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Abstract

The adaptability of halophytes to increased soil salinity is related to complex rhizosphere interactions. In this study,
an integrative approach, combining culture-independent and culture-dependent techniques was used to analyze
the bacterial communities in the endorizosphere of indigenous succulent halophytes Salicornia europaea, Suaeda

maritima, and Camphorosma annua from the natural salt marshes of Slano Kopovo (Serbia). The 16 S rDNA analyses
gave, for the first time, an insight into the composition of the endophytic bacterial communities of S. maritima and C.
annua. We have found that the composition of endophyte microbiomes in the same habitat is to some extent influ-
enced by plant species. A cultivable portion of the halophyte microbiota was tested at different NaCl concentrations
for the set of plant growth promoting (PGP) traits. Through the mining of indigenous halotolerant endophytes, we
obtained a collection representing a core endophyte microbiome conferring desirable PGP traits. The majority (65%)
of the selected strains belonged to the common halotolerant/halophilic genera Halomonas, Kushneria, and Halobacil-
lus, with representatives exhibiting multiple PGP traits, and retaining beneficial traits in conditions of the increased
salinity. The results suggest that the root endosphere of halophytes is a valuable source of PGP bacteria supporting

plant growth and fitness in salt-affected soils.
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Introduction

Halophytes, which make up about 1% of the world’s flora
species [20], developed various strategies to cope with
salinity stress and to survive and reproduce across dif-
ferent saline environments. The increased accumulation
of salts has adverse effects on soil physicochemical and
biological properties, disturbing the ecological balance
and affecting the growth and diversity of organisms liv-
ing on and in the soil [45]. Acting through osmotic stress,
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ion toxicity, nutrient imbalance, or their combination
[60] the increased salinity causes many harmful effects
on plants. Its influence on basic physiological processes
such as germination, vegetative growth, and reproduc-
tion [60] results in decreased agricultural production and
low economic returns. However, it has been shown that
the adaptability of plants to different habitats and their
survival, particularly under stressful conditions, are influ-
enced by their associated microbial communities, termed
as plant microbiota [55]. Due to the co-evolution with the
plant in the same hostile environment, the microbiota of
halophytes is adapted to the salty habitat and is consid-
ered to be the key factor for understanding the adapta-
tion of plants to the saline habitat [16].

A vital part of plant microbiota is represented by
Plant Growth Promoting (PGP) bacteria which inhabit
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the rhizosphere, phyllosphere, and endosphere and
support plant growth and health through multifarious
PGP traits [34].

Endophyte microorganisms found in plant root tis-
sues represent a subset of the root microbiota [22] and
spend at least parts of their life cycle inside the plant
without apparent harm to the host [36]. Whether they
originate from the surrounding environment such as
bulk soil and rhizosphere or being transmitted via seed
[36], endophytic bacteria play a crucial role in plant
development, growth, and diversification [29]. Unlike
halophilic microorganisms which require salt for
growth, halotolerant microorganisms can grow in the
absence of NaCl as well as in a wide range of NaCl con-
centrations, up to 25% in the case of bacteria [69, 16].

As a part of the halophyte microbiota, halotolerant
plant growth-promoting endophytic bacteria (HPGPE)
[76] can contribute to the plant host growth, produc-
tivity, and fitness under abiotic and biotic stress [21]
through phytostimulation, biofertilization, and bio-
control [22]. The important way of phytostimulation
involves 1-aminocyclopropane-1-carboxylate (ACC)
deaminase activity, which prevents ethylene from
reaching growth-inhibitory concentrations in the plant
and represents one of the key bacterial physiological
traits that facilitate plant growth (especially) under
stress conditions [23].

Exploring the diversity of endophytic bacterial com-
munities of various indigenous halophytes is an initial
step toward a better understanding of plant-microbial-
soil relations under adverse salinity conditions.

In this study, we aim to explore the endophytic bac-
terial community from three species of succulent halo-
phytes, Salicornia europaea L., Suaeda maritima (L.)
Dumort., and Camphorosma annua Pall., indigenous
to natural salt marshes of Slano Kopovo in Vojvodina,
a center of biodiversity and representative example of
fragile salt marsh habitats that have almost disappeared
in this part of Europe.

The aim of the present study was to assess the
biodiversity of endophytic root microbiota com-
munities using an integrative approach combining cul-
ture-dependent and culture-independent techniques.
The culture-dependent techniques enabled the charac-
terization of individual microbiota members, providing
insight into the possible ways by which HPGPE sup-
port host plant under natural conditions of increased
salinity. On the other hand, a profound understanding
of plant-microbe interactions requires a wider, culture-
independent, analysis of the plant root endorhizos-
phere microbiota.
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Methods

Site description and plant material sampling

The plant material was collected from naturally formed
saline lands at Special Nature Reserve ,Slano Kopovo®,
located in Vojvodina, Serbia. In 2004, Slano Kopovo was
included in the list of Ramsar areas and became an inter-
nationally recognized important plant area (IPA).

The following three species of characteristic halophyte
succulents were selected: Salicornia europaea, Suaeda
maritima, and Camphorosma annua, all members of the
same family Chenopodiaceae. Three individual and spa-
tially distant plants were randomly selected for each spe-
cies. The top 0.5-1 cm of soil covered with salt crust was
removed and the whole plants, including the surround-
ing soil, were dug out with a spade. The plant material
was transported in sterile plastic bags and the roots and
rhizosphere samples were processed within 24 h.

The collection and separation of root endosphere

and rhizosphere

A common rhizosphere sample of three collected individ-
uals was made for each plant species. The roots were gen-
tly shaken to remove loosely adherent soil. Rhizosphere
soil was separated from the root endosphere according to
Schlaeppi et al. [57] with modifications. Briefly, the col-
lected roots were cut into 3 cm long segments, starting
0.5 cm from the root base. Root segments were placed in
an Erlenmeyer flask containing 100 ml of phosphate buft-
ered saline (PBS) and shaken at 180 rpm for 20 min (GFL
3005, Germany) for initial washing. The root washing in
PBS was repeated two more times under the same condi-
tions. After short drying on sterile Whatman filter paper,
the roots were macerated in sterile saline using a sterile
mortar and pestle.

One fraction of the macerated root samples was pre-
served using DNA/RNA Shield reagent (Zymo Research,
USA) (1:10) for microbiota 16 S rDNA analysis while the
rest was used for isolation of bacteria.

16 S rDNA analysis of endorhizosphere microbiota

The samples were processed and analyzed with the
ZymoBIOMICS® Targeted Sequencing Service for
Microbiome Analysis (Zymo Research, Irvine, CA) using
their standard pipeline. In short, DNA was extracted
with the ZymoBIOMICS® DNA Miniprep Kit (Zymo
Research, Irvine, CA). Bacterial 16 S ribosomal RNA
gene targeted sequencing was performed using the
Quick-16 S™ NGS Library Prep Kit (Zymo Research,
Irvine, CA) with Zymo Research custom-designed prim-
ers. The final library was sequenced on Illumina® MiSeq""
with a v3 reagent kit (600 cycles). The sequencing was
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performed with >10% PhiX spike-in. Subsequently, the
unique amplicon sequences were inferred from raw reads
using the DADA2 pipeline [7]. Chimeric sequences were
also removed with the DADA2 pipeline. Chimeras and
singletons were filtered from the dataset before analysis
and operational taxonomic units (OTUs) were clustered
at 94 and 97% identity, roughly corresponding to genus
and species level, respectively. Taxonomy assignment
was performed using Uclust from Qiime v.1.9.1 [8] with
the Zymo Research 16 S Database internally designed
and curated, as a reference database. If applicable, a tax-
onomy that had significant abundance among different
groups was identified by LEfSe [58] using default settings.
The community structure of three plants microbiota was
compared by principal coordinate analysis (PCoA) cre-
ated using the matrix of the paired-wise distance between
samples calculated by the Bray-Curtis (BC) dissimilarity.

Isolation of halotolerant endophytic bacteria

For isolation of halotolerant endophytes, ten-fold serial
dilutions of macerated root tissue in sterile saline were
prepared. The resulting suspensions were plated in tripli-
cate on Nutrient agar, NA, (Torlak, Serbia) supplemented
with NaCl (5, 10 and 15% (w/v)) and filter-sterilized root
tissue extract (1% (w/v)). The plates were incubated at
30 °C until the colonies appeared. Morphologically dif-
ferent colonies were picked and the characteristics of
selected isolates (colony morphology, cellular mor-
phology, Gram staining, motility, and endospore form-
ing) were determined using standard procedures. The
obtained isolates were stored at — 80 °C in 25% glycerol.

Isolation of ACC deaminase producing endophytic bacteria
ACC deaminase producing root endophytes were iso-
lated following the procedures described by Penrose and
Glick [49]. To enrich the population of pseudomonads
and similar Gram-negative bacteria in the sample, 1 g
of the macerated root was incubated in PAF media [49]
for 48 h. A 1 ml aliquots of enriched cultures were trans-
ferred to 50 ml sterile DF salts minimal medium [13]
with (NH,),SO, as a nitrogen source and incubated on
the orbital platform shaker at 200 rpm and 30 °C. After
24 h, 1 ml of culture was transferred to a 50 ml DF mini-
mal medium supplemented with 3 mM ACC as the sole
nitrogen source and incubated overnight. Subsequently,
the cultures were diluted, plated on a solid DF medium
with 3 mM final ACC (Sigma—Aldrich, USA), and incu-
bated for 72 h at 30 °C.

The colonies that grew on media with ACC as the sole
nitrogen source were transferred and maintained on NA
plates for further analysis (see section "Quantification of
ACC-deaminase activity").
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Screening for salt tolerance

All isolates were screened for salt tolerance by inoculat-
ing NA plates supplemented with different concentra-
tions of NaCl (0, 3, 5, 7, 10, 12, 15, 18, 20, and 25%) with
the overnight culture of endophytes and incubating on
30 °C. After 48 h, the plates were observed for growth.

PGP activity screening

All PGP assays were performed in the presence of 3% and
7% NaCl (w/v) to assess if isolates will retain their PGP
properties in elevated salinity.

Quantification of ACC-deaminase activity
The confirmation and quantification of ACC utilizing
ability was performed using a colorimetric assay based on
the ninhydrin reaction [37] using 96-well PCR plates.
After overnight incubation in Luria broth, LB (tryptone
10 g/L, NaCl 10 g/L, yeast extract 5 g/L) and centrifu-
gation at 8000 xg for 5 min, the cell pellet was washed
twice, resuspended in 2 ml of fresh DF medium sup-
plemented with 3 mM ACC as sole nitrogen source,
and incubated at 28 °C/200 rpm/24 h. A sample of uni-
noculated DF-ACC medium was incubated as a control.
After incubation, 1 ml of each culture was centrifuged at
8000x g for 5 min and the supernatant was diluted ten-
fold. The 60 ul of diluted supernatant was mixed with
120 pl of ninhydrin reagent in a PCR plate and incubated
in a boiling water bath for 30 min. The analysis of each
sample was performed in triplicate. The change of Ruhe-
man’s purple color in samples in comparison to the con-
trol DF-ACC medium indicated ACC utilizing bacteria.
The ACC consumptions were quantified by transferring
reaction solutions into a flat-bottom 96-well microtiter
plate and measuring absorbance at 570 nm (TECAN,
Switzerland). The obtained absorbance values were com-
pared to a standard curve created by using the increasing
concentrations of ACC (5-500 puM/L).

Indole acetic acid (IAA) production

The IAA production was assessed by the colorimet-
ric assay [47]. Overnight bacterial cultures were trans-
ferred to 9 ml of minimal salt media (M9 minimal salts
200 ml/L,1 M MgSO, 2 ml/L, 1 M CaCl, 0.1 ml/L, 20%
D-glucose 20 ml/L; M9 minimal salts: Na,HPO, x 7H,O
64 g/L, KH,PO, 15 g/L, NaCl 2,5 g/L, NH,Cl g/L), supple-
mented with 100 pg/ml of L-tryptophan (Sigma Aldrich,
USA) and incubated for 72 h at 30 °C and 150 rpm. The
supernatant obtained by centrifugation at 6000xg/15
min was mixed with Salkowski reagent in a ratio of 1:2.
The absorbance at 540 nm (T70 UV / VIS Spectrometer,
PG Instruments Ltd) of developed pink color after the
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25 min incubation indicated the production of IAA. The
concentrations (ug/ml) were determined from a standard
curve created using IAA standards (Sigma-Aldrich, USA)
in concentrations ranging between 1 and 100 pg/ml.

Ammonia production

The isolates were grown in 5 ml Peptone water (Tor-
lak, Serbia) for 72 h at 30 °C. After incubation, 0.5 ml of
Nessler’s reagent (Alfapanonia, Serbia) was added to each
tube. The color change to bright yellow or brown indi-
cated a positive reaction for ammonia production [9].

Siderophore production

Siderophore production was determined according to
the modified Chrome Azurol S (CAS) assay described in
Lakshaman et al. [35]. The solid medium supplemented
with CAS (Fluka, USA) was spot inoculated with individ-
ual colonies and incubated at 30 °C for 5 days. A positive
reaction for the siderophore production was monitored
by the development of a yellow-orange halo around the
inoculation site.

Exopolysaccharide (EPS) production

The EPS production was determined according to Paulo
et al. [48]. Five pl of overnight bacterial cultures were
inoculated on the sterile filter paper discs (5 mm @)
placed on solid medium for EPS production [27] and
incubated for 48 h at 30 °C. The appearance of slimy
substances around the discs indicated the production of
EPS, while the formation of precipitates in tubes after
mixing the slime with 2 ml of 96% ethanol confirmed the
reaction.

Biofilm-forming ability

The ability of the isolates to form biofilms was examined
by colorimetric crystal violet assay on 96-well microti-
ter plates according to Stepanovic¢ et al. [63] with modi-
fications. After overnight growth of bacteria in LB at
30 °C, the media were removed and wells were washed
twice with PBS to remove the non-adherent cells. Bio-
films were fixed with methanol, air dried, and stained
with 0.4% crystal violet for 15 min. To dissolve the dye,
stained biofilms were incubated for 20 min in 33% acetic
acid. Absorbance was measured at 630 nm in a microtiter
plate reader (TECAN, Switzerland). The sterile medium
was used as a negative control. The isolates were classi-
fied into the following categories by comparing obtained
average OD values to OD, value defined as three stand-
ard deviations (SD) above the average OD of the negative
control according to Stepanovi¢ et al. ([63]):
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OD (isolate) < ODc =biofilm non producing.

ODc < OD (isolate) <20Dc =weak biofilm-producing.

20Dc<OD (isolate) <4ODc = moderate
biofilm-producing.

40Dc < OD (isolate) = strong biofilm-producing.

P, Zn, and K solubilization assays

National Botanical Research Institute’s phosphate
(NBRIP) medium with Cas(PO,), was used to test the
ability of bacterial isolates to dissolve inorganic phos-
phates according to Nautiyal [43]. The spot inoculated
NBRIP medium plates were incubated for 14 days at 30
°C.

The ability of the isolates to solubilize inorganic sources
of Zn was determined on a mineral medium supple-
mented with 1% ZnO [24] that was incubated for 72 h at
30°C.

Aleksandrov medium containing K-Al silicates as
K-bearing minerals supplemented with brome thymol
blue was used for screening the K solubilization potential
of isolates [53]. The inoculated plates were incubated for
72 hat 30 °C.

All solubilization assays were performed in triplicate by
spotting overnight bacterial culture on test-specific solid
media. The appearance of clear zones around colonies
indicated the ability of tested bacteria to solubilize inor-
ganic sources of P or Zn, while the appearance of a yel-
low halo around the colonies was considered as a positive
reaction for K solubilization.

The solubilizing ability of isolates was expressed via the
solubilization index (Si) and calculated as follows: (colony
diameter + halo zone diameter)/colony diameter.

16 S rRNA gene sequencing of selected HPGPE
The selected isolates were identified by 16 S rRNA gene
sequencing. Genomic DNAs were isolated using Zymo
Research Soil Microbe DNA Mini Prep Kit (Zymo
Research, USA), according to the manufacturer’s instruc-
tions. Genes coding for 16 S rRNAs were amplified with
bacteria-specific primers 27f and 1492r [38]. Generated
PCR products were sequenced using BigDye® Termi-
nator v3.1 Sequencing Kit (Applied Biosystems) using
same primers and run on Applied Biosystems 3130
Genetic Analyser (Applied Biosystems, Foster City, USA).
Sequences were analyzed and assembled using the Seq-
Man tool from DNASTAR Software (Lasergene). BlastN
program [4] was used to search for similar sequences in
the GenBank database services provided by the NCBL
The partial 16 S rRNA gene sequences of selected
strains were deposited in the GenBank under accession
numbers given in Table 1.
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Results

Microbiota composition analysis

The most abundant bacterial phyla in all three plants
were Proteobacteria (72% in S. maritima and C. annua;
47% in S. europaea) and Actinobacteria (14% in S. mar-
itima, 12% in C. annua, 33% in S. europaea), compris-
ing roughly 80% of each microbiota. Other prominent
phyla detected were Bacteroidetes and Cyanobacteria in
S. maritima, and Firmicutes and Bacteroidetes in both C.
annua and S. europaea with the addition of Saccharibac-
teria to the most abundant phyla in S. europaea (Fig. 1).

C. annua showed the lowest diversity of subdominant
phyla (>1% of relative abundance), counting only three,
while complexity of the composition of subdominant
phyla was higher in S. maritima (5 phyla) and S. europaea
(6 phyla) as shown in Fig. 2.

Examination of the relative abundances of phyla,
classes (Fig. 1), and orders (Additional file 1: Table SM1)
primarily revealed differences between S. maritima and
C. annua on one side, and S. europaea on the other side.

At the family level, by far the most abundant family
in S. maritima and C. annua were Pseudomonadaceae
(16.64% and 12.02%, respectively) followed by Rhodocy-
claceae (6.96% and 19.29%). In S. europaea, there was no
single prominent family, but four families with percentile
abundances between 6 and 8% (Promicromonosporaceae
8.05%, Rhodobacteraceae 6.44%, Halomonadaceae 7.82%,
and Pseudomonadaceae 5.98%). A more detailed distri-
bution of families in all three plant endorhizosphere is
given in Additional file 1: Table SM2.

The results on alpha diversity showed variation in spe-
cies abundance between S. maritima, C. annua, and
S. europaea (374, 400, and 264 unique reads per 16,230
reads, respectively). PCoA plots of beta diversity of S.
maritima and C. annua locate closely indicating that
these two plants mostly contain the same bacterial gen-
era and have similar microbial composition profiles
(Additional file 1: Figure SM3). BC dissimilarity between
S. europaea compared to S. maritima and C. annua was
below 0.25, suggesting a somewhat different microbial
composition profile.

An analysis of the distribution of the most abundant
OTUs between the three plants revealed that only 19.09%
of genera were present in all three plants, where 62.75%,
60.32%, and 25.56% were shared between S. maritima
and C. annua, C. annua and S. europaea, and S. maritima
and S. europaea, respectively. Sample clustering showed

(See figure on next page.)
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that S. maritima and C. annua shared most of the abun-
dant genera (genera having over 1% abundance), differing
only by the presence of one unidentified genus from the
phylum Saccharibacteria (Additional file 1: Table SM4,
Fig. 3).

At the species level, there were several representatives
of certain genera that stood out both in percentage and in
number. Genus Azoarcus was represented with 6 species
in S. maritima, 8 species in C. annua, and 3 species in S.
Europaea. Notedly, genus Azoarcus was most prominent
in C. annua with abundance of 17.66%. Pseudomonas was
the other genus with marked diversity in all three plants.
The microbiota of S. maritima harbored 11 different
Pseudomonas species and the genus was most prominent
with 16.64% abundance, while C. annua and S. europaea
harbored 10 and 8 Pseudomonas species respectively.
Notable was the presence of species with high identity
to Pseudomonas pseudoalcaligenes that made 5.45% in
S. maritima and 6.82% in C. annua. Apart from mem-
bers of Azoarcus and Pseudomonas genera, S. maritima
and C. annua shared distinct presence of several other
bacterial species belonging to genera Hydrogenophaga,
Altererythrobacter, Paracoccus, Jonesia, Pelagibacterium,
Rhizobium, Luteimonas aestuarii, and Oceanisphaera,
all present in percentage between 1 and 4% except Oce-
anisphaera sp.56,188 (4.24% in S. maritima). While
the presence of Streptomyces genus was neglectable
in S. maritima and C. annua, in S. europaea it contrib-
uted with 4.83% counting 3 species. The table of species
detected in all three plants is given in the supplementary
data (Additional file 1: Table SM5).

Collection of endophyte isolates

A total of 32 endophytes were isolated from the root
tissues of S. maritima, C. annua, and S. europaea. Of
these, 20 isolates were selected based on their ability to
exhibit at least two PGP traits at 3% NaCl. The major-
ity of halotolerant isolates had bright, orange, or yellow
colored colonies (87%) and 80% were Gram-negative
and rod-shaped. On the other hand, 20% of the isolates
were Gram-positive and rod-shaped, except one strain of
cocci.

Five selected Gram-negative isolates (14Al, 14A2,
15A1, 15A2, 16A1) were able to grow on DF agar contain-
ing ACC, which indicated their ACC deaminase activ-
ity. Isolates 14A1 and 14A2 originated from S. maritima
were coccobacilli, with whitish and opaque colonies on

Fig. 1 Distribution of phyla in S. maritima, C. annua, and S. europaea, and distribution of classes within two major phyla (Actinobacteria and
Proteobacteria). Distribution of most abundant classes in Proteobacteria (Alpha-, Beta-, Gamma- and Deltaproteobacteria) are shown in yellow pies,
while the most abundant Actinobacteria (Actinobacteria, Acidimicrobiia, Nitriliruptoria) are shown in blues pies. Most of Bacterioidetes make classes
Cytophagia (3.33% in S. maritima, 4.30% in C. annua, and 3.22% in S. europaea) and Flavobacteria (in S. europaea 3.22%), in Firmicutes class Bacilli

makes 5.19% in C. annua and 2.53% in S. europaea
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Fig. 2 Complexity of phyla distribution in three halophyte plants

NA. Isolates 15A1 and 15A2 from C. annua and 16A1
from S. europaea were short, rod- shaped with creamy
and translucent colonies on NA.

Molecular identification of isolates

Taxonomic positions of isolates were determined based
on the sequence of the 16 S rRNA genes. Isolated endo-
phytes were identified as belonging to six different gen-
era: Acinetobacter (2 strains), Kushneria (4 strains),
Pseudomonas (3 strains), Halomonas (7 strains), Haloba-
cillus (2 strains), Planococcus (1 strain), and Klebsiella (1
strain). The percentage of 16 S rRNA gene sequence simi-
larities (98.93—100%) of these isolates to the closest type
strains is presented in Table 1.

Salt tolerance of isolated bacteria

The isolated endophytes display variable growth at differ-
ent salt concentrations (Table 1). All tested strains were
able to grow on NA without additional NaCl. The mem-
bers of the Halobacillus genus showed the capacity to
grow at the highest salinity level (25% NaCl). Kushneria
and Halomonas strains were able to grow in a wide range
of NaCl concentrations up to 18%, while Pseudomonas,
Acinetobacter, and Klebsiella strains isolated as ACC
deaminase producers, couldn’t grow at salt concentra-
tions higher than 3%.

PGP activities of isolates

The PGP activities of isolated endophytes were tested
at different concentrations of NaCl (0, 3, and 7% NaCl
(w/v)). Isolates that were able to grow only in up to 3%
NaCl were tested for PGP traits only in 0 and 3% NaCl.
The obtained results for the PGP potential of isolates
were summarized in Table 2. In the absence of NaCl,
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all isolates exhibited at least three, while 20% of isolates
exhibited 7 of 8 tested PGP traits.

Ninhydrin test revealed that five strains isolated
on DF media with ACC as sole nitrogen source could
utilize and decrease the initial concentration of 3 mM
ACC in DF media during 16 h incubation. After grow-
ing in media supplemented with L-tryptophan, 9 bac-
teria were positive for IAA production. The amount of
produced IAA ranged from 2.10 to 4.62 pg ml'. The
strain Halomonas sp. 14KX2 was found to produce
the highest amounts of IAA (4.62 and 4.00 pg ml in 0%
and 3% NaCl, respectively). Another Halomonas strain,
16K2, could produce IAA across the entire range of
NaCl concentrations with the maximal production at
7% NaCl. With increasing salt concentration, 56% of
IAA producing strains lost that capability.

The qualitative assessment of ammonia production
showed that 90% of tested bacteria produced ammonia
in the absence of NaCl and retained the production in
the presence of 3% NaCl. In media amended with 7%
NaCl, 22% of isolates (14.2, 15K2, 16.4, and 16KX2) lost
the ability to produce ammonia.

In CAS medium without NaCl, 75% of strains formed
the orange halos surrounding colonies indicating the
siderophore production. Three Kushneria (14KX1, 16.1,
and 16KX1) and two Halomonas (14KX2 and 15K13)
strains retained the ability of siderophore production at
each of the tested salt concentrations.

EPS were produced by 95% of tested bacteria in
media without NaCl and 47% of them maintained that
feature in the presence of various NaCl concentrations.

Out of all tested bacteria, 35% showed ability for K,
P, or Zn solubilization. Five ACC deaminase produc-
ers (14A2, 14A5, 15A1, 15A2, and 16A1) showed the
potential to solubilize potassium, phosphorus, and zinc
from inorganic sources in the media without and with
3% NaCl. The solubilization of nutrients on 7% NaCl
could be established only for one halotolerant isolate,
Kuschneria 16.1, which could solubilize phosphorus in
the presence of every tested concentration of NaCl. The
nutrient solubilization ability was found to be inversely
proportional to salt concentration. Among nutrient
solubilizing strains Klebsiella 14A5 exhibited the high-
est Si values for K (8.64 and 5.12 at 0% and 3% NaCl,
respectively), P (4.53 and 3.29 at 0% and 3% NaCl,
respectively), and Zn (5.05 and 5.55 at 0% and 3% NaCl,
respectively).

The biofilm-forming ability of selected strains was
affected by the increase of NaCl concentration (Table 2).
All of the tested isolates showed biofilm-forming abil-
ity in the absence of NaCl, which was classified as weak
(55% of strains) and moderate (40%). At 3% NaCl, 50%
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< Fig. 3 Biodiversity of genera between three halophyte plants.
S.m., Suaeda maritima, C.a., Camphorosma annua, S.e., Salicornia
europaea. (*) signifies rare bacteria where taxonomy could be
determined only up to family level

of isolates were classified as weak, 30% as moderate bio-
film producers, while Acinetobacter 14A5 lost its biofilm-
forming ability. Halomonas 16K2 showed the highest
ODy;, value of 0.203 at 3% NaCl and retained moder-
ate biofilm production at 7% NaCl concentration. At 7%
NaCl, 26.6% of isolates lost the ability to form biofilms
while others retained biofilm production (60% as weak
and 13.4% as moderate).

Discussion

The seal of Slano Kopovo is characterized by its specific
vegetation, related to the flora of salt marshes and con-
sisting of diverse halophytes among which succulents
stand out. S. europaea, S. maritima and C. annua grow
on extremely saline and periodically flooded solonchak
to highly saline solonchak and solonetz under moderate
humidity conditions [39]. They represent a part of genu-
ine halophyte plant cover which has almost disappeared
from most of the Pannonian area [66].

There is a limited number of studies on the struc-
ture of endophytic communities associated with halo-
phytes in different natural saline habitats. Only a few
studies describe endophytic communities associated
with Salicornia genus [18], especially Salicornia euro-
paea [21, 64, 72, 73], and even fewer describe the endo-
phytic microbiota associated with representatives of
Suaeda genus [71, 75]. There are no reported data on
endophyte microbiota communities associated with
Suaeda maritima and Camphorosma genus in the cur-
rent literature.

The shore of the Slano Kopovo salt lake was the loca-
tion where all samples were collected, so the diversity of
halotolerant halophyte associated endophytic bacteria
was not expected to depend on the physico-chemical
properties of soil but rather on specificity of the plant
host. Our results showed that all three plants shared
substantial portion of microbiota (50% of the most abun-
dant genera in all three plants) but that the distribution
of the major bacterial phyla was almost identical for S.
maritima and C. annua and differed for S. europaea. C.
annua showed the lowest diversity of taxa, whereas com-
positional complexity was higher in S. maritima and S.
europaea. This structural community complexity pat-
tern of three plant endophytic microbiota (C. annua<S.
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Table 1 Morphological characteristics, salt
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tolerance, and taxonomic identity of root endophytes associated with succulent

halophytes

Plant of origin  Isolate  Colony pigment  Gram stain/cell MaxNaCl  Genus Closest species Accession

morphology (% similarity) No.

S. maritima 14A2 W/Op —/Cocobacilli 3% Acinetobacter  Acinetobacter calcoaceticus (100) 0OL625645
14A5 W/Op —/Cocobacilli 3% Klebsiella Klebsiella aerogenes (99.93) OL625646
14.2 W/Op —/Cocobacilli 18% Acinetobacter  Acinetobacter calcoaceticus (99,79)  OK668372
14KX1 o/T —/Rods 18% Kushneria Kushneria pakistanensis (99,17) 0OL625647
14KX2 Y/Op —/Rods 18% Halomonas Halomonas meridiana/ Halomonas ~ OL625648

songnenensis (100)

C.annua 15K13 Y/Op -/Rods 16% Halomonas Halomonas songnenensis (100) OL627342
15.2 Y/Op —/Rods 12% Halomonas Halomonas songnenensis (100) OL627338
15K2 R-O/Op +/Cocci 16% Planococcus Planococcus rifietoensis (99,88) OL627341
15A1 T +/Rods 3% Pseudomonas  Pseudomonas putida (99,71) 0OL627339
15A2 /T —/Rods 3% Pseudomonas ~ Pseudomonas fluorescens (99,78) 0OL627340

S.europaea 16A1 /T -/Rods 3% Pseudomonas  Pseudomonas putida (99,93) OL657066
16.1 o/T —/Rods 16% Kushneria Kushneria indalinina (98,93) OL657063
16.2 o/ —/Rods 18% Kushneria Kushneria indalinina (98,93) OL657064
16.4 W/Op +/Rods 25% Halobacillus Halobacillus andaensis (99,93) OL657065
16K2 Y/Op —/Rods 16% Halomonas Halomonas songnenensis (99,93) OL657067
16K5 Y/Op —/Rods 18% Halomonas Halomonas songnenensis (99,86) OL657068
16K7 Y/Op —/Rods 18% Halomonas Halomonas songnenensis (99,86) OL657069
16KX1 o/t —/Rods 18% Kushneria Kushneria indalinina (99,86) 0OL657070
16KX2 Y/Op +/Rods 25% Halobacillus Halobacillus massiliensis ( 99,45) OL657072
16KX3 O/Op —/Rods 18% Halomonas Halomonas songnenensis (99,87) OL657071

W, white; Y, yellow; O, orange; R, red; Op, opaque; T, translucent; C, creamy; (-), Gram stain negative; (+), Gram stain positive

maritima<S. europaea) was repeated down all taxo-
nomic levels up to genus level.

The majority of abundant genera and their most promi-
nent species in the microbiota were, unsurprisingly, pre-
viously described as marine or halotolerant organisms
or were described as yellow-pigmented bacteria. The
majority of isolates obtained as a cultivable portion of the
halophyte microbiota had yellow to orange pigmented
colonies, indicating potential carotenoid production.
Production of pigments with significant antioxidant and
antimicrobial activity which help bacteria to cope with
stress conditions, photo-oxidation, and free radicals is
common at high salinity (Fariq et al. [17]). For the less
common genera in analyzed microbiota, there is no liter-
ature data on some specific PGP trait or interaction with
plants. However, some of them are present in a fairly high
percentage (5.52% of bacteria with high identity to Isop-
tericola halotolerans in S. europaea, 4.24% of members of
genus Ocenisphera in S. maritima, or 4.75% of Hydrog-
enophaga in C. annua root endophytic microbiota) sug-
gesting the adaptive advantage they bring to the plant
host.

The other portion of the most abundant genera in three
plants endophytic microbiota consists of genera whose
PGP traits have been well documented in the literature

(Table 3). Streptomyces genus is renowned for its second-
ary metabolites that are in human use as antibiotics and
antimicotics. This considerable potential was obviously
harnessed by plants as well, to serve biocontrol purposes
[10]. Streptomyces contribute to plant wellbeing in vari-
ous manners possessing a “full package” of PGP traits
(IAA, ACC, siderophore production, and even the abil-
ity to fix N,) [70]. Rhizobium is a genus found in all three
plants and is known for its nitrogen fixation ability and,
recently, for various other PGP traits [68]. Halomonas
genus was expected to be present in the halophyte host
environment (in S. europaea this genus makes for 7.82%
of endophyte microbiota) and under saline stress pro-
duces exopolysaccharides [42], but also have IAA and
siderophore producing ability [19]. Some species of the
genus show phosphate solubilization, ammonia and ACC
deaminase production, and nitrogen fixation abilities
[40]. Our endophyte isolation strategy allowed us to cul-
tivate and characterize seven Halomonas sp. Isolates, six
of which are closely related (>99.86% similarity) to Halo-
monas songnenensis, a moderately halophilic bacterium
from saline and alkaline soils [31]. Halomonas sp. were
previously noted as a root endophyte of S. brachiata [30].
Azoarcus genus is present in all three plants microbiota,
but in C. annua it accounts for an astonishing 17.66%.
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Table 3 PGP traits of most common and abundant genera in three plants’endophyte microbiota

Genus or species Abundance PGP trait(s)
S.maritima C.annua S.europaea
(%) (%) (%)
Streptomyces 0.15 0.15 4.83 IAA, ACC deaminase, siderophore production, biocontrol [70]
Rhizobium 4.39 4.90 1.15 N2 fixation, siderophore, IAA, ammonia, ACC deaminase production, phos-
Leguminosarum phate solubilization [68]
Rosettiformans-vitis
Halomonas 1.97 1.78 7.82 Exopolysaccharide [42], IAA, siderophore [19] production, P solubilization,
Chromatireducens NH; and ACC deaminase production, N, fixation [40]
Desiderata
Nitritophilus
Songnenensis
Azoarccus 6.05 17.66 207 N2 fixation, IAA production [54]
Pseudomonas 16.64 12.02 5.98 IAA, cytokinines, siderophore, N, fixation, biocontrol [50, 74, 32]

Pseudoalcaligenes
Anguilliseptica-guineae-peli
Composti
Indoloxydans-oleovorans
Kuykendallii

Mendocina

Stutzeri
Xanthomarina-zhaodongensis

The most abundant genera for given plant species are presented in bold lettering

This is another genus containing nitrogen fixating and
IAA producing species [54] that seems to be devoid of
plant pathogenic traits but possesses genes suggesting a
biocontrol role [33]. Finally, the most prominent genus in
all three plants endophytic microbiota, making between
6 and 17%, was the genus Pseudomonas. There are
numerous Pseudomonas strains that are characterized
as PGP, as well as plant pathogens. The strains that pro-
mote plant growth are able to synthetize IAA, cytokines,
iron-chelating molecules, and antimicrobial peptides,
and have the ability of nitrogen fixation [50, 74]. Pseu-
domonas pseudoalcaligenes, the most abundant species
in the S. maritima and C. annua microbiota (5.45% and
6.82%, respectively), is proved to have various PGP traits
[32] as well as the ability to tolerate high salinity. These
PGP abilities are present in 3 Pseudomonas strains iso-
lated from C. annua and S. europaea.

Yamamoto et al. [73] showed that endophyte diversity
and the community structure associated with each halo-
phyte differed between two nearby natural saline sites.
Comparing S. europaea endophytes from different and
geographically distant habitats showed that none of the
common genera in the mentioned study of S. europaea
endophyte seemed to be even present in S. europaea
from Slano Kopovo. Although strikingly different gen-
era form the endophytic microbiome of various studied
Suaeda plants, depending on physico-chemical composi-
tion of the soil and soil bacteria available for recruiting,

the potential PGP traits these microbiota are conveying
have been persistent.

The diversity of halotolerant endophytes associated
with halophyte roots suggests that different halophyte
adopt the same ecological strategies to combat salin-
ity stress by attracting microbiota with specific meta-
bolic traits. These traits can be further harnessed from
the cultivable portion of the endophytic microbiome to
improve agricultural plants’ growth and salt tolerance.
In Suaeda salsa microbiota contributing to salt stress
acclimatization, nutrient solubilization, and competitive
root colonization were detected forming a potential core
microbiome [75] capable to support plant wellbeing. We
expect in further work to be able to form such a potential
core microbiome based on cultivable halotolerant endo-
phytic bacteria that we described in this study.

A cultivable fraction of HPGPE

The identification by 16 S rRNA gene sequencing
revealed the distribution of selected cultivable endo-
phytes into seven genera belonging to two phyla, Proteo-
bacteria (85%) and Firmicutes (15%).

The majority of cultivable endophytes detected in this
study belong to the common halotolerant/halophilic gen-
era Halomonas, Kushneria, and Halobacillus (Table 1).
The genera Halomonas and Halobacillus include halo-
philes that are adaptable to salinity changes and thus
are able to grow in a wide range of salt concentrations
[28]. The genus Kushneria, along with Halomonas, is
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an important member of the family Halomonadaceae,
a taxonomic group within the Gammaproteobacteria
that are typical of hypersaline environments [40]. Taxo-
nomic identification of the obtained isolates showed
that Halomonas was the predominant genus within the
halotolerant root-associated bacteria of all three halo-
phytes. Genera Halomonas, Kushneria, and Halobacillus
reported in this study as endophyte, were isolated from
the rhizosphere of Salicornia [40], while Kushneria is
found exclusively as endophytic in leaves of Salicornia
[41] and halophyte Arthrocnemum macrostachyum [44].
In contrast to Halomonas, a genus abundant in all three
plant microbiota, and Halobacillus that is a rare genus in
S. europaea (0.23%), from whose microbiome two isolates
were obtained, Kushneria was below the detection level
in S. maritima and C. annua, and present only 0.0009%
among S. europaea microbiota. We presume that the cul-
tivation conditions that we applied were favorable for the
isolation of this rare genus.

Acinetobacter is a genus found across various habitats,
often in harsh conditions like hypersaline environments
[11] and it is also commonly found as an endophyte [3].
The species with high similarity to A. haemoliticus was
among the highly abundant species among endophytes of
S. maritima (2.27%), however, the two isolated Acineto-
bacter sp. from the same plant had the highest similarity
to A. calcoaceticus (99.79% and 100% similarity) which
was not detected in 16 S rDNA analysis. Another culti-
vated bacteria that was below the level of detection was
Klebsiella isolated on DF media from a root of S. marit-
ima. Klebsiella isolate was 99.93% similar to K. aerogenes,
reported in the leaves of Suaeda salsa [59].

Due to nutritional and metabolic versatility, Pseu-
domonas species inhabit diverse habitats demonstrating
different lifestyles [3], including endophytic [29]. Gram-
positive endophyte Planococcus were isolated from C.
annua roots and identified as P. rifietoensis (99.88%). P
rifietoensis was reported as an endophyte associated with
S. europaea in Zhao et al. [76].

Halotolerance of selected HPGPE

In terms of salt tolerance, the isolates belonging to the
genera Halomonas, Kushneria, Halobacilus, and Plano-
coccus showed the ability to grow in a broad range of salt
concentrations (12-25%). Bearing in mind that saline
soils are characterized by significant heterogeneity in
salt distribution and a wide range of salt concentrations
surrounding one single plant [6], a level of halotolerance
is an important criterion to select strains for a potential
application. Bacterial strategy involving the synthesis or
uptake of compatible organic solutes to maintain osmotic
cell potential, makes them more flexible and adapt-
able to changing salinity [28]. This type of adaptation is
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widespread among members of the Halomonadaceae
family [28].

In addition to developing mechanisms for their sur-
vival under stress, HPGP increase plant host tolerance
to salinity stress (Shrivarstava and Kumar 2015) through
mechanisms that act in an integrated manner to miti-
gate hostile environmental impacts. In the current study,
tested endophytes exhibited multiple PGP features even
under conditions of elevated NaCl concentration, sug-
gesting their role in host growth promotion and contri-
bution to abiotic stress tolerance.

PGP potential of halotolerant endophytes

The phytohormone activity has a key role in plant adap-
tations to diverse stresses. Production of IAA, the most
prevalent auxin in plants, is an important feature of
HPGPE that affects plant growth. 45% of the isolates dis-
tributed among five genera showed the ability to produce
IAA (Table 2). All of them produced IAA in the absence
of NaCl, except Acinetobacter 14.2 which produced IAA
only at 3% NaCl. Planococcus, Kuchneria, Halobacillus,
and some Halomonas strains lost the ability to produce
IAA at increased salt concentrations. Upadhyay et al.
[67] reported that the level of IAA produced by iso-
lates decreased with increasing NaCl concentration. In
this study, Halomonas 16K2, isolated from S.europaea
(Halomonas songnenensis 99.93% similarity) stands out
because of the positive correlation between IAA produc-
tion and substrate salt concentration.

Boosting the growth of roots and stems, exogenous
IAA improves the exploitation of nutrients from saline
soil and can contribute to leaf growth which is important
for plant productivity under saline conditions [12, 16].
Inoculation of wheat with halotolerant IAA producing
bacteria, isolated from highly saline habitats, including
Halomonas sp., resulted in improved fitness of wheat on
salt-affected soil [65] indicating a bacterial role in aug-
menting plant resistance to salt stress.

Lowering ethylene levels is the most prominent bacte-
rial PGP feature in alleviating harmful effects of stress on
plants [15, 16].

Isolates that showed positive ACC deaminase activity
in this study belonged to the genera Acinetobacter, Kleb-
siella, and Pseudomonas (Table 2). ACC deaminase activ-
ity among Pseudomonas species is widely observed [2,
49], while Acinetobacter ACC deaminase activity along
with Pseudomonas was reported by Govindasamy et al.
[26]. Multiple-PGP Klebsiella sp. SBP-8 role in induced
systemic tolerance in wheat under salt stress has been
reported [62]. Siddike et al. [61], noted that halotoler-
ant bacteria expressing IAA and ACC deaminase are
more effective in stimulating plant cell elongation and
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dry weight in canola than bacteria which were sole ACC
deaminase producers. None of the isolates in this study
showed both PGP abilities, but the obtained collection
brings the possibility for the design of effective consortia
for potential application.

Under saline conditions, plant growth and productiv-
ity are reduced because of nutrient imbalance [16]. By
increasing the availability of nutrients to plants, endo-
phytes can enhance directly their growth and fitness.

Ammonia production is a common PGP trait that
directly supports plant growth via nitrogen supply [46].
The majority of isolates showed the ability of ammonia
production at increased salt concentrations. Two Kush-
neria strains could not produce ammonia, but this was
not a genus-specific pattern as the third strain tested
positive at any salt concentration. Ammonia produc-
tion appears to be a frequent trait of Halomonas, as
all isolates were positive and retained this ability with
increasing salt concentrations.

Growing on salty soils, plants are simultaneously
affected by salinity and a limited amount of bioavail-
able Fe, which is a common problem for calcareous
and saline-sodic soils around the world [1]. Halotoler-
ant PGPE, especially those associated with halophytes,
produce Fe siderophores which represent small, solu-
ble complexes that can be easily absorbed by plants
[15, 45]. In this study, the siderophore production abil-
ity varied among members of the same genus (Table 2).
Among Kushneria and Halomonas were the strains that
produced siderophore in presence of increased salt
concentration indicating a contribution to the availabil-
ity of Fe to host plants. All Pseudomonas strains were
positive for siderophore production.

Phosphorus is an essential plant nutrient required for
all main processes in plant physiology. Phosphate solu-
bilization activity is a PGP feature of halotolerant bac-
teria associated with halophytes [5, 77]. Besides strains
with ACC deaminase activity, only Kushneria 16.1,
showed and retained phosphate solubilization ability
at every tested salt concentration. The high phosphate
solubilization ability of halotolerant Kushneria isolated
from saltern sediments was reported in Zhu et al. [78].
In the present study, Acinetobacter 14A2, Klebsiella,
and Pseudomonas fluorescens expressed phosphate sol-
ubilization ability at their maximum salt tolerant con-
centration of 3% NaCl (Table 2).

In most of the soil K is in a form inaccessible to
plants, but PGP bacteria can solubilize K-bearing min-
erals and release potassium that plants can uptake
[14]. In this study, ACC-positive strains demonstrated
remarkable potential for solubilization of K, P, and Zn.
ACC-positive strains in this study possess multiple
PGP traits (produce ammonia, siderophore, EPS, and
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biofilm) indicating that ACC deaminase positive bac-
teria are among the most potent PGP microbes and
unequivocally support the growth and survival of their
host.

As a co-factor of many enzymes, zinc is an important
micronutrient that plays a vital role in various meta-
bolic processes in plants, and its deficiency adversely
affects the growth and development of plants [24, 45].
In terms of zinc solubilization ability, Klebsiella and
Acinetobacter 14A2 (Table 2) stood out by the size of
the halo zone and the positive correlation with the salt
concentration. In the case of Pseudomonas strains,
their zinc solubilization ability slightly decreased with
increasing salt concentrations. Zinc solubilization abil-
ity is recorded for Acinetobacter strain isolated from
rice roots [24], Gontia-Mishra et al. [25] reported the
zinc solubilization ability of ACC-positive Klebsiella
pneumonie and Pseudomonas aeruginosa which exhib-
ited multiple PGP traits such as P and K solubilization.

The production of EPS and biofilm formation are
important PGP features under the conditions of salt-
imposed stress. Due to the ability to bind cations, bac-
terial EPS restrict Na™ available for plant uptake [67],
and shield the root from high salt concentrations (Rup-
pel et al. [56]). EPS are important components that sup-
port biofilm expansion and stabilize its structure, but an
abundance of EPS is not an indication for biofilm forma-
tion [51]. As highly hydrating substances with cementing
features, bacterial EPS plays a vital role in the formation
and stabilization of soil aggregates thus improving soil
structure (Otlewska et al. [45]). Halomonas meridiana
14KX2 and Halomonas songnenensis 16K2 stood out for
their ability to produce biofilm and EPS at different salin-
ity levels. Halomonas meridiana PAa6 showed maximal
biofilm production at 1 M NaCl (~5.5% NaCl) and was
more effective in biofilm formation, EPS production, and
root colonization under saline and non-saline conditions
in comparison to Kushneria indalinina and Halomonas
aquamarina [52]. Similarly, in our study Kushneria
indalinina strains 16.1 and 16.2, produced EPS in the
presence of increased salt concentration but were less
effective in biofilm formation in comparison to Halo-
monas meridiana 14KX2. Halotolerant Halomonas vari-
abilis and Planococcus riftoensis strains showed a positive
correlation between EPS production and biofilm-forming
and increasing salinity. These strains had a positive influ-
ence on the formation of aggregates in the soil and on
plant roots [52]. Generally, in our study increasing salt
concentration induced reduction but not complete loss of
the ability of tested isolates for EPS production and bio-
film-forming (Table 2). The results indicate that bacteria
that stayed positive for the tested features could poten-
tially develop communities under salt stress and colonize



Dragojevi¢ et al. Environmental Microbiome (2023) 18:20

plant roots and soil particles, which is vital for potential
application in salt-affected soils. Among the representa-
tives of the genus Halomonas, which dominated among
cultivated bacteria and showed multiple PGP proper-
ties, 14KKS2 and 16K2 Halomonas songinensis stood
out because they retained PGP traits under conditions of
increased salinity.

Conclusion

Our results suggest that halophytes’ root endosphere
is a significant source for the selection of bacteria with
a potential to improve plant fitness under saline stress.
Therefore, besides salinity being a key environmental
factor, plant species are also determinative for the endo-
phyte community composition. The relative abundances
of phyla, classes, and orders primarily revealed differ-
ences between S. maritima and C. annua on one side,
and S. europaea on the other side. Within the presented
work, we obtained a cultivable part of halophyte micro-
biomes exhibiting all PGP traits important for nutrition,
growth stimulation, and stress resistance of plants. Thus,
the obtained collection provides a solid basis for the
formulation of consortium containing core endophyte
microbiome conferring all desirable traits. The results
also highlight the potential of using habitat-adapted,
indigenous endophytic bacteria to enhance the growth
and ameliorate abiotic stress damage of host plants grow-
ing in special habitats.
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