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ABSTRACT 

Soil salinity poses a significant challenge to various crops worldwide. Approximately 20% of irri-
gated land, which produces one-third of global food, is affected by underlying soil salinity, with Mediter-
ranean countries in the EU being the most impacted. Besides, the accumulation of excess ions in the 
soil leads to salinization, hindering plant growth and function by disrupting nutrient and water absorption. 
This issue is particularly acute in crucial agricultural areas such as Lezíria Grande, where climatic con-
ditions and estuarine tides exacerbate soil salinity. Moreover, the productivity of major Portuguese 
crops, including tomato (Solanum lycopersicum) and maize (Zea mays), has been reduced due to sa-
linity stress, jeopardizing agricultural output and food security. However, in environments characterized 
by stress and unique biodiversity, a microbiome has evolved to withstand salt-stress, potentially aiding 
plants in coping with these conditions. Therefore, the development of a novel bioformulation utilizing 
adapted microbiota could transform agriculture, enabling plants to thrive in stressful environments. Thus, 
this research aims to formulate a halophile bacteria-based solution to enhance plant growth and salt 
tolerance in saline conditions. Various strains were identified with the potential to help maize and/or 
tomato plants thrive under salt-stress conditions. However, Vreelandella sp. DE and Idiomarina 
loihiensis EA were demonstrated to be the most promising strains, as they enhanced both plants' overall 
growth under saline stress in long-term greenhouse assays. Additionally, genes associated with plant 
growth-promoting traits were found in Vreelandella sp. DE, as well as its ability to modulate the genetic 
expression of maize plants, resulting in enhanced growth and improved tolerance to salinity. These 
effects were mediated through mechanisms including increased production of osmoprotectants, ele-
vated antioxidant enzymes activity and enhanced hormonal regulation. Nevertheless, important metab-
olites for plant improvement and salt tolerance were found to be secreted by the candidate strains. 
These findings indicate the potential of this approach to enhance crop resilience and growth in saline 
environments, which could revolutionize agriculture, particularly in regions affected by soil salinity. 

Keywords: Salt-stress, Tomato, Maize, Halophile bacteria, Biotreatment 
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RESUMO 

A salinidade do solo constitui um desafio significativo para várias plantações em todo o mundo. 
Cerca de 20% das terras irrigadas, que produzem um terço dos alimentos a nível mundial, são afetadas 
pela salinidade subjacente do solo, sendo os países mediterrânicos da UE os mais afetados. Além 
disso, a acumulação de iões em excesso no solo conduz à salinização, prejudicando o crescimento e 
o funcionamento das plantas ao perturbar a absorção de nutrientes e de água. Este problema é parti-
cularmente grave em zonas agrícolas cruciais como a Lezíria Grande, onde as condições climáticas e 
as marés estuarinas agravam a salinidade do solo. Além disso, a produtividade das principais culturas 
portuguesas, incluindo o tomate (Solanum lycopersicum) e o milho (Zea mays), tem sido reduzida de-
vido ao stress salino, pondo em risco a produção agrícola e a segurança alimentar. No entanto, em 
ambientes caracterizados pelo stress e por uma biodiversidade única, um microbioma evoluiu para 
resistir ao stress salino, ajudando potencialmente as plantas a lidar com estas condições adversas. Por 
conseguinte, o desenvolvimento de uma nova bioformulação que utilize a microbiota adaptada pode 
transformar a agricultura, permitindo que as plantas prosperem em ambientes de stress. Assim, esta 
investigação tem como objetivo formular uma solução à base de bactérias halófilas para melhorar o 
crescimento das plantas e a tolerância ao sal em condições salinas. Foram identificadas várias estirpes 
com potencial para ajudar as plantas de milho e/ou tomate a prosperar em condições de stress salino. 
No entanto, Vreelandella sp. DE e Idiomarina loihiensis EA demonstraram ser as estirpes mais promis-
soras, uma vez que melhoraram o crescimento geral de ambas as plantas sob stress salino em ensaios 
de estufa a longo prazo. Adicionalmente, foram encontrados na Vreelandella sp. DE genes relacionados 
com caraterísticas promotoras do crescimento das plantas, bem como a sua capacidade de modular a 
expressão genética das plantas de milho, resultando num maior crescimento e numa melhor tolerância 
à salinidade. Estes efeitos foram mediados por mecanismos que incluem o aumento da produção de 
osmoprotetores, o aumento da atividade das enzimas antioxidantes e o aumento da regulação hormo-
nal. No entanto, verificou-se que as estirpes candidatas secretam metabolitos importantes para o me-
lhoramento das plantas e para a tolerância ao sal. Estes resultados indicam o potencial desta aborda-
gem para aumentar a resistência e o crescimento das plantações em ambientes salinos, o que poderá 
revolucionar a agricultura, particularmente em regiões afetadas pela salinidade do solo. 

Palavras chave: Stress salino, Tomate, Milho, Bactérias halófilas, Biotratamento 
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Induced Systemic Re-
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Metabolomics The study of the complete set of metabolites within a biological system. 
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for mutual benefit 
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Osmotic agent A substance that regulates water movement in cells to maintain osmotic 
pressure. 

Plant growth-promot-
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Beneficial bacteria that enhance plant growth and stress resilience. 

Phenotype The observable characteristics of an organism. 

Phytohormone  Plant hormones. 
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duce energy. 
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Root colonization The process by which microorganisms establish themselves on or within 
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Siderophores Molecules produced by microorganisms to bind and transport iron, im-
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INTRODUCTION 

Plants encounter various stressful conditions throughout their lifespan. These stressors are typ-
ically categorized into two groups: biotic and abiotic [1]. Biotic stresses are caused by living organisms, 
while abiotic stresses are inflicted on plants by environmental factors. Abiotic stresses can be further 
divided into physical and chemical stresses [2], which include salinity, chilling/freezing, heat shock, 
drought, nutrient imbalance, waterlogging, xenobiotic and heavy metals stress. Furthermore, the com-
bined effect of these abiotic stresses leads to a 50% reduction in plant productivity [3]. One of the main 
abiotic stresses that limit crop production, particularly in arid and semi-arid areas, is salt-stress [4]. Salt-
stress occurs when excessive accumulation of ions disrupts the plant's physiological balance, leading 
to primary unbalances such as osmotic stress, reduced nutrient uptake and growth [5], [6]. Additionally, 
salt-stress can result in secondary unbalances, such as the generation of reactive oxygen species 
(ROS) such as hydroxyl radical (OH−), singlet oxygen (1O2), hydrogen peroxide (H2O2) and superoxide 
(O2

−) [6], which can damage nucleic acids, proteins, carbohydrates and membrane lipids [7], [8], [9].  
Salt-stress affects roughly 20% of global agricultural land [10], [11], [12], [13], leading to a de-

crease in agricultural productivity by 20-40%. It is estimated that, globally, almost half of the agricultural 
land will be affected by salt-stress by 2030 [14]. Soil salinization can be categorized into two types: 
natural and anthropogenic. Natural (primary) salinization is mainly caused by groundwater tables of 
marine origin, seepage, deposition of sea salts carried by wind, tidal effects and ascending capillary flow 
due to evapotranspiration in regions with low precipitation [15]. Climate change is expected to exacer-
bate salinization due to rising sea levels, evaporation and heat events [16]. Anthropogenic (secondary) 
salinization, on the other hand, results from human activities, which involves the use of unsuitable soils 
for irrigation, irrigation with high-soluble salt water, excessive use of fertilizers or soil amendments, poor 
irrigation practices, such as inadequate irrigation depths and uneven water distribution, which can lead 
to rising groundwater tables and the use of wastewater or saline industrial by-products can also contrib-
ute to salinization. [15]. The regions most affected by saline soils, generally recognized by an electrical 
conductivity (EC) above 4 dS/m [17], across the globe are Southern, East and North Africa, Western 
and Central China, Central Asia, the Middle East, Western United States, Australia and Argentina [18], 
[19], with the Mediterranean coastline being the most affected area in Europe [19]. In the Iberian Pen-
insula, the Algarve, Alentejo, North Meseta, Ebro basin and Tagus basin are the most affected regions. 
Both countries have significant areas with high salt content, which serve as repositories for valuable salt 
resources, including salt flats and saltpans [20]. Lezíria Grande, an important agricultural area near Vila 
Franca de Xira, suffers from high soil salinity, particularly in the southern part as depicted in Figure 1.1, 
due to its location surrounded by the Tagus River and Sorraia River [21], both of which are subject to 
tidal movement. The shallow saline groundwater arising from estuarine tides contributes to the salinity 
of the region [22]. The main crops produced in this area are maize (Zea Mays L.), tomato (Solanum 
Lycopersicum L.) and rice (Oryza Sativa L.) [21], [23], with the first two being saline-sensitive crops with 
corresponding salinity thresholds of 1.7 dS/m for maize and 2.5 dS/m for tomato [24], thus both are 
adversely affected by soil salinization [25].  
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Figure 1.1 – Lezíria Grande soil salinity. This model calculated from Sentinel-2 multispectral imagery represents 

the soil salinity levels in the Lezíria Grande area. The dark green sectors stand for non-saline soils (EC between 0 

and 2 dS/m), green sectors stand for slightly saline soils (EC between 2 and 4 dS/m), light green sectors stand for 

saline soils (EC between 4 and 8 dS/m), yellow sectors stand for highly saline soils (EC between 8 and 16 dS/m) 

and orange sectors stand for extremely saline soils (EC above 16 dS/m). Figure adapted from [21]. 

There are two categories of plants according to their ability to withstand salt levels: halophytes, 
which are plants that can flourish in saline environments due to their adaptation to high salt levels (>200 
mM) [26], [27] and glycophytes, which are adversely affected by soil salinization, leading to hindered 
growth and development in the presence of 100-200 mM of salt [28], [29]. The majority of crops fall 
under the glycophyte category, making them susceptible to salinization, which can significantly limit their 
productivity, posing a serious threat to food security [10]. High salinity levels have a profound impact on 
plants, affecting various physiological and biochemical processes. Nutrient absorption is disrupted, as 
essential minerals become less accessible [30]. Cell membrane stability is compromised, leading to 
increased permeability and potential cell damage [30], [31]. Additionally, transport pathways within the 
plant are hindered, impeding the movement of nutrients and water [30]. Cellular damage and oxidative 
stress are caused by elevated ROS levels as mentioned before [31], [32]. Furthermore, root develop-
ment is adversely affected, leading to stunted growth and reduced water absorption [33], [34]. Seed 
germination rates decline, impacting plant establishment [34]. Moreover, photosynthesis efficiency is 
reduced, limiting energy production, while plant transpiration rates are altered, affecting water regulation 
[33], [35]. Furthermore, salinity influences the levels of sugars such as sucrose, fructose and those 
involved in glycolysis, disrupting metabolic processes [36]. In order to survive and maintain productivity 
in saline environments, plants employ various strategies. They regulate ion transport and homeostasis 
to maintain cellular ion balance and mitigate toxicity [10], [28], [37]. Furthermore, ion detoxification pro-
cesses are activated to manage excess salts [10], [37]. Crucial non-enzymatic and enzymatic antioxi-
dant systems oppose oxidative stress induced by salinity [38], [39]. Additionally, plants regulate water 
channels to optimize water uptake and transport [28]. The synthesis of osmolytes helps maintain cellular 
osmotic balance of plants under saline conditions, as it modulates these processes in a crucial manner 
[39]. The interplay of these mechanisms enables plants to acclimate and prosper in environments with 
high salinity levels. However, the process of domestication has led to the loss of salt tolerance in nu-
merous plant species as a result of selective breeding for a limited number of desirable traits, which in 
turn has reduced genetic variability and created an evolutionary bottleneck [40]. This phenomenon is 
evident in crops such as maize and tomato, where the crop wild relatives (CWRs), such as eastern 
gamagrass (Tripsacum dactyloides) and Solanum pimpinellifolium, exhibit greater salinity tolerance 
compared to their modern counterparts, Zea mays and Solanum lycopersicum, respectively [41], [42], 
showing the impacts of domestication over stress-dealing of current crops. Given that salt-stress se-
verely impairs plant growth and productivity, it is imperative to develop effective coping mechanisms to 
enhance plant resilience, ensure food security and promote sustainable agriculture. 

Efforts to improve crop salt tolerance through genetic engineering, plant breeding and manage-
ment practices have demonstrated limited success due to the complex genetic and physiological char-
acteristics associated with salt tolerance [43], [44]. An environmentally friendly, sustainable, economical 
and effective solution involves the utilization of beneficial bacteria [45], [46], [47]. Previous research has 
reported that plant growth-promoting bacteria (PGPB) have enhanced crop plant growth, resilience and 
productivity under stressful conditions [48], [49], like the bacteria Rossellomorea aquimaris improving 
maize seedlings’ salt tolerance, Peribacillus castrilensis increasing tomato dry weight (DW) in salt-stress 
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conditions and Planococcus rifietoensis promoting the growth and productivity of wheat on saline soils 
[50], [51], [52]. Moreover, previous research has indicated that the impact of PGPB on plants is highly 
dependent of the specific interactions between bacterial strains and plant genotypes [53], [54]. Addition-
ally, the nutritional status of the plant and abiotic stresses, including salinity, can also influence the 
interaction mechanisms between PGPB and their host plants [55], [56]. PGPBs provide several mech-
anisms to aid plants in thriving under saline environments. One such mechanism is by regulating the 1-
aminocyclopropane-1-carboxylic acid (ACC) through the ACC deaminase (ACCd), which catalyses the 
reaction of cleaving ACC into ammonia and α-ketobutyrate. ACC is a precursor of ethylene, which func-
tions as a stress hormone regulating many of the plant's developmental and physiological processes, 
such as leaf senescence, root elongation, stress signalling and seed germination under abiotic stress 
conditions. Protecting the plant from deleterious effects, ethylene is beneficial when stress is mild. Con-
versely, when stress becomes harsher, ethylene is produced in higher amounts, exceeding the accepta-
ble threshold, inhibiting shoot and root proliferation and promoting leaf senescence, thereby disrupting 
plant growth and development [57], [58]. In addition to ACCd activity, PGPBs possess the capacity to 
produce auxins, which are a crucial group of phytohormones that significantly influence plant growth 
and development, either independently or in conjunction with other plant hormones. Among these, in-
dole-3-acetic acid (IAA) is the most well-known and physiologically active natural auxin in plants, recog-
nized as the key auxin in most species. IAA plays a central role in root development and elongation by 
stimulating the excessive production of capillary root hairs and lateral roots, as well as promoting cell 
division and elongation. Additionally, microbial auxin production can enhance ACCd activity, as auxin 
stimulates the biosynthesis of the ACC synthase enzyme in plants, leading to increased ACC expres-
sion. Thus, the interaction between IAA and ACC results in the facilitation of plant growth by IAA through 
the reduction of plant ethylene levels by ACCd [59]. On the other hand, biofilms produced by PGPBs 
act as a protective shield around the root, preventing direct interaction with ions [60]. These biofilms 
protect plants from pathogens by producing antimicrobials, stimulating induced systemic resistance 
(ISR), competing with pathogens and inhibiting their colonization [61]. Furthermore, beneficial biofilms 
on plant roots facilitate nutrient cycling and supply vital macronutrients and micronutrients, improve root 
colonization and produce substances with growth-promoting capabilities, including auxins, gibberellins 
and cytokinins [61]. The enhanced formation of exopolysaccharides (EPS) supports biofilms and im-
proves resilience to abiotic stresses [62]. Notably, some PGPBs form EPS capable of binding cations 
such as Na+, indicating a role in mitigating salt-stress by lowering Na+ availability, enhancing K+ absorp-
tion and boosting water uptake. This process helps maintain ion homeostasis and ionic balance to en-
sure plant growth [61], [63]. EPS constitutes most of the biofilm's composition, while microbes comprise 
only 5%–25% of it [64]. Additionally, PGPBs also play a crucial role in mitigating salt-stress in plants by 
providing and regulating antioxidants, which help manage the ROS induced during salt-stress, counter-
acting their adverse effects and enhancing the plant’s resilience [65], [66]. Additionally, other mecha-
nisms provided by PGPBs include the production of protective osmolytes, such as proline, which ranks 
among the most extensively researched solutes [67]. Proline prevents the accumulation of toxic ions, 
such as Na+, in plant shoots by excluding ions, preventing ion uptake and restricting their transport [68]. 
Moreover, proline accumulates under abiotic stress conditions, such as salt-stress, functioning as an 
antioxidant and osmolyte to assist plants in maintaining cell turgor [67]. It also regulates the expression 
of numerous genes associated to antioxidant enzymes in saline stress conditions [69]. The increase in 
free proline in plants growing under salt-stress serves as an adaptive mechanism, providing a source of 
nitrogen, carbon and reduction equivalents [70]. Furthermore, PGPBs also produce siderophores, which 
function as iron-binding agents sequestering iron from their surroundings, providing it as a nutrient for 
plants and hindering the growth of pathogenic microorganisms competing for the iron available. Addi-
tionally, siderophores trigger the ISR in plants [71], [72]. Finally, PGPBs are beneficial to plants as them 
provides essential nutrients that are lacking under salt-stress conditions through fixation, solubilization, 
oxidation, reduction and mineralization. Nitrogen (N) is the most critical nutrient and is highly susceptible 
to loss, influenced by factors such as precipitation, nitrogen source, tillage, crop rotation and soil type 
[73]. It is necessary for photosynthesis, growth, productivity and the production of storage proteins that 
are critical for technological quality [74]. Plants accumulates nitrate in vacuoles and can endure high ion 
concentrations, using nitrate as an osmotic agent [75]. Additionally, nitrate is involved in several pro-
cesses, such as xylem transport, vacuole storage, absorption, reduction and incorporation into organic 
forms [76]. Phosphorus (P) is the second most limiting nutrient for crop growth behind nitrogen [77]. 
Some bacteria enhance phosphorus availability by solubilizing insoluble inorganic phosphate com-
pounds or liberating organic phosphates [74]. This enhancement stimulates shoot and root growth, im-
proves shoot and root length and increases dry and fresh shoot weights [77]. Phosphorus is vital for 
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energy transfer and storage, photosynthesis, respiration, cell membrane formation, glycolysis and en-
zyme activities. It also increases root development, strengthens stems, improves seed formation, accel-
erates crop maturity and enhances nitrogen fixation [78]. Potassium (K) is the third most crucial nutrient 
after nitrogen and phosphorus, plays a fundamental role in plant metabolism, charge balance, osmotic 
regulation and enzyme activation [79]. Moreover, bacteria can solubilize insoluble phosphorus and po-
tassium in the soil using the same mechanism, increasing their availability and uptake by plants [80]. In 
addition, sulfur (S), deemed the fourth most relevant plant nutrient [81], is essential for growth and me-
tabolism, known for its role in protein synthesis and synergistic relationships with nitrogen, phosphorus, 
potassium, manganese, iron and magnesium, thus improving their availability [82]. Likewise, calcium 
(Ca²⁺) serves as a vital micronutrient and regulatory element in plant growth and development, which is 
solubilized by beneficial bacteria and plays an important role in various aspects of plant development 
[83]. Calcium is essential for maintaining cell membranes’ integrity and regulating ion transport. Indeed, 
elevated levels of calcium have been shown to alleviate the harmful effects of NaCl by inhibiting sodium 
(Na+) uptake [84]. Similarly, manganese (Mn) functions as an essential micronutrient, with bacteria being 
capable of reducing it to a form accessible to plants. Mn serves several essential functions in plant 
physiology, mainly in electron transport within photosystem II (PSII), the architecture of chloroplast and 
nitrogen metabolism [85]. Furthermore, it also functions as an activator and cofactor for several metal-
loenzymes, catalyzing enzymatic reactions, such as phosphorylation, decarboxylation, redox reactions 
and hydrolysis [86].  
 Some PGPB are either halotolerant, meaning they can grow in the presence of NaCl or halo-
philes, which require NaCl for growth [87]. These bacteria have evolved mechanisms to thrive in saline 
environments, such as alterations in plasmatic membrane and cell wall to block salt entry, such as 
antiporter channels and Na+ and K+ pumps, the accumulation of osmoprotectants such as organic mol-
ecules with low molecular weight that balance osmotic pressure in cells (e.g. proline, trehalose, beta-
ines), modifications to proteins and enzymes to maintain activity under high levels of NaCl, the secretion 
of exopolysaccharides to support biofilm formation and DNA modifications (e.g. increased cytosine and 
guanine content) [88]. Therefore, utilizing adapted microbiota that evolved to cope with highly saline 
environments as a bioinoculant is becoming a highly promising strategy to potentially help crops tackle 
the escalating issue of salinization in agricultural lands [89], [90], [91], such as the Lezíria Grande, which 
is severely affected due to climatic conditions and estuarine tides.  
 The incorporation of omics approaches, which encompass genomics, transcriptomics and 
metabolomics, has significantly advanced our comprehension of the complex molecular plant-microbe 
interactions, especially under salt-stress conditions [92], [93], [94]. These advanced techniques enable 
an extensive analysis of the genes, transcripts and metabolites connected with the stress response 
pathways, providing valuable insights into how plants and their associated microbial communities adapt 
to high salinity environments. The genomics and metabolomics application to plant-associated bacteria 
enables the identification and functional characterization of microbial genes and metabolic pathways 
that contribute to plant stress resilience [95], [96]. For instance, the identification of genes associated 
with plant growth promotion and salt-stress mitigation in the genome of Stenotrophomonas rhizophila 
IS26 has resulted in improved tomato plant growth and salt resilience [97]. Additionally, the Pseudomo-
nas sp. has been reported to increase the amount of ROS-scavenging compounds and antioxidants, 
enhancing tomato biomass under salt-stress conditions [98]. Transcriptomics, when applied to plants, 
showed to be a powerful tool providing a detailed perspective on the gene expression patterns that are 
responsive to stress, revealing how plants modulate their transcriptome to alleviate the consequences 
of salinity and how microbial interactions affect these gene networks [96], [99]. Research has shown 
that Azospirillum brasilense enhances rice growth under saline conditions by modulating the expression 
of crucial genes in rice plant related to defence and stress responses, jasmonic acid and abscisic acid 
(ABA) signalling pathways, as well as ion and nutrient transport [100]. By utilizing these omics strategies, 
we can deepen our understanding of the signalling mechanisms underlying plant-microbe interactions 
under salt-stress, ultimately contributing to the identification of biomarkers that can be used for the rapid 
screening and selection of crop varieties with improved stress resilience and bacteria with the capacity 
to improve crop performance under stressing conditions [95]. 

With all this, the development of a new bioformulation with the adapted microbiota could be a 
game-changer, enabling plants to thrive in salt-stress environments. The primary objective of this study 
is to develop a bioformulation that comprises halophile/halotolerant bacteria sourced from the Iberian 
Peninsula saltpans and salt flats, with the intention of improving crop growth and salt tolerance in saline 
environments. Additionally, this research seeks to better understand the plant-microbe interactions in 
these stressful conditions. The application of bioinoculants may improve the resilience and productivity 
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of crop plants, such as maize and tomato, which are of great significance in Portuguese agriculturally 
important regions, such as Lezíria Grande, which are affected by soil salinization and have the potential 
to revolutionize the agriculture as we know it.
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2  

 

MATERIALS AND METHODS 

2.1 Sampling 

The soil samples were obtained from a survey conducted by Gil and collaborators [20]. Sampling 
locations were selected based on their significant salinity and high gypsum content (≥15% gypsum ac-
cumulated under wet conditions), with no prior agricultural use and, in some instances, solely utilized 
for mineral extraction. Climatically, apart from Alcochete, which experiences a moderate Mediterranean 
climate, all locations were classified as Mediterranean, either mid-mountain or coastal. Three samples, 
each weighing between 30–50 g, were collected from regions without vegetation at a depth of 0–10 cm 
using a column collector from 14 distinct locations (Figure 2.1 and Table 2.1). These samples were 
mixed to form a single composite sample per location, with any visible saline or gypsum crusts removed. 
The samples gathered in 2022 and 2023, were kept at 4°C until further processing. The pH of the soil 
samples was determined using the method outlined by Mclean [101], salinity measured as electrical 
conductivity (EC) utilizing the YIERYI EC-8801 device (Shenzhen, China) and water content percentage 
was calculated by measuring the weight difference after incubating the sample for 7 days at 60°C, fol-
lowing the method described by Li and Wang [102]. 

 
 

 
Figure 2.1 – Sampling locations. The map illustrates the chosen sampling locations across the Iberian Peninsula 

with each number matching a location listed in Table 2.1. Red pins indicate samples collected in saline soils, while 

yellow pins represent samples collected in gypsic soils. Figure retrieved from [20].  
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Table 2.1 – Sampling locations. Samples were gathered from multiple locations on the Iberian Peninsula, as 

shown by the numbered sites on the map (Figure 2.1) and their respective names. These sites were located in 

Portugal (PT) and Spain (SP). Samples were taken from gypsic and saline soils at a depth of 0–15 cm. The altitudes 

in mamsl (meters above mean sea level) and GPS coordinates (World Geodetic System 1984, WGS84) are ap-

proximate. The soil type, soil variables (pH and electrical conductivity) and geological context were assessed as 

factors influencing the microbiota. Table adapted from [20]. 

No. Type Name Location 
GPS  

coordinates 
Altitude 
(mamsl) 

Main Basal  
Lithology 

Type of 
soil 

pH EC 

1 Gypsum 
Arroyo  
Salado 

La Malaha,  
Granada (SP) 

37°06’25.3"N                    
3°43’14.7"W 

726 Dolomites and marbles 
Cambic 
Calcisol 

8.02 0.31 

2 Gypsum 
Rambla de 
la Mojonera 

Sorbas,  
Almería (SP) 

37°05’59.5"N                    
2°08’08.7"W 

726 Sands and gravels 
Cambic 
Calcisol 

9.79 0.06 

3 Gypsum 
Hoya de 

Baza 
Baza,  

Granada (SP) 
37°30’50.4"N                    
2°45’34.5"W 

792 Clays with pebbles 
Calcaric 
Fluvisol 

8.52 0.4 

4 Gypsum Quinto 
Quinto,  

Zaragoza (SP) 
41°26’51.8"N                    
0°32’15.5"W 

195 
Gypsum, marlstones, 

limestones 
Haplic 

Calcisol 
8.46 0.52 

5 Gypsum Zuera 
Zuera,  

Zaragoza (SP) 
41°52’56.7"N                    
0°47’21.6"W 

335 Gypsum and clays 
Haplic 

Gypsisol 
8.56 0.18 

6 Salt 
Salina de 
San José 

Torredonjimeno, 
Jaén (SP) 

37°45’26.8"N                    
4°00’12.1"W 

451 
Marlstones and marly 

siltstones 
Cambic 
Calcisol 

8.66 2.08 

7 Salt 
Salinas 
 de las  

Escuelas 

Baeza,  
Jaén (SP) 

37°52’15.9"N                    
3°31’18.1"W 

479 Dolomites 
Cambic 
Calcisol 

9.58 2.16 

8 Salt 
Salinas  
de Las  

Cañadas 

Montejícar,  
Jaén (SP) 

37°36’31.9"N                    
3°30’19.9"W 

1028 
Conglomerates,  

sandstones, clays 
Cambic 
Calcisol 

8.64 2.18 

9 Salt Laguna Roja 
Torrevieja,  

Alicante (SP) 
37°59’46.8"N                    
0°42’11.8"W 

-2 Siltstones 
Calcaric 
Leptosol 

9.24 2.68 

10 Salt 
Saladas de  
Bujaraloz 

Bujaraloz, 
 Zaragoza (SP) 

41°25’15.6"N                    
0°11’39.6"W 

322 Clays and siltstones 
Calcaric 
Fluvisol 

8.22 2.42 

11 Salt 
Saladar del 

Balco 
El Baico,  

Granada (SP) 
37°32’28.5"N                    
2°43’57.1"W 

711 
Marls, conglomerates,                            

limestones, sandstones 
Cambic 
Calcisol 

8.97 5.37 

12 Salt 
Salinas do 
Samouco 

Alcochete,  
Setúbal (PT) 

38°44’11.6"N                    
9°00’01.7"W 

0 
Sandstones and  
conglomerates 

Eutric 
Regosol 

6.88 2.23 

13 Salt 
Barranco de 

las  
Salinas 

Gador, 
Almería (SP) 

37°01’01.9"N                    
2°26’51.7"W 

263 
Marls, sandstones,  

siltstones 
Cambic 
Calcisol 

9.38 1.94 

14 Salt 
Rambla de  

Librilla 
Librilla,  

Murcia (SP) 
37°54’23.7"N                    
1°22’15.8"W 

205 
Conglomerates and 

sandstones 
Cambic 
Calcisol 

9.21 3.78 

2.2 Isolation, identification and analysis of culturable bacte-
ria populations from saline soils  

Firstly, soil samples weighing 0.25 g were processed and subjected to serial dilution in a sterile 
solution containing 0.45% NaCl in order to culture bacteria on LB plates with 2 M of NaCl (per litre: 116.9 
g of NaCl, 5 g of yeast extract, 10 g of tryptone and 15 g of agar) in triplicates. Colony-forming units 
(CFUs) were counted for each sampling point and standardized to the dry weight of the original soil 
sample (in mg). Subsequently, for each sampling point, colonies exhibiting morphological differences, 
as per the guidelines of the PathElective [98], were selected, isolated and purified. These pure cultures 



9 
 

were then preserved at -80 ºC in 40% glycerol. The isolates were identified by amplifying either the 
hypervariable V5-V8 region (~700 bp) or the full region (~1500 bp) of the bacterial 16S rRNA gene. This 
was achieved using pairs of universal primers: 799F (5′-AACMGGATTAGATACCCKG-3′) and 1392R 
(5′-GGTTACCTTGTTACGACTT-3′) or 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-
CTACGGCTACCTTGTTACGA-3′). DNA templates were extracted from individual colonies using the 
heat shock method [99], which involved suspending a well-grown colony in 100 µL of sterile double 
distilled water (ddH2O), incubating at 95 ºC for 10 minutes and centrifuging at 14000 x g for 5 minutes, 
retaining only the supernatant. DNA quality was assessed using a NanoDrop™ One (Thermo Scien-
tific™, Waltham, MA, USA). Polymerase chain reaction (PCR) was performed using the NZYTaq II 2x 
Master Mix by Nzytech (Lisbon, Portugal), under the following conditions: initial denaturation phase at 
95 °C for 2 minutes, followed by 40 cycles of denaturation at 95 ºC for 3 seconds, annealing at 45 ºC 
for 30 seconds, elongation at 72 ºC for 2 minutes and a final extension phase at 72 ºC for 7 minutes. 
Then, amplicon bands were assessed utilizing a 1% agarose gel electrophoresis with a Mupid®-exU 
System (Tokyo, Japan) at 135 V for 15 min and visualized with a transilluminator (UVIvue™, UVITEC 
Company, Cambridge, UK). Subsequently, the sequences were then sent to GENEWIZ (Leipzig, Ger-
many) for Sanger sequencing. The resulting sequences were compared to the National Library of Med-
icine BLAST database and strains were identified with a similarity threshold of >97%. Strains that were 
labelled as ‘Unidentified’ could not be identified due to insufficient DNA quality or the inability to amplify 
despite multiple attempts.  

Furthermore, the Shannon and Simpson biodiversity indexes, similarity index, reciprocal index, 
richness and evenness were calculated using the Omni Calculator website (Omni Calculator, Kraków, 
Poland) to gain a deeper understanding of the diversity and distribution within each sample. 

2.3 Plant Growth Promoting and Salt-Stress Relieving Traits 
Performance and Strains Growth under High Salinity 
Levels 

To ensure comparability and enable statistical analysis, all bacterial characterization tests were 
conducted in triplicate and quantitative tests were initially inoculated to an optical density (OD) of 0.05.  

 Strains Growth under High Salinity Levels 

To test if the strains performed well under high salinity concentrations was carried out a growth 
assay in a 96-well plate with LB liquid medium at 0.25, 0.5, 0.75, 1 and 2 M of NaCl for 48 hours under 
continuous shaking (160 rpm) at 28 ºC. All the strains were initially inoculated at an OD of 0.05. The 
bacterial growth was measured periodically (2, 4, 24, 26, 28 and 48 hours) using a microplate reader at 
600 nm. 

 Production of 1-Aminocyclopropane-1-Carboxylate Deaminase 

(ACCd) 

The production of 1-aminocyclopropane-1-carboxylate deaminase (ACCd) was evaluated by 
following the methodology adapted by Niza-Costa and collaborators [103]. In summary, the strains were 
cultivated in a 96-well plate using M9 medium (Merck) supplemented with 3 mM of ACC as the sole 
carbon and nitrogen source and 2 M of NaCl. After 72 hours at 28 ºC and 160 rpm, the culture’s growth 
was assessed at 600 nm. This measurement indirectly confirmed the ACCd production by each strain. 

 Auxins Production 

Regarding auxin production, the procedure outlined by Ambrosini and Passaglia was utilized 
[104]. Thus, 200 µL of LB medium with 0.5 g/L of tryptophan and 2 M of NaCl were inoculated with each 
strain and incubated at 28 ºC and 160 rpm for 48 hours. Following centrifugation at 3800 rpm for 50 
minutes, 100 µL of the supernatant was combined with 100 µL of Salkowski reagent (35% HClO4 and 
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0.5 M of FeCl3). Lastly, after a 30-minute incubation at room temperature in the dark, absorbance was 
measured at 530 nm. The results were expressed as indole-3-acetic acid (IAA) equivalents using a 
calibration curve. 

 Biofilm Formation 

Biofilm formation was assessed following the method by Coffey and Anderson [105], with minor 
adjustments. In brief, strains were cultured in LB medium with 2 M of NaCl in a 96-well plate at 28 ºC 
and 160 rpm for 24 hours. Planktonic structures were then washed with ddH2O and only biofilm struc-
tures were stained with 200 µL of 0.5% crystal violet solution (0.5% crystal violet and 25% CH3OH). 
After a 10-minute incubation in the dark at room temperature, the excess stain was washed and struc-
tures were solubilized with 30% glacial acetic acid solution for 10 minutes. Lastly, a 1:4 dilution was 
prepared and the solution was measured at 550 nm. 

 Exopolysaccharides (EPS) Production 

The exopolysaccharides production was evaluated as Mu’minah and collaborators [106] de-
scribed with slight modification. The strains were grown in LB plates for 2 days at 28 ºC and the strains 
that produced exopolysaccharides formed a thick slime (mucoid texture) around the bacterial colonies. 

 Antioxidants Production 

The antioxidants production was evaluated following the thiocyanate method, as depicted by Ta-
kao and collaborators [107]. Basically, 200 μL of supernatant from 2-day cultured strain in LB medium 
amended with 2 M of NaCl centrifuged at 4000 rpm for 7 minutes was mixed with 200 μL linoleic acid 
solution (25 mg/mL in pure ethanol), 400 μL of phosphate buffer (per litre: 3.394 g of NaH2PO4·H2O, 
20.214 g of Na2HPO4·7H2O; pH 7.0) and 200 μL of ddH2O. The samples were incubated at 40 ºC for 10 
minutes in the dark. Then, 100 μL were mixed with 3 mL of 70% ethanol, 100 μL of NH4SCN solution 
(0.3 g/mL in ddH2O) and 100 μL of ferrous chloride reagent (2.45 mg/mL of FeCl2 in 3.5% hydrochloric 
acid). Lastly, after a 3-minutes incubation at room temperature, 20 μL were diluted in 280 μL ddH2O and 
the absorbance was measured at 500 nm. The results were expressed as antioxidant equivalents using 
a calibration curve.  

 Proline Secretion 

The extracellular proline production was measured by its reaction with ninhydrin, as depicted 
by Goswami and collaborators [108] with some adjustments. Basically, 1 mL of supernatant from 2-day 
cultured strain in LB medium amended with 2 M of NaCl centrifuged at 4000 rpm for 10 minutes at 4 ºC 
was mixed with 600 μL of sulfosalicylic acid solution (3% aqueous solution), then was centrifuged at 
13000 rpm for 10 minutes at 4 ºC and 1 mL of the supernatant was mixed with 1 mL of 30% glacial 
acetic acid solution and 1 mL of ninhydrin solution (2% acetone solution). The samples were incubated 
at 90 ºC for 60 minutes and then cooled in an ice bath. Subsequently, were added 2 mL of toluene and 
mixed vigorously for 10 seconds. Finally, was mixed 20 µL of the organic phase (top) with 180 µL of 
toluene and the absorbance was measured at 520 nm. A proline standard curve was prepared utilizing 
proline stock solutions.  

 Siderophores Production 

Siderophore production was evaluated according to the guidelines of Arora and Verma, with 
slight adjustments. [109]. A LB with 2 M of NaCl culture of each strain was centrifuged at 4000 rpm for 
10 minutes and 100 µL of the supernatant was mixed with 100 µL of chrome azurol sulfonate (CAS) 
reagent (for 100 mL: 7.5 mL of 2 mM CAS dye, 1.5 mL of 1 mM FeCl3-HCl solution, 6 mL of 10 mM 
HDTMA, 20 mL of 2.5 mM PIPES, 65 mL of ddH2O) in a 96-well plate. Following a 20-minutes incubation 
at room temperature, absorbance was measured at 630 nm. Siderophore production was determined 
as the percentage siderophore unit (psu), where Ac is the absorbance of control (uninoculated broth + 
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CAS reagent) and As is the absorbance of sample (inoculated broth + CAS reagent) (Equation 2.1) 
[109]:  

 
Equation 2.1 – Calculation of siderophore production as the psu. 

psu = 
(Ac − As) × 100

Ac

 

 Nitrogen Fixation 

The nitrogen-fixing activity was evaluated according to the guidelines of Sulistiyani and Meliah, 
using Bromothymol Blue (BTB) at a concentration of 100 mg/L as the indicator [110]. In this assay, 
strains were grown in Jensen’s medium amended with 2 M of NaCl and BTB (per litre: 20 g of sucrose, 
2 g of CaCO3, 0.005 g of Na2MoO4·2H2O, 0.1 g of Fe2S04, 0.5 g of MgSO4, 1 g of K2HPO4, 116.9 g of 
NaCl; pH 7.2) for 3 days (160 rpm, 28 ºC). For quantification, the absorbance was assessed at 640 nm. 
The nitrogen-equivalent standard curve was constructed with NH3. 

 Phosphate Solubilization 

To measure the phosphate-solubilizing performance was followed Zheng and collaborators pro-
tocol with some amendments [111]. Each strain was incubated in National Botanical Research Institute's 
Phosphate (NBRIP) liquid medium with 2 M of NaCl (per litre: 10 g of glucose, 0.1 g of (NH4)2SO4, 0.2 
g of KCl, 0.25 g of MgSO4·7H2O, 5 g of MgCl2·6H2O, 5 g of Ca3(PO4)2 and 116.9 g of NaCl) for 3 days 
(160 rpm, 28 ºC). After, the plates were centrifuged at 4000 rpm for 10 minutes, and the supernatant 
was combined with vanadate-molybdate reagent in a 3.5:1 ratio (v:v). Following a 10-minute incubation 
in the dark, the absorbance was recorded at 420 nm. A phosphate standard curve was prepared utilizing 
anhydrous KH2PO4. 

 Potassium Solubilization 

Regarding potassium solubilization, each strain was incubated in Aleksandrov liquid medium 
with 2 M of NaCl (per litre: 5.0 g of glucose, 0.1 g of CaCO3, 0.5 g of MgSO4·7H2O, 0.006 g of FeCl3, 
1.5 g of KH2PO4, 1.5 g of K2HPO4, 3 g of potassium aluminium silicate (mica) and 116.9 g of NaCl; pH 
7.2), amended with BTB (100 mg/mL), according to Rajawat and collaborators [112] for 3 days (160 
rpm, 28 ºC). Following the initial growth incubation, samples were measured at 430 nm. The standard 
curve was constructed using the Rajawat formula [112]. 

 Sulfur Oxidation 

The sulfur-oxidizing activity test was prepared as described per Hidayat, Saud and Samsudin, 
with slight alterations [113]. A 10 µL drop of each cultured strain was placed on thiosulfate mineral 
medium (TSM) with 2 M of NaCl added (per litre: 10 g of Na2S2O3·5H2O, 0.1 g of CaCl2·2H2O, 0.8 g of 
MgCl2·6H2O, 0.4 g of NH4Cl, 1.5 g of KH2PO4, 1.5 g of K2HPO4, 116.9 g of NaCl and 15 g of agar; pH 
7.5), with the addition of 0.01 g of bromocresol purple and incubated for 14 days at 28 ºC. Following the 
measurement of the yellow halos diameter and the colony diameter the relative activity index was cal-
culated utilizing the Equation 2.2. 

 
Equation 2.2 – Calculation of the relative activity index. 

Relative activity Index = 
Halo diameter −  Bacterial colony diameter

Bacterial colony diameter
 

 



12 
 

 Calcium Solubilization 

The calcium solubilization test was assessed following the indications of Tamilselvi, 
Chitdeshwari and Uthandi with slight modifications [114]. A 10 µL drop of each cultured strain was 
placed on Calcium Solubilizing Bacteria (CaSB) differentiating medium amended with 2 M of NaCl (per 
litre: 5 g of glucose, 0.4 g of K2HPO4, 0.01 g of MgSO4, 1 g of peptone, 5 g of CaCO3, 0.05 g of 
(NH4)2SO4, 116.9 g of NaCl and 15 g of agar; pH 7.5) and incubated for 7 days at 28 ºC. Following the 
measurement of the discolouration halos diameter and the colony diameter the solubilization index was 
calculated using the Equation 2.3 [85]. 

 
Equation 2.3 – Calculation of the solubilization index.  

Solubilization Index = 
Halo diameter −  Bacterial colony diameter

Bacterial colony diameter
 

 Manganese Solubilization 

The manganese solubilization test was assessed following the indications of Ijaz and collabora-
tors [85]. A 10 µL drop of each cultured strain was placed on LB agar medium amended with 2 M of 
NaCl and MnO2 (4.34 g/L) and incubated for 3 days at 28 ºC. Following the measurement of the discol-
ouration halos diameter and the colony diameter the solubilization index was calculated using the Equa-
tion 2.3. 

2.4 Plant Material: Tomato and Maize 

To execute plant tests of the candidate strains were used tomato (Solanum lycopersicum L.) and 
maize seeds (Zea mays L.), were used as model crops. The selected tomato variety was the H1015 F1, 
a hybrid variety developed by Heinz and was kindly provided by Pé Da Planta-Produção E Comercial-
ização De Produtos Agrícolas, Lda. (Lourinhã, Portugal) and SY Carioca and Clipser were the maize 
varieties from Syngenta Crop Protection - Soluções Para A Agricultura, Lda. (Lisbon, Portugal) and 
kindly provided by Associação Nacional de Produtores de Milho e Sorgo (Anpromis). All varieties have 
a high productivity and are widely used on the Iberian Peninsula [115], but specially representative of 
the crops used in Ribatejo region. The maize seeds were thoroughly washed in order to remove the 
antifungal coating they were treated with. 

2.5 In Vitro Colonization Tests under Salinity Stress 

The in vitro colonization tests were carried out according to the guidelines provided by Vilchez 
and collaborators, with certain adjustments to accommodate the specific plant type and stress conditions 
applied [116]. Initially, maize seeds were surface-sterilized by standing them in 20% bleach for 5 minutes 
under agitation, followed by 5 minutes of agitation in 70% ethanol. The seeds were then washed three 
times with sterile ddH2O and incubated in water, overnight to favour the germination. After incubation, 
the seeds were placed in plastic containers with wet filter paper. For tomato seeds, after same surface-
sterilization process described for maize, they were put in square petri dishes with soaked filter paper 
and stored in the dark. After 5 days of incubation, the roots of the germinated seedlings of both plants 
were disinfected by standing them in 70% ethanol for 1 minute under agitation and then washed three 
times with sterile ddH2O. The surface-sterilized roots were placed in 1.5 mL sterile tubes with a bacterial 
solution (108 CFUs/mL), with 0.5 M of NaCl added to a set of the samples to work as salt-stress condi-
tion. The samples were then incubated overnight with agitation (150 rpm) at 28 °C. Thereafter, the roots 
were surface sterilized in 70% ethanol and washed three times with sterile ddH2O before being ground 
and serially diluted. The dilutions were spread on LB plates containing 2 M NaCl and incubated at 28 
°C for 48 hours. Subsequently, CFUs were counted and normalized to the root dry weight of the initial 
sample (in mg). The differential colonization rates between treatments with and without salt stress were 
documented for each bacterial treatment. Each treatment was conducted in triplicate. 
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2.6 Evaluation of Plant Salt-Tolerance Enhancement 

To perform the early-stage tests, maize seeds were first sterilized as described in Section 2.5. 
Following sterilization, the seeds were placed in plastic containers with wet filter paper and incubated at 
room temperature for 7 days. After germinating, the seedlings were transferred to 0.5 L pots containing 
a mixture of turf and vermiculite (3:1, v:v) and were grown in a greenhouse for 5 days more. The seed-
lings were then inoculated with 40 mL per pot of the selected candidate strain (108 CFUs/mL), prepared 
in either 0.45% NaCl for non-saline conditions or 0.5 M NaCl to simulate high salt-stress. In the case of 
tomatoes, three seeds were directly planted in each 0.5 L pot filled with the turf:vermiculite mixture (3:1, 
v:v) and maintained under greenhouse conditions. Prior to inoculation, the seedlings were thinned or 
transferred to ensure only one seedling per pot. The pots were then inoculated with 40 mL of the se-
lected candidate strain (108 CFUs/mL) in either 0.45% NaCl for non-saline conditions or 0.25 M NaCl to 
ensure a high salt-stress. Control set (mock) treatments involved inoculating the seedlings with 40 mL 
of 0.45% NaCl for non-saline conditions or 0.5 M (maize) or 0.25 (tomato) NaCl for high salt-stress. 
Salinity levels were monitored and maintained through the irrigation water throughout the experiment, 
when required. The test was concluded at 7 days after treatment (DAT) for maize and 14 DAT for tomato, 
when the phenotypes were evident. All treatment and condition combinations were performed in tripli-
cate.  

On the other hand, long-term pot tests were conducted under the same conditions as the early-
stage tests, with the following modifications: 2 L pots were used, the maize salt-stress was reduced to 
0.35 M NaCl, all treatment and condition combinations were performed in six replicas and the test du-
rations were extended to 44 DAT for maize and 48 DAT for tomato. Although the experiment was initially 
intended to continue until fruit production, it had to be terminated prematurely due to the death of unin-
oculated plants under salt-stress conditions.  

Phenotypic data were collected by measuring shoot and root lengths, total dry weight (DW) and 
photosystem II quantum yield (QY) recurring to the FluorPen FP 110 (Photon Systems Instruments, 
Drásov, Czech Republic). Measurements were standardized and analyzed using ImageJ software 
(v1.54f) [117]. 

2.7 Full Genome Sequencing and Genomic Analysis of Hal-
ophilic Bacteria 

The DE strain genomic DNA was extracted with the PromoCell’s Bacteria DNA Extraction Kit from 
PromoKine (Heidelberg, Germany), following manufacturer indications. Bacterial cells were grown in LB 
with 0.75 M of NaCl for 2 days at 28 °C. Following this, 1 mL of the bacterial culture was transferred into 
a 1.5 mL sterile tube and subjected to centrifugation at 15000 x g for 1 minute, to separate the cells from 
the liquid medium. The supernatant was discarded and the cell pellet was resuspended in 300 µL of a 
cell resuspension solution. Here, 2 µL of lysozyme solution (100 mg/mL) was added and the mixture 
was gently inverted. The tube was then incubated at 37 °C for 20 minutes with occasional inversion. 
After incubation, the cells were once again subjected to centrifugation at 15000 x g for 1 minute and the 
supernatant was discarded. The resulting cell pellet was resuspended in 300 µL of a cell lysis solution, 
followed by the addition of 1.5 µL of RNase A solution (4 mg/mL) and gentle inversion. The sample was 
then incubated at 37 °C for 15 minutes and subsequently cooled on ice for 1 minute. Then, 100 µL of a 
protein precipitation solution were added to the lysate and the mixture was vigorously vortexed for 10 
seconds. The sample was then centrifuged at 15000 x g for 5 minutes and the supernatant, containing 
the DNA, was transferred to a clean 1.5 mL tube preloaded with 300 µL of 99% isopropanol. The sample 
was allowed to incubate for an hour, followed by two centrifugations at 15000 x g for 1 minute. After 
centrifugation, the supernatant was discarded and the tube was drained on clean absorbent paper. The 
DNA pellet was then washed by adding 500 µL of a washing buffer, inverting the tube several times and 
centrifuging at 15000 x g for 1 minute. The supernatant was discarded with the help of a micropipette, 
and the DNA pellet was air-dried at room temperature for 15 minutes. Finally, the dried DNA pellet was 
resuspended in 50 µL of ddH2O. The DNA was hydrated after being incubated at 60 °C for 20 minutes. 
The DNA quality was evaluated using a NanoDrop™ One (Thermo Scientific™, Waltham, MA, USA).  

The whole genome was sequenced at IIT Biotech GmbH (Bielefeld, Germany) utilizing Oxford 
Nanopore Technologies. Both long and short DNA reads were produced using Nanopore. For library 
preparation, the SQK-LSK112 sequencing kit (Oxford Nanopore Technologies) was employed without 
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prior DNA shearing. Short reads were generated through a 2×300-nucleotide run using the MiSeq rea-
gent kit v3 (600 cycles). Long reads were produced on a GridION platform with an R10.4 flow cell. Base 
calling and demultiplexing were conducted using Guppy (v.6.2.11) with the super accurate base-calling 
model. Assemblies were performed using Flye (v.2.9) [118] for the Nanopore long read data. The Flye-
based assembly was subsequently polished using Medaka (v.1.6.1), Pilon (v.1.22) [119] and Bowtie2 
[120] for mapping. 

 Quality assessment of the genome assembly was performed using three complementary tools. 
QUAST (v.5.2.0) [121] was employed to evaluate the overall assembly statistics. CheckM (v.1.0.13) 
[122] was utilized to assess the completeness and contamination of the assembled genome. Finally, 
BUSCO (v.5.7.1) [123] was used to evaluate the presence of single copy orthologs, providing an indi-
cation of the assembly's completeness and accuracy in terms of gene content.  

PROKKA (v.1.14.6) [124] was utilized for rapid prokaryotic genome annotation, which included 
the identification and annotation of genes, coding sequences (CDS), rRNA, tRNA and other genomic 
features. 

The 16S rRNA sequences were extracted from the genome assembly using the search_pcr2 
function of USEARCH (v.11.0.667). These sequences were then subjected to BLAST searches against 
both the NR (Non-Redundant) and RefSeq 16S rRNA databases for further taxonomic identification and 
comparison. Additionally, the genome sequence data were analyzed using the Type (Strain) Genome 
Server (TYGS) [125], a free bioinformatics platform available at https://tygs.dsmz.de, to perform a whole 
genome-based taxonomic analysis.  

Bacterial plant growth-promoting traits were identified through DIAMOND (v.2.1.9) [126] BLAST 
searches against the PLaBAse database (v.Aug2021) [127]. 

2.8 Identifying Bacterial Metabolites Improving Plant 
Growth and Salt Resilience 

To identify which compounds are being produced and/or secreted by the selected bacterial can-
didates under high salt levels firstly the bacteria were grown in LB with 0.5 M of NaCl for 2 days at 28 
ºC, then were centrifuged at 4000 rpm for 10 min and saved both supernatant and bacterial pellet into 
different tubes. The supernatant and pellet were then lyophilized at -80 ºC for 2 days in a FreeZone Plus 
4.5 Litre Cascade Benchtop Freeze Dry Systems (Labconco, Kansas City, MO, USA). The lyophilized 
samples were sent to analyze to the Proteome and Metabolome Research group at CeBiTec (Bielefeld, 
Germany) in triplicates. Metabolites were extracted from 5 mg of lyophilized material using 1 mL of 80% 
methanol, which included 10 µM of ribitol as an internal standard, in a Precellys24 Instrument (Peqlab, 
Erlangen, Germany) with 1 mm zirconia beads (Roth, Karlsruhe, Germany). The extracts were treated 
three times at 6.5 m/s for 45 seconds. Following this, the extracts were centrifuged at 15000 x g and 
750 µL of the clear supernatant was transferred to 1 mL glass vials (Supelco, Bellfonte, California) and 
evaporated under a nitrogen stream. Metabolites were derivatized with 75 µL of methoxylamine hydro-
chloride in pyridine (20 mg/mL) for 90 minutes at 37 ºC, followed by 75 µL of N-Methyl-N-(trimethylsi-
lyl)trifluoroacetamide (MSTFA) for 30 minutes at 37 ºC. All chemicals and standard compounds were 
sourced from Sigma-Aldrich-Fluka (Taufkirchen, Germany), Merck (Darmstadt, Germany) or Macherey-
Nagel (Düren, Germany). 

Samples of 1 µL were analyzed using a TSQ 9000 Triple Quadrupole GC-MS/MS (Thermo Elec-
tron, Dreieich, Germany). Derivatized metabolites were vaporized at 280 ºC in splitless mode and sep-
arated on a 30 m x 0.25 mm OPTIMA-5MS capillary column with a 0.25 µm coating. Helium was used 
as the carrier gas at a flow rate of 1 mL/min. The interface temperature was set to 250 ºC and the ion 
source temperature was 280 ºC. The oven temperature was maintained at 80 ºC for 3 minutes, then 
increased to 320 ºC at a rate of 5 ºC/min and held at 320 ºC for 2 minutes. The system was equilibrated 
at 80 ºC for 2 minutes after each analysis. Mass spectra were recorded at a rate of 1 scan per second, 
with a scanning range of 50-750 m/z. A total of 120 metabolites were identified and analyzed by com-
parison with purified standards, with additional identification support from the  Golm Metabolome Data-
base (v.2022) [128]. Relative levels of selected metabolites were automatically quantified by integrating 
the peak areas of selective ions using the processing setup in Xcalibur 4.5 software (Thermo Electron, 
Dreieich, Germany) [129]. Relative response ratios were calculated by normalizing the respective peak 
areas to the internal standard’s peak area and dividing the result by the weight of the extracted sample.  
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2.9 Transcriptomic Analysis of Plants Treated with Bacteria 
under Saline Stress 

For time reason and clearer phenotypes, transcriptomic analysis was focused on maize model 
plant. These studies commenced with the cultivation of maize plants, as detailed in early-stage tests 
(Section 2.6). The first batch of triplicate samples for each treatment and condition combination was 
collected at 3 DAT and a second batch of triplicate samples was collected at 5 DAT. The first batch of 
plants were instantaneously frozen in liquid nitrogen. Following this, the frozen shoots of the plants were 
thoroughly ground using a mortar and pestle. To prevent the sample from thawing during the grinding 
process, liquid nitrogen was repeatedly mixed. The RNA extraction was performed using TRIzol method 
as described by Afifah and collaborators with slight modifications [130]. 70-100 mg of frozen sample 
was added to a 1.5 mL tube, followed by the addition of 1 mL of TRIzol reagent (ABP Biosciences, 
Rockville, MD, USA) and subsequent homogenization. After a 10-minute incubation at room tempera-
ture, the mixture was centrifuged at 12200 x g for 10 minutes at 4 ºC. The supernatant was then trans-
ferred into a new tube, where 200 µL of chloroform was added, homogenized by inverting for 15 seconds 
and incubated for 3 minutes. The homogenate was then centrifuged at 12200 x g for 15 minutes at 4 
ºC. The aqueous phase (top) was transferred into a new tube and 200 µL of chloroform extraction was 
added to repeat the chloroform extraction. The new aqueous phase was then transferred to a new tube 
containing 300 µL of 99% cold isopropanol. The mixture was allowed to stand overnight at -20 ºC, then 
was centrifuged at 12200 x g for 15 minutes at 4 ºC. The supernatant was discarded and the RNA pellet 
was washed through the addition of 1 mL of 70% ethanol (dissolved in 0.1 mM EDTA solution) and then 
centrifuged at 4600 x g for 5 minutes at 4 ºC. The supernatant was removed with the help of a micropi-
pette and the washing steps were repeated two more times. Finally, the RNA pellet was dried for 30 
minutes at room temperature, then dissolved in 20 µL of RNase-free water and incubated at 60 ºC for 
10 minutes. The quality of the RNA was evaluated by using the NanoDrop™ One (Thermo Scientific™, 
Waltham, MA, USA). 

A second batch of plants was collected and phenotyped as mentioned in Section 2.6 to ensure 
that differentially expressed genes detected in this analysis were actually leading to previously described 
and evident phenotypes. 

Furthermore, the RNA-seq analysis was conducted by Novogene. Initially, RNA integrity was as-
sessed utilizing the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Additionally, mRNA was 
purified from total RNA utilizing poly-T oligo-attached magnetic beads. After fragmentation, the first 
strand cDNA was synthesized with random hexamer primers, followed by the synthesis of the second 
strand cDNA. The library preparation included end repair, A-tailing, adapter ligation, size selection, am-
plification and purification. The library was assessed using Qubit and real-time PCR for quantification 
and bioanalyzer for size distribution detection. For the strand-specific library, the process was analo-
gous, however, the second strand cDNA was synthesized utilizing dUTP as a replacement for dTTP to 
maintain directionality. This directional library was also evaluated with Qubit, real-time PCR and a bio-
analyzer for size distribution. After quality control, libraries were pooled based on effective concentration 
and targeted data amount, then sequenced using Illumina technology. Moreover, raw data (raw reads) 
in fastq format were processed with fastp software to obtain clean data (clean reads) by removing 
adapter-containing reads, reads with poly-N and low-quality reads. Simultaneously, Q20, Q30 and GC 
content of the clean data were determined. All subsequent analyses were based on high-quality clean 
data. Besides, reference genome and gene model annotation files were downloaded from the genome 
website. The reference genome index was built using Hisat2 (v.2.0.5) and paired-end clean reads were 
aligned to the reference genome using Hisat2, which was chosen for its ability to generate a splice 
junction database based on the gene model annotation file, providing superior mapping results. In ad-
dition, mapped reads of each sample were assembled by StringTie (v.1.3.3b) [131] in a reference-based 
approach. StringTie employs a novel network flow algorithm as well as an optional de novo assembly 
step to assemble and quantitate full-length transcripts representing multiple splice variants for each 
gene locus. Additionally, featureCounts (v.1.5.0-p3) was utilized to count reads mapped to each gene. 
Subsequently, the expected number of Fragments Per Kilobase of transcript sequence per Millions base 
pairs sequenced (FPKM) for each gene was determined based on the length and read count. Moreover, 
differential expression analysis for two conditions/groups was performed utilizing the DESeq2 R pack-
age (v.1.20.0) for biological replicates and the edgeR R package (v.3.22.5) for samples without biolog-
ical replicates. DESeq2 uses statistical models based on negative binomial distribution to determine 
differential expression in digital gene expression data. For edgeR, read counts were normalized to 
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eliminate differences in sequencing depth between samples before differential gene expression analy-
sis. In both cases, the resulting p-value was adjusted using Benjamini and Hochberg’s methods to con-
trol the false discovery rate. A corrected p-value ≤ 0.05 and |log2(foldchange)| ≥ 1 was set as the thresh-
old of significant differential expression. Furthermore, the clusterProfiler R package was utilized  to test 
the statistical enrichment of differential expression genes in Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways. Besides, genes were ranked by their degree of differential expression in the two 
samples. The predefined gene set was subsequently tested to determine if it was enriched at the top or 
bottom of the list. Gene set enrichment analysis (GSEA) was used to detect subtle expression changes, 
with the local version of the GSEA analysis tool employed [132]. In addition, alternative splicing is a 
crucial mechanism for regulating gene expression and protein diversity. The rMATS (v.3.2.5) software 
was employed to analyze alternative splicing events, which primarily include five types: skipped exons, 
retained introns, mutually exclusive exons, 5’ alternative splice sites and 3’ alternative splice sites. 
Lastly, GATK (v.4.1.1.0) software was utilized for single nucleotide polymorphism (SNP) calling and 
SnpEff (v.4.3.1q) software was employed to annotate the variant sites. 

2.10 Statistical Analysis 

Statistical analyses were conducted using Prism software (v10.3.0, GraphPad Software, Boston, 
MA, USA). Student’s t-test or two- or one-way ANOVA were applied, with Šidák and Tukey’s tests used 
for post-hoc comparisons. Principal component analysis (PCA) and heatmap generation were per-
formed using an R script in RStudio (v.2023.06.2+561, Posit Software, Boston, MA, USA). 
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3  

 

RESULTS 

3.1 Populational Analysis of Culturable Halophile/Halotoler-
ant Bacteria 

From a total of 14 different soil locations, 54 strains were isolated that were capable of surviving 
at a concentration of 2 M of NaCl, which were identified by their morphology and listed in Table 7.1. Out 
of the 54 isolated strains, 42 strains were identified as 30 different species (Figure 3.1). In terms of the 
location where the strains were isolated, 24 species were unique to saline soils (80%), 3 species were 
only identified in gypsic soils (10%), the Bacillus atrophaeus, B. halotolerans and Rossellomorea aqui-
maris and the Halobacillus faecis, Halomonas elongata and Oceanobacillus picturae were identified in 
both types of soils (10%). 

The Bacillaceae family was the most predominant within the collection accounting for almost half 
of the strains (43%) and was also the most prevalent family in 9 out of 14 soils, engulfing both saline 
and gypsic soils as seen in Figure 3.2. The genus with the most represented strains was Halobacillus, 
with a total of 8 strains, of which 5 were Halobacillus faecis, the species with the most strains and the 
rest were H. trueperi (2) and H. sediminis. Oceanobacillus was the second most prevalent genus, with 
5 strains, of which 4 were Oceanobacillus picturae and there was also the O. kimchi. The genus Bacillus 
had 3 strains from the species Bacillus atrophaeus, B. halotolerans and B. swezeyi and were mostly 
found in gypsic soils. The genera Rossellomorea and Virgibacillus had 2 strains each, with Rossello-
morea aquimaris, Rossellomorea vietnamensis and 2 Virgibacillus salarius. Furthermore, there was one 
strain identified as Alkalicoccobacillus gibsonii, Paraliobacillus sediminis, Priestia megaterium and 
Pseudalkalibacillus hwajinpoensis belonging to the Bacillaceae family.  

The Halomonadaceae family had the second highest number of strains (6) slightly above 10% of 
the collection, with four belonging to the genus Halomonas, including two strains of Halomonas elon-
gata, a H. glaciei and a H. taeanensis. Kushneria marisflavi from the genus Kushneria also belonging 
to this family and finally, a novel species of the genus Vreelandella. The Idiomarinaceae family had two 
strains of Idiomarina abyssalis and one of I. loihiensis. Other families with strains isolated from the soil 
include Planococcaceae (Planococcus citreus and P. rifietoensis), Carnobacteriaceae (Alkalibacterium 
putridalgicola), Marinobacteraceae (Marinobacter persicus) and Vibrionaceae (Salinivibrio costicola).  

However, strains identification may be subjected to changes in the future after more precise anal-
yses. 
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Figure 3.1 – Population distribution at species level. The columns represent the distribution of populations 

(relative abundance) at each sample site (referenced in Table 2.1) in gypsic (1-5) and saline (6-14) soils. The 

species names were determined through the comparison of 16S or internal transcribed spacer (ITS) rRNA se-

quences, for bacteria and yeasts, respectively, using the BLAST database. Hues of the same colour were chosen 

to represent different species inside the same genus. The unidentified strains are represented by black-coloured 

sectors, while the identified yeasts are denoted by green hues. 
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Figure 3.2 – Population distribution at family level. The columns represent the distribution of populations (rela-

tive abundance) at each sample site (referenced in Table 2.1) in gypsic (1-5) and saline (6-14) soils. The family 

names were sourced from the National Library of Medicine Taxonomy database. The colours chosen for each family 

were inspired by the hues of a genus from within each family. The blue colour of Bacillaceae originated from Bacil-

lus, the brown colour of Carnobacteriaceae from Alkalibacterium, the yellow colour of Halomonadaceae from Halo-

monas, the grey colour of Idiomarinaceae from Idiomarina, the purple colour of Marinobacteraceae from Marino-

bacter, the pink colour of Planococcaceae from Planococcus and the greenish yellow colour of Vibrionaceae from 

Salinvibrio. Unidentified strains are represented by black-coloured sectors, while yeasts (identified the families De-

baryomycetaceae and Aspergillaceae) or fungi are denoted by green. 

The biodiversity of the soils from the 14 locations was assessed through the calculation of Shan-
non and Simpson’s biodiversity indexes as well as other parameters such as species evenness and 
richness. The results presented in Table 3.1 indicate that soil 6 had the highest species diversity among 
all the samples, as evidenced by a Shannon Diversity Index (H) of 1.96. The Simpson’s Diversiy (1-D) 
and Reciprocal Indexes (1/D) for this sample were also the highest, with a value of 0.82 and 5.53, 
respectively, further confirming the high level of biodiversity. Logically, soil 6 also had the highest rich-
ness, with 17 different species. Despite this high richness, the evenness of the sample was relatively 
low (0.69), suggesting that the species present are not evenly distributed, with certain species dominat-
ing the sample as seen in Figure 3.1 and the inverse relationship between species richness and even-
ness. Soils with higher species richness, such as soils 6 and 8, tended to have lower evenness, sug-
gesting that as the number of species increases, the relative abundance among species becomes more 
unbalanced. In contrast, soil 14 had the highest evenness (0.99), reflecting a more balanced distribution 
of species, despite containing only two species. It is worth noting that soil 4 had no diversity, with Shan-
non and Simpson’s Diversity Indexes both registering values of 0, thus indicating the presence of a 
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single species in this soil sample. The biodiversity indexes values revealed no significant differences 
between gypsic and saline soils. 
 
Table 3.1 – Population diversity. This table presents the biodiversity at each sampling point (referenced in Table 

2.1) in gypsic (1-5) and saline (6-14) soils through Shannon and Simpson’s biodiversity indexes that evaluate the 

species diversity within each soil sample, Simpson’s Similarity index that indicates the probability that two individu-

als randomly selected from a sample will belong to the same species, the evenness that reflects how evenly the 

individuals are distributed across the different species and finally, the richness that is the number of species present 

in each soil sample. 

Soil No. 
Shannon             
Diversity  
Index (H) 

Simpson's  
Diversity    

Index (1-D) 

Simpson's  
Similarity 
Index (D) 

Simpson's           
Reciprocal 
Index (1/D) 

Evenness Richness 

1 0,63 0,44 0,56 1,80 0,91 2 

2 0,95 0,59 0,41 2,43 0,86 3 

3 0,41 0,29 0,71 1,40 0,59 2 

4 0 0 1 1 - 1 

5 0,98 0,60 0,40 2,51 0,89 3 

6 1,96 0,82 0,18 5,53 0,69 17 

7 1,30 0,72 0,28 3,59 0,94 4 

8 1,11 0,63 0,37 2,67 0,57 7 

9 0,50 0,40 0,60 1,67 0,72 2 

10 0,66 0,47 0,53 1,90 0,95 2 

11 0,63 0,33 0,67 1,50 0,57 3 

12 0,91 0,54 0,46 2,16 0,83 3 

13 0,30 0,16 0,84 1,19 0,43 2 

14 0,69 0,53 0,47 2,11 0,99 2 

 
The abundance of culturable bacteria in the soils was measured in terms of CFUs per milligram 

of soil (dry weight). The results, shown in Figure 3.3, indicate that saline soils generally have a higher 
biomass when grown in LB plates with 2 M of NaCl added than gypsic soils. Soil 11 had the highest 
biomass, with an average of 1599 CFUs/mg, followed by soil 12 with 474 CFUs/mg and soil 8 with 161 
CFUs/mg. All of these soils had statistically higher biomass than any of the gypsic soils, which were all 
below 25 CFUs/mg. The soil with the lowest biomass was soil 9. 
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Figure 3.3 – Culturable bacteria abundance. a) The columns represent the abundance of culturable bacteria in 

LB with 2 M of NaCl added, measured in terms of CFUs per milligram of soil (dry weight), at each sampling point 

(referenced in Table 2.1) in gypsic (1-5, light brown) and saline (6-14, blue) soils. b) Ampliation of Figure 3.3a with 

the population (y-axis) ranging from 0-200 CFUs/mg. The data sets (n = 3) were analyzed recurring to a one-way 

ANOVA, with letters denoting identical significance levels (p-value < 0.05). Error bars indicate standard deviation. 

3.2 Characterization and Selection of Bacterial Candidates 

From the previous mentioned collection, a total of 32 strains were tested, excluding those that 
were unable to refresh after several attempts. Thus, the remaining 32 bacterial strains were assessed 
to determine their performance in various plant growth-promoting and salt-stress-relieving traits under 
high salinity levels (Figure 7.1 and Figure 7.2).  

Hence, the production of ACCd was analyzed through an indirect measurement, where ACC 
served as the sole carbon and nitrogen source for the bacteria to grow. Results indicated that 90% of 
the strains were capable of growing using only ACC as a source of carbon and nitrogen as shown in 
Figure 3.4. Strains I. abyssalis HB and H. faecis 109 were particularly noteworthy for their growth above 
0.8. Regarding auxins production, 72% of the strains were found to produce these phytohormones (Fig-
ure 3.4). I. loihiensis EA was particularly noteworthy for producing IAA equivalents at a concentration of 
98 µg/mL. Additionally, almost half of the strains produced more than 25 µg/mL. In terms of biofilm 
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production, 69% of the strains were able to do it (Figure 3.4), with Vreelandella sp. DE achieving an 
OD550 nm of 1.86 and with four additional strains above the OD550 nm of 0.54, including P. citreus ID, H. 
faecis 103, H. faecis 109 and P. hwajinpoensis IC with 0.59, 0.59, 0.57 and 0.54 respectively. The only 
strain presenting a mucoid texture more similar to the exopolysaccharides (EPS) production was B. 
swezeyi 119. Moreover, 3/4 of the strains were found able to produce antioxidants (Figure 3.4), with K. 
marisflavi AA producing antioxidants equivalents at a concentration of 44 mM and A. gibsonii 111, Vree-
landella sp. DE, I. loihiensis EA and O. picturae 107 producing above 15 mM of antioxidants equivalents 
(18, 17, 16 and 16 mM, respectively). Proline was significantly secreted by 5 strains, namely B. swezeyi 
119, I. abyssalis IA, A. gibsonii 111, H. taeanensis HC and V. salarius GC, at values of 63, 50, 38, 25 
and 20 µg/mL of proline equivalents, respectively. A significant proportion of the strains (78%) produced 
siderophores (Figure 3.4), with ten strains surpassing 40 psu. Vreelandella sp. DE and M. persicus EE 
were both capable of fixing nitrogen at a 2 M NaCl concentration fixing 1.35 and 1.07 µg/mL of NH3

+ 
equivalents, respectively. Out of these tested bacteria, 69% are phosphate-solubilizing bacteria (Figure 
3.4), with P. citreus ID and H. faecis 109 showing the highest phosphate equivalents production (46 and 
41 mg/L, respectively). About 30% of the strains were able to solubilize potassium (Figure 3.4), out-
standing O. picturae 123 and I. loihiensis EA both with more than 2.5 mg of potassium equivalents per 
Kg of soil (3.9 and 2.7, respectively). Additionally, more than 20% of the tested strains were sulfur-
oxidizing bacteria and 5 strains were characterized calcium-solubilizing bacteria, namely I. loihiensis 
EA, H. taeanensis HC, I. abyssalis IA, R. aquimaris 104 and H. trueperi FA. Lastly, 3 strains were found 
to be capable of solubilizing manganese, including V. salarius DD, V. salarius GC and O. kimchi 115. 

The candidate strains to help plants thriving under saline environments were selected taking into 
account their performance on these biochemical tests carried out in high salinity levels, and supported 
by a PCA (Figure 3.5) as well as by a complementary heatmap (Figure 3.6). A literature review was also 
conducted as an extra selection criterion. The performance of the selected candidate strains is depicted 
in Figure 3.7 and Figure 3.8. 

 

 
Figure 3.4 – Presence/absence of plant growth-promoting and salt-stress relieving traits. The column graph 

indicates the percentage of tested strains possessing (green sectors) and lacking (red sectors) different plant 

growth-promoting and salt-stress-relieving traits. “AOx” corresponds to antioxidants production, “ACC” to ACC de-

aminase production, “BF” to biofilm production, “Ca” to calcium solubilization, “EPS” to exopolysaccharides produc-

tion, “IAA” to auxins production, “K” to potassium solubilization, “Mn” to manganese solubilization, “N” to nitrogen 

fixation, “P” to phosphate solubilization, “Pro” to proline secretion, “S” to sulfur oxidation and “Sid” to siderophores 

production.   
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Figure 3.5 – Principal component analysis (PCA) of plant growth-promoting and salt-stress relieving traits. 

The first principal component (PC1, x-axis) elucidates 19.2% of the data’s variance, while the second principal 

component (PC2, y-axis) enhances the cumulative explained variance to 16%. Each trait assessed is illustrated 

with a vector in either red or yellow on the graph, with the dark red vectors having a higher contribution to the 

sample position, while the light-yellow vectors contributed less to the sample position. “AOx” corresponds to anti-

oxidants production, “ACC” to ACC deaminase production, “Biofilm” to biofilm production, “Ca” to calcium solubili-

zation, “EPS” to exopolysaccharides production, “IAA” to auxins production, “K” to potassium solubilization, “Mn” to 

manganese solubilization, “N” to nitrogen fixation, “P” to phosphate solubilization, “Proline” to proline secretion, “S” 

to sulfur oxidation and “Siderophores” to siderophores production.  
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Figure 3.6 – Strains performance under high salinity levels. This heatmap shows the relative performance of 

all tested strains in the various biochemical tests at 2 M of NaCl and orders the strains by similarity of the results. 

“AOx” corresponds to antioxidants production, “ACC” to ACC deaminase production, “Biofilm” to biofilm production, 

“Ca” to calcium solubilization, “EPS” to exopolysaccharides production, “IAA” to auxins production, “K” to potassium 

solubilization, “Mn” to manganese solubilization, “N” to nitrogen fixation, “P” to phosphate solubilization, “Proline” 

to proline secretion, “S” to sulfur oxidation and “Siderophores” to siderophores production.  
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Figure 3.7 – Candidates characterization under high salinity levels. The column graphs represent the perfor-

mance at a 2 M of NaCl concentration of each candidate strain. Strains were characterized for a) their growth in 

ACC medium (in OD at 600 nm) b) auxins production (in IAA equivalents) c) biofilm production (in OD at 550 nm) 

d) antioxidants equivalents production (in mM) e) proline equivalents secretion and f) siderophores production (in 

psu). The label “AA” stands for K. marisflavi AA, “DE” for Vreelandella sp. DE, “EA” for I. loihiensis EA, “GC” for V. 

salarius GC, “IA” for I. abyssalis IA, “ID” for P. citreus ID, “104” for R. aquimaris 104, “109” for H. faecis 109, “119” 

for B. swezeyi 119 and “123” for O. picturae 123. The data sets (n = 3) were analyzed recurring to a one-way 

ANOVA, with letters denoting identical significance levels (p-value < 0.05). Error bars indicate standard deviation. 

 

f) 

c) d) 

e) 

a) b) 
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Figure 3.8 – Candidates nutrient characterization under high salinity levels. The column graphs represent the 

performance at a 2 M of NaCl concentration of each candidate strain in the nutrient disposability tests. Strains were 

characterized for a) nitrogen fixation (NH3
+ equivalents) b) phosphate solubilization (in PO4

3- equivalents) c) potas-

sium solubilization (in K+ equivalents) d) sulfur oxidation (in relative oxidation) e) calcium solubilization (in solubili-

zation index, SI) and f) manganese solubilization (in SI). The label “AA” stands for K. marisflavi AA, “DE” for Vree-

landella sp. DE, “EA” for I. loihiensis EA, “GC” for V. salarius GC, “IA” for I. abyssalis IA, “ID” for P. citreus ID, “104” 

for R. aquimaris 104, “109” for H. faecis 109, “119” for B. swezeyi 119 and “123” for O. picturae 123. The data sets 

(n = 3) were analyzed recurring to a one-way ANOVA, with letters denoting identical significance levels (p-value < 

0.05). Error bars indicate standard deviation. 

3.3 Selected Candidates and their Salt-Stress Resilience 

The characterization of all candidates on the tested desirable traits is presented in Figure 3.7 and 
Figure 3.8. Furthermore, their growth capacity under different salinity levels was assessed, as illustrated 
in Figure 3.9. A rise in salinity levels led to an increase in growth for all candidate strains, with an upper 
limit observed starting from 1 M of NaCl.  K. marisflavi AA and O. picturae 123 exhibited optimal growth 
(OG) at 1 M of NaCl, while V. salarius GC had its OG ranging between 0.75-1 M of NaCl. These three 
strains showed significant decreases at 2 M of NaCl. The OG for I. abyssalis IA, P. citreus ID, R. 

f) 

c) d) 

e) 

a) b) 
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aquimaris 104, H. faecis 109 and B. swezeyi 119 was at 0.75 M of NaCl, with a progressively decreased 
growth observed with the increase of salinity beyond 1 M of NaCl. Vreelandella sp. DE and I. loihiensis 
EA did not exhibit an upper limit within the range of values tested. I. loihiensis EA showed the highest 
growth capacity overall. Most of the strains did not attain a stationary state in two days of growth except 
for I. loihiensis EA, R. aquimaris 104, B. swezeyi 119 and O. picturae 123 which reached the stationary 
phase after one day of growth at the lower concentrations of NaCl. Finally, the appearance of all candi-
date strains is depicted in Figure 3.10. 
 

 
Figure 3.9 – Growth curves.  The line graphs illustrate the growth patterns of the candidate strains in LB medium 

across various NaCl concentrations [0.25 (round shape), 0.5 (square shape), 0.75 (triangle shape), 1 (diamond 

shape) and 2 (star shape) M] and at different time points (2, 4, 24, 26, 28 and 48 hours). The label “AA” stands for 
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K. marisflavi AA represented in black, “DE” for Vreelandella sp. DE represented in red, “EA” for I. loihiensis EA 

represented in orange, “GC” for V. salarius GC represented in yellow, “IA” for I. abyssalis IA represented in green, 

“ID” for P. citreus ID represented in cyan, “104” for R. aquimaris 104 represented in blue, “109” for H. faecis 109 

represented in purple, “119” for B. swezeyi 119 represented in pink and “123” for O. picturae 123 represented in 

grey. Error bars indicate standard deviation. 

 

       
Figure 3.10 – Candidate strains. The figure shows representative images of the candidate bacterial strains grown 

in LB agar medium supplemented with 2 M of NaCl. The label “AA” stands for K. marisflavi AA, “DE” for Vreelandella 

sp. DE, “EA” for I. loihiensis EA, “GC” for V. salarius GC, “IA” for I. abyssalis IA, “ID” for P. citreus ID, “104” for R. 

aquimaris 104, “109” for H. faecis 109, “119” for B. swezeyi 119 and “123” for O. picturae 123. 
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3.4 Preliminary Biotreatment Tests in Crops under Salt-
Stress 

The candidate strains were applied as different treatment inocula and salt-stress was induced by 
adjusting the irrigation water to 0.5 M NaCl in maize plants and 0.25 M NaCl in tomato plants. These 
plants were chosen because they are important crops in salt-affected areas such as Ribatejo. The maize 
trials were divided into two batches due to the lack of available pots. 

 Early-Stage Biotreatment Test in Maize Plants (Zea mays L.) 

The results of the first batch of treatments performed on maize plants are quantified in Figure 
3.11 and depicted in Figure 3.12. Under salt-stress, shoot length (SL) decreased by half in the mock 
group (without bacterial treatment), while root length (RL) also showed a tendency to decrease, although 
not significantly. The dry weight (DW) results were not same considered for this test due to the significant 
influence of the seed weight on the results (detaching seed was damaging the plant). Moreover, the 
photosystem II quantum yield (QY) experienced a slight reduction under salt-stress. Interestingly, the 
treatment with I. loihiensis EA increased SL under control conditions compared to the mock and both 
Vreelandella sp. DE and I. loihiensis EA treatments improved SL under salt-stress by 85%. Additionally, 
Vreelandella sp. DE treatment did not show significant differences when comparing control with salt-
stress conditions. For RL, Vreelandella sp. DE treatment increased root length by 54% under stress 
conditions. Regarding QY, treatment with I. loihiensis EA was capable of enhancing photosynthetic ef-
ficiency under stress and both Vreelandella sp. DE and I. loihiensis EA treatments maintained their QY 
levels under salt-stress. 

 

 
Figure 3.11 – Phenotypic quantification of the first batch of candidate treatments in maize seedlings. The 

column graphs represent the shoot length, root length, full-plant dry weight biomass and photosystem II quantum 
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yield recorded in maize in an early-stage development phase after treatment with the first set of candidate strains 

tested. The label “Mock” stands for mock treatment (without bacterial treatment), “AA” for treatment using the strain 

K. marisflavi AA, “DE” for treatment using the strain Vreelandella sp. DE, “EA” for treatment using the strain I. 

loihiensis EA and “GC” for treatment using the strain V. salarius GC. The green columns indicate the control con-

ditions, while the blue bars depict the salt-stress conditions. The data sets (n = 3) were analyzed using a two-way 

ANOVA. Asterisks indicate statistically significant differences at the following levels: * for p < 0.05, ** for p < 0.01, 

*** for p < 0.001, and **** for p < 0.0001, with respect to the control and salt-stress conditions (black asterisks), the 

mock treatment in control conditions (green asterisks) and the mock treatment in salt-stress conditions (blue aster-

isks). If there is no statistical difference, there will be no representation. Error bars indicate standard deviation.  
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Figure 3.12 – Effects of the first batch of candidate treatments in maize seedlings. The complete plant images 

display the typical phenotype observed in maize plants during the early developmental stage following treatment 

with the first set of candidate strains. The label “Mock” stands for mock treatment (without bacterial treatment), “AA” 

for treatment using the strain K. marisflavi AA, “DE” for treatment using the strain Vreelandella sp. DE, “EA” for 

treatment using the strain I. loihiensis EA and “GC” for treatment using the strain V. salarius GC. Moreover, the 

label “-” indicates the control condition without salt-stress and “+” indicates the salt-stress condition.  

In the second set of treatments applied to maize plants, the outcomes are quantified in Figure 
3.13 and illustrated in Figure 3.14. The mock set indicated that the shoots and roots of the maize plants 
under stress were reduced by more than half (around 55%) of their length. Once again, the DW results 

(-) 

Mock AA DE EA GC 

(+) 

Mock DE EA GC AA 
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were again not same considered due to the reason mentioned earlier. It was recorded that there was a 
noticeable decrease in QY from 0.77 in control conditions to 0.67 in salt-stress conditions. Treatments 
with R. aquimaris 104 and H. faecis 109 significantly increased SL under stress in comparison to the 
mock (112 and 101%, respectively), with R. aquimaris 104 treatment was able to maintain its shoot 
length even under stress conditions. For RL, treatments using P. citreus ID and 103 showed notable 
improvements in control conditions. While treatments using R. aquimaris 104, H. faecis 109 and B. 
swezeyi 119 demonstrated increased RL in the order of 194, 126 and 168%, respectively, under salt-
stress and were able to sustain their RL values regarding stress application. Several treatments includ-
ing P. citreus ID, H. faecis 109, B. swezeyi 119 and O. picturae 123 successfully maintained their QY 
levels under stress conditions. 

 

 
Figure 3.13 – Phenotypic quantification of the second batch of candidate treatments in maize seedlings. 

The column graphs represent the shoot length, root length, full-plant dry weight biomass and photosystem II quan-

tum yield recorded in maize in an early-stage development phase after treatment with the second set of candidate 

strains tested. The label “Mock” stands for mock treatment (without bacterial treatment), “IA”  for treatment using 

the strain I. abyssalis IA, “ID” for treatment using the strain P. citreus ID, “104” for treatment using the strain R. 

aquimaris 104, “109” for treatment using the strain H. faecis 109, “119” for treatment using the strain B. swezeyi 

119 and “123” for treatment using the strain O. picturae 123. The green columns indicate the control conditions, 

while the blue bars depict the salt-stress conditions. The data sets (n = 3) were analyzed using a two-way ANOVA. 

Asterisks indicate statistically significant differences at the following levels: * for p < 0.05, ** for p < 0.01, *** for p < 

0.001, and **** for p < 0.0001, with respect to the control and salt-stress conditions (black asterisks), the mock 

treatment in control conditions (green asterisks) and the mock treatment in salt-stress conditions (blue asterisks). 

If there is no statistical difference, there will be no representation. Error bars indicate standard deviation. 
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Figure 3.14 – Effects of the second batch of candidate treatments in maize seedlings. The complete plant 

images display the typical phenotype observed in maize plants during the early developmental stage following 

treatment with the second set of candidate strains. The label “Mock” stands for mock treatment (without bacterial 

treatment), “IA”  for treatment using the strain I. abyssalis IA, “ID” for treatment using the strain P. citreus ID, “104” 

for treatment using the strain R. aquimaris 104, “109” for treatment using the strain H. faecis 109, “119” for treatment 

using the strain B. swezeyi 119 and “123” for treatment using the strain O. picturae 123. Moreover, the label “-” 

indicates the control condition without salt-stress and “+” indicates the salt-stress condition.  
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 Early-Stage Biotreatment Test in Tomato Plants (Solanum lyco-

persicum L.) 

The results of the treatments in tomato plants are quantified in Figure 3.15 and shown in Figure 
3.16. The mock set revealed an increase in SL from 3.7 ± 0.7 to 5.5 ± 0.4 cm while changing the condi-
tions from control to salt-stress. However, no significant differences were noted in RL or DW and QY 
had a decrease from 0.58 to 0.38. Additionally, tomato plants under salt-stress developed a third leaf, 
whereas those in control conditions retained only their initial two leaves. Under control conditions, treat-
ments using K. marisflavi AA, Vreelandella sp. DE and V. salarius GC resulted in significant increases 
in SL compared to the mock. While under stress, treatments using K. marisflavi AA, I. loihiensis EA and 
V. salarius GC showed enhanced SL by 49, 78 and 67%, respectively. For RL, the treatment with O. 
picturae 123 demonstrated a substantial improvement of 4-fold under salt-stress. Additionally, treat-
ments with I. loihiensis EA and O. picturae 123 resulted in longer roots under stress than under control 
conditions. In terms of DW, treatments with K. marisflavi AA, Vreelandella sp. DE and V. salarius GC 
led to increases under control conditions. Under salt-stress, DW was enhanced by treatments with K. 
marisflavi AA, I. loihiensis EA, V. salarius GC and I. abyssalis IA, showing increases of 3- and 4-fold, 
compared to the mock. QY under stress improved in 80% of the treatments relative to the mock, includ-
ing K. marisflavi AA, Vreelandella sp. DE, I. loihiensis EA, V. salarius GC, I. abyssalis IA, P. citreus ID, 
B. swezeyi 119 and O. picturae 123. All these strains maintained their performance under stress. Fur-
thermore, several treatments demonstrated accelerated development, as evidenced by increased leaf 
number and/or branching, such as in the cases of K. marisflavi AA, Vreelandella sp. DE, I. loihiensis 
EA, V. salarius GC and B. swezeyi 119 under control conditions and K. marisflavi AA, Vreelandella sp. 
DE, I. loihiensis EA, V. salarius GC, I. abyssalis IA, B. swezeyi 119 and O. picturae 123 under saline 
stress. 

The strains with the highest SL in tomato plants under salt-stress conditions were chosen for 
further testing, which were I. loihiensis EA and V. salarius GC. From the strains that showed a significant 
improvement in leaf number in tomato plants (as seen in Figure 3.16), Vreelandella sp. DE showed the 
highest shoot length in maize plants under stress conditions, also advancing to further testing. Another 
criterion for selecting strains to proceed with testing would be colonization rate, although none of the 
candidate strains were able to colonize either maize or tomato plant roots in both control and stress 
conditions.  
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Figure 3.15 – Phenotypic quantification of candidate treatments in tomato seedlings. The column graphs 

represent the shoot length, root length, full-plant dry weight biomass and photosystem II quantum yield recorded in 

tomato in an early-stage development phase after treatment with the candidate strains. The label “Mock” stands for 

mock treatment (without bacterial treatment), “AA”  for treatment using the strain K. marisflavi AA, “DE” for treatment 

using the strain Vreelandella sp. DE, “EA” for treatment using the strain I. loihiensis EA, “GC” for treatment using 

the strain V. salarius GC, “IA”  for treatment using the strain I. abyssalis IA, “ID” for treatment using the strain P. 

citreus ID, “104” for treatment using the strain R. aquimaris 104, “109” for treatment using the strain H. faecis 109, 

“119” for treatment using the strain B. swezeyi 119 and “123” for treatment using the strain O. picturae 123. The 

green columns indicate the control conditions, while the blue bars depict the salt-stress conditions. The data sets 

(n = 3) were analyzed using a two-way ANOVA. Asterisks indicate statistically significant differences at the following 

levels: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001, with respect to the control and salt-

stress conditions (black asterisks), the mock treatment in control conditions (green asterisks) and the mock treat-

ment in salt-stress conditions (blue asterisks). If there is no statistical difference, there will be no representation. 

Error bars indicate standard deviation. 
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Figure 3.16 – Effects of candidate treatments in tomato seedlings. The complete plant images depict the typical 

phenotype observed in tomato plants during the early developmental stage following treatment with the candidate 

strains. The label “Mock” stands for mock treatment (without bacterial treatment), “AA”  for treatment using the strain 

K. marisflavi AA, “DE” for treatment using the strain Vreelandella sp. DE, “EA” for treatment using the strain I. 

loihiensis EA, “GC” for treatment using the strain V. salarius GC, “IA”  for treatment using the strain I. abyssalis IA, 

“ID” for treatment using the strain P. citreus ID, “104” for treatment using the strain R. aquimaris 104, “109” for 

treatment using the strain H. faecis 109, “119” for treatment using the strain B. swezeyi 119 and “123” for treatment 

using the strain O. picturae 123. Moreover, the label “-” indicates the control condition without salt-stress and “+” 

indicates the salt-stress condition. 
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3.5 Evaluation of Long-Term Biotreatment Tests in Crops 
under Salt-Stress 

Again, the candidate strains were applied as distinct and promising treatment inocula and salt-
stress was induced by adjusting the irrigation water to 0.35 M NaCl in maize plants and 0.25 M NaCl in 
tomato plants. The reduction in NaCl concentration was necessary by the extension of the assay dura-
tion to increase the likelihood of survival of the maize plants. This prolonged assay allowed the plants 
to grow more and subsequently provided a more comprehensive understanding of the candidate strains' 
potential to augment crop growth and resilience in saline environments. 

 Long-Term Biotreatment Test in Maize Plants (Zea mays L.) 

The results of the treatments in the maize plants are quantified in Figure 3.17 and depicted in 
Figure 3.18. The mock set under salt-stress exhibited adverse effects; no significant differences were 
observed in SL, but RL demonstrated a significant decrease by one-third of its length. DW did not differ 
significantly. However, QY experienced a substantial decline from 0.74 to 0.15 and the maize plants 
exhibited reduced viability under salt-stress conditions. For SL, the treatments with Vreelandella sp. DE 
and I. loihiensis EA significantly improved SL under control conditions by 37% and 29%, respectively, 
while treatments with Vreelandella sp. DE (66 ± 3 cm), I. loihiensis EA (56 ± 8 cm) and V. salarius GC 
(59 ± 1 cm) enhanced SL under salt-stress, surpassing the mock treatment under control conditions (42 
± 2 cm). In terms of RL, no significant differences were observed in either control or stress conditions. 
In terms of DW, Vreelandella sp. DE and V. salarius GC treatments increased DW by 4-fold the weight 
of the mock treatment under stress conditions. While I. loihiensis EA treatment increased DW under 
stress by 2-fold. QY levels were maintained across all bacterial treatments, unlike the significant reduc-
tion observed in the mock. Notably, the maize plants in the mock group under salt-stress were the only 
ones dying, indicating severe stress. All other treatments not only improved plant growth but also kept 
the maize plants alive under stressful conditions. 
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Figure 3.17 – Phenotypic quantification of candidate treatments in maize plants. The column graphs represent 

the shoot length, root length, full-plant dry weight biomass and photosystem II quantum yield recorded in maize 

after treatment with the candidate strains. The label “Mock” stands for mock treatment (without bacterial treatment), 

“DE” for treatment using the strain Vreelandella sp. DE, “EA” for treatment using the strain I. loihiensis EA and “GC” 

for treatment using the strain V. salarius GC. The green columns indicate the control conditions, while the blue bars 

depict the salt-stress conditions. The data sets (n = 3) were analyzed using a two-way ANOVA. Identical letters 

denote no statistically significant difference (p < 0.05). Error bars indicate standard deviation. 
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Figure 3.18 – Effects of candidate treatments in maize plants. The complete plant images display the typical 

phenotype observed in maize plants following treatment with the candidate strains. The label “Mock” stands for 

mock treatment (without bacterial treatment), “DE” for treatment using the strain Vreelandella sp. DE, “EA” for treat-

ment using the strain I. loihiensis EA and “GC” for treatment using the strain V. salarius GC. Moreover, the label “-

” indicates the control condition without salt-stress and “+” indicates the salt-stress condition. 
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 Long-Term Biotreatment Test in Tomato Plants (Solanum lyco-

persicum L.) 

Regarding tomato plants, the phenotype results are quantified in Figure 3.19 and shown in Fig-
ure 3.20. Under salt-stress conditions, the mock set showed no significant differences in SL, a tendency 
for RL to decrease as the average RL diminished from 12 ± 1 to 4 ± 0 cm under salt-stress, no significant 
differences in DW and a substantial reduction in QY from 0.71 to 0.03 in salt-stress conditions. The 
mock treatment was ineffective in maintaining plant viability under stress conditions. By contrast, treat-
ments with Vreelandella sp. DE and I. loihiensis EA substantially increased both SL and RL under salt-
stress stress conditions and enhanced the DW by 15- and 17-fold, respectively. Both treatments also 
improved their SL and DW under salt-stress conditions. Vreelandella sp. DE and I. loihiensis EA treat-
ments also improved QY under salt-stress compared to the mock and were able to maintain their per-
formance under stress at 0.73 and 0.79, respectively, unlike V. salarius GC treatment, which decreased 
to 0. In terms of survival, Vreelandella sp. DE and I. loihiensis EA treatments were not only successful 
in keeping the tomato plants alive under salt-stress but also significantly boosted overall vegetative 
growth compared to the mock, which failed to survive under salt-stress conditions. 

 

 
Figure 3.19 – Phenotypic quantification of candidate treatments in tomato plants. The column graphs repre-

sent the shoot length, root length, full-plant dry weight biomass and photosystem II quantum yield recorded in 

tomato after treatment with the candidate strains. The label “Mock” stands for mock treatment (without bacterial 

treatment), “DE” for treatment using the strain Vreelandella sp. DE, “EA” for treatment using the strain I. loihiensis 

EA and “GC” for treatment using the strain V. salarius GC. The green columns indicate the control conditions, while 
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the blue bars depict the salt-stress conditions. The data sets (n = 3) were analyzed using a two-way ANOVA. 

Identical letters denote no statistically significant difference (p < 0.05). Error bars indicate standard deviation. 

 
Figure 3.20 – Effects of candidate treatments in tomato plants. The complete plant images display the typical 

phenotype observed in tomato plants following treatment with the candidate strains. The label “Mock” stands for 

mock treatment (without bacterial treatment), “DE” for treatment using the strain Vreelandella sp. DE, “EA” for treat-

ment using the strain I. loihiensis EA and “GC” for treatment using the strain V. salarius GC. Moreover, the label “-

” indicates the control condition without salt-stress and “+” indicates the salt-stress condition. 

3.6 Characterization of Vreelandella sp. DE Genome 

To elucidate the potential mechanisms employed by halophile strains in enhancing salt resilience 
and plant growth, the genome of strain DE, which demonstrated overall growth improvement in both 
maize and tomato plants, was sequenced. The full genome sequencing (FGS) revealed that strain DE 
was a novel species from the genus Vreelandella rather than Halomonas sulfidaeris, as identified by 
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BLAST of the 16S rRNA region. The genome of Vreelandella sp. DE comprises four contigs, with a N50 
of 3,227,286 bp and a total genome length of 4833136 bp with a GC content of 53.76% as seen in Table 
3.2. The PROKKA analysis revealed that Vreelandella sp. DE genome contained 4570 genes, 4478 
coding sequences (CDS), 13 misc RNA, 18 rRNA, 60 tRNA and 1 transfer-message RNA (tmRNA) as 
shown in Table 3.3. Analysis using CheckM revealed that the genome assembly exhibited a high level 
of completeness at 99.95%. The BUSCO analysis identified a total of 820 orthologs, of which 792 (97%) 
were complete, including two duplicated orthologs, six fragmented orthologs and 22 missing orthologs.  
 
Table 3.2 – Basic genome assembly attributes. This table provides key statistics on the genome assembly of 

Vreelandella sp. DE obtained using QUAST, including total length, number of contigs, N50, GC content and other 

relevant metrics, offering an overview of the assembly's quality. 

Statistics 
DE  

genome 

# of contigs 4 

# of contigs (>= 1000 bp) 3 

# of contigs (>= 5000 bp) 3 

# of contigs (>= 50000 bp) 2 

Total length 4833136 

N50 3227286 

GC (%) 53,76 

 

Table 3.3 – PROKKA genome annotations. This table provides key statistics on genome features of Vreelandella 

sp. DE obtained using PROKKA, including number of genes, coding sequences (CDS), misc RNA, rRNA, tRNA 

and transfer-message RNA (tmRNA). 

Statistics 
DE  

genome 

# of genes 4570 

# of CDS 4478 

# of misc RNA 13 

# of rRNA 18 

# of tRNA 60 

# of tmRNA 1 

 Phylogenomic Comparison with Closest Type Strains 

The genome BLAST distance phylogeny (GBDP) analysis of the Vreelandella sp. DE in compar-
ison with the fourteen closest type strains is summarized in Table 3.4 and illustrated in Figure 3.21. The 
digital DNA-DNA hybridization (dDDH) values were determined with three distinct formulas d0, d4 and 
d6. These formulas measure the ratio of high-scoring pairs (HSPs) length to total genome length, the 
proportion of identities in HSPs to overall HSP length and the ratio of identities in HSPs to total genome 
length, respectively. The dDDH values ranged from 14.8% to 58.7%, with Vreelandella sulfidaeris DSM 
15722 (synonym of Halomonas sulfidaeris) exhibiting the highest similarity (58.2% in d4) to the Vree-
landella sp. DE. Regarding G+C content difference, Vreelandella sulfidaeris DSM 15722 demonstrated 
the greatest similarity to Vreelandella sp. DE with a minimal difference of 0.01%, whilst some of the 
other type strains exceeded a 1% difference, including Halomonas alkaliantarctica CRSS, Vreelandella 
neptunia DSM 15720, Vreelandella olivaria TYRC17, Vreelandella utahensis NBRC 102410, 
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Vreelandella azerica TBZ9T, Vreelandella populi MC, Vreelandella vilamensis DSM 21020T and finally 
Vreelandella rituensis TQ8S reaching a difference of 3.48%. The comparative genomic analysis re-
vealed significant genetic diversity among the strains, indicating that Vreelandella sp. DE potentially 
represents a novel species. However, due to the complexity of the sample and the high probability of 
new species based on preliminary analysis, this identification is subjected to changes in the future after 
more precise analyses. 

 
Table 3.4 – Pairwise comparisons of Vreelandella sp. DE genome with type strain genomes. The table below 

presents the pairwise dDDH values and G+C content between Vreelandella sp. DE and the selected type strain 

genomes. dDDH values are accompanied by their confidence intervals (C.I.) for the three distinct GBDP formulas 

(d0, d4 and d6). 

Type Strain 
dDDH 
(d0, %) 

C.I.         
(d0, %) 

dDDH 
(d4, %) 

C.I. 
(d4, %) 

dDDH 
(d6, %) 

C.I.          
(d6, %) 

G+C content  
difference (%) 

Vreelandella sulfidaeris 
DSM 15722 

57.6 [54.0 - 61.2] 58.2 [55.4 - 60.9] 58.7 [55.5 - 61.9] 0.01 

Vreelandella titanicae 
ATCC BAA-1257 

42.8 [39.4 - 46.2] 27.3 [24.9 - 29.8] 37.9 [34.9 - 40.9] 0.82 

Halomonas alkaliantarctica 
CRSS 

45.6 [42.2 - 49.0] 27.0 [24.6 - 29.4] 39.7 [36.8 - 42.8] 1.03 

Vreelandella glaciei DD 39 40.4 [37.0 - 43.8] 27.0 [24.6 - 29.5] 36.0 [33.1 - 39.1] 0.62 

Vreelandella neptunia DSM 
15720 

44.3 [40.9 - 47.7] 26.8 [24.4 - 29.2] 38.8 [35.8 - 41.8] 1.20 

Halomonas sedimenti QX-2 44.5 [41.1 - 47.9] 26.8 [24.5 - 29.3] 38.9 [35.9 - 41.9] 0.58 

Halomonas maris QX-1 42.5 [39.1 - 45.9] 26.7 [24.3 - 29.1] 37.5 [34.5 - 40.5] 0.63 

Vreelandella olivaria 
TYRC17 

43.1 [39.8 - 46.6] 26.0 [23.7 - 28.5] 37.6 [34.7 - 40.7] 1.58 

Vreelandella boliviensis 
DSM 15516 

41.0 [37.6 - 44.5] 25.9 [23.6 - 28.4] 36.1 [33.2 - 39.2] 0.92 

Vreelandella utahensis 
NBRC 102410 

34.0 [30.6 - 37.5] 23.7 [21.4 - 26.1] 30.4 [27.4 - 33.5] 2.05 

Vreelandella azerica TBZ9T 14.8 [11.9 - 18.2] 20.2 [18.0 - 22.6] 14.9 [12.5 - 17.8] 1.61 

Vreelandella populi MC 20.2 [17.0 - 23.8] 20.2 [18.0 - 22.6] 19.4 [16.7 - 22.4] 1.22 

Vreelandella rituensis 
TQ8S 

15.0 [12.1 - 18.4] 19.8 [17.6 - 22.2] 15.1 [12.6 - 18.0] 3.48 

Vreelandella vilamensis 
DSM 21020T 

15.0 [12.1 - 18.4] 19.7 [17.5 - 22.1] 15.1 [12.6 - 17.9] 1.41 
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Figure 3.21 – GBDP-based phylogenomic tree. The phylogenomic tree was inferred using FastME 2.1.6.1 [133] 

based on GBDP distances derived from genome sequences. Branch lengths are scaled according to the GBDP 

distance formula d5. Numbers above the branches represent GBDP pseudo-bootstrap support values greater than 

60% from 100 replications, with an average branch support of 91.9%. The tree is midpoint-rooted. “DE genome” 

stands for Vreelandella sp. DE genome. 

 Functional Genomic Potential 

Genome analysis revealed a promising functional potential genome due to the amount of plant 
growth-promoting traits (PGPT) genes, comprising 45% of the genes present in Vreelandella sp. DE 
genome as illustrated in Figure 3.22. It is noteworthy to highlight the presence of several bio-fertilization, 
phytohormone production and stress-relieving genes. Furthermore, was observed in Figure 3.23a the 
presence of various genes related with crucial nutrients acquisition and solubilization.  

Several nitrogen fixation genes were found such as the entire suf system (sufA, sufB, sufC, sufD, 
sufE and sufS) related to nitrogenase biosynthesis. Additionally, genes related to phosphate solubiliza-
tion were also found as the case of pqqB, pqqC, pqqD, ppqE and gcd for mineral phosphate and phnA, 
phnC, phnD, phnE and phnM for organic phosphate solubilization. Regarding potassium solubilization, 
genes including ackA, mdh and ppc were found. 19 different gene from cys system were found in Vree-
landella sp. DE genome, these genes account for sulfate assimilation pathway. Furthermore, genes 
related to iron acquisition were also identified, such as the entA, entC and entS connected with sidero-
phore synthesis. Figure 3.23a also provided a closer view on the phytohormones production gene dis-
tribution. IAA production genes were noted, such as the trp system genes involved in the tryptophan 
biosynthetic pathway. Another group of genes related with phytohormones were the miaA, miaB and 
miaE related with the cytokinin synthesis. Moreover, genes of homologous of the ACCd such as tdcB 
and dcyD were reported. The genes pssA, pslB and pelF included in Vreelandella sp. DE genome are 
connected with the EPS and biofilm formation. The results summarized in Figure 3.23b indicated that 
more than 10% of the genes are involved in the neutralization of abiotic stresses. One mechanism to 
alleviate the salt-stress is through the production of osmoprotectants. In the Vreelandella sp. DE ge-
nome several genes related with these compounds production was identified, such as treP, treS, treY, 
treZ and otsB, which are involved in the trehalose synthesis. Additionally, the genes proA, proB and 
proC are related to proline synthesis. For the glycine betaine synthesis, the genes betA and betB were 
found. Moreover, ectA, ectB and ectC were among the genes connected to ectoine synthesis. Finally, 
the production of some polyamines, such as spermidine, may assist relieving salt-stress, for which the 
system of genes spe was identified. The antioxidant system is another mechanism utilized by bacteria 
to cope with salt-stress. Many genes involved with this mechanism were reported, such as katE and 
katG (catalase [CAT]), ahpC and ahpF (alkyl hydroperoxide reductase). Additionally, gst, gpx and gor 
are involved in glutathione metabolism. Genes related to ion transport were also identified. The kdp and 
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ktr systems are associated to K+ uptake. Furthermore, kefA, kefB and kefC are connected with K+/H+ 
antiporter. Moreover, the system mrp is involved in Na+/H+ antiporters. Finally, dnaJ, dnaK are relative 
to chaperones that regulate the folding and refolding processes of proteins under stress. 

 

 
Figure 3.22 – PGPT genes presence in Vreelandella sp. DE genome. The column graph indicates 
the number as well as the percentage of genes in Vreelandella sp. DE genome for each PGPT category, 
according to PLaBAse database. 
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Figure 3.23 – Characterization of PGPT genes in Vreelandella sp. DE genome. The column graphs indicate 

the number as well as the percentage of genes in Vreelandella sp. DE genome for each PGPT subcategory (A - 

direct and B - indirect mechanisms), according to PLaBAse database.  
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3.7 Analyzing Salt-Stress-Relieving and Plant Growth-Pro-
moting Metabolites Secreted and Produced by Halophile 
Beneficial Bacteria 

A metabolomics analysis was conducted to elucidate the potential mechanisms employed by the 
candidate strains. The supernatant fraction contains compounds secreted by the strains, which may 
contribute to enhancing the growth and development of crop plants under salt-stress conditions. In con-
trast, the pellet fraction comprises compounds that enable the strains to tolerate and adapt to high sa-
linity levels. This dual analysis provides an improved understanding of both the strains' beneficial effects 
on plants and their own survival strategies under saline stress.  

In both the supernatant and pellet fractions, several metabolites were present in high concentra-
tions across the three candidate strains, with some variation between them. In the supernatant, as 
demonstrated in Figure 3.24, several aminoacids, such as valine, leucine, isoleucine, pyroglutamic acid, 
methionine and phenylalanine were detected in all strains at high concentrations, exhibiting some strain-
specific variations. Moreover, high levels of proline, an important osmoprotectant, were secreted by I. 
loihiensis EA and V. salarius GC, the same pattern was observed in lysine levels. Other metabolites 
from the aminoacids class, such as alanine and serine were present at high concentrations in Vree-
landella sp. DE and V. salarius GC supernatants. While key metabolites in plant growth promoting and 
salt-stress mitigation, such as 4-aminobutyric acid (GABA) and trehalose were elevated in the same two 
strains. Furthermore, high concentrations of threonine were secreted by Vreelandella sp. DE and I. 
loihiensis EA. Additionally, the urea cycle intermediates citrulline, ornithine and arginine were found in 
higher concentrations in I. loihiensis EA. In the pellet fraction, as depicted in Figure 3.25. Alanine, py-
roglutamic acid, glutamic acid, phenylalanine, hydroxyproline, lysine, glycerol-3-phosphate, hexadeca-
noic acid, valine, L-aspartic acid and isoleucine were abundant across all strains. The last three amino-
acids with the addition of threonine present abundantly in Vreelandella sp. DE and I. loihiensis EA, may 
form the VTID complex, a complex to alleviate salt-stress effects. Moreover, threonine and 2-amino-
adipic acid were elevated in both strains also. Additionally, GABA, trehalose, leucine and the urea cycle 
intermediates had higher concentrations in Vreelandella sp. DE and V. salarius GC. Besides that, proline 
and glutamine exhibited higher levels in I. loihiensis EA and V. salarius GC.  

From the metabolomics analysis was also revealed a strong trend in the identified metabolites, 
suggesting their involvement in stress-protective roles. As demonstrated in Figure 3.26, approximately 
75% of these identified metabolites were associated with bacterial defence mechanisms against various 
forms of abiotic stress, such as salinity, drought, oxidative damage, heavy metals and acid stress. 
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Figure 3.24 – Secreted bacterial metabolites. The bar graph indicates the concentrations of the metabolites in 

the supernatant fraction of the bacterial strains grown in LB supplemented with 2 M of NaCl. The blue bar is referent 

to the strain Vreelandella sp. DE, the orange bar to the strain I. loihiensis EA and the grey bar to the strain V. 

salarius GC. Error bars indicate standard deviation. 
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Figure 3.25 – Bacterial metabolites. The bar graph indicates the concentrations of the metabolites in the pellet 

fraction of the bacterial strains grown in LB supplemented with 2 M of NaCl. The blue bar is referent to the strain 

Vreelandella sp. DE, the orange bar to the strain I. loihiensis EA and the grey bar to the strain V. salarius GC. Many 

metabolites are not seen due to been present in really small concentrations, however they are illustrated in Figure 

7.3. Error bars indicate standard deviation. 

 
Figure 3.26 – Presence/absence of stress protecting metabolites. The column graph indicates the percentage 

of identified metabolites possessing (green sectors) and lacking (red sectors) stress-protecting roles for each strain. 

“DE”  stands for the strain Vreelandella sp. DE, “EA” for the strain I. loihiensis EA and “GC” for the strain V. salarius 

GC. 

All strains demonstrated a similar set of metabolites in both pellet and supernatant. However, the 
absence of ethanolamine and pantothenic acid was observed in I. loihiensis EA supernatant and pellet, 
respectively. Moreover, absence of cellobiose and S-methylcysteine in Vreelandella sp. DE and V. 
salarius GC pellet fractions, respectively, was noted. 

The location of identified metabolites was summarized in Figure 3.27. The results indicated that 
half of the metabolites were present solely in pellet fraction. Besides, the remaining metabolites were 
located in both fractions, with the majority found at higher concentrations in the pellet, as in the case of 
glycine, pyroglutamic acid and proline. Nevertheless, some metabolites, such as leucine, isoleucine and 
urea exhibited higher concentrations in supernatant fractions. Vreelandella sp. DE and V. salarius GC 
demonstrated similar distributions of metabolite locations, despite having different compositions. Addi-
tionally, I. loihiensis EA displayed the most equitable distribution of metabolites located in both fractions 
in terms of location majority.  
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Figure 3.27 – Metabolites fraction location. The column graphs represent the relative distribution of each identi-

fied metabolite in the supernatant or pellet fraction for each strain. “DE”  stands for the strain Vreelandella sp. DE, 

“EA” for the strain I. loihiensis EA and “GC” for the strain V. salarius GC. The dark green sectors refer to the 

metabolites identified only in the supernatant fraction, the dark blue sectors to the metabolites identified only in the 

pellet fraction, the light green sectors to the metabolites identified in both supernatant and pellet fractions, having 

higher concentration in supernatant and the light blue sectors to the metabolites identified in both supernatant and 

pellet fractions, having higher concentration in pellet. 

All identified metabolites were classified into biomolecule categories to better understand the 
biomolecules distribution across supernatant and pellet fractions for each candidate strain. In terms of 
number of metabolites, few differences were identified as mentioned above. Ethanolamine (amine), 
pantothenic acid (organic acid), cellobiose (sugar) and S-methylcysteine (aminoacids) were the differ-
ential metabolites between strains. Furthermore, the metabolomics analysis revealed a predominance 
of the aminoacids class in both supernatant and pellet on number of metabolites and concentration for 
all strains, as illustrated in Figure 3.28. Additionally, the organic acids and sugar/sugar alcohols classes 
presented a similar number of identified metabolites and were more prevalent in the pellet fraction. The 
same occurred with the amines/amides class in I. loihiensis EA. Moreover, the nucleotides/nucleosides 
class is only present in the pellet. Vreelandella sp. DE exhibited the highest concentration of sug-
ars/sugar alcohols, while I. loihiensis EA showed the lowest. However, I. loihiensis EA had the highest 
organic acids concentration. Regarding Vreelandella sp. DE, the pellet fraction demonstrated higher 
relative concentrations of sugars/sugar alcohols. Conversely, supernatant fraction of I. loihiensis EA 
demonstrated higher relative concentrations of organic acids. Lastly, amines, amides, nitrogen bases, 
nucleotides and nucleosides were present in notably low concentrations.  
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Figure 3.28 – Biomolecules distribution. The column graphs represent the relative distribution of each biomole-

cule class for each strain (amines/amides, aminoacids, nitrogen bases, nucleotides/nucleosides, organic acids and 

sugars/sugar alcohols), in which each of the identified metabolites were inserted. a) Number of identified metabo-

lites belonging to each biomolecule class present in supernatant; b) sum of the concentration of the identified me-

tabolites belonging to each biomolecule class present in supernatant; c) number of identified metabolites belonging 

to each biomolecule class present in pellet; d) sum of the concentration of the identified metabolites belonging to 

each biomolecule class present in pellet. “DE”  stands for the strain Vreelandella sp. DE, “EA” for the strain I. 

loihiensis EA and “GC” for the strain V. salarius GC. The orange sector refers to amines/amides, the red to amino-

acids, the dark red to nitrogen bases, the purple to nucleotides/nucleosides, the blue to organic acids and the light 

blue to sugars/sugar alcohols. 
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3.8 Transcriptomic Analysis of Plants Treated with Halo-
phile Bacteria under Saline Stress 

 Phenotypical Changes of Maize Plants 

To investigate the molecular impact of Vreelandella sp. DE treatment on maize plants, a tran-
scriptomics analysis was performed. Firstly, phenotypical parameters were assessed two days after 
plant collection for RNA extraction to ensure that gene expression would manifest in the plant's pheno-
type. These results are quantified in Figure 3.29 and illustrated in Figure 3.30. Additionally, the effects 
of salt-stress on mock set were evident, with SL reduced by 44%. Furthermore, RL suffered a decrease 
of 31% and DW experienced an exponential decrease, losing more than half of its dry biomass. Regard-
ing Vreelandella sp. DE treatment under salt-stress conditions, an overall enhancement was observed 
compared to the mock treatment, with SL increased by 50%. Moreover, RL improved by 73% and DW 
doubled. Besides, the effects of Vreelandella sp. DE treatment under control conditions and the effects 
of salinity on Vreelandella sp. DE treatment did not demonstrate significant alterations in the maize 
plants’ phenotype. 
 

 
Figure 3.29 – Quantified phenotypical changes in maize plants after Vreelandella sp. DE treatment. The 

column graphs represent the shoot length, root length, full-plant dry weight biomass and photosystem II quantum 

yield recorded in maize after treatment with Vreelandella sp. DE, depicting the effects of the expressed genes 

analyzed by transcriptomics. The label “Mock” stands for mock treatment (without bacterial treatment) and “DE” for 

treatment using the strain Vreelandella sp. DE. The green columns indicate the control conditions, while the blue 
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bars depict the salt-stress conditions. The data sets (n = 3) were analyzed using a two-way ANOVA. Identical letters 

denote no statistically significant difference (p < 0.05). Error bars indicate standard deviation. 

 

 
Figure 3.30 – Phenotypical changes in maize plants after Vreelandella sp. DE treatment. The complete plant 

images display the typical phenotype observed in maize plants following treatment with Vreelandella sp. DE, de-

picting the effects of the expressed genes analyzed by transcriptomics. The label “Mock” stands for mock treatment 

(without bacterial treatment) and “DE” for treatment using the strain Vreelandella sp. DE. Moreover, the label “-” 

indicates the control condition without salt-stress and “+” indicates the salt-stress condition. 

 Differentially Expressed Genes Functional Analysis 

The RNA-seq analysis revealed a substantial number of differentially expressed genes (DEGs) 
across all comparisons of maize plants RNAs, as depicted in Figure 3.31. The mock set comparison 
demonstrated the lowest number of DEGs, with 255 down-regulated and 614 up-regulated genes under 
control conditions. Additionally, the Vreelandella sp. DE treatment set comparison exhibited 2379 down-
regulated and 2486 up-regulated genes. Moreover, the mock treatment compared to Vreelandella sp. 
DE treatment under control conditions resulted in the largest number of DEGs, having 2850 down-reg-
ulated and 2590 up-regulated genes. Finally, 1897 down-regulated and 1451 up-regulated genes were 
recorded from the comparison between mock and Vreelandella sp. DE treatment under salt-stress con-
ditions. 

Besides, a considerable number of DEGs were observed among the various comparisons, as 
illustrated in Figure 3.32. Furthermore, of the 5306 DEGs present in the comparisons between treatment 
sets, 428 were found in both comparisons, while 4437 were exclusive to the Vreelandella sp. DE treat-
ment set and 441 to mock set. Additionally, in total 7392 DEGs were found in the varying conditions 
comparisons, of which 1396 were found in treatment differences for both control and salt-stress 
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conditions. In addition, 4044 were verified only in treatment differences under control conditions and 
subsequently, 1952 were found exclusively in treatment differences under salt-stress conditions.  

 

 
Figure 3.31 – Number of DEGs. The histogram illustrates the total number of DEGs (green column), the number 

of down-regulated expressed genes (blue column) and the number of up-regulated expressed genes (grey column). 

The label “Mock” stands for mock treatment (without bacterial treatment) under control conditions, “MockSalt” for 

mock treatment under salt-stress conditions, “DE” for treatment using the strain Vreelandella sp. DE under control 

conditions and “DESalt” for treatment using the strain Vreelandella sp. DE under salt-stress conditions. Moreover, 

the label “vs” indicates a comparison, wherein the up- and down-regulation are referent for the left term genes 

regarding the right term genes. 
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Figure 3.32 – Similarities between DEGs. The Venn diagram of differential expression highlights the distinct 

genes between the treatment and control groups. The total numbers within each circle represent the overall differ-

entially expressed gene count in each group, while the overlapping section shows the number of differentially ex-

pressed genes common to both groups. The label “Mock” stands for mock treatment (without bacterial treatment) 

under control conditions, “MockSalt” for mock treatment under salt-stress conditions, “DE” for treatment using the 

strain Vreelandella sp. DE under control conditions and “DESalt” for treatment using the strain Vreelandella sp. DE 

under salt-stress conditions. Moreover, the label “vs” indicates a comparison. 

Transcriptomics functional analysis revealed substantial differences in various molecular func-
tions and metabolic pathways. Initially, as shown in Figure 3.33, salinity effects on mock treated maize 
plants demonstrated a down-regulation in DNA replication related genes, including enzymes, such as 
the DNA polymerase and primase, and replication factors. Additionally, a decreased expression of 
genes leading to several ribosomal subunits’ formation was observed. Regarding phytohormonal signal 
transduction, several genes were down-regulated, such as LOC103633549 and aux1, involved in IAA 
synthesis and influx, respectively. Conversely, some protein phosphatases encoding genes were up-
regulated. The phenylpropanoid biosynthesis pathway demonstrated one of the highest significant en-
richments, with down-regulated genes connected with enzymes production, such as cinnamyl-alcohol 
and coniferyl-aldehyde dehydrogenases. Moreover alanine, asparagine and glutamic acid metabolism 
was among the most significant enriched pathways exhibiting DEGs involved with enzymes production, 
as in the case of aspartate carbamoyl transferase-1 down-regulation and asparagine synthase and al-
anine transaminase up-regulation. Furthermore, ethylene responsive factors, such as A2P and ERF, 
were up-regulated regarding control set of plants, as well as genes related to stress-induced response, 
including anthocyanins, glutathione transferase, dehydrins, asparagine synthase and zeaxanthin epox-
idase (ABA  production) or polyamine oxidases. Conversely, energetic, growth and development regu-
lation factors, such as RALFL33, gibberellin 3-oxidase, apyrase, GRF, GDSL esterase/lipase or alpha 
expansins were down-regulated by salinity. Moreover, structuring compounds and transporters for rel-
evant compounds as rhamnose, hydroxyproline, mannose, critical aminoacids or xyloglucan com-
pounds demonstrated a similar pattern.   

Besides, the salt-stress impacts on Vreelandella sp. DE treated plants demonstrated a different 
set of most significant enrichment pathways, as illustrated in Figure 3.34. Several genes involved in the 
photosynthesis process and carbon fixation in photosynthetic organisms were down-regulated. These 
genes encompassed both PSI and PSII functions, light-harvesting complex I and II chlorophyll a/b bind-
ing proteins, Calvin cycle enzymes and many other proteins. Conversely, some genes were up-regu-
lated, such as the one encoding the ferredoxin-4. In addition, DNA replication and ribosome were also 
present in the most significant enrichment pathways. Besides, it was noticed an upregulation of several 
growth-regulating factors (GRFs), beta-glucosidase, ACC oxidase, LEA proteins synthesis, antioxidant 
enzymes (oxidoreductases, superoxide dismutase (SODs), glutathione S-transferases (GSTs) and glu-
taredoxins), as well as the synthesis of proline, hydroxyproline, glutamic acid and other compounds that 
plants use for osmoprotection. These osmoprotectants were up-regulated even more when compared 
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to mock treated plants under salt conditions. However, many genes down-regulated by salinity in mock 
treated plants demonstrated an up-regulation in Vreelandella sp. DE treated plants when salt-stress 
affected.  

In terms of treatments influences on maize plants under both control and salt-stress conditions, 
substantial functional differences were identified, as depicted in Figure 3.35 and Figure 3.36, respec-
tively. In addition, Vreelandella sp. DE treated relative to mock treated plants exhibited an inverse pat-
tern from the salinity effects in mock treatments. Several genes associated with photosynthetic pro-
cesses and carbon fixation, which were previously downregulated under salt stress, were upregulated 
with Vreelandella sp. DE treatment. Inversely, other genes, such as the ferredoxin-4 encoding gene, 
exhibited decreased expression. However, genes connected to DNA replication demonstrated down-
regulation, as occurred with salt-stress effects on mock treated maize plants. Furthermore, starch and 
sucrose metabolism was one of the most significant enrichment pathways. On the other hand, several 
genes encoding enzymes were up- and down-regulated. As the case of TPS4, TPS5 and TPS6 encod-
ing for trehalose-6-phosphate synthase demonstrated a decreased expression. Conversely, the genes 
SRA, LOC100273093 and LOC103632655 exhibited an increased expression hampering trehalose 6-
phosphate phosphatase production. Moreover, terpene synthases, expansins, fibre cell-long elongation 
factors, fatty acid elongases, beta glycosidases, cellulose synthases, xyloglucans synthesis, xyloglu-
cans synthases, vegetative cell wall proteins accumulation (as gp1) or even flowering promotion factors 
related genes were up-regulated. In addition, many transporters were also upregulated in Vreelandella 
sp. DE treated plants (particularly ABC, polyol, aminoacid and sugar transport (as SWEET13b) trans-
porters). Consistently, many phytohormone regulatory systems also increased their regulation, as 
demonstrated the upregulation of inositol-P synthases, auxin response proteins, IAA regulators and 
aminoacid receptors, ACC oxidases, gibberellin oxidases and brassinosteroid-regulators. Lastly, many 
nutrient-related regulators also shown an increased expression, mainly in the cases of N, including am-
monium transporters, nitrilases and nitrate reductases, P with P transporters and S, such as sulfate 
transporter.  

Finally, mock treated plants under saline conditions exhibited again a decreased expression of 
genes related to DNA replication in comparison to Vreelandella sp. DE treated. Furthermore, genes 
associated with base excision repair were up-regulated when compared to the mock treatment under 
salt-stress as reference. Additionally, benzoxazinoid and plant secondary metabolites biosynthesis, as 
well as valine, leucine and isoleucine degradation, were among the most significant enrichment path-
ways. Within these pathways, increased levels of expression were observed in genes encoding en-
zymes, such as indole-3-glycerol-phosphate lyase (LOC103644182 and Igl) and S-adenosylmethionine 
synthetase (LOC100282324), which are involved in the ethylene biosynthesis. Conversely, ACC oxi-
dase was up-regulated, regulating the ethylene concentration. Besides, Vreelandella sp. DE treated 
plants demonstrated an increased expression of several stress-regulation factors as the synthesis of 
isoflavone monooxygenase and hydroxylases, senescence-induction factors, membrane integrity regu-
lation factors, stress-response proteins and ABA response factors and degraders (aspartyl protease, L-
ascorbate oxidases, L-asparaginases), production of chlorophyllase (chlorophyll degradation) and 
growth control activation factors. In addition, a notable amount of different antioxidant enzymes (perox-
idase, chitinase, polyphenol oxidase, GSTs, phenylalanine ammonia-lyase, flavonoid monooxygenase, 
malate dehydrogenase, peroxidase, oxidoreductase and phosphoenolpyruvate (PEP) carboxylase), 
stress suppression factors (as chaperonins, cupredoxin, patatins, osmotin) and even specific growth 
inducing factors and nutrient related factors (GRFs, root cap proteins, germins, cellulose synthases, 
gibberellin synthesis, nitrate reductase, nitric oxide synthase). Finally, different stress-response com-
pounds, including fasciclin, calnexin, remorin, pherophorin, akyrin, were upregulated in plants inoculated 
with Vreelandella sp. DE. 

 



58 
 

 
Figure 3.33 – Functional analysis of DEGs relative to mock set comparison. The column graph displays the 

20 most significant KEGG pathways compared to the mock set. The x-axis represents the KEGG pathways, while 

the y-axis indicates the significance level of pathway enrichment, with higher values indicating greater significance. 

The values above each column represent the number of DEGs. 

 

MockvsMockSalt 
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Figure 3.34 – Functional analysis of DEGs relative to Vreelandella sp. DE treatment set comparison. The 

column graph displays the 20 most significant KEGG pathways compared to the Vreelandella sp. DE treatment set. 

The x-axis represents the KEGG pathways, while the y-axis indicates the significance level of pathway enrichment, 

with higher values indicating greater significance. The values above each column represent the number of DEGs. 

 

DEvsDESalt 
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Figure 3.35 – Functional analysis of DEGs relative to Vreelandella sp. DE treatment under control condi-

tions. The column graph illustrates the 20 most significant KEGG pathways relative to the Vreelandella sp. DE 

treatment under control conditions. The x-axis represents the KEGG pathways, while the y-axis indicates the sig-

nificance level of pathway enrichment, with higher values indicating greater significance. The values above each 

column represent the number of DEGs. 

 

MockvsDE 
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Figure 3.36 – Functional analysis of DEGs relative to Vreelandella sp. DE treatment under salt-stress con-

ditions. The column graph illustrates the 20 most significant KEGG pathways relative to the Vreelandella sp. DE 

treatment under salt-stress conditions. The x-axis represents the KEGG pathways, while the y-axis indicates the 

significance level of pathway enrichment, with higher values indicating greater significance. The values above each 

column represent the number of DEGs. 

MockSaltvsDESalt 
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4  

DISCUSSION 

 
Across the globe, soil salinization has been an increasing problem, mainly for the agricultural 

sector. In addition, numerous factors are contributing to the worsening of this issue, with evapotranspi-
ration, precipitation and rising of groundwater levels being the main drivers of soil salinization [134], 
[135]. Furthermore, climate changes are intensifying the negative impacts of these factors, particularly 
in arid and semi-arid areas. Besides, farmlands are the areas most affected by saline soils [136]. Por-
tugal's farmlands are not exempt from this phenomenon. Saline soils significantly affect important agri-
cultural areas, such as Ribatejo, predominantly due to the advance of the salt wedge on the surrounding 
rivers [21], [137]. Moreover, it is projected that Ribatejo will experience reduced precipitation and even 
higher temperatures in the future, which will increase the salinity in the soils, thus leading to threatening 
challenges to regional crop sustainability [138]. As a result, the agricultural industry is faced with an 
urgent challenge to develop methods for mitigating soil salinization in order to maintain crops sustaina-
bility. This is essential for meeting the expanding needs of an expanding global population. Hence, the 
rationale for this project was that the utilization of adapted microbiota accustomed to thriving in saline 
environments may assist crops in coping with salt-stress conditions.  

To test this proposition, bacteria from Iberian saltpans and salt flats were collected and isolated 
in highly saline conditions to form a halophile/halotolerant collection. Therefore, several halophile spe-
cies were discovered, such as Idiomarina loihiensis and Salinivibrio costicola [139], [140]. Common 
species in saline environments, including Oceanobacillus picturae and Planococcus rifietoensis were 
also identified [141], [142], [143], [144], [145], [146]. Additionally, the growth in significantly higher con-
centrations of NaCl substantially altered the composition of the culturable bacteria collection compared 
to a collection sampled from the same locations [20]. Bacillus atrophaeus and Priestia megaterium are 
the only species present in both collections, suggesting that the majority of the bacteria isolated are 
dependent on high salinity levels for growth. Additionally, the bacterial community diversity in soil 6 
aligns with the typically observed Shannon diversity index values for culturable bacteria (1.5-2.6) [147], 
[148]. However, the remaining soils exhibited lower diversity than is customary, indicating the possibility 
that high salinity reduces bacterial biodiversity [149]. Furthermore, saline soils demonstrated a higher 
population abundance than the gypsic ones, which may be attributed with the adaptive evolution of 
bacteria to thrive under saline environments [150]. Consequently, a large number of different halophile 
strains were isolated. In evaluating and identifying the most promising candidate strains for several 
approaches, a key focus was on verifying their effectiveness in stressing conditions. Although many 
researchers employ in vitro testing to efficiently assess each strain's general capabilities, this method 
may not necessarily predict similar outcomes in plants, particularly under stressing environments [151], 
[152], [153], [154]. Consequently, it was decided to incorporate salt stress into the screening tests as a 
distinguishing element, in line with an emerging contextualizing trend in the field [6], [155]. Hence, bac-
terial strains were selected with varying characteristics to capture a broad spectrum of mechanisms that 
could enhance crop resilience under salt stress. This selection approach aligns with previous studies 
that emphasize the importance of trait diversity in addressing environmental challenges [156], [157]. 

The candidate strain Kushneria marisflavi AA, was selected for its remarkable antioxidant pro-
duction, significantly exceeding 9 mM of antioxidants equivalents. This feature is noteworthy, as it sur-
passes the concentration typically produced by known high antioxidant producers such as Bifidobacte-
rium longum, a lactic acid bacteria recognized for its antioxidant capabilities [158]. The elevated antiox-
idant levels produced suggest a strong potential for mitigating oxidative stress in plants through the 
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regulation of ROS levels [159]. Additionally, Kushneria marisflavi was reported to enhance the salt-
stress resilience of sunflower (Helianthus annuus), lettuce (Lactuca sativa) and barley (Hordeum vul-
gare) by Szymańska and collaborators [160]. Another strain selected as a candidate was Vreelandella 
sp. DE due to its exceptional biofilm production, nitrogen fixation and sulfur oxidation under high salinity 
conditions. The ability to form robust biofilms is critical in alleviating ionic toxicity and osmotic stress, as 
the biofilm acts as a physical barrier, protecting plant roots [61], [161]. Notably, the biofilm production of 
Vreelandella sp. DE far exceeds the typical values seen in various Pseudomonas species, which aver-
age around OD550nm = 0.6 [162]. Additionally, nitrogen fixation, which is rarely observed in pure cultures 
under salt-stress [163], it is of paramount importance as nitrogen is the most critical nutrient for plants 
and is scarce under saline conditions [164]. Besides, the sulfur oxidizing capability provides the ad-
vantage of supplying not only this macronutrient, which is substantially involved in protein synthesis, but 
also exhibits a synergistic effect on various other essential nutrients which may be associated with the 
nitrogen fixation ability [82]. The strain Idiomarina loihiensis EA emerged as a candidate due to its high 
production of auxins, which are key growth phytohormones with a fundamental role in root architecture 
[165], [166]. Its auxin production surpasses that of Azospirillum brasilense (30 µg/mL of IAA equiva-
lents), which is known to enhance plant growth through auxins production [167], [168]. This may eluci-
date the observed development of a more branched root system in maize plants inoculated with Idio-
marina loihiensis EA. Virgibacillus salarius GC was also selected for its manganese solubilizing capa-
bilities. In addition, manganese is an essential micronutrient involved in PSII functions [169]. Moreover, 
Idiomarina abyssalis IA was selected due to its capacity to produce siderophores, which are iron-scav-
enging compounds that inhibit infection by phytopathogens [170]. Planococcus citreus ID was selected 
for its notable phosphate-solubilizing capacity, a crucial trait for enhancing plant growth and develop-
ment [171]. Notably, Planococcus citreus ID demonstrated phosphate solubilization at levels compara-
ble to high-performing bacteria (40 mg/mL of PO4

- equivalents), even under salt stress, which typically 
diminishes this ability [172]. Rossellomorea aquimaris 104 is one of the calcium-solubilizing bacteria, so 
it was selected. Hence, calcium is an essential micronutrient related to signalling processes, including 
salt-stress tolerance [173]. Furthermore, Li and Jiang reported that Rossellomorea aquimaris was ca-
pable of alleviating salt-stress in maize seedlings [50], the same pattern was verified in maize plants 
inoculated with Rossellomorea aquimaris 104, reinforcing the efficacy of this strain as PGPB under salt-
stress conditions. Halobacillus faecis 109 was another strain selected as a candidate since it was ca-
pable to grow in an ACC-only carbon and nitrogen source medium, suggesting the presence of ACCd, 
an enzyme that regulates ethylene (stress hormone) levels through the breakdown of ACC (ethylene 
precursor) [174], [175]. This strain demonstrated a significant capacity to regulate ethylene levels, given 
that it exceeded the performance of several ACCd-producing bacteria [176], [177]. Nonetheless, ACCd 
production may be sufficient to improve the salt resilience in monocots, as observed in maize seedlings, 
since monocots typically demonstrate lower ethylene stress sensitivity [178]. Bacillus swezeyi 119 was 
also chosen as a candidate due to its exceptional proline secretion and capacity to produce exopoly-
saccharides. Proline is an important antioxidant and osmoprotectant that reduces cell water potential 
and aids sustaining turgor pressure [179]. Furthermore, EPS are associated with biofilm formation and 
have similar functions, including the formation of a physical barrier around the roots, providing resistance 
to osmotic stress and a protective role against ionic toxicity [180]. Finally, the strain Oceanobacillus 
picturae 123 was chosen as it excelled in potassium solubilization. Furthermore, potassium solubiliza-
tion plays a crucial role in plant nutrition [181]. Besides, it was reported to aid in coping with osmotic 
stress [182]. Moreover, enhanced maize root length in plants treated with Oceanobacillus picturae 123 
could be derived from this specific trait [183]. Therefore, the selection and characterization of halophile 
and halotolerant bacterial strains capable of thriving in saline conditions, coupled with their PGPT such 
as antioxidants and osmoprotectants production, biofilm formation and nutrient availability, underscores 
their potential as robust bioinoculants. These strains may facilitate the development of bioinoculants 
specifically tailored for saline environments, offering a sustainable approach to enhancing crop resili-
ence and productivity under salt stress. 

Besides the candidate strains’ performance on the diverse PGPT tests, a remarkable salt-stress 
resilience was observed in the candidate strains. Vreelandella sp. DE and Idiomarina loihiensis EA dis-
tinguish themselves from the remaining strains due to their affinity for higher salinity levels. Moreover, 
several mechanisms developed through adaptation to highly saline environments may elucidate this 
impressive capability. Both strains possess a substantially elevated amount of aminoacids in their com-
position, which are related with salt-stress resilience [184], [185]. Additionally, proline and alanine func-
tion as osmoprotectants [186], [187], [188]. Furthermore, glutamic acid and GABA signalling modulates 
stress-related responses, such as ethylene and ROS regulation [186], [189], [190]. Pyroglutamic acid, 
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phenylalanine, valine, threonine, isoleucine and L-aspartic acid are all aminoacids involved in the en-
hancement of the antioxidant system and the production of important metabolites against salt-stress 
nefarious effects, such as proline, glutamic acid and GABA mentioned previously [191], [192]. Besides, 
the latter four aminoacids form the VTID complex that alleviates salt-stress due to increasing antioxidant 
enzymes activity (CAT and SOD), reducing malondialdehyde (MDA) an oxidative stress marker and 
increasing the levels of osmoprotectants [193]. Consequently, Idiomarina loihiensis EA demonstrated a 
salt-stress relieving mechanism more focused on proline as the major osmolyte and a higher aminoacid 
content. Conversely, Vreelandella sp. DE demonstrated a salinity tolerance focused on trehalose as 
major osmolyte. Trehalose provides an alternative source of carbon and energy. Additionally, its chem-
ical properties, including strong water affinity, absence of internal hydrogen bonds formation, non-hy-
groscopic glass formation and chemical stability render it one of the major osmoprotectants [194]. These 
results demonstrate the existence of alternative strategies for coping with saline environments. How-
ever, the candidate strains isolated from the hypergypsic soils (Rossellomorea aquimaris 104 and Ha-
lobacillus faecis 109) belong to the group in which the salinity threshold is lower, reinforcing the notion 
that there is species adaptation to the surrounding environment. Hence, the candidate strains exhibited 
promising results in a variety of tests and salt-stress resilience, leading to the identification of a diverse 
set of bacteria with the potential to aid crops in thriving in highly saline environments. 

Maize (Zea mays) and tomato (Solanum lycopersicum) are two of the major crops cultivated in 
the Ribatejo region [23]. Additionally, maize a monocotyledon (monocot) is one of the most significant 
crops regarding human and animal nutrition [195]. Furthermore, tomato a dicotyledon (dicot) is one of 
the most relevant fleshy fruit crops and it has been utilized as a model plant [196]. Therefore, they were 
selected as plant models.  

Early-stage biotreatment tests were conducted as a second and more accurate screening to as-
sess candidate strains’ potential in enhancing maize and tomato growth and resilience under salt-stress 
conditions. Initially, both crops were subjected to the same salinity level. However, the fragile structure 
of tomato seedlings led to their death while stress was applied, thus necessitating a reduction in salinity. 
In addition, early-stage tests were extended in tomato plants to provide a clearer phenotype. Interest-
ingly, while almost all biotreatments were effective in enhancing the photosystem II quantum yield in 
tomato plants, which is relevant due to this parameter’s connection with plant viability [197], [198], no 
significant changes were reported in maize, this may be related with retarded phenotypic changes of 
the QY under salt-stress conditions [199]. Additionally, the differences between maize sets may be at-
tributed to the climatic conditions experienced during the experiment [200]. Another interesting aspect 
noted was the effects of salinity on uninoculated tomato seedlings, which demonstrated higher growth 
under saline conditions. This phenomenon has been previously reported [201], [202], although further 
studies are needed to elucidate it. Furthermore, Vreelandella sp. DE functional genomic analysis 
demonstrated the presence of some genes related with root colonization, potentially providing it the 
capacity of chemotaxis towards the roots (che gene cluster), motility (flhD and flhC) and secondary 
attachment to roots (lapA). However, the absence of genes related to root primary attachment was 
noted, as well as some other genes reported to be crucial for root colonization without losing the biofilm 
forming capabilities, such as abrB, sigH, sigD, nrfA and yusV, thus resulting in the poor root colonization 
capacity [203], [204]. Besides the candidate strains have not proven capable of colonizing the plant 
roots, they are able to enhance plant growth and alleviate salt-stress through alternative mechanisms, 
such as the secretion of exudates [205], [206], [207]. Furthermore, early-stage tests do not always pre-
dict the final outcome of PGPB effects on crops [208]. Therefore, long-term biotreatment tests were 
conducted to better predict the candidate strains’ influence on maize and tomato plants under field con-
ditions. For this purpose, Vreelandella sp. DE, Idiomarina loihiensis EA and Virgibacillus salarius GC 
were select to proceed to the subsequent stage. This selection was based on the two strains exhibiting 
the highest SL in tomato plants under salt-stress conditions (Idiomarina loihiensis EA and Virgibacillus 
salarius GC). Additionally, among the strains that enhanced tomato plants to a more advanced devel-
opmental stage, Vreelandella sp. DE demonstrated the highest SL in maize plants under saline condi-
tions. Moreover, this characteristic, in conjunction with a significant increase in RL, contributed to its 
selection as a biotreatment for the maize plants transcriptomics analysis. Furthermore, due to time con-
straints and the need for clearer phenotypes in tomato plants, the transcriptomic analysis was exclu-
sively conducted on the maize model plant.  

Long-term biotreatment tests have yielded highly promising results. Notably, treatments with 
Vreelandella sp. DE and Idiomarina loihiensis EA enhanced or maintained both plants’ overall growth 
in saline conditions, which may be attributed to the preference of these strains for higher salinity levels 
[209]. Besides, the strains may be assisting the plants through various mechanisms, including the 
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secretion of bacterial exudates. Hence, a metabolomic analysis of the metabolites secreted by the can-
didate strains under saline conditions was conducted, to investigate the potential of these compounds 
to enhance plant growth under saline conditions. It was pertinent to test under saline environments 
because salinity affects bacterial metabolism [210], [211]. Vreelandella sp. DE and Virgibacillus salarius 
GC treatments exhibited similar effects on maize plants. Interestingly, some metabolites secreted in 
high amounts only by these two strains were reported to have beneficial effects on plants. For instance, 
trehalose and GABA were reported to enhance plant growth and salt-resilience through mediation of 
various physiological and molecular processes, such as regulation of osmotic potential, antioxidant sys-
tems, carbon and nitrogen metabolism, phytohormones, improvement of membrane integrity and nutri-
ent uptake [212], [213], [214], [215], [216]. Additionally, the aminoacids alanine and serine presented a 
similar pattern, both are involved in the synthesis of several biomolecules, such as other aminoacids, 
nitrogen bases, phospholipids and sphingolipids, required for cell proliferation, which may be associated 
with a more robust stem in maize plants under stress [217], [218]. Moreover, these aminoacids have 
been associated with abiotic stresses, with alanine functioning as an osmoprotectant, as well as a pre-
cursor of antioxidants and other osmoprotectants [188], [219], [220]. Furthermore, substantially lower 
levels of secreted trehalose and GABA by Virgibacillus salarius GC in comparison with Vreelandella sp. 
DE may be connected with the inefficacy of Virgibacillus salarius GC treatment on tomato plants, sug-
gesting that these metabolites are crucial for plant salt tolerance enhancement. Conversely, the strain 
Idiomarina loihiensis EA did not demonstrate the secretion of high levels of these metabolites. It appar-
ently improves plants’ salt-tolerance through the secretion of high concentrations of diverse aminoacids, 
such as phenylalanine, lysine and proline. These aminoacids have the capacity to increase the antioxi-
dants levels and produce many molecules relevant for plant development and defence against salinity, 
such as osmoprotectants, of which proline is one of the most significant [221], [222], [223]. Additionally, 
Vreelandella sp. DE genomic analysis revealed an interesting set of functional genes related to PGPTs, 
including nutrient acquisition and solubilization, phytohormones production and salt-stress neutraliza-
tion, such as osmoprotectants and antioxidants production. The presence of these genes may be asso-
ciated with the biotreatment efficacy on plants [224]. Remarkably, the entire suf system was identified 
in Vreelandella sp. DE, which encodes for an Fe-S cluster and is crucial for nitrogenase biosynthesis, 
mainly under stress conditions [225], [226], thus suggesting a potential mechanism for nitrogen fixation 
under high salinity levels. This phenomenon is significant because salt stress typically inhibits nitrogen-
ase biosynthesis, thereby reducing its activity. For instance, Tripathi and colleagues demonstrated that 
nitrogenase biosynthesis and activity in Azospirillum brasilense were completely inhibited by the pres-
ence of 350 mM NaCl [227]. Salinity stress is known to adversely affect nitrogen cycling, including ni-
trogen fixation, which consequently decreases nitrogen availability in soil [228]. Given this context, the 
capacity of Vreelandella sp. DE to perform nitrogen fixation under high salinity is highly relevant for 
enhancing crop growth in saline environments. 

Nevertheless, the transcriptomics analysis provided further insights into the effects of salinity and 
Vreelandella sp. DE treatment on maize plants. Salinity led to a decrease in gene expression in mock 
treated maize plants, thus down-regulating genes encoding for ribosome formation, which plays a crucial 
role in translation processes, resulting in a decrease of proteins production [229]. Moreover, the expres-
sion of genes related to DNA replication was decreased, hampering cell division, hence leading to de-
creased tissue development, contributing to reduced SL and RL [230]. Additionally, the decreased ex-
pression of the gene LOC100282482 encoding for aspartate carbamoyltransferase 1 impedes the py-
rimidine biosynthesis, which are nitrogen bases needed for nucleotide formation [231]. Conversely, ex-
pression of genes related to DNA replication was increased by salinity in plants treated with Vreelandella 
sp. DE, which may explain an enhanced growth of maize plants in the long-term biotreatment tests 
under saline over control conditions. However, early-stage tests demonstrated the opposite trend, sug-
gesting that plants are still acclimating to the saline environment. Furthermore, salinity exhibited a di-
minishing of expression of genes related to IAA synthesis and influx in mock treated plants, which is a 
crucial growth phytohormone, also serving to explain a reduction in overall plant growth [232]. Moreover, 
enzymes involved in lignocellulose biosynthesis, such as cinnamyl-alcohol dehydrogenase and co-
niferyl-aldehyde dehydrogenase exhibited their genes expression LOC100216819 and rf2f, respec-
tively, down-regulated resulting in a diminution of rigidity and strength in plant cell walls, which renders 
plants more vulnerable to salt-stress [233], [234]. Besides, genes encoding for asparagine synthase 
were up-regulated, suggesting that asparagine accumulation may function as a plant response to salt-
stress by serving as a nitrogen reserve used for protein synthesis [235]. Additionally, the expression of 
genes encoding for enzymes involved in glutamic acid biosynthesis, such as aspartate and alanine 
transaminases were found up-regulated in Vreelandella sp. DE and both treatments, respectively. These 
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enzymes have similar functions and are important not only due to the glutamic acid synthesis, but also 
due to the balance of the C:N ratio through reversible reactions of ketoacids to aminoacids [236]. In 
addition, salinity effects on Vreelandella sp. DE treated plants led to enhanced expression of genes 
encoding for PEP carboxylase (pep7 and LOC100384708), an important enzyme in abiotic stress re-
sponse by regulating root growth and stress markers, which may have a substantial impact on root 
development [237]. Furthermore, significant alterations in gene expression of mock set plants in com-
parison with Vreelandella sp. DE treated were identified in both control and salt-stress conditions. No-
tably, a substantial number of genes related to several photosynthesis processes and carbon fixation in 
photosynthetic organisms were up-regulated by Vreelandella sp. DE treatment under control conditions, 
although genes related specifically to the ferredoxin-4 were down-regulated, more studies about this 
protein function are needed to elucidate the causality of this event. Interestingly, many genes encoding 
for enzymes involved in sucrose metabolism were up-regulated by Vreelandella sp. DE treatment, high-
lighting the trehalose-6-phosphatase, that will convert trehalose-6-phosphate (T6P) into 2 molecules of 
trehalose. Reduction of T6P is important because it inhibits the sucrose non-fermenting 1-related protein 
kinase1 (SnRK1) complex that plays a crucial role in plant growth, mainly in root development. However, 
T6P is relevant for starch biosynthesis and other molecular functions. Hence, sucrose, a T6P precursor, 
levels are increased by sucrose-phosphate synthase and sucrose-6-phosphate phosphatase. Addition-
ally, starch synthetase was up-regulated as well to mitigate the lower levels of T6P and higher levels of 
trehalose that breaks the starch molecules, which results in a dynamic metabolism more efficient in 
plant growth [238], [239], [240]. Remarkably, Vreelandella sp. DE treatment under salt-stress conditions 
demonstrated not only an up-regulation of gene associated with DNA replication as it enhanced several 
genes connected to base excision repair, but this is also a crucial process to prevent DNA lesions that 
are more frequent under stress conditions, thus enhancing plant growth and resilience as mentioned 
above [241]. Furthermore, genes involved in valine, leucine and isoleucine degradation were down-
regulated, which demonstrates a better coping with salt-stress, given that during stress, aminoacids are 
consumed as alternative fuel sources for respiration [242]. Remarkably, genes encoding for several 
enzymes involved in plant enhancement under saline conditions were identified, such as S-adenosyl-
methionine synthetase through the production of polyamines (spermidine and spermine) that alleviate 
salinity stress [243]. Interestingly, ACC oxidase was upregulated in order to regulate the ethylene levels 
crucial to regulate the salt-stress effects on plants [244]. The cytochrome P450 also was reported to 
increase salt tolerance in plants [245]. Besides, indole-3-glycerol-phosphate lyase, indole-2-monooxy-
genase and 3-hydroxyindolin-2-one monooxygenase are associated with auxins biosynthesis, which are 
important for plant growth as previously mentioned [246], [247]. Furthermore, the upregulation of several 
stress-regulating and stress-supressing factors are contributing for a better coping with salinity by plants 
inoculated with Vreelandella sp. DE. Additionally, the increasing expression of various antioxidant en-
zymes are also associated with salt-stress mitigation, as well as the stress-response compounds up-
regulation. Lastly, growth inducing and nutrient related factors led to an enhanced plant growth.  

To combat the challenges posed by salinization, the adoption of sustainable and reliable ap-
proaches is necessary. A strategic use of locally available resources has the potential to greatly advance 
the development of novel bioformulations. These bioformulations would be designed to align more ef-
fectively with environmental conditions, employing a range of adaptive mechanisms. Given the intrica-
cies of salt-stress, solutions must extend beyond simple growth promotion and incorporate more ad-
vanced, multifaceted strategies. Nevertheless, additional research is required in this field to support the 
development of bioformulations designed to surpass this stressing conditions. This may rely on the use 
of microbial consortia to improve bacterial performance [248], the evaluation of full-cycle responses in 
both plants and fruits, up-scale field trials with diverse crops and further investigation on the mechanisms 
underlying plant-microbe interactions. All these steps are essential to find a solution to overcome the 
major problem of soil salinization in agriculture. 
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CONCLUSIONS 

Soil salinization has been a major issue for agricultural productivity, due to the substantial re-
duction in yield across several crops. This phenomenon implies the urgent need to find alternative so-
lutions to mitigate soil salinity impacts on crops. Bioformulations could potentially be a sustainable and 
effective solution to achieve this goal. To do so, a total of 54 strains were isolated from saltpans/salt 
flats located in the Iberian Peninsula. However, soil biodiversity was notably low across samples, likely 
reflecting the impact of salinity on reducing microbial diversity. Furthermore, saline soils presented a 
higher abundance of halophile/halotolerant bacteria compared to gypsic soils. In order to have a more 
effective selection to develop a novel bioformulation, strains performance was assessed under saline 
stress conditions. On this purpose, ten candidate strains were selected for exhibiting the highest perfor-
mance in one or more of the desirable traits. Remarkably, the strains Vreelandella sp. DE and Idiomarina 
loihiensis EA, which demonstrated the highest salt-affinity also demonstrated the highest number of 
desirable plant growth-promoting traits. Furthermore, metabolomics analysis revealed the presence of 
different strategies to overcome salinity stress, with Vreelandella sp. DE producing high levels of treha-
lose and Idiomarina loihiensis EA showing an elevated proline production. Besides, both strains demon-
strated a high aminoacid content in their metabolism, which is linked with salt tolerance. Additionally, 
Vreelandella sp. DE contained in its genome a varied set of genes related to the tested plant growth-
promoting traits, which helps explaining its high performance across the different tests. Moreover, the 
diverse biotreatments have relied on different strategies for plant enhancement, which resulted in varied 
phenotypical aspects. As expected, Vreelandella sp. DE and Idiomarina loihiensis EA treatments were 
the most effective enhancing crops growth under saline conditions. In maize, both Vreelandella sp. DE 
and Idiomarina loihiensis EA significantly enhanced growth, with shoot length increasing by 57% and 
33%, respectively. Dry weight was notably higher, with Vreelandella sp. DE quadrupling and Idiomarina 
loihiensis EA doubling it. Photosystem II quantum yield was maintained in both treatments, indicating 
stable photosynthetic efficiency under saline conditions. Similarly, in tomato, both strains showed sub-
stantial growth improvements in shoot and root length, with Vreelandella sp. DE and Idiomarina 
loihiensis EA increasing the dry weight by 15- and 17-fold, respectively and were also capable of main-
taining the photosystem II quantum yield. Hence, these results present promising perspectives for test-
ing these biotreatments in full-cycle plant tests to evaluate the effects on crop productivity. Therefore, 
there is a need to better understand the mechanisms underlying plant-microbe interactions, to compre-
hend how the strains can aid crops in better coping with salt-stress. In this regard, omics approaches 
were conducted on both bacterial strains and plants, including genomics, metabolomics and tran-
scriptomics. Furthermore, metabolomics exhibited the presence of several metabolites involved in 
stress-tolerance and with plant growth-promoting capabilities being produced and secreted by bacterial 
strains, as well as the use of alternative strategies among the candidate strains. For instance, Idiomarina 
loihiensis EA secreted a higher level of aminoacids comparing to other candidates, including proline, 
phenylalanine and lysine. Along with-it remarkable auxin production may be connected with both maize 
and tomato enhancement. Conversely, Vreelandella sp. DE secretes GABA, trehalose and some ami-
noacids, such as alanine and serine. These metabolites enhance plant growth and salt-resilience 
through mediation of various physiological and molecular processes, of which the cell proliferation as 
well as phospholipids and sphingolipids production may be associated with sturdier stems in maize 
plants under stress. Lastly, the transcriptomics analysis conducted has shown the influence of 
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Vreelandella sp. DE treatment in maize plants’ gene expression, highlighting the overexpression of 
genes related to DNA replication and repair as well as osmoprotectants and auxins biosynthesis, anti-
oxidants enzymes, growth-inducing and nutrient related factors, while reducing the expression of genes 
associated with stress, such as aminoacids consumption as alternative energy source. Upcoming trials 
might involve the preparation of consortia bioformulations, plant full-cycle biotreatment tests, field trials 
evaluating plant’s productivity and fruits nutritional value using diverse crops to ensure the efficacy of 
these promising candidates. Additionally, comparative genomics between candidates may be valuable 
to identify potential molecular markers. Besides, metabolomics in plants treated with different biotreat-
ments may encompass another strategy to better comprehend the bacterial influence on plants to miti-
gate salt-stress. 
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7  

 

ANNEXES 

7.1 Halophile/Halotolerant Bacterial Collection  

Table 7.1 – List of isolated strains and morphological characteristics. The table indicates the sample code. 

species name determined through the comparison of 16S rRNA sequences with the National Library of Medicine 

BLAST database and morphology of bacterial colonies in five parameters (colour. texture. elevation. margin and 

propagation) following the guidelines of PathElective. UI stands for “Unidentified”. 

Sample Species 
Morphology 

Colour Texture Elevation Margin Propagation 

AA Kushneria marisflavi orange viscid flat entire moderate 

AB Halomonas elongata  white viscid raised entire large 

AC UI white viscid crateriform entire moderate 

BC Bacillus atrophaeus light brown viscid draughtsman entire large 

DA Halobacillus faecis yellow smooth flat entire moderate 

DD Virgibacillus salarius white dull flat filiform large 

DE Vreelandella sp. white smooth raised curled large 

DF UI white mucoid flat entire moderate 

EA Idiomarina loihiensis white/cream viscid raised lobate moderate 

EB UI      

EC UI cream mucoid raised entire moderate 

ED UI      

EE Marinobacter persicus light yellow transparent flat filiform moderate 

EF UI white viscid flat entire moderate 

EG UI      

FA Halobacillus trueperi yellow smooth crateriform entire small 

FD Halomonas glaciei brown dry raised filiform large 

FE Halobacillus sediminis white dull raised entire moderate 

GA Oceanobacillus picturae  yellow smooth flat entire puntiform 

GB Alkalibacterium putridalgicola white smooth umbonate entire large 

GC Virgibacillus salarius white dull umbonate serrate large 

GD UI white viscid draughtsman undulate small 

HA Salinivibrio costicola white smooth crateriform entire moderate 

HB Idiomarina abyssalis white smooth raised entire large 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2746
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1409
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=447199
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=135577
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=156205
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=56800
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=171693
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=426703
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=447199
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HC Halomonas taeanensis white viscid crateriform entire moderate 

IA Idiomarina abyssalis white smooth raised entire large 

IC Pseudalkalibacillus hwajinpoensis  white/cream smooth raised entire small 

ID Planococcus citreus  orange smooth convex entire moderate 

IF Oceanobacillus picturae  white smooth flat undulate moderate 

IG Halobacillus trueperi yellow smooth draughtsman entire moderate 

101 Bacillus halotolerans 

     

102 UI cream smooth flat entire small 

103 Halobacillus faecis transparent smooth flat entire small 

104 Rossellomorea aquimaris white smooth flat undulate small 

105 UI white smooth flat entire puntiform 

106 UI      

107 Oceanobacillus picturae  white smooth draughtsman undulate moderate 

108 UI      

109 Halobacillus faecis light orange smooth crateriform entire moderate 

110 Halobacillus faecis light orange/yellow viscid flat entire large 

111 Alkalicoccobacillus gibsonii white viscid raised entire small 

112 Candida sp. orange viscid raised entire puntiform 

113 Planococcus rifietoensis  orange viscid raised entire moderate 

114 Candida parapsilosis white dull flat entire moderate 

115 Oceanobacillus kimchii white viscid raised entire moderate 

116 Paraliobacillus sediminis 

     

117 Penicillium chrysogenum transparent smooth flat entire moderate 

118 UI      

119 Bacillus swezeyi white mucoid raised entire large 

120 Halobacillus faecis 

     

121 Priestia megaterium 

     

122 Candida parapsilosis white dull crateriform entire moderate 

123 Oceanobacillus picturae white smooth raised filiform moderate 

124 Rossellomorea vietnamensis  white smooth raised filiform moderate 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1120318
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=200991
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=182710
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=156205
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=260554
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=189382
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=171693
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=56800
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=200991
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=746691
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=2213194
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=56800
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1404
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=218284
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7.2 Strains Performance under High Salinity Levels 

 
Figure 7.1 – Bacterial characterization under high salinity levels. The column graphs represent the 
performance at a 2 M of NaCl concentration of each candidate strain. Strains were characterized for a) 
their growth in ACC medium (in OD at 600 nm) b) auxins production (in IAA equivalents) c) biofilm 
production (in OD at 550 nm) d) antioxidants equivalents production (in mM) e) proline equivalents 
secretion and f) siderophores production (in psu). The species name for every label used on the strains 
are listed in Table 7.1. The data sets (n = 3) were analyzed using a Student’s t-test. Asterisks indicate 
statistically significant differences at the following levels: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, 
and **** for p < 0.0001. ‘ns’ denotes no statistical difference compared to the control (y = 0). Error bars 
indicate standard deviation. 
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Figure 7.2 – Bacterial nutrient characterization under high salinity levels. The column graphs represent the 

performance at a 2 M of NaCl concentration of each candidate strain in the nutrient disposability tests. Strains were 

characterized for a) nitrogen fixation (NH3
+ equivalents) b) phosphate solubilization (in PO4

3- equivalents) c) potas-

sium solubilization (in K+ equivalents) d) sulfur oxidation (in relative activity) e) calcium solubilization (in solubiliza-

tion index. SI) and f) manganese solubilization (in SI). The species name for every label used on the strains are 

listed in Table 7.1. The data sets (n = 3) were analyzed using a Student’s t-test. Asterisks indicate statistically 

significant differences at the following levels: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. 

‘ns’ denotes no statistical difference compared to the control (y = 0). Error bars indicate standard deviation. 

7.3 Metabolites Production by Halophile Bacteria 
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Figure 7.3 – Low concentration bacterial metabolites. The bar graph illustrates an ampliation of Figure 3.25 

ranging from 0 to 5 mM in the X-axis. The blue bar is referent to the strain Vreelandella sp. DE, the orange bar to 

the strain I. loihiensis EA and the grey bar to the strain V. salarius GC. Error bars indicate standard deviation. 
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