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Abstract

:

Simple Summary


Salt stress is an important environmental problem that negatively affects agricultural and food production in the world. Currently, the use of plant beneficial bacteria for plant growth promotion is attractive due to the demand for eco-friendly and sustainable agriculture. In this study, salt tolerant deep-sea actinobacterium, Dermacoccus abyssi MT1.1T was investigated plant growth promotion and salt stress mitigation in tomato seedlings. In addition, D. abyssi MT1.1T whole genome was analyzed for plant growth promoting traits and genes related to salt stress alleviation in plants. We also evaluated the biosafety of this strain on human health and organisms in the environment. Our results highlight that the inoculation of D. abyssi MT1.1T could reduce the negative effects of salt stress in tomato seedlings by growth improvement, total soluble sugars accumulation and hydrogen peroxide reduction. Moreover, this strain could survive and colonize tomato roots. Biosafety testing and genome analysis of D. abyssi MT1.1T showed no pathogenicity risk. In conclusion, we provide supporting evidence on the potential of D. abyssi MT1.1T as a safe strain for use in plant growth promotion under salt stress.




Abstract


Salt stress is a serious agricultural problem threatens plant growth and development resulted in productivity loss and global food security concerns. Salt tolerant plant growth promoting actinobacteria, especially deep-sea actinobacteria are an alternative strategy to mitigate deleterious effects of salt stress. In this study, we aimed to investigate the potential of deep-sea Dermacoccus abyssi MT1.1T to mitigate salt stress in tomato seedlings and identified genes related to plant growth promotion and salt stress mitigation. D. abyssi MT1.1T exhibited plant growth promoting traits namely indole-3-acetic acid (IAA) and siderophore production and phosphate solubilization under 0, 150, 300, and 450 mM NaCl in vitro. Inoculation of D. abyssi MT1.1T improved tomato seedlings growth in terms of shoot length and dry weight compared with non-inoculated seedlings under 150 mM NaCl. In addition, increased total soluble sugar and total chlorophyll content and decreased hydrogen peroxide content were observed in tomato inoculated with D. abyssi MT1.1T. These results suggested that this strain mitigated salt stress in tomatoes via osmoregulation by accumulation of soluble sugars and H2O2 scavenging activity. Genome analysis data supported plant growth promoting and salt stress mitigation potential of D. abyssi MT1.1T. Survival and colonization of D. abyssi MT1.1T were observed in roots of inoculated tomato seedlings. Biosafety testing on D. abyssi MT1.1T and in silico analysis of its whole genome sequence revealed no evidence of its pathogenicity. Our results demonstrate the potential of deep-sea D. abyssi MT1.1T to mitigate salt stress in tomato seedlings and as a candidate of eco-friendly bio-inoculants for sustainable agriculture.
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1. Introduction


Agricultural productivity loss from salt stress is a serious issue that negatively impacts global food security [1,2]. Salinity can occur from natural causes, such as weathering of saline parent material and rise of saline groundwater, and anthropogenic activity, such as excessive use of underground water for irrigation and poor drainage [2,3]. It is expected that 30% of arable land loss will happen within the next 25 years and up to 50% within 2050 [4]. Salinity causes osmotic and oxidative stress which leads to a series of biochemical, molecular, morphological, and physiological changes that negatively affect plant growth and development [1,4,5,6]. In response to salt stress, plants apply various strategies to mitigate these negative effects. Plants can accumulate compatible solutes to balance osmotic pressure in the cells [7,8,9,10,11]. The most commonly observed osmoregulatory compounds are proline, soluble sugars (sucrose and trehalose), and glycine betaine [8,9,10,11,12]. In addition, the excessive generation of reactive oxygen species (ROS) from salt stress causes oxidative stress in plants which damage lipids, proteins, and nucleic acid in plant cells [5,11,13] and reduces photosynthesis [13]. Plants detoxify these excessive ROS by antioxidative enzymes, mainly catalase, peroxidase, and superoxide dismutase, and non-enzymatic antioxidants such as carotenoids and glutathione [9,10,11,12]. Although plants exhibit various mechanisms to survive in saline environments, these adaptative responses are species-dependent, which dictates the level of stress tolerance in each species [9]. Once the salinity level exceeds the maximum limit for growth, plants will not be able to survive.



There are several ways to mitigate salt stress in plants such as agronomic practices, the use of salt-tolerant crop species obtained either by genetic engineering or conventional breeding [3] and plant growth promoting bacteria [9]. Currently, the use of plant growth promoting bacteria is gaining more attention due to environmental awareness and sustainable food production concerns. Plant growth promoting bacteria, in particular actinobacteria, have been adopted to enhance crop production and alleviate salt stress in several plant species. Actinobacteria have been reported to promote plant growth under salt stress in tomato [14,15,16,17], soybean [18,19], wheat [20,21], alfalfa [22], and dwarf glasswort [23]. Recently, actinobacteria with plant growth promoting potential dwell in extreme saline environments such as marine sediments, mangrove, and halophyte are attracting research attention due to their adaptive features in such environments which are beneficial to plants under salinity stress. For example, Nocardiopsis yanglingensis, Streptomyces jiujiangensis, S. psammoticus, and Pseudonocardia oroxyli from a mangrove area in Thailand were able to promote the growth of rice seedlings under normal and NaCl up to 200 mM [24]; Glutamicibacter halophytocola KLBMP 5180 [16] and Streptomyces sp. KLBMP5084 [15] from root of halophyte Limonium sinense enhanced tomato seedling growth under salt stress condition; Streptomyces spp. and Nocardiopsis spp. from two saline sites in the northeast region of Algeria promoted the growth of wheat under 0.25 to 1 M NaCl [21]; and D. barathri MT2.1T and D. profundi MT2.2T from deep-sea sediments mitigated salt stress in tomato seedlings under 150 mM NaCl [17].



Actinobacteria promote plant growth and mitigate salt stress via various mechanisms either directly or indirectly. Direct mechanism involves the production of phytohormones such as indole-3-acetic acid, siderophore production and phosphate solubilization [25,26]. Growth improvement by IAA producing actinobacteria has been reported in Arabidopsis seedlings inoculated with Streptomyces PGPA39 in terms of plant biomass and number of lateral roots [14]. Furthermore, nutrient acquisition in plants can be improved by siderophore producing and phosphate solubilizing actinobacteria as exemplified in Streptomyces isolate C for wheat [20] and Arthrobacter woluwensis AK1 in soybean [18]. Actinobacteria can indirectly promote plant growth by means such as controlling phytopathogens by antibiotics and lytic enzymes and competition for nutrients and inducing systematic resistance (IST) [25,26].



In addition, actinobacteria mitigate salt stress or enhance salt tolerance ability in plants using several strategies: 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase production, osmoregulation, and antioxidative defense/protection system. Osmoregulation can be achieved by the production of compatible solutes to relieve osmotic stress in plants under salt stress condition [27]. Common compatible solutes include amino acids (proline, glycine, and betaine) and sugars (sucrose and trehalose) [5,27,28,29]. Inoculation of Streptomyces sp. KLBMP 5084 in tomato plants increased soluble sugar content in leaf and stem and proline content in stem under 200 mM NaCl [15]. Glutamicibacter halophytocola KLBMP 5180 increased proline content in leaves and stem of tomato seedlings with and without salt stress [16].



Oxidative stress as a result of salinity enhances the production of reactive oxygen species (ROS) such as hydrogen peroxide. There are reports that actinobacteria are able to regulate ROS levels in plants under stress through enzymatic (catalase, peroxidase, and superoxide dismutase) and non-enzymatic antioxidative systems [30,31]. For instance, halotolerant G. halophytocola KLBMP 5180 promoted the growth of tomato seedlings and mitigated salt stress by several mechanisms: increased proline content, antioxidant enzymes production (catalase and peroxidase), and ion homeostasis [16]. Inoculation of Streptomyces sp. KLBMP5084 increased catalase and peroxidase production in tomato seedlings under salt stress [15].



Higher ethylene levels in plants under abiotic stress, including salt stress, causes several damage to plants, for example leaf yellowing, plant organs senescence, the abscission of leaves, petals, and flowers, and premature death [32]. Actinobacteria can alleviate salt stress by degrading ACC, an ethylene precursor using the enzyme ACC deaminase [31,32] and promote the growth of crop plants such as pepper [28] and tomato [14].



As the use of microorganisms to promote plant growth in agricultural production is gaining popularity, there is a concern about the safety of plant growth promoting microorganisms on biodiversity in environment and health of human, animals and plants. The European Parliament released the regulation (EU) 2019/1009 on biostimulants to protect humans, plants, animals, and the environment [33]. To comply with current regulations, it is necessary to consider including experiments to guarantee the safety of the strains under study.



The type strain of D. abyssi MT1.1T was previously isolated from the Challenger Deep sediments of the Mariana Trench by our group and identified as a piezotolerant strain [34]. We opine that, with its ability to survive under constant salinity and high pressure, D. abyssi MT1.1T would be able to mitigate adverse effects of salinity stress on plant growth. Recently, the whole genome sequence of D. abyssi MT1.1T has been released [35]. However, the relationship between genes responsible for and the plant beneficial traits in D. abyssi MT1.1T has not been explored. Therefore, we aim to investigate the potential of D. abyssi MT1.1T to promote the growth of tomato seedlings under salt stress. In addition, its whole genome was analyzed for genes related to plant growth promotion in order to understand salt stress mitigation mechanisms at molecular level. We also evaluated the safety of D. abyssi MT1.1T on viability of Escherichia coli MC4100 and soil nematodes (Caenorhabditis elegans).




2. Materials and Methods


All methods used are summarized in a diagram as shown in Figure S1.



2.1. Bacterial Strains and Growth Conditions


The type strain of Dermacoccus abyssi MT1.1T used in this study was previously isolated from the Mariana Trench sediment in northwest Pacific Ocean [36]. For the biosafety test, Escherichia coli OP50, E. coli MC4100, Pseudomonas putida KT2440, and P. aeruginosa PA14 were used. The bacteria were routinely grown and maintained on International Streptomyces Project 2 (ISP2) agar or Tryptic Soy agar (TSA) as a working stock. All bacteria are also maintained as cell suspension in 20% glycerol at −20 °C for long term preservation.




2.2. Assessment of Plant Growth Promoting Traits of Actinobacteria


Three plant growth promoting properties (IAA, siderophore production, and phosphate solubilization) of D. abyssi MT1.1T were determined under induced salinity stress at 150, 300, and 450 mM NaCl and without salinity. D. abyssi MT1.1T was cultured in glucose yeast extract (GYE) broth amended with 2 mg mL−1 L—tryptophan on a shaker at 110 rpm for 7 days in the dark under different NaCl concentrations. Supernatant was collected and indole-3-acetic acid (IAA) production was determined using standard colorimetric method as described by Lasudee et al. [37].



Siderophore production was detected on Chrome-azurol S (CAS) agar [38], incubated at 28 °C for 7 days in the dark. Siderophores type were determined and quantified in King’s B broth supplemented with different NaCl concentrations, incubated at 28 °C for 7 days, using standard methods as described by Rangseekaew et al. [17].



Solubilization of inorganic phosphate was evaluated on Pikovskaya’s agar (PVK) containing 0.5% (w/v) tri-calcium phosphate and incubated at 28 °C for 7 days. Quantification of released phosphorous was carried out in PVK broth containing 0.5% (w/v) tri-calcium phosphate using colorimetric method as described previously [17].



ACC deaminase activity was assessed on DF minimal salt medium supplemented with three different nitrogen sources: 3 mmol L−1 ACC, 3 mmol L−1 (NH4)2SO4 (positive control), and no nitrogen source (negative control) followed the procedure described by Palaniyandi et al. [14].



Catalase test was determined according to Djebaili et al. [39]. One loop full of D. abyssi MT1.1T, grown on GYE agar at room temperature for 7 days, was added to 3% hydrogen peroxide solution on a glass slide. The rapid bubble that occurs indicated the ability to produce catalase enzyme.



Ammonia production was evaluated according to Djebaili et al. [39]. One loop full of D. abyssi MT1.1T was cultured in peptone broth incubated at room temperature for 7 days on a shaker at 110 rpm. A change of color from faint yellow to dark brown after the addition of Nessler’s reagent indicated ammonia production.




2.3. Genomic Analysis for Plant Growth-Promoting Properties


Whole genome sequence of D. abyssi MT1.1T was previously published [35] and is available in DDBJ/EMBL/GenBank databases under the accession number QWLM00000000. In this study, some gene encoding for proteins that are recognized as important for plant growth promotion and mitigation mechanisms related to salinity stress were identified in the genome using the Rapid Annotation Subsystem Technology server (RAST) server tools version 2.0 [40], Anti-SMASH version 6.0 [41], and PRISM3 [42]. The pathogenicity prediction of D. abyssi MT1.1T was analyzed using PathogenFinder 1.1 web-server [43].




2.4. Promotion of Tomato Growth by D. abyssi MT1.1T under Salt Stress Condition


2.4.1. Plant Growth Condition and Bacterial Inoculation


Tomato (Solanum lycopersicum, Raf tomato) was chosen as a model plant to study the potential of D. abyssi MT1.1T to mitigate salt stress. D. abyssi MT1.1T was previously tested to have no negative effect in plants without stress (data not shown). One-month-old tomato seedlings (SaliPlant S.L. specialist grower, Granada, Spain) were inoculated with D. abyssi MT1.1T cells at 108–109 CFU/mL in 0.5 M9 buffer [44]. All tomato plants were subjected to salinity stress at 150 mM NaCl. Non-inoculated tomato seedlings with and without salinity stress were used as control. This time was considered as day 0 for salinity stress. Tomato plants were maintained in a growth room at constant relative humidity (50–60%), a photoperiod of 12 h day/night cycle, the temperature was changed from 18 to 20 °C for the night cycle to 20–25 °C in the diurnal [45]. After 14 days of inoculation, fresh weight (FW), dry weight (DW), root length, and shoot length were recorded. Relative water content (RWC) was determined by the following equation {RWC (%) = [(FW − DW)/(TW − DW) × 100]} as described by Oukarroum et al. [46]. Membrane stability index (MSI) was calculated as MSI = [1 − (C1/C2)] × 100 according to Asharf et al. [47]. Biochemical properties of tomato seedlings were also determined: chlorophyll contents were determined according to Arnon [48]. Total chlorophyll content was calculated from the following equations: total chlorophyll (mg g−1) = 20.2 × OD645 + 18.2 × OD663 × V/(1000 × W). Proline content in plants was assayed using colorimetric method according to Bates et al. [49]. Total soluble sugar content (TSS) was estimated as described by Dubois et al. [50]. Hydrogen peroxide (H2O2) concentration was examined following the method of Velikova et al. [51].




2.4.2. Root Colonization by D. abyssi MT1.1T


Tomato seeds were surface-sterilized according to Botta et al. [52]. Briefly, seeds were wrapped in a cloth sheet and treated with 70% ethanol (v/v) for 3 min, followed by 5% NaClO for 5 min with constant mixing. Seeds were subsequently washed 6 times in sterile distilled water. Seeds were inoculated by immersion in D. abyssi MT1.1T cell suspension (10−7–10−8 CFU mL−1) for 3 h on a shaker at 120 rpm. Control seeds were prepared with the same procedure using sterile distilled water and air-dried for 3 min under aseptic conditions. Inoculated and non-inoculated seeds were cultivated in a glass bottle containing 50 mL of half-strength Murashige and Skoog (MS) media supplemented with 3% sucrose and 0.8% agar (modified from Djebaili et al. [39]) and incubated in a growth chamber with controlled environment (25 °C, photoperiod 16 h light and 8 h dark, 65% relative humidity, active photo-synthetical radiation 120 µmol m−2s−1). After 25 days, tomato roots were taken to determine the colonization ability of D. abyssi MT1.1T as follows: One gram of non-sterile root was grounded in 9 mL of 0.85% NaCl solution and the resultant root suspension was 10-fold serially diluted and spread on GYE agar plates supplemented with 25 µg mL−1 nalidixic acid and 25 µg mL−1 nystatin and incubated at room temperature for 72 h. Colony of D. abyssi MT1.1T were counted and expressed as CFU/g root fresh weight. Putative D. abyssi MT1.1T was confirmed by 16S rRNA gene sequencing. Dried-root samples were coated with gold and observed using LV-Scanning Electron Microscope JSM 5910 using the service of Electron Microscope Research and Service Center, Faculty of Science, Chiang Mai University, Thailand.





2.5. Biosafety Test for Actinobacteria


2.5.1. Pathogenicity Bioassay Based on Caenorhabditis elegans


This bioassay was carried out as described by Vílchez et al. [53]. D. abyssi MT1.1T culture (100 µL) was dropped as T-shaped line on five potatoes dextrose agar (PDA) plates and kept at 30 °C for 3 h to dry zone of inoculation. Plates were maintained at 22 °C for 24 h before use. Five juvenile nematodes (larval stage L3–L4) were added to each plate, incubated at 22 °C, and the number of adults, juveniles, deposited eggs, and dead nematodes were counted under microscope at 20× and 40× magnification every 24 h for 7 days. Pseudomonas aeruginosa PA14 was used as a pathogenic control and Escherichia coli OP50 as a non-pathogenic control for natural growth and death rate estimation of nematode.




2.5.2. Escherichia coli MC4100 Sensitivity


This bioassay was carried out followed the method described by Vílchez et al. [53]. Five milliliters of E. coli MC4100 (108–109 CFU/mL) in M9 buffer were mixed with 1 mL filtered sterile supernatant of D. abyssi MT1.1T. The mixture was incubated at room temperature for 1 h, then serially diluted and plated on tryptic soy agar to estimate the number of the remaining E. coli MC4100 (CFU/mL). E. coli suspension mixed with Pseudomonas putida KT2440 supernatant was used as a non-pathogenic control and with P. aeruginosa PA14 as a pathogenic control [54,55].





2.6. Statistical Analysis


The data from in vitro and in vivo plant growth promoting experiments were repeated three times and presented as mean values and standard deviation (SD). All data were analyzed with one way analysis of variance (ANOVA) for Completely Randomized Designs (CRD) and Duncan’s multiple range tests. Calculation was carried out using SPSS (version 17.0) at p < 0.05. Significantly different mean values were indicated with different letters.





3. Results


3.1. Assessment of Plant Growth Promoting Traits of Actinobacteria


Deep-sea D. abyssi MT1.1T showed the ability to produce IAA in GYE broth supplemented with tryptophan with and without NaCl (Table 1). The highest concentration of IAA of 37.50 µg mL−1 was detected in culture broth without NaCl. Under salinity at 150, 300, and 450 mM NaCl, the IAA production was decreased to 8.36–11.75 µg mL−1. However, there is no significant difference in the quantity of IAA production under each NaCl concentration. The production of siderophores by D. abyssi MT1.1T was observed on Chrome-azurol S (CAS) plate assay as a yellow zone around the agar plug. Quantitative analysis in culture broth showed that hydroxamate type was produced significantly higher than catecholate type siderophores at 46.67 µmol mL−1 and 2.98 µmol mL−1, respectively. Under salt stress (150, 300, and 450 mM NaCl), higher quantities of hydroxamate siderophores was produced as compared to without NaCl (170.83–189.17 µmol mL−1). D. abyssi MT1.1T increased the production of catecholate type under 150 mM NaCl; however, the production was decreased at 300mM and 450 mM NaCl. D. abyssi MT1.1T produced clear zone of phosphate solubilization on PVK agar and released 71.62 µg mL−1 of phosphorus in culture broth. At higher NaCl concentrations (150 and 300 mM), released phosphorus showed no significant difference compared with no NaCl. At 450 mM NaCl, the lowest released phosphorus was measured (62.33 µg mL−1). A similar pH change of culture broth was observed with and without NaCl (7 to 5.1). For ACC deaminase activity, D. abyssi MT1.1T grew poorly on DF minimal salt medium compared to minimal medium supplemented with ammonium sulphate (positive control). Catalase activity was positive for D. abyssi MT1.1T to break down hydrogen peroxide (H2O2) to water and oxygen. For ammonification test, the color of culture broth was changed to dark yellow after adding Nessler’s reagent. Hence, D. abyssi MT1.1T could convert amino acids and produce ammonia.




3.2. Genomic Analysis for Plant Growth-Promoting Properties and Stress Response


A whole genome sequence of D. abyssi MT1.1T was annotated using RAST server; the estimated genome size was approximately 3.16 Mb with the GC content of 68.1% [35]. Gene annotation in RAST server predicted genes into 27 subsystems (Figure S2.) with 3091 predicted coding sequences. The major subsystems are composed of gene encoding for amino acids and derivatives (19.9%), protein metabolism (14.8%), and carbohydrates (12.7%). Plant growth promoting related genes were summarized in Table 2. Ten genes involved in tryptophan biosynthesis were detected in amino acids and derivatives subsystem, in which tryptophan is the main substrate for indole-3 acetic acid production (IAA). D. abyssi MT1.1T contained several genes responsible for plant nutrient acquisition including iron, phosphorus, and nitrogen. For iron, a gene predicted for siderophore producing enzyme, NRPS-independent siderophore synthase was identified by PRISM3 algorithm. Using RAST server, three protein encoding genes related to ferrous iron transporter EfeUOB were found which functioned to directly import ferrous iron at low pH. Gene encoding for phosphate metabolizing enzymes, alkaline phosphatase; inorganic pyrophosphatase (catalyze the hydrolysis of inorganic pyrophosphate PPi to inorganic phosphate Pi) [56]; and poly-phosphorus hydrolyzing enzymes such as polyphosphate kinase, polyphosphate glucokinase, and exopolyphosphatase were observed. In addition, other genes related to the uptake and transport of inorganic phosphate in PHO regulon were presented. Eight genes associated with bacterial ammonium assimilation were also detected.



Three subsystem genes involved in osmotic stress response were found (Table 2). The predicted gene for glycerol uptake facilitator protein, which functions in osmoregulation, was found. Genes responsible for ectoine biosynthesis and regulation, choline and betaine uptake, and betaine biosynthesis were also found. The ectoine biosynthetic gene cluster was also detected by Anti-SMASH version 6.0. In addition, two genes, glutathionylspermidine synthase and alkyl hydroperoxide reductase subunit C-like protein related to oxidative stress were detected by RAST.



Analysis of D. abyssi MT1.1T genome using PathogenFinder 1.1 web server showed no protein related to protein families associated with pathogenic strains. Gene prediction for superoxide dismutase was also presented in its genome which shared high identity (87.22%) with superoxide dismutase in non-pathogenic actinobacterium, Nocardioides sp. JS614.




3.3. Promotion of Tomato Growth by D. abyssi MT1.1T under Salt Stress Condition


The promotion of tomato growth by deep-sea D. abyssi MT1.1T under 150 mM NaCl are shown in Figure 1 and Figure 2. At the end of experiment, tomato inoculated with D. abyssi MT1.1T showed shoot length (Figure 1A) and dry weight (Figure 1D) significantly higher than non-inoculated tomato with salt stress. Inoculation of this strain showed fresh and dry weight significantly lower than non-inoculated tomato without stress (Figure 1C,D). For physiological parameters, relative water content (% RWC) value of D. abyssi MT1.1T inoculated tomato was not significantly different compared to non-inoculated tomato with salt stress (Figure 1E). The membrane stability index of tomato inoculated with D. abyssi MT1.1T was significantly higher than non-inoculated tomato under salt stress (Figure 1F).



Biochemical changes in tomato after inoculation with D. abyssi MT1.1T under salt stress were analyzed in terms of total soluble sugar, proline content, total chlorophyll content, and hydrogen peroxide (H2O2) content (Figure 2A–D). For total soluble sugar (TSS), the highest TSS was recorded in tomato inoculated with D. abyssi MT1.1T compared to non-inoculated with and without salt stress (Figure 2A). The proline content of D. abyssi MT1.1T inoculated tomato showed lower than non-inoculated tomato under salt stress, but significantly higher than non-inoculated tomato without salt stress (Figure 2B). For total chlorophyll content, D. abyssi MT1.1T increased total chlorophyll content in inoculated tomato compared to non-inoculated tomato under salt stress (Figure 2C). However, chlorophyll content of non-inoculated and inoculated tomato under salt stress were significantly lower than non-inoculated tomato without salt stress. Hydrogen peroxide content in tomato was analyzed and showed that the lowest H2O2 was found in D. abyssi MT1.1T inoculated tomato, followed by non-inoculated tomato without stress and non-inoculated tomato with stress (Figure 2D).



Tomato Root Colonization by D. abyssi MT1.1T


The total of 3.87 × 107 CFU/g D. abyssi MT1.1T were re-isolated from inoculated-tomato roots. No microbial growth was observed from non-inoculated roots. The confirmation of putative D. abyssi MT1.1T by 16S rRNA gene sequencing showed 98.7% similarity with D. abyssi MT1.1T. The colonization of D. abyssi MT1.1T in tomato roots was confirmed by SEM analysis. SEM micrograph showed distribution of a characteristic cluster of circular cells of D. abyssi MT1.1T on the root surface (Figure 3B). The control roots revealed no sign of microbial colonization (Figure 3A).





3.4. Biosafety Test for Actinobacteria


3.4.1. Pathogenicity Bioassay Based on Caenorhabditis elegans


The pathogenicity of deep-sea D. abyssi MT1.1T on the survival of C. elegans was carried out based on the number of adults, juveniles, eggs, and dead nematodes (Figure 4A–D). The lowest numbers of adults, juveniles, eggs were found in nematodes fed with P. aeruginosa PA14 (as pathogenic strain) and all nematodes died after 96 h. The highest numbers of adults, juveniles, and eggs were found in nematodes fed with E. coli OP50 (as non-pathogenic strain). Nematodes fed with D. abyssi MT1.1T showed a decrease in numbers of adults (95%) and juveniles (78%) compared to control E. coli OP50. At 144 h, numbers of eggs from nematodes fed with E. coli OP50 and D. abyssi MT1.1T were recorded at 124 eggs and 100 eggs, respectively. The percentage of deaths at 144 h, P. aeruginosa PA14 showed the highest death (100%), followed by D. abyssi MT1.1T (5%), and E. coli OP50 (1.6%).




3.4.2. Escherichia coli MC4100 Sensitivity


The effect of secondary metabolites released by D. abyssi MT1.1T on the microbial community was studied using E. coli MC4100 cells (Figure 5). The percentage of survival in E. coli MC4100 cells exposed to cell free supernatants of D. abyssi MT1.1T (99%), E. coli MC4100 (100%), and P. putida KT2440 (non-pathogenic strain) (92%) were similar (p < 0.05). However, only 42% of E. coli MC4100 cells survived after exposed to cell free supernatants of P. aeruginosa PA14 (pathogenic strain) for 1 h.






4. Discussion


4.1. Assessment of Plant Growth Promoting Abilities of Actinobacteria


Actinobacteria are well-known plant growth promoting bacteria which promote plant growth using various mechanisms both directly and indirectly [57]. In this research, we investigated three plant growth promoting abilities (IAA and siderophore production and phosphate solubilization) of deep-sea D. abyssi MT1.1T. Indole-3-acetic acid (IAA) is a major form of phytohormone auxin [58], which plays an important role in plant growth and development such as seed germination, embryo and fruits development, and root formation [26,57]. D. abyssi MT1.1T produced IAA both with and without salt stress. A reduction in IAA production could be expected in bacteria under increasing NaCl concentration, however the reduction may not be related to the level of salt stress. In this study, IAA production by D. abyssi MT1.1T at 150 mM NaCl was three-fold decreased as compared to those production at 0 mM NaCl. Similarly, the reduction in IAA production by D. profundi MT2.2T (decreased from 12.20 to 7.73 µg mL−1) and D. nishinomiyaensis DSM20448T (decreased from 16.64 to 9.39 µg mL−1), was recorded at 150 mM NaCl [17]. There is some evidence that IAA production is increased with increasing NaCl concentration. Sadeghi et al. [20] also reported the incremental increase in IAA production by Streptomyces isolating C in the presence of salt at 100–300 mM NaCl. However, IAA production does not necessarily decrease under salt stress [17]. For example, D. profundi MT2.2T and D. nishinomiyaensis DSM20448T produced higher IAA when added NaCl at 300 and 450 mM [17]. IAA production was not affected by NaCl addition as in the case of D. barathri MT2.1T (150–450 mM NaCl).



Siderophores are specific iron chelating substance products from plants and microorganisms including actinobacteria under iron limitation. They play an important role in environmental iron (Fe3+) binding and make it available for microorganisms and plants [59]. Our results showed the ability of D. abyssi MT1.1T to produce siderophores, particularly under NaCl condition (150–450 mM). The quantity of hydroxamate siderophore in culture broth with NaCl was three times higher than without NaCl condition. The highest catecholate siderophore production was observed at 150 mM NaCl. The production of catecholate siderophore was negatively influenced by higher NaCl concentration as fifty percent reduction was observed at 300–450 mM NaCl. On the contrary, siderophore producing zone of Streptomyces isolate C was enlarged in the presence of 100–300 mM NaCl on CAS agar plate assay [20]. From our results and previous study, NaCl concentration might affect siderophore production in a taxa specific manner. However, the exact influential mechanisms of NaCl on siderophore production require further investigation.



Phosphorus is the second essential macronutrient for plant growth. Although plants can absorb phosphorus in soil, only 0.1% of soil phosphorus is available for plants [60,61]. A large portion of phosphorus is in insoluble inorganic or organic forms. Various microorganisms possess phosphate solubilizing potential including actinobacteria [62]. In this present study, D. abyssi MT1.1T showed phosphate solubilization ability with and without salt stress. The amount of phosphorus released in culture broth by D. abyssi MT1.1T was slightly decreased with an increasing NaCl concentration. Similarly, salt concentration (100–300 mM) reduced the phosphate solubilization ability of Streptomyces isolate C [20]. It is evident that the presence of NaCl has negative effect on phosphate solubilization. It is well accepted that the main mechanisms of phosphate solubilization is the production of organic acids. The hydroxyl and carboxyl groups of acids can chelate cations such as calcium from insoluble phosphates and release phosphorus to the surrounding environment [61,62]. This phenomenon is easily observed by the decreasing of pH in the culture broth as in the case of this study and in the previous literature [17,20,37].



1-aminocyclopropane-1-carboxylate (ACC) is a precursor of ethylene, a plant stress hormone which is generated under stress condition and negatively affected on plant growth [63]. ACC deaminases producing bacteria, including actinobacteria, and could reduce ethylene levels by the production of ACC deaminase enzyme, which is responsible for the degradation of ACC to ammonia and α-ketobutyrate. However, deep-sea D. abyssi MT1.1T showed no ACC deaminase activity. Therefore, it is possible that this deep-sea strain may use other mechanisms to reduce stress in plants.




4.2. Genomic Analysis for Plant Growth-Promoting Properties


Genomic analysis confirmed the presence of genes encoding for plant growth promoting properties in D. abyssi MT1.1T. For IAA production, genes responsible for tryptophan synthetic pathway were detected. Tryptophan is a main precursor of IAA biosynthetic pathway. There are two mechanisms of microorganisms for IAA biosynthesis: tryptophan-dependent and tryptophan-independent pathways [64]. Whole genome sequence of D. abyssi MT1.1T contained tryptophan biosynthesis enzymes encoding genes including indole-3-glycerol phosphate synthase, tryptophan synthase alpha chain, tryptophan synthase beta chain, anthranilate synthase, and acting phosphoribosyl anthranilate isomerase. Indeed, D. abyssi MT1.1T produced IAA in culture broth, supplemented with L-tryptophan (Table 1). These observations indicated that this strain synthesizes IAA via tryptophan-dependent pathway. Similarly, genes encoding for indole-3-glycerol phosphate synthase, tryptophan synthase alpha chain, and tryptophan synthase beta chain were reported from another plant growth promoting actinobacterium, Micromonaspora chalcia CMU55-4. This strain produced 11.35 µg mL−1 of IAA in culture media supplemented with L-tryptophan [65]. Recently, gene encoding for indole-3-glycerol phosphate synthase relating to IAA production was also detected in Streptomyces adelaidensis CAP261T [66]. In addition, genes involving in three tryptophan related IAA biosynthetic pathways, indole 3-pyruvate, indole 3-acetamide, and tryptamine were detected in plant growth promoting Streptomyces strains from herbal vermicompost [67]. Moreover, D. abyssi MT1.1T was previously shown to produce IAA in culture broth without L-tryptophan (data not shown). Genome analysis using RAST server also revealed gene predicted for indole-3-glycerol phosphate synthase. This enzyme is responsible for the formation of indole-ring, an essential step in IAA biosynthetic pathway [68]. Our results suggested that D. abyssi MT1.1T is also capable of IAA production via tryptophan-independent pathway. Similarly, IAA production without L-tryptophan supplement was observed in M. chalcia CMU55-4 [65]. Its genome also contains indole-3-glycerol phosphate synthase. In addition, other actinobacteria were reported to produce IAA without L-tryptophan, for example members of the genera Rhodococcus [69] and Streptomyces [37,69,70].



Iron is the essential element for bacterial growth. However, in the ocean surface waters, only 0.01–2 nM of iron is available. The requirement of iron for bacterial growth is around 0.1 µM–1 mM [71,72]. Bacteria can employ ferric ion chelators in particular siderophores for ferric iron uptake [73]. D. abyssi MT1.1T could produce hydroxamate and catecholate type siderophores in vitro. These siderophores are capable of chelating ferric iron, which provide iron for growth of D. abyssi MT1.1T. Although no siderophore gene homolog could be identified, genome analysis using RAST server predicted iron transport peroxidase EfeB, ferrous iron transport permease EfeU, and ferrous iron transport periplasmic protein EfeO, which are responsible for ferrous iron uptake under iron limitation conditions. Ferrous iron is predominant under low oxygen conditions such as marine sediment. As oxygen solubility is generally reduced with an increasing depth in marine environments, it is not surprising that ferrous iron transporters were found in the genome of deep-sea D. abyssi MT1.1T. The presence of genes responsible for iron transport and uptake suggested iron sequestration ability in D. abyssi MT1.1T. Previously, D. barathri MT2.1T and D. profundi MT2.2T were reported to produce both hydroxamate and catecholate type siderophores [17]. Similarly, genes related to the production of both siderophores could not be detected by RAST (data not shown). However, NRPS-independent siderophore synthase was identified by PRISM3 algorithm. From these findings, we hypothesized that deep-sea Dermacoccus species may produce iron chelating compound with unknown structure useful in biotechnological applications which warrants further investigation.



D. abyssi MT1.1T showed the ability to solubilize tri-calcium phosphate in culture broth and pH of the culture broth was dropped from 7 to 5.1, indicating this strain produced organic acids for phosphate solubilization. Phosphate solubilization via organic acid production is common in several members of actinobacteria such as Streptomyces [37], including marine actinobacteria, Kocuria palustris [74], D. barathri MT2.1T, and D. profundi MT2.2T [17]. Again, genes responsible for acid production were not predicted in D. abyssi MT1.1T genome using RAST server. However, genes involved in phosphate metabolism were identified. Phosphate-regulated genes for high-affinity uptake of phosphate were observed, including phosphate regulon transcriptional regulatory protein PhoB (SphR), phosphate transport system regulatory protein PhoU, and phosphate regulon sensor protein PhoR (SphS). Under Pi limitation, Pho B acts as a kinase, which is activated by Pho R. On the contrary, under abundant Pi, PhoB acts as phosphatase which is interrupted by PhoR [75]. Furthermore, a low-affinity inorganic phosphate transporter encoding gene was found. It prefers Zn2+ or Mg2+, forming a neutral metal-phosphate complex (Me-PO4) [76]. Genes related to alkaline phosphatase were also found in the D. abyssi MT1.1T genome. Alkaline phosphatase plays an important role in the utilization of phosphoesters, one of the most abundant groups of dissolved organic phosphorus in the ocean [77,78]. In addition, a gene encoded for exopolyphosphatase, an enzyme for the hydrolysis of inorganic polyphosphate, was found. Moreover, the genome of D. abyssi MT1.1T showed protein kinase encoding genes. Protein kinases are enzymes that add phosphate group (PO43−) to other molecules (phosphorylation) such as amino acids, nucleic acids, and lipids, for example polyphosphate glucokinase, polyphosphate kinase, and polyphosphate kinase 2.



Nitrogen is necessary for bacterial cell growth such as proteins, nucleic acids, and cell wall components [79]. D. abyssi MT1.1T mineralized amine or amide groups in peptone and converted them to ammonia/ammonium via ammonification process. Bacteria can assimilate ammonium, an inorganic nitrogen compound, to produce organic macromolecules for various cellular functions. In the present study, genome of D. abyssi MT1.1T contained genes involved in ammonium assimilation including ferredoxin-dependent glutamate synthase, glutamine synthetase type I, glutamate synthase [NADPH] large chain, and glutamate synthase [NADPH] small chain. At low ammonia concentration (below 1 mM), high affinity-glutamine synthetase and glutamate synthase play an important role in ammonium assimilation [79]. In addition, a gene encoded for ammonium transport, which is responsible for ammonium uptake under limited ammonium, was identified. These findings provide evidence confirming the in silico prediction by RAST server. It is interesting to note that genes encoded for proline and trehalose production, which is responsible for mitigation mechanisms in plants under stress, were also detected and will be discussed in the next section.




4.3. Promotion of Tomato Growth by D. abyssi MT1.1T under Salt Stress Condition


Salinity is a major constraint that threatens plant growth and productivity. Interestingly, the negative effect of salt stress could be mitigated by plant growth promoting actinobacteria with salt tolerant properties. In the present study, salinity at 150 mM NaCl negatively affected the growth of tomato seedlings as clearly seen by the reduction in shoot length (Figure 1A), fresh weight (Figure 1C), and dry weight (Figure 1D). Inoculation of tomato seedlings by D. abyssi MT1.1T increased shoot length and dry weight compared to non-inoculated tomato under salt stress. These results are consistent with previous findings that the inoculation with deep-sea D. barathri MT2.1T and D. profundi MT2.2T showed better growth parameters under salt stress [17]. Two important physiological parameters that define salt stressed status of plants are RWC and MSI value [47]. Salt stress induces high salt accumulation in soil around the plant root. This accumulation increases soil osmotic potential, which limits plant water uptake [5] and lower RWC [47]. Subsequently, the gradual salt accumulation damages plant cell membrane which results in ion leakage and lower MSI value [47,80].



Relative water content (RWC) is a parameter to measure plant water status in terms of the physiological consequence of cellular water deficit [81]. Our results showed that salt stress reduced RWC of tomato leaves. A 27% reduction in leaf RWC was observed in tomato plants exposed to 100 mM NaCl [80]. At 150 mM NaCl, tomato inoculated with D. abyssi MT1.1T showed 26% reduction in RWC as well as non-inoculated tomato under salt stress. A similar observation was reported from tomato leaves inoculated with D. barathri MT2.1T [17]. These findings suggested that salt stress mitigation in deep-sea Dermacoccus did not reflect as RWC value. We hypothesized that the mitigation mechanism is more related to osmoregulation as exemplified by the detection of genes related with osmotic stress response in D. abyssi MT1.1T, in particular osmoprotectant production.



Osmoprotectants, or compatible solutes, are molecules produced by living organisms in response to several abiotic stresses including salinity [82]. Accumulation of compatible solutes is the mechanism for osmoregulation under salt stress in plants [5,10] and microorganisms [27,83]. They can be divided into four main classes; (1) the N-containing solutes such as proline and glycine betaine; (2) sugars such as sucrose and raffinose; (3) straight-chain polyhydric alcohols (polyols) such as mannitol and sorbitol; and (4) cyclic polyhydric alcohols (cyclic polyols) [5]. D. abyssi MT1.1T genome contained genes related to compatible solutes (ectoine, choline, and betaine) biosynthesis and regulation (Table 2). Ectoine and its derivatives hydroxyectoine are regarded as N-containing solutes, which were accumulated in response to high salinity and temperature by many microorganisms including actinobacteria [84,85]. When exposed to salt stress (high-osmolarity) environments microorganisms accumulated compatible solutes to increase osmotic potential with in the cells to balance osmotic gradient across the cytoplasmic membrane [85]. Intracellular ectoine was detected in Streptomyces coelicolor A3(2) growing in culture broth supplemented with 0.5 M NaCl [86]. In addition, genes involved in choline and betaine uptake and betaine biosynthesis were observed. Glycine betaine can be taken up directly from the environment by specific transport systems or synthesized from choline [87,88]. Glycine betaine transporter OpuD was found in D. abyssi MT1.1T; the opuD gene product is important for glycine betaine uptake and osmoprotectant in Bacillus subtilis [88]. High-affinity choline uptake protein BetT was also found in D. abyssi MT1.1T. BetT functions as osmoregulatory protein in choline glycine betaine synthesis pathway [89]. Moreover, choline dehydrogenase and betaine aldehyde dehydrogenase encoding genes, involved in glycine betaine biosynthesis, were also found. The detection of genes related to the production of betaine, choline, and glycine betaine provided supporting evidence that D. abyssi MT1.1T might use these compatible solutes for mitigation of salt stress in tomato seedlings.



At 150 mM NaCl, cell membrane damage was evident from the reduction in MSI value of tomato leaves compared to non-inoculated tomato without salt stress. Tomato inoculated with D. abyssi MT1.1T showed higher MSI value compared to non-inoculated tomato under salt stress. One benefit of plant growth promoting bacteria inoculation in salt stressed plants is reflected in a higher MSI value as reported in alfalfa plants inoculated with either Hartmannibacter diazotrophicus or Pseudomonas sp. [90] and tomato inoculated with deep-sea D. profundi MT2.2T [17]. However, in some instance, the inoculation of plant growth promoting bacteria may not affect the MSI though it helps to increase overall growth performance (shoot and root length, fresh and dry weight) [17]. These results suggested that MSI restoration may not be the main mechanism of D. abyssi MT1.1T to mitigate salt stress in tomato seedlings



Total soluble sugar content was increased with the inoculation of D. abyssi MT1.1T compared to non-inoculated tomato without salt stress. This result supported the role of total soluble sugar in osmoregulation of plants under salt stress. A 54% increase in total soluble sugar of tomato inoculated with D. abyssi MT1.1T under salt stress was observed. It is likely that D. abyssi MT1.1T mitigated salt stress in tomato seedlings via accumulation of total soluble sugar. Previously, the inoculation of other Dermacoccus strains, D. barathri MT2.1T and D. profundi MT2.2T, did not result in an increase in total soluble sugar in tomato seedlings under salt stress [17]. This data points out that members of deep-sea Dermacoccus species are equipped with different mitigation mechanisms and they are considered a versatile plant growth promoting actinobacteria.



Trehalose is only presented in extremophilic or cryptobiotic organisms [91] and acts as an osmoprotectant to protect cells under abiotic conditions including salt stress [29]. Mining of D. abyssi MT1.1T genome predicted the genes encoded protein related to trehalose biosynthesis. Several genes with major roles in three bacterial trehalose biosynthetic pathways were found: (1) trehalose synthase pathway (alpha-amylase, trehalose synthase, and putative glucanase genes), (2) TreY/TreZ pathway (malto-oligosyltrehalose synthase and malto-oligosyltrehalose trehalohydrolase genes), and (3) Trehalose-6-phosphate synthase/trehalose-6-phosphate phosphatase (TPS/TPP) pathway (trehalose-6-phosphate phosphatase gene. Genes involved in trehalose biosynthesis were reported from plant growth promoting bacteria including actinobacteria. High desiccation-tolerant actinobacterium, Microbacterium sp. 3J1 was reported to contain genes encoding for alpha, alpha-trehalose-phosphate synthase, and trehalose-6-phosphate phosphatase (otsAB). This strain accumulated a high amount of intracellular trehalose concentration which correlated with its ability to protect pepper plants under drought stress as seen from fresh and dry weight, root length, and RWC in inoculated-pepper plants [45]. The introduction of these otsAB genes in desiccation-sensitive Pseudomanas putida KT2440 resulted in a higher accumulation of intracellular trehalose. The inoculation of this strain improved drought tolerance in pepper plants grown under water deficit condition [45]. Similarly, the introduction of treS gene in wild type Pseudomonas sp. UW4 resulted in a higher trehalose production and salt tolerance in tomato [32]. The prediction of genes for trehalose production in D. abyssi MT1.1T and results from previous studies support the role of trehalose in the mitigation of salt stress in plants.



Proline is an amino acid which plays a major role in stress tolerance in crop plants by acting as an osmolyte and an antioxidant [92,93,94]. It can be accumulated inside the cells at high concentrations without any adverse effects on essential cellular functions [88]. Proline accumulation is a common response of bacteria and plants under salt stress [95]. In this study, proline content in tomato leaves was increased in both inoculated and non-inoculated tomato under salt stress (Figure 2B). The common pathway for proline biosynthesis derives from glutamate [95,96]. Several predictive genes related to proline synthesis via glutamate were found in genome of D. abyssi MT1.1T including delta-1-pyrroline-5-carboxylate dehydrogenase, pyrroline-5-carboxylate reductase, gamma-glutamyl phosphate reductase, and glutamate 5-kinase. Genes involved in proline transportation, proline/sodium symporter PutP and L-Proline/Glycine betaine transporter ProP were also detected. The detection of these predictive genes involved in proline biosynthesis clearly indicate the ability of D. abyssi MT1.1T to produce proline. However, in tomato inoculated with of D. abyssi MT1.1T, proline level was lower than non-inoculated tomato under salt stress. A similar observation was found in tomato inoculated with D. barathri MT2.1T [17], Streptomyces sp. PGPA39 [14], maize inoculated with Azotobacter sp. C5 and C5 [97], and alfalfa inoculated and co-inoculated with Arthrobacter strains MS-1, MS-2, and symbiotic bacteria (Sinorhizobium meliloti strains R1 and R2) [22]. Interestingly, plants inoculated with these actinobacteria showed growth performance that was not impaired by salt stress, in particular the dry weight and chlorophyll content. However, a higher proline accumulation in plants under salt stress was also reported in another plant growth promoting bacteria. For example, mungbean inoculated with Bacillus cereus Pb25 showed an increase in salt tolerance as a result of a higher proline level as compared to non-inoculated control under 9 dS m−1 NaCl [98]. Similarly, drought tolerance in plants inoculated with plant growth promoting bacteria can be either positively correlated or negatively correlated with proline accumulation as exemplified by reports of [37,99,100]. This accumulating evidence points to a challenging question regarding the role of proline in mitigation of abiotic stress in plants by plant growth promoting bacteria.



Salt stress is an oxidative stress which leads to the generation of reactive oxygen species (ROS) in plants [13]. The excessive accumulation of ROS disturbs cell homeostasis such as enzyme inhibition, lipid peroxidation, nucleic acid damage, protein oxidation, and program cell death activation [5,13]. Hydrogen peroxide (H2O2) is the most important non-radical ROS and a good marker for oxidative stress [30]. Approximately, 2.9 times increased in H2O2 content was observed in non-inoculated tomato leaves under salt stress compared to non-inoculated tomato without salt stress. Interestingly, inoculation of D. abyssi MT1.1T resulted in 78% decreased in H2O2 content compared to non-inoculated tomato under salt stress. The detoxification of ROS is generally achieved by two mechanisms: enzymatic and non-enzymatic antioxidative systems [30]. D. abyssi MT1.1T is an obligate aerobic and catalase producing Gram positive bacteria [34]. Our results suggested that D. abyssi MT1.1T may produce antioxidative enzymes such as catalase (CAT) and peroxidase (POD) enzymes to scavenge H2O2. Similarly, inoculation of deep-sea D. barathri MT2.1T and D. profundi MT2.2T decreased H2O2 content in tomato under 150 mM NaCl [17]. Inoculation of B. cereus Pb25 reduced H2O2 and superoxide dismutase (SOD) in salt stressed mungbean leaves corresponded to an increase in catalase (CAT) and peroxidase (POD) activities in leaves [98]. Tomato plants inoculated with B. velezensis FMH2 under 60, 120, and 171 mM NaCl was reduced in H2O2, and malondialdehyde (MDA) content due to an improved phenol peroxidase (POX) activity as compared to non-inoculated tomato plants [101]. Our results and the data from the literature point out that H2O2 reduction is one of the strategies plant growth promoting bacteria including Dermacoccus strains used to mitigate salt stress in plants.



In addition, D. abyssi MT1.1T contained predictive genes involved in oxidative stress protective system: superoxide dismutase, alkyl hydroperoxide reductase subunit C (AhpC), and glutathionylspermidine synthase (Gss). Superoxide dismutase is responsible for the conversion of the highly reactive superoxide anion to O2 and to the less reactive species H2O2. The AhpC is responsible for the detoxification of reactive oxygen species (including H2O2) that form in bacterial cells [102,103]. Glutathionylspermidine is a member of low molecular weight thiol antioxidants which found in many Gram positive bacteria including actinobacteria [104]. This protein produce by Gss enzyme from glutathione and spermidine [105]. Both experimental and genome analysis data suggested that D. abyssi MT1.1T reduced oxidative damage from salt stress in tomato seedlings by H2O2 scavenging ability via both enzymatic (catalase) and non-enzymatic (glutathionylspermidine) antioxidative system.



Photosynthetic system is negatively affected by salt stress through chlorophyll content reduction, reflected in plants by poor growth and reduced overall productivity [3,11,106]. Higher concentrations of H2O2 is reported to reduce chlorophyll content in plants such as tomato [107] and soursop [108]. A 64% reduction in total chlorophyll content of tomato leaves under salt stress was observed. The inoculation of D. abyssi MT1.1T increased total chlorophyll content in tomato seedlings compared to non-inoculated tomato under salt stress. These results suggested that photosynthesis of tomato seedlings was improved by the inoculation of D. abyssi MT1.1T due to the reduction in H2O2 induced under salt stress. This increased chlorophyll content corresponded well with the total dry weight observed in tomato-inoculated with D. abyssi MT1.1T under salt stress. These results are consistent with previous findings that inoculation of plant growth promoting actinobacteria increases chlorophyll content and growth performance of plants, for example tomato inoculated with D. barathri MT2.1T and D. profundi MT2.2T [17], Streptomyces sp. strain PGPA39 [14], and Pseudomonas sp. strain UW4 [109]. Similar observations were recorded in soybean inoculated with Arthrobacter woluwensis AK1 [18], Bacillus aryabhattai ALT29 [19] and Arthrobacter woluwensis ALT43 [19], and alfalfa co-inoculated of Arthrobacter strain M1, M2, and Nocardiopsis Ag-1 with rhizobium Sinorhizobium meliloti R1 and R2 [22].




4.4. Biosafety Test for Actinobacteria


Biosafety of potential plant growth promoting bacteria for use as bioinoculants is of general concern. In this study, we evaluated the pathogenicity of D. abyssi MT1.1T on C. elegans and the potential impacts of the products released by D. abyssi MT1.1T on E. coli MC4100 viability. Nematode C. elegans is an invertebrate model to study the pathogenicity of infectious bacteria in mammals, including humans, as its genome contained at least 36% of genes encoded for protein similar to human [110]. In addition, this nematode is widely used as a model for studying human diseases [111,112,113], aging [114], and pathogenesis of human pathogens [115]. Recently, C. elegans was also used as a model organism for evaluating the neuroprotective and neurotherapeutic potential and safety of nutraceuticals in humans [116]. In addition, the biosafety test on C. elegans is widely accepted by the scientific community [117,118,119].



In this study, the effect of deep-sea D. abyssi MT1.1T on adults, juveniles, eggs, and death rate of C. elegans was observed. As expected, the lowest death (1.6%) was found in non-pathogenic strain (E. coli OP50) whereas the highest death (100%) was observed in nematodes fed with pathogenic strain (P. aeruginosa PA14). A 5% death rate was recorded from C. elegans fed with D. abyssi MT1.1T. Previously, the death rate of nematodes fed with other members of genus Dermacoccus, D. barathri MT2.1T (1.8%), D. profundi MT2.2T (11%), and D. nishinomiyaensis DSM20448T (23%), was reported [17]. These observations at least supported the safety of D. abyssi MT1.1T as biostimulants in comparison with D. profundi MT2.2T and D. nishinomiyaensis DSM20448T.



In addition, a higher survival percentage of E. coli MC4100 was observed in cells exposed to supernatant of D. abyssi MT1.1T (99%) compared with non-pathogenic strain, P. putida KT2440 (92%). This percentage of survival is the highest among members of the genus Dermacoccus; D. barathri MT2.1T (92%), D. profundi MT2.2T (87%), and D. nishinomiyaensis DSM20448T (62%) [17]. These results indicate that the released secondary metabolites from D. abyssi MT1.1T should not have deleterious effects on a bacterial community in the environment. In silico analysis of D. abyssi MT1.1T genome using PathogenFinder 1.1 confirmed the safety of this strain, as no match was found with any known pathogenic protein families.



In addition, D. abyssi MT1.1T is a strain of species and recognized as a risk group 1 microorganism according to the German Technical Rules for Biological Agents (TRBA). The search through the Online Risk Group Database provided by ABSA International (The Association for Biosafety and Biosecurity) found no record regarding the risk of D. abyssi MT1.1T as animal, human, or plant pathogens and select agents of both the Center for Disease Control (CDC) and United States Department of Agriculture (USDA). Moreover, both Scopus and Web of Science searches using the keyword “D. abyssi MT1.1T” found no publication related to negative impact of D. abyssi MT1.1T on human or environmental health. This information suggests the safety of D. abyssi MT1.1T for humans and the environment. However, further experimental investigations would provide a more concrete supporting evidence on this aspect.





5. Conclusions


Our results provide further supporting evidence on the potential of deep-sea actinobacteria to promote the growth of plants under salt stress, in particular members of the genus Dermacoccus. The inoculation of D. abyssi MT1.1T alleviated salt stress and promoted growth of tomato seedlings under 150 mM NaCl. We proposed that D. abyssi MT1.1T mitigated salt stress in tomato seedlings via osmoregulation by the production of compatible solutes (total soluble sugar, proline, glycine betaine, and trehalose) and the reduction in H2O2 based on experimental and/or genomic analysis data. Survival and colonization of tomato roots by D. abyssi MT1.1T were confirmed by a culture-based approach and SEM analysis. The safety of this strain was demonstrated based on bioassay and in silico analysis. In conclusion, this study highlights the suitability of D. abyssi MT1.1T as a candidate for the formulation of bioinoculant which offers an alternative for sustainable management of plants under salt-affected area.
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Figure 1. Promotion of tomato seedlings growth by D. abyssi MT1.1T under 150 mM NaCl. (A) shoot length, (B) root length, (C) fresh weight, (D) dry weight, (E) % relative water content, and (F) membrane stability index (MSI). Data represent the mean values of three replicates. Different letters (a, b, and c) indicate a significant difference according to Duncan at p < 0.05. 
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Figure 2. Effect of D. abyssi MT1.1T on biochemical parameters of tomato seedlings under 150 mM NaCl. (A) total soluble sugar, (B) proline content, (C) total chlorophyll content, and (D) hydrogen peroxide content. Data represent the mean values of three replicates. Different letters (a, b, and c) indicate a significant difference according to Duncan at p < 0.05. 






Figure 2. Effect of D. abyssi MT1.1T on biochemical parameters of tomato seedlings under 150 mM NaCl. (A) total soluble sugar, (B) proline content, (C) total chlorophyll content, and (D) hydrogen peroxide content. Data represent the mean values of three replicates. Different letters (a, b, and c) indicate a significant difference according to Duncan at p < 0.05.



[image: Biology 11 00191 g002]







[image: Biology 11 00191 g003 550] 





Figure 3. Scanning electron micrographs of tomato roots obtained from 25-day-old tomato seedlings. (A) non-inoculated tomato seedlings, (B) D. abyssi MT1.1T-inoculated tomato seedlings. 
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Figure 4. The pathogenicity assay of deep-sea D. abyssi MT1.1T on the survival of C. elegans. Time course of changes in the number of (A) adults, (B) juveniles, (C) eggs, and (D) death. Data represent the mean values of three replicates. 
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Figure 5. Escherichia coli MC4100 sensitivity. Different letters (a,b) indicate a significant difference according to Duncan at p < 0.05. 
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Table 1. Plant growth promoting activity of D. abyssi MT1.1T under different level of salt stress.
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NaCl Concentration (mM)

	
IAA Production

(µg mL−1)

	
Siderophore Production

(µmol mL−1)

	
Phosphate Solubilization




	
Hydroxamate

	
Catecholate

	
P Released in PVK Broth

(µg mL−1)

	
pH






	
0

	
37.50 a ± 1.61

	
46.67 a ± 17.56

	
2.98 a ± 2.90

	
71.62 a ± 3.02

	
5.1 ± 0.07




	
150

	
11.75 b ± 0.35

	
173.33 b ± 31.66

	
48.25 b ± 17.87

	
67.98 ab ± 1.41

	
5.4 ± 0.03




	
300

	
8.36 b ± 0.32

	
189.17 b ± 31.75

	
21.58 c ± 2.73

	
67.09 b ± 1.79

	
5.4 ± 0.04




	
450

	
10.55 b ± 5.39

	
170.83 b ± 3.82

	
20.70 c ± 1.69

	
62.33c ± 2.13

	
5.4 ± 0.05








Data represent mean values of three replicates ± SD. The different letters (a, b, and c) indicate a significant different in plant growth promoting traits in each NaCl concentration according to Duncan at p < 0.05.
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Table 2. Protein coding sequences related with plant growth promoting traits of D. abyssi MT1.1T.
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	PGP Traits
	Protein Coding Sequences Conferring PGP Traits





	Amino Acids and Derivatives
	Proline synthesis:

	
Pyrroline-5-carboxylate reductase (EC 1.5.1.2)



	
Gamma-glutamyl phosphate reductase (EC 1.2.1.41)



	
NADP-specific glutamate dehydrogenase (EC 1.4.1.4)



	
RNA-binding C-terminal domain PUA



	
Glutamate 5-kinase (EC 2.7.2.11)





Proline, 4-hydroxyproline uptake and utilization:

	
Proline/sodium symporter PutP (TC 2.A.21.2.1)



	
L-Proline/Glycine betaine transporter ProP



	
Delta-1-pyrroline-5-carboxylate dehydrogenase (EC 1.2.1.88)








	
	Tryptophan synthesis:

	
Anthranilate synthase, amidotransferase component (EC 4.1.3.27)



	
Aminodeoxychorismate lyase (EC 4.1.3.38)



	
Tryptophan synthase alpha chain (EC 4.2.1.20)



	
Anthranilate phosphoribosyltransferase (EC 2.4.2.18)



	
Tryptophan synthase beta chain (EC 4.2.1.20)



	
Acting phosphoribosylanthranilate isomerase (EC 5.3.1.24)



	
Indole-3-glycerol phosphate synthase (EC 4.1.1.48)








	
	
	8.

	
Anthranilate synthase, aminase component (EC 4.1.3.27)




	9.

	
Para-aminobenzoate synthase, aminase component (EC 2.6.1.85)




	10.

	
Para-aminobenzoate synthase, amidotransferase component (EC 2.6.1.85)









	Iron acquisition and metabolism
	Ferrous iron transporter EfeUOB, low-pH-induced:

	
Ferrous iron transport peroxidase EfeB



	
Ferrous iron transport permease EfeU



	
Ferrous iron transport periplasmic protein EfeO, contains peptidase-M75 domain and (frequently) cupredoxin-like domain





Encapsulating protein for DyP-type peroxidase and ferritin-like protein oligomers:

	
Predicted dye-decolorizing peroxidase (DyP), YfeX-like subgroup








	Phosphorus

metabolism
	High affinity phosphate transporter and control of PHO regulon:

	
Phosphate regulon transcriptional regulatory protein PhoB (SphR)



	
Polyphosphate kinase (EC 2.7.4.1)



	
Phosphate transport system regulatory protein PhoU



	
Phosphate regulon sensor protein PhoR (SphS) (EC 2.7.13.3)





Phosphate metabolism:

	
Secreted alkaline phosphatase



	
Phosphate regulon transcriptional regulatory protein PhoB (SphR)



	
Inorganic pyrophosphatase (EC 3.6.1.1)



	
Exopolyphosphatase (EC 3.6.1.11)



	
Phosphate transport system regulatory protein PhoU



	
Probable low-affinity inorganic phosphate transporter



	
Predicted ATPase related to phosphate starvation-inducible protein PhoH



	
Polyphosphate kinase (EC 2.7.4.1)



	
Phosphate starvation-inducible protein PhoH, predicted ATPase



	
Phosphate regulon sensor protein PhoR (SphS) (EC 2.7.13.3)





Polyphosphate:

	
Polyphosphate glucokinase (EC 2.7.1.63)



	
Polyphosphate kinase (EC 2.7.4.1)



	
Exopoly phosphatase (EC 3.6.1.11)



	
Polyphosphate kinase 2 (EC 2.7.4.1)








	N2 metabolism
	Ammonia assimilation:

	
Ferredoxin-dependent glutamate synthase (EC 1.4.7.1)



	
Nitrogen regulatory protein P-II



	
Glutamate-ammonia-ligase adenylyltransferase (EC 2.7.7.42)



	
Ammonium transporter



	
Glutamate synthase [NADPH] large chain (EC 1.4.1.13)



	
Glutamine synthetase type I (EC 6.3.1.2)



	
[Protein-PII] uridylyltransferase (EC 2.7.7.59)



	
Glutamate synthase [NADPH] small chain (EC 1.4.1.13)








	Trehalose metabolism
	Trehalose biosynthesis:

	
Alpha-amylase (EC 3.2.1.1)



	
Malto-oligosyltrehalose synthase (EC 5.4.99.15)



	
1,4-alpha-glucan (glycogen) branching enzyme, GH-13-type (EC 2.4.1.18)



	
Trehalose synthase (EC 5.4.99.16)



	
Trehalose-6-phosphate phosphatase (EC 3.1.3.12)



	
Putative glucanase glgE (EC 3.2.1.-)



	
Malto-oligosyltrehalose trehalohydrolase (EC 3.2.1.141)



	
Glucoamylase (EC 3.2.1.3)








	Potassium metabolism
	Potassium homeostasis:

	
Potassium efflux system KefA protein



	
Large-conductance mechanosensitive channel



	
Potassium channel protein



	
Kup system potassium uptake protein








	Osmotic stress response
	Osmoregulation: Glycerol uptake facilitator proteinEctoine biosynthesis and regulation: L-ectoine synthase (EC 4.2.1.-)Choline and Betaine Uptake and Betaine Biosynthesis:

	
Glycine betaine transporter OpuD



	
High-affinity choline uptake protein BetT



	
Choline dehydrogenase (EC 1.1.99.1)



	
Betaine aldehyde dehydrogenase (EC 1.2.1.8)








	Oxidative stress

response
	Alkyl hydroperoxide reductase subunit C-like proteinGlutathionylspermidine and Trypanothione:

	
Similarity with glutathionylspermidine synthase (EC 6.3.1.8), group 1
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