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Chapter 2
Phytoremediation of Salt-Impacted Soils 
and Use of Plant Growth-Promoting 
Rhizobacteria (PGPR) to Enhance 
Phytoremediation

Karen E. Gerhardt, Gregory J. MacNeill, Perry D. Gerwing, 
and Bruce M. Greenberg

Abstract  Soil salinization negatively impacts plant growth and soil structure, 
which leads to environmental stress and agricultural/economic losses. Improved 
plant growth during salt-induced ionic and osmotic plant stress is the key to success-
ful phytoremediation of salt-impacted sites. Using plant growth-promoting rhizo-
bacteria (PGPR) in PGPR-Enhanced Phytoremediation Systems (PEPS), positive 
effects of PGPR on plant biomass and health have been observed in greenhouse and 
field experiments. Revegetation is arguably the most important aspect of salt phy-
toremediation and substantial biomass increases occur in PGPR-treated plants in 
both sodic and saline soils. PGPR protect against inhibition of photosynthesis and 
plant membrane damage, which suggests that they confer tolerance to plants under 
salt stress. Using PEPS, decreases in soil salinity are observed due to uptake of 
sodium and chloride from the soil into foliar plant tissue. Although rates of uptake 
do not change due to PGPR inoculation, higher plant biomass due to PGPR enhance-
ment of plant performance leads to greater salt uptake on a per area basis relative to 
that of untreated plants. Significant improvements in plant growth and commensurate 
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sodium chloride uptake, and the results of mass balance studies used to assess the 
direct impact of ion uptake on actual observed changes in soil salinity, provide evi-
dence that phytoremediation of salt-impacted soil is feasible within acceptable time 
frames using PEPS.

Keywords  Field trials • NaCl • PGPR-Enhanced Phytoremediation System(s) 
(PEPS) • Polyamines • Reactive oxygen species (ROS) • Revegetation • Salt 
remediation

Abbreviations

ABA	 abscisic acid.
ACC	 1-aminocyclopropane-1-carboxylic acid.
ACCD	 ACC deaminase.
Ca2+	 calcium ion.
Chl a	 chlorophyll a.
Cl−	 chloride ion.
CT	 composite tailings.
ECe	 electrical conductivity of a soil-saturated paste extract.
F0	 minimal fluorescence.
Fm	 maximal fluorescence.
Fm′	 maximal fluorescence in light-adapted tissue.
Fs	 steady-state fluorescence.
Fv/Fm	 maximum quantum yield.
IAA	 indole acetic acid.
K+	 potassium ion.
Mg2+	 magnesium ion.
NaCl	 sodium chloride.
PAH	 polycyclic aromatic hydrocarbon.
PAM	 pulse amplitude modulated.
PEPS	 PGPR-Enhanced Phytoremediation Systems.
PGPR	 plant growth-promoting rhizobacteria.
PHC	 petroleum hydrocarbon(s).
PSII	 photosystem II.
qN	 non-photochemical quenching of fluorescence.
qP	 photochemical quenching of fluorescence.
ROS	 reactive oxygen species.
SAR	 sodium adsorption ratio.
SOS	 salt overly sensitive.
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2.1  �Introduction

2.1.1  �Overview of Phytoremediation

Phytoremediation is a strategy whereby plants are used to extract, immobilize, con-
tain and/or degrade soil contaminants. Although the term “phytoremediation” was not 
coined until the 1980s, the strategy has been employed for removing soil contami-
nants for at least 300 years [1, 2]. Rapid expansion occurred in this field in the 1990s, 
and phytoremediation has now become a useful strategy for on site and/or in situ 
removal of many contaminants, including petroleum hydrocarbons (PHC), metals, 
radionucleotides, munitions waste (e.g., trinitrotoluene) and salt [1, 3–5]. Microbe-
assisted phytoremediation, especially when used in conjunction with contaminant-
tolerant plant species and high-level agronomic practices, can be a particularly 
effective green strategy for remediation and revegetation of impacted soils [6–13].

Plants have extensive rooting systems that can explore large volumes of soil to 
allow for effective remediation of various contaminants within different soil types. 
Typically, four types of phytoremediation processes for impacted soils are discussed 
in the literature [1, 4, 8]. During phytoremediation, contaminants can be broken 
down in the soil (e.g., rhizodegradation of PHC, also referred to as rhizoremedia-
tion) or taken up by the roots and stored in plant tissue (typically in the foliage, as 
in phytoextraction of metals and salt). Some small molecules can be taken up by the 
roots, and the unmodified or modified forms are then transported via the transpira-
tion stream to leaves, where they are released to the atmosphere via transpiration 
(e.g., phytovolatilization of trichloroethylene). Various contaminants can be bound 
within the rhizosphere (area immediately surrounding plant roots), making them 
less bioavailable (phytostabilization), and therefore less harmful to biota. In addi-
tion to these four main processes, plant roots can also alter soil chemistry via pH 
changes, which can further aid phytoremediation (e.g., breakdown of calcium car-
bonate in sodic soils provides calcium ions that can replace sodium ions at binding 
sites in the soil and allows for leaching or uptake of sodium) [14].

2.1.2  �Prevalence and Sources of Salt-Impacted Soils

Soil salts can occur naturally (e.g., weathering of geologic formations, encroach-
ment of seawater) or they can be released into the environment as a result of anthro-
pogenic activities (e.g., irrigation, upstream oil and gas exploration/production, 
application of road salts) [15, 16]. Various environmental impacts associated with 
excess salt in soil include degradation of chemical and physical properties of the 
soil, diminished groundwater quality, and impaired plant growth. This results in 
substantial global agricultural and economic losses, sustenance issues for subsis-
tence farmers, and ecosystem imbalances [17].

2  Phytoremediation of Salt-Impacted Soils and Use of Plant Growth-Promoting…
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A significant buildup of salt often occurs in soils due to crop irrigation, and  
this has been suggested as “the first man-made environmental problem” [18, 19]. 
Irrigation waters tend to have high concentrations of calcium, magnesium, and 
sodium ions [16]. Use of this brackish water, particularly without adequate drainage 
management, results in the accumulation of salts in the rooting zone of plants due 
to evapotranspiration [17]. Calcium and magnesium tend to precipitate into carbon-
ates, leaving sodium as the most prevalent ion in the soil, and this negatively impacts 
both plant growth and soil structure. Soil salinization affects 20% of irrigated land 
worldwide, which equates to an area approximately the size of France (62  mil-
lion ha) [20, 21]. The resulting annual crop value losses have been estimated to be 
$27  billion (US) [17, 21]. Salinization, which occurs in virtually all geographic 
regions, has been a problem for millenia and continues to be a global concern of 
paramount importance: Soil salinity due to irrigation is thought to be a contributing 
factor to the downfall of the Sumerian civilization more than 4000 years ago, and 
irrigated land continues to be degraded by salt at a rate of 2000 ha/day [16, 22, 23].

Elevated salt levels in soils are as much of a problem for the upstream oil and gas 
industry as petroleum-impacted soils [24–26]. Most petroleum was formed from the 
remains of marine life that existed in ancient shallow seas. Consequently, oil deposits 
often occur in reservoirs that contain water with dissolved salts (brine), and the brine 
(which usually contains sulfates, bicarbonates, and chlorides of sodium, calcium, and 
magnesium) is frequently co-extracted with the oil [24, 27]. Any leakage into, or on, 
soils around the oil well will result in not only petroleum impacts, but also salt 
impacts. Furthermore, salt may be used during oil extraction. For example, sodium is 
often introduced during the extraction of bitumen from oil sands ore, and then winds 
up in the tailings. This is a major concern in the Athabasca oil sands region of Alberta, 
Canada where large volumes of fluid fine tailings are produced and stored in tailings 
ponds [25]. It was estimated that by the end of current upstream heavy oil operations, 
more than one billion cubic meters of fine tailings will be stored in these ponds. To 
reduce the stored volume, the composite tailings (CT) process is used, which involves 
the addition of gypsum or alum as a coagulant [28]. During this process, water con-
taining high levels of salt is released from the CT, and this saline CT water makes 
reclamation of the CT deposit areas difficult. Efforts to revegetate the CT are hin-
dered if salt from the CT water accumulates in the rooting zone.

Application of road salts (sodium chloride [NaCl], calcium chloride, potassium 
chloride and magnesium chloride), particularly in large urban areas, also leads to 
elevated soil salt levels in ecosystems adjacent to roads, snow removal dump sites, 
and some salt storage facilities [29, 30]. An average of 5 × 106 tonnes of road salts 
(primarily NaCl) are applied annually to Canadian roadways [29, 30]. This nega-
tively impacts physical and chemical properties of surrounding soils, which conse-
quently impacts associated biota. This problem was deemed critically important in 
the Canadian Environmental Protection Act, 1999, which categorized road salts as 
toxicants [30], and implemented new guidelines for their use (Code of Practice for 
Environmental Management of Road Salts) [29].

K.E. Gerhardt et al.
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2.1.3  �Soil Salt Chemistry

Based on a system developed by the US Salinity Laboratory [31], salt-impacted 
soils can be broadly classified as either saline (high concentration of soluble salts), 
sodic (high concentration of sodium), or saline-sodic (high concentrations of both 
soluble salts and sodium). More recently, the USDA Natural Resources Conservation 
Service classified salt-impacted soils into seven types that incorporate soil charac-
teristics that are observable in the field as well as chemical analyses [32]. In this 
chapter, the US Salinity Laboratory classifications will be used when discussing soil 
salt impacts. Because NaCl is the most prevalent salt contaminant in the environ-
ment [33], the term “salt” refers to NaCl in subsequent sections of this chapter, 
unless specified otherwise.

One of the most common ways to measure total soluble soil salt concentration is 
electrical conductivity of a saturated soil-water paste extract (ECe, measured as 
dS/m) [31]. Soil sodicity can be calculated using the sodium adsorption ratio (SAR). 
It is based on the ratio of sodium ions (Na+) to calcium ions (Ca2+) and magnesium 
ions (Mg2+) in the soil, and takes into account the difference in adsorption strengths 
of the ions to clay particles:
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where the ionic concentrations are expressed in milliequivalents per liter in soil 
extract solution in equilibrium [31, 32]. Saline soils have an ECe  >  4  dS/m and 
SAR < 13 in their saturation extract. Sodic soils have an ECe < 4 dS/m and SAR > 13. 
Saline-sodic soils have an ECe > 4 dS/m and SAR > 13.

Saline soils tend to have white crusts formed from crystallized salts that have 
precipitated at the soil surface. Sodic soils tend to have poor physical structure, low 
permeability (i.e., restricted movement of water and air through the soil), and high 
pH (7.8–8.5), all of which are detrimental to plant growth [32]. Poor structure is, in 
part, because Na+ displaces Ca2+ and Mg2+, which are important for holding clay 
lattices/particles together [34, 35]. In weakly aggregated soils, dispersion of soil 
particles can fill soil pores and impermeable surface crusts can form after repeated 
wet/dry cycles, which inhibit root penetration and growth. High pH limits the avail-
ability of some key plant nutrients and micronutrients such as phosphates, cobalt, 
copper, iron, manganese, and zinc, which are all more bioavailable at pH < 7. For 
more detailed descriptions of characteristics and chemistry of sodic and saline-sodic 
soils, please refer to Qadir et al. [36].

2  Phytoremediation of Salt-Impacted Soils and Use of Plant Growth-Promoting…
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2.1.4  �Responses of Plants to Salt Impacts

Plants are perhaps the most vulnerable sector of the biosphere to salt. Rapidly mani-
festing drought stress symptoms can occur in salt-impacted soils despite the pres-
ence of adequate water, because the resulting increase in osmotic pressure diminishes 
water uptake by plants [37, 38]. Over time, uptake of salt ions can lead to toxicity in 
plant tissues (particularly accumulation of Na+; as well, chloride ions [Cl−] can 
reach toxic levels in some sensitive species), and the presence of excess ions in the 
soil can interfere with nutrient availability (e.g., high concentrations of Na+ in the 
rhizosphere interfere with K+ uptake, due to the similar chemical nature of the ions, 
and this leads to K+ deficiency and growth inhibition in plants) [33, 37–40]. Salt 
stress negatively impacts germination, plant growth, and reproduction by affecting 
physiological processes such as photosynthesis, respiration, transpiration, and 
enzyme function; membrane properties are affected, upregulation of the stress-
responsive hormones abscisic acid (ABA) and ethylene occurs, and reactive oxygen 
species (ROS) are generated [41–45].

2.1.4.1  �Uptake and Transport of Na+, K+, and Cl−

During phytoextraction of salt, ions are taken up from the soil into plant tissues. Na+ 
and Cl− are taken up by plants primarily through passive symplastic pathways 
driven by concentration gradients and transpiration fluxes [46, 47]. Ions are trans-
ported from the root cells to the leaves via the transpirational stream of the xylem 
(Fig. 2.1) [33]. These ions are typically stored in the leaves, and little ion flow 
occurs via the phloem down to the roots (Fig. 2.1) [38, 47, 48]. Ion homeostasis, 
involving primarily Na+, K+, Ca2+ and Cl− is extremely complex, both at the cellular 
and whole plant level [38, 40, 48, 49]. Various ion channels and pumps in plant 
cells, many of them tissue-specific, regulate the flow of ions from the soil into roots, 
translocation from roots to foliar tissue, and storage within the cells or excretion 
from them [40, 50–54] (Fig. 2.2a). Phytoextracted salt can be removed from a site 
by harvesting the foliar tissues with accumulated salt ions.

2.1.4.2  �Salt Stress and ROS Damage

Salt stress (both osmotic and ionic) frequently results in an increase in ROS, includ-
ing hydrogen peroxide, superoxide anion radicals, hydroxyl radicals, and singlet 
oxygen [55–57]. Formation of ROS occurs primarily in chloroplasts; however, it also 
occurs in mitochondria and peroxisomes [55, 56, 58]. During salt stress, cytosolic 
polyamines are exported to the apoplast, where they are oxidized to ROS [59]. 
Excessive formation of ROS leads to oxidative damage of many cellular components, 
including proteins, DNA, and lipids (e.g., membrane lipid peroxidation), ultimately 
leading to growth inhibition or capitulation of plants [15, 60].

K.E. Gerhardt et al.
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2.1.4.3  �Salt Stress and Acclimation Signaling Pathways

Although excessive salt-induced generation of ROS can impair metabolic processes, 
leading to oxidative stress and cellular damage, ROS can also signal responses to 
mitigate salt stress damage [56, 61–63]. Increases in antioxidant enzyme activities 
have been correlated with salt tolerance [57]. For example, the antioxidant enzymes 
catalase, superoxide dismutase, glutathione reductase, and glutathione peroxidase 
are activated in response to salinity stress in the European olive [64]. The ROS sig-
naling pathways that result in acclimation to salt stress are integrated with numerous 
other signaling pathways related to salt tolerance. These include calcium, hormone 
and protein phosphorylation pathways, as well as complex interactions with poly-
amine pathways [56, 63].

Accumulation of polyamines is a key factor in achieving plant tolerance to salt 
stress [63]. Polyamines such as spermine, spermidine, and putrescine play a signifi-
cant dual role in ROS homeostasis by acting both as ROS scavengers, and as sub-
strates for amine oxidases in the apoplast that catalyze formation of ROS involved 
in stress response signaling [59, 63, 65]. Some of the ways by which polyamines 
influence ion transport during salt stress via complex signaling pathways are shown 
in Fig. 2.2b. For example, polyamines exported from the cytosol to the apoplast can 
block non-specific cation channels in the plasma membrane to limit Na+ influx and 

Fig. 2.1  Phytoextraction of salt. Uptake of ions from the soil to root epidermal cells occurs first. 
Ions are translocated via the root symplast to the xylem. Na+, Cl−, and other ions extracted from the 
soil are transported through the xylem to leaf tissue, and are stored in vacuoles. There is minimal 
flow of Na+ and Cl− back down the phloem

2  Phytoremediation of Salt-Impacted Soils and Use of Plant Growth-Promoting…



Fig. 2.2  Ion pumps, channels, and signaling in plant salt stress and adaptation. (a) Numerous ion 
pumps and channels involved in salt stress and tolerance are shown. Not all of them are found in 
all species, or in all cells, and the specifics of ion conductance depend on a variety of conditions. 
ABA abscisic acid, ACC 1-aminocyclopropane-1-carboxylic acid, ANN annexin-formed channel, 
CAX cation/H+ exchanger, CCC cation-chloride-cotransporter, DA-NSCC depolarization-activated 
non-selective cation channel (NSCC), DAO diamine oxidase, FV fast vacuolar channel, H2O2 
hydrogen peroxide, HACC hyperpolarization-activated Ca2+ influx channel, HKT1 low-affinity Na+ 
histidine kinase transporter, HKT2 Na+/K+ histidine kinase symporter, KIRC K+ inward-rectifying,  
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K+ efflux, and cytoplasmic polyamines can inhibit cation channels in the tonoplast 
to limit Na+ efflux to the cytoplasm, thereby helping to maintain proper cellular K+/
Na+ ratios: this may be crucial for achieving salt stress tolerance [49, 63].

One well-researched signaling pathway for Na+ exclusion from cells was discov-
ered using the salt overly sensitive (SOS) line in Arabidopsis [16, 48, 66, 67] (see 
Fig. 2.2). Following exposure to salt, an unidentified salt sensor in the root plasma 
membrane perceives the stress and a Ca2+ spike is generated in the cytoplasm. This 
activates a signal transduction cascade involving the SOS proteins: SOS3, a calcium 
binding protein, activates SOS2, a kinase that phosphorylates the plasma membrane 
antiporter, SOS1. Cytoplasmic Na+ is then transported out of root cells, either from 
the cytosol to the apoplast (epidermal cells), or from the cytosol to the xylem (paren-
chyma cells) [68]. In leaves, a similar pathway exists, but SOS3 is replaced by 
SCaBP8) [67]. SOS3 and SOS2 have been shown to play regulatory roles in salt 
tolerance [69].

Salt stress can result in increased levels of the ethylene precursor 1-aminocyclop
ropane-1-carboxylic acid (ACC), resulting in stress ethylene production [39, 70]. 
This response is mediated by ABA, and ultimately leads to leaf abscission, ridding 
the plant of tissue that contains toxic levels of Na+ [56]. Upregulation of ABA also 
promotes stomatal closure to avoid water loss during osmotic stress, but may cause 
a shortage of CO2 for carbon fixation, which leads to a decline in photosynthesis 
[44, 55–57].

Signaling pathways involved in salt stress and subsequent acclimation are very 
complex (some of the signaling pathways are illustrated in Fig. 2.2b). The linear SOS 
pathway is the best understood, but it is not the only signaling pathway for adaptation 
to salt stress [67, 69]. There is good evidence that crosstalk between SOS and ABA 
signaling pathways occurs, and a complex signaling network with crosstalk between 
polyamine, ROS, and ABA pathways has also been shown [63, 67]. Plant growth-
promoting rhizobacteria (PGPR) have been shown to positively influence many  
of these pathways and processes to mitigate salinity stress (see Sect. 2.1.5.3).  

Fig. 2.2  (continued) KORC K+ outward rectifying channel, ROSIC non-selective voltage-independent 
conductance, NHX Na+/H+ antiporter, NORC, •OH hydroxyl radical, PA polyamine, PAO poly-
amine oxidase, PEROX peroxiporin, Rboh respiratory burst oxidase homolog (an NADPH oxi-
dase), ROS-NSCC ROS activated non-selective cation channel, SOS1 Na+/H+ antiporter, SOS2 
protein kinase, SOS3 Ca2+ sensor, SV slow vacuolar channel, V-ATPase vacuolar H+-ATPase, 
VI-NSCC voltage-independent NSCC, VK K+-selective channel, VP1 vacuolar H+ pyrophospha-
tase. Hyperpolarization of the plasma membrane activates KIRC (more influx of K+ than N+). At 
the onset of salinity stress, KORC is activated by membrane depolarization, allowing the influx of 
Na+ and efflux of K+. Details for other ion channels and pumps can be found in Sects. 2.1.4.1 and 
2.1.4.3, and references therein. (b) Some of the signaling pathways involved in salt stress and 
adaptation are outlined, with emphasis on PA/ROS-related pathways. Dotted lines with arrows 
indicate some relevant sources of the ionic and molecular pools, solid lines with arrows indicate 
positive regulatory actions, and lines with bars indicate negative regulatory actions. Salt stress 
leads to a Ca2+ burst that activates the SOS pathway. Increased Ca2+ is perceived by SOS3, which 
interacts with the kinase SOS2. This complex phosphorylates the SOS1 antiporter at the plasma 
membrane, which leads to diminished accumulation of Na+ in the cytosol. It also leads to increased 
activity of NHX at the tonoplast, which results in sequestration of excess Na+ in vacuoles. Further 
details for signaling pathways can be found in Sects. 2.1.4.2 and 2.1.4.3, and references therein

2  Phytoremediation of Salt-Impacted Soils and Use of Plant Growth-Promoting…
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Detailed descriptions of the numerous interconnected signaling pathways, and the 
salt ion channels, pumps and molecules involved in toxicity and tolerance are beyond 
the scope of this review. For further details, please see Blumwald [71], Gao et al. [72], 
Kronzucker and Britto [49], Kumar et al. [73], Kurusu et al. [74], Miller et al. [56], 
Pottosin and Shabala [65], Saha et  al. [63], Uozumi and Schroeder [75], and  
Zhu [33].

2.1.4.4  �Physiology of Salt Tolerance in Halophytes and Glycophytes

There are many different parameters that have been used to define halophytes in the 
literature [15, 40]. Generally, they can be defined as plants that grow well in salt-
impacted soils. Plants that are not halophytes are frequently classified as glyco-
phytes. A more realistic view is not a division into two broad categories of plants, 
but rather a continuum of salt tolerance ranging from extremely tolerant to extremely 
sensitive plants [76]. Many major agricultural crops are sensitive to salt stress [57]. 
Salt tolerance can be assessed in terms of survival (more meaningful for perennials 
than for annuals) and/or biomass production [77].

Halophytes can be obligate (absolute requirement for elevated salt habitats), fac-
ultative (can grow in salt-impacted soils, but optimum growth and health occurs in 
soils with low or no salt) or habitat-indifferent (can flourish in soil with or without 
salt) [15]. Glycophytes have varying sensitivities to salt, ranging from tolerant to 
completely intolerant. Depending on the circumstances, a given plant might be 
described as a facultative halophyte or a salt-tolerant glycophyte.

Halophytes have evolved different mechanisms that allow them to survive and 
thrive in salt-impacted soils: salt exclusion (minimizing uptake), salt accumulation, 
and salt excretion [78]. Some of these strategies are also employed by salt-tolerant 
glycophytes. Salt exclusion mechanisms are varied and complex; however, the main 
contributing factors are low permeability of root epidermal cell membranes, low net 
uptake of Na+ by root cortex cells, and tight control of xylem loading via the peri-
cycle [15, 40, 51]. In salt accumulators, Na+ is taken up, transferred to leaf tissue 
and sequestered in vacuoles to minimize damage to cytoplasmic components  
(Figs. 2.1 and 2.2). Small organic osmolytes (compatible solutes), such as proline, 
betaine, and mannitol, accumulate in the cytoplasm to maintain osmotic balance 
within the cells, and some act as osmoprotectants to scavenge/quench ROS and 
prevent damage to membrane structure, enzymes, and proteins [33, 38, 55]. Salt 
excretion, prevalent in halophytes, is accomplished using leaf epidermal salt glands and 
hairs that remove salt from mesophyll cells via secretion at the leaf surface [14, 79].

2.1.5  �Remediation and Phytoremediation of Salt

Remediation of salt-impacted soils has proven difficult and costly due to the absence 
of a versatile in situ technology [24]. Often the impacted soil must be removed to 
landfill and replaced with clean soil. In addition to the physical challenges 
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encountered with ex situ remediation (soil excavation and soil replacement), these 
methods are also costly and unsightly. Various in situ treatments have also been 
employed to remediate salt-impacted soils. Three widely used methods are leach-
ing, chemical amendments followed by leaching, and organic amendments [14, 24, 
36]. For leaching, excess water is applied to the soil to move soluble salts from the 
surface soil to lower horizons. This can lower ECe values in surface and rooting 
zone soils, but not SAR, and is therefore effective primarily for saline soils [14]. 
Leaching results in valuable water resources being wasted, and diminishes soil sta-
bility and quality [14]. For sodic soils, numerous chemicals can be applied to the 
soil to promote ion exchange, often replacing Na+ with Ca2+ at the cation binding 
sites on clay particles. The amendments can be very costly, however, and leaching 
is required afterward to remove the Na+ to lower soil horizons [14]. Organic amend-
ments can be used to increase dissolution of soil calcite and improve soil structure, 
however these amendments are also costly and dissolution is a slow process [14].

Several mechanisms are involved in salt remediation when using plants (phytore-
mediation). Uptake of salt ions into plant tissue results in a decrease in soil ECe and, 
possibly, SAR. Lowering soil pH via root exudates can increase the dissolution of 
soil calcium carbonate (calcite), thereby providing Ca2+ to displace the adsorbed 
Na+ in the soil. Displaced Na+ leads to improved soil structure with the resultant 
uptake and removal of Na+ from soil by plants. Root growth and the associated 
organic matter additions to the rhizosphere within impacted areas will increase 
hydraulic conductivity of the soil, which increases the potential for natural leaching 
of salt from upper to lower soil horizons [14, 36, 80, 81].

2.1.5.1  �Advantages of Phytoremediation of Salt

Clearly, technologies are needed that can remediate salt-impacted soils in an envi-
ronmentally responsible and cost-effective way. Phytoremediation has numerous 
advantages over conventional techniques for salt remediation. Some of the advan-
tages are greater environmental stewardship (e.g., soil is treated and reused, not 
hauled to landfill for disposal), ease of application, and lower cost. Using plants, 
co-contaminants such as salt, PHC, and metals can be remediated simultaneously [82]. 
As an added benefit, some crops that are grown for phytoremediation can be sold for 
bioenergy sources, cellulose production, or livestock feed [14, 81].

2.1.5.2  �Choosing Plants for Phytoremediation of Salt

Numerous plant species have been shown to effectively decrease ECe and SAR in 
salt-impacted soils [14, 81, 83, 84]. Plants chosen for phytoremediation must be 
sufficiently salt-tolerant to survive and grow in impacted soils. Some of the most 
salt-tolerant halophytes are very slow growing, and consequently these plants do not 
attain sufficient biomass to achieve phytoremediation in an acceptable time frame. 
Many halophytes excrete salt ions through specialized leaf glands, and others drop 

2  Phytoremediation of Salt-Impacted Soils and Use of Plant Growth-Promoting…
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older organs that have accumulated toxic levels of Na+ and other ions: neither of 
these tolerance mechanisms leads to phytoremediation because the salt essentially 
returns to the soil near the plant. Similarly, plants that exclude Na+ and Cl− from 
roots are not efficient remediators of NaCl because the salt remains in the soil, 
although it might be more easily leached due to plant-related improvements in soil 
hydraulic conductivity.

A salt tolerance mechanism that is desirable for phytoremediation is uptake and 
storage of Na+ and Cl− into above-ground tissues. Maintaining low concentrations 
of cytoplasmic Na+ is a key factor in salt tolerance. As noted in Sect. 2.1.4.4, many 
halophytes and salt-tolerant glycophytes sequester Na+ to leaf vacuoles to achieve 
this [85, 86]. This prevents damage to cytosolic enzymes, and also counteracts the 
low extracellular osmotic potential resulting from salt stress [33]. Ideally, if soils are 
highly sodic, the chosen plant will have high Na+ uptake, but lower uptake of Ca2+ 
and Mg2+, which will lower SAR values [14]. Also, for effective phytoremediation, 
the plants chosen should be suitable for repeated harvesting of the foliar tissues 
containing phytoextracted salt.

2.1.5.3  �PGPR-Enhanced Phytoremediation

One criterion that is essential for successful phytoremediation is substantial plant 
biomass production. Unfortunately, as discussed in Sect. 1.4, plants growing in salt-
impacted soils are prone to the combined detrimental effects of water stress, ion 
toxicity, and nutritional deficiencies, which result in substandard plant growth. 
Traditional plant breeding programs and genetic engineering have been employed 
in attempts to improve salt tolerance in plants; however, the suite of genes and mul-
tiple pathways involved in salt tolerance, as well as the time involved to successfully 
breed or engineer salt tolerant plants, make this a daunting task [55, 87, 88].

One strategy that has been utilized to overcome the challenges of abiotic stress-
ors is to employ plant growth-promoting rhizobacteria (PGPR); these soil microbes 
can promote growth and health in plants during stress conditions [8, 10, 89–92]. 
PGPR accelerate plant growth under stress conditions by increasing plant tolerance 
to elevated salt, PHC and/or trace metal levels, as well as other environmental 
stressors such as saturated soil or drought conditions. This leads to rapid growth of 
plants, including their roots. The vigorous plant growth that ensues leads to greater 
proliferation of naturally existing microbes in the soil, resulting in a very active 
rhizosphere that is typical of soils with normal plant growth. The substantial root 
biomass that accumulates in the soil provides a sink which allows for rapid parti-
tioning of salt ions out of the soil, and their subsequent accumulation in the foliar 
tissues of some plants.

PGPR have been shown to confer salt tolerance in a variety of plants, by amelio-
rating both the osmotic and ion toxicity effects of salt stress [6, 58, 89, 93–95]. 
Some PGPR confer salt tolerance via tissue-specific regulation of HKT1, a plasma 
membrane Na+ uniporter [95] (see Fig. 2.2a). When plant growth inhibition is the 
result of stress ethylene production, PGPR with ACC deaminase (ACCD) can be 
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employed [70]. ACCD metabolizes ACC, a precursor of ethylene in the biosynthetic 
pathway, thereby limiting the amount of stress ethylene that can be produced [6, 
90]. Polyamines produced by PGPR have also been shown to lower stress ethylene 
levels and mitigate osmotic stress [96, 97]. PGPR have been shown to promote 
synthesis of antioxidants (including polyamines), and indole acetic acid (an auxin) 
which can promote root growth [6, 58, 89]. Recently, PGPR were shown to regulate 
a ROS-triggered caspase-like activity in rice; there was a concomitant decrease in 
programmed cell death, a phenomenon previously linked to caspase-like activity 
and salt-induced oxidative stress [58, 98]. Other mechanisms linking PGPR to salt 
tolerance in plants include altered mineral uptake, which results in a beneficial 
increase in the cellular K+/Na+ ratio; and elevated production of quorum sensing 
molecules, which can lead to alterations in the rhizosphere [92, 99–101].

2.1.5.4  �Successful Remediation of Salt-Impacted Soils

Numerous studies have been conducted to assess phytoremediation of salt-impacted 
soils. For example, beet and millet were grown for 70 days in the greenhouse, in saline 
calcareous soil from Southern Ghor in Jordan [81]. Substantial amounts of Na+, K+, 
and Cl− were taken up into above-ground tissues, decreases in EC1:1 of 54–69% 
occurred, and better soil hydraulic conductivity was observed. Purslane has been shown 
to remove considerable amounts of NaCl from saline soils, and was recommended as 
an intercrop for salt removal in salt-sensitive fruit orchards based on pot experiments 
[102]. Hue et al. [82] used material dredged from Pearl Harbor, Hawaii. This material 
was amended with a soil from Oahu, Hawaii that was high in calcium and magnesium, 
to achieve a final ECe of ~18 dS/m. After growing a combination of two salt-tolerant 
grasses and a legume for 3 months in a greenhouse, soil ECe decreased by ~50%. This 
was attributed primarily to Na+ uptake by the legume and one of the grasses. Atriplex 
halimus plants were grown for 90 days in pot experiments using saline and saline-sodic 
soils from the Ninavah province of Iraq [103]. Decreases in EC were observed in both 
saline and saline-sodic soils (21 and 32%, respectively). Decreases in SAR were also 
observed for both saline and saline-sodic soils (29 and 50%, respectively).

Field experiments were performed in the Khorezm Region of Uzbekistan [104], 
where Chenopodium album and Apocynum lancifolium were grown in soil with ECe 
values of ~10.5 and 13, respectively (top 15 cm). Uptake of Cl− and Na+ in C. album 
(105 and 34 mg/g dry weight, respectively) was substantially higher than that of  
A. lancifolium (49 and 12 mg/g dry weight, respectively). Despite a root depth that 
was less than half that of A. lancifolium, C. album had much greater salt uptake from 
the soil (570 kg/ha, compared to 130 kg/ha for A. lancifolium). Thus, C. album was 
deemed a good choice for remediation of salt-impacted soils, and was recommended 
for integration into crop rotation programs, whereas A. lancifolium was deemed a 
salt-tolerant species not suitable for salt remediation because, relative to C. album, 
the rate of salt removal was deemed too low. For more results of phytoremediation 
experiments in the greenhouse and field, please see the following reviews of the 
literature [8, 14, 81, 85].
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2.1.5.5  �Obstacles Affecting Phytoremediation of Salt-Impacted Soils 
in the Field

Efforts to translate phytoremediation research from successful laboratory and 
greenhouse experiments to the field have proven challenging [9]. Although there 
have been many successful trials, there have also been numerous inconclusive and 
unsuccessful attempts at phytoremediation of salt in the field. A few general prob-
lems have emerged: different experimental conditions between the laboratory and 
the field, difficulty in accurately assessing salt remediation, and length of time 
required for salt remediation.

Numerous biotic and abiotic plant stress factors not present in laboratory and 
greenhouse studies can result in significant problems in field applications of phytore-
mediation. These include, but are not limited to, variations in temperature, nutrients, 
and precipitation; herbivory (insects and/or animals); plant pathogens; and competi-
tion by weed species that are native to the area [105]. Further, in the greenhouse, soils 
are generally homogeneous; in the field, contaminant concentrations vary across any 
given site, resulting in “hot spots”. Factors such as root structure, soil structure, 
organic composition of the soil, soil pH, moisture content, and microbial activity also 
exhibit spatial variability at a given site, and can change over time [105, 106].

For salt, conventional means of assessing phytoremediation (e.g., decrease in 
ECe in soil over time) may not be adequate to show that salt impacts are actually 
decreasing, although in many cases active remediation may be occurring. Salt read-
ily migrates from lower soil horizons into the rooting zone of plants (i.e., the area 
where phytoremediation takes place) due to evaporation and transpiration [107]. 
Thus, it can be difficult to assess remediation exclusively by measuring soil salt 
levels in upper horizons. Assessing ion uptake into plant tissues and calculating 
estimates of total salt uptake at a given site can provide an estimate of actual salt 
removal and remediation over time.

Another challenge to phytoremediation of salt in the field is the length of time 
required to fully remediate the impacted soils [36]. Although this cannot be consid-
ered a failure of the technology, it is a disadvantage compared with traditional 
methods such as excavation and soil removal. It has also been suggested that salt 
remediation rates decrease over time, because in terms of mass balance, fewer salt 
ions are removed from the soil when salt gets diluted in leaching water (natural or 
applied) [14]. If salt uptake is the predominant removal mechanism, this should not 
be a factor. In fact, the reverse should be true: as soil quality improves with each 
successive growing season, plant root and shoot biomass should increase, providing 
a greater sink for salt ions.

2.1.5.6  �Revegetation as a Measure of Successful Phytoremediation of Salt

As noted in Sect. 2.1.5.5, salt readily migrates from lower horizons to upper hori-
zons in the soil, and moves with water flow in general. When plants grow in soil, 
this upward migration of water and salt is enhanced. Thus, it can be problematic to 
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accurately assess remediation based on soil salt levels. Unlike heavy metals, which 
can be highly toxic to humans and other animals at levels found in soils, NaCl is 
generally not considered hazardous. Therefore, in the case of salt, the essential goal 
of phytoremediation is to overcome plant salt stress. Ideally, plants that grow rap-
idly with high rates of salt uptake and accumulation (e.g., kallar grass and oats) can 
be used to achieve both revegetation and salt removal from the soil [80]; however, 
generic regulatory criteria that depend solely on diminishing soil ECe levels and 
SAR in impacted soils may be too stringent and unnecessary in some cases. Because 
soil salts (including NaCl) are generally not hazardous to humans and other ani-
mals, and plants are the most sensitive part of the biosphere, we propose that, rather 
than achieving mandated levels of ECe and SAR, sustained revegetation of an 
impacted site should be the goal of salt phytoremediation. In this case, achieving 
75% sustainable plant productivity compared to reference sites should qualify as 
successful phytoremediation of salt. This is in accordance with the reclamation 
objectives of some Canadian and American regulatory bodies that seek to ensure a 
self-sustaining ecosystem devoid of long-term toxicity, and to establish equivalent 
land capability that existed prior to industrial activities [26, 108].

If revegetation is the goal, selection of plant species is important. Many halo-
phytes that accumulate large quantities of salt on a per mass basis grow too slowly 
to provide sufficient biomass for revegetation within an acceptable timeframe. Also, 
they may not be native to the site being remediated. Plants that exclude salt by limit-
ing uptake into the root, or plants that excrete the salt from aerial tissues, cannot 
effectively remove salt from the soil. However, if the goal is only revegetation, these 
species could be considered for use. In general, for revegetation, the goal should be 
to achieve aggressive plant growth with species native to the impacted site.

2.2  �PGPR-Enhanced Phytoremediation Systems (PEPS)

To fill the need for a versatile, green, in situ technology for remediation of cont
aminated soils, PGPR-Enhanced Phytoremediation Systems (PEPS) have been 
developed [9, 10, 83, 84, 91, 109–114]. To achieve successful PGPR-enhanced 
phytoremediation, a skill set beyond being able to plant seeds is required. A funda-
mental understanding of soil science, contaminant chemistry, plant biology, soil 
microbiology, agriculture, forestry, and regulatory guidelines is crucial for applica-
tion of this green technology. The key to successful remediation within an accept-
able time frame is to achieve vigorous plant growth because large amounts of 
biomass are necessary for phytoremediation; however, this is generally difficult due 
to suboptimal soil conditions (e.g., low organic content and poor soil structure) at 
impacted sites. Phytoremediation is therefore facilitated by preparing high-quality 
seed beds and utilizing other agronomic practices. After plant growth is established, 
contaminant chemistry, including degradation and/or uptake of the contaminants 
from soil, must be monitored. The standard PEPS protocol includes inoculation of 
seeds with PGPR to accelerate plant growth under stress conditions (see Sect. 1.5.3), 
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soil pre-treatment (tilling soils to achieve homogeneity, as well as fertilizing and 
adding other required amendments to the rooting zone of plants), and adequate 
monitoring of the site (including contaminant assessments).

Mixtures of grass species, including cereals, are most commonly used in 
PEPS. Most Poaceae species (grass family) are facultative halophytes (also described 
in the literature as salt-tolerant glycophytes): they can grow on salt-impacted soils, 
but plant growth and health will be negatively impacted relative to growth in soils 
with low or normal salt levels [15]. Specific grass species have been used because 
they have been shown to be salt-tolerant, they accumulate salt in foliar tissue which 
can be removed easily from impacted sites, and they produce substantial amounts of 
root biomass. Using more than one plant species (co-cropping) can enhance overall 
microbe-assisted phytoremediation because the unique characteristics and properties 
of each plant species may support different microbial communities in the rhizo-
sphere, differentially penetrate the soil matrix, and have different temperature and 
moisture optima, which increase the overall odds of success in the field; co-cropping 
has also been shown to limit weed proliferation and herbivory [115].

The PGPR used in PEPS are non-pathogenic, non-genetically modified soil bac-
teria (usually pseudomonads) that are present in the soils under remediation [9, 112]. 
These strains are naturally occurring, and express ACCD.  They also synthesize 
indoleacetic acid (IAA), which promotes root cell growth of host plants [116]. They 
are sensitive to common antibiotics, do not grow at 37 °C (i.e., they cannot prolifer-
ate in the human body), and are all classified as Biosafety Level 1 (the safest pos-
sible designation). They are ubiquitous in nature, common to soils around the world, 
and pose no threat to humans, wildlife, or the environment. With PEPS, the PGPR 
are used only via a seed treatment, whereby the seeds are treated in a controlled 
environment. The plant roots of the treated seeds are thus inoculated with PGPR as 
they pass through the seed coat during germination. Notably, PGPR, including those 
used in PEPS, increase the number of root hairs in grass seedlings under stress, rela-
tive to plants without PGPR ([100], Greenberg et al. unpublished data). Root hairs 
contribute substantially to the surface area of roots, and most of the ion uptake 
(including Na+) occurs across the plasma membrane of the root hair epidermal cells 
[51]. Thus, PGPR-treated PEPS plants have a greater capacity for Na+ uptake from 
the soil than untreated plants, which generally corresponds to decreases in both soil 
salinity and sodicity.

A mixture of PGPR can be used if the right combination of mixed microbial 
strains can be found (e.g., [10, 58]). The rationale is that taxonomically different 
PGPR have different optimum pH, temperature, and moisture requirements for col-
onizing rhizospheres/roots; and different PGPR may have different modes of action 
for promoting plant growth that could be additive or synergistic in a microbial mix, 
further increasing the odds of successful phytoremediation in the field. Sometimes, 
however, it is preferable to use a single strain of PGPR to avoid antagonistic effects. 
Greenhouse experiments have been performed to ascertain whether or not different 
PGPR strains should be used independently (e.g., CMH3) or in combination  
(e.g., UW3 + UW4) [83, 117].
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When possible, PEPS plant species are chosen that are native to the area in which 
phytoremediation is being undertaken. This eliminates the ecological risk associ-
ated with introducing a non-native species to an ecosystem and facilitates native 
habitat reconstruction/reclamation following remediation. Native PGPR are also 
used, whenever possible. For instance, PGPR that have been isolated from the site 
being remediated can be used. This provides multiple benefits: PGPR isolated from 
salt-contaminated soils are salt-tolerant, acclimated to the soil conditions in that 
area, and may be more competitive in situ than non-native bacteria [118].

2.2.1  �Development, Proof, and Full-Scale Application of PEPS

In the initial stages of PEPS development, remediation of PHC (including large 
recalcitrant polycyclic aromatic hydrocarbons [PAHs]), heavy metals (lead, copper, 
and cadmium) and a pesticide (DDT) were the focus of the research [91, 113, 114, 
119, 120]. The original process involved proven agronomic techniques, and plant 
growth with PGPR [91, 113, 114], with both laboratory and small-scale field trials 
[9, 112]. A variety of monocot and dicot species were used in the initial plant growth 
and phytoremediation experiments. Seeds were treated with various naturally occur-
ring, non-pathogenic Pseudomonas strains, both individually and in microbial 
mixes. Although phytoremediation was observed in the absence of PGPR treat-
ments, enhanced remediation rates were observed with PGPR seed treatments.  
A summary of the development, proof, and full-scale application of PEPS for PHC 
remediation was published recently [10].

2.2.2  �Adapting PEPS for Salt Remediation

As discussed in Sect. 2.1.2, soil salinization is as much of an environmental issue as 
soil contaminated with compounds such as PHC (including PAHs) and metals [24–26]. 
For this reason, PEPS research was expanded to include phytoremediation of salt. 
Laboratory, greenhouse, and field experiments were conducted, resulting in the 
adaptation of PEPS for salt remediation [83, 84, 109–111, 117, 121, 122].

2.2.2.1  �Lab/Greenhouse Experiments

The effects of salt stress on plant growth, photosynthesis, and membrane integrity 
were assessed in a series of greenhouse and laboratory experiments [109, 117, 121, 
122]. Soils with a range of salinity (ECe) and sodicity (SAR) values were obtained 
from sites in Saskatchewan, Canada. Three strains of PGPR, Pseudomonas sp. 
UW3 (GenBank Accession Number KF145175), Pseudomonas sp. UW4 (GenBank 
Accession Number CP003880), and Pseudomonas corrugata CMH3 (GenBank 
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Accession Number KF041156), were used for seed treatment prior to phytoreme-
diation to promote plant growth and increase tolerance to salt [83, 123, 124]. All 
these strains are naturally occurring, produce IAA and express ACCD, the enzyme 
that consumes the precursor to ethylene, a plant stress hormone. UW3 and UW4 
were isolated from unimpacted Ontario soils during a previous research project. 
CMH3 was isolated from the rhizosphere of grasses grown on a highly saline soil 
(ECe value of 20–50 dS/m) at an upstream petroleum site in Saskatchewan. Details 
of PGPR isolation, analysis, and identification; ACCD and IAA assays; bacterial 
inoculation of seeds; greenhouse trials; fluorescence assays; and electrolyte leakage 
assays can be found in Chang et al. [83] and Greenberg et al. [109].

Effects of Salinity and PGPR on Plant Growth

Previously, a decrease in biomass for wheatgrass grown without PGPR for 90 days 
in saline soils (ECe = 30 dS/m) was reported [109]. Biomass decreases for barley 
and oats grown for 45 days in saline soils (ECe = 9 dS/m) were also reported previ-
ously [83]. Data for oats grown on saline (ECe = 14 dS/m) and sodic (SAR = 24) 
soils are provided here as other examples. A decrease in oat biomass due to salt 
stress was observed in the absence of PGPR seed treatments. Oats without PGPR 
had 40% lower shoot biomass (Fig. 2.3) and 50% lower root biomass [117] than 
control plants grown on unimpacted soils (ProMix™). PGPR (UW3 + UW4) com-
pletely alleviated the root and shoot growth inhibition caused by salinity.

In fact, the shoot biomass of plants treated with PGPR exceeded that of the con-
trols. UW3 + UW4 improved the fresh weight of oat shoots (Fig. 2.3) and roots 
[117] by ~100%, relative to untreated (−PGPR) plants after 20 days in sodic soil 
(ECe, 3.2 dS/m; SAR, 24) and 45 days in saline soil (ECe, 14 dS/m; SAR, 11). Under 
the more saline conditions in wheatgrass experiments, PGPR (UW3  +  UW4, 
CMH3) ameliorated salt stress, but did not bring biomass levels back to those of 
control plants grown under non-saline conditions [109]. Notably, the growth promo-
tion effect was much greater using a mix of UW3 and UW4 than using either UW3 
or UW4 independently (Fig. 2.3a). When the kinetics of oat growth is examined, 
with and without PGPR, it can be seen that PGPR protected the seedlings, espe-
cially during emergence and early growth phases (Fig. 2.4). This allows the plants 
to become established in impacted soils. It has been suggested that protection of 
young leaves is crucial for salt tolerance, due to the dearth of vacuoles available for 
Na+ sequestration in these leaves, and the detrimental effects of Na+ on protein syn-
thesis and other processes crucial to plant growth [32, 79].

The studies described in this section, and those described in Sect. 1.5.3, show 
that PGPR can improve plant growth on salt-impacted soils. This indicates that 
crops and other plants not considered salt-tolerant can grow on saline soils with 
PGPR inoculation. This also supports the concept that equivalent land use can be 
achieved with PEPS and that phytoremediation of salt-impacted land via revegeta-
tion is feasible.
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Fig. 2.3  Effects of PGPR treatment on plant growth in salt-impacted soil. (a) A representative 
photograph of oat growth after 20 days in sodic field soil from a site in Saskatchewan, Canada with 
low ECe (3.2 dS/m) and high SAR [24]. “Control” shows the baseline normal plant growth in 
ProMix™ (ECe < 2 dS/m) growth medium, “-PGPR” shows plants grown in saline soil without 
PGPR treatment, “UW3” shows plants that were grown from oat seeds treated with UW3 PGPR, 
“UW4” were treated with UW4 PGPR and “UW3 + 4” were treated with a mix of UW3 and UW4 
PGPR. (b) A representative photograph of oat growth after 45 days in saline field soil with moder-
ate ECe (14 dS/m) and SAR [11]. (c) Fresh weight (g) of oat shoot biomass after 45 days growth in 
moderately saline field soil (ECe = 14 dS/m, SAR = 11). The results are expressed as means ± SEM 
of four independent replicates (n  =  4). Data were analyzed by one-way analysis of variance 
(ANOVA) and Dunnett’s test. * indicates statistical differences (P < 0.01) in biomass relative to 
untreated oats grown in saline soil
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Alleviation of Salt Inhibition of Photosynthesis in PGPR-Treated Plants

Numerous abiotic environmental stresses, including salinization, result in deleteri-
ous effects on photosynthesis in plants [16, 57, 91, 109, 125–127]. Inhibition of 
photosynthesis is a good measure of the physiological state of the plant; therefore, 
measurement of various photosynthetic parameters can be used as an indication of 
the extent to which plants are salt-stressed. Indeed, negative impacts on plant growth 
due to salt stress are often associated with a decrease in photosynthetic rate, possi-
bly the result of a decrease in stomatal conductance and the ensuing decrease in CO2 
uptake [44, 128–131]. Osmotic stress, which occurs rapidly following plant expo-
sure to salt, results in a decrease in chloroplast volume and an increase in Na+ 
concentration in the cytosol and chloroplasts. This can lead to inhibition of the 
photosynthetic electron transport chain [57, 125].

Chlorophyll a (Chl a) fluorescence is a useful technique for assessing photosyn-
thetic activity [125, 132]. Chl a fluorescence parameters obtained using pulse 
amplitude-modulated (PAM) fluorometry (e.g., Fv/Fm, yield, qP, and qN) can be 
used to assess the efficiency of photochemistry in plants and to study the effect of 
salinity on photosynthetic electron transport [133]. Fm (maximal fluorescence of 
dark-adapted tissue) and F0 (minimal fluorescence [background fluorescence]) can 
be used to calculate Fv/Fm ([Fm−F0]/Fm) which indicates the maximum quantum 
yield of photosystem II (PSII) [133]. Optimal Fv/Fm values range from 0.79 to 0.83 
for most plant species [134, 135]. Lower values indicate damage to the photosyn-
thetic apparatus, and resultant plant stress. Yield of steady-state photosynthesis 
[(Fm′−Fs)/Fm′] can be calculated from the maximal fluorescence in light-adapted 
tissue (Fm′) and steady-state fluorescence (Fs). Yield is a measurement of continu-
ous photosynthesis (i.e., the amount of light absorbed by PSII chlorophyll that gets 
used in photochemical reactions) [136]. The parameter qP ([Fm′−Fs]/[Fm′−F0′]) is a 
measure of photochemical quenching, which indicates the proportion of open (or 
functional) PSII reaction centers [137–140]. Non-photochemical quenching of fluo-
rescence, qN (1−[Fm′−F0]/[Fm−F0]), is related to the dissipation of energy as heat 
and indicates the extent of photoinhibition [133, 139, 141].
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An example of salt effects on photosynthesis is given in Table 2.1. Oats, with and 
without PGPR treatment, planted on salt-impacted soil (ECe = 30 dS/m) and control 
soil (ProMix, ECe < 2 dS/m), were grown for 20 days [122]. Various photosynthetic 
parameters were measured using a PAM fluorometer using methods published pre-
viously [109, 142]. For plants without PGPR, all Chl a fluorescence parameters 
(Fv/Fm, yield, qP and qN) showed significant negative impacts due to growth on 
saline soil (note: qN rises under stress conditions, while the other parameters fall 
during stress) (Table 2.1). This suggests that the photosynthetic apparatus was dam-
aged and photosynthesis was impaired [136, 143, 144]. These data are in agreement 
with our previously published results, and with those of numerous other researchers 
using oats and other plant species [61, 91, 109, 145, 146].

The negative impacts of salinity on overall photosynthesis were largely allevi-
ated by PGPR treatment of plants (both UW3  +  UW4 and CMH3): most Chl a 
fluorescence parameters (Fv/Fm, yield and qP) of the PGPR-treated plants had val-
ues that were similar to plants grown in control soil (Table 2.1). These results are 
consistent with the improvements in plant growth on salt-impacted soils that were 
observed in greenhouse experiments (Figs. 2.3 and 2.4). Similar relationships 
between growth promotion and photosynthetic capacity were reported in Brassica 
[130] and lettuce [44].

Oats are considered to have low tolerance to salt [147]. Despite the sensitivity of this 
species, treatment with PGPR alleviated photosynthetic stress. Thus, PGPR seed treat-
ment can result in salt-sensitive species becoming more tolerant, thereby making them 
candidates for phytoremediation of salt and/or revegetation of salt-impacted soil.

Effects of Salinity and PGPR on Cell Membrane Integrity

Plant cell membranes play an important role in the maintenance of the micro-
environment and metabolism of plant cells, and are often the first targets of abiotic 
plant stressors [41]. ROS-mediated membrane damage is a major cause of the 

Table 2.1  Effects of salinity and PGPR on chlorophyll a fluorescence of oats

Chlorophyll a 
fluorescence 
parameters Control (ProMix™)

No PGPR  
(salt soil)

UW3 + UW4  
(salt soil) CMH3 (salt soil)

Fv/Fm 0.806 ± 0.002*** 0.752 ± 0.013 0.801 ± 0.002*** 0.803 ± 0.002***
Yield 0.690 ± 0.005*** 0.488 ± 0.030 0.711 ± 0.020*** 0.706 ± 0.022***
qP 0.910 ± 0.004*** 0.729 ± 0.030 0.865 ± 0.010*** 0.877 ± 0.006***
qN 0.301 ± 0.016** 0.429 ± 0.042 0.358 ± 0.032 0.317 ± 0.019*

PAM measurements were obtained after 20 days growth on ProMix™ (ECe < 2 dS/m) or salt-
impacted soil (ECe = 30 dS/m) ± PGPR (UW3 + UW4 or CMH3)
Fv/Fm (maximal PSII activity), Yield (steady-state PSII activity), qP (photochemical quenching; 
indicates net energy storage), qN (non-photochemical quenching; indicates energy loss)
Results are expressed as means ± SEM of 12 independent replicates (n = 12). Data were analyzed 
by one-way analysis of variance (ANOVA) and post-hoc Dunnett’s tests. * (P < 0.05), ** (P < 0.01) 
and *** (P < 0.001) indicate significant differences between values for “No PGPR (salt soil)” 
relative to the other treatments
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cellular toxicity induced by salt stress in a variety of plants (see Sect. 2.1.4.2). 
Salt-induced ROS lead to damage to plant cell membranes and increase their perme-
ability, allowing electrolytes that are contained within the membrane to leak into 
surrounding tissues [148]. Therefore, maintaining cell membrane stability and 
integrity is important for salt tolerance. The degree of damage to cell membranes 
can be estimated by measuring electrolyte leakage from cells, by comparing the 
electrical conductivity of the leaked contents (into water) from salt-stressed plant 
tissues to that of control plant tissues [109, 148, 149].

As an example, data on electrolyte leakage in oat leaves is shown in Fig. 2.5. The 
objective of the experiment was to assess cell membrane integrity following salt 
stress, and to determine whether PGPR could ameliorate the damage. Oat seeds, 
with and without PGPR treatment, were planted on moderately and highly impacted 
saline soils (ECe  =  12 and 18  dS/m, respectively) and control soil (ProMix™, 
ECe  <  2  dS/m) [122]. Shoots were removed from plants for electrolyte leakage 
analysis after 12 days of growth. Electrolyte leakage was measured as electrical 
conductivity (dS/m) of solutions containing ions that escaped from oat cells, pre-
sumably via damaged plasma membranes [109] (Fig. 2.5). The higher the EC 
(dS/m) value of the receiving water, the greater the damage to plant membranes.

Fig. 2.5  Effects of salinity and PGPR on membrane damage in oats. Electrolyte leakage assays 
were performed on excised oat leaves from plants grown for 12 days on ProMix™ (ECe < 2 dS/m), 
moderately impacted saline soil (medium salt, ECe = 12 dS/m), or highly impacted saline soil (high 
salt, ECe = 18 dS/m) ± PGPR (UW3 + UW4). Results are expressed as means ± SEM of six inde-
pendent replicates (n = 6). Data were analyzed by one-way analysis of variance (ANOVA) and 
post-hoc Bonferroni tests. * (P < 0.05) indicates a significant difference between values for “No 
PGPR” relative to PGPR-treated plants
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Electrolyte leakage from plant tissues increased as soil salinity increased  
(Fig. 2.5), indicating that plant membrane damage increased with salinity level. The 
amount of electrolyte leakage was greatly diminished in PGPR-treated oats, indicat-
ing less damage to plasma membranes (Fig. 2.5). Similarly, Kang et al. [42] observed 
a protective effect of PGPR following induction of high salt stress: leaves of PGPR-
treated cucumber had 21% less electrolyte leakage than control plants. The electro-
lyte leakage results indicate membrane damage due to salt stress, and are consistent 
with the photosynthesis results in the previous section (Alleviation of Salt Inhibition 
of Photosynthesis in PGPR-treated Plants). For instance, the lower yield and higher 
qN values in the absence of PGPR inoculation indicate loss of thylakoid membrane 
integrity relative to that in PGPR-treated plants.

2.2.2.2  �Field Trials

The effects of salinity and PGPR on plant growth and salt uptake in field experiments 
were reported previously [83, 84, 110, 111, 117, 122]. Field trials were performed at 
upstream oil and gas sites with poor quality soils of varying soil salinities (ECe, 
2–40 dS/m) and sodicities (SAR, 1–45) in Manitoba, Saskatchewan, Alberta, and the 
Northwest Territories, Canada. Three strains of PGPR (UW3 + UW4, CMH3) were 
used to treat various grass species (tall fescue, tall wheatgrass, ryegrass, barley, oats) 
prior to phytoremediation to promote plant growth and increase tolerance to salt. 
Field trials were conducted over a period of two or three consecutive growing sea-
sons. Details of bacterial inoculation of seeds, field trials, and analyses for Na+ and 
Cl− in plant tissues can be found in previously published work [83, 84].

Effects of Salinity and PGPR on Plant Growth

Results for the effects of salinity and PGPR on plant growth in the field have been pub-
lished previously [83, 84]. Effects on plant growth were similar to those observed in the 
greenhouse: increases in soil salinity led to decreased plant biomass production in the 
absence of PGPR treatment. Treatment of seeds with PGPR alleviated the plant stress 
such that root and shoot biomass and ground cover were comparable to control plants 
grown in non-saline/sodic soils. In general, on saline soils, shoot biomass increases of 
100–200% were observed in PGPR-treated plants, relative to untreated plants.

Uptake of NaCl from Soil

The NaCl concentrations in above-ground tissue of barley and oats from nine 
upstream oil and gas sites in Saskatchewan were measured following a single grow-
ing season [83, 84]. On a per mass basis, above-ground plant NaCl concentrations 
ranged from 22 to 97 g/kg (DW). Generally, on a per mass basis, about 2–3 times 
more Cl− than Na+ was stored in above-ground plant tissues. Notably, NaCl accu-
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mulation in plant foliage was accompanied by decreases in soil salinity  
(10–20%) at the field sites. Results from the field were in agreement with results 
previously obtained in greenhouse experiments [83, 109]. Salt removal (kg/ha) by 
barley and oats was comparable to literature values for various glycophytes, and 
Na+ uptake was comparable to that of millet, another grass species [81].

Data from the Saskatchewan sites where PEPS was applied were compiled to 
obtain average values for typical salt remediation using this remedial strategy [84]. 
Standard PEPS experimental protocols were similar to those detailed in Chang  
et al. [83]. NaCl uptake into foliage averaged 29 g/kg (DW), with three times more 
Cl− than Na+ accumulation by weight in the foliage. An average of 150 kg/ha of 
NaCl was removed from the sites per harvest of above-ground biomass. A concomi-
tant average annual decrease in ECe of 15% was observed when the salt was only in 
the top 30 cm of soil (i.e., the rooting zone).

PGPR treatment did not result in increased NaCl uptake on a plant biomass  
basis [83]. That is, the concentrations of salt in the foliage were similar with and with-
out PGPR treatment. However, the increases in plant biomass due to PGPR treatment 
were substantial (generally 100–200%). This is in agreement with our results from 
greenhouse experiments [109] and the findings of other researchers. For instance, 
Jesus et al. [14] indicated that a search of the literature showed biomass increases as a 
result of PGPR inoculation, but there was not a reference that showed an increase in 
salt phytoextraction on a biomass basis in any plant as a result of PGPR treatment. 
Similarly, treatment of a perennial rhizome grass with a plant growth-promoting 
mycorrhizal fungus did not increase uptake of Na+ and Cl− from salt-impacted soils 
[150]. Because of the increases in biomass due to PGPR or fungal treatments, the net 
effect was a much higher rate of NaCl removal from the soil for inoculated plants than 
that of untreated plants [14, 150]. These results are in contrast with those of Ozawa 
et  al. [86]. They found that inoculation of a glasswort (a halophyte from the 
Chenopodiaceae family that sequesters Na+ in valcuoles) with Pseudomonas pseudo-
alcaligenes did not increase fresh or dry weight of the glasswort shoots, but did 
increase Na+ accumulation relative to uninoculated plants. This difference may be due 
to dissimilar plant growth conditions in general, the plant species used (a succulent 
marine halophyte), or the PGPR (an endophytic nitrogen-fixing bacteria).

Little research has been done to determine the connection of ion uptake by plants 
to actual observed changes in soil salinity in full-scale phytoremediation trials of 
salt-impacted soils. This was investigated when PEPS was employed on a salt-
impacted (ECe  =  5.97  dS/m) upstream petroleum site in Saskatchewan, Canada 
[121]. Data from this field trial were used to conduct mass balance studies, to deter-
mine the efficacy of PEPS on saline soils. Plant tissue collected over two successive 
growing seasons was assayed for ionic content and these data were compared to 
measured changes in soil salinity (ECe) for each field season. Based on the amount 
of five predominant ions (Ca2+, Mg2+, K+, Na+, and Cl−) in the plant tissue samples, 
removal of these ions from soil was measured, and the expected change in soil EC 
was calculated. These values were used to determine how much of the observed 
change in soil salinity could be attributed to ion uptake by PEPS plants during a 
given field season.
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Soil ECe decreased by 0.96 and 0.45 dS/m in the first and second year, respectively. 
The mass of salt ion uptake into plant biomass and total annual biomass were com-
pared to the measured changes in soil salinity over the two field seasons. Taking into 
account the effect of each salt ion on the ionic strength of the soil solution, uptake 
of soil salt ions into foliar plant tissue accounted for 60.5 and 76.8% of the change 
in salinity in the first and second year, respectively. Notably, only five salt ions were 
included in the mass balance calculations; therefore, the change in soil salinity that 
was attributed directly to phytoremediation using PEPS was likely underestimated. 
This research provided evidence that, for PEPS field trials, the uptake of ions from 
the soil into plant biomass plays a predominant role in soil salinity decreases, and is 
not the result of water flux through the soil and movement of ions into deeper soil 
horizons.

In general, phytoremediation research in the greenhouse and the field has shown 
that salt concentrations in the foliage tend to be fairly similar on a per mass basis, 
independent of PGPR or fungal treatment, plant type, soil ECe, and SAR. However, 
the increases in plant growth due to PGPR or fungal treatment tend to be large 
(average shoot biomass increase of 150%), particularly in poor soils and those with 
moderate to severe salt impacts. The extra biomass due to PGPR treatment will trans-
late to greater salt removal from the soil. We suggest that the key to salt phytoreme-
diation is to maximize growth with PGPR treatment or other means. Greater plant 
biomass should result in higher rates of salt remediation each growing season when 
PEPS are employed.

2.2.3  �Feasibility of Salt Phytoremediation Using PEPS

For salt remediation, PEPS are effective for several reasons: (1) The PGPR alleviate 
plant stress and promote growth by conferring salt tolerance to the plants, as well as 
conferring tolerance to potential co-contaminants such as PHC and metals. (2) The 
PGPR protect plants against other potential abiotic stressors (e.g., cold) that result 
in the production of stress ethylene and decreased rates of plant growth. (3) The 
large amount of root biomass produced in the soil allows for effective partitioning 
of NaCl out of the soil into the biosphere. (4) Foliar tissues of PEPS plants can be 
harvested, thereby removing accumulated salt from the site. Harvested vegetation 
will not have sufficiently high levels of salt ions to be considered high-salt waste. 
(5) PEPS are adapted to site-specific conditions (i.e., from the site in question), 
which increases the chance of successful remediation.

Since 2009, PEPS has been deployed for full-scale remediation of several salt-
impacted sites in Manitoba, Saskatchewan, Alberta, and the Northwest Territories, 
Canada [111]. Remediation goals were met at eight of these sites, either by lowering 
soil salinity (ECe) levels to generic regulatory criteria, or by restoring plant growth 
and productivity to equivalent land use (i.e., equivalent growth and productivity to 
areas surrounding the site). We have observed that the ECe drops at a rate of appro
ximately 15% per year when the salt is present only in the rooting zone [84].  
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The average amount of NaCl taken up into the leaves of PEPS grass plants is  
29 g/kg (DW). An average of 150 kg/ha NaCl is removed from a field per crop 
harvest. Thus, soils with an ECe of 10–15 dS/m, spread to a depth of 0.5 m (appro
ximate rooting zone of grasses used in PEPS) can be remediated in about 5 years 
[111]. We note that as remediation proceeds, and soil salt levels drop and the soils 
improve, the plants will grow better, which should lead to accelerated rates of reveg-
etation and remediation. More biomass will be produced per growing season, and 
the levels of NaCl taken up by plants does not drop as the ECe decreases (see the 
section entitled “Uptake of NaCl from Soil”). Given that research has shown that we 
can successfully establish plant growth using PEPS on salt-impacted sites before 
soil salt levels drop to generic regulatory criteria, phytoremediation based on reveg-
etation and equivalent land use will occur sooner than the 5 year estimate based on 
salt uptake and biomass calculations.

2.3  �Conclusions

Research described in this chapter indicates that salt phytoremediation is feasible 
using PEPS and other systems. Rapid plant growth leads to revegetation of salt-
impacted sites, typically in less than 5 years. The calculations for the estimated time 
required to remove NaCl from salt-impacted soils suggest that salt ions can be phy-
toextracted from soil at an acceptable rate, which will lead to unimpacted soil in the 
long term. Revegetation and removal of salt from impacted soils should accelerate 
in successive years of PEPS treatment as the soil improves, because this will facili-
tate increased plant growth over time, which in turn will provide a larger sink for 
soil salts. Finally, revegetation may be the most important aspect of salt phytoreme-
diation, and in many cases can be considered a key measure of successful salt 
phytoremediation.
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