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Soil degradation is a global problem and refers to the reduction or loss of the biological and economic productive
capacity of the soil resource. Plant growth-promoting bacteria (PGPB) could be a low-cost and long-term solution
to restore soil fertility, as they provide a wide range of benefits in agriculture, including increasing crop productivity,

improving soil nutrient levels and inhibiting the growth of pathogens.

plant growth-promoting bacteria abiotic stress salinity soil drought

| 1. Introduction

Agricultural productivity in marginal areas is affected by several environmental stresses, which can be divided into
abiotic and biotic stresses. Salinity, drought, flooding, HM contamination, temperature extremes and pH are the
major abiotic stresses. PGPB are known to alleviate the negative effects of stress on plants by influencing their
stress response processes. Based on scientific evidence, it can be stated that the use of PGPB formulations is
beneficial for plant development and is a way to transform damaged and fallow soils into healthy ones . After
focusing on the general mechanisms of action of PGPB, the following sections provide an overview of the specific
effects of some of these mechanisms on biotic and abiotic stresses (drought, salinity and soil contamination) that

affect agricultural productivity in marginal areas (Figure 1).
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Figure 1. Plant defence mechanisms and beneficial effects of PGPB under stressful conditions.

| 2. PGPB—PIlant Growth Promoters in High-Salinity Soils

Salinisation is one of the problems faced by marginal soils for a variety of reasons. Soils can be affected by natural
or secondary salinity. In the former case, salt enrichment is often inherited from the material from which the soil is
derived (igneous rocks of the lithosphere) and subsequently promoted by climatic conditions and hydrological
events that favoured the deposition of large amounts of salts in sedimentary rocks, surface and subsurface waters,
seas and oceans [2. Natural saline soils are also found along marine coastlines, where infiltration of surface water
tables and/or marine aerosols enrich soils with salt (NaCl) over a range of several hundred metres to a few
kilometres. Secondary salinisation, on the other hand, results from the careless anthropogenic management of
soils that are already vulnerable to this threat, with the use of inappropriate water and irrigation methods and
inappropriate fertilisation, the advancement of the salt wedge due to over-exploitation (and misuse) of groundwater,
and inadequate soil drainage conditions 2. In Italy, salinisation affects many lowland areas, particularly coastal
areas. Among the southern regions, Apulia, Sicily and Sardinia (to a lesser extent, Basilicata, Calabria and
Campania) are the areas most affected by this phenomenon. In Apulia, the most exposed areas are the coastal
ones, in particular the Gargano, the Murge Baresi, the Salento, the lonian—-Taranto arc and the Adriatic coast.
These areas are characterised by the presence of high concentrations of salts caused by the overexploitation of
coastal aquifers for agricultural, industrial and civil purposes. The use of water for irrigation has a negative impact

on soil fertility and production, in terms of both yield and product quality.

Tolerance to moderate salinity (4-8 dS m™) is a characteristic of Mediterranean plants, with some species showing

sensitivity to salt stress but good adaptation to drought ¥, For example, Ficus carica L. has moderate salt
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tolerance, and growth under saline conditions does not result in a major reduction in biomass but is characterised
by a reduction in relative water and chlorophyll content . The growth of Beta vulgaris L. and Sacharum
officinarum L. was increased under conditions of moderate salinity, but their photosynthetic activity and nutrient
uptake were limited €. Furthermore, reduced flower and seed production under salinity conditions was observed in

some Mediterranean crops such as chickpea and grapevine.

Salinity reduces the ability of plants to absorb water from the soil (osmotic stress) and leads to increased
concentrations of ions such as Na* and CI~ in cells, which can exceed the toxic thresholds (ionic stress) [,
Osmotic and ionic stress reduces cell expansion and causes nutrient imbalances and oxidative stress that affects
plant growth, development and survival . Due to the presence of excess soluble salts, plants struggle to absorb
water from the soil because the circulating solution is so concentrated that it creates a high osmotic potential, as a
result of which plant roots, instead of absorbing water, release it, causing dehydration. This phenomenon inhibits
key plant metabolic processes, such as photosynthesis, protein synthesis and lipid metabolism, and adversely
affects productivity. Several strategies have been implemented to combat salt stress, including the use of salt
resistance genes in conventional crops, but these are only effective under laboratory conditions. Another approach
is the pre-treatment of biological materials with specific and selective chemicals such as ascorbic acid, nitric oxide,
phosphoric acid and glycine betaine & or with physical effectors such as UV-B irradiation 19, However, although
effective, these treatments are not recommended for sustainable agriculture. A possible sustainable solution could
be the use of soil bacterial and fungal communities that colonise plant roots and stimulate their growth (PGPB).
Although studies in the Mediterranean, and particularly in the Apulian context, are very scarce, a recent study
demonstrated the beneficial effect of PGPB on durum wheat under drought and water stress conditions, improving
photosynthetic efficiency, grain yield and plant height 3. Under saline conditions, bacterial inoculation consistently
improved nutrient uptake and increased plant biomass compared to non-inoculated plants. The ability of PGPB to
improve the growth and yield of many crops, some of them typical of the Apulian context, grown under saline
conditions outside the Apulian region, was reported in several studies. Bacterial inoculation was also shown to
improve photosynthetic parameters in sugar beet 1212l and similar results were obtained in tomato, rice and
wheat 1415 PGPB can alleviate salinity stress by modifying stress-induced physiological changes in plants
through various mechanisms, such as the regulation of the synthesis of various phytohormones, including IAA,
ACC-deaminase, EPSs and volatile organic compounds, atmospheric nitrogen fixation, nitrogen solubilisation and
the solubilisation of mineral phosphate R8IL7 Therefore, harnessing the potential of PGPB could improve crop

performance in saline soils 18],

The main strategy used by plants to tolerate salt stress is the translocation of sodium into vacuoles, thereby
reducing the amount of sodium in the cytoplasm. A recent study showed that PGPB increase the expression of
genes encoding the plasma membrane protein salt overly sensitive exchanger 1 (SOS1) and other proteins related
to the SOS pathway 2. Similarly, in wheat plants subjected to salinity stress and treatment with Dietzia
natronolimnaea, a significant increase in the expression of SOS1 (localised on the plasma membrane) and SOS4
was observed compared to non-inoculated plants [22. The process of adaptation to stress involves most metabolic
processes in plants, but it is generally accepted that plant hormones such as ABA, SA acid and ETH play an

important role in activating the signalling cascade associated with several genes involved in enhancing salt
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tolerance 21, Research conducted on tomato under salt stress condition showed that the use of two Bacillus
species (B. aryabhattai H19-1 and B. mesonae H20-5) increased carotenoid content, proline and ABA levels and
antioxidant enzyme activities 22, ACC-deaminase production by PGPB is the most studied mechanism by which
plants alleviate salinity stress in soils by reducing the levels of ETH precursors, which tend to increase in plants
under stress 23, ACC-deaminase-producing Pseudomonas spp. promoted the growth of Citrus macrophylla under
salinity stress conditions, contributed to the accumulation of IAA in leaves and inhibited the accumulation of
chloride and proline in roots [24]. The results from a study of Bacillus ACC-deaminase species (B. methylotrophicus,
B. siamensis) in wheat showed the ability of PGPB to enhance wheat seed germination and seedling growth at
different NaCl concentrations. This suggests the potential use of these species to improve crop growth in
agricultural systems under salinity stress [22l. Furthermore, several studies confirmed the beneficial effects of
halotolerant IAA-producing and halophilic bacterial strains on Triticum aestivum 281 and Brassica napus 24 under
salinity stress conditions. These microorganisms were able to increase plant biomass, provide additional IAA

uptake and induce salt tolerance by reducing the ETH levels.

Another recent study on Brassica napus reported the effect of seed inoculation with five different species of PGPB,
i.e., Azospirillum brasilense, Arthrobacter globiformis, Burkholderia fariambia, Herbaspirillum seropedicae and
Pseudomonas spp. (separately). Plants inoculated with PGPB showed increased development, reduced water loss
due to low membrane damage, increased antioxidant activity and increased synthesis of osmolytic proline;
moreover, no deleterious effects on their photosynthetic apparatus were reported 28, Positive results were also
obtained in a study on spinach (Spinacia oleracea L.). Inoculation of plants with halotolerant (Pseudomonas spp.,
Thalassobacillus spp., Terribacillus spp.) and chitinolytic (Pseudomonas spp., Sanguibacter spp., Bacillus spp.)

strains improved plant growth and reduced salinity 22,

PGPB are also able to help plants to reduce salt stress through the formation of biofilms. Biofilms are one of the
most important protective strategies against adverse and unpredictable environmental conditions. Sessile PGPB
are therefore better able to survive and interact with plants than planktonic cells. In fact, these microorganisms
were shown to be more resistant to antimicrobial compounds, drought and UV radiation B%. Microorganisms can
develop biofilms on a wide range of materials, such as roots and soil, improving crop and soil performance. In
addition, increased EPSg production supports biofilm formation and improves tolerance to abiotic stresses such as
salinity. EPSs-producing PGPB can bind Na* ions by reducing their availability, thereby reducing salt stress,
increasing K* uptake and improving water uptake 1. The production of EPSs also results in changes in the cell

envelope, with an increase in water retention and the regulation of carbon sources 22,

This was confirmed by several studies conducted on different crops (barley, sunflower) 22!, In particular, sunflower
plants inoculated with Pseudomonas plecoglossicida PB5 and Bacillus licheniformis AP6, two strains capable of

forming biofilms, were more resistant to salt stress than non-inoculated plants 41,

The application of a silicon fertiliser (potassium silicate, K,SiO3) was shown to ameliorate the negative effects of
various biotic and abiotic stresses on plants, including salinity 22!, Silicon can enhance salinity tolerance in plants

by improving Na* and K* homeostasis, nutrient status, ROS-scavenging enzyme activity and photosynthetic
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efficiency [B8I3738] Mahmood et al. 22 reported that treatment with PGPB combined with the foliar application of a
silicon fertiliser led to better tolerance to salinity stress in mung bean plants compared to plants treated with PGPB
or the silicon fertiliser alone. Subsequently, Al-Garni et al. 2% showed that the combined application of two strains
of Pseudomonas (Pseudomonas pseudoalcaligenes and P. putida) with a silicon fertiliser alleviated the salinity
stress in coriander by increasing relative water content, photosynthetic pigment concentrations, peroxidase activity,
total biomass, salt tolerance index and total phenolic content. The combined application of PGPB and a silicon
fertiliser seems to be a feasible and promising strategy to improve plant performance in salt-affected farmlands 411,
The above strategies involving the use of PGPB and halotolerant bacteria are useful for remediating saline soils

and improving plant growth under salinity stress.

| 3. PGPB—Effects of Drought Stress

Climate change is affecting crop production around the world. High temperatures combined with a lack of rainfall
lead to drought, and this effect is more pronounced on marginal soils. Drought alters not only plant responses to
pathogens, but also plant microbial communities. Drought stress, therefore, has a major impact on the quantity and
quality of harvests, reducing the world’s food supply, and is one of the most serious problems in agriculture “2, |t
has been estimated that half of the world’s arable land will be affected by drought in the first half of 2050, and this
is closely linked to global temperature increases 43, In several regions, and especially in semi-arid areas, the
increase in frequency, duration and intensity of droughts, mainly driven by climate change dynamics, is expected to
drastically reduce the current freshwater supplies, limiting crop development and vyields, especially where
agriculture is highly dependent on irrigation. The impact of climate change on water yields is already evident in
drought-prone regions of the Mediterranean basin (Spain, Malta, Italy, Greece and Turkey). The hot and dry climate
and the variability of rainfall intensity pose serious problems for the use of water resources in many regions of the
Mediterranean basin, including Apulia. As far as the region of Apulia is concerned, the most vulnerable areas are
located in the central and southern parts, which are characterised by a high percentage of vegetables and fruit
trees (the most vulnerable crops). On the other hand, north-central Apulia (the Capitanata and Terre d’Apulia
consortia) is less vulnerable, mainly due to the greater presence of vineyards and olive groves (more tolerant to

water stress) [44],

Plants exposed to drought stress show different response mechanisms in the form of morphological, physiological
and biochemical changes. In general, drought stress affects seed germination, plant growth and yield, transpiration

rate, net photosynthesis rate, stomatal conductance, relative leaf water content and water potential (421461471,

Plants can use various strategies to avoid or tolerate water shortages, such as reducing transpiration and
photosynthesis, enhancing the action of phytohormones and diverting energy into developing a stronger root

system instead of producing new leaves 48],

Nitrogen, like many other micronutrients, is involved in several essential biochemical pathways that occur in plants,
such as chlorophyll production and photosynthesis 4. Plants have natural mechanisms to carry out N fixation, but

this is a process that is highly susceptible to drought stress, leading to reduced growth rates B9: furthermore, in the
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absence of water, nitrate reductase activity is reduced, resulting in poor uptake of the available nitrogen BLl. It is a
common practice to use synthetic fertilisers to improve crop nitrogen uptake on drought-prone soils, but a
sustainable alternative could be the use of PGPB. These bacteria regulate plant growth under drought stress
conditions both directly (increased phytohormone production and nutrient availability) and indirectly (induction of
systemic resistance (ISR), suppression of pathogens, synthesis of lytic enzymes) and secrete various compounds
such as osmolytes, antioxidants, phytohormones, etc., that improve the osmotic potential of roots under drought
stress conditions 2253l |n drought-stressed and low-moisture soils, diazotrophic PGPB such as cyanobacteria,
Azospirilium and Azoarcus B4 can produce and make nitrogen available to plants by enhancing nitrogen
production, uptake and accumulation in plant tissues and soil. A recent study demonstrated the efficacy of a co-
inoculum of Bradyrhizobium japonicum USDA110 and the PGPR P. putida NUUS8 in soybean (G. max L.), showing
increased nitrogen accumulation in plant tissues (+35%) and soil (+23%) compared to the control under drought

stress conditions 331,

The critical response to biotic and abiotic stresses is based on the action of phytohormones, which slow down vital
plant functions by reducing energy loss. Phytohormones play a key role in regulating the plant response to biotic
and abiotic stresses and include auxins, ETH, GA and ABA 81, PGPB can modulate the levels of these hormones
to improve drought stress resistance. One of the most important supporting activities of PGPB is the development
of the root system to increase the uptake of water and macro- and micronutrients from the soil through the
production of IAA B4, Many studies demonstrated the production of these compounds by various microorganisms

such as Azospyrillium, Pseudomonas, Bacillus and Staphylococcus spp. 28159,

Wheat under drought conditions inoculated with B. megaterium and B. licheniformis showed different growth
patterns due to the different production rates of IAA and ACC- deaminase, which were higher in B. megaterium.
The study showed higher root system development in wheat inoculated with B. megaterium than in wheat

inoculated with B. licheniformis €9,

Another study confirmed that B. megaterium applied to Arabidospis taliana showed a high rate of IAA production,
and under drought stress conditions, plants inoculated with the microorganism showed a 1.2-—3.0-fold increase in
many plant growth parameters, such as fresh weight, dry weight, etc. PGPB activity of B. megaterium in maize, as
demonstrated by Romero-Munar et al. 81, was enhanced when PGPB were co-inoculated with Rhizophagus
irregularis, an arbuscular fungus, under drought and high-temperature stress conditions. The study showed that the
double inoculation increased plant growth by 19%, while plants inoculated with B. megaterium alone showed an

insignificant growth increase compared to the uninoculated control plants.

Another interesting compound produced by PGPB that may effectively assist IAA in modulating the response to
phytohormones and, consequently, plant growth is ACC-deaminase. The rate of ACC-deaminase production by
PGPB strains increases when stress conditions are more intense, as shown by Aguilera-Torres et al. 2. PGPB
isolated from two different sites at an altitude of 2050 m showed an interesting difference in ACC-deaminase

activity, which was five-fold higher in the most stressed soil. The main activity of ACC-deaminase is the reduction of
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ethylene and related stress, and several studies demonstrated a positive relationship between ACC-deaminase

activity and plant growth.

A study by Ojuederie et al. 83 on the growth-promoting activity of PGPB strains inoculated into maize under
drought stress conditions emphasised the enhancing activity of ACC-deaminase. Among the three inoculated
microorganisms, Pseudomonas sp. MRBP13 showed higher ACC-deaminase activity and stress reduction than the
other microorganisms. In cluster bean (Cyamopsis tetragonoloba L.), increased ACC-deaminase activity was
confirmed by ETH reduction. Pseudomonas stutzeri (AK17) and Paenibacillus polymyxa (KM6), which are
producers of ACC-deaminase, led to lower ETH accumulation in inoculated plants than in non-inoculated controls.
Furthermore, the activity of these PGPB increased the relative water content (RWC). RWC is a useful parameter
for determining and monitoring the health of a plant under drought stress conditions and takes into account water
uptake and water lost through transpiration (64!,

An interesting characteristic of PGPB is the ability to produce EPSs. This trait, typical of some PGPB, can increase
stress resistance under drought conditions by improving soil water retention 2. In maize inoculated with Bacillus
velenenzis, the combined effect of ACC-deaminase activity and EPS¢ production resulted in increased root length,

fresh and dry weight and plant growth parameters [66l.

The role of EPSs in alleviating drought stress was also investigated in two wheat cultivars, Johar-16 and Gold-16,
using EPSe-producing PGPB and IAA 7 The strains tested were a Chryseobacterium sp. (LEW3), an
Acinetobacter sp. (LEW9) and a Klebsiella sp. (LEW16). The plants inoculated with LEW16 had a larger root
diameter than the uninoculated control for both varieties, and root growth was about 27% higher for both wheat

varieties.

4. PGPB—Improvement of Plant Growth on Polluted Marginal
Land

The ‘health’ of soils, particularly agricultural soils, is reflected in the health of consumers and is challenged every
day by human activities that cause soil pollution. The deliberate or accidental introduction of hazardous substances
into soil can alter the specific soil characteristics to such an extent that not only its protective functions but also its
productive and ecological functions are impaired. Soil contamination may be localised in limited areas
corresponding to known sources of contamination (contaminated sites) or may be due to inputs of contaminants
whose origin cannot be identified or to the presence of multiple sources of pollution, e.g., agricultural practices,
mainly related to the use of plant protection products, atmospheric emissions from industrial, civil and roadside
installations and accumulation of nutrients in soils. The presence of contaminated sites is a problem common to all
industrialised countries and results from the presence of anthropogenic activities that can lead to local soil
contamination through spills, leaks from facilities/reservoirs and improper waste management. The latest State of
the Environment study by the Regional Agency for Environmental Prevention and Protection (ARPA) showed that
Apulia is still the region with the highest industrial emissions in Italy, despite the fact that air quality regulations

(e.g., on dioxins) are stricter than in the rest of the country. Critical results were highlighted in the Taranto, Bari,
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Brindisi, Barletta—Andria—Trani and Foggia provinces. In Apulia, there are different sites of national importance
where the environmental situation is serious, which include Manfredonia, Brindisi and Bari €8], Significant levels of
HMs, particularly chromium (Cr), were found in more than 400 hectares of soil in the Altamura and Gravina areas
(691 This contamination is the result of the inappropriate disposal of a wide range of wastes, the sources of which
are likely to be of various origins: urban, industrial, hospital, agricultural, etc. The pollutants recognised by the Food
and Agriculture Organization of the United Nations (FAO) are HMs, metalloids, radionuclides, synthetic organic
compounds such as pesticides and polycyclic aromatic hydrocarbons, pathogenic bacteria and emerging pollutants

such as pharmaceuticals and personal care products L9741,

PGPB are involved in the soil remediation mechanism both indirectly, by promoting plant growth through
phytoremediation 2374 and directly, by activating internal cell mechanisms. Not all PGPB are able to
biodegrade HMs, as shown in several studies that reported the negative effects of HMs on the physiology,
metabolic activity and survival of microorganisms 276l Resistance to metals is, of course, a necessary condition
for the survival of microorganisms in contaminated soils and their restorative activity. The main mechanisms used
by PGPB to restore heavy-metal-contaminated soils include detoxifying activities such as accumulation,
precipitation, transformation. Bioaccumulation can be divided into two phases: bacterial binding to a heavy metal
and subsequent HM inclusion into the bacterial cell through the cell membrane, resulting in a reduction in the
contaminant levels in the soil X4, Once inside the cell, through facilitated transport or passive diffusion, HMs are

transformed or degraded to less toxic forms through oxidation, chelation or methylation .

Potential ameliorative abilities in the presence of heavy-metal stress by Pseudomonas spp., Bacillus spp.,
Acinetobacter spp., Luteibacter spp., Azotobacter spp., Trichoderma spp., etc., have been studied 8. Arsenic
stress-ameliorating activity of Pseudomonas oleovorans was observed in rice, as reported by Anand et al. /2, The
activity of the microorganism not only was effective for plant health but also was able to reduce the amount of As in
soil and in rice shoots, roots and grains. A recent study demonstrated high arsenite (As(lll)) and arsenate (As(V))
tolerance and efficient As(V) reduction and As(lll) efflux activity in P. putida ARS1, an endophyte isolated from rice
grown in arsenic-contaminated soil B9, Genome sequencing revealed that P. putida ARS1 possesses two sets of
chromosomal arsenic resistance genes (arsRCBH), which contribute to efficient As(V) reduction and As(lll) efflux,
resulting in high arsenic resistance. Furthermore, the co-culture of P. putida ARS1 and Wolffia globosa (a strong
arsenic accumulator with high potential for arsenic phytoremediation) increased arsenic accumulation in W.
globosa by 69% and resulted in the removal of 91% of arsenic (from an initial concentration of 0.6 mg/L As(V)) from
water within 3 days. As observed by Marwa et al. Bl arsenic contamination can also be bioremediated by other
PGPB such as Bacillus spp. and Acinetobacter spp. Bacillus flexus and Acinetobacter junii are generally classified
as PGPB due to their ability to solubilise phosphate and produce siderophores, IAA and ACC-deaminase;

moreover, the strains showed growth in the presence of 150 mmol L™ As(V) and 70 mmol L™ As(lll).

Enhancement activities were also evaluated in more critical situations, such as multimetal contamination (2],
Klebsiella spp. M2 and Kluyvera spp. M8 showed detoxification activities in the presence of cadmium (Cd) and lead
(Pb) by means of phosphate solubilisation mechanisms. The increase in available phosphate promoted the

precipitation of Cd and Pb as phosphate compounds, reducing the heavy metal uptake by plant roots.
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Mercury (Hg) is considered by the Agency for Toxic Substances and Disease Registry (ATSDR) to be the third most
hazardous heavy metal found in contaminated soils B3], More recently, a study by Chang et al. B4 focused on the
mechanisms of Hg(ll) resistance and sequestration by Pseudomonas sp. AN-B15. According to the authors, the
main mechanisms involved are volatilisation and conversion of Hg(ll) to mercury sulphide (HgS) and sulfhydryl

mercury, but the biological pathways underlying these mechanisms are unknown.

With regard to direct bioremediation action against other HMs, the bibliography is limited, and the conducted
studies focused on phytoextraction mechanisms and the support of PGPB in this bioremediation activity [E2I[86I(E7]
B8] The bioremediation studies are not limited to HMs, but also concern the search for sustainable PGPB-mediated
solutions against contamination by organic pollutants and pesticides. Particular attention has been paid to

glyphosate, a widely used herbicide with known carcinogenic activities [B[20IE1],

Very few studies have been conducted to assess the simultaneous growth-promoting and glyphosate-detoxifying
effects of PGPB. A recent study compared eleven PGPB strains and selected five microorganisms capable of
simultaneously enhancing maize (Z. mays) growth and degrading glyphosate at various concentrations (221,
Enterobacter ludwigii, Pseudomonas aeruginosa, Klebsiella variicola, Enterobacter cloacae and Serratia
liquefaciens led to a reduction in glyphosate levels after 28 days under axenic conditions, using two concentrations

of glyphosate, i.e., 100 and 200 mg/kg.

PGPB have also been tested for their ability to reduce the concentration of organic contaminants such as polycyclic
aromatic hydrocarbons (PHAs) and gasoline by-products such as diesel in contaminated soils. In vitro and in vivo,
Bacillus marsiflavi bac144 showed the ability to degrade hydrocarbons. In vitro, the microorganism was able to
reduce the concentration of hydrocarbons by 65%, while in vivo, in maize, the degradation rate was increased by
46% 281, Besides Bacillus spp., also Pseudomonas spp. degrade petroleum hydrocarbons. The detoxification effect
investigated by Ambust et al. 24 is based on the ability of Pseudomonas spp. SA3 to produce a biosurfactant. As
described by the authors, these microorganisms have the ability to reduce surface tension. This facilitates the

reduction of hydrophobic compounds such as hydrocarbons.
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