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Abstract
The use of halotolerant beneficial plant-growth-promoting (PGP) bacteria is considered as a promising eco-friendly approach 
to improve the salt tolerance of cash crops. One strategy to enhance the possibility of obtaining stress-alleviating bacteria is 
to screen salt impacted soils. In this study, amongst the 40 endophytic bacteria isolated from the roots of Sahara-inhabiting 
halophytes Atriplex halimus L. and Lygeum spartum L., 8 showed interesting NaCl tolerance in vitro. Their evaluation, 
through different tomato plant trials, permitted the isolate IS26 to be distinguished as the most effective seed inoculum for 
both plant growth promotion and mitigation of salt stress. On the basis of 16S rRNA gene sequence, the isolate was closely 
related to Stenotrophomonas rhizophila. It was then screened in vitro for multiple PGP traits and the strain-complete genome 
was sequenced and analysed to further decipher the genomic basis of the putative mechanisms underlying its osmoprotective 
and plant growth abilities. A remarkable number of genes putatively involved in mechanisms responsible for rhizosphere 
colonization, plant association, strong competition for nutrients, and the production of important plant growth regulator 
compounds, such as AIA and spermidine, were highlighted, as were substances protecting against stress, including different 
osmolytes like trehalose, glucosylglycerol, proline, and glycine betaine. By having genes related to complementary mecha-
nisms of osmosensing, osmoregulation and osmoprotection, the strain confirmed its great capacity to adapt to highly saline 
environments. Moreover, the presence of various genes potentially related to multiple enzymatic antioxidant processes, able 
to reduce salt-induced overproduction of ROS, was also detected.
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Introduction

Salinity is a major abiotic stress affecting cultivable land 
worldwide, especially in arid and semi-arid regions. It 
results in billion-dollar losses in crop production annually 
(Cuin and Shabala 2007; UNU-INWEH Annual Report 
2014). One of the regions severely affected, in connection 
with intense desertification, is situated on the southern shore 
of the Mediterranean Sea (Marquina 2012). Impacted by 
global warming, this region is also faced with regular rain-
fall deficiency, so profitable cultivation requires the use of 
irrigation systems and intensive fertilization, which make 
the soil particularly prone to salinization, especially when 
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salty waters and dripping systems are used (UNU-INWEH 
Annual Report 2014).

Most crops are glycophytes and thus unable to grow 
where salt concentrations in the soil are high (Paul and Lade 
2014). In such plants, salt stress causes an initial water defi-
cit (osmotic effect), accumulation of specific ion toxicity and 
nutrient imbalance, which inhibit plant growth by disrupt-
ing physiological processes (Munns and Tester 2008; Shu 
et al. 2010; Gerszberg and Hnatuszko-Konka 2017). Tomato 
(Solanum lycopersicum L.) is one such plant with economic 
importance that is seriously affected by salinity, which lim-
its yield and fruit quality (Cuartero and Fernández-Muñoz 
1998). Increasing NaCl concentration in the nutrient solution 
has been shown to adversely affect tomato shoots and roots, 
plant height, K+ concentration, and K+/Na+ ratio (Al-Karaki 
2000).

Given the above facts, limiting salt accumulation in arable 
lands by approaches such as leaching, planting halophytes, 
and using organic matter conditioner has become one of 
the key aspects of agriculture development, together with 
improving crop salt tolerance (UNU-INWEH 2014, Paul and 
Lade 2014). However, all attempts so far have had limited 
success or do not seem to be sustainable approaches, con-
sidering their high cost and/or difficulty of application (Cuin 
and Shabala 2007; Fan et al. 2016).

One of the promising eco-friendly alternative approaches 
consists of using beneficial bacteria associated with culti-
vated plants that have already shown plant growth enhance-
ment and salt stress mitigation properties (Mayak et al. 2004; 
Paul and Lade 2014; Zhumakayev et al. 2021; Dif et al. 
2021). These plant-growth-promoting bacteria (PGPB) have 
been identified from various genera, of which Pseudomonas 
and Bacillus are the most extensively studied (Islam et al. 
2014; Kumari et al. 2015). In fact, associated bacteria can 
directly influence plant growth by producing indole acetic 
acid (IAA), solubilizing phosphorus, and secreting sidero-
phores (Bhattacharyya and Jha 2012; Jaiswal et al. 2019).

Salt-tolerant bacteria refer to microorganisms able to 
grow in environments with a wide range of salinities, from 
1 to 33% NaCl, and also in the absence of NaCl (Khan et al. 
2016).

Interestingly, by exhibiting multiple stress-related traits 
and mechanisms of adaptation that enable them to live in 
highly saline environments, halotolerant bacteria may con-
tribute to plant-protection capabilities under cultivation-
inhibiting levels of salt (Etesami and Beattie 2018).

An important mechanism is related to the ability to accu-
mulate compatible osmolytes, such as trehalose, proline, and 
glycine betaine, to maintain intracellular osmotic balance 
(Slama et al. 2015). Another well documented mechanism 
of stress alleviation is related to plant metabolic modula-
tion of ethylene signalling and cellular oxidative stress (Ete-
sami and Beattie 2018; Sharma et al. 2016). In fact, plants 

growing under a wide variety of environmental stresses, 
including pathogen infections and soil salinity, significantly 
increase their endogenous ethylene production and initiate 
programmed cell death through the generation of reactive 
oxygen species (ROS) (Glick et al. 2007; Trobacher 2009; 
Baxter et al. 2014). Interestingly, several PGPB strains have 
been shown to inhibit salt-induced ethylene production 
via their capacity for enzymatic hydrolysis of the ethylene 
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) 
(Zahir et al. 2009; Siddikee et al. 2011; Shin et al. 2016; 
Silambarasan et al. 2020).

In addition, beneficial bacteria have been shown to help 
maintain ROS-homeostasis in plants by stimulating both 
enzymatic and non-enzymatic antioxidant systems, which 
prevent plant cells from deleterious effects of stress-induced 
oxidative bursts (Hamilton et al. 2012; Islam et al. 2015; 
Alexander et al. 2020). The enzymatic antioxidants involved 
mainly include superoxide dismutase, catalase and peroxi-
dase, while non-enzymatic antioxidants include ascorbate, 
glutathione, carotenoids and phenolic compounds (Gill and 
Tuteja 2010b; Hasanuzzaman et al. 2018).

In response to various environmental stresses, proline 
synthesis, like ethylene synthesis, is often induced in plants 
to mediate free radical scavenging and subcellular structure 
stabilization (Verbruggen and Hermans 2008), and plant 
inoculation with proline-producing bacteria has already 
proved to enhance proline content, helping the plant to raise 
its water status even under stressed conditions (Vardharajula 
et al. 2011; Metoui Ben Mahmoud et al. 2020).

In the aim of discovering new potential PGPB, the search 
for isolates living in ecological niches, especially in harsh 
environmental conditions, has increased considerably (Ram-
akrishna et al. 2019).

In this context, the present investigation focuses on 
the study of plants that have successfully adapted to the 
extremely arid and hot climate conditions of some regions 
of the Algerian Sahara desert, especially those characterized 
by poor and salty soils. The success of the natural establish-
ment of Atriplex halimus L. (Chenopodiaceae) and Lygeum 
spartum L. (Poaceae) in such harsh environments suggests 
that associated bacteria may help to promote their growth 
and counteract salt stress effects; thus contributing to the 
salt-tolerance characteristics of the host plants (Rodríguez-
Llorente et al. 2019).

The objective of the research presented here was to 
explore both the presence and potentialities, in terms of 
osmoprotection and plant growth enhancement, of bacteria 
that colonize Sahara-living A. halimus L. and L. spartum L. 
The work included screening plant-associated bacteria with 
halotolerant abilities and evaluating their stress-alleviating 
capacities in the context of establishing tomato plant cul-
ture. The plant-growth-promoting traits potentially involved 
were investigated concurrently. The genome of the most 
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interesting strain was sequenced and analysed for taxonomic 
characterization and putative identification of mechanisms 
conferring environmental plasticity and increased metabolic 
potential.

Materials and methods

Sampling sites and collection procedure

Root samples of the native halophytes Atriplex halimus L. 
and Lygeum spartum L. were taken from two locations in 
the arid regions of Djelfa, Algeria, noted S1 (34°56′08.0"N 
3°03′19.8"E) and S2 (34°50′03.0"N, 3°05′58.56"E). These 
sites are characterized by hypersaline rocky soils (EC > 8.3 
mS/cm; pH > 7.5) corresponding to "soil SET#7" in the FAO 
World Reference Base (IUSS Working Group WRB 2015).

Intact roots of the vigorous halophytes were sampled at 
depths of 10 to 20 cm and transferred to sterile plastic bags, 
then stored at 4 °C until processing. A total of three root 
samples per plant and per site were collected for the isolation 
of endophytic bacteria.

Isolation of endophytic bacteria

The isolation was performed according to the procedure 
described by Bashan et al. (1993). Briefly, collected root 
samples were first washed in running tap water and divided 
into pieces 4 to 5 cm in length. They were subjected to sur-
face sterilization by stepwise washing in 70% ethanol for 
5 min and sodium hypochlorite solution (3% available Cl−) 
for 10 min, followed by several rinses in sterile distilled 
water.

To release the endogenous microflora, surface sterilized 
root samples were weighed (10 g) and aseptically ground 
in a mortar and pestle with 60 ml sterile water. In order to 
increase the initial biomass yield, aliquots of 100 µl of the 
resulting turbid suspensions were inoculated into tubes con-
taining 10 ml of nutrient broth and incubated for 24–36 h on 
a rotary shaker (200 rpm) at 30 °C.

Each resulting sample was plate-spread (100 µl/plate) on 
Tryptic Soy Agar medium (TSA) containing 1.3% NaCl, 
then incubated at 30 °C for 24 h. Isolated colonies were 
purified by repeated culturing, in the same conditions, then 
stored at − 20 °C in 20% glycerol-saline TSA (1.5% NaCl) 
broth until use.

To prove that epiphytic microorganisms could not grow 
after the surface-sterilization of the roots and that all the 
isolated bacteria were endophytic, a 0.3 ml aliquot of the 
washing water of the surface-sterilized roots was inoculated 
on TSA agar at 30 °C for 3 days (Schulz et al. 1993). In addi-
tion, plugs (6 mm in diameter) from bacterial cultures were 
subjected to the same surface-sterilization treatments. Plates 

were then incubated for 14 days at 30 °C and recorded for 
microbial growth (Zamoum et al. 2015).

Screening of salt‑tolerant isolates

The tolerance of isolated strains to NaCl was evaluated on 
TSA agar medium supplemented with increasing NaCl con-
centrations (0, 1, 2, 3, 5 and 7%). The medium was poured 
into Petri plates and bacterial strains were streaked on each 
plate, in three replicates, then incubated at 30 °C for 24 h. 
The influence of NaCl concentrations on bacterial growth 
was recorded.

In planta evaluation of growth promotion and salt 
stress mitigation abilities

Plant material

Seeds of tomato (Solanum lycopersicum L.) variety Aicha 
(fixed characteristics and determined growth), were used in 
this study since this variety is extensively grown by farmers 
despite its known high sensitivity to salt.

Preparation of microbial inoculants

The selected bacterial strains were cultivated at 30 °C and 
120 rpm in 150 ml of Tryptic Soy Broth (TSB) for 48 h. Cell 
pellets were then collected by centrifugation at 6000 g for 
15 min and re-suspended in physiological saline solution 
(0.9%). The concentrations of the bacterial suspensions were 
adjusted to approximately 1–2 × 108 CFU/ml (Landa et al. 
2001) using a DO standard curve, after which the bacterial 
suspensions were distributed at 18 ml per tube and used for 
seed bacterization.

Petri‑dish assay

The selected salt-tolerant bacteria were evaluated for their 
ability to promote tomato seedling growth and establish-
ment under stress-free and acute salt stress conditions. Prior 
to use, tomato seeds were surface-sterilized by sequential 
washing in 70% ethanol for 1 min and 3% NaClO for 10 min, 
followed by five rinses in sterile distilled water and aseptic 
drying (Landa et al. 2001); then treated by soaking in each 
endophytic strain suspension (108 CFU/ml; 120 rpm; 2 h 
in darkness) and air-drying under laminar flow (Lee et al. 
2010). Seeds were then placed in 9 cm Petri dishes (20 
seeds per dish) containing a filter paper watered with 5 ml 
of sterile NaCl solution at 7 dS/m (equivalent to 0.5% NaCl) 
or non-saline distilled water. The plates were placed in a 
phytotronic growth chamber (14 h photoperiod, 20–25 °C 
night–day, 70% relative humidity) for 10 days. At the end of 
this period, emergence (germination %), fresh weight, shoot 
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length, and root length, were evaluated. In order to limit 
measuring errors, shoot and root lengths were estimated 
by digital image analysis using ImageJ software (https://​
imagej.​nih.​gov/​ij/; v.1.52a; Rueden et al. 2017). Images were 
obtained by placing seedlings on a Hewlett-Packard Scanjet 
5300C flatbed scanner with a resolution of 400 dpi. A vigour 
index (VI) was also calculated as defined by Abdul Baki and 
Anderson (1973) as follows: VI = (RL + SL) × GP, where RL 
is main root length (mm), SL is shoot length (mm) and GP 
is germination percentage.

Non-bacterized seeds subjected to the same saline and 
non-saline growth conditions acted as controls. The experi-
ment was conducted in a randomized design and repeated 
three times with at least 20 replicates per treatment.

Greenhouse assay

Plant growth-promoting and saline-stress-alleviating abili-
ties of selected isolates were evaluated by trials in controlled 
saline soil conditions.

A pot experiment was carried out under plastic film in a 
greenhouse (natural illumination with a 14 h photoperiod, 
25 °C and 60% relative humidity). Plastic pots (8 cm in 
diameter × 12 cm high) were filled with arable soil (loamy 
sand texture with slightly basic pH (7.6), non-salt (EC = 0.2 
mS/cm) and containing a low amount of organic carbon (less 
than 0.4%)), sterilized (autoclaved three times for 60 min 
at 120 °C at 24 h intervals) and sown (2 cm deep) with 
surface-bacterized tomato seeds (five seeds per pot) prepared 
as described earlier (Landa et al. 2001). The plants were 
supplied daily with 10 ml of sterile NaCl solutions variably 
adjusted in such a manner as to maintain a salt concentra-
tion in the soil corresponding approximately to 0, 5 and 7 
dS/m (equivalent to 0, 3.25 and 5% NaCl, respectively) and 
representing non-saline, moderate and acute saline condi-
tions, respectively.

Pots were inspected daily and the evaluation was per-
formed 21 days post-sowing by determining the seedlings’ 
emergence, fresh weight, shoot length, root length, and vig-
our index.

Non-bacterized seeds subjected to the same saline and 
non-saline growth conditions acted as positive and negative 
controls, respectively. The experiment was conducted in a 
randomized design and repeated three times with at least 15 
replicates per treatment.

16S rRNA gene‑based identification of the selected 
isolate

The bacterial isolate that exhibited the best results in planta 
was subjected to molecular characterization via the sequenc-
ing of its 16S rRNA gene as previously described (Springer 
et al. 1995). Briefly, after rapid DNA extraction (Liu et al. 

2000), the 16S rRNA gene was amplified by PCR (using 
the forward 10-30F, 5′-GAG​TTT​GAT​CCT​GGC​TCA​-3′, 
and reverse 1500R, 5'-AGA​AAG​GTG​GAG​ATC​CAG​CC-3' 
primers) as described by Rainey et al.

(1996), then purified and sequenced by the Macrogen 
company (Amsterdam, Netherlands). The gene sequences 
obtained were compared for similarity with type strains in 
the EzTaxon-e database (http://​eztax​on-e.​ezbio​cloud.​net/; 
Kim et al. 2012). The neighbour-joining method with 1000 
bootstrap replications was used to infer the phylogenetic tree 
in the MEGA X package (Kumar et al. 2018).

Whole genome sequencing of selected strain, 
assembly and annotation

For genomic analysis of the selected strain, total genomic 
DNA obtained from the bacterial culture was extracted by 
the NucleoSpin® Tissue kit using the support protocol tar-
geting the bacterial DNA according to the manufacturer´s 
instructions (Macherey–Nagel, Germany). DNA concentra-
tion of the sample was estimated with a Modulus™ Single 
Tube Multimode Reader fluorometer (Turner BioSystems, 
CA, USA). We used 1 ng of DNA as input for the library 
construction with the Nextera XT DNA library prep kit (Illu-
mina, CA, USA). The final genomic library was measured 
with a Bioanalyzer 2100 (Agilent Technologies, CA, USA) 
using the Bioanalyzer High Sensitivity DNA Kit, Modulus 
Single Tube Multimode Reader (Turner Biosystems, CA, 
USA), the Quant-iT™ dsDNA Assay Kit (Thermo Fisher 
Scientific, PE, USA) and, finally, the MCNext™ SYBR® 
Fast qPCR Library Quantification Kit (MCLAB, CA, USA) 
used with the Rotor-Gene 3000 (Corbett Research, Aus-
tralia). The pooled library of samples was constructed in 
the laboratory of Mendeleum (Mendel University in Brno, 
Czech Republic). Sequencing was carried out with the Min-
iSeq Mid Output Kit (Illumina, CA, USA) on the MiniSeq 
instrument (Illumina). The quality of raw reads was exam-
ined by FastQC 0.52 (http://​www.​bioin​forma​tics.​babra​ham.​
ac.​uk/​proje​cts/​fastqc/).

De novo assembly of the raw reads (cleaned using Trim-
momatic 0.36.5) (Bolger et al. 2014) was achieved using 
Unicycler 0.4.7.0 (Wick et al. 2017). The assembly quality 
was assessed by Quast 5.0.2 (Gurevich et al. 2013). Initial 
raw reads were mapped against the assembled genome using 
Bowtie2 2.3.4.3 (Langmead and Salzberg 2012). The map-
ping quality was evaluated using Qualimap 2.2.1 (García-
Alcalde et al. 2012) to estimate mean coverage.

In order to detect genes involved in salt stress tolerance 
and PGPB traits, the draft genome was annotated using 
Prokka 1.13 (http://​www.​ncbi.​nlm.​nih.​gov/​genome/​annot​
ation_​prok; Seemann 2014).

Clusters of genes coding for secondary metabolites 
were analysed using AntiSMASH 4.1 (Weber et al. 2015) 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
http://eztaxon-e.ezbiocloud.net/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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(detection strictness: relaxed, with all extra features on) with 
a focus on clusters involved in salt stress tolerance.

Comparative genomics of S. rhizophila IS26 and its 
close‑related strains

Core and accessory genes in S. rhizophila IS26 and its 
closely related strains were identified using Roary ver. 3.11.2 
(Page et al. 2015) with default settings (minimum percentage 
identity for blastp: 95%, percentage of isolates a gene must 
be in to be core: 99%), based on the GFF3 files of all the 
selected genomes, generated by the annotation (Seemann 
2014).The indicative neighbour joining phylogenetic tree 
generated by ROARY was visualized using the Interactive 
Tree of Life (iToL) (Letunic and Bork 2019). Phandango 
(Hadfield et al. 2018) was used to visualize the matrix show-
ing the presence or absence of each core-gene in each strain. 
The “summary_statistics” file generated by Roary was then 
used to visualize the proportions of the pan-genome.

In vitro detection of plant‑growth‑promoting 
and salt‑stress‑mitigation traits

The bacterial isolate that exhibited the best results in planta 
was explored in connection with its stress-mitigation and 
plant growth-promoting abilities.

ACC production

Production of 1-aminocyclopropane-1-carboxylic acid 
(ACC) deaminase was evaluated using the nitrogen-free 
Dworkin–Foster’s salt minimal agar medium (Dworkin and 
Foster 1958). The medium was supplemented with ACC 
(3 mM) as a sole nitrogen source. The strain was streak-
inoculated on the medium and incubated at 30 °C for 7 days. 
Bacterial growth indicated a positive result for ACC-deami-
nase production (Tamreihao et al. 2016).

IAA production

One millilitre aliquots of the bacterial suspensions 
(≈106 CFU/ml) were inoculated into 250 ml Erlenmeyer 
flasks containing 50 ml of yeast extract-tryptone broth 
(Khamna et al. 2010) amended with L-tryptophan (5 mg/
ml). Flasks were cultured for 5 days on a rotary shaker 
(200 rpm, 30 °C). The liquid cultures were then centrifuged 
at 4000 g for 30 min and the production of IAA was revealed 
by mixing 2 ml of the supernatant with 4 ml of Salkowski 
reagent (1 ml of 0.5 M FeCl3 solution in 49 ml of 35% w/v 
HClO4 solution). IAA production was highlighted by the 
appearance of a pink colour after 30 min in a dark room. 
Optical density was measured by spectrophotometry at 

530 nm and the quantity of IAA was calculated using a pure 
IAA standard curve (Passari et al. 2015).

Catalase production

A small amount of bacterial colony was transferred to the 
surface of a clean, dry, glass slide using a loop, then mixed 
with a drop of 3% H2O2. A positive result corresponded to 
a rapid evolution of oxygen (within 5–10 s.) shown by the 
formation of bubbles; while the absence of bubble formation 
indicated a negative result (Reiner 2010).

Siderophore production

The production of siderophore was evaluated on chrome 
azurol S agar plates (Hu and Xu 2011). Six-millimetre plugs 
from bacterial cultures were inoculated on the medium and 
incubated for 1 week at 30 °C. The production of sidero-
phores was revealed by the presence of orange halos sur-
rounding the bacterial colonies.

Phosphate solubilization

The experiments were conducted in 500 ml Erlenmeyer 
flasks containing 100  ml of Pikovskaya broth (Pikovs-
kaya 1948) amended with an insoluble phosphate source: 
Ca3(PO4)2, AlPO4 or FePO4, at a concentration of 5 g/l. 
Flasks were inoculated by 1 ml aliquot of the bacterial 
suspensions (≈106 CFU/ml) and cultured for 1 week on a 
rotary shaker (200 rpm, 30 °C). The supernatant cultures 
were harvested by centrifugation (10 000 g, 10 min) then 
used to evaluate the soluble phosphate. The rate of dissolved 
phosphate was determined by the spectrophotometric molyb-
denum-blue method (Liu et al. 2014). A non-inoculated flask 
acted as control.

Hydrogen cyanide production

HCN production was highlighted by growing bacteria in 
Bennett medium supplemented with glycine (4.4 g/l). A 
Whatman filter paper was flooded with 0.5% picric acid in 
2% sodium carbonate for 1 min and stuck underneath the 
Petri dish lids. The plates were sealed with parafilm and 
incubated for 1 week at 30 °C. The presence of orange to red 
colour on the Whatman paper margins indicated a positive 
result for HCN production (Passari et al. 2015).

All the in vitro assays were performed in triplicate.
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Statistical analysis

All the quantitative data generated in this study were sub-
jected to an analysis of variance (ANOVA) and principal 
component analysis (PCA) using Minitab 17 software. Mean 

separation was accomplished by a Tukey's HSD post-hoc 
test, considering significance at P ≤ 0.05.

Table 1   Screening of isolates 
for tolerance to salinity

Bacterial growth. +  +  + : good (spread over more than half of the plate); +  + : moderate (spread over less 
than half of the plate); + : weak (few dispersed bacterial colonies); −: absence (no growth)

Isolates (host plant) NaCl concentration (%)

0 1 2 3 5 7

IS01 (Atriplex halimus)  +  +   +   +   +  − −
IS02 (A. halimus)  +  +   +  − − − −
IS03 (A. halimus)  +  +  − − − − −
IS04 (A. halimus)  +  +   +   +   +  − −
IS05 (A. halimus)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS06 (A. halimus)  +  +   +   +   +  − −
IS07 (A. halimus)  +  +   +  − − − −
IS08 (A. halimus)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS09 (A. halimus)  +  +  +   +  +   +   +  − −
IS10 (A. halimus)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS11(A. halimus)  +  +  − − − − −
IS12 (A. halimus)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS13 (A. halimus)  +  +  +   +  +   +  − − −
IS14 (Lygeum spartum)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS15 (L. spartum)  +  +  +   +  +   +  +   +   +  −
IS16 (L. spartum)  +  +   +  +  +   +  +  − − −
IS17 (L. spartum)  +  +   +  − − − −
IS18 (L. spartum)  +  +   +  +   +   +  − −
IS19 (L. spartum)  +  +  − − − − −
IS20 (L. spartum)  +  +   +  − − − −
IS21 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +   +  −
IS22 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +   +  +  −
IS23 (L. spartum)  +   +  +  +  − − − −
IS24 (L. spartum)  +  +   +  +   +  +   +   +  −
IS25 (L. spartum)  +  +   +  +  +   +  +  +  − − −
IS26 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS27 (L. spartum)  +  +   +   +   +  − −
IS28 (L. spartum)  +  +   +  − − − −
IS29 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +   +  −
IS30 (L. spartum)  +  +  +   +  +  +   +  +   +  − −
IS31 (L. spartum)  +  +  +   +  +  +   +  +   +  − −
IS32 (L. spartum)  +  +   +  − − − −
IS33 (L. spartum)  +  +  − − − − −
IS34 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS35 (L. spartum)  +  +   +  − − − −
IS36 (L. spartum)  +  +  − − − − −
IS37 (L. spartum)  +  +  +   +  +  +   +  +   +  − −
IS38 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IS39 (L. spartum)  +  +  +   +  +  +   +  +  +   +  − −
IS40 (L. spartum)  +  +  +   +  +  +   +  +  +   +  +   +  −
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Results

Isolation and screening of endophytic salt‑tolerant 
bacteria

As shown in Table 1, a total of 40 strains were isolated from 
the roots of A. halimus (13 isolates) and L. spartum L. (27 
isolates).

The endophytic nature of the isolated bacteria was con-
firmed by (1) representative cultures that were subjected 
to the surface sterilization protocol exhibited no growth 
on TSA medium and (2), the wash water samples from all 
surface-sterilized roots showed no microbial growth in the 
same medium. This indicates that the epiphytic bacteria 
were effectively eliminated with the procedure used and 
confirms that the bacterial strains obtained were indeed 
endophytic. As shown in Table 1, all the isolates grew well 
at 0% NaCl, indicating that salt was not required for bacterial 
development. From the total number of isolates, eight (noted 
IS5, IS8, IS10, IS12, IS14, IS26, IS34 and IS38) were able to 
grow in 3% to 7% NaCl and were thus selected for evaluation 
of their salt stress mitigation and plant growth potentials.

Plant‑growth‑promotion and salt‑stress‑mitigation 
assays

The Petri-dish experiment indicated that the eight selected 
strains varied notably in their efficiency for enhancing the 
germination rate, fresh weight, shoot length, root length, 
and vigour of tomato seedlings. As shown in Fig. 1a, strains 
IS26 and IS38 exhibited the most significant vigour index, 
with increases of about 1/2 to 4 times compared to non-
inoculated controls under salt-stress and salt-stress-free con-
ditions, respectively.

To obtain a general view of the plant growth promotion 
and salt stress mitigation efficiency of the tested strains, a 
multivariate principal component (PC) analysis was con-
ducted on all data recorded in the Petri-dish experiment 
(Fig. 1b). Together, the first axis (PC1) and the second axis 
(PC2) explained 94% of the differences between treatments 
(83% for PC1 and 11% for PC2). PC analysis clearly split 
the treatments into three groups (I, II and III), within each 
of which the plant growth capacity was equivalent. Group 
I, comprising treatments IS5, IS8, IS10, IS12, IS14 and 
IS34 under a salinity of 7 dS/m, showed low plant growth 
potential similar to that of the saline control. The treatments 
that clustered in group II, with strains exposed to non-saline 
conditions, exhibited plant growth performance equivalent 
to that of the non-saline control. Group III, composed of 
strains IS26 and IS38 under a salinity of 7 dS/m, exhib-
ited PC values intermediate between groups I and II. These 

results highlighted the potential of isolates IS26 and IS38 
for salt stress mitigation and enhancement of plant growth.

Based on these findings, the isolates IS26 and IS38 were 
selected for subsequent greenhouse experiments. As shown 
in Fig. 2a, the vigour index was significantly influenced 
by salt concentrations and by the bacterial treatment. As 
expected, increasing salt concentration caused significant, 
progressive reductions in the vigour index.

Under non-saline conditions, strains IS26 and IS38 
showed highly significant improvement of plant vigour com-
pared to the non-inoculated control, indicating their effec-
tive ability to favour plant growth. This ability was notably 
maintained under moderate and acute salt concentrations (5 
and 7 dS/m, respectively), especially with IS26 treatment.

The PC analysis (Fig. 2b) conducted with data recorded in 
the greenhouse experiment (germination rate, fresh weight, 
and shoot and root length) demonstrated global plant growth 
promotion and salt stress mitigation efficiency for strains 
IS26 and IS38 in both saline (5 and 7 dS/m) and non-saline 
conditions. Together, the first axis (PC1) and the second axis 
(PC2) explained 95.83% % of the variation between treat-
ments (80.33% for PC1 and 15.49% for PC2).

PC analysis grouped saline-exposed-IS38 treatments and 
the corresponding saline (5 and 7 dS/m) controls, which 
exhibited the lowest plant growth, in the same cluster (I). 
However, IS26 treatment under both saline and non-saline 
conditions (cluster II), expressed more interesting PC values 
than the non-saline uninoculated control, thus confirming 
the potential expressed by this strain for both PGP and salt 
stress alleviation. Accordingly, isolate IS26 was subjected 
to further characterization.

Molecular identification and phylogenetic analysis 
of the selected isolate IS26

To identify the strain IS26 at the molecular level, a 1.462 kb 
amplicon of 16S rDNA gene was obtained by PCR. The 
sequence of the resulting amplicon was submitted to the 
NCBI Genbank database under the accession number 
MT755732. Based on the BLAST results, the strain was 
related to the Stenotrophomonas genus. The phylogenic 
relationship between strain IS26 and the other Stenotropho-
monas type species can be seen in the neighbour-joining 
dendrogram (Fig. 3). The similarity level was 100% with 
Stenotrophomonas rhizophila DSM 14,405 (Wolf et  al. 
2002).

General genome features of the selected strain IS26

The draft genome assembly genome of strain IS26 consists 
of a single circular chromosome of 4,485,597 bp and an 
average G + C content of 66.2% (Fig. 4a). No plasmid was 
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found in the genome. The genome contained 4532 predicted 
coding sequences (CDSs). A total of three rRNAs, com-
prising a single 5S rRNA, a single 16S rRNA and a single 
23S rRNA, together with a single tmRNA and 54 tRNA 
genes representing 24 amino acids were identified in the 
IS26 genome. Among CDSs, 2934 genes were associated 

with Clusters of Orthologous Groups of proteins (COGs) 
composed of 25 functional categories (Fig. 4b).

This whole-genome shotgun project has been depos-
ited in DDBJ/ENA/GenBank under accession no. 
WELC00000000.1. The version described in this paper is 
version WELC00000000.1.
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Fig. 1   Evaluation of salt-tolerant bacterial strain inocula on tomato 
seedlings. a Assessment of plant vigour index in non-saline (0 S/m) 
and acute saline (7 dS/m) conditions. Seeds were inoculated with 
one of the following screened salt-tolerant bacteria: IS5, IS8, IS10, 
IS12, IS14, IS26, IS34 or IS38 in a Petri-dish trial. Vigour indexes 
[germination (%) × plant length (mm)] were evaluated 10  days after 
seed planting (variety Aicha). Bars indicate standard error of the 

mean; columns with the same letters are not significantly different 
at P = 0.05. b Principal component (PC) analysis plot (PC1 vs. PC2) 
obtained from data on the Petri-dish experiment of screened salt-
tolerant bacterial strains. Numbers in  square brackets indicate the 
saline exposure (dS/m). Controls correspond to non-bacterized seeds. 
Groups are indicated by grey background
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Biosynthetic gene clusters and secondary 
metabolites

With a total of 30 gene-clusters predicted by antiSMASH 
(Fig. 5a), the strain IS26 genome harbours genes for many 
potential secondary metabolites. Interestingly, the analysis 
highlights a single cluster encoding for the potential antioxi-
dant bacterial pigment “aryl polyene” (Fig. 5b, c), that could 
be involved in the reduction of oxidative salt stress-induced 
damage to plant cells (Schöner et al. 2016). Furthermore, 

three clusters encoding non-ribosomal peptides (NRPS), 
three clusters of polysaccharide coding genes, a single 
cluster of genes encoding a bacteriocin, and three clusters 
involved in fatty acid biosynthesis were also revealed. The 
remaining clusters are putative ones. Thus, antiSMASH 
results exhibited the potential of the strain for the biosyn-
thesis of antimicrobial compounds.

Fig. 2   Effects of selected bacte-
rial treatments on tomato plant 
development. a Assessment of 
plant vigour index in non-saline 
(0 dS/m) and saline (5 and 7 
dS/m) conditions. Seeds (vari-
ety Aicha) were inoculated with 
one of the selected salt-stress 
alleviating bacteria, IS26 or 
IS38, in a pot trial and vigour 
indexes [germination (%) × plant 
length (mm)] were evaluated 
21 days after planting in green-
house conditions. Bars indicate 
standard error of the mean; 
columns with the same letters 
are not significantly different at 
P = 0.05. b Principal compo-
nent (PC) analysis plot (PC1 vs 
PC2) obtained from data of pot 
experiment using selected salt-
tolerant bacterial strains. Num-
bers in square brackets indicate 
the salinity to which the plants 
were exposed (dS/m). Controls 
correspond to non-bacterized 
seeds. Groups are indicated by 
grey background
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Analysis of beneficial genes and functions 
putatively related to strain IS26 bioperformance

To further decipher the genomic basis of the putative mecha-
nisms contributing to the osmoprotective and plant growth 
abilities of S. rhizophila IS26 in a salt-stressed environ-
ment, an extended strain-specific genome mining study was 
conducted in connection with bacterial invasion and plant-
association behaviour, ability to compete with other organ-
isms for rhizospheric/endophytic growth, production of plant 
growth-stimulating compounds, and potential involvement 
of mechanisms related to salt stress alleviation.

The annotation of the strain IS26 genome showed the 
presence of several genes/ signalling pathways potentially 
related to chemotaxis, cell motility, cell attachment, biofilm 
formation, quorum sensing, production of lytic enzymes and 
siderophores, and resistances to different group of antibiotics 
(Table 2). The genome analysis also identified genes/ clus-
ters putatively involved in phosphate solubilization, produc-
tion of phytohormones, enzymatic mechanisms triggered to 
reduce reactive oxygen species (ROS), and processes related 
to salt sensing and regulation (Table 3).

Comparative genomics of S. rhizophila IS26 and its 
closely related strains

A comparative genomic study through the pan-genome/core 
genome analysis was performed using the 12 genomes of the 
closest strains to S. rhizophila IS26 (Table 4), all recovered 
from the NCBI's Genome resource (https://​www.​ncbi.​nlm.​
nih.​gov/​genome/). The neighbour-joining phylogenetic tree 
based on the core genes showed that the closest strain from 
a genomic point of view was S. rhizophila USBA GBX 843 
(Fig. 6a), as they clustered in the same clade. In each cluster, 
strains show similar patterns in their gene absence/presence 
profiles (Fig. 6b).

Although the NJ tree remains indicative, core genome 
phylogenomy could be a good strategy to highlight genomic 
similarities between closely related strains of the S. rhiz-
ophila species.

For the thirteen strains including S. rhizophila IS26, 
the pan-genome contains 18,773 genes, of which the core 
genome represents only 2.55% (480), the shell genome rep-
resents 47.45% (8909), and the cloud genome represents a 
staggering 49.98% (9384), constituting the largest part of the 
gene pool in this group (Fig. 6c, d).

While the core genome constitutes only 2.5% of the total 
pan-genome of the compared S. rhizophila strains, the cloud 
genome represented almost 50% of the total genes. Thus, 
the richness of the cloud genome confirms the diversity and 
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Fig. 3   Neighbour-joining tree based on 16S rDNA sequences show-
ing the relations between strains IS26 and type-species of the Steno-
trophomonas genus. The numbers at the nodes indicate the levels 

of bootstrap support based on neighbour-joining analyses of 1000 
resampled data sets. Bar, 0.050 nt substitution per nt position. Xan-
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Table 2   Selected beneficial genes putatively related to strain IS26 ability for plant association and persistence, and localization in the pan-
genome through comparative analysis to closely related S. rhizophila strain

Gene Pan* (Putative) product Biological role

cheA Core Chemotaxis protein CheA Chemotaxis
cheB Shell Chemotaxis response regulator protein-glutamate methylesterase
cheR Shell Chemotaxis protein methyltransferase
cheV Core Chemotaxis protein CheV
cheW Shell Chemotaxis protein CheW
cheY Core Chemotaxis protein CheY
mcp Shell Methyl-accepting chemotaxis protein
fliO Shell Flagellar protein Cell motility
fliN Shell Flagellar motor switch protein
fliM Shell Flagellar motor switch protein
fliG Core Flagellar motor switch protein
flgB Core Flagellar basal body rod protein
flgG Core Flagellar basal-body rod protein
flgF Core Flagellar basal-body rod protein
flgD Shell Flagellar basal-body rod modification protein
flhF Shell Flagellar biosynthesis protein
flgH Shell Flagellar L-ring protein gene
flgI Core Flagellar P-ring protein
flgK Shell Flagellar hook-associated proteins
flgE Shell Flagellar hook protein
flhA Shell Flagellar biosynthesis protein
flhB Shell Flagellar biosynthetic protein
fliP Core Flagellar biosynthetic protein
fliK Shell Flagellar hook-length control protein
fliS Shell Flagellar secretion chaperone
pilE Shell Fimbrial protein Adhesion /biofilm formation
SfaA Shell S-fimbrial adhesin protein A
SfaS Shell S-fimbrial adhesin protein S
algA Shell Alginate biosynthesis protein
algL Shell Alginate lyase
rpfC Shell Sensory/regulatory protein Quorum sensing
rpfG Core Cyclic di-GMP phosphodiesterase response regulator
ftsY Shell Signal recognition particle-docking protein
sppA Shell Signal peptide peptidase
lpsA Shell Lipoprotein signal peptidase
lepB Shell Signal peptidase I
barA Shell Signal transduction histidine-protein kinase
phoU Core phosphate signalling complex protein
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variety of beneficial traits of the strains in this group. Among 
the 4,532 genes detected through annotation in S. rhizoph-
ila IS26 genome, 480 genes are part of the core genome 
(10.59%), 3790 genes constitute the shell genome (83.62%), 
and 262 genes (5.78%) are considered as part of its cloud 
genome. Of these, 165 genes encode non-hypothetical 

proteins, highlighting its interesting genomic richness for 
novel traits and new encoded products.

It also appears that all the plant beneficial genes detected 
in the strain S. rhizophila IS26 are shared with the rest of the 
compared strains (part of the core genome) (Tables 2 and 3).

Numerous interesting genes were found solely in S. rhiz-
ophila IS26 (Supplementary Table 1). Some genes linked to 

Table 2   (continued)

Gene Pan* (Putative) product Biological role

BoGH3B Core Beta-glucosidase Plant cell wall breakdown

axeA Shell Acetylxylan esterase

xyl3A Shell Xylan 1,4-beta-xylosidase

xylA Shell Xylose isomerase

xylB Shell Xylulokinase

xsa Shell Xylosidase/arabinosidase

chiA1 Shell Chitinase A1

chiC Shell Chitinase C

bcsZ Shell Endoglucanase

malL1 Shell Oligo-1,6-glucosidase 1

susB Shell Glucan 1,4-alpha-glucosidase SusB

BoGH43A Shell Alpha-L-arabinofuranosidase
mdtA Shell Multidrug resistance protein A Antibiotic resistance
mdtC Shell Multidrug resistance protein C
mdtD Core Multidrug resistance protein D
mdtE Shell Multidrug resistance protein E
acrA Shell Multidrug efflux pump subunit A
acrB Core Multidrug efflux pump subunit B
emrA Shell Multidrug export protein A
emrB Shell Multidrug export protein B
emrK Shell Multidrug export protein K
bla Shell Beta-lactamase TEM
tetA Shell Tetracycline resistance protein B
tetR Shell Tetracycline repressor protein B
bfr Core Bacterioferritin Siderophores/ iron uptake
bfd Core Bacterioferritin-associated ferredoxin
bfrD Shell TonB-dependent receptor
fcuA Shell Ferrichrome receptor
fhuE Shell FhuE receptor
fecA Shell Fe(3 +) dicitrate transport protein
FliA Shell Putative RNA polymerase sigma factor I
feoB Shell Fe(2 +) transporter
fpvA Shell Ferripyoverdine receptor
hemR Shell Hemin receptor
fecR Shell Protein FecR
fpr Core Ferredoxin–NADP reductase

*Localization in the pan-genome (core/shell/cloud), from Roary output
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Table 3   Selected beneficial genes putatively involved in strain IS26 plant growth performances and salt stress mitigation and localization in the 
pan-genome through comparative analysis to closely related S. rhizophila strain

Gene Pan* (Putative) product Biological role

alpl Shell Alkaline phosphatase Phosphate solubilization
ppi Core Inorganic pyrophosphatase
ygiF Shell Inorganic triphosphatase
cheZ Shell Protein phosphatase
gdh Core Glucose dehydrogenase
gltA Shell Citrate synthase
lldD Shell Lactate dehydrogenase
fixK Shell Nitrogen fixation regulation protein FixK Nitrogen use and regulation
glnB Core Nitrogen regulatory protein P-II
trpA Shell Tryptophan synthase alpha chain Biosynthesis of plant growth substance
trpB Shell Tryptophan synthase beta chain
tt Shell Tryptophan transaminase
cheW Shell Indole-3-pyruvate decarboxylase
cheY Shell Amidase
aldHT Core Aldehyde dehydrogenase
PuuA Shell Gamma-glutamylputrescine synthetase
puuB_2 Shell Gamma-glutamylputrescine oxidoreductase
- Shell Methionine synthase
metP Shell Methionine import system permease protein MetP
metK Core S-adenosylmethionine synthase
puuC Shell NADP/NAD-dependent aldehyde dehydrogenase
speD Core S-adenosylmethionine decarboxylase
speE Core S-adenosylmethionine synthase
speG Shell Spermidine/spermine N(1)-acetyltransferase
mdtI Shell Spermidine export protein MdtJ
mdtJ Shell Spermidine export protein MdtI
ispA Shell Farnesyl diphosphate synthase
sodB Shell Superoxide dismutase Oxydative stress

reductionYojM Shell Superoxide dismutase family protein
katE Shell Catalase C
srpA Shell Catalase-related peroxidase
AhpC Core Alkyl hydroperoxide reductase C
Bcp and OsmC Core Peroxiredoxin
BPO-A2 Shell Non-haem bromoperoxidase
Cpo Shell Non-haem chloroperoxidase
pdxH Shell Pyridoxine/pyridoxamine 5'-phosphate oxidase
garB Shell Glutathione peroxidase
BtuE Shell Thioredoxin/glutathione peroxidase
yfiH Shell Polyphenol oxidase
SrkA Shell Stress response kinase A



	 World Journal of Microbiology and Biotechnology (2022) 38:16

1 3

16  Page 16 of 26

mobile elements and genomic plasticity were found in the 
cloud part of the S. rhizophila IS26 genome, such as traG 
(Conjugal transfer protein TraG), soj_1(Chromosome-parti-
tioning ATPase Soj), spo0C (Chromosome-partitioning pro-
tein Spo0J), intA (Prophage integrase IntA), helD_1 (DNA 

helicase IV), intS_2 and intS_2 (Prophage integrase IntS), 
traI (Multifunctional conjugation protein TraI), rayT_2 
(REP-associated tyrosine transposase), and hindIIIM (Modi-
fication methylase HindIII).

Table 3   (continued)

Gene Pan* (Putative) product Biological role

OtsA / OtsB Shell Trehalose-6-phosphate synthase Osmoprotection

GgpS Shell Glucosylglycerol-phosphate synthase

pip Shell Proline aminopeptidase

BetA Core Choline dehydrogenase

BetB Shell Betaine aldehyde dehydrogenase

DesK Shell Histidine kinase

NhaX Shell Stress response protein

EnvZ Shell Osmolarity sensor protein

proA Shell Gamma-glutamyl phosphate reductase

proB Shell Glutamate 5-kinase

proC Shell Pyrroline-5-carboxylate reductase

mrpF Core Sodium/hydrogen (Na+/H+) antiporter

BetT2 Shell Osmo-dependent choline transporter

OusA Shell Glycine betaine/ proline/ ectoine/pipecolic acid transporter

KefC Shell Glutathione-regulated potassium-efflux system protein

kup Core Low affinity potassium transport system protein

sglT Shell Sodium/glucose cotransporter

nhaK Shell Sodium, potassium, lithium and rubidium/H( +) antiporter

Shell Cyclic nucleotide-gated potassium channel

*Localization in the pan-genome (core/shell/cloud), from Roary output

Table 4   S. rhizophila strains dataset for the comparative analysis

Strain Total length (bp) % G + C Proteins Bioproject accession Biosample accession Assembly accession

1. IS26 4,087,670 66.4 3529 PRJNA575899 SAMN12915778 GCA_009184355.1
2. DSM14405 4,648,980 67.30 3990 PRJNA244760 SAMN02727981 GCA_000661955.1
3. JC1 4,268,160 67.5 3724 PRJNA611695 SAMN14342413 GCA_011604605.1
4. QL-P4 4,198,650 66.8 3682 PRJNA326321 SAMN05276013 GCA_001704155.1
5. BIGb0145 4,085,440 66.6 3538 PRJNA501404 SAMN10361617 GCA_003751305.1
6. CFBP13529 4,626,290 67.4 3966 PRJNA459500 SAMN09064919 GCA_005233605.1
7. SR80 4,234,260 66.8 3723 PRJNA436828 SAMN14299480 GCA_017893555.1
8. S00008 4,272,220 66.6 3693 PRJNA436828 SAMN14299480 GCA_017893555.1
9. DE0483 4,163,400 67.3 3542 PRJNA543692 SAMN11792643 GCA_007667275.1
10. USBA GBX 843 4,444,920 66.5 3904 PRJNA330488 SAMN05421861 GCA_003651185.1
11. CFBP 13,503 4,855,520 67.3 4234 PRJNA459523 SAMN09062466 GCA_006505885.1
12. Sp952 4,216,900 66.8 3704 PRJEB15263 SAMEA4402498 GCA_900095765.1
13. OG2 4,134,780 66.9 3623 PRJNA375758 SAMN06718490 GCA_002276905.1
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Other unique genes linked to the metabolism of heavy 
metals and toxic compounds were detected as a particularity 
in S. rhizophila IS26 when compared to its closest strains: 
sugE_1 (Quaternary ammonium compound-resistance 

protein SugE), ftsH_1 (ATP-dependent zinc metalloprotease 
FtsH), and czcA_3 (Cobalt-zinc-cadmium resistance protein 
CzcA).

Fig. 6   Pan-genome analysis of S. rhizophila IS26 and its closest 
strains. a Neighbour joining (NJ) indicative phylogenetic tree gener-
ated from the core genome (Roary output). The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. 
b Distribution of genes across the pan-genome of S. rhizophila IS26 
and its closest strains (from Roary). Pan-genome content is displayed 
as presence/absence (blue/white) blocks according to their order of 
appearance in the genome annotation panel (top ruler). S. rhizophila 

IS26 lane is dash framed in purple. c Genes distribution graph. The 
blue line shows the percentage of strains (y axis) carrying a gene at 
each position (x axis), the purple line shows S. rhizophila IS26 pro-
file for each position in the pan-genome. Under the graph, core genes; 
accessory genes; shell genes and cloud genes are located in the 
pan-genome according to graph. d Pan-genome statistics. The pan-
genome matrix and graph were visualized using Phandango (https://​
james​hadfi​eld.​github.​io/​phand​ango/#/​main)

https://jameshadfield.github.io/phandango/#/main
https://jameshadfield.github.io/phandango/#/main
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Moreover, interesting genes related to motility, chemot-
axis and biofilm formation were found only in S. rhizoph-
ila, such as: swrC_1 (Swarming motility protein SwrC), 
fliC_1 and fliC_2 (A-type flagellin), bmaC_1 (Adhesin 
BmaC autotransporter), pilE_2 (Fimbrial protein), ehaG 
(Autotransporter adhesin EhaG), and cfaE (CFA/I fimbrial 
subunit E).

In vitro detection of some IS26‑related 
plant‑growth‑promoting and salt‑mitigation traits

In view of the positive PGP and salt-stress-mitigation results 
exhibited by the strain IS26 in planta and the significant 
number of potential benefit-related genes highlighted, an 
additional in vitro assay was undertaken to explore the 
presence of some putative mechanisms. Production of IAA, 
hydrogen cyanide and siderophores were evaluated, along 
with phosphate solubilization, catalase and ACC deaminase 
activities. The results showed that strain IS26 grew well and 
dissolved phosphorus in PVK media containing Ca3(PO4)2 
as sole phosphorus source. The amount of dissolved phos-
phorus was 364 ± 11 mg ml−1 from Ca3 (PO4)2. However, 
the strain IS26 failed to grow and to dissolve phosphorus in 
the PVK medium containing FePO4 and AlPO4. Data also 
showed that strain IS26 was positive for IAA production 
(80.2 ± 5 μg.ml−1) and catalase. Furthermore, it was quali-
fied as able to produce ACC-deaminase and siderophores 
but not HCN.

Discussion

The inoculation of PGPB in cultivated plants is currently 
regarded as a promising practice to promote the devel-
opment of agriculture in adverse conditions, such as in 
saline soils (Gamalero et al. 2020). Tomato cultivation is 
one of the farming practices that are drastically limited by 
saline environments (Magán et al. 2008). Several studies 
have reported the role of halotolerant bacteria in managing 
salt stress in cultivated plants, such as mung beans (Vigna 
radiata L.) (Islam et al. 2015), wheat (Singh and Jha 2017; 
Afridi et al. 2019) and tomato (Mayak et al., 2004; Fan 
et al. 2016; Dif et al. 2021).

In the present study, amongst 40 endophytic bacterial 
isolates from the roots of native halophytes, 8 showed 
interesting tolerance to high NaCl concentrations. It 
has previously been reported that bacteria isolated from 
saline soils are more likely to withstand saline conditions 
(Damodaran et al. 2013; Piernik et al. 2017).

Since germination and the early stages of plant growth 
are the most sensitive stages for plant establishment, espe-
cially in hostile soil conditions (Abo-Kassem 2007; Bojović 
et al. 2010), the 8 isolates showing notable salt-tolerance 

were inoculated into tomato seeds and consecutively plant-
evaluated in Petri-dish and greenhouse assays.

Globally, treatments with halotolerant bacteria exhib-
ited notable PGP effects and permitted differently appreci-
able limitation of the impact of salt stress on the tomato 
plant, as previously reported (Kim et al. 2014; Kumar et al. 
2017; Cordero et al. 2018).

Through the different plant trials undertaken under mod-
erate (5 dS/m) and acute (7 dS/m) salt stress, the halotolerant 
endophytic strain IS26 exhibited the best performance for 
both plant growth enhancement and salt stress mitigation. 
Under such stress conditions, plant maintenance and devel-
opment levels were closer to those expressed in non-saline 
conditions.

Based on these findings, the strain IS26 was considered 
as the most promising bacterium and thus required further 
characterization. Based on the complete 16S rDNA sequence 
and phylogenetic analysis, the isolate IS26 was found to be 
related to Stenotrophomonas rhizophila DSM 14405 T (Wolf 
et al. 2002). The Stenotrophomonas genus, phylogenetically 
placed in the γ-subclass of the Proteobacteria (Moore et al. 
1997), is considered of biotechnological interest due to its 
great metabolic versatility and intraspecific heterogeneity 
(Ryan et al. 2009; Berg and Martinez 2015). Members of 
this genus are ubiquitously present in the environment, with 
soil and plants as their main reservoirs (Ryan et al. 2009).

The phylogenetically and ecologically closely related 
species S. maltophilia and S. rhizophila are documented as 
initiating endophytic lifestyle with plants, triggering ben-
eficial antagonism towards soil-borne fungal diseases and 
promoting plant growth in connection with the production of 
both antifungal compounds and phytohormones (Ryan et al. 
2009; Berg et al. 2010; Schmidt et al. 2012).

By using comparative genomics to analyse the difference 
between S. maltophilia and S. rhizophila, Alavi et al. (2014) 
noted the absence of several factors in S. rhizophilia that are 
crucial for human pathogenic traits, such as virulence factors 
and heat shock proteins, despite the presence of shared fac-
tors related to host invasion and antibiotic resistance. Moreo-
ver, the inability of S. rhizophila to grow at 37 °C, which is a 
critical temperature for strains to colonize the human body, 
was identified as a very simple criterion for differentiating 
between pathogenic and non-pathogenic Stenotrophomonas 
isolates (Alavi et al. 2014).

The plant-associated S. rhizophila, which is thus safe 
to use, was also observed to produce an osmoprotective 
substance, glucosylglycerol, which confers remarkable 
resistance to highly saline soils (Egamberdieva et al. 2016; 
Schmidt et al. 2012; Alavi et al. 2013). Stenotrophomonas 
rhizophila was found to exert beneficial effects on the growth 
of cash crops such as cotton, wheat, tomato, sweet pepper 
and soybean cultivated under salt stress (Schmidt et al. 2012; 
Egamberdieva et al. 2016; Afridi et al. 2019).
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In this context, to further decipher the genomic basis of 
the putative mechanisms contributing to S. rhizophila IS26 
osmoprotective and plant growth abilities in a salt-stressed 
environment, an extended strain-specific genome mining 
study was conducted.

A comparative genomic analysis of S. rhizophila IS26 
and its 12 closest strains was also performed to highlight 
the commonalities and particularities of potential genes and 
functions.

As a whole, the genome annotation of the strain IS26 
highlighted a remarkable number of encoded functionalities 
potentially involved in plant association and persistence, as 
well as plant growth performance and salt stress mitigation. 
Moreover, through comparative genomics, it appeared that 
all the plant-beneficial genes detected in the strain S. rhiz-
ophila IS26 are shared with the rest of the strains compared 
(as a part of the core genome), which leads this group of spe-
cies to be considered as a valuable reservoir for other plant-
beneficial strains yet to be discovered. Interestingly, unique 
genes linked to the metabolism of heavy metals and toxic 
compounds were detected in S. rhizophila IS26 genome. 
This result suggests future investigations in the context of 
evaluating bioremediation potentialities.

Root colonization is regarded as an essential step in the 
promotion of plant growth by PGP rhizobacteria (Lugten-
berg and Kamilova 2009). Several genes related to root colo-
nization, such as genes involved in chemotaxis, cell motility 
and biofilm formation, were found in the strain IS26. Chem-
otaxis, motility and adhesion are determinant characteristics 
for bacterial plant-association, allowing bacteria to move 
through the soil matrix, to mediate the adhesion to plant 
roots through the production of a variety of exopolysaccha-
rides, and to systematically spread within the plant (Har-
doim et al. 2015; Römling and Galperin 2015). In fact, genes 
related to chemotaxis pathways have been shown to regulate 
bacterial motility in presence of extracellular attractants or 
repellents (Erbse and Falke 2009). Flagella- and fimbria-
driven motility play a key role in biofilm formation and host 
plant colonization by bacteria (Shen et al. 2017). The pres-
ence of these determining characteristics for bacteria-plant 
association confirms the endophytic lifestyle of the strain 
(Hardoim et al. 2015; Römling and Galperin 2015; Egam-
berdieva et al. 2016).

The potential of stain IS26 to move through the soil 
matrix and inside the plant was exhibited by the presence 
of a large number of genes involved in the biosynthesis and 
assembly of flagella as previously documented (Khanra et al. 
2016).

Genes related to fimbriae biosynthesis were also detected 
as a component putatively implicated both in adhesion to 
root surfaces and in the formation of complex biofilms (de 
Oliveira-Garcia et al. 2003). Biofilm formation ability is 
crucial for bacterial survival, adaptation, and dissemination 

in a versatile environment (Hall-Stoodley et  al. 2004). 
Alginate metabolism genes were detected in IS26 (algA, 
algL). Alginate is involved in the development and archi-
tecture of biofilms that protect bacteria from antibiotics and 
other harmful environmental factors (Stapper et al. 2004; 
MacDonald and Berger 2014). The algL gene highlights a 
potential production of an alginate lyase that is known to be 
implied in bacterial invasion or microbial biofilm formation 
often associated with enhanced drug resistance (MacDonald 
and Berger 2014).

This colonization process seemed potentially related to 
quorum sensing communication, through a DSF system 
for quorum sensing regulation (Ryan et al. 2015; Huedo 
et al. 2018). Quorum sensing genes RpfC and RpfG respon-
sible for DSF perception and signal transduction, respec-
tively (Ryan et al. 2015; Huedo et al. 2018), are likely to be 
involved in strain IS26 communication with the plant root 
during the colonization process, since this strain has genes 
related to the rpf/DSF (regulation of pathogenicity factors/
diffusible signaling factor) system for quorum sensing and 
cell–cell communication. In this system, the synthesis and 
perception of the DSF molecule, a quorum sensing regula-
tory compound, is controlled by a pathogenicity factor gene 
cluster rpf (Ryan et al. 2015; Huedo et al. 2018). Further-
more, genes encoding for adhesin (an outer membrane-
located protein that contributes to host cell surface attach-
ment) were also identified (Willis et al. 2013). LPS-related 
genes detected in IS26, essential components of the cell sur-
face of Gram-negative bacteria, are also involved in attach-
ment to a plant surface and subsequent potential endophytic 
colonization behaviour (Zhang et al. 2013; Balsanelli et al. 
2013; Hicks and Jia 2018).

Colonization of a plant also requires identified mecha-
nisms to gain access to the plant and to develop. These 
mechanisms mainly consist of the ability to hydrolyse plant 
cell wall-bound complex polysaccharide and the capacity to 
metabolize plant-derived complex carbohydrates (Hallmann 
et al. 1997; Wolf et al. 2002; Andrés-Barrao et al. 2017), 
such as the cellulases, hemicellulases and xylases encoded 
by the S. rhizophila IS26 genome. The degradation ability 
of this significant root constituent suggests the potential of 
the strain to subsist and develop in a plant-associated envi-
ronment. The genome analysis also suggested the presence 
of genes related to the production of other lytic enzymes, 
including glucanases and chitinases. As a result, through 
their ability to degrade glucan and chitin, the main constitu-
ents of fungal and oomycete cell walls, these enzymes may 
have plant pathogen protective functions, suggesting puta-
tive strain biocontrol attributes (Veliz et al. 2017).

In general, Stenotrophomonas species are known to 
show multiple antibiotic resistances (Ryan et al. 2009). In 
the context of both intense microbiological activity and 
nutrient-limited environments in the soil, multiple antibiotic 
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resistances could help bacteria to compete in the rhizosphere 
(Hibbing et al. 2010). As documented for other Stenotropho-
monas species (Alavi et al. 2014), the strain IS26 genome 
was shown to contain numerous genes for antibiotic resist-
ance, including several multi-drug efflux systems, while oth-
ers provided resistance against particular classes of antibiot-
ics, such as penicillin and first-generation cephalosporins.

Concurrently, the genome analysis showed notable poten-
tial of strain IS26 to compete for iron in nutrient-limited 
environments. Bacterioferritin (bfr) and bacterioferritin-
associated ferredoxin bfd and bfrD siderophore genes were 
detected. Iron, the bioavailability of which is often lim-
ited, is an essential metal for almost all microbial growth. 
Some microorganisms have developed specific iron uptake 
mechanisms to compete for iron. These mechanisms include 
production of siderophores, involvement of specific uptake 
transporters, and synthesis of receptors able to scavenge 
siderophores that are produced by other microorganisms 
(Andrés-Barrao et al. 2017). Many of these genes have also 
been found in Stenotrophomonas maltophilia (Alavi et al. 
2013, 2014).

As determinant traits for plant development, strain IS26 
was shown to possess genes related to direct and indirect 
mechanisms for PGP and enhanced tolerance to salt stress. 
Most of these important putative properties were consecu-
tively confirmed by detection in vitro.

The potential direct mechanisms highlighted were related 
to phosphate solubilization, and synthesis of plant growth 
regulator substances, as already mentioned for other Steno-
trophomonas strains (Wu et al. 2015; Reinhardt et al. 2008).

As phosphate is an essential macronutrient, limitation of 
its presence in the soil has a major negative effect on plant 
growth (Eida et al. 2017). The genome annotation of the 
strain IS26 highlighted different genes related to a phosphate 
transport system and inorganic phosphorus solubilization 
(pap, alpl, ppi, ygiF, cheZ, gdh, gltA, and lldD).

IAA is an important auxin phytohormone related to phys-
iological growth processes such as cell division and tissue 
differentiation (Duca et al. 2014). The strain IS26 was shown 
to produce appreciable amounts of IAA phytohormone 
in vitro, as previously documented for several S. rhizophila 
strains (Kumar et al. 2019; Silambarasan et al. 2020). Dif-
ferent genes coding for enzymes involved in the IAA bio-
synthesis pathways from tryptophan were detected in S. rhiz-
ophila IS26. In fact, two potential biosynthesis pathways, 
namely indole-3-acetonitrile (IAN) and indole-3-pyruvate 
(IPyA), were identified. In the IAN pathway, IAN is first 
converted to indole-3-acetamide (IAM) by nitrile hydratase, 
then to IAA by amidase. In the IPyA pathway, IPyA is con-
verted to indole-3-acetaldehyde (IAAld) by indole-pyruvate 
decarboxylase and then to IAA by aldehyde dehydrogenase 
(Liu et al. 2014).

Furthermore, another phytohormone gene was detected: 
the fpp gene, which is involved in the production of abscisic 
acid (ABA) (Finkelstein 2013). Interestingly, accumula-
tion of ABA is known to inhibit the production of excess of 
ethylene in plant during exposure to stress such as a salty 
environment (Yao et al. 2010).

Key genes involved in the biosynthesis of the polyam-
ines spermine and spermidine, such as speE and sped (Alavi 
et al. 2013), have been detected. These polyamines act as 
plant growth regulators and have also been found to protect 
against stress by reducing ethylene level in the plant (Gill 
and Tuteja 2010a; Alavi et al. 2013; Gevrekci 2017). In the 
genome of S. rhizophila strain IS26, the genes encode for 
S-adenosylmethionine synthase, S-adenosyl-methionine 
decarboxylase, and spermidine synthase may lead to the 
transformation of methionine to polyamines (Jang et al. 
2012). These findings are in agreement with results reported 
by Pinski et al. (2020), who detected several genes coding 
for polyamine biosynthesis in the genome of S. rhizophila.

Other genes encoding key molecules related to general 
stress (such as ROS metabolism: superoxide dismutase, cata-
lase, polyphenol oxidase, glutathione S-transferase, stress 
response kinase A, peroxidases and reductases) were also 
detected, suggesting involvement of indirect PGP mecha-
nisms mostly related to antioxidant defence and osmotic 
balance recovery. The presence of these genes indicates 
the strain’s significant potential to reduce the accumulation 
of harmful ROS, which are known to be generated by the 
plant in response to an induced stress, especially osmotic 
stress (Sharma et al. 2012). In fact, accumulation of these 
ROS, namely H2O2, O−2 and OH−, is known to damage the 
DNA/RNA, oxidize proteins and lipids, and destroy plant 
chlorophyll and meristem activity (Foreman et al. 2003; 
Habib et al. 2016). Bacteria that exhibit effective enzymatic 
antioxidant systems have already been proven to play an 
important protective role against the effects of stress-induced 
ROS (Vurukonda et al. 2016). Afridi et al. (2019) reported 
involvement of bacterial antioxidant enzymes that conferred 
a significant salt-stress resistance on wheat after inoculation 
with a fuel biodegrader and salt-tolerant PGP Kocuria rhiz-
ophila strain. However, reports on PGPB-induced salinity 
tolerance of tomato plants in connection with changes in 
ROS-scavenging enzymes status remain scarce. Through 
biosynthetic gene cluster analysis by antiSMASH, the 
strain IS26 was predicted to produce potential free radical 
scavengers such as aryl polyenes (Deng et al. 2018). These 
pigments function as carotenoids able to protect from ROS, 
thus reducing potential oxidative stress-related cell damage 
(Schöner et al. 2016), and may play significant roles in plant 
growth-promotion by enhancing tolerance to environmental 
stresses such as salt (Lee et al. 2019).

The antiSMASH analysis also predicts production of 
various antimicrobial compounds that merit chemical 
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investigation as potentially interesting biomolecules. The 
strain’s significant potential for the biosynthesis of anti-
microbial compounds suggests an ability to compete with 
intense microbiological activity in the soil, thereby enhanc-
ing strain maintenance and conferring putative plant protec-
tion against pathogens (Hibbing et al. 2010).

The analysis of strain genomic data revealed the presence 
of numerous genes potentially involved in salt stress sensing 
and mitigation. Multiple salt-induced-stress sensing genes 
were identified, such as osmolarity sensor protein EnvZ, 
stress response protein NhaX, sensor histidine kinase, as well 
as the previously reported osmolyte biosynthesis genes such 
as trehalose, glucosylglycerol, proline and glycine betaine 
(Wolf et al. 2002; Roder et al. 2005). These osmoprotectant 
low-mass organic compounds have been shown to mediate 
osmotic adjustment, free radical scavenging and subcellular 
structure stabilization (Slama et al. 2015).

Amongst the Stenotrophomonas species studied, S. 
rhizophila is regarded as possessing a specific and remark-
able mechanism for bacterial stress protection through its 
production and excretion of glucosylglycerol (Alavi et al. 
2013). Furthermore, the key genes betA and betB for gly-
cine-betaine synthesis, which respectively encode choline 
dehydrogenase and betaine aldehyde dehydrogenase, are 
considered to be among the most effective genes responsible 
for PGP-conferred salt tolerance in plants (Alavi et al. 2014).

Conclusions

In this study, Sahara-inhabiting halophytes Atriplex halimus 
and Lygeum spartum have been used as an effective source 
of associated halotolerant PGPB that can be applied as crop 
inoculants because of the potentialities they exhibit in terms 
of osmoprotection and plant growth enhancement. In the 
context of enhancing technical progress for sustainable agri-
culture, this approach would help us to consider profitable 
eco-friendly cultivation of non-halophytic plants, such as 
tomatoes, in saline soil environments.

The successive evaluation of the bacterial isolates for 
their halotolerance and PGP-induced performances in 
tomato seedlings grown under salt stress conditions, pointed 
to the isolate IS26 as the most promising (Fig. 7). Based 
on its 16S rRNA gene sequence, the strain was related to 
Stenotrophomonas rhizophila.

The strain genome analysis revealed the presence of 
numerous genes involved in mechanisms responsible for 
rhizosphere colonization, plant association, and strong 
competition for nutrients and niches, as well as the produc-
tion of important plant growth regulating substances, some 
of which also act as protectors against stress. By possess-
ing genes related to complementary mechanisms such as 

osmosensing, osmoregulation and osmoprotection, the strain 
definitely confirmed its remarkable skills for adapting to and 
tolerating highly saline conditions. The strain’s putative abil-
ity to produce osmolytes and the potential involvement of 
multiple enzymatic antioxidant systems in case of deleteri-
ous stress-induced overproduction of ROS were considered 
among the most effective salt mitigation processes.

With regard to the interesting potentialities exhibited in 
planta, brought out by specific genome analysis, the strain 
Stenotrophomonas rhizophila IS26 would merit extended 
evaluation at field level in diverse salt-stressed contexts to 
confirm its beneficial potential as a PGP and stress protect-
ing agent in the perspective of a bioformulation study.
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