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Exploring the impact of plant 
growth‑promoting bacteria in alleviating stress 
on Aptenia cordifolia subjected to irrigation 
with recycled water in multifunctional external 
green walls
Mansoure Jozay1   , Hossein Zarei1*   , Sarah Khorasaninejad1    and Taghi Miri2*    

Abstract 

Background  Rapid urbanization and population growth exert a substantial impact on the accessibility of drinking 
water resources, underscoring the imperative for wastewater treatment and the reuse of non-potable water in agricul-
ture. In this context, green walls emerge as a potential solution to augment the purification of unconventional waters, 
simultaneously contributing to the aesthetic appeal and enjoyment of urban areas. This study aims to optimize water 
management in green walls by investigating the impact of bacterial strains on the biochemical properties and per-
formance of the ornamental accumulator plant, Aptenia cordifolia, grown with various unconventional water sources. 
The experiments were designed as split plots based on a completely randomized block design with three replications. 
The main factor was recycled water with three levels (gray water, wastewater from the Kashfroud region of Mash-
had, and urban water (control)). The sub-factor included different bacterial strains at four levels, composed of various 
bacteria combinations, (B1: Psedoumonas flucrecens + Azosporillum liposferum + Thiobacillus thioparus + Aztobactor 
chorococcum, B2: Paenibacillus polymyxa + Pseudomonas fildensis + Bacillus subtilis + Achromobacter xylosoxidans + Bacil-
lus licheniform, B3: Pseudomonas putida + Acidithiobacillus ferrooxidans + Bacillus velezensis + Bacillus subtilis + Bacillus 
methylotrophicus + Mcrobacterium testaceum, and the control level without bacterial application (B0).

Result  The findings revealed significant differences at the 5% probability level across all morphophysiological traits, 
including plant height, the number and length of lateral branches, growth index, and plant coverage. Moreover, supe-
rior morphophysiological traits were observed in plants cultivated in substrates inoculated with wastewater irrigation. 
Substrates inoculated with bacteria exhibited the highest relative water content (RWC) and chlorophyll levels, cou-
pled with the lowest relative saturation deficit (RSD), electrolyte leakage (EL), and carotenoid levels. Furthermore, plant 
growth-promoting bacteria (PGPB), from a biochemical perspective, were associated with increased carbohydrates, 
total protein, and anthocyanin. They also contributed to controlling oxidative stress caused by free radicals by enhanc-
ing the activity of antioxidant enzymes, such as guaiacol peroxidase (GPX), polyphenol oxidase (PPO), ascorbate 
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peroxidase (APX), and peroxidase (POD), while reducing catalase enzyme (CAT) activity. This led to increased resist-
ance to stress, as evidenced by a decrease in malondialdehyde and proline levels. The study concludes that the MIX 
B3, being both ecofriendly and economical, represents an effective strategy for mitigating the adverse effects 
of wastewater on plants.

Conclusion  This study showed that plant irrigation using wastewater increases the levels of proline, phenols 
and oxidative stress. However, the application of plant growth promoting bacteria (PGPB) reduced oxidative damage 
by increasing antioxidant activity and decreasing proline and phenol levels. These findings show the potential of bac-
terial treatments to improve plant growth and reduce adverse effects of recycled water irrigation.

Keywords  Antioxidant activity, External green wall, Gray water, Ornamental plant, Oxidative stress, Wastewater

Background
Urban environments, with their current unsustainable 
developments, pose significant challenges that require 
fundamental environmental reforms. The primary rea-
sons for these challenges include the purification of pol-
lutants, urban heat islands, the expansion of impervious 
surfaces, climate change, loss of biodiversity, and the 
aesthetic damage associated with current urban trans-
formations [1]. However, natural and non-built urban 
environments have the capacity for ecological restora-
tion and improvement. Unfortunately, the unsustainable 
approaches of urban development have deprived us of 
these options [2]. To address this dilemma, Artmann and 
Sartison [3] proposed a nature-based solution. One of 
these solutions is sustainable green infrastructure in cit-
ies, including exterior green walls.

Considering that horizontal expansion of green spaces 
may not be feasible due to limited vacant land, vertical 
development of gardens remains the only viable solu-
tion in theory to fulfill this objective. The severe shortage 
of space in today’s densely populated urban environ-
ments underscores the need for future cities to explore 
the expansion of rooftops and green walls [4]. Vertical 
green walls can be considered as sustainable environ-
mental technologies that offer numerous economic, 
environmental, and social benefits and are also regarded 
as urban lungs [5]. However, the fundamental potential 
of these infrastructures, in terms of sustainable build-
ing elements, has received less attention in research with 
the aim of enhancing their environmental efficiency and 
multifunctionality [6].

The high water demand of green systems is a limiting 
factor for their development in water-scarce regions. To 
minimize water requirements, it is advisable to opt for 
drought-tolerant and heat-resistant plant species [7]. 
For example, Aptenia cordifolia is a CAM (Crassulacean 
Acid Metabolism) plant that is drought-resistant and also 
capable of phytoremediation. Aptenia cordifolia belong-
ing to the Aizoaceae family, is a succulent and perennial 
species widely employed in green spaces in southern Iran. 
It is known as a hardy, flowering, perennial, trailing plant. 

In Iran it is also introduced as Ice Flower. A. cordifolia is 
resistant to heat and drought. It has light pink, white and 
red flowers that bloom throughout the year. The solitary 
to clustered flowers arise in leaf axils and generally open 
during the day. This plant needs full sun exposure.

Another solution can be the utilization of alternative 
water sources such as graywater and wastewater [5]. 
Since green walls are considered an environmental inno-
vation, it is necessary to incorporate the possibility of 
rainwater harvesting and the reuse of recycled water [8].

Soil pollution with heavy metals, originating from fertiliz-
ers and non-conventional water sources used in urban green 
spaces, presents a significant issue due to the potential 
transfer of these contaminants to agricultural products in 
cities. Therefore, multiple challenges hinder the sustainabil-
ity of this concept in urban environments, requiring effec-
tive planning to address them. Important factors such as 
agricultural and horticultural practices, including growth-
promoting bacteria, design elements, and plant characteris-
tics, play a crucial role in soil filtration [9] and the removal 
of pollutants. Recently, it has been reported that planting 
crops in Substrate containing certain growth-promoting 
bacteria can efficiently fulfill their nutrient requirements 
and reduce the need for chemical fertilizers [10]. Research 
on biofertilizers includes various types of microorganisms 
that can convert less accessible forms of essential nutrients 
into accessible forms through biological processes. This 
leads to the development of better root systems and seed 
germination [11]. Liu et al., [12] isolated forty-one bacterial 
strains from the rhizosphere soil and root tissues of five 
plant species (Artemisia argyi Levl.، Gladiolus gandavensis 
Vaniot Houtt، Boehmeria nivea L.، Veronica didyma Tenore 
 Miscanthus floridulonizing Lab). Their results showed thatو
among the bacteria, two strains, Klebsiella michiganensis 
TS8 and Lelliottia jeotgali MR2, exhibited higher tolerance 
to cadmium and were highly successful in cadmium phy-
toremediation of the soil. TS8 increased plant height and 
the dry weight of leaves from 9.39 to 1.99. It appears that 
strains of Pseudomonas, Mycobacterium, Staphylococcus, 
Micrococcus, Bacillus, Paenibacillus, and Klebsiella were 
widely used solely for phytoremediation, and the combined 
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application of these strains were more successful than their 
individual application [13]. Some native plants and grasses 
also have the potential for phytoremediation in metal-con-
taminated water. Phytoremediation through biostimulation 
is a promising approach that can enhance the synergistic 
effects of microorganisms and plants [14].

On one hand, the most significant challenge is popu-
lation growth and the increasing water demand for eco-
nomic activities, particularly agriculture. Water scarcity 
is a major concern in densely populated urban areas. 
On the other hand, the disposal of graywater and urban 
wastewater can contaminate surface and groundwater 
sources. In this regard, green walls can improve the treat-
ment of non-conventional waters, enhance the hydro-
logical cycle, and increase the beauty and enjoyment of 
urban areas [15]. The benefits of using ornamental plant 
coverings with distinct aesthetic features are evident in 
satisfying the visual preferences of the community and 
providing pleasant landscape value [16]. Using alterna-
tive ornamental species in constructed wetlands (CWs), 
represents an effective system for pollutant removal [17]. 
Additionally, the use of these systems can significantly 
improve the visual quality of the landscape, which is 
often undervalued but has positive social and psychologi-
cal impacts on people’s daily lives [18].

One of the important aspects of non-conventional 
water is graywater and wastewater. Graywater refers to 
wastewater generated from laundry, toilets, showers, 
baths (also known as light graywater), and, in some cases, 
kitchen sinks and dishwashers (known as dark graywa-
ter). Light graywater is produced in significant amounts 
(45% to 60% of domestic wastewater) and contains a 
lower pollutant load compared to mixed domestic waste-
water [19]. For this reason, considerable efforts have been 
made to reuse it on-site. Additionally, treated wastewater 
has good nutrient value that can enhance plant growth, 
reduce fertilizer consumption, and increase the produc-
tivity of nutrient-depleted soils [20, 21].

Given the challenges posed by population growth and 
increased water demand for economic activities, par-
ticularly in agriculture, urban areas face significant hur-
dles. Freshwater scarcity emerges as a primary concern 
in these regions, where the disposal of graywater and 
urban wastewater poses a potential threat to surface 
and groundwater sources, exacerbating the issue. While 
green walls can effectively treat polluted water, enhance 
the hydrological cycle, and beautify urban areas, they 
may also introduce stress conditions. These stressors 
arise from microclimate factors and the use of unconven-
tional water for plant growth, potentially increasing the 
transfer of heavy metals and other non-biological stresses 
Additionally, the use of wastewater in urban agricul-
ture requires additional caution. Therefore, the primary 

objective of this study is to investigate the feasibility of 
utilizing organic biological fertilizers to improve soil 
organic matter content, providing a sustainable alterna-
tive to chemical fertilizers. The goal is to mitigate existing 
stresses and promote environmentally friendly soil man-
agement practices.

Methods
The study area and site
This research was conducted in Mashhad, located in 
northeastern Iran. Mashhad is the capital of Khorasan 
Razavi province and the second largest and most popu-
lous city in Iran. It has a semi-arid climate with cold 
winters and hot, dry summers (elevation of 995 m above 
sea level, geographical coordinates 36 degrees 18  min 
north, 59 degrees 36 min east). The average annual pre-
cipitation is approximately 255  mm. The average mini-
mum and maximum temperatures annually are -4 and 22 
degrees Celsius, respectively, and the relative humidity 
is reported to be about 40% [22]. The precise location of 
the experiment was on a 15 m wall in the outdoor area of 
the Armgan Greenhouse, located in the northern part of 
Mashhad (Fig. 1).

The green wall systems
To conduct this research, vertical cultivation panels 
(mesh made of 5 mm steel wire) were installed at a suit-
able distance from shading factors, facing east–west. The 
vertical cultivation system used in this project was called 
the "Almich" system (initially developed in Malaysia). The 
experimental units consisted of Almich green wall pots, 
plastic pots made of new or recycled polypropylene, with 
dimensions of approximately 20 × 20 and a depth of about 
21 cm. Leca was used as a drainage layer at the bottom of 
the pots, followed by a layer of geotextile as a soil filter.

In each plot, two plants of each tested species were cul-
tivated. This study was conducted on an exterior green 
wall from March to December 2022. Each wall consisted 
of two panels measuring 44 × 106  cm, and each set of 
three walls constituted one replication of the experi-
ment. Each wall had 4 vertical rows and 4 horizontal 
rows, resulting in a total of 16 plots (experimental units) 
per wall. Considering A. cordifolia and the mentioned 
treatments with three replications, the first experiment 
included 48 experimental units (Fig. 2).

The experiment
This experiment aimed to investigate the impact of 
irrigation water quality and different bacterial strains 
on the growth and performance of selected ornamen-
tal plants with phytoremediation characteristics, while 
also measuring the water consumption of these spe-
cies under green wall conditions. This research was 
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implemented as split-plot layout, based on a rand-
omized complete block design with three replications 
from March to December 2022. The organic matter 
content in this experiment was 20%, which is very close 
to the maximum recommended 30% organic matter 
content (OC) by FLL (2018) [23].

The growth medium used in all experimental units 
was the same and consisted of the following compo-
nents: 25% cocopeat [24], 5% vermicompost [25], 55% 
perlite [26], 10% vermiculite [27], and 5% zeolite [28].

Unconventional water treatments  The main-factor 
included graywater collected from rainwater, a twin sink 
designed for fruit and vegetable washing, wastewater 
from the Kashafrood region and urban water (control). 
The main factor was applied in three main tank reservoirs 
and irrigated to the plants in the form of drip irrigation, 
with irrigation levels at around 80% of the field capacity, 
adjusted based on the flow rate of the drip emitters.

Treatment of  plant growth‑promoting bacteria  In this 
research, growth-promoting bacteria were utilized. Apart 
from fulfilling the plant’s requirements for chemical ferti-
lizers, these bacteria also absorbed heavy metals from the 
soil [29, 30]. Previous research suggests that the combined 
application of these bacterial strains has been more effec-
tive than their individual application [30]. The sub-factor of 
different biological strains of bacteria at four levels: Mix1  
(Psedoumonas flucrecens + Azosporillum Liposferum + T 
hiobacillus thioparus + Aztobactor chorococcum), Mix2  
(Paenibacillus polymyxa + Pseudomonas fildensis + Bacillus 
subtilis + Achromobacter xylosoxidans + Bacillus licheni‑
formis), Mix3 (Pseudomonas putida + Acidithiobacillus 
ferrooxidans + Bacillus velezensis + Bacillus subtilis + Bacil‑
lus methylotrophicus + Mcrobacterium testaceum) and B0- 
control (without bacterial inoculation).

Fig. 1  Location of the study site in Mashhad

Fig. 2  A view of the experiment’s  external green walls
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Each plant received 20 cc of the biofertilizer. The bac-
teria utilized in this experiment were procured from 
the Soil Biology and Biotechnology Laboratory at the 
Golestan Agricultural and Natural Resources Research 
Center LBSG, specifically identified by isolate num-
ber 041011 in the laboratory bank. The bacteria were 
extracted from the rhizosphere of agronomy plants like 
soybean  and wheat using the method of Ju et  al. [31]. 
The full scientific name and strains of the bacterial treat-
ments in this study are given in Abbreviation. Except for 
the non-inoculated controls, the substrates around each 
plant specimen were watered and inoculated with 20 
ml of bacterial suspension to obtain a bacterial concen-
tration of 108 CFU/ml. The liquid was injected evenly 
around the plant root zone and the substrate surface 
around each plant using a syringe two weeks after plant-
ing. This method was selected to ensure an even distribu-
tion of the bacterial treatment in the substrate.

Selected accumulator ornamental plant  This plant, 
especially in phytoremediation, has effective applications 
for pollution extraction. They may act as a phytostabilizer, 
particularly in areas affected by metals [32] (Fig. 3). The 
selection of A. Cordifolia for the experiment was based on 
its ornamental qualities and accumulation characteristics. 
Additionally, this plant belongs to the CAM family, and in 
accordance with the traits of the Crassulaceae pathway, 
it exhibits rapid growth, high biomass production, robust 
root development, and high water use efficiency. These 
attributes enable effective pollutant removal, making it 
suitable for use in urban green walls. The Aptenia cordi‑
folia seedlings utilized in this experiment were sourced 
from regions conducive to their growth within the coun-
try (Iran). Specifically, they were obtained from the Shan-

diz greenhouse in Mashhad, where such seedlings are 
abundantly produced.

The substrate was first passed through a 2  mm sieve 
after air drying. Physical and chemical characteristics 
were determined using standard laboratory methods as 
described in the subsequent sentences. Acidity and con-
ductivity were measured using the extract and saturated 
mud [33], and the numbers were red using an Electri-
cal Conductivity (E.C.) meter model JENWAY4510, and 
a pH meter model METROHM691. Particle density, 
bulk density, and total porosity were measured based on 
Chen et  al. [34]. The field capacity and permanent wilt-
ing point of the substrate was measured according to 
the method of Salter and Haworth [35]. Organic carbon 
and organic matter measurements were based on Walk-
ley and Black [36]. The digestion method determined 
macro and microelements. An instrument Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-
OES) Model 76,004,555 made in Germany, was used to 
take these measurements (Table 1). Throughout the study 
period, data on relative humidity, wind speed, precipi-
tation, and air temperature at the experiment site were 
meticulously recorded (Fig. 4).

Measurements
Morphological traits
The measured morphological traits in this experiment 
included plant height, internode distance (measured 
using a ruler), stem diameter, leaf diameter, leaf length, 
leaf width (measured using a digital caliper), number of 
lateral branches, number of nodes, and number of leaves 
on lateral branches. These measurements were taken 
on a monthly basis [37, 38]. The growth index (plant 
width × plant length × plant height) was also assessed on 
a monthly basis.

Fig. 3  Trends in Temperature, Relative Humidity, Precipitation, and Wind Speed in the Experimental Months of the Year 2022 in Mashhad City
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Plant coverage
The plant surface coverage, also known as the horizon-
tal and vertical coverage of plants, was calculated using 
quadrat constructed to the size of 20 × 20 square centim-
eters for each experimental unit in each green wall. Each 
quadrat consisted of 100 chambers, with each chamber 
measuring 2 × 2 in width and length.

Physiological and Biochemical Traits
All physiological and biochemical traits were evaluated 
at the end of the experiment during the autumn season.

Total chlorophyll and carotenoid
The total chlorophyll concentration was assessed using the 
method described by Dere [39]. Fresh leaves weighing 0.2 g 
were thoroughly ground and homogenized in a mortar with 
10 mL of 96% methanol. The grinding and homogenization 
process should be carried out in a cool and low-light envi-
ronment. The resulting mixture was filtered through filter 

paper, and then subjected to centrifugation at 2500  rpm 
for 10  min. The supernatant was immediately collected, 
and the light absorption at wavelengths of 666 nm, 653 nm, 
and 470 nm was measured using a spectrophotometer for 
chlorophyll a, chlorophyll b, and carotenoids, respectively. 
Finally, the carotenoid and total chlorophyll concentrations 
were determined using the Eqs. (3) and (4):

Relative Water Content (RWC)
The calculation of leaf relative water content (RWC) 
was performed using the method described by Hossain 
et  al., [40]. Initially, a leaf sample was weighed using a 

(1)
Chl a

(

µg/ml
)

= (15/× A666)− (7/34 × A653)

(2)
Chl b µg/ml = (27/05× A653)− (11/21× A666)

(3)
Carotenoid

(

µg/ml
)

= (1000× A470)− (2/860× Chla)− (129/2× Chlb)/245

(4)CHLt = Chl a+ Chl b

Fig. 4  The appearance conditions of the four experimental plants studied in the under B3 and I2 treatments A, B, C and D during spring/summer/
autumn and winter season!
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balance to obtain the initial weight. Then, to obtain the 
turgid weight, the samples were placed in closed contain-
ers containing distilled water for 12 h at a temperature of 
21 °C (19 to 23 °C). After removing excess water from the 
leaf surface, the turgid weight of the samples was meas-
ured. To determine the dry weight, the samples were 
transferred to an oven at a temperature of 70 °C for 48 h 
(Eq. 5).

In which Fw represents the fresh weight, Dw represents 
the dry weight, and Tw represents the turgid weight of 
the leaf.

Relative Saturation Deficit (RSD)
The relative saturation deficit was calculated using the 
method described by Samar Raza et  al., [41]. After col-
lecting the leaves and weighing wet weight them (Fw), 
they are submerged in distilled water at room tem-
perature for 5  h. Then, the leaves were removed from 
the water, re-weighed, and their turgid weight (Tw) is 
obtained. The relative saturation deficit is calculated 
using Eq. 6.

Electrolyte Leakage (EL)
The stability of the cell membrane was measured using 
the method described by Sairam and Srivastava [42]. 
Leaf segments measuring 2 cm in size were prepared and 
washed. These segments were then placed in test tubes 
along with 10 ml of distilled water. At this stage, the elec-
trical conductivity of the test samples (E1) was measured 
using a JENWAY conductivity meter. Then, the test tubes 
were transferred to an autoclave and subjected to a tem-
perature of 121 degrees Celsius for 15 min to kill the leaf 
cells. After cooling down, the electrical conductivity was 
measured again (E2) in this stage. Finally, the electrolyte 
leakage values were calculated using Eq. 7.

Soluble carbohydrates
To measure the soluble carbohydrates, 2.0  ml of metha-
nol extract were mixed with 3  ml of anthrone reagent 
(0.15 g anthrone in 100 ml of 72% sulfuric acid). The mix-
ture was then placed in a hot water bath at a temperature 
of 100 degrees Celsius for 20 min to allow the reaction to 
occur. The absorbance of the samples was measured at a 

(5)RWC =

Fw − Dw

Tw − Dw
× 100

(6)RSD (%) = (Tw − Fw)/ Tw × 100

(7)EL = (E1/E2)× 100

wavelength of 620  nm using a spectrophotometer after 
cooling [43].

Total Protein Content
To measure the protein concentration, 5  ml of urine ref-
erence solution were added to a test tube, followed by the 
addition of 100  µl of protein extract, and it was quickly 
mixed. After 5  min, the absorption was read at a wave-
length of 595 nm using a spectrophotometer. The protein 
concentration was calculated using the standard curve of 
albumin [44].

Anthocyanins
To measure anthocyanins in the leaves, the method 
described by Nadernejad et al., [45] was used. Fresh plant 
tissue weighing 0.1  g was ground in a mortar and pestle 
with 10 ml of methanol acid solution (pure methanol and 
pure hydrochloric acid in a volumetric ratio of 1:99). The 
extract was poured into a screw-capped test tube and kept 
in darkness at a temperature of 25 °C for 24 h. Then, it was 
centrifuged at 4000 rpm for 10 min, and the absorbance of 
the supernatant was measured at a wavelength of 550 nm 
using a spectrophotometer. The concentration was cal-
culated using Eq.  8, considering the extinction coeffici of 
33,000 (ε) in cm/mol (Eq. 8).

where A represents absorbance, b is the cell width, and c 
is the concentration of the solution under investigation.

Total phenols
Determination of total phenols was performed using the 
Folin-Ciocalteu reagent at a wavelength of 765 nm, follow-
ing the method described by Singleton and Rossi [46]. The 
measurement was carried out by calibrating the standard 
curve with gallic acid, and the amount of total phenolic 
compounds was expressed as milligrams of gallic acid 
equivalents per 100 g of dry weight.

Malondialdehyde (MDA)
To measure malondialdehyde (MDA) levels, approximately 
0.2 g of fresh leaf tissue (the youngest leaves at the tip of 
the stem) were ground in a mortar containing 5 ml of 0.1% 
tri-chloroacetic acid (TCA). To the resulting centrifuged 
solution (1 ml), 5 ml of 20% TCA solution containing 5.0% 
thiobarbituric acid (TBA) were added. The concentra-
tion of malondialdehyde was measured at a wavelength of 
532 nm. As other compounds besides malondialdehyde in 
the solution exhibit non-specific absorption, their absorp-
tion at a wavelength of 600  nm was also measured [47] 
(Eq. 9).

(8)A = ǫbc

(9)A = £bc
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In Eq. (9), A represents the absorption of the sample of 
interest, £ represents the molar absorptivity coefficient, 
which is equal to 1.55 × 10–5 Mcm−1, and C represents 
the concentration of malondialdehyde.

Assays of antioxidant activities
To measure the antioxidant activity, the methanolic 
extract was first diluted at a ratio of 1:10. Then, to deac-
tivate the free radicals, 4 ml of 2,2-Diphenyl-1-picrylhy-
drazyl (DPPH) solution was added to each sample [48]. 
The samples were kept in darkness for 30  min, and the 
absorbance of the resulting solutions and the absorbance 
of the control sample were measured at a wavelength of 
517  nm using a spectrophotometer. The inhibition per-
centage of DPPH was obtained by comparing the absorb-
ance of the extract sample with the absorbance of the 
control sample using Eq. 10.

Assay GPX activity
To evaluate GPX activity, initially, 2 ml of 0.05 M sodium 
phosphate buffer with a pH of 5.6 were mixed with 2 ml 
of 3% hydrogen peroxide and 2  ml of 5-micromolar 
ascorbate in an ice bath. Immediately, 1.0 ml of enzyme 
extract from leaf tissue was added, and the absorbance 
changes at 256 nm were monitored by a spectrophotom-
eter for 2 min with 10 s intervals. The enzyme activity is 
defined as the volume of enzyme required to hydrolyze 
one millimole of substrate per minute at 25 °C. Then, the 
enzyme activity was calculated in units per minute per 
milligram of protein [49, 50].

Assay PPO activity
To measure the activity of the PPO enzyme, pyrogallol 
was used as the enzyme substrate. The reaction mixture 
consisted of 2.5 ml of 50 mM potassium phosphate buffer 
(pH 7), 200 µl of 0.02 M pyrogallol, and 100 µl of enzyme 
extract. The absorbance of the samples was read at a 
wavelength of 420 nm after three minutes using a spec-
trophotometer. The enzyme activity was calculated using 
the molar absorptivity coefficient of 6.2 Mm−1Cm−1 [51].

Assay CAT activity
The CAT activity was measured by Kendal and Scan-
dellius [52] method. Initially, 5.2  ml of 0.05  M potas-
sium phosphate buffer with a pH of 7 and 0.3 ml of 3% 
hydrogen peroxide were mixed together in an ice bath. 
Immediately, 0.2 ml of enzyme extract were added to the 
mixture, and the absorbance changes at a wavelength of 
240  nm were monitored for 4–3  min. Enzyme unit was 
defined per H2O2 µmol ml-1 decomposed per minute 

(10)
%AA : [(Absorbance of the control sample − Absorbance of the evaluated sample)/ Absorbance of the control sample]×100

at 25  °C and then the enzyme activity was calculated in 
terms of unit changes per minute per mg of protein.

Assay APX activity
To evaluate APX activity, according to this method, ini-
tially, 2  ml of 0.05  M sodium phosphate buffer with a 
pH of 5.6 were mixed with 2 ml of 3% hydrogen perox-
ide and 2 ml of 5-micromolar ascorbate in an ice bath. 
Immediately, 1.0 ml of enzyme extract from leaf tissue 
was added, and the absorbance changes at 256 nm were 
monitored by a spectrophotometer for 2 min with 10 s 
intervals. The enzyme activity is defined as the volume 
of enzyme required to hydrolyze one millimole of sub-
strate per minute at 25  °C. Then, the enzyme activity 
was calculated in units per minute per milligram of pro-
tein [50].

Assay POX activity
Measurement of POX activity was done according to 
Holley’s method [53]. In this regard, initially, 2  ml of 
0.2 M acetate buffer with a pH of 5, 0.2 ml of 3% hydro-
gen peroxide, and 0.1 ml of a 0.02 M benzidine solution 
in 50% methanol are mixed in an ice bath. Then, 0.1 ml 
of leaf enzyme extract is added to this mixture, and 
the absorbance curve of the samples is plotted using a 
spectrophotometer at a wavelength of 530  nm, at room 
temperature, every 30  s for 3  min. The specific enzyme 
activity is calculated by using the standard curve and 
determining the change in enzyme unit per minute per 
milligram of protein.

Statistical analysis
JMP 8 software was used for statistical analysis. Data 
analysis was performed using analysis of variance 
(ANOVA) and mean comparison with the Tukey test at 
a significance level of at least 5%. All graphs were plotted 
using Excel software.

Results
According to the analysis of variance, the simple effects 
of recycled water treatments showed significant differ-
ences at the 5% probability level in the growth index 
characteristics of A. cordifolia. For plant height, only 
the simple effects of bacterial strains were statistically 
significant at the 5% level. When evaluating the num-
ber of lateral branches, significant differences were 
observed in both the interaction effects of the two treat-
ments and the individual effects of bacterial strains 
(p ≤ 0.05). The simple effects of irrigation water type 
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and bacterial strain showed significant differences at 5% 
probability in surface coverage and RSD. Additionally, 
in the case of total chlorophyll, RWC, carotenoids, and 
EL, not only the simple effects of irrigation and bacteria 
but also their interaction effects were significant at 5% 
level (p ≤ 0.05) (Table 2).

Type of irrigation water and bacteria 
on morphophysiological traits of Aptenia cordifolia
The impact of varied irrigation water and bacterial strains 
on the growth traits and surface coverage
According to the analysis of variance, all morphological 
traits of the plant species were statistically significant at 
5% probability level.

Plant height and growth index
As shown in Fig. 5, the simple effects of bacterial strains 
on the height of the studied plant species in ice plant indi-
cate that inoculation of the substrates with Mix B3 and 
Mix B2 resulted in an increase in plant height. Regarding 
the growth index in the ice plant, irrigation with waste-
water and gray water resulted in a higher growth index 
compared to urban water.

As evident from the analysis of variance (Table  3), in 
relation to the biochemical data of A. cordifolia, the sim-
ple effects of bacterial strain treatments showed significant 
differences at 1% probability level in proline, GPX activity, 
and CAT. However, the simple effects of irrigation water 
type and bacterial strain showed significant differences at 
1% level in POX activity. In the evaluation of carbohydrates 
and antioxidant activity, apart from the interactive effect of 
the two treatments, there were significant differences in 
the simple effects of bacterial strains (p ≤ 0.05). Addition-
ally, in leaf phenolic, besides the simple effects of irrigation 
water type (p ≤ 0.01), the block effect and their interac-
tion effects also showed significant differences (p ≤ 0.01). 
According to the analysis of variance (Table 3), regarding 
the total protein, anthocyanins, MDA, PPO enzyme, and 
APX, apart from the simple effects of irrigation water type 
and bacterial strain (p ≤ 0.01), their interaction effects also 
showed significant differences (p ≤ 0.05).

Surface coverage
As observed in Fig. 3, the treatment involving the inocu-
lation of the substrates with Mix B3 and irrigation with 
wastewater led to increased surface coverage (262.67 
cm2) in the ice plant. It is noteworthy that the Mix B1 
resulted in less surface coverage compared to the con-
trol (without bacterial application), suggesting that the 
B1 combination was not particularly successful in A. 
cordifolia.

Impact of varied irrigation water and bacterial strains 
on the number and length of lateral branches
Figure 6 demonstrates that the highest number of lateral 
branches in A. cordifolia. (11 branches) was observed in 
the presence of Mix B3 and irrigation with wastewater. 
The lowest number of lateral branches in the ice plant 
was observed in tap water in the presence of Mix B3 and 
B0, with an average of approximately 3 branches (Fig. 6). 
Additionally, the maximum lateral branch length in A. 
cordifolia. in all three water type treatments was related 
to the presence of the combined strains B3, B2, and B1, 
and the lowest was related to the control.

According to Fig. 7, the highest total chlorophyll con-
tent was observed in Mix B1 in plants irrigated with 
wastewater (2.07 mg/g, FW), while the lowest total chlo-
rophyll content was associated with the B0 of plants 
irrigated with urban water (0.62  mg/g, FW). Regarding 
carotenoid content in the A. cordifolia, the control treat-
ment (without bacterial application) using urban water 
exhibited the highest carotenoid levels. Plants treated 
with the combined bacterial strains showed less leaf yel-
lowing across various irrigation water types.

Impact of varied irrigation water and bacterial strains 
on RWC​
According to Fig.  8, in A. cordifolia, inoculation with 
Mix B3 in the substrate and irrigation with gray water 
resulted in the highest leaf water content (65.68%). The 
lowest leaf water content was observed in the control 
treatment (without bacterial application) and irrigation 
with urban water (26.69%).

Impact of varied irrigation water and bacterial strains 
on RSD
As evident in Fig. 9, the highest relative water deficit in 
A. cordifolia was associated with the control treatment 
(without bacterial application). It is noteworthy that 
the highest RSD in the experiment was also observed in 
plants irrigated with urban water. It appears that recycled 
waters resulted in a lower RSD.

Biochemical characteristics of ornamental plant
Different small Latin letters in each column of the table 
indicate a significant difference based on Tukey’s test at a 
probability level of at least 5%. Data represent ± 1 stand-
ard error (SE). Data analysis was used JMP 8 software 
and analysis of variance (ANOVA) as split plots based on 
a completely randomized block design.

GPX: (guaiacol peroxidase), POD:  (peroxidase), CAT: 
(catalase), B1:)Sedoumonas flucrecens + Azosporillum Lipos‑
ferum + Thiobacillus thioparus + Aztobactor chorococcum), 
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B2: (Paenibacillus polymyxa + Pseudomonas fildensis + Bacil‑
lus subtilis + Achromobacter xylosoxidans + Bacillus licheni‑
formis), B3: (Pseudomonas putida + Acidithiobacillus 
ferrooxidans + Bacillus velezensis + Bacillus subtilis + Bacillus 
methylotrophicus + Mcrobacterium testaceum) and B0: with-
out the use of bacteria.

The impact of varied irrigation water and bacterial strains 
on soluble carbohydrates
According to Table  4, in A. cordifolia, the highest solu-
ble carbohydrates content was associated with Mix B3 
and irrigation with wastewater (62.82 mg/g FW). On the 
other hand, urban water in the control treatment (without 
bacterial application) and Mix B1 in gray water and urban 
water exhibited similar behavior and resulted in the low-
est soluble carbohydrates content (4.18 mg/g FW).

The impact of varied irrigation water and bacterial strains 
on total protein
In A. cordifolia, the highest total protein content was 
observed the substrate inoculated with Mix B3 and plants 
irrigated with wastewater (81.70  mg/g FW). The lowest 
total protein content was found in the control treatment 
(without bacterial application) and irrigation with gray 
water (0.16 mg/g FW). It appears that gray water was not 
very successful in enhancing cellular sap thickening in A. 
cordifolia.

The impact of varied irrigation water and bacterial strains 
on total phenol
The highest total phenolic content was observed in the 
substrate inoculated with Mix B2 and plants irrigated 
with wastewater in A. cordifolia (5.11  mg/g FW). How-
ever, the lowest content was found in the control treat-
ment (without bacterial application) and irrigation with 
tap water (1.33 mg/g FW) (Table 4).

The impact of varied irrigation water and bacterial strains 
on anthocyanin
In A. cordifolia, the highest anthocyanin was observed in 
the substrate inoculated with Mix B3 and plants irrigated 
with gray water (7.93 μmol/g FW), while the lowest con-
tent was found in the control treatment (without bacterial 
application) and irrigation with urban water (0.52 μmol/g 
FW). It appears that the inoculation of the substrate with 
Mix B3 leads to an increase in anthocyanins in Plants of 
the CAM family.

The impact of varied irrigation water and bacterial strains 
on MDA
The MDA content was significantly affected by the main 
effects and interaction effects of different irrigation water 
types and bacterial strains (Table  3). The application of 
wastewater led to an increase in the MDA content in 
plants under irrigation (18.90  μmol/g FW), indicating a 
degree of tissue damage in the plant. In most cases, the 

Fig. 5  Simple effects of recycled water and bacterial strains on growth traits, Plant height: (standard error: 2.95). Growth index: (standard error: 
3575.99) and coverage level, the data are shown A and B (standard error: 1.06, 2.34). Data analysis was used JMP 8 software and analysis of variance 
(ANOVA) as split plots based on a completely randomized block design
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Fig. 6  Interaction effects of recycled water and bacterial strains on n the number and length of lateral branches data are shown (standard error: 
1.06, 2.34). Data analysis was used JMP 8 software and analysis of variance (ANOVA) as split plots based on a completely randomized block design

Fig. 7  Interaction effects of recycled water and bacterial strains on photosynthetic pigments data are shown total chlorophyll: (standard error: 
0.11). Carotenoid: (standard error: 0.54). Data analysis was used JMP 8 software and analysis of variance (ANOVA) as split plots based on a completely 
randomized block design

Fig. 8  Interaction effects of recycled water and bacterial strains on RWC, (standard error: 2.57). Data analysis was used JMP 8 software and analysis 
of variance (ANOVA) as split plots based on a completely randomized block design

Fig. 9  Interaction effects of recycled water and bacterial strains on RSD, data are shown A and B: (standard error: 1.41, 2). Data analysis was used 
JMP 8 software and analysis of variance (ANOVA) as split plots based on a completely randomized block design
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MDA content decreased with bacterial treatments. The 
highest reduction in MDA content was observed, in 
order, with Mix B3, Mix B2, and irrigation with wastewa-
ter (0.82 μmol/g FW, 0.45 μmol/g FW).

The impact of varied irrigation water and bacterial strains 
on proline
In A. cordifolia, the control treatment (without bacterial 
application) and Mix B1 resulted in higher proline levels. 
The presence of Mix B3 and Mix B2 performed better in 
reducing proline. According to Table  5, statistically, the 
three types of water sources had a similar effect and did 
not show any specific statistical differences. It is impor-
tant to note that Mix B1 acted similarly to the control 
treatment in reducing proline stress indicators. It appears 
that Mix B1 may not be effective in reducing the stress 
caused by unconventional water sources in A. cordifolia 
(Table 5).

The impact of varied irrigation water and bacterial strains 
on antioxidant activity
The results obtained from ANOVA indicated that dif-
ferent bacterial strains had a significant effect (at a mini-
mum level of 5%) on the activity of GPX, PPO, CAT, 
APX, and POX enzymes (Table  3). The application of 
different bacterial strains increased the activity of GPX, 
PPO, CAT, APX, and POX enzymes (Tables  4 and 5). 
Table 4 showed that in the ice plant, the highest antiox-
idant activity was observed in Mix B2 and Mix B3 and 
irrigation with wastewater (53.12% and 54.20%, respec-
tively). In contrast, irrigation with municipal wastewater 
and tap water in the control treatment (without bacteria) 
exhibited the lowest antioxidant activity (22.19%).

Bacterial inoculation, in most cases, increased the 
activity of the four antioxidant enzymes in differ-
ent irrigation water types (Tables  4 and 5). The high-
est increase in PPO and APX activity was observed, 

respectively, with Mix B3 and irrigation with wastewa-
ter (0.14 unit−1  mg protein) and (4.21 unit−1  mg pro-
tein). The lowest level of PPO activity was observed in 
the control treatment (without bacteria) and Mix B2 
and Mix B1 in all three water types. Regarding APX, 
the lowest activity was associated with the control 
treatment (without bacteria) and irrigation with waste-
water and urban water (Table 4).

Comparing the mean data shows that the substrate 
inoculated with Mix B2 and Mix B3 was associated 
with the highest GPX activity (0.012 and 0.01 unit−1 mg 
protein, respectively), while the lowest activity of 
this enzyme was observed in Mix B1 and the control 
medium (B0) (0.005 unit−1  mg protein). CAT activ-
ity exhibited an opposite trend compared to the other 
enzymes in this study, where Mix B1 and the con-
trol medium (B0) had the highest CAT activity (0.65 
unit−1  mg protein) (Table  5). Additionally, the highest 
increase in POX activity was observed with Mix B3 
(1.75 unit−1  mg protein), while other bacterial combi-
nations did not significantly improve POX activity and 
were similar to the control. On the other hand, irriga-
tion of plants with graywater resulted in increased POX 
activity (1.53 unit−1 mg protein) (Table 5).

Discussion
Water scarcity has necessitated the use of unconven-
tional water sources for agricultural. The issue of water 
crisis is a significant concern globally, particularly in 
Middle Eastern countries, where climate change and 
global warming are exacerbating the problem [54]. 
Overcoming this scarcity, farmers resort to irrigating 
their crops with treated or untreated wastewater due to 
its low cost and availability.

Table 5  Comparison of the means of the simple effects of recycled water and bacterial strains on the the biochemical properties of 
Aptenia cordifolia 

Different small Latin letters in each column of the table indicate a significant difference based on Tukey’s test at a probability level of at least 5%. Data represent ± 1 
standard error (SE). Data analysis was used JMP 8 software and analysis of variance (ANOVA) as split plots based on a completely randomized block design

Treatments Proline GPX (unit−1 mg protein) CAT (unit−1 mg protein) POD 
(unit−1 mg 
protein)

Gray water 1.75a ± 0.19 0.008a ± 0.0011 0.35a ± 0.051 1.53a ± 0.13

Wastewater 1.75a ± 0.26 0.009a ± 0.0009 0.53a ± 0.071 0.92b ± 0.15

Urban water 1.75a ± 0.25 0.009a ± 0.0010 0.43a ± 0.089 0.91b ± 0.15

B1 1.98a ± 0.16 0.008ab ± 0.0010 0.47ab ± 0.093 0.81b ± 0.06

B2 1.13b ± 0.28 0.012a ± 0.0005 0.34b ± 0.056 1.07b ± 0.16

B3 0.56b ± 0.14 0.010a ± 0.0008 0.29b ± 0.040 1.75a ± 0.15

B0 2.17a ± 0.18 0.005b ± 0.0009 0.65a ± 0.093 0.85b ± 0.20
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The impact of varied irrigation water and bacterial strains 
on morphological factors of Aptenia cordifolia in external 
green wall
The persistent application of recycled water has the 
potential to deteriorate soil quality and contribute to 
the accumulation of toxic heavy metals in the food chain 
[55]. This decline in soil quality caused by unconven-
tional water sources results in reduced quality and quan-
tity of crops grown in these soils and can be considered 
a form of stress for plants [56]. However, as observed 
in the present experiment, the presence of the men-
tioned microbial strains in wastewater not only did not 
reduce the quality and quantity of the cultivated plants 
compared to tap water but also improved certain traits 
(height, growth index, number and length of lateral 
branches, chlorophyll, leaf content, RWC, RSD and EL). 
These results are consistent with the findings of Urbano 
et al. (2017) [57] regarding increased plant growth due to 
higher nutrient content compared to freshwater, which 
can serve as a nutrient source for agriculture and reduce 
the demand for chemical fertilizers. Furthermore, stud-
ies have shown that plant growth-promoting bacteria 
enhance productivity in various environmental condi-
tions, especially under stressful situations, to improve the 
detrimental effects of unconventional water on the quan-
titative and qualitative traits of plants [58]. In the present 
study, it was also demonstrated that the application of 
bacteria in the substrate resulted in improvement of the 
adverse effects of these unconventional waters, although 
the performance of all bacterial treatments was not iden-
tical. Mix B3 took the top position, followed by Mix B2 in 
the subsequent ranking. These bacteria appear to stimu-
late plant growth through nutrient provision, secretion of 
plant growth hormones, and various other mechanisms 
associated with PGPR [59]. In this study, an increase in 
chlorophyll content in all tested plants resulted in higher 
photosynthetic productivity, ultimately leading to better 
growth, increased plant organs, and improved surface 
coverage by the plant. The extent of surface coverage 
depends on the growth characteristics of plants, such as 
height, length, and width, which are influenced by nutri-
ent conditions and substrate moisture [60]. Jozay et  al., 
[61] also stated that the composition and content of 
substrate significantly affect the growth and coverage of 
plants on external green surfaces. Rapid coverage in ver-
tical green structures, such as green walls, is a desirable 
trait. The utilization of bacterial combinations has proven 
effective in enhancing this characteristic. Kumar et  al., 
[62] reported that the combined use of sewage sludge 
and plant growth-promoting rhizobacteria resulted in 
improved performance (Luffa acutangula (L.) Roxb), 
with the highest fresh biomass (9.6 ± 0.3  g), growth rate 
(1.4 ± 0.1 g/day), plant length (15.5 ± 0.3 cm), root length 

(10.4 ± 0.3 cm) and total chlorophyll (3.2 ± 0.1 mg/g). The 
findings of this study regarding the increase in growth 
indices of the studied plants in the presence PGPB 
and irrigation align with the results of the mentioned 
researchers.

It can be said that A. cordifolia (Mesembryanthemum 
crystallinum) has been studied in favorable conditions in 
all four seasons and due to its greenness, trailing habit, 
and sufficient coverage to create a desirable visual land-
scape, it can be used for its visual attractiveness and 
appeal in combination substrates used in exterior green 
walls. Kazemi et al., [63] examined the growth and per-
formance of four plant species in various substrate 
types in indoor green wall systems, and the results indi-
cated that A. cordifolia is a desirable species for indoor 
green wall systems. One of the influential factors in the 
aesthetic performance of green wall systems is the per-
centage of plant coverage, which is dependent on plant 
growth indices, and this finding aligns with the study by 
Kazemi et al., [63] regarding the application of A. cordifo‑
lia and the current research results.

The leaf chlorophyll content has a close relationship 
with leaf nitrogen content in plants and can serve as an 
indicator of nitrogen availability in the soil [64]. Lubbe 
et al., [65] highlighted a decrease in chlorophyll content 
in the leaves of Amarantus dubius and Solanum nigrum 
under greywater irrigation treatments, suggesting that 
greywater irrigation may jeopardize nutrient accessibil-
ity compared to tap water irrigation. Vajpayee et al., [66] 
assessed the chl a/b ratio among plants exposed to dif-
ferent concentrations of tannery effluents and reported 
a greater reduction in chlorophyll-a compared to chlo-
rophyll-b. The maximum reduction in carotenoid con-
tent in Spirodela polyrhiza was observed after 7  days 
at a concentration of 75% tannery effluent. The present 
results support the degradation of carotenoids due to 
increased effluent in the soil and metal toxicity. In this 
study, an increase in pigments was observed in wastewa-
ter and greywater in the presence of PGPB, a trend that 
contradicted the significant reduction in photosynthetic 
pigments observed with effluent application. In present 
research, greywater and effluent irrigation resulted in 
increased plant greenness, which may be attributed to 
the presence of PGPB.

Yadav and Pandey [67] also observed a positive cor-
relation between leaf relative water content and the 
concentration of chlorophyll, protein, and ribisco activ-
ity. Leaf water content in plants helps maintain physi-
ological water balance under unfavorable environmental 
conditions. Jozay et  al., [68] stated that there is a direct 
relationship between leaf water content and resist-
ance to environmental stress conditions in PGPR (Plant 
Growth-Promoting Rhizobacteria). Plants inoculated 
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with bacterial strains have the ability to modify lat-
eral root system architecture and increase RWC [69]. 
Increased relative water content (RWC) in stressed leaves 
of plants inoculated with plant growth-promoting rhizo-
bacteria (PGPR) has also been reported in other studies 
[70]. In general, an increase in the number of lateral roots 
and root hairs adds surface area for nutrient and water 
uptake. Enhanced water and nutrient uptake by inocu-
lated roots improve the water status of plants, which in 
turn can be a primary factor in promoting plant growth 
[71].

The RSD impacts the water relations of plants, includ-
ing the water content of plant tissues and gas exchange 
in leaves, leading to an increase in the relative water 
content (RWC) of leaves and a decrease in transpira-
tion and leaf stomatal conductance [72]. Optimal growth 
conditions, along with efficient nutrient absorption and 
transport to plants, enhance the accumulation of ions 
and organic molecules in leaf vacuoles. This contrib-
utes to maintaining the water balance by reducing leaf 
osmotic potential [73]. Vishnupradeep et  al., [74] found 
that MST-PGPB inoculation increased RWC under vari-
ous stress conditions. PGPB can maintain water poten-
tial to prevent water loss by reducing root surface drying. 
Likewise, Woo et al., [75] suggested that PGPB inocula-
tion improves RWC through various PGP metabolites, 
including siderophore production, ACC deaminase activ-
ity, phosphate solubilization, and IAA synthesis, result-
ing in enhanced plant tolerance to abiotic stress, biomass 
production, and protein content, particularly under non-
biological stress conditions [76]. Substrate inoculated 
with Mix B3 and Mix B2, leading to an increase in pig-
ments and RWC, as well as a reduction in RSD, confirm-
ing the findings of the mentioned researchers.

Impact of varied irrigation water and bacterial strains 
on Biochemical factors of Aptenia cordifolia in external 
green wall
Previous studies have reported an increase in growth 
associated with PGPB and an increase in secondary 
metabolites and anthocyanins [77]. The microbial pop-
ulation has a positive correlation with plant biomass, 
antioxidant enzyme activity, and anthocyanins, while 
it has a negative correlation with the production of free 
radicals [78], indicating the contribution of rhizosphere 
microbial population in reducing oxidative stress through 
increased anthocyanin production and enhanced anti-
oxidant enzyme activity. In plants, the greatest decrease 
in proline and MDA content and the highest increase 
in antioxidant enzyme activity were observed substrate 
inoculated with Mix B3 and Mix B2. Singh and Mala-
viya [79] reported that due to acute toxicity of chromium 
present in wastewater, anthocyanins in the effluent were 

below detectable levels after 4  days. The increase in 
anthocyanins in this study, despite repeated use of waste-
water and graywater, could be attributed to the pres-
ence of bacterial strains. The results of this study, which 
showed an increase in anthocyanins through substrate 
inoculated with Mix B3 in irrigated vegetable plants with 
recycled water, are consistent with the reports of Pagnani 
et al., [80] and Kumar et al., [62].

The result indicates that the increase in proline was in 
response to watering the plants with municipal wastewa-
ter. Proline may act as an osmolyte under stress condi-
tions and increase proline activities thereby minimizing 
the side effects of stress [81]. In other findings, Islam 
et al., [82] reported that proline acts as a growth regula-
tor and also protects cells against ROS accumulation. It is 
thought that proline is able to reduce the negative effects 
of cadmium toxicity on plant growth in plant tissues 
and reduce oxidative stress [83]. In this study, the use of 
growth-promoting bacteria reduced the adverse effects 
of wastewater irrigation, and it is worth noting Mix B3 
and Mix B2 was more successful in reducing the amount 
of proline than the other two treatments. As a result, it 
can be said the use of growth-promoting bacteria has 
put the plant in a favorable condition by increasing the 
growth index and biomass and has reduced stress and 
proline content.

Proline and free phenols are non-enzymatic antioxi-
dants that support organisms in unfavorable conditions 
by reducing the undesirable effects of reactive oxygen 
species (ROS) [84]. Environmental stresses, such as heavy 
metal exposure in unconventional water sources and 
urban gardening, have been documented to increase ROS 
production. Antioxidant molecules and enzymes play a 
crucial role in detoxifying ROS in plant cells. Antioxidant 
compounds, including proline and phenols, inhibit oxi-
dation and play vital roles in stress responses [85]. After 
irrigating plants with wastewater in the control treatment 
without bacteria, the levels of these compounds signifi-
cantly increased, confirming the findings of the afore-
mentioned researchers [86]. It has been reported that the 
content of phenolic compounds tends to rise when plants 
are subjected to heavy metal stress, as phenolic com-
pounds act as scavengers of reactive oxygen species and 
metal chelators. In contrast, the content of free proline 
and total phenols considerably decreased in response to 
our treatments compared to plants irrigated with water 
in the presence of growth-promoting bacteria. The high-
est reduction was observed in free proline when sub-
strate inoculated with Mix B3 and Mix B2. These results 
indicate the role of these treatments in reducing the toxic 
effects of wastewater on plants. Our findings align with 
previous studies by Liu et  al., [12], which reported that 
wastewater treatment with bacteria significantly reduces 
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the stress caused by metal contaminants in wastewater. 
Regarding total phenols, the control treatment in urban 
water showed the highest reduction. The decrease in 
phenolic content may be attributed to oxidative stress, 
while a further increase in the content of phenolic com-
pounds (as non-enzymatic antioxidants) was observed 
when substrate inoculated with Mix B3 and wastewater. 
These results are consistent with the reports of Khoda-
moradi et  al., [87] regarding the reduction of phenols 
under stress conditions.

Malondialdehyde (MDA) is a byproduct of lipid oxida-
tion and is responsible for cellular membrane damage, 
inducing alterations in membrane radical properties. 
These changes ultimately culminate in cell death [88]. 
In this study, the MDA content increased in response 
to wastewater irrigation in the control treatment B0. 
This may be attributed to the oxidative system’s inabil-
ity to reduce ROS levels, thereby failing to prevent dam-
age to the cell membrane. This result is also supported 
by Yildirim et al., [89], who demonstrated that irrigation 
with contaminated water generally increased the MDA 
in plants. In contrast, the MDA content significantly 
decreased in response to treatments B3 and B2 compared 
to plants irrigated with wastewater in treatment B0. This 
may be due to the reduction in ROS production and the 
enhancement of the antioxidant system and repair mech-
anisms. These results are supported by a recent study by 
Malik et al., [90].

Some studies have found that PGPB strains can 
enhance plant growth and mitigate the negative effects 
of various stresses on plant growth. Enhanced growth 
associated with PGPB and increased secondary metabo-
lites, carbohydrates, total protein, and antioxidant poten-
tial have been reported in Astragalus mongholicus [91]. 
Plant antioxidant enzymes GPX, PPO, CAT, APX, POX 
act as the first line of defense for tolerating unfavorable 
conditions. These enzymes stimulate the detoxification 
of ROS and reduce the detrimental effects of non-bio-
logical stress [91]. Another finding is that in most cases, 
bacterial treatments increased the activity of antioxidant 
enzymes. The greatest increase in biomass production 
and antioxidant enzyme activity was observed in sub-
strate inoculated with Mix B3 and Mix B2 in wastewater, 
indicating a significant contribution of bacterial inocu-
lation in activating antioxidant enzymes and promoting 
plant growth. The further increase in GPX, PPO, APX, 
and POX activities resulting from the most effective bac-
terial inoculation may indicate the major role of these 
enzymes in improving plant biomass through substrate 
inoculated with Mix B3.

Under wastewater stress, plants exposed to a stronger 
antioxidant system are less exposed to free radicals, lead-
ing to lower MDA production. High antioxidant activity 

in stress-tolerant plants may indicate their ability to 
neutralize harmful oxidants and maintain their growth 
and productivity at a normal level. Therefore, it can be 
concluded that these bacteria, in addition to promot-
ing growth, provide new perspectives for the develop-
ment of biofertilizers to alleviate environmental stresses. 
It can be inferred that greater protection was achieved 
under wastewater irrigation when bacterial strains were 
applied. Ultimately, Mix B3 and Mix B2 appear to be rec-
ommendable to farmers due to their economic and envi-
ronmental compatibility, aiding in mitigating the adverse 
effects of recycled water use in urban gardening.

Phytoremediation is an environmentally friendly and 
cost-effective alternative to removing pollution from 
soil. Due to the non-degradable chemical nature of heavy 
metals in soil, we need to understand the function of 
antipollution facilitators such as plant growth promot-
ing bacteria to improve or facilitate the removal of heavy 
metals by plants [92, 93]. Heavy metal tolerant PGPR 
have also increased plant growth in heavy metal con-
taminated soil in recent years. These PGPR have success-
fully played an important role in promoting plant growth 
while reducing toxicity or damage to plants exposed 
to stress produced by various heavy metals in soil [94]. 
PGPR produce plant growth regulators, phytohormones, 
and various secondary metabolites that promote plant 
growth and reduce heavy metal toxicity. Various mecha-
nisms are employed by PGPR to enhance plant growth 
under heavy metal stress. Many of them lead to the 
reduction of heavy metal toxicity [95].

Known mechanisms by which PGPR can benefit plants 
under a variety of stresses include: (1) bioremediation 
of heavy metal-contaminated soils by sequestering toxic 
heavy metal species and improving soil structure (by bac-
terial exopolysaccharides); (2) the synthesized enzyme 
ACC (1aminocyclopropane-1-carboxylate) deaminase, 
an enzyme that is involved in the reduction of stress-
induced ethylene levels in the roots of growing plants; 
(3) supply of N2 to the plant through biological nitrogen 
fixation. (4) Production of siderophores. (5) production 
of phytohormones (such as ABA (abscisic acid), GA (gib-
berellic acid), auxin, for example, indole-3-acetic acid 
(IAA) and CK (cytokinin); (6) control of plant patho-
gens by various mechanisms such as the production of 
extracellular enzymes that hydrolyze the fungal cell wall, 
competition for nutrients in the rhizosphere, induction 
of systemic resistance (ISR), and production of antibi-
otics and siderophores; (7) dissolution and mineraliza-
tion of nutrients, especially inorganic phosphate; and (8) 
improving resistance to abiotic stresses [92, 96].

Therefore, growth-promoting bacteria, as living organ-
isms, play an important role in plant nutrition bal-
ance. They can help improve their nutrition by reducing 
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environmental stress and increasing the digestion and 
absorption of nutrients in plants. Using growth-promot-
ing bacteria as an alternative to chemical fertilizers for 
soil repair and plant nutrition can be an effective method. 
These bacteria are commonly known as biologicals or 
biofertilizers. The use of microorganisms can reduce the 
stresses in various plants in stressed soils, thus opening a 
potential and promising strategy for sustainable agricul-
ture [97].

In a recent report by Jozay [92], it was suggested that 
PGPR could be used as a bioremediation method for 
soils contaminated with toxic metals. PGPR contain 
bacteria that are rhizospheric and endophytic and facili-
tate bioremediation. Plants accumulate heavy metals in 
the roots and reduce their transfer to other parts of the 
plant. These microorganisms provide benefits to plants 
by providing nutrients and reducing the harmful effects 
of pollutants.

As pointed out by FAO [98], promoting safe and 
healthy agricultural practices in urban environments is 
essential to achieve sustainable urban development. At 
the same time, environmental pollutants in cities should 
be controlled while using city resources and inputs. 
The purpose of this study is to investigate the potential 
of green wall systems to produce horticultural materi-
als that are aligned with the goals of sustainable urban 
development.

Conclusion
The results of this study indicated that plant irrigation 
using wastewater significantly increased the content of 
free proline, total phenol, GPX, PPO, CAT, APX, POX 
and MDA compared to the control. On the other hand, 
the PGPB reduced the oxidative damage effects of waste-
water irrigation by increasing antioxidant activity and 
enhancing GPX, PPO, APX, POX. As a result, the content 
of free proline, total phenol, and MDA decreased signifi-
cantly, while carbohydrates, proteins, and anthocyanins 
increased in the combined bacterial treatments. It can 
be concluded that better protection under wastewater 
irrigation was achieved using our treatments. Ultimately, 
Mix B3 and Mix B2 economically and environmentally 
friendly, can be recommended to farmers for mitigating 
the adverse effects of reclaimed water on urban garden-
ing. Substrate inoculated with Mix B3, wastewater irriga-
tion, and subsequent greywater irrigation, affects water 
availability, nutrient availability, and physiological traits 
of ornamental plants, including RWC, RSD, and plant 
pigment properties, leading to freshness and increased 
greening of the plant. It also has a considerable effect on 
morphological traits such as height, growth index, lateral 
branches, and surface coverage, and there are significant 

differences in plant growth improvement among the 
combined substrate inoculated with different bacteria 
types. This treatment can be used to improve the qualita-
tive and morphological traits of ornamental plants used 
in external green walls under similar climatic conditions 
to Mashhad city. Water scarcity is expected to transform 
the reuse of reclaimed water for irrigation into a wide-
spread and common practice globally. The incorporation 
of growth-promoting bacteria can serve as aneffective 
amendment for mitigating the toxicity associated with 
wastewater, facilitating improved plant growth in areas 
irrigated with wastewater and greywater. As a sustain-
able solution, green walls have the potential to mitigate 
water, soil, and air pollution, thereby enhancing environ-
mental sustainability. By incorporating technology into 
multifunctional green walls, we can take a significant step 
towards sustainable urban development. Living green 
walls are not only introduced as effective tools for urban 
space management but also as instruments for enhanc-
ing the climate resilience of cities. The outcome of this 
research is the registration of a water recycling system 
utilizing nature-based methods, with Patent number 
110287.

Future Prospects
Future research should focus on understanding the 
molecular mechanisms underlying these beneficial inter-
actions and exploring the application of PGPB in other 
plant species and environmental conditions. Addition-
ally, long-term field studies are needed to evaluate the 
sustainability and economic viability of using PGPB in 
urban green wall systems.
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