
scaling (NMDS), based on Bray–Curtis distance, was performed to graphically assess the
dissimilarity between the location sites employing the function metaMDS, also in the vegan
package. The correlation of sediment characteristics with microbial communities and the
sites was determined using envfit of the vegan package [57].

3. Results
3.1. Sediment and Pore Water Characteristics

The physico-chemical properties of sediment and pore water from the five sampling
site locations are summarized in Table 1. Sediment pH ranged from 6.7 to 8.1, corresponding
to neutral sediments (pH 6.6–7.3) in Av1, Av3 and Tg, slightly alkaline (pH 7.4–7.8) in Av2
and moderately alkaline (pH 7.9–8.4) in Al [58]. ECe values varied between 39–177 dS m−1,
corresponding to saline sediments (ECe > 16 dS m−1) [32]. SOM ranged from 2.2–7.22, with
the highest values corresponding to Av sites. The concentrations of Na (385–994 mg kg−1),
Mg (70–355 mg kg−1) and K (19–84 mg kg−1) were also higher at Av sites than in Tg or Al
sediments. The concentration of Ca (84–3016 mg kg−1) was the highest in Al sediments.
Together, ECe, ESP, SAR and pH of sediments allowed the characterization of sites Av1 and
Av3 as saline-sodic soils and Av2, Tg and Al as non-sodic saline soils [32]. Pore water pH
ranged from 6.8–7, and ECw values (47–128 dS m−1) corresponded to brine [59].

Table 1. Physico-chemical properties of sediments and pore water at Ria de Aveiro (Av), Tagus estuary (Tg) and Almargem
(Al) saltmarshes.

Sites
Sediment Pore Water

pHw a pHca b ECe
(dS m−1) c

SOM
(% w/w) d

Na
(mg kg−1)

Mg
(mg kg−1)

K
(mg kg−1)

Ca
(mg kg−1) SAR e ESP f pHw g ECw

(dS m−1) h

Av1 7.3 7.2 129 6.08 972 139 47 176 13.3 17 7.3 113.1
Av2 7.5 7.4 177 4.26 994 355 84 90 10.5 14 7 128.5
Av3 6.7 6.7 56 7.22 711 109 43 84 12 16 7.6 68.5
Tg 7.2 7.2 39 2.55 385 70 31 89 7.4 10 6.8 47.1
Al 8.1 8.0 89 2.21 476 132 19 3016 2.3 2 7.2 108.1

a pH of sediment in water suspension; b pH of sediment in CaCl2 suspension; c electric conductivity of the sediment saturation extract;
d sediment organic matter; e sodium adsorption ratio; f exchangeable sodium percentage; g pH of pore water; h electrical conductivity of
pore water.

3.2. Rhizosphere and Endosphere Bacterial Isolates

In total, 120 salt tolerant bacterial isolates were obtained from the rhizosphere and
endosphere of S. ramosissima derived from the sampled sites at Portugal’s coast. The
similarities of 16S rRNA sequences with reference sequences in NCBI ranged from 97 to
100%, allowing the taxonomic assignment of all isolates. Overall, bacteria isolated from the
endosphere were more phylogenetically diverse than isolates from the rhizosphere of S.
ramosissima (Appendix A, Figure A2). This was true for all the sampling sites (Appendix A,
Figure A3). The most abundant taxonomic class identified was Bacilli, with the Bacillales
order as the most representative for both endosphere and rhizosphere sources. Isolates
belonging to Gammaproteobacteria were also common in the rhizosphere and endosphere
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compartments, but members of the Alphaproteobacteria and Actinobacteria taxonomic
classes were only recovered from the endosphere (Appendix A, Figure A2). In particular,
Bacilli was the only class identified in the rhizosphere of the most saline places (Av2, Av1, Al
and Av3), while the rhizosphere of the less saline area (Tg) was more diverse, representing
bacteria from three different taxonomic classes. Gammaproteobacteria were represented
mainly in the endosphere of all the subsets, except for Al, but also in the rhizosphere of
the less saline places (Av3 and Tg). Although in the minority, Actinobacteria were found
in the endosphere of all sampling sites, with the exception of Av2 and Tg (Appendix A,
Figure A3). Bacillus was the dominant genus in the total collection (41%), followed by
Staphylococcus (8%), which, however, was not represented in the subset of isolates from Tg
(Figure 1). Some other halotolerant genera were particularly enriched in specific sites, such
as Psychrobacter in Tg, Providencia in Av3 and Halomonas in Av2 (Figure 1).
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Al—-Almargem (Algarve).

The 120 partial 16S rRNA sequences (approx. 900 pb) corresponding to the 120 isolates
were aligned and grouped in 41 different OTUs. The resulting OTU table containing
the abundance of OTUs across the sampling sites was used to calculate the Shannon
diversity and Pielou evenness indices. The highest richness (number of OTUs), evenness
and diversity (Shannon) were found for the subset of isolates corresponding to Av1, and
the lowest richness, diversity and evenness was found for the Al site (Table 2).
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Table 2. Diversity of the subsets of isolates, based on the analysis of 16S rRNA gene partial sequences.

Sites Number of
Isolates

Average 16SrRNA
Sequence Length (bp)

Number
of OTUs a

Average
Shannon’s H’

Average Pielou’s
Evenness

Av1 21 889 17 2.71 0.95
Av2 26 884 15 2.55 0.94
Av3 25 905 13 2.34 0.91
Tg 28 929 13 2.31 0.90
Al 20 940 9 1.98 0.90

a OTU Operational Taxonomic Unit.

Cluster analysis based on a heatmap of OTU abundances (Figure 2) indicated a closer
clustering of Av1, Al and Tg subsets. Although one OTU (OTU 8), identified as Bacillus aus-
tralimaris, was found in all sampling sites, most of the OTUs were unevenly represented in
the different sampling sites, and most of them were restricted to one particular sampling
site (Figure 2; Appendix A, Figure A4). Kocuria sp. (OTU 12), Virgibacillus dokdonensis (OTU
22), V. halodenitrificans (OTU 40) and Pseudomonas juntedi (OTU 17) were represented only in
the Av1 subset. Genera Exiguobacterium (E. mexicanum; OTU 25), Kushneria (K. phyllosphaerae;
OTU 26), Idiomarina (I. loihiensis; OTU 28) Gracibacillus (G. massiliensis; OTU 29), Halomonas
titanicae (OTU 27) and B. licheniformis (OTU 36) were represented only in the Av2 subset.
Isolates identified as Thalassospira lohafexi (OTU 4), Brevibacterium casei (OTU 6), Providencia
rettgeri (OTU 7), Sporosarcina luteola (OTU 11), Bacillus infantis (OTU 41), Bacillus simplex
(OTU 37), Halomonas taeanensis (OTU 5) and Staphylococcus xylosus (OTU 9) were found only
in the Av3 subset. The species Altererythrobacter indicus (OTU 24) and Bhargavaea ginseng
(OTU 34) were found exclusively in site Tg, and OTU 33, identified as Lysinbacillus varians,
was exclusive to Al.
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The ordination analysis relating the composition of the subsets of isolates with the
physico-chemical descriptors of sediment and pore water properties in each site is repre-
sented in Figure 3. Sediment pH is related more with the composition of the Av1 and Tg
subsets. The pH of pore water and the concentration of Ca2+ are related with the Al subset,
and SOM is related more with Av3. Descriptors of sediment and pore water salinity (SAR,
ESP) and concentration of the cations (Mg2+, K+ and Na+) are the parameters most related
with the composition of the subset of isolates from site Av2.
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Figure 3. Non-metric multidimensional scaling (NMDS) plot of OTU abundances (violet points)
among sampled sites, onto which the sediment parameters Table 1 have been mapped. ECe: electrical
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3.3. Salinity Tolerance, Extracellular Enzymatic Activity and Plant-Growth Promoting Traits of
Bacterial Isolates

Most of the isolates (69%) were able to grow at the highest tested salinity (100 g L−1),
28% tolerated up to 50 g L−1 and only 3% were unable to grow with salinity >25 g L−1

(Figure 4). Isolates growing at the highest salinity were recovered from all the sampling
sites; however, the less salt-tolerant isolates (RA2, EA4A, SB78) were found in the lesser
saline places (Av3 and Al), except for one isolate (SF91), which was cultivated from the
rhizosphere of the saltier local, Av2 (Appendix A, Table A1). Maximum tolerance (growth
at 100 g L−1 NaCl) was found for rhizosphere and endophytic isolates in similar proportion:
46% and 54%, respectively. The taxonomic identification of the most tolerant isolates was
Alphaproteobacteria (genus Thalassospira), Gammaproteobacteria (genera Halomonas, Bre-
vibacterium, Providencia, Kushneria, Salinicola, Idiomarina, Psychrobacter, Pseudomonas), Bacilli
(genera Bacillus, Staphylococcus, Exiguobacterium, Oceanobacillus, Lysinibacillus, Planococcus,
Virgibacillus, Bhargavaea) and Actinobacteria (genera Micrococcus and Kocuria) (Appendix A,
Table A1).



Appl. Sci. 2021, 11, 2233 10 of 28

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 28 
 

3.3. Salinity Tolerance, Extracellular Enzymatic Activity and Plant-Growth Promoting Traits of 
Bacterial Isolates 

Most of the isolates (69%) were able to grow at the highest tested salinity (100 g L−1), 
28% tolerated up to 50 g L−1 and only 3% were unable to grow with salinity >25 g L−1 (Figure 
4). Isolates growing at the highest salinity were recovered from all the sampling sites; 
however, the less salt-tolerant isolates (RA2, EA4A, SB78) were found in the lesser saline 
places (Av3 and Al), except for one isolate (SF91), which was cultivated from the 
rhizosphere of the saltier local, Av2 (Appendix A, Table A1). Maximum tolerance (growth 
at 100 g L−1 NaCl) was found for rhizosphere and endophytic isolates in similar proportion: 
46% and 54%, respectively. The taxonomic identification of the most tolerant isolates was 
Alphaproteobacteria (genus Thalassospira), Gammaproteobacteria (genera Halomonas, 
Brevibacterium, Providencia, Kushneria, Salinicola, Idiomarina, Psychrobacter, Pseudomonas), 
Bacilli (genera Bacillus, Staphylococcus, Exiguobacterium, Oceanobacillus, Lysinibacillus, 
Planococcus, Virgibacillus, Bhargavaea) and Actinobacteria (genera Micrococcus and Kocuria) 
(Appendix A, Table A1). 

 
Figure 4. Percent distribution of isolates by levels of salinity tolerance, defined as the maximum 
concentration of salt (g L−1 NaCl) for which growth was observed. 

The profile of extracellular hydrolytic activities (amylase, cellulose, chitinase, lipase, 
protease) represented in the collection of isolates is depicted in Figure 5. The most 
common hydrolytic activity was cellulase, detected in 75 isolates (62.5%), followed by 
amylase, protease and lipase, found in 51 (42.5%), 35 (29.2%) and 32 (26.7%) isolates, 
respectively. Chitinase activity was the least represented (16 isolates). Only isolates SB4 
(Av3), SF59 (Av2) and SB102 (Av3), all rhizospheric bacteria of the genus Bacillus, (Appendix 
A, Table A1), tested positive for all the enzymes. Forty-three isolates produced at least two 
different extracellular enzymes, and the association cellulase + amylase was the most 
frequent (14). 

The proportion of enzyme-producing bacteria in each site is shown in Appendix A, 
Table A2. Isolates from the Al site stand out for proteolytic activity, but were not prolific 
cellulase, chitinase and amylase producers. Higher production of Chitinase and amylase 
were detected mainly in Av2 isolates, which in turn were lower protease producers. Av3 
isolates produced predominantly lipase and cellulase. Cellulolytic activity was also 
abundant in isolates from Tg and Av1. Tg isolates were the less frequent lipase producers 
(Appendix A, Table A2). 
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concentration of salt (g L−1 NaCl) for which growth was observed.

The profile of extracellular hydrolytic activities (amylase, cellulose, chitinase, lipase,
protease) represented in the collection of isolates is depicted in Figure 5. The most common
hydrolytic activity was cellulase, detected in 75 isolates (62.5%), followed by amylase,
protease and lipase, found in 51 (42.5%), 35 (29.2%) and 32 (26.7%) isolates, respectively.
Chitinase activity was the least represented (16 isolates). Only isolates SB4 (Av3), SF59 (Av2)
and SB102 (Av3), all rhizospheric bacteria of the genus Bacillus, (Appendix A, Table A1),
tested positive for all the enzymes. Forty-three isolates produced at least two different
extracellular enzymes, and the association cellulase + amylase was the most frequent (14).
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Figure 5. Number of isolates expressing different extracellular enzymatic activities (a); number
of isolates expressing each extracellular enzymatic activity (b); number of isolates combining the
expression of 1, 2, 3, 4 or 5 different activities (c).

The proportion of enzyme-producing bacteria in each site is shown in Appendix A,
Table A2. Isolates from the Al site stand out for proteolytic activity, but were not prolific cel-
lulase, chitinase and amylase producers. Higher production of Chitinase and amylase were
detected mainly in Av2 isolates, which in turn were lower protease producers. Av3 isolates
produced predominantly lipase and cellulase. Cellulolytic activity was also abundant in
isolates from Tg and Av1. Tg isolates were the less frequent lipase producers (Appendix A,
Table A2).
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The results of plant-growth promoting traits (siderophores, IAA, EPS (Exopolysac-
charides), ACC-deaminase activity, phosphate solubilization or nitrogen fixation) for the
collection of 120 isolates is presented in Appendix A, Table A1, and summarized in Figure 6
and Appendix A, Table A2. EPS production (71%), phosphate solubilization capacity (61%)
and siderophore production (58%) were well represented in the collection of isolates. Al-
most half of the isolates collection (45%) produced interesting levels of IAA. On the contrary,
only 5 isolates (4%) affiliated with Psychrobacter (Rl3), Stenotrophomonas (EH7), Bacillus (ES2),
Halomonas (ES10) and Brevibacterium (EB3) genus (Appendix A, Table A1) showed evidence
of nitrogen fixation capacity. None of the isolates combined all the tested PGP traits. In
contrast, approximately 25% of the isolates (33) showed activity for only one of the traits.
A total of 12 isolates (EL13, RL18, EH2, ES4, ES14, EB7, EB39, EB40, EB41B, RA9, RA33 and
SF91), affiliated with genera Salinicola, Pseudomonas, Oceanobacillus, Halomonas, Providencia,
Bacillus, Kocuria and Staphylococcus, shared four PGP activities: phosphate solubilization,
production of siderophores, production of IAA and ACC-deaminase activity. In addition,
2 isolates with nitrogen-fixation capacity, identified as Psychrobacter (RL3) and Brevibac-
terium (EB3) (Appendix A, Table A1), also produced siderophores and IAA and expressed
ACC-deaminase activity.
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Figure 6. Number of isolates expressing different plant-growth promoting traits (a); number of iso-
lates displaying each plant-growth promoting trait (b); number of isolates combining the expression
of 1, 2, 3, 4, 5 or 6 plant-growth promoting traits (c).

Considering the plant-growth promotion trait expression by site (Appendix A, Table A2),
EPS production was especially frequent in isolates from Av1, Al and Av2, as more than
80% of the isolates were able to form biofilms. Higher IAA production (62%) and P-
solubilization (67%) was detected in isolates from Av1. Siderophore production, on the
other hand, was more frequent (72%) in isolates from Av3. ACC-deaminase activity was by
far the greater (75%) in Tg isolates. As for Nitrogen fixation, it was detected in at least one
isolate in each site, except for two isolates in Av2 and no N fixation ability in the Al site.
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4. Discussions

Plant-associated microbial communities, and especially halotolerant PGPB (Plant
Growth-Promoting Bacteria), contribute to the adaptation of the hosts to the dynamic and
challenging conditions of coastal salt marsh ecosystems [1,60]. It is also well known that
plant species and sediment properties interact in shaping the composition and structure of
rhizosphere and root microbiomes [57,58]. This work intended to address the hypothesis
that the effect of sediment properties also imprints the diversity of PGP isolates and the
prevailing PGP mechanisms in different populations of the same species. The halophyte
S. ramosissima, very well represented in European salt marshes, was chosen as the model
species. The rhizosphere and root endosphere microbiomes of plants growing in five
distinct salt marshes were screened for PGP bacteria. The composition and PGP potential
of the subsets of isolates from each site were analyzed in relation to the physico-chemical
descriptors of sediment and pore water.

Sediments of the five sampling sites were all strongly saline (Table 1) but differed
greatly in their salinity levels, pH, sodium-related parameters like SAR and ESP, concentra-
tion of exchangeable cations and organic matter content (Table 1). Although soil salinity has
been shown to decrease bacterial diversity in rhizospheres [61], in this study, the greater
diversity of culturable halotolerant bacteria associated with the roots of S. ramosissima
was observed in the most saline sediments of Ria de Aveiro saltmarshes (Av1 and Av2).
The lowest diversity was found in the subset of isolates retrieved from the southernmost
site (Al), on the southern Atlantic coast (Algarve), where the salinity indicators were the
lowest. The plants collected from this site already had their color changed from green
to red, indicating that they were either experiencing abiotic stress or senescence. This
could explain the lower taxonomic diversity of the cultivable bacterial community found
at this site. Salinity, however, seems to be neither the sole nor even the most relevant
determinant of the diversity of isolated halotolerant bacteria. NMDS analysis (Figure 3)
indicates that the composition of the subsets of PGP bacteria corresponding to different
salt marshes within the same estuarine system (Ria de Aveiro) was related also to different
sediment parameters. Neutral pH is more strongly related to the composition of Av1
and Tg subsets. The overall concentration of exchangeable cations and the parameters
determined for soil sodicity (SAR and ESP) seemed to influence the bacterial composition
in Av2, and the higher content of organic matter determined bacterial diversity in Av3. As a
consequence of the effect of different sediment properties, there was a significant variability
in the composition of the sets of isolates obtained from plants growing in different sites.
In fact, the structure of the subset of isolates from site Av1 was more similar to the subset
corresponding to geographically distant saltmarshes (Al and Tg) than to the other two
sites of the estuarine system of Ria de Aveiro (Figure 2; Appendix A, Figure A1), which
confirms that site-specific factors related to sediment properties may have a major impact
on the outcome of the culture-dependent approaches used to prospect the microbiome of
halophyte species for bacteria with PGP potential.

The identification at the phylum level revealed the overall dominance of Firmicutes in
the collection of isolates, followed by Proteobacteria and Actinobacteria. These results are
in line with reports of culture-dependent analyses of the root microbiomes of other species
of Salicornia included in the S. europaea aggregate [36]. However, cultivable bacteria are
estimated to represent only 0.01–1% of the total microbial species present in a given envi-
ronment [21,23,62]. Despite this, culture-independent approaches, as performed by [21],
contribute to better resolution of the bacterial communities associated with plants. How-
ever, the culture-dependent studies allow access to the metabolic capabilities of bacterial
communities, which is later useful in testing their activity in host-microbiota interactions.
From the total of the 110 families reported by [21], in our study we shared in common
nine of these families and were able to recover four other families not detected in [21]:
Micrococcaceae, Brevibacteriaceae, Morganellaceae and Lysobacteraceae. Therefore, for
the aims of this study, which included the isolation of bacterial communities associated
with S. ramosissima to test their potential for PGP, our approach achieved the access to
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bacterial members that would actually be useful for the development of better strategies
in sustainable agriculture. Culture-independent approaches indicate that Proteobacteria
normally outnumber Firmicutes in the bacterial communities of the roots and in the rhizo-
sphere of Salicornia sp.; other phyla are represented with variable abundances [21,23]. The
predominance of Firmicutes and Bacilli was more evident in the subset of isolates from
both rhizosphere and endosphere of the Al site (Appendix A, Figure A3), characterized
by high sediment pH and low organic matter content. The capacity to form endospores,
highly resistant to unfavorable nutritional conditions, chemical stress and desiccation, may
contribute to this enrichment. The highest proportion of Actinobacteria was found in the
Av1 endosphere subset (Appendix A, Figure A3), which corresponds to the most saline
sediments. Other authors have previously reported the association of Actinobacteria in the
endosphere of S. europaea, particularly in plants growing in high salinity sites [21,23,63].
The endosphere represents a more stable and sheltered environment for symbiotic bacteria,
which may underlie the preference of Actinobacteria for this plant compartment [64]. A
possible relation between bacterial diversity and plant origin (wild vs. crop) was eliminated.
As shown in Table 2, Av1 (crop site) rendered the highest number of OTUs (17). Four
of these OTUs (belonging to genera Kocuria, Virgibacillus, and Pseudomonas) were found
exclusively associated with plants from that site. Although Kocuria was only isolated from
the Av1 site, Virgibacillus and Pseudomonas were also isolated from Al and Tg, respectively.
All other OTUs present in crop plants were also detected in wild plants from other sites.
This was the case for OTUs corresponding to Micrococcus (also in Al), Bacillus (in all other
sites), Stenotrophomonas (also in Tg), Pseudomonas (also in Tg) and Oceanobacillus (also in
Av3). Therefore, we found no evidence that cultivated plants are different from wild plants
in terms of culturable populations represented in the microbiome.

Bulk soil microbial communities were not studied, as it would surpass the scope of
this work. However, some studies found that the microbiome of bulk soil was closely
related to that of the rhizosphere [65], and that rhizosphere soil was found to contain higher
microbial biomass compared to bulk soil [66]. Nevertheless, in a separate study, significant
differences were found between rhizosphere and bulk soil microbial composition [67]. As
soil is the primary source of microbes inhabiting the rhizosphere, similarities are expected.

The possibility of using rhizosphere and endosphere bacteria as biostimulants for
saline agriculture or as saline-stress attenuators for salt-sensitive crops has been the mo-
tivation for many culture-dependent analyses of the microbiome of halophyte species.
Salinity tolerance is a requirement of PGP bacteria used for the attenuation of saline stress.
In the overall collection of isolates, 71% were able to grow at a salinity corresponding to
100 g L−1 NaCl. This result demonstrates the potential of halophyte plant microbiota to
harbor bacteria adapted to high salinities [11].

Bacterial extracellular enzymes reflect the spectrum of available polymeric substrates
and play relevant roles in the processes of colonization of root tissues and biocontrol of plant
pathogens [68]. Cellulase was the most common enzyme, expressed by 62% of the isolates,
followed by amylase, proteases, lipases and chitinase, expressed by 48%, 32%, 27% and 13%
of the isolates, respectively. These frequencies are similar to those reported for PGP bacteria
isolated from the endosphere of Halimione portucaloides, with the exception of lipolytic
activity, which was comparatively less represented in the rhizosphere and root endosphere
isolates of S. ramosissima (27% compared to 46% in H. portulacoides) [69]. The release of
cellulase accelerates the process of colonization of plant tissues, and this appears to be
crucial for the close interaction between bacteria and plants under stressful environmental
conditions [64,65]. Cellulolytic PGP used in agriculture not only improves plant growth
but also contributes to the degradation of plant material in soils, improving fertility and
also providing a biocontrol effect against plant pathogens [70]. Bacterial cellulase, lipase,
protease and chitinase degrade major components of the fungal cell wall [71–73] and
therefore contribute to the biocontrol effect of PGP bacteria. Only three isolates, identified
as Bacillus australimaris, B. vietnamensis, and B. infantis (Appendix A, Table A1), expressed all
enzymes, confirming the potential of Bacilli as biocontrol agents [74]. Approximately one
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third of the isolates expressed two extracellular enzymes. The most frequent combination
was cellulase and amylase, indicating a positive selection of the enzymatic capacity to
directly interact with plant tissues.

Positive correlation between extracellular enzymatic activity, especially cellulolytic,
and sediment properties like organic matter content and conductivity have been re-
ported [75,76]. This correlation was also evident in the present study. The frequency
of cellulolytic and lipolytic isolates was the highest in the Av1 and AV3 subsets, respec-
tively (Appendix A, Table A2), which corresponds to sediments with high organic matter
content and electrical conductivity (Table 1).

The bacterial production of extracellular polymeric substances (EPS) can aid plants in
resisting drought and salinity [77,78]. EPS-producing bacteria accounted for 72% of the
cultivable isolated bacteria in our study (Appendix A, Tables A1 and A2). The highest
frequency of EPS-producing isolates was observed in the most saline sediments and
pore waters, AV1 and AV2, accounting for 90% and 81% of the isolates, respectively,
and 90% of the isolates in the Al site were characterized by highly saline pore waters.
Salinity can act as a positive environment for EPS, as their production is enhanced in
response to osmotic stress [79]. EPS are also involved in the sequestration of minerals [80].
Therefore, EPS production can also be regarded as a PGP trait contributing to plant access to
nutrients, in parallel with the expression of siderophores, nitrogen fixation and phosphate
solubilization capacities.

Approximately 60% of the isolates were able to solubilize phosphate or produce
siderophores, and 44 isolates (~37%), identified as Bacillus aryabhattai, B. australimaris,
B. cereus, B. horneckiae, B. hwajinpoensi, B. tianshenii, Halomonas titanicae, Kocuria palus-
tris, Kushneria phyllosphaerae, Micrococcus aloeverae, Oceanobacillus picturae, Providencia
rettgeri, Pseudomonas juntendi, P. oryzihabitans, Psychrobacter faecalis, Salinicola endophyti-
cus, Sporosarcina luteola, Staphylococcus epidermidis, S. xylosus and Stenotrophomonas rhizophila,
could do both (Appendix A, Table A1). Phosphorus (P) is the least accessible macronutrient
for plants due to the propensity to form insoluble complexes with cations, and in saline
soils, P is even less available [75,81,82]. Phosphate-solubilizing bacteria can improve the
uptake of P by the roots through the production of organic acids [83], and EPS have a
synergistic effect by holding free P in the medium [84]. Siderophores can also enhance P
solubilization by chelating substances that form stable complexes with P adsorbents [85].
This interaction may explain the frequent co-occurrence of EPS and siderophore production
and P-solubilization capacities in the collection of isolates.

In turn, P and Fe are important for N-fixation because P is required for energy transfer
processes and Fe is a constituent of nitrogenase and leghaemoglobin [86,87]. However,
in halophyte endophytic bacteria this dependence may not be strict. Bacilli represented
the majority of the isolates that combined siderophore production with P-solubilization
capacity, but N-fixation capacity was not detected in any of them. Only one endosphere
isolate (Kushneria phyllosphaerae) accumulated the capacities of phosphate solubilization,
siderophore production and nitrogen fixation. N-fixation was detected in a halophilic
Kushneria marisflavi strain, isolated from the rhizosphere of Salicornia sp. in hypersaline
soils of Tunisia, but that isolate lacked phosphate solubilization capacity [88]. N-fixation
was overall less frequent than either P-solubilization or siderophore production and was
not represented in one of the subsets of isolates (Al). Nitrogen fixation is energetically
costly for bacteria [30] and negatively affected by soil salinity [89,90], which can explain the
low number of isolates exhibiting this feature. In Salicornia-dominated areas, cyanobacteria
have a very important role in Nitrogen fixation, especially in warmer months and low
plant density areas [91]. N-fixing cyanobacteria have been detected in the epiphytic
communities associated with halophytes [92,93]. However, our strategy of cultivation
and isolation did not allow the detection of these prokaryotes. It also possible that the
method we used to screen nitrogen fixation was not fully adequate for our isolates. In
addition to these factors, there is the possibility of loss of the ability to express N-fixation
genes during successive cultivations in TSA medium. All N-fixing isolates came from the
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endosphere, which represents a more protected environment in comparison to soil or the
rhizosphere [64]. Actinobacteria have been found to dominate N-fixing endophytic PGP
bacteria in S. euopaea [30]. In this study, only one out of five N-fixing endophytic isolates
associated with S. ramosissima belonged to Actinobacteria (EB3, genus Brevibacterium). The
majority of the plant-associated N-fixing isolates found in this study were γ-Proteobacteria
(genera Halomonas, Kushneria, Psychrobacter and Stenotrophomonas). The predominance
of Gram-negative taxa among N-fixing isolates from saline environments, namely the
rhizosphere of Salicornia, has been reported [88].

IAA production and ACC-deaminase are two of the most valued plant-growth pro-
moting traits and are considered as requirements for endophytic and rhizospheric com-
petence [94]. One common effect is the increase in root length, surface area, and root
hair density, improving the access to soil nutrients under stress conditions [64,81]. IAA
production was detected in 54 isolates (45%), and six of them produced moderate to high
amounts of IAA, ranging from 40 µL mL−1 to over 72 µL mL−1. In previous studies,
3.6% of isolated bacteria from Halimione portulacoides produced high amounts if IAA (over
100 µL mL−1), and bacteria isolated from Mediterranean halophytes produced IAA in the
range of 17.92–112.5 µg mL−1 [69,95]. ACC-deaminase activity was slightly less frequent.
Some isolates failed to grow and could not be tested, which hindered an accurate estimate
of the frequency of this PGP trait. However, approximately 41% of the isolates were able to
cleave ACC, and 25 isolates expressed both ACC-deaminase activity and IAA production.
It has been proposed these two traits are biochemically related and may actually counteract
in the regulation of ethylene concentrations. Both plant and bacterial ACC-deaminases re-
duce the concentration of ACC, which is a precursor of ethylene, whereas IAA can enhance
ethylene production by stimulating the activity of the ACC synthase in plant tissues [96]. In
this case, the activity of ACC deaminase from PGPB would be of the outmost importance
to balance ethylene levels in plants facing stress.

With the exception of N-fixation and chitinase activity, which were not detected in
isolates from Al, all other PGP traits were represented in each of the subsets (Appendix A,
Figure A5). The low organic matter content of Al sediments may explain a poorer spectrum
of bacterial extracellular enzymatic activities but not the lack of N-fixing isolates in the
Al subset. The abundance of diazotrophs in sediments tends to decrease with increasing
salinity [89,90], but Al sediments would be the least stressful in terms of salinity and
conductivity. Therefore, their highly saline pore waters (Table 1) or other factors (e.g.,
moisture, total N, C/N ratio) not covered by the set of physico-chemical parameters may
be involved [97,98].

5. Conclusions

Overall, a wide spectrum of PGP traits associated with endospheric and rhizospheric
competence and direct benefits to the plant host (nutrient supply, detoxification, osmotic
protection, attenuation of stress responses, stimulation of growth, inactivation of pathogens)
were represented in the collection of isolates. However, the subsets of isolates were
very different in terms of composition, indicating that, according to the physico-chemical
conditions of each site, the benefits to the same host species are delivered by different
bacterial players. This capacity to interact with different bacterial communities may
underlie the occurrence of S. ramosissima in a wide diversity of coastal habitats and the
capacity of this species to thrive under harsh and unstable environmental conditions.

The rhizosphere and root endosphere of S. ramosissima proved to be a rich seedbank for
halotolerant PGPB, several of which displayed multiple PGP traits. Salinicola endophyticus
(EL13), Bacillus aryabhattai (SP1016 20) and Pseudomonas oryzihabitans (RL18) were able
to produce IAA, siderophores, EPS and to solubilize phosphate. S. endophyticus was
the most prolific IAA producer and was an ACC-deaminase producer. P. oryzihabitans
was also ACC-deaminase positive. B. aryabhattai expressed all the tested extracellular
enzymes. It also produces HCN, inhibits the phytopathogenic fungus Alternaria and
increases the germination of S. ramosissima seeds at high salinities [26]. These isolates
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are promising candidates in the consortia of PGPB to be used as inoculants for saline or
traditional agriculture.

The microbiome of halophytes is still a valuable model for the understanding of the
role of bacteria in the host adaptive responses and, in a more applied perspective, as sources
of PGPB. However, knowledge on the environmental factors that modulate plant-bacteria
relations will be paramount in the transition to the generalized, efficient and sustainable use
of PGPB in agriculture, which faces the challenges of soil salinization and climate change.
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Table A1. Summary of the isolation site, source and corresponding phylotypes (OTUs) of the bacteria isolates and their results for salt tolerance and plant growth promotion activities
tested in this study.

Isolates Identification Limit Salt
Tolerance (g L−1) Extracellular Enzymes Plant-Growth Promoting Traits

Code Site Source Phylotype Candidate
Identification a Q 1 A 2 L 3 P 4 C 5 P-

Solubilization Siderophore ACC Deaminase
(nm mg−1 h−1)

IAA
(µg mL−1)

N-
Fixation EPS (OD540)

EA1 Al E

OTU1
Bacillus

aryabhattai

100 − + − + + + − − − − 0.33 ± 0.01
EA9 Al E 100 − − − − − + − − − − 0.46 ± 0.02
RA2 Al R 25 − + − + + + − − − − 0.20 ± 0.01
SP20 Av1 R 50 + + + + + + + − − − 0.80 ± 0.01

EA4A Al E

OTU2
Bacillus

hwajinpoensis

25 − + − + + − + + (38.11 ± 15.67) − − 0.32 ± 0.02
EA4B Al E 100 − + − − + − − − − − 0.79 ± 0.02
EL9 Tg E 100 − + − + + − − − 9.81 ± 0.46 − 0.66 ± 0.01

RL11A Tg R 100 + + − − + + + + (22.11 ± 5.0) − − 0.33 ± 0.02
RL21 Tg R 100 − + − − + − + +* (19.57 ± 9.2) − − 0.92 ± 0.03

EA7 Al E

OTU3 Micrococcus
aloeverae

100 − − − + + − + Doubtful (±)
(23.01 ± 15.22) 18.28 ± 1.96 − 0.46 ± 0.02

EH1 Av1 E 100 − + − + + + − +* 11.58 ± 0.53 − 0.70 ± 0.01
EH14 Av1 E 100 − + + − + + + − − − −
EH21 Av1 E 100 − − + + + − + +* 10.98 ± 1.34 − 0.71 ± 0.01

EH24 Av1 E 100 − − + − + − + Doubtful (±)
(12.47 ± 7.29) − − 0.44 ± 0.01

EB1 Av3 E
OTU4

Thalassospira
lohafexi

100 − + − − − + − − − −
EB49 Av3 E 100 − + − − + + − − 21.18 ± 1.5 − −

EB2 Av3 E OTU5 Halomonas
taeanensis 100 − − − − − − + +* (15.98 ± 2.3) − − −

EB3 Av3 E OTU6 Brevibacterium
casei 100 − − − + + − + + (17.63 ± 1.35) 10.87 ± 0.48 + 1.24 ± 0.03

EB5 Av3 E

OTU7
Providencia

rettgeri

100 − − − − + + − +* 25.50 ± 2.3 − −
EB7 Av3 E 50 − − − − + + + +* 27.85 ± 1.37 − −

EB41B Av3 E 100 − − − + − + + +* 15.17 ± 0.96 − −
EB40 Av3 E 100 − + − − − + + +* (14.04 ± 4.44) 17.87 ± 0.54 − 2.39 ± 0.1

EB41A Av3 E 50 − − − − − + + − − − −
EB42 Av3 E 100 − − − − − + + − − − 0.32 ± 0.0
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Table A1. Cont.

Isolates Identification Limit Salt
Tolerance (g L−1) Extracellular Enzymes Plant-Growth Promoting Traits

Code Site Source Phylotype Candidate
Identification a Q 1 A 2 L 3 P 4 C 5 P-

Solubilization Siderophore ACC Deaminase
(nm mg−1 h−1)

IAA
(µg mL−1)

N-
Fixation EPS (OD540)

EB22 Av3 E

OTU8 Bacillus
australimaris

50 − − + + + + + +* − − 0.48 ± 0.01
EB25 Av3 E 50 − − − − − − + +* (16.13 ± 2.3) − − −
EB39 Av3 E 100 − + + − − + + +* (14.04 ± 4.68) 9.47 ± 0.24 − 0.35 ± 0.01
EH8 Av1 E 50 − − − + + + − − − − 2.15 ± 0.13
ES13 Av2 E 100 − + − − − − − − 10.53 ± 0.41 − −
ES22 Av2 E 100 + + − − − + − − − − 0.54 ± 0.03
RA9 Al R 100 − − + + − + + +* 10.28 ± 0.94 − 0.63 ± 0.02

RA10 Al R 100 − − + + − + + + (17.48 ± 3.31) 10.33 ± 1.36 − 0.85 ± 0.03
RA14 Al R 50 − − − + + + + − 9.64 ± 1.15 − 0.42 ± 0.03
RA25 Al R 100 − − + − − + + − 11.04 ± 3.01 − 0.54 ± 0.05
RA27 Al R 100 − − + − + + − − 13.71 ± 7.15 − −
RA33 Al R 100 − − + − + + + +* 11.91 ± 6.31 − 0.53 ± 0.02
RL9 Tg R 100 + − + − − + + +* − − 0.40 ± 0.02
SB4 Av3 R 100 + + + + + − − − − − 0.3 ± 0.01

EB45 Av3 E
OTU9

Staphylococcus
xylosus

100 − − + − + + + +* − − 0.91 ± 0.02
EB46 Av3 E 100 − − + − + + + − − − 2.92 ± 0.2

EB48 Av3 E
OTU10

Bacillus
thioparans

100 − + − − + − − − − −
RL1 Tg R 50 − + − − + − + − − − −

EB50 Av3 E OTU11 Sporosarcina
luteola 50 − − + + + + + +* − − −

EH2 Av1 E OTU12 Kocuria
palustris 100 − − − + + + + +* 11.85 ± 0.29 − 0.92 ± 0.05

EH6 Av1 E

OTU13 Bacillus cereus

50 − + + + + + + − 10.65 ± 0.76 − 0.42 ± 0.0
EL6 Tg E 50 − + − − + + − − 5.99 ± 1.84 − −
RA5 Al R 50 − − + − − − − + (14.19 ± 0.69) − − 0.49 ± 0.07

RL11B Tg R 50 + + − + + + + − − − −
RL15 Tg R 50 + + − + + + + +* − − 0.33 ± 0.02
RL25 Tg R 100 − + − − + + − − − − −

EH7 Av1 E
OTU14

Stenotrophomonas
rhizophila

50 − − − + + + + − 15.02 ± 0.31 + 0.31 ± 0.0
EL11 Tg E 50 − + − + − + − +* 14.59 ± 1.05 − −

EH9 Av1 E

OTU15
Pseudomonas
oryzihabitans

50 − − − − + + − +* (26.9 ± 14.13) 17.27 ± 1.62 − −
RL17 Tg R 100 − − − − + − − − − − −
RL18 Tg R 100 − + − − + + + +* (44.09 ± 4.33) 39.55 ± 1.01 − 0.40 ± 0.01
RL20 Tg R 50 − + − − + + − − 23.69 ± 1.94 − 0.85 ± 0.02
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Table A1. Cont.

Isolates Identification Limit Salt
Tolerance (g L−1) Extracellular Enzymes Plant-Growth Promoting Traits

Code Site Source Phylotype Candidate
Identification a Q 1 A 2 L 3 P 4 C 5 P-

Solubilization Siderophore ACC Deaminase
(nm mg−1 h−1)

IAA
(µg mL−1)

N-
Fixation EPS (OD540)

EH10 Av1 E
OTU16

Bacillus
pakistanensis

100 − − − − − − + − − − 0.34 ± 0.02
RL16 Tg R 100 − + − − + − + + (35.57 ± 10.0) − − 0.31 ± 0.02

EH11 Av1 E OTU17 Pseudomonas
juntendi 100 − + − − + + + − 10.90 ± 2.07 − 0.97 ± 0.02

EH12 Av1 E

OTU18 Bacillus
nealsonii

50 − + + − + + − − 20.92 ± 0.69 − 0.47 ± 0.02
EH13 Av1 E 50 − + − − − + − − 20.99 ± 0.51 − 0.60 ± 0.01
EL10 Tg E 50 − − − − − + − − 13.12 ± 0.52 − 0.33 ± 0.04
EL12 Tg E 50 − + − + + − + +* − − −
RA3 Al R 50 − + − + − + − − 9.80 ± 0.51 − 0.60 ± 0.03

RA30 Al R 100 − + − + + + − − 13.63 ± 0.37 − 0.44 ± 0.04
RA32 Al R 100 − − − + − + − − − − 0.69 ± 0.06

EH16 Av1 E
OTU19 Bacillus

horneckiae
100 − − − − + + + − 12.42 ± 0.35 − 0.43 ± 0.01

RL5 Tg R 100 − − − − − − + +* − − 0.34 ± 0.04

EH19 Av1 E
OTU20

Oceanobacillus
picturae

100 − + − − + − + Doubtful (±)
(20.32 ± 14.05) 55.33 ± 1.38 − 0.41 ± 0.01

ES4 Av2 E 50 − − − − − + + +* 11.97 ± 4.46 − 0.37 ± 0.01

EH20 Av1 E
OTU21 Planococcus

maritimus
100 − − − + + − + − − − 0.44 ± 0.01

SF92 Av2 R 100 − − + − + + − + (21.21 ± 1.19) 14.60 ± 5.76 − −

EH25 Av1 E OTU22 Virgibacillus
dokdonensis 100 − − − − − − + − − − 0.61 ± 0.01

EL13 Tg E

OTU23
Salinicola

endophyticus

100 − + − − + + + +* 71.35 ± 6.86 − 0.54 ± 0.01
EL14 Tg E 100 − + − − + + + − 49.18 ± 25.05 1.35 ± 0.03
ES6 Av2 E 100 − + − − + + − +* (16.95 ± 4.12) − − 0.45 ± 0.02
ES7 Av2 E 100 − + − − + + − − − − 0.33 ± 0.03
ES25 Av2 E 100 − + − − − + + − − − 0.56 ± 0.04

EL16 Tg E OTU24 Altererythrobacter
indicus 50 − − − − + − + +* 45.66 ± 2.11 − −

ES1 Av2 E OTU25 Exiguobacterium
mexicanum 100 − + − + + + − − − − 0.40 ± 0.02

ES2 Av2 E
OTU26

Kushneria
phyllosphaerae

100 − + − − + + + − − + 0.56 ± 0.02
ES18 Av2 E 100 − + − − + − − +* − − 0.56 ± 0.03
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Table A1. Cont.

Isolates Identification Limit Salt
Tolerance (g L−1) Extracellular Enzymes Plant-Growth Promoting Traits

Code Site Source Phylotype Candidate
Identification a Q 1 A 2 L 3 P 4 C 5 P-

Solubilization Siderophore ACC Deaminase
(nm mg−1 h−1)

IAA
(µg mL−1)

N-
Fixation EPS (OD540)

ES3 Av2 E

OTU27 Halomonas
titanicae

100 − − − − − + − − 12.22 ± 0.50 − −
ES10 Av2 E 100 − + − − − + − + (24.8 ± 14.51) − + 0.58 ± 0.02
ES12 Av2 E 100 + + − − − − − + (51.49 ± 4.17) − − 0.63 ± 0.02
ES14 Av2 E 100 + + − − + + +* (45.32 ± 4.5) 10.45 ± 0.18 − 0.61 ± 0.04
ES15 Av2 E 50 − + − − − − − +* (23.91 ± 3.17) − − 2.65 ± 0.1

ES17 Av2 E
OTU28 Idiomarina

loihiensis
100 − + − − − − − − − − 0.80 ± 0.05

ES20 Av2 E 100 − − − − − − − − − − 1.82 ± 0.07

ES19 Av2 E OTU29 Gracilibacillus
massiliensis 50 − + + − − − + − − − 0.50 ± 0.01

ES21 E

OTU30
Psychrobacter

faecalis

100 + − + − − + + Doubtful (±)
(13.14 ± 3.5) 12.11 ± 0.58 − 0.36 ± 0.02

RL3 Tg R 100 − − + − + − + + (25.03 ± 2.85) 59.64 ± 4.50 + 0.32 ± 0.0
RL4 Tg R 100 − − − − + − − +* (12.09 ± 1.13) 22.06 ± 0.92 − −
RL6 Tg R 100 − − − − − − − − 31.50 ± 0.58 − −
RL13 Tg R 50 − + − + + + + + (23.91 ± 1.27) − − −
RL14 Tg R 100 − − − − − − − 14.02 ± 0.35 − −
RL19 Tg R 100 − − − − + + + − 17.79 ± 1.88 − 0.42 ± 0.01
RL23 Tg R 100 − − − − + + + + (25.03 ± 10.31) − − 0.40 ± 0.01

RA13 Al R

OTU31
Staphylococcus

epidermidis

100 − − + − + + + + (18.67 ± 2.47) − − 1.10 ± 0.09
SF69 Av2 R 100 + + − − + + + − 15.86 ± 2.02 − 0.64 ± 0.02
SF68 Av2 R 100 − − − − + + + − 10.67 ± 4.79 − 0.71 ± 0.02
SP32 Av1 R 50 + − − − + + + − − − 0.98 ± 0.03

RA21 Al R
OTU32

Virgibacillus
halodenitrificans

100 − − − − − − − − − − 0.61 ± 0.07
SB4B Av3 R 100 + + − − + − + − − − 0.47 ± 0.01

RA24 Al R
OTU33 Lysinibacillus

varians
100 − − − − − − − − 28.08 ± 0.82 − 0.34 ± 0.05

RA35 Al R 100 − − − − − − − +* (12.39 ± 0.69) 17.94 ± 0.61 − 0.59 ± 0.04

RL12 Tg R OTU34 Bhargavaea
ginsengi 100 − − − + + − − − − − −

SF27 Av2 R OTU35 Bacillus
tianshenii 100 − + + + − + + + (12.69 ± 1.96) − − 0.46 ± 0.01

SF100 Av2 R OTU36 Bacillus
licheniformis 100 − − − − + − + Doubtful (±)

(10.3 ± 2.92) − − −
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Table A1. Cont.

Isolates Identification Limit Salt
Tolerance (g L−1) Extracellular Enzymes Plant-Growth Promoting Traits

Code Site Source Phylotype Candidate
Identification a Q 1 A 2 L 3 P 4 C 5 P-

Solubilization Siderophore ACC Deaminase
(nm mg−1 h−1)

IAA
(µg mL−1)

N-
Fixation EPS (OD540)

SB115 Av3 R OTU37 Bacillus
simplex 50 − + + + + − − Doubtful (±)

(12.02 ± 3.54) 10.60 ± 3.53 − 3.22 ± 0.01

SF59 Av2 R
OTU38 Bacillus

vietnamensis

50 + + + + + − − + (22.11 ± 3.14) − − 0.39 ± 0.02
SB113 Av3 R 50 − + + + + − + − − − 0.35 ± 0.0

SB8 Av3 R 100 − + + + − − + − − − −

SB78 Av3 R

OTU39
Staphylococcus

epidermidis

25 − − − − + + + − − − −
SF91 Av2 R 25 − − − − − + + + (141.86 ± 1.27) 9.27 ± 2.78 − −

SP103 Av1 R 50 − − − − − + − − 19.12 ± 3.46 − 0.39 ± 0.01
SF104 Av2 R 100 + − − + − + + + (13.81 ± 0.95) 9.79 ± 3.98 − 1.35 ± 0.05
SB112 Av3 R 100 + − + − + + − − − − 0.40 ±

SP86 Av1 R OTU40 Virgibacillus
halodenitrificans 100 − − + − + − − − 11.34 ± 5.3 − 1.58 ± 0.06

SB102 Av3 R OTU41 Bacillus
infantis 100 + + + + + − + Doubtful (+−+)

(12.39 ± 2.99) 25.19 ± 5.36 − −

Control
(+)

Pseudomonas
aeruginosa 115.4 47.26 ± 0.66 0.66 ± 0.02

a—Taxonomic identification based on best hit classification on NCBI refseq_rna database [39] and EzBioCloud server [40]. E—Endosphere; R—Rhizosphere; Q 1—Chitinase; A 2—Amylase; L 3—Lipase;
P 4—Protease; C 5—Cellulase; Av1—Horta dos Peixinhos (Aveiro); Av2—Santiago da Fonte (Aveiro); Av3—Boco (Aveiro); Tg—Tagus Estuary (Lisbon); Al—Almargem (Algarve); + positive; − negative; +* visible
growth on solid DF +ACC medium.
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Table A2. Percentage of isolates expressing each PGP trait per sampling site.

Av1 Av2 Av3 Tg Al

Chitinase 5% 27% 16% 14% 0%
Amylase 38% 65% 44% 57% 30%

Lipase 33% 19% 44% 7% 35%
Protease 38% 15% 36% 25% 50%
Cellulase 81% 38% 64% 79% 50%
N fixation 5% 8% 4% 4% 0%

Sol P 67% 65% 60% 54% 60%
Siderophores 67% 46% 72% 61% 45%

ACC deaminase 24% 42% 44% 75% 35%
IAA 62% 38% 36% 43% 55%
EPS 90% 81% 48% 54% 90%
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