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Despite the great interest in using halophyte Salicornia europaea L. as a crop in extreme saline habitats,
little is known about the role played by associated endophytic bacteria in increasing tolerance of the
host-plant to nutrient deficiency. Main objectives of this study were to investigate the community com-
position of diazotrophic endophytes of S. europaea grown under natural conditions, and determine the
proportion of plant-growth promoting bacterial strains able to fix N2. To quantify the abundance of dia-
zotrophic bacterial endophytes in stems and roots of S. europaea, nifH gene and 16S rDNA copy numbers
were assessed by quantitative real-time PCR, and characterized the taxonomic structure of cultivable bac-
teria based on selective medium for diazotrophs. The highest copy numbers of nifH and 16S rDNA were
observed in the stems of plants growing at the test site characterized by lower salinity, and correlated
with high N concentrations in plant tissues. The abundance of bacterial diazotrophs isolated from plant
tissues ranged from 3.6 to 6.3 (log10 of cfu per gram dry plant tissue) and varied in a site- and plant-organ
manner. Proteobacteria dominated in plants growing in lower salinity while Actinobacteria prevailed in
plants originating from higher salinity, what suggest better adaptation of this group of bacteria to
extreme salinity. The results provide insights into new species of diazotrophs associated with halophytes
that can be used to optimize strategies for selecting biostimulants useful in saline soils.
� 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Soil salinization is increasing day by day and over 7% of the total
world landmass is currently affected by salinity [1]. A significant
proportion of this area belongs to agricultural land, resulting in
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nearly 45 million ha being excluded from cultivation [2]. Saliniza-
tion can be an effect of natural processes (e.g. geological, hydrolog-
ical, or weather events) as well as anthropogenic activity (e.g.
improper methods of irrigation and fertilization, deforestation,
chemical contamination, and poor water management) [3–5].
Increased salinity has a negative influence not only on physico-
chemical soil parameters (e.g. pH, availability of nutrients) but also
on plants (e.g. photosynthesis, water management) and soil
microorganisms (e.g. diversity, activity).

The plant kingdom contains only a small group of plant species
(�1%) belonging to halophytes, which possess highly distinctive
capacities for salt tolerance as a result of evolutionary adaptation
to their environments. These plants are able to survive and repro-
duce at concentrations of sodium and chloride ions that would be
toxic to most plant species [6]. Halophytes have received particular
attention in the last few years not just as model species in salt tol-
erance research, but also as potential forage, fiber, and biomass
crops, as well as platforms for developing crop systems that use
saline water and/or ameliorate salinized soils [7].

This study focuses on Salicornia europaea L., a salt marsh halo-
phyte belonging to the Amaranthaceae, which is one of the most
salt-tolerant plant species worldwide [8]. Significant advances
have been made in understanding how halophytes have adapted
to high salinity conditions [6,9]. It is well known that halophytes
can cope with high soil salinity due to morphological and biochem-
ical adaptations [1]. However, recently special attention has also
been paid to the effect of specific microbial associations, e.g. endo-
phytes, which can increase the tolerance of host-plants to high
salinity and other unfavorable environmental conditions [10–12].
Salicornia as a wild plant, not modified by plant breeding, has
probably retained over millennia the natively established plant-
microbiome functional interaction at specific salt-affected areas.
Such a naturally developed association between a plant and its
microbiota may help the plant to grow and successfully compete
with other plants.

Some plant-associated bacteria can biologically fix atmospheric
N2 to plant-available ammonia (NH3). This process is ecologically
important as an input of fixed nitrogen (N) into many habitats
[13], and represents a promising substitute for chemical N fertiliz-
ers. Microorganisms catalyze nitrogen fixation via the enzyme
nitrogenase, which has been highly conserved throughout evolu-
tion. All N2 fixers carry the nif (nitrogen fixation) genes, which
encode the nitrogenase complex [14]. The nif operon includes the
nitrogenase structural gene nifH, which has been sequenced to pro-
vide a large database from diverse environments [14,15]. One of
the best-reported outcomes of this plant-microbe association is
the promotion of plant growth by direct and indirect mechanisms.
Besides fixing atmospheric N2, these bacteria can also produce
plant growth hormones, and some species are reported to improve
nutrient uptake and increase plant tolerance against biotic and abi-
otic stresses [16,17].

Since crop production is highly dependent on chemical nitrogen
fertilizers and their extensive use may have negative effects on
human and environment health, as well as on generating green-
house gasses and reducing the ozone layer [18], the existence
and application of bacterial diazotrophs adapted to saline condi-
tions in non-host plants could greatly increase the production of
glycophytic crops in saline soils.

The hypothesis is that associative diazotrophic bacteria, which
are known to fix atmospheric nitrogen and provide nitrogen to
their host plants, may be established in the microbiota of S. euro-
paea and probably live there endophytically. If diazotrophs exist
in the endophyllosphere of S. europaea the questions are: (1) which
bacterial species do they belong to; (2) are these species also
known to be related to crop plants, and finally (3) how does the
level of salinization affect the distribution and community struc-
ture of diazotrophic endophytes of S. europaea? More extensive
knowledge about diazotrophic endophytes associated with halo-
phytes will facilitate the understanding of possible mechanisms
involved in the interaction and possible role of microbiota in adap-
tation to saline stress conditions.

In this study halophyte S. europaea plant samples were collected
and analyzed from two sites representing moderate and high soil
salinity. The microbiota of S. europaeawas assessed by quantitative
real-time PCR of both the nifH genes and 16S rDNA. Although the
overall abundance of diazotrophs isolated from stems and roots
was higher in plants growing at lower salinity, the proportion of
potential diazotrophic bacteria in the total bacterial community
revealed an enrichment of diazotrophs in the plants grown in
highly saline soil. A total of 141 endophytic diazotrophs were cul-
tured and identified based on their phylogenetic affiliations by
comparing their 16S rRNA gene sequences.

Material and methods

Site description and sampling

Plant samples were collected at two test sites located in central
Poland and characterized by extreme anthropogenic (S1) and nat-
ural (S2) origin of salinity. Site S1 (N 52�48, E 18�15) comprised
meadows near a soda factory (Soda Poland CIECH SA) in
Inowrocław-Mątwy, where a long-term process of inappropriate
waste storage from soda production has caused strong alkalization
and salinization of soils. The salt meadows are dominated by halo-
phytic species, e.g. Salicornia europaea, Aster tripolium, Spergularia
salina, Glaux maritima, Triglochin maritimum, Puccinellia distans
and Atriplex prostrata spp. prostrata var. salina. Site S2 (N 52�53, E
18�47) was located in Ciechocinek (close to a brine graduation
tower), at the largest lowland health resort in Poland involved in
the treatment of respiratory illnesses. In this area a Halophytes
Nature Reserve Park and a landscape park ‘‘Natura 2000” were
established to protect rare plant species [19].

At each test site, three sub-plots (2 m � 2 m) were designated at
a distance of 10 m from each other. From each sub-plot five plants
of S. europaea with adjacent soil (20 cm � 20 cm � 20 cm soil
cubes) were collected in autumn 2013 (15 plants per test site
and 30 plants in total). Each sample was taken using sterile tools,
placed in a separate plastic bag to avoid contamination and imme-
diately transported to the laboratory for analysis.

Soil samples (three replicates per site) were analyzed according
to methods described by van Reeuvijk [20]. The soil at S1 was clas-
sified [21] as mineral-organic (organic matter content 10–20%) and
at S2 as mineral (organic matter content < 10%). Salinity at both
sites was related to the presence of chloride and other anions:
Cl� � SO4

2� > HCO3
�. Salinity, measured as the electrical conductiv-

ity of a saturated extract, were 55 dS∙m�1 at S1 and 112 dS∙m�1 at
S2, and resulted from the domination of calcium ions (Ca2+ > Na+

�Mg2+ > K+) at S1 and sodium ions (Na+ � Ca2+ > Mg2+ > K+) at
S2 (Table 1).

Preparation of plant samples for analysis

Endophytic bacteria were analyzed in two different organs of S.
europaea: stems and roots. One averaged sample of analyzed plant
organs (stem and root) was prepared (10 g) from five plants sam-
pled at each sub-plot. Finally, from each test site (S1 and S2) three
representative samples of stems and roots were analyzed. Plant
samples were surface sterilized in 100 ml of 15% hydrogen perox-
ide by shaking (5 min), then washed three times with 100 mL of
sterile 2% NaCl solution. The liquid obtained after third washing
was used to assess the sterilization process. Only successfully
surface-sterilized plant organs were used for further analysis.



Table 1
Physico-chemical soil parameters of the two test sites: S1 (Inowroclaw) and S2 (Ciechocinek). Listed are the content of cations and anions in saturated extract.

Test
site

ECe,
dS/m

NaCl,
%

Org. matter,
%

N total,
%

Moisture,
%

pH HCO3
�,

mg/L
Cl�, mg/
L

SO4
2�,

mg/L
K+,
mg/L

Ca2+,
mg/L

Mg2+,
mg/L

Na+,
mg/L

Ca/Na

S1 55 3.52 13.4 0.539 150 7.3 742 23,770 573 70 9079 102 8283 1.096
S2 112 7.168 6.88 0.203 73 7.6 714 22,473 2216 256 1117 275 14,579 0.077

K. Hrynkiewicz et al. / Journal of Advanced Research 19 (2019) 49–56 51
Analysis of nifH gene and 16S rDNA copy numbers in plant organs of
S. europaea (real-time PCR assays)

DNA was extracted from the surface-sterilized and lyophilized
plant samples (stems and roots) using the DNeasy Plant Mini Kit
(Qiagen, Hilden GmbH, Germany), according to the manufacturer’s
instructions. DNA concentrations were measured photometrically
at k = 260 nm (Nano-drop, ThermoFisher). Quantitative real-time
PCR was conducted using a Bio-Rad detection system (Germany).
Amplification was performed with primer pairs for: nifH (19F: 50-
GCIWTYTAYGGIAARGGIGG-30 and 388R: 50-AAICCRCCRCAIA
CIACRTC-30) [22] and 16S rDNA (519f 50-CAGCMGCCGCGG
TAANWC-30 and 907r 50-CCGTCAATTCMTTTRAGTT30) [23]. To
ensure appropriate template plant DNA concentrations enabling
quantification of the 16S rDNA and the nifH gene, PCR was per-
formed using undiluted, 1:10 diluted, and 1:100 diluted plant
DNA. PCR was performed using the program described by Jurayeva
et al. [24]. Abundance of nifH (involved in N2–fixation) and 16S
rDNA (corresponding to the total number of bacteria) was
expressed as copy number of target gene lg�1 of DNA used for
amplification. The proportion of nifH-gene copy number per num-
ber of 16S rDNA was calculated after both qPCR equilibration
curves were equalized in their efficiency.
Abundance of endophytic diazotrophs associated with S. europaea

Surface-sterilized plant samples were homogenized in mortars
under sterile conditions. The material obtained was used as a start-
ing sample for preparing serial dilutions. Bacterial strains were iso-
lated using medium selective for the growth of diazotrophs [25].
From each variant of isolation (18 in total) three replicates of each
dilution (10�1–10�5) were investigated (15 plates per variant, 180
plates in total). Bacteria were grown at 26 �C for 7 d and counted
(one representative dilution with an average number of colonies
per plate between 30 and 300; in most cases 10�2–10�4 was cho-
sen for each variant of the experiment). Results are presented as
cfu (colony-forming units per gram of fresh plant tissue). From
each plant organ (stem and root) and each test site (S1 and S2)
22–47 bacterial colonies were chosen based on their different mor-
phological features in order to detect a broader spectrum of bacte-
rial taxa. In total, 141 strains were selected for further
investigation (Supplementary materials, Table A). Selected bacte-
rial strains were purified and maintained on agar slants with Ren-
nie medium [25]. All strains were proved for their potential
biological nitrogen fixing ability by identifying the presence of
the diazotrophic marker gene nifH in the bacterial genomes.
Molecular identification of bacterial strains by PCR and sequencing

Single colonies cultivated on Rennie medium were suspended
in 0.85% NaCl and centrifuged. DNA was isolated using the DNeasy
Plant Mini Kit (Qiagen, Hilden GmbH, Germany) according to the
manufacturer’s instructions. The 16S rRNA gene was amplified by
PCR using the primers 27F (50-AGAGTTTGATCMTGGCTCAG-30)
and 1492R (30-CTACGG CTACCTTGTTACGA-50) according to proce-
dure described by Szymańska et al. [10] and sequenced using the
same primers. Sequencher 5.1 (Gene Codes 20) software was used
to assemble the forward and reverse sequences obtained. The
sequences acquired were used for identification based on compar-
ing these sequences with reference sequences deposited in the
GenBank nucleotide database by BLASTn [26]. A minimum of 99%
similarity was required for appropriate identification. All DNA
sequences obtained were submitted to GenBank and accession
numbers were assigned: MK398004-MK398122 (Supplementary
materials, Table A).
Phylogenetic analysis

The phylogenetic affiliation of the cultivated strains is based on
aligning the sequenced 16S rRNA gene fragments, and their closely
related sequences, derived from the GenBank comparison (BLASTn)
[26], using MUSCLE v3.8.31 (https://www.drive5.com/muscle/)
[27]. The multiple sequence alignment was trimmed with trimAl
v1.2 (http://trimal.cgenomics.org) [28] filtering out positions with
20% or more gaps across the sequences, unless less than 60% of the
positions remain as conserved sites. Subsequently, the best-scoring
maximum likelihood tree was inferred with RAxML v8.2.12
(https://github.com/stamatak/ standard-RAxML) [29] using the
GTRCAT approximation model and rapid bootstrap analysis based
on 1000 replicates. Visualization and annotation of the phyloge-
netic tree was conducted with iTOL v4 (https://itol.embl.de) [30],
taking the binary information of test sites (S1/S2), plant type
(non-/halophytic) and plant organ (stem/root) into account.
Nitrogen (Nt) and carbon (Ct) concentrations in plant tissues

The freeze-dried samples of stems and roots sampled from both
test sites (S1 and S2) were ground to <0.5 mm by a mill (Retsch
GmbH, Haan, Germany) to determine Nt and Ct concentrations.
Analysis was performed using the CHN-O Rapid Elemental Analy-
ser (Elementar Analysensysteme GmbH, Henau, Germany).
Statistical analyses

The data obtained for nutrient concentration in plant tissues,
copy number of nifH and 16S rDNA and total number of cultivable
bacterial diazotrophs were analyzed by one- and two-factorial
analyses of variance (ANOVA). The statistics were computed using
STATISTICA (StatSoft, 2010).
Results

Nutrient concentrations in the plant organs of S. europaea

The halophyte Salicornia europaea L was sampled from two sal-
ine environments with contrasting salinity (ECe 55 dS m�1 at test
site S1, and 112 dS m�1 at test site S2). Although the soil total
nitrogen content was higher in the lower saline soil S1, the nitro-
gen concentration in stems and roots of S. europaea L. was not sig-
nificantly different between plants grown on S1 and S2. Generally
the N concentration in stems was higher than in roots (Fig. 1; Sup-
plementary materials: Table A). In contrast to N, significantly
higher levels of carbon were found in the roots, and at the test site
S1 (lower soil salinity) the concentration of this element in plant
tissues was generally higher than at S2 (higher salinity). Analysis
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Fig. 1. Nutrient concentrations in stems and roots of S. europaea. (a) Nutrient
concentrations of total nitrogen (N in %), (b) total carbon (C in %) and (c) the C/N
ratio in stems and roots of S. europaea (mean ± SD, n = 9) growing at the two test
sites, S1 and S2. Bars indicate standard deviation p < 0.05.

Fig. 2. Soil salinity levels determine the proportion of nifH at 16S rDNA copy
numbers in stems and roots of S. europaea. (a) The gene copy number of nifH and
16S rDNA (per mg of DNA) in different plant organs of S. europaea (stems and roots)
growing at two saline test sites (S1 and S2) was analyzed using quantitative real-
time PCR (qPCR), and (b) the data used to calculate the proportion of potential
diazotrophic bacteria (nifH gene copy number) at total bacterial counts (16S rDNA
copy number). Bars indicate standard error at P � 0.05.
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of the carbon-nitrogen ratio was correlated with the results
obtained for carbon.

Proportion of nifH gene at 16S rDNA copy numbers in stems and roots
of S. europaea depend on the soil salinity level

To assess the number of potential diazotrophic organisms in the
population, the nifH genes (encoding potential diazotrophic bacte-
ria) and the total bacterial community was determined in plant tis-
sues of S. europaea by analyzing both nifH gene and 16S rDNA copy
numbers in the same DNA sample using quantitative real-time PCR
(qPCR). Knowing, that both, the 16S rDNA and the nifH gene copy
numbers are variable between various bacterial species and the
absolute numbers can be affected by this variation, the present cal-
culation was conducted to proximately estimate a proportional
shift within the endophytic bacterial community. The highest
abundance of 16S rDNA and nifH genes (1.04 � 106 and
2.85 � 105, respectively) was observed in the stems of S. europaea
growing at S1, characterized by lower salinity levels in the soil.
In the other variants of the experiment, the copy number of the
genes did not differ significantly from each other, and ranged
between 2.01 and 2.69 � 105 for 16S rDNA copy number, and
1.08–1.84 � 105 for nifH copy number (Fig. 2A). The proportion of
potential diazotrophic bacterial numbers at total bacterial counts
was calculated using the molecular information obtained from
DNA samples extracted from roots and stems. After both qPCR
equilibration curves were equalized in their efficiency, the data
revealed an enrichment of potential diazotrophic bacteria within
the total bacterial community in the halophyte S. europaea grown
in highly saline conditions (S2) (Fig. 2B).

Abundance and taxonomic structure of cultivable endophytic
diazotrophs

Analysis of bacterial diazotrophs which were isolated and cul-
tivable from stems and roots of S. europaea L. growing at both test
sites S1 and S2 showed a significantly higher abundance of this
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group of microorganisms in roots that had direct contact with
highly diverse microbial communities in the rhizosphere soil
(Fig. 3). The abundance of diazotrophs isolated from stems and
Fig. 3. Abundance of cultivable endophytic diazotrophs. Abundance (log10 cfu per
1 g of fresh plant tissue) of endophytic bacterial diazotrophs isolated from stems
and roots of S. europaea growing at the two saline test sites (S1 and S2).

Fig. 4. Taxonomic structure of cultivable endophytic diazotrophs. Dendrogram displaying
from the endophyllosphere (stems, roots) of the halophyte Salicornia europaea L. grown
originating from non-halophytic crop plants. Abbreviations: Branch lengths are assigned
circles to the edges. All strains are colored according to their genus. Methanococcus voltae
phylogenetic closely related species are written in normal style. The surrounding circles d
site, stem ( ) and root ( ), and the two distinct isolation test sites, S1 ( ) and S2 ( )
roots at S1 was 1.5- and 1.3-fold higher (respectively) than in
plants growing at higher salinity (S2), ranging from 5.7 to 6.3
log10 cfu g�1 fresh plant tissue at S1 and from 3.6 to 4.8
log10 cfu g�1 fresh plant tissue at S2.

In total, 141 endophytic diazotrophs were isolated from stems
and roots of S. europaea L. sampled at the two test sites: 70/71
strains from plants growing at test site S1/S2 (47 isolates/site from
stems and 23–24 from roots) (Fig. 4). Fig. 4 shows the phylogenetic
affiliations (based on 16S rRNA genes) of diazotrophic strains iso-
lated from the endophyllosphere (stems, roots) of the halophyte
S. europaea L. compared to endospheric diazotrophs originating
from non-halophytic crop plants. Most of the endophytic dia-
zotrophs from S. europaea L belonged to the phyla Actinobacteria
(50%) and Proteobacteria (47%), and only a few to Firmicutes
(3%). At S2 (higher salinity, marked with a red filled point) dia-
zotrophs were strongly dominated by Actinobacteria and at S1
(lower salinity, marked by red empty point) by Proteobacteria.
The genus Curtobacterium and Microbacterium (phylum Acti-
nobacteria) were isolated from both test sites, but were more
abundant at S2, and the genus Rhodococcus, Cellulomonas, San-
guibacter, Clavibacter, Frigoribacterium, Agreia and Herbiconiux
were found exclusively at S2. The genus Pseudomonas (phylum
Proteobacteria) was isolated from both test sites, but dominated
at S1, and Pantoea was characteristic only for S1, with higher abun-
phylogenetic affiliations (based on 16S rRNA genes) of diazotrophic strains isolated
at the two different saline test sites (S1/S2) compared to endospheric diazotrophs
as numbers and the bootstrap support values, ranging from 70% to 100%, as gray
PS served as outgroup. Diazotrophic strains are written in bold font style, whereas

escribe: strains of halophytic ( ) and non-halophytic plants ( ), the plant isolation
.
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dance in stems. In general, diazotrophs isolated from plant organs
of S. europaea growing at S2 were affiliated to 13 different genera
that were not observed at all at S1, while at S1 strains from only
two genera were isolated which were not detected at S2. These
observations confirm a higher diversity within the diazotrophic
endophytic microbiota of the halophytic plant S. europaea when
growing in higher saline soils (S2). Surprisingly, for the first time,
from the endophyllosphere and endorhizosphere of the halophytic
plant S. europaea a wide range of genera from Actinobacteria phy-
lum were isolated, while these diazotrophs were not yet detected
in the plant endorhizosphere or endophyllosphere of glyophytes
(Fig. 4).

Discussion

Crop production in saline areas is a huge challenge since all
plant species currently used in agriculture belong to glycophytes,
and these are relatively sensitive to medium and high salt concen-
trations in soils. S. europaea belongs to a family of underutilized
plants with naturally developed tolerance to unfavorable environ-
mental conditions. In previous studies with the use of two endo-
phytic bacterial strains isolated from S. europaea (Pseudomonas
sp. ISE-12 and Xanthomonadales sp. CSE-34 [12] we have revealed
more evident effect of strain containing nifH gene on the growth
of Beta vulgaris under different concentrations of salinity. This is
why the presented work, for the first time, focused on diazotrophic
endophytes of this halophyte and characterized this important
group of bacteria. Diazotrophic endophytes are known to protect
the host-plant against harsh environmental conditions by increas-
ing nutrient availability or producing phytohormones [17].

Bacterial endophytes of S. europaea: The total bacterial community vs.
diazotrophs

Since the abundance of total bacterial counts from S. europaea
growing at the test site characterized by higher salinity (S2: 112
dS/m) was significantly lower than in moderate saline soil (S1),
we suggest that bacteria are relatively sensitive to extreme con-
centrations of salt, but tolerate medium soil salinity (S1: 55 dS/
m). Similarly, an overall lower number of microorganisms (bacteria
and fungi) in root and rhizosphere samples of S. europaea from the
same S2 test site were identified earlier by Szymańska et al. [10].
Therefore it seems correct to conclude that extreme salinity gener-
ally inhibits microbial abundance. However, proportionally the
number of potential diazotrophic bacteria was enriched in both
stem and root samples of S. europaea when grown in extremely
salty conditions. Moreover, observed at both S1 and S2 sites, the
significantly higher number of diazotrophs isolated from roots
than stems confirms that the main source of diazotrophs of S. euro-
paea is rhizosphere soil, an environment with the highest microbial
diversity and activity.

A culture-independent approach achieved by analyzing nifH
transcripts provided results on active diazotrophs in the rhizo-
sphere, and nif gene amplification and sequencing has been used
to identify nitrogen-fixing bacteria associated with rice, sorghum,
wheat and maize [18]. Present results using real-time qPCR show
significantly higher nifH and 16S rDNA copy numbers in the stems
than in the roots of S. europaea from S1 (lower salinity), which is
not consistent with the results obtained for cultivable diazotrophs.
This contradiction could originate from the lack of suitable media
to cultivate as yet non-cultured diazotrophic organisms, especially
when they grow within the stem endophyllosphere, where specific
nutritional and environmental niches exist that have only recently
started to discover [31].
Nitrogen is one of the most abundant elements in plants (after
carbon: about 40% of plant dry matter and oxygen: about 45%);
however N concentrations in plant tissues is plant species specific
and changes during developmental stages (higher in young tissues
and lower in mature or senesced parts) [32,33]. In the present
experiments at both analyzed test sites, nitrogen concentrations
in plant tissues of S. europaea were in the range of 0.68–1.34% of
dry plant weight, with significantly higher N values observed for
shoots than roots. However this is a relatively low level of N com-
pared to other crops, e.g. wheat (Triticum aestivum) with N con-
tents in shoots between 1.5 and 3% of plant dry weight [32].
There are three possible reasons for such low nitrogen concentra-
tions in S. europaea tissues: (i) the generally low nitrogen demand
of this crop; (ii) the late growing season when samples were col-
lected for testing (autumn), or (iii) the extremely low N content
in the soil at both analyzed test sites (0.2–0.5 Nt). Since plant-
associated microorganisms (rhizosphere, symbiotic or endophytic)
are key factors in increasing plant nutrient efficiency [e.g. [34,35]],
it is assumed that S. europaea plants growing in poor soils are stim-
ulated by unique microorganisms that allow them to overcome
deficiencies in the environment.
Endophytic diazotrophs of S. europaea

Previous studies revealed that the microbiome of S. europaea is
dominated by the phyla Proteobacteria, Bacteroidetes, Actinobac-
teria and Firmicutes [11,36,37], and many of their representatives
belong to typical halotolerant bacteria with a potential role in mit-
igating salt stress, e.g. Salinicola sp., Kushneria sp. [10]. In general,
diazotrophs can be found among alphaproteobacteria, gammapro-
teobacteria, Firmicutes, betaproteobacteria and cyanobacteria;
however they generally correspond to minor components of the
ecosystem since nitrogen fixation is an energetically expensive
process for bacteria [18]. Endophytic diazotrophs isolated from S.
europaea represent a broad range of N2-fixing bacteria with Acti-
nobacteria dominating at the test site characterized by higher
salinity (S2), and Proteobacteria at lower salinity (S1). Most of
the isolates from Actinobacteria (70 isolates, in total) belonged to
the genus Curtobacterium (30 isolates) (Curtobacterium sp., C. flac-
cumfaciens, C. herbarum) and Microbacterium (17 isolates)
(Microbacterium sp., M. kitamiense, M. oxydans), and some of them
to Rhodococcus, Mycobacterium, Cellulomonas, Sanguibacter,
Clavibacter, Cryocola/Labedella, Frigoribacterium, Agreia, Herbico-
niux, and Plantibacter. But all of them have been identified as
endophytic diazotrophs for the first time. These organisms mostly
originated from the endophyllosphere of the halophyte S. europaea
grown on the high saline test site S2. It is worth to mention that
salt-tolerant diazotrophic Actinobacteria: Brachybacterium saur-
ashtrense sp. nov. [38] and Zhihengliuella somnathii sp. nov. [39]
were isolated earlier from other Salicornia spp. (e.g. S. brachiata).
Further diazotrophic endophytes in the present study belong to
Proteobacteria (66 isolates in total), dominated by two genera:
Pseudomonas (29 isolates) (Pseudomonas sp., P. marincola, P. fluo-
rescens, P. koreensis) and Pantoea (17 isolates) (Pantoea sp., P.
vagans, P. ananatis). Other examples of diazotrophic bacteria
belonging to Pseudomonas and are also associated with crops
are: P. aeruginosa [JF899310] isolated from Pennisetum glaucum
(L.) [40], and Pseudomonas sp. SB2 [HF566309] isolated from a
grape variety [41].

Diazotrophs from the genera Glucanacetobacter, Azospirillum,
Kosakonia and Enterobacter, which are often detected and
described as endophytes in glyophytic crops [e.g. [42] were not iso-
lated from the halophyte S. europaea. The phylum Firmicutes was
represented by only 4 strains isolated from S2 (higher salinity)
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(belonging to Staphylococcus sp., Bacillus sp., B. pumilus). This phy-
lum in general is known as a source of diazotrophs; however only
one example of a crop endophyte was noted so far (Paenibacillus
polymyxa [KU306835]) (Fig. 4).

Halotolerant diazotrophic bacteria can positively promote
growth of many crops under salt stress conditions, e.g. Hartmanni-
bacter diazotrophicus E19T isolated from the rhizosphere of Plan-
tago winteri stimulated growth of barley (Hordeum vulgare L.) by
reducing ethylene emission [43,44], five diazotrophic bacteria
(Klebsiella, Pseudomonas, Agrobacterium, and Ochrobactrum) iso-
lated from the roots of a halophyte Arthrocnemum indicum success-
fully colonized the peanut roots and were capable of promoting the
plant growth by maintaining ion homeostasis and ROS levels under
salt stress condition [45], Pseudomonas stutzeri ISE12 isolated from
S. europaea alleviated the salt stress of rape (Brassica napus L.) by
activating their antioxidant defence system and triggering the
rearrangement of cell walls [46].

In summary, the present results reveal enrichment of dia-
zotrophic endophytes in S. europaea represented by a highly
diverse community, and many isolates were identified for the first
time. Such isolates have not yet been detected within the
endorhizo- or endophyllosphere of other crop plants, which con-
firms the high specificity of this group of microorganisms to the
saline environment. Notably, N2-fixing bacteria represented by
Actinobacteria seem to have higher tolerance to salinity than Pro-
teobacteria, which were more often observed at lower salinity.
Whether and which of these organisms alleviate salt stress condi-
tions or help the plant by supplying nitrogen or specific hormones
to adapt to such harsh conditions remains to be confirmed in
future studies with the use of microscopic methods, e.g. fluores-
cent in situ hybridization (FISH) or confocal laser scanning
microscopy (CLSM). Interestingly, the number of cultivable dia-
zotrophic strains was higher in roots of S. europaea suggesting that
this plant organ possess unique properties for selecting N2-fixing
bacteria.
Conclusions

S. europaea represents a convenient host-plant system for ana-
lyzing a range of diazotrophs. Although extreme soil salinity
slightly decreases their abundance it profoundly affects their taxo-
nomic structure. Selection of diazotrophic endophytes compatible
with specific plant genotypes could become a common practice
for improving plant tolerance to unfavorable saline soils to com-
plement advanced technologies applied in green plant biotechnol-
ogy. The herewith established collection of halotolerant
diazotrophic bacteria could provide an excellent source of such
biostimulants to be tested in agriculture.
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